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HELCOME ADDRESS
by

H. Curlen
Conference Chairman

The Idea to celebrate 1992 as the International Space Year wes born in
1987 and has since found worldwide support by space-faring nations and
those countries which use space data for scientific research and
applications.
In view of the growing role of Europe in the worldwide space
activities, it was natural that Europe would also organise a major ISY
event in 1992. European nations welcomed the proposal of the Federal
Republic of Germany to host this international conference.
! am glad to see that the Conference will address so many aspects of
space technologies and applications which may be beneficial to Mankind.
I note that a certain emphasis is given to the mon it or i no of our
planet's environment and the significant contributions space applications can make to a better understanding of the phenomena and processes
which govern this environment.
With great pleasure I accepted the proposal to serve as Chairman of the
Conference. With much satisfaction I have seen the broad support which
this Conference has received from a large number of co-sponsors. I am
also pleased to see such a wide participation of the scientific and
application user community, as well as of the media, at this important
ISY event.
I hope the Conference will be a great success for all those involved in
it, whether as a participant or as an organiser, and I welcome you in
Munich.
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MESSAGE FROH DR. HELMUT KOHL
Chancellor of the Federal Republic of Germany

In order to draw attention to the successes already achieved in space
exploration and to the possibilities for future uses of space, the
space agencies of over thirty countries have proclaimed 1992
International Space Year.
In the brief history of space travel, unmanned and manned missions have
provided a wealth of information about our Planet, the Solar System and
the Universe. I especially endorse the space agencies' endeavour to
orient their programmes more directly than hitherto to the urgent
global problems facing humanity. I attach particular importance in
this context to climatic developments and environmental change.
European achievements in space research and utilisation can bear
comparison on an international scale. In Ariane, Europe has created one
of the most efficient space launchers. The Spacelab and a series of
research and application satellites opened up possibilities of using
space to increase knowledge and improve living conditions. Of the many
examples let me only mention the recent comet probe, Giotto, and the
ERS Earth observation satellite. It is gratifying to know that German
scientists and engineers played a vital role in this regard.
Today we are increasingly focusing our attention on regional and global
environmental risks, with their repercussions for the conditions of
life of future generations. There is, however, much we do not as yet
understand of the complex ecological cycles and their vulnerability.
Further research on a global scale is therefore imperative. Only if
all States cooperate, conscious of their common interest, can we gain
comprehensive knowledge, create effective remedies and enforce
preventive measures. Space technology must constantly evolve so that
the necessary data can be collated and evaluated worldwide, so that
information can be exchanged and the implementation of protective
measures monitored.
Through the decisions on space policy taken here in Munich in 1991, the
European Space Agency reaffirmed that Europe intends to make its
contribution to space research and to the preservation of Creation.
I hope that International Space Year 1992 and the European Conference
in Munich, which has righly been entitled "Space in the Service of the
Changing Earth", will give lasting impetus for the future. I wish your
meeting every success.
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WELCOME ADDRESS

by
P. Fasella
Director-General for Science, Research
and Development,
Commission of the European Communities

It gives me great pleasure to participate in this
European Conference of International Space Year,
which marks the increasing presence of Europe in the
international space effort.
The specific theme which brings us here is: "Space
in the service of the changing Earth", in other words
the practical use of space-derived information for
environmental research and monitoring, and resource
management.
The European Commission is very interested in this
because space is making its impact felt on the
implementation of Community policies. Ue are already
using information derived from Earth observation data
in a variety of applications relating to its
activities in key policy areas; land use, agricultural statistics, environmental research and monitoring, and aid to developing countries.
It is now widely recognised that global environmental
problems will need to be addressed in order to
preserve human well-being on Earth, and can only be
addressed effectively if we improve our ability to
observe, model and understand the complexities of the
global Earth system.
Europeans are very sensitive to environmental
problems, and this has been reflected in the
political process at European level. From the Single
European Act to the Maastricht agreement on European
Union, Member States have recognised the importance
of scientific research and data collection in the
preparation of environmental policy. It is vital
that our decisions are well-informed and that our
action is based on a proper understanding of the
complex factors that condition the environment.
To provide scientific information necessary for the
implementation of environment policy, the Community
has already developed environment and climatology
research programmes. Work has been carried out
jointly in the laboratories of Member States and in
our own Joint Research Centre.
An important element of future Community environmental research will be devoted to global change
studies which are needed to help us gain a better
understanding of the phenomena and processes which
affect life on Earth.

Such an understanding could help us find solutions to
global environmental and climatic problems, and to
better manage the resources of our planet. Indeed,
the international global change effort is clearly
directed towards policy objectives.
The environmental and climatological processes we
need to understand are exceedingly complex; and this
constrains the levels of predictability of environmental phenomena. It is in the nature of complex
processes that the more you understand the more you
need to know — although we understand enough to
know we have to worry!
The need for data is enormous: but they must be
objective, uninterrupted and global. This requires
an international research and monitoring effort,
since a large number of measurements must be
collected systematically and on a long term basis.
Space techniques are essential for the systematic,
synoptic and long-term gathering of data needed for
research and monitoring on the required scale. The
succesful implementation of global change research
programmes will require an unprecedented level of
international cooperation in three areas: the longterm planning and funding of operational Earth
observation systems to ensure a continuous data
supply; an adequate decentralised ground infrastructure for the management and distribution of data, and
rules for its operation; and scientific cooperation
organised through research networks.
The Community is in a unique position to encourage
the development of Earth observation in Europe. It
has an important contribution to make in the definition and implementation of a European Earth observation strategy through initiatives and actions which
complement and support those of ESA, national space
agencies, EUMETSAT, user groups and industry.
Acting as a major customer itself, as a proxy for
other users (e.g. environmental scientists), and with
a special concern to encourage the development of
continuing operational services, the Commission will
actively participate in the definition of future
space missions to help ensure tha* the space segment
meets users' needs.
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The Community will seek to encourage and support the
development of a European decentralised network for
space data management and access, with particular
focus on data needed for the study and monitoring of
climatic and environmental change.

have tremendous new opportunities for cooperation
with scientists and engineers in the countries of
Central and Eastern Europe and the constitutent
republics of the Commençaith of Independent States.
This is an opportunity we must not ignore.

The Commission intends to intensify and extend the
cost-effective use of space-derived data in the
information systems needed for the implementation of
Community policies in the areas of agriculture and
forestry, environment, regional development and
cooperation with developing countries. In particular, it will take action to integrate space-derived
data into the European Statistical Information
System, in cooperation with those national and
regional authorities directly involved in the implementation of relevant Community policies.

Finally, in close cooperation with the various
parties concerned, the Commission will seek to
promote common European positions in international
forums on issues such as those relating to data
policy (ie. the legal and economic conditions of
access to and exchange of data).

The Commission will include actions to encourage and
support the development of Earth observation applications in its proposals for future Community research,
development and demonstration programmes.
The
overall aim will be to develop new applications and
to improve the quality and cost-effectiveness of
information derived from the data. The proposed
actions will include research on the technical
feasibility of new applications, and pilot projects
to demonstrate the operational use of Earth observation for applications of public interest.
Until recently, researchers were only able to collaborate with their colleagues in the United States,
Japan and other "western" countries. After the
momentous geopolitical changes of recent years we
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This conference begins with the premise that space is
going to be useful to scientists involved with
environmental research and monitoring. I share that
conviction. But I would argue that we cannot take it
for granted. The future must always be built, and
there are plenty of bricks to be put in place before
we see an operational European Earth observation
capability for environmental applications.
Earth observation is one space sector in which the
Community has a great deal to gain and probably the
most to offer. As an important, and growing, use of
remotely sensed data - not only for environmental
purposes but a wide range of other operational
applications - the Community can make a major contribution towards strengthening the European exploitation of Earth observation. This we would seek to do
in partnership with all other institutions and
organisations involved with Earth observation in
Europe.
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WELCOHE /U)MESS

by
J-N. Luton
Director General, ESA

It is with great pleasure that the European Space
Agency supported the idea of the late US-Senator
Spark Hatzunaga to celebrate 1992 as the International Space Year.
1992 was chosen as the International Space Year, not
only as it is the 500th anniversary of the discovery
of America by Christopher Columbus, but also as it is
the 35th anniversary of the International Geophysical
Year (IGY). This International Geophysical Year
resulted in a large number of recommendations as to
which objectives and missions should be undertaken by
spacefaring nations in the decade following IGY
in 1957.
The idea to celebrate ISY resulted in the creation of
a Forum of International Space Year called SAFISY.
This Forum met for the first time in 1988 to define
the objectives of ISY. It also established its terms
of reference. The objectives are :
- the improvement of international collaboration on
space matters among scientists and applications
experts ;
- the enhancement of a better understanding of space
applications for the benefits of mankind.
Many nations supported these objectives. Space
agencies and research organisations, national and
international, joined SAFISY. The Forum has grown
to 29 full members and 10 affiliate members. The
General Assembly of the United Nations welcomed and
endorsed this ISY initiative at a meeting in December
1989. I am very proud that most of the ESA member
countries joined the Forum. SAFISY welcomed the
proposal of Germany to host a major ISY Conference on
German soil and we are very pleased to be here in
Munich for this event.
Main emphasis of the Conference was given initially
to the theme:
"Mission to Planet Earth".
This theme was maintained but it was recognised at an
early stage that the contributions of many other
space fields needed to be equally addressed to
provide a balanced view on space activities. I am
glad to see in this Conference an important contribution from space sciences, space navigation and
communications, as well as manned space activities.
The benefits of space activities have become more and
more recognised as they have a growing impact on our
day-to-day life. Ue use the international telecom
satellite network in our daily work. We observe our

planet from geostationary
and polar orbiting
satellites for weather forecasting and observation of
our environment. We also use satellites and interplanetary probes to better understand our Universe
and its origin. In zero-gravity we perform basic
research for materials and life sciences.
In view of the tremendous political changes on our
globe which we observe at the present time, it is
also natural that the objectives and priorities of
space are critically discussed both by experts and
politicians in all countries.
The European Space Agency provides space technology
as tools for research and applications to its members
and the international space community.
The launcher programme - with Ariane 4 and in the
future Ariane 5 - is a key element of Europe's worldwide recognised launcher capability. Ariane 5 will
allow the service of the Space Station with the
European spaceplane Hermes.
In Space Science we provide the Ulysses spacecraft.
We expect to have in June 1992 the flyby of the
GIOTTO spacecraft at the Grigg-Skjellerup comet.
In Earth observation we have launched successfully
Europe's first polar orbiting Earth observation
satellite, ERS-I, with a Synthetic Aperture Radar and
numerous other instruments. Some of these
instruments were provided directly by ESA member
countries such as the Along-Track Scanning Radiometer
(ATSR) for high accuracy measurement of Sea
Surface Temperature. Europe is preparing actively
the second ERS mission as well as its future polar
orbiting Earth Observing Platform.
In Telecommunications we continue to enhance communication techniques with the Olympus mission.
The manned activities are another key element of
ESA's activities. The Space Station will complement
the unmanned space activities to prepare, amongst its
other objectives, mankind for long duration missions.
I have noted with great satisfaction the tremendous
response this conference has found in Europe. The
high number of papers which will be presented at this
Conference is a clear indication for Europe's
maturity and willingness to contribute to global
research.
Many contributions are made by Europe to the ISY
projects, such as:
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the World Forest Watch project
the Global Sea Surface Temperature project
the Polar Ice Extent project,
as well as the Global Change Encyclopedia - to name
but a few.
This ISY '92 Conference is an important element of
the International Space Year activities for two
reasons. On the one hand it demonstrates the
enormous potential and the achievements of space
research as well as space applications in Europe. On
the other hand it shows the large interaction between
scientists and researchers all over the globe.
This Conference will provide us with a good overview
on the frontiers of research and help us to better
identify the urgent needs of our society in basic
research for the promotion of Space Activities in the
Service of the Changing Earth.
Europe is preparing with its member countries a
planning for space activities for the next decade.
For such planning it is important to take account of
the future applications potential. In view of the
present economic and financial situation in Europe it
is important to identify the relative priorities for
our future investment in space. The Conference
should help us in this respect.
I welcome you all in this beautiful city of Europe
and I wish the Conference every success.

1
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HELCOHE ADDRESS

by

H. Wild
Director General, DARA

After the representatives of the Commission of the
European Communities and of the European Space
Agency, ESA, it is now my pleasure to welcome you
most warmly on behalf of the third organizing party and at the same time the hosting agency - the German
Space Agency. UARA.
Complementing ESA's programmes with respect to more
operation oriented applications has always been a
task of the national space agencies in Europe. In
reviewing the operational tasks of public administrations for areas where space-based services might
potentially be applied, there are some interesting
fields of activity on a national level that could
benefit from space technology. These include routine
administrative tasks such as marine transport,
coastal protection, forest damage assessment and
recultivation control, cartography and weather
forecast services, as well as important research
domains, such as climate research, materials
research, or astronomy.
Activities in remote sensing have been less important
for Germany in the past than research in
extraterrestrial
astronomy or in the field of
microgravity. But this situation is now changing
rapidly. We are very much engaged in ESA's ERS-I and
ERS-2 missions, with a share of 30% the main participant in the COLUMBUS programme, which includes the
Polar Platform PPF, and we contribute important
instruments for the payload of this platform,
especially those devoted to atmospheric chemistry
research. In addition, Germany has a long tradition
and a high scientific standard in climate research.
In fact it is of paramount importance not only to
collect data but also to distinguish relevant data
from irrelevant ones and to combine observational
data within convincing theories.
In reassessing the value of a nation's space
commitment under such aspects and in view of the
threatening environmental problems, one discovers
that most of the important areas are addressed within
the scope of ISY. I congratulate the Space Agency
Forum, SAFISY, under its distinguished chairman
Prof. Curien for having pushed forward - with very
little expenditure - such an exciting programme in
the framework of which, for the first time,
application and education oriented space projects are
being executed in a world-wide cooperation and under
coordination between the space agencies. Because of
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its model character, ways should be found to say that
German participants were able to provide essential
contributions to such themes as ozone depletion
investigations, status of oceans and ice and their
effect on climate, forest damage assessment and
vegetative studies, as well as various mapping,
outreach and education projects, to mention but a
few.
Some important space missions with major German
participation also coincide with the International
Space Year. In January, we saw the second flight of
Dr. Herbold in the IML-Spacelab mission, this month
we embarked with CIS on a joint manned mission to MIR
and launched an important atmospheric research sensor
called MAS (Millimetre Wave Atmospheric Sounder) with
the US in the 'Atlas' shuttle mission; later in the
year, there will be the launch of the EURECA platform.
Let me conclude my brief remarks with a few words of
thanks. First, we feel very proud to have so many
distinguished experts from all over the world here
with us in Munich, one of the focal locations of
German space activities in both industry and
research. We are grateful for the support received
from high-ranking European and German politicians,
especially from the President of the Federal Republic
of Germany, Dr. Richard von Weizsaecker. I would
also like to extend sincere thanks to all those who
have worked so hard to realise this pacemaking event.
Let me mention especially the Steering Committee and
as a representative of the scientific community, the
Co-Chairman of the Central Symposium, Prof. Grassl.
I would also like to express my thanks for the
substantial inner-German financial sponsoring
received in addition to DARA's, and make special
mention of the state of Bavaria, the Federal Ministry
of Economic Cooperation and the aerospace industry.
I hope you will have a pleasant stay in Munich and
wish the Conference every success.
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KEYHOTE LECTURE

by
H. Riesenhuber
German Federal Minister for Research S Technology
CLOSE IHTERmTlOHAL COOPERATION IM SPACE
FOR THE BENEFIT OF MMKIHD UC PLMtET EMTH

In 1989 the General Assembly of the United Nations
declared 1992 International Space Year (ISV), to mark
the 500th anniversary of Columbus' discovery of
America and the 35th anniversary of International
Geophysical Year. This year, in a whole series of
events taking place all over the world, our planet
will be placed at the centre of scientific reflection
with the slogan "Mission to Planet Earth".
Space organisations in many countries throughout the
world, backed by subsidiary organisations of the
United Nations, and with the help of applicationsoriented pilot and demonstration projects, are
alerting public opinion to the uses of space
research, above all the recognition and understanding
of global and local environmental changes.
Germany's Minister for Research and Technology,
together with five other German ministries, support
space projects with a German involvement that are
supervised by DARA, the German Agency for Space
Affairs, and DLR, the German areospace research
establishment. The wide range of applications covers
guidance for shipping on ice-free navigation routes
(using the new European remote sensing satellite
ERS-I), studies on global change and the ozone layer,
an inventory of damage to forests, environmental
mapping and information systems, material on the
"blue planet" for media and schools, space flights
with highly-developed sensors, bilateral astronauttended missions, competitive university projects and
educational activities in space techniques and
applications.
Altogether, worldwide contributions have provided the
International Space Year calendar with a list of more
than 160 events. This gives special significance to
the Conference opened today in Munich on the theme
"Space in the Service of the Changing Earth",
presenting Europe's involvement and attempting to
give some insight into the wide range of potential
uses of spaceflight for Earth observation and
research into atmosphere and climate.
A convincing space programme has been developed:
halfway through last year Europe succeeded in filling
a notable gap in Earth observation with the first
European remote sensing satellite capable of
functioning in all weathers, ERS-I. This satellite,
built in Germany and on which ESA has spent about
1.565 billion DM (with a German contribution of
472 million DM), gives accurate radar images,
regardless of cloud, fog and darkness. For the first
time, radar images provide an uninterrupted view of
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the land- and sea-ice of the Antarctic. ERS-I
records changes in forest areas, pest invasion of
agricultural land, soil erosion and even individual
ships creating oil pollution of the world's oceans.
A second satellite in the series, ERS-2, will follow.
The above-mentioned projects have given added weight
to Europe's determination - with Germany as a partner
in ESA - to cooperate on international programmes.
Since 1984, and at a cost of about 110 million DM,
the Federal Republic of Germany has in addition been
working with Italy to develop a further all-weather
microwave system, X-SAR, which is destined to fly on
the Space Shuttle with American radar Instruments and
optical sensors. On 24 March 1992, a German
experiment, the MAS Millimetre Wave Atmospheric
Sounder, was launched on the American Space Shuttle
to record trace gases in the atmosphere, partly for
the purposes of ozone research. Costs amount to
nearly 30 million DM.
The BMFT (German ministry of research and technology)
has in the ten years since 1982 spent more than
1.3 billion DM for Earth observation by satellite.
This breaks down to about 585 million DM for
Germany's own programmes, including the DLR, and
about 716 million DM in contributions to ESA. Total
BMFT expenditure on space activities in 1992 comes to
about 1.74 billion DM, representing about 18% of the
BHFT's budget. 1.13 billion DM of that goes to the
ESA programme, 436 million DM to Germany's national
space programme and about 168 million DM to the DLR.
The ratio of the budgets allocated to crewed and
automatic spaceflight respectively is about 1:2, i.e.
crewed spaceflight receives about 6% of the BMFT
budget.
The importance placed on the field of "Earth
observation via satellite" by the BMFT - and also by
ESA - with respect to the pressing environmental
problems of our time, can be measured by the
decisions taken by the ESA Council meeting at
ministerial level last November in Munich. Ministers
from the 13 ESA Member States, together with those of
Finland and Canada, decided on the first Earth
observation mission in a polar orbit, the POEM-I
programme, for the purposes of monitoring and
managing the Earth's resources. This environmental
and climatic research programme, a logical
development of currently successful Earth observation
activities, should lead to continuous observation of
our planet from polar orbit until 1998. For the
first time, a global analysis of the composition of
the atmosphere will be undertaken in order to obtain
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Improved environmental data. POEH-I
assures
continuity in the supply of scientific data about our
planet, Costs are estimated at about 2 billion DH.
The German contribution is about 450 million DH.
In accordance with the Munich Conference decisions,
the ESA Long-Term Plan will be revised with a view to
increased international cooperation. ESA and the
space agencies of the Member States are at present
intensively investigating opportunities for stronger
partnerships with other countries that have space
programmes. As well as making use of possibilities
offered by the European Community and its research
and technology programmes, Europe is targeting not
only the expansion and integration of opportunities
for cooperation with other countries like the USA and
those of the Far East. The aim is to exploit every
opportunity for the accomplishment of "global"
missions on environemntal research and monitoring and
to succeed in developing more extensive observation
systems at a lower level of expenditure.
The main European ISY Conference opened today
concentrates above all on Earth observation via
satellite and its applications. Following closely on
the successful HIR 92 mission - a joint spaceflight
by Russia and Germany - a further space activity,
automatic spaceflight, is now moving into the
limelight.
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OPENIHS LECTURE

by

Juan Pérez-Hercader
Laboratario de Astrofisica Espacial
y Fisica Fundamental, Madrid, Spain

THE AGE OF DISCOVERY
The year is 1492 AD, and the place the Southwestern
end of Europe. A beautiful land of beaches,
marinas, marshes and fossil dunes; surrounded by
pines, orange trees, grapevines and water oaks.
Nearby is Oonana, one of Europe's most important
nature reserves and, also nearby, are the County and
City of Niebla (in Spanish "fog"), reconquered by
King Alphonse the Wise from Islam in 1257, making use
for the first time in Western history of the powderrocket.
The Spanish Crown chose the town of Palos de la
Frontera ("Stakes in the Border"), in the County of
Niebla, as the base from which an expedition would
leave in search of a new route to the Indies, Cathay
(China) and Zipango (Japan). Actually the inhabitants of Palos, who were involved in contraband,
having attacked in the course of their activities a
Portuguese ship, and thus transgressed Spanish law,
owed the Spanish Crown a fine. The Crown ordered
the mayor of Palos, as payment of the fine, that his
township supplied 2 ships, men and food for the
enterprise that the Crown had entrusted the Admiral
Don Cristobal Côlon. A third, larger ship, was
supplied by Juan de la Cosa from Northern Spain, and
a total of 87 men with a long tradition of seagoing,
sailed west on August the 3rd, 1492.
The life and personality of Cristopher Columbus are
obscured by numerous uncertainties. He was a
Genovese genius, full of tenacity, courage and
skilled seamanship, who had lived in Italy, on the
Portuguese mainland, the Azores and Spain. Now he
had approached King Ferdinand and Queen Isabella and
gained their support for the uncertain, risk? «nd
costly enterprise of finding "a westerly routa to the
Indies, and the domains of the Great Khan of Cathay".
Thus the Spanish Crown wanted to open a Spanish route
to the lands of cinnamon, clove, mustard and pepper;
the spices which were appreciated ingredients of the
great, noble kitchens in the Renaissance. (As usual,
the stomach is at the bottom of everything! Even the
discovery of America.)
On January the 2nd, 1492 Spain reconquers its
territory from 800 years of Islamic rule, and Spain
feels the need, after this unification, to assert its
political personality in the international arena.
Portugal, the magnificent neighbour, had shown a
tremendous vitality in this regard, and with it
aroused the jealousy of the Spanish Kings. In fact,
the son of the King of Portugal, the Infante Don
Henrique el Navegante (Henry the Navigator), had in
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about 1420 established in Sagres, 100 km. west of
Palos de la Frontera, a great scientific-technical
research center capable of organizing the expeditions
necessary to uncover the whole coast of Africa, and
establish a southerly (coasting) route to Cathay.
His success was astonishing and made Portugal into a
sea power. Now the Kings of Spain were offered a
similar occasion by Columbus, and under the influence
of Franciscan monks from La Rebida Monastery, S km.
south of Palos, Queen Isabella finally accepted
Columbus' proposal and commissioned him.
Columbus' determinate belief in the existence of a
westerly route to the Indies was not based on a hunch
or intuition, but on scholarly work. He based his
attitude on several facts known at the time. He was
very much aware of Marco Polo's estimate of the
size of Asia, and also of Toscanelli's approval of
the distance between Cathay and Zipango: around 1500
miles. Actually Ptolemy explained that Eurasia
stretched an arc of 180* of longitude whereas Marco
Polo's calculations, as interpreted by Toscanelli,
meant 225*; today we know that to be 130* instead.
This important error placed Zipango where today we
know is America! Furthermore, Columbus adopted the
standard value of 45 miles per degree, against
Ptolemy's 50 miles per degree. These two errors led
him to assume that the distance between the Canary
Islands and Zipango was 2,400 miles instead of the
actual 10,600. These data made Columbus' Earth much
smaller than any other proposed until then ... and
the enterprise that much closer and cheaper! In
addition to the "theoretical" data, Columbus was
aware of the stories told by sailors who spoke "of
islands near Europe on the way west". He believed so
much in these arguments, that even after his fourth
voyage, when he died in Valladolid in 1506, he still
was convinced that he had reached the Indies, not
discovered a New World!
To carry out his enterprise, Columbus' beliefs and
will were not enough. A set of technological conditions had to be met, and these conditions were
maturing in the Iberian Peninsula during the XVth
century.
Since the lower Middle Ages (Xlllth
century), the use of the compass in the Mediterranean
had extended, and the representation of courses in
compass-charts or portulanos was quite developed by
the XVth, with the famous schools of cartography in
Majorca, Catalonia and Italy. These "portulano
charts" enabled the navigators to sail from harbour
to harbour, hence the name "portulanos", and eventually evolved into "flat charts" with meridians.
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Combining a "flat chart" with an astrolabe it was
possible to determine the position at sea.
Columbus had these navigational aids at his disposal,
but he also needed an appropriate means of transportation. He needed ships capable of confronting the
Atlantic with its currents and winds, and where he
could store the necessary foodstuffs to support a
large crew during a long voyage. To have an idea of
what was involved let us just remember that the daily
intake of a man at sea in the XV-XVIth century was
about the following: 1.5 to 2 Ib. of biscuit, 0.5 to
1 Ib. of dried meat, cod and cheese, 0.25 Ib of rice
or dried legumes, 1 liter of fresh water, 0.25 liter
of oil and, don't miss this! 3/4 liter of wine!
Columbus estimated, and loaded, 15 months of edibles
and 6 months of water per man, or a total of 1,300
kg. per man. For 30 men, the 39 tons of food supply
practically left no space onboard, and it was fundamental to have a large capacity ship, with high
manoeuvrability since surely the vessel would have to
fight the unknown Atlantic currents. These ships
were available since very recently in the form of a
"carabela": a new ship that combined the manoeuvrability of the Meditteranean "galera" with its
triangular sails and the power of the Atlantic
"velero" with its square sails. The new technology
produced an ideal ship, with a large cargo bay,
ability to manoeuvre and, on account of its increased
length a higher sail area, which meant higher
performance.
Finally, Columbus drew on the Portuguese experience
with maritime currents: it was known to the
Portuguese sailors that South of Cape Bojador winds
and currents ("like a river crossing the Ocean") made
very difficult the return trip and, of course, to
return he wanted! This was done by sailing in a
northerly circle, arriving to the Azores and then,
letting the winds from the northwest sail them home.
To carry out this procedure, new sailing techniques
and instrumentation had to be developed, including
the invention of the "nocturlabe" which allowed for
the correction of errors in position coming from the
use of the sand clocks. Those advances allowed true
navigation by the stars.
Counting this set of technological advantages on his
side and with the experience he had gained by repeatedly navigating the western African coast, Columbus
the man, and his time, were finally "On the Edge of
Discovery". And thus he started the Sea Route West
to Cathay and Zipango.
On October the 12th 1492 the Andalusian sailor
Rodrigo de Triana, from Lepe, a small township near
Palos, sighted land and cried: "Tierra, Tierra!" the
Spanish words for "Land!, Land!". And a New World
was discovered and mistakenly and stubbornly identified with Cathay by Admiral Columbus. They returned
to the-', homebase in Palos on March 15th, 1493.
They brought with them a whole new world, a revolution, making Columbus "stand out among the few
explorers who have changed ideas about the World".
Their discoveries would have a tremendous impact on
the course of History, Knowledge and the Development
of Mankind. Of course we cannot speak here of the
myriad implications of the Discovery of America in
the development of Western Europe, Theology, Anthropology etc. We will simply touch upon its impact on
cosmography, where Columbus' travels meant a full
commotion. In fact, the first representation of
the newly found territories appeared in an eight
page "brochure" dated in Barcelona on April 1493,
where Columbus announced to Europe in Castillan

Spanish his encounter with "the Indian islands beyond
the Ganges". This letter spread widely over the
western world, vith nine editions in Latin printed in
the same year! (1 j<-$s that, for its time, this was
a better seller tfan
-.hat today are Stephen Hawking's
"A brief History tf Time" or Carl Sagan's "Cosmos"!).
By 1497 there was a German edition, and the combined
sale reached 10,000 copies.
The first map of the world incorporating the
discoveries in America is the parchment drawn by
Juan de la Cosa in 1500. In it, Cuba appears as an
island, against Columbus opinion, and has different
scales for both the Old and New Worlds. After the
news of the discovery spread, a school of
carthography and cosmography was founded in Lorraine,
to which belonged the celebrated carthographer
Martin Waldseemuller. He published in 1507 a map
compiled from the tradition of Ptolemy and the
voyages of the Itlian-born merchant, explorernavigator and Spanish citizen Americo Vespucci;
Waldseemuller named the New World America to honour
Vespucci as the person who correctly and publicly
identified the New World as such, not as Asia.
For a few years there was little interest in
exploring the New World by itself, people being more
determined to find a way through it and into Cathay,
with all the mythical wealth of Asia. Then the
Portuguese navigator Ferdinand Magellan sailed West
from 1519 to 1521. He sailed the East coast of South
America and bordering its southern tip found its
deep, tortuous straits full of fog (and who knows
what else! they might have thought) and squalls.
After a resolute western course through the straits,
they finally arrived to peaceful, open waters, which
he wholeheartedly named the Pacific Ocean. Sailing
westward, they reached the Phillipines, where
Magellan was killed; and the Spaniard Juan Sebastian
Elcano commanded the rest of the expedition. Through
the Indian Ocean, around the Cape of Good Hope in
Southern Africa, and North in the Atlantic they
finally arrived in Seville on September 9, 1522. The
figures were these: 1 ship returned out of the
original 5; 17 sailors plus 4 Indians out of the 239
men who had originally sailed. And three years of
their lives!
The Magellan-Elcano expedition had thus circumnavigated the Earth, leaving Elcano puzzled by three
facts: (a) the cargo he had brought back more than
paid for all the expenses of the trip (b) in spite of
his efforts to keep a careful log, he found the log
to be a day out; he simply had not allowed for the
fact that his circumnavigation had caused him to lose
one day! and (c) more importantly, the vastness of
the Pacific made the West route to Cathay hopelessly
long.
This was the first factual proof that the Earth was
actually round, and that Columbus had discovered
a truly New World; this world was awaiting
exploration by the Europeans and, after about a
little less than a hundred years, brought the Age of
Discovery to a close.
It meant, however, a revolution in many other
aspects. For one thing, the men of this epoch began
to have a clear idea that the Earth was a body with
a finite size. Something huge, but finite and
perhaps just a piece of a larger Cosmos.
THE ACTIVITIES IN SPACE IN THE XXTH CEHTURY

Towards the end of the 19th century, and beginnings
of the 20th, a new natural frontier entered human
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endeavour. This new frontier signalled the ability
of man to fly and opened the way to achieve speeds of
the order of and superior to the escape velocity from
the Earth's gravitational field. As in the case of
the Discovery of America, and is very well known to
this audience, this was due to a happy conspiracy of
achievements; advances in Chemistry, Physics and
Technology made possible the construction of rocket
engines which eventually would have long enough
operation times and sufficient thrust. In the '2Os
and '3Os, the pioneers of this new technology were
now at both sides of the Atlantic, most notably in
Russia, Germany, the United States and France. This
was a golden period, when a large part of the
necessary knowledge and technology were developed,
including liquid fuel technology.
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Thirty five years ago, in 1957, as part of the
International Geophysical Year, both the Soviet Union
and the United States planned to launch an artificial
satellite to place it in orbit around the Earth. The
then Soviet Union launched the celebrated Sputnik on
October 4th, and the so-called
"space race"
started, with all its scientific, military and
technological implications, as the USA tried to equal
or better the Russian feat. Ue all know what
happened afterwards, with these two nations sending
public-opinion "messages" making clear to each other,
their own citizens and the rest of the world, what
were some of their capabilities and might. This led
to programs for placing a man in space or on the
Moon, but it also gave rise to many technological
developments, some very well known such as the first
communication satellites, others less well known,
such as the invention of Velcro. In the less
directly tangible side of things it gave rise to
other useful results; for example, I remember very
well being a child growing up, less than ten kilometers away from where Columbus left for America, and
being fascinated by the moving artificial satellites, such as the huge ECNOIA telecommunication
satellite, that could be seen moving as they crossed
the evening skies. Many of you, I am sure, had
similar experiences and like myself then must have
wondered why and how the "thing hung up there". This
made many of us think about science, and develop a
scientific-technical vocation and an imagination that
took us into further realms of exploration; simply by
asking questions that were prompted by events taking
place in space, and which you could follow from your
own backyard. To make a long story short; we were
witnessing the conquest of a new frontier, and are
now a part of the army of "conquistadores" which,
like those who read Colmbus' brochure, had their
imaginations aroused by what we saw taking place.
Like a giant "geocentrical onion", the frontier of
space kept being pushed each time into new realms;
satellites and men in orbit around the Earth, robots
and men being sent to the Moon, and robots to the
nearest planets, the gas giants and the outer reaches
of the Solar System; in this way, placing men and
other live systems, in conditions which are impossible to be attained on Earth because of the low
gravity, vacuum and radiation levels. The scale of
things kept changing with each "giant leap for
mankind" and an age where we are getting a
"continuing" education in Science, Technology
and International Collaboration was started: the
Space Age.
With the advent of satellite technology and its
civilian availability, a complete new generation of
ways of observing and serving the Earth has become
available; meteorological, navigational, remote

sensing and telecommunication satellites now orbit
the Earth, and constitute the most profitable space
activities from a commercial point of view. It is no
secret that these devices have a tremendous impact in
modelling the new society in which we live at the end
of the 20th century; for example, for good or bad,
the Gulf War was fought right in our living rooms.
This availability of technology also means that we
are at the dawn of a new era, where Global, Rational
Management of the Resources of the Planet Earth can
be possible. But we will hear much more about this
in the talk by Prof. Mégie later on this afternoon.
The physical presence of man in space is the hallmark
of our species. It teaches us of new conditions for
man's adaptability to an environment for which its
original genetic code was simply not programed; and,
in a way, prepares the species Homo Sapiens, with its
unprecedented technological and scientific know-how,
to cross the threshold of extraterrestrial exploration and space colonization. At a more modest
"scope" it allows man to have a direct involvement in
the exploration of space as demonstrated in the
Skylab mission or with the Shuttle Transportation
System and our European Spacelab which precisely
tomorrow, March 31st, lands in its ATLAS-I Configuration at Kennedy Space Center. In this unique
environment, much interesting and useful science can
be done by the scientists themselves, again opening
new vistas and pushing the frontiers of knowledge and
technology further ahead.
Even though budget, biology and the known Laws of
Physics limit us tremendously, the spirit of
adventure of yesteryear is still with us, and instead
of sending sailors to other worlds, we now send
robots and automatic probes to study truly New
Worlds. We search for other "companions" in the
history of the Universe, be they primitive forms of
life as with the Viking spacecraft in Mars or,
perhaps, somebody who will be capable of deciphering
our messages on board spacecraft. But the engine is
always this marvellous curiosity that drives the
human species and has paid so many positive dividends
(and unfortunately we must admit some negative
dividends, too). In this process we have learned
about the structure of planets in the Solar System
and picked up details of their atmospheres, as for
example the observation of strong UV-emission in
Jupiter, leading to surprisingly high temperatures
(in excess of 1000 K) in areas of its atmosphere. Ue
have discovered active volcanoes in lo, with emission
of sulphur and sulphur dioxide, and understood the
structure of rings in Saturn and confirmed that
Saturn and Jupiter have a similar hydrogen and helium
composition. In our robotic flybys of the outer
planets we have discovered worlds with geological
conditions which, to our surprise, speak of very
active histories in many of their satellites, like
Miranda, one of Uranus' satellites. Ue have
discovered that Neptune's atmosphere is much more
active than we had concluded from Earth-based
observations, with zonal bands, storms and Dark Spots
the size of the Earth, and a climatic activity
perhaps powered by its internal heat, which at these
distances from the Sun is twice what the sunlight
provides. In the other direction, we have visited
Venus, seen it in radar with Magellan and with
Ulysses are now on our way to the Sun.
One of the recent highlights of space exploration has
been the mission to Halley's comet on its approach to
the inner Solar System in 1986. An international
effort by Europe, Japan, the former Soviet Union and
the United States, which had its most important
moment when Giotto, the ESA probe, got within 596 km
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from the nucleus of Hal ley and captured, live, while
lying on their sofas, the imagination of one and a
half billion people all over the world!
But perhaps the most dramatic push of the space
frontier comes from the observatories which placed
above the Earth's atmosphere, can look at the Cosmos
free of any atmospheric disturbances and without
being limited in their windows to the Universe by the
absorptive properties of the atmosphere. In this
regard, Europe is playing an important role;
sometimes in multilateral collaboration between ESA
and NASA, and at other times between different
national space agencies. The dean of these miraclemachines is IUE, the International Ultraviolet
Explorer, originally scheduled for 36 months in orbit
and now in tlie 14th year of operation, and still
going strong with superb management, a huge international community of users, very competitive and
unique in its astronomical capabilities, has become
especially apparent in the course of the explosion
and evolution of SN1987A. Since 1990, we also have
the Hubble Space Telescope, which after initial
trouble is finally beginning to show its worth and
will contribute to the extension of the space
frontier, with excellent scientific management and
its ability to show many details of the Universe
which, until now, simply could not be resolved, or
seen from the Earth. Other missions contributing to
our knowledge of the Universe which are, perhaps,
less well known, are IRAS (Infrared Astronomy
Satellite), COBE (Cosmic Background Explorer) and
Hipparcos (High Precision Parallax Collecting
Satellite) of which we will say more later on in this
talk.
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The ability of man to go into space and use it, and
the associated technology, as tools for the
exploration of the Universe has helped tremendously
in shaping our present ideas about the Universe.
This is the equivalent, in our time, of what happened
in the 16th century after the discovery of America
and the development of a technology s.itable for
exploration. The difference is that now the realm
to explore is far more vast and the objectives more
ambitious, for the questions are more complex.
And at the end of the 20th century, these questions
can not only be asked, but even some tentative
answers be provided. To describe this task we now
turn to :
OUR PRESENT FRONTIER

During the second decade of our century, a major step
took place in our understanding of the Universe.
Einstein formulated the general theory of relativity,
according to which the notion of a flat space-time
was abandoned and instead space-time was assumed to
be curved. The force of gravity is understood as
the result of matter evolving in curved space-time;
the presence of matter would also curve the space
and time background that it fills. This powerful and
deep idea is summarized in what many people believe
to be the most beautiful equation of Physics, and
which I could not resist the temptation to write dos.-i
for you,
Kmv - 1/2 gmv R = SpG Tmv.

This equation has in its left-hand side the
geometric properties of space-time, represented by
the metric gmv, the Ricci tensor Kmv and the scalar
curvature R, all computed from the metric, which is
the fundamental quantity describing the geometry of
space-time. In the right-hand side is matter, repre-

sented by the energy momentum tensor Tmv. The coupling between matter and geometry is measured by G.
Newton's constant, which in spite of having been
around for more than 300 years, shamefully is only
known with an accuracy of less than 1 part in ten
thousand.
Soon, solutions to these equations for different
physical situations were found, and shown that they
could describe in certain limits of the metric gmv,
the gravitational field of a star, planetery motion
or even the Universe! For example, in the case of a
star, its huge mass deforms the space-time in the
neighbourhood, and the shortest distance between two
objects is no longer a straight line; light would
not travel on a straight line and would be deflected
when passing near a star. This was a prediction of
Einstein's theory and was shown to be true, most
spectacularly, by the data from the solar eclipse of
Hay 29, 1919. (An indirect consequence of this is
that indeed, the Earth's mass increases by about 160
tons per day: the mass corresponding to the amount
of sunlight falling each day on the Earth.) Today we
test this effect to very high accuracy with the observation of gravitational lenses such as this one seen
with the HST. It was also found at that time that
the perihelion of Mercury precessed at the rate
predicted by Einstein's theory. And today, March
30th 1992, from the time delays caused by orbital
motion in binary pulsars, we know that the theory
describes this class of systems with a precision of,
at least, a few parts in a million. These results
are compatible with and better those obtained from
radio-signal occultation using the system composed of
the Viking 1 spacecraft, the Sun and the Earth.
Application of the general theory of relativity to
the Universe led to a seeming disaster; the Universe, the theory predicted, had most likely to expand!
The year was 1917 and the Universe had to be made
stationary; for that was the "belief" at the time.
To accommodate his theory to the opinions of his
time, Einstein introduced the cosmological constant,
a term contributing to the right hand side of his
equation and representing the energy of the vacuum,
whose virtue was to stop the expansion or contraction
of the Universe. And thus, ... Einstein missed his
chance to predict the expansion of the Universe.
Thanks to the work of Slipher, Humanson and Hubble,
the Universe was found to be much larger than it had
been thought until the mid-20's, and undergoing an
expansion. Furthermore, as brought forth by Eddington in 1930, there were cosmological models which
with an expanding Universe could, as a cosmological
Doppler effect, account for the distance-velocity
relationship observationalIy found by Hubble: V=Hd.
Here, H is Hubble's constant, and its inverse is
related to the age of the Universe. These
cosmological models called of the Friedmann-LemaitreRobertson-Walker class can be of several types, and
some of them have the property that at a very
early epoch in its history, the Universe was very
small compared to its present size, and very hot
compared to its present average temperature. These
are the so called Big-Bang models. They also have
the property that at sufficiently large distances,
the Universe should be homogeneous and isotropic.
In spite of their simplicity, these Universes are a
remarkable success, as shown by the following three
properties: (a) They predict the expansion of the
Universe at a rate proportional to the present value
of Hubble's constant, from which the age of the
Universe can be extracted and compared to the
predictions from nucleocosmochronology. Here data
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from ESA's Hipparcos Satellite and from the NASA-ESA
Hubble Space Telescope will be most useful. These
measurements also have the property of combining, in
a very deep way, our knowledge of the Physics of
nuclear scales with the knowledge of the Universe at
galactic and extragalactic dimensions. Until this
data is available Nubble's constant will not be known
with enough precision, (b) The models predict the
relative abundances of the light elements deuterium,
tritium, helium-4 and lithium-7. These relative
abundances depend on the number of light neutrino
species. Agreement between what is required by bigbang models, and what is observed, is reached for 3
neutrino species; a prediction familiar for more
than 10 years to big-bang cosmologists before it was
experimentally checked at LEP (CERN) in late 1989.
It constitutes a major triumph for these models,
(c) In its past history, when the Universe was about
350,000 years old, its temperature fell below the
hydrogen binding energy of 13.5 eV, and background
photons last scattered. This, according to the
theory, left a relic in the form of a microwave
background radiation, with a black body spectrum.
From age estimates, the temperature should be at
about 3K.
NASA's COBE satellite measured this
spectrum, and the result was what is known as the
"applause line".
Given the present temperature of the Universe and its
present energy density, we can "run-it-backwards"
in its History and even sketch its Geography. Theory
says.
These major successes of the classical Big-Bang
models of the Universe are clouded by some problems.
In particular they do not predict a flat enough
Universe; and we have a fair idea of how flat it is.
This was "solved" during the last decade, by introducing the inflationary Universe (in which name you
can hear a reflection of the economic conditions of
the late 70's and early 80's): when the Universe is
between 10 to the minus 43 sec and 10 to the minus 35
sec into its life, it undergoes a savage exponential
expansion period in which everything is flattened
out. The engine powering this violent expansion
period is the energy of the vacuum, made i>p of the
then dominant and very small today, but always
unavoidable, quantum fluctuations. In this way a
major revolution takes place in our conception of the
Universe; the same mechanisms control Its large and
short distance properties.
But there is no free-lunch. In order for inflation
to work, and for the Universe to be flat enough, we
need to assume that we only know between 1% and 10%
of the matter in the Universe; the remaining 99% or
90% is in forms that we do not see! Yet. And there
is evidence that indeed this is the case. We call
this matter, whatever it is, Dark Hatter. Here
Hipparcos, HST and also IUE, together with the very
successful IRAS (which stands for Infra Red Astronomy
Satellite) play a major role while we wait for more
adyaiced instrumentation. More dedicated and specialized instruments are indeed needed.
However, in this paradigm we are beginning to get
answers, albeit partial, to many problems. Capital
among them, is the formation of structure. The
Universe is very smooth in the cosmic microwave
background, and hence, as proven by the COBE dat?,,
when it was 350,000 years old; this is at a distance
of about 1200 to 3000 Mpc, or the distance light
has travelled since the Universe was 350,000 years
old. At shorter distances the Universe is not that
smooth: filled with clusters of galaxies, galaxies,
star clusters, stars and their planetary systems and

so on. It is thought today that these structures
formed as a consequence of quantum fluctuations in
the curvature of the Universe when it was very young:
matter tended to cluster in these higher curvature
regions of space-time turning into the seeds out of
which the largest structures formed. The remaining
structures, it is now believed, appeared as a
consquence of complex astrophysical processes. If we
accept the existence of dark matter (or of anything
that behaves like it), we can simulate what the Universe looks like at the largest known distances; even
though a small difference in the initial conditions
between two simulations leads to two widely different
pictures for the present Universe. The results of
simulation and observation can be compared, and
visually they are quite similar.
However, the
available observational samples only cover about
30 billionths of the visible Universe, whose volume
is about 10 to the 13 cubic megaparsecs, and our
conclusions are equally limited. In other words,
what we are saying today about the Universe is as if
we looked at an area of 20 km square in a desert in
the Sinai Peninsula, and we concluded that the Earth
was a desert!
It is clear that at the end of the 20th Century we
have a fair idea of what makes the Universe churn,
having learned that amount of matter, history and
structure are intimately connected. Ue have extended
tremendously our frontier, in the literal sense of
the ward. But we need to know the answers to many
questions before we can even pretend to believe
seriously that we have a sound framework. A framework which is, nevertheless, advanced enough to allow
asking questions which otherwise could be thought to
be crazy to even consider. Some of the questions to
ask we have already mentioned, but there are many
more. Here is a sampler: What lurks in the frontier
of the Universe? Is there a frontier? How do we
understand and interpret what we observe? How was
the Universe started? Was there an initial
singularity out of which grew the Universe? How much
matter is there in the Universe? How large is it?
How old? Can we reliably predict its future and
retrogress its past? How did galaxies form? What
are the largest structures? Is there a non-zero
cosmological constant? Are the four known laws and
forces the only ones in the Universe, or are there
more, were they once united? What are they? Is
Quantum Mechanics really compatible with the General
Theory of Relativity? Is the very small related to
the very large, as we now suspect?
Is there life
elsewhere? Can we defeat the limit of the speed of
light? Tunnel through space-time? Travel to the
Past?, to the Future at a faster pace? (and back?).
This is our Current Frontier.
In answering many of these questions the availability of Space is of special value or crucial, and
without it we could not even dream of asking the
questions, let alone answer them. This is so because
it gives us the opportunity to observe the Universe
in all its magnificence and without many of the
disturbances we have here on Earth masking its
primordial and pristine appearances.
And also
because it pushes the limits of technology into new
realms, which otherwise would probably not be
developed. Europe can help, and foster programs that
ensure its continued presence in these fields and,
once again, do as Ferdinand and Isabella did in the
15th century; helping to open a new Horizon to
mankind in the year 2000 AO.
But there is an added challenge; which is to take a
generous, leading and balanced role in preserving the

Environment of the Planet we Inhabit, for the sake of
future generations and the gift of life that we
enjoy.
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EARTH AND SPACE

Let me first explain the somewhat ambiguous title of
this presentation: "Earth and space". The approach
taken will be in the main 'geocentred', and will
therefore attempt to illustrate how observation of
space can improve our knowledge of the terrestrial
system. This will be to some extent a description of
a planetary mission, the subject of which is the
Earth itself.
Over the years which have marked this history of life
on Earth, ending with that of man, the terrestrial
environment has undergone large-scale natural
evolutions. Over tens of millions of years, the
movement of continents, caused by plate tectonics,
has dramatically altered the geographical distribution of climates. Over a shorter period of some tens
of thousands of years, life as well as climates have
been altered by variations in the Earth's cosmic
parameters. Paleo-climatic data, particularly the
glacier archives, clearly illustrate these climatic
variations which occurred during the past huge
glaciations. The environment reacts directly and
naturally to the activities of living beings via the
constant interactions between the animal, plant, land
and sea biospheres as well as other main components
of the terrestrial environment: the atmosphere, the
oceans, and the inner Earth. This is therefore an
integrated system which can only be understood by
means of simultaneous study of the various
components.
Over the past three decades, space studies have led
to rapid progress being made in our knowledge of the
processes which govern this global balance of the
planet. With regard to the atmosphere, meteorological
satellites have given us a clear and quantified
vision of the dynamics of the atmosphere from a
synoptic to a global scale. Space geodesy, very
broad-based interferometry and satellite laser
beaming have all made important contributions to
tectonics and seismology via the increasingly
accurate definition of deformations in the Earth's
crust. Several specific missions have explored the
chemical composition of the atmosphere and its
changes. Photogrammetric observation programmes of
the Earth's surface (SPOT, Landsat) have shown that
it is possible to study, from space, the spatial and
temporal variations in vegetation coverage on scales
of time and space which are compatible with the
seasons.

The importance of space observation to the study of
Earth is obvious, but there remain several wide gaps
in our knowledge of the terrestrial environment which
will require increased observation over the coming
years. The need to study and predict developments in
the terrestrial environment makes us wonder, today,
about the definite signs of this long-term evolution
and how we can distinguish them from the 'noise'
linked to a natural change which includes all scales
of time and space, from the millisecond to millions
of years, from the millimetre to the scale of the
whole Earth.
This need to make thorough, overall observations of
an extremely complex system which includes a vast
number of heterogeneous components, linked by
multiple interactions, be they mechanical, physical,
chemical or biological, is further strengthened by
the fact that, for about a century, developments
in industry and agriculture, associated with a huge
population explosion, have brought about environmental changes directly linked to these human
activities. These occur much faster than natural
evolution. The time constants involved range from a
decade to a century; indeed some of their
effects are discernible today at the planetary level.
Amounts of greenhouse gas in the atmosphere, carbon
dioxide, methane, nitrogen oxide and organo-chloric
components, are increasing at rates varying from
0.3% to 10% a year, due to deforestation, the use
of fossil fuels and new industrial and agricultural
practices. The destruction of the ozone layer, the
global warming of the Earth's surface and the
increase in oxidising properties in the lower atmosphere are some of the possible consequences.
The priority for research in geosciences, within the
framework of large-scale international programmes
such as the World Climate Programme and the International Geosphere Biosphere Programme (IGBP) is
therefore to describe and understand the main
processes which govern the geosphere-biosphere system
as well as its internal linkages, and aim at
modelling this. Only model-building will integrate
all the mechanisms and data, thus supplying us with
the bases for a quantitative forecast of climate
development and, more generally, of the Earth's
environment. Satellite observation has a vital role
to play. It alone can supply the necessary data for
an interactive description of the system, on a global
scale.
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The fluid components, air and ocean, are directly
linked via surface phenomena; wind tension pulls the
ocean surface, which in turn reacts on the atmosphere
and oceanic dynamics as well as the evapotranspiration of vegetation coverage, regulated by
the ecosystems within the continental biosphere. The
resulting cloud cover plays an important part in the
greenhouse effect and alters the amount of solar
energy received by the ocean. The physico-chemical
cycles, especially that of carbon, are also strongly
linked to the atmosphere and oceanic dynamics and
interact directly with marine and continental biological activity. These regulate the absorption of
solar and telluric rays, which are an energy source
for the entire climatic system. In the area of
inner-earth science, the passing from the kinematic
to the dynamic (therefore covering important time
scales, with the development referred to earlier)
calls for precise knowledge of the distribution of
gravimetric and magnetic potentials.
Using scientific logic, we should first of all define
the main problems which at present limit our understanding of the system. Starting from these clearlydefined scientific objectives, we should be able to
define the necessary means for observation, as well
as those which should be set up in the short or
medium term based on present technology or indeed
that are likely soon to be available. This scientific approach is vital, even though it may be that
for some variables, space observation today allows
us direct measurement, whilst others cannot and never
will be reached directly and will have to be dealt
with in an entirely new way. This then, usually
implies a constant interaction between observation
and modelling.
Let us take as an example the definition of flow and
interface, be it at the level of important physical
phenomena such as energy, sensitised heat or ocean
surface latent heat or that of submerged land, or
flows of matter which rule gaseous exchanges with
ocean-air or biosphere-air interfaces. Their exact
measurement necessitates space-scale measurement
which varies from a few millimetres to a few
centimetres, at the level of emission processes from
leaf stomata or ocean surface air bubbles. Obviously
it is impossible to achieve these scales by satellite
observation. What must be worked out are therefore
the main parameters which, via the successive
integration of those scales compatible with ground
measures, enable us to pass from the local scales of
the process to the global scale of energy and matter
balances.
It should be remembered that even though satellite
observation is a vital part of the necessary
observation effort, it cannot be disassociated from
ground, air or balloon observations which validate
its use. So as to better understand the importance
of space observation to the study of the environment
and the climate, we may note several different
sciences; climate and physical processes, interactions between climate and marine geochemistry, the
role of the biosphere and physico-chemical balances
in the atmosphere, the response by ecosystems to
climatic and artificial chemical changes, and the
inner Earth. This leads us to an examination of each
of the systems components - air, ocean, submerged
land, inner Earth - given the scientific problems,
and thus taking into account the interactions with
the other components.

ATMOSPHERE AMD CLIMATE

Of all components of the environment, the atmosphere
is without doubt the one best observed at present and
is probably the best modelled. In this regard,
weather forecasting has been a useful tool,
presenting a synergy between permanent and global
observation systems, in particular geo-stationary
meteorological satellites or those in polar orbit,
global forecasting models and data assimilation
methods. From the observation standpoint, improvements mainly affect the measurement of the
atmospheric thermodynamic structure.
The existing operational linkages of high resolution
space imagers in the area of visible wavelengths and
nearby infrared, with infrared radiometers, microwaves and hyper frequencies, allow us to determine the
vertical structure of temperatures and humidity.
Improvements in the vertical resolution of these
waves, such as are envisaged, including, notably,
further work on instruments with very high spectral
resolution, will be of major importance for research
into the three-dimensional thermodynamic structure of
the atmosphere.
Nevertheless, other variables which are vital for the
quantification of energy exchanges, which are of
great importance in tropical regions of the
atmosphere dynamic are at present inaccessible on a
global scale. No direct measurement of the wind can
to date give us a large-scale definition of water
vapour transport, and therefore convergencies of
humidity which lead to rainfall. The only estimates
from space that we have of these, are based on
passive hyperfrequency radiometry and give a more
qualitative rather than quantitative picture of the
global fields. The importance of wind and rainfall
measurement would appear to support the immediate
development of active instruments such as the Lidar
Doppler (for wind) and laser (for rain). Several
European (ESA, NCSS) and international (NASA, NASDA)
agencies have given priority to the development of
these instruments, though they will probably not be
operational before the end of the decade. However,
they are vital for a quantitative approach to the
water cycle as a principal feature of climate.
Radiation is the second component of climate, and
plays a vital role. The amount of radiative energy
on the globe's surface conditions heat transfer
between the surface and the atmosphere, and the
atmospheric divergence of ray flows is an important
element in the energy balance of the various
atmospheric processes.
Recent studies on the
sensitivity of models of the general circulation of
the atmosphere to the increase in amounts of gas
leading to the greenhouse effect, have illustrated
the importance of retroaction due to artificial
radiative treatment of clouds. The quantification
of the differential response by cloud cover thus
constitutes a priority in studies on variations in
the radiative balance
over long time-scales. A mere
variation of 0.5 Wm 1 , which is probably undetectable,
is enough to heat the first 30 metres of the oceans
by 0.1 K.
International programmes such as the ISCCP
(International Satellite Cloud Climatology Programme)
and instruments like the ERBE (Earth Radiation Budget
Experiment) which are now underway, constitute a
first step. However, increased effort should be made
to undertake a detailed study of nebulosity: cloud
detection, determination of their altitude and
optical properties. The fractal nature of clouds
requires resolutions greater than hundredths of
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metres. Technology exists (high-resolution space
spectro-imagers, visible radiometers, infrared and
microwave, active lidar télédétection systems) which
enables us to approach these problems in a coherent
way. Nevertheless the usefulness of future space
missions must be effectively gauged according to the
scientific objectives imposed by the study of the
climate and its natural and anthropic fluctuations.
THE OCEAN DYNAMICS. CHEMISTRY AND BIOLOGY

The ocean is an essential component of the climatic
system. The thermal content of its first five metres
corresponds to that of the whole atmosphere.
Equally, along with the air, the ocean contributes to
the redistribution of calorific energy via the
average meridian transport of heat between the
equator and the poles. Moreover, air movement is
extremely sensitive to ocean surface temperature
variations, but the dynamics of the oceans is
governed by longer time constants than those of the
air, which range from a month for ocean surfaces to
a century or more for deep movements. This could
perhaps explain why, in contrast to the atmosphere,
we are still relatively ignorant about the oceans.
At the moment there is no operational global
observation system for the oceans comparable to the
meteorological observation system.
The aim of the TOGA (Tropical Ocean and Global
Atmosphere) and WOCE (World Ocean Circulation
Experiment) international programmes is to improve
our knowledge of ocean circulation via an integrated
approach between satellite observations, surface
observations and modelling. But measuring in the
oceans is different. Satellite observation only
supplies information on the state of the surface or,
at best, up to a depth of a few metres: it is an
important aspect in the study of the ocean-air
interface and the general oceanic circulation based
on determination of the dynamic topography of oceans.
This is done using techniques for diffusion,
altimetry and radar imaging, with special radars, the
scientific interest in which was clearly demonstrated
by the Seasat mission in 1980 (though this was a very
short mission). Scientific space projects such as
Topex-Poseidon, developed in bilateral co-operation
between France and the United States, and the preoperational projects such as ERS-I followed by ERS-2,
within the framework of the European Space Agency,
constitute an initial step forward.
Progress in the study of ocean-air interactions and
ocean circulation are also carried out thanks to
improvements in precise measuring of ocean surface
temperature using radiometry, the estimation of
surface wind tension via diffusiometry and the
measurement (with the use of infrared and microwave
spectrometers with high vertical resolution), of
temperature and humidity profiles in the atmosphere
near the surface. All these parameters can therefore
be used to constrain interactive models of the final
atmospheric layer and ocean surface layers which
alone can lead us to a quantitative determination of
exchanges in terms of flow, quantity of movement and
energy, sensitive and latent heat, by way of an
assimilation of satellite data.

1

The use of microwave radiometers and special radars
also enables us to study the cryosphere. Sea ice
plays a very important role in the dynamics of the
climate: on the one hand, it prevents oceanatmosphere exchanges at high latitudes and on the
other, due to its high level of albedo, it
accentuates the energy deficit in polar regions.
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Thus, the accumulation of sea ice contributes to the
positive retroactions which underlie the heating of
high latitudes given an increase in the greenhouse
effect. The definition of overall mass at the polar
caps, over a time-scale of tens of years, is also
necessary in order to understand variations in ocean
levels. The definition of their spatial extension
and their seasonal variation is thus a priority for
climatic studies.
The role of the oceans is not limited to physical
processes and it is impossible to describe the cycle
of Earth elements without including the oceanic
component.
This implies an interaction between
biological activity, chemical processes and transport
by the currents. If we accept the lithosphère for
which the mobilisation of carbon takes place on a
geological time scale, the ocean is the main carbon
reservoir on the planet, since it contains 15 times
more carbon than the terrestrial biomass and 50 times
more than the atmosphere. All atmospheric C02
crosses the ocean in 8 or 10 years, and 30% to 50% of
this crossing is undertaken via the marine biomass.
In an undisturbed environment exchanges between
atmosphere and ocean are balanced. The solubility of
the carbonic gas increases when the temperature
falls, the ocean gets rid of the gas in the tropics
and absorbs the COZ in high latitude regions. Thanks
to action by organisms and the transfer of
particulate matter, the biological pump works
ceaselessly to alter the contribution made by the
thermodynamic pump. There is much uncertainty
regarding the estimations of various flows, both
those which govern ocean atmosphere exchanges and
those through which the biosphere initiates
particular transport or the transport of carbon
dissolved within the ocean under the action of
general circulation.
In order to deal with the problem of biogeochemicfll
cycles at the world ocean level, a coherent ensemble
of data, as well as extensive modelling will be
required. Space data on wind and surface temperature
as well as the aforementioned allimetric data will
form an initial part of this ensemble. The study of
primary oceanic productivity is based on observations
of the 'colour of the water' which allows estimation
of the chlorophyll content in the ocean's surface
layer. This enables evaluation of plant biomass
which can then be followed up. Experience with the
CZCZ (Coastal Zone Colour Scanner) on board NASA's
Nimbus 7 satellite was very revealing. An improved
instrument should therefore be developed in order to
ensure systematic and global observation.

1

XV^ '

THE CONTINENUL BIOSPHERE

The continental biosphere is a vital element in the
planetary environment. Although it covers only 15%
of the surface of the globe, it plays an important
role in the changing of energy flows and in the
quantity of movement and matter at the ground-air
interface. These flows condition plant growth and
development and this in turn influences the state of
the atmosphere by altering the albedo and ruggedness
of the surface and controlling evapo-transpiration.
The terrestrial ecosystem also plays a big part in
the biogeochemical cycles. Vegetation sets levels
of carbon gas and syntheis cf organic matter.
Finally, of all climate-environment system
components, the continental biosphere is probably the
most affected by human activity.
The surface of arid and semi-arid regions increases
at a rate of 60,000 km* per year, and deforestation
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of the Amazonian forest is continuing, according to2
an exponential law, with a present rate of 30,000 km
per year.
Nevertheless, while these enormous changes are
clearly taking place, it is still not possible to
quantify them, neither to quantifiably forecast their
development, nor indeed to measure the effects they
will have on climate and the biosphere itself. Once
again it is clear that satellite observations, given
their space cover and periodicity, are a vital means
of observation even though one is limited to the
first millimetres of the Earth's surface. However,
until recently, the continental biosphere has not
been studied from a qualitative angle using these
methods, for both scientific and methodological
reasons.
At the scientific level, the processes which we want
to measure are complex and their scales,
characterised by a high degree of heterogeneity,
present problems, as already mentioned, for space
observation. Models should therefore be developed to
link space observations to those observation
parameters
which are as yet
undefined.
Methodologically speaking, an integrated system
should be set up which would solve the problems of
scale integration. This requires putting several
satellites into orbit, the organisation of
coordinated space-aircraft ground campaigns and the
setting up of a system of management dissemination
and analysis of data on a planetary scale.

t
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These difficulties, no doubt exacerbated by the tardy
realisation of the role of the biosphere in
environmental regulation, have delayed the taking
into account of this component in space programmes.
Several programmes, such as the ISLSCP (International
Land Surface Satellite Climatology Project) and the
longer-term IGBP, provide a suitable framework for
this research. We can now foresee (based on serious
scientific study) a space programme which takes
account of the various aspects of the continental
biosphere. The spatial methods to be rsed will
permit measuring and follow-up studies on atmospheric
parameters (global radiation, rain C02 content, air
temperature and humidity, albedo), the Earth's
properties {nature, water content, hydrographie and
Hermic structure), and characteristics of the
vegetation (structure, foliage, water content,
temperature). A multispectral analysis of visible
and infrared wavelengths as well as infrared and
hyperfrequency passive radiometry enables us to
obtain measurements from space.

The terrestrial atmosphere therefore evolves in
response to variations in the concentration of these
constituents. Forecasting this evolution calls for
the implementation of experimental and numerical
simulation methods, to take account of all the space
and time-scales which characterise all chemical,
dynamic and radiative interactions determining the
cycles of the atmospheric make-up. The origin of
these cycles can be found in surface emissions of
source constituents, which have a life span varying
from ten to hundreds of years. These 'primary
pollutants' lead to alterations in concentrations of
constituents produced by chemical interactions in the
atmosphere. Ozone, given the role it plays in the
filtering of ultra-violet solar rays and the thermal
equilibrium of the upper atmosphere, is the most
important of these secondary constituents.
Therefore, the problem we are faced with today, if we
want to be able to forecast the future of the Earth's
atmosphere on a scale of several decades, within a
reasonable time-frame, is the quantification of the
global balance of these constituents, the measuring
and understanding of their natural variability as
well as highlighting evolutionary trends which are
often limited to a few fractions of a percent per
year in the middle of this natural variability which
is about twice as high. Satellite observation is
therefore a privileged tool which alone can expand
measurements to a global level and can distinguish,
within the various balance terms, the respective
shares of tropospheric emission, transport phenomena
in the troposphere and stratosphere, and the
photochemical processes which lead to the creation of
secondary species.

CHEHlML BALANCES IN THE ATMOSPHERE

Research carried out over the past ZO years has
improved our understanding of the chemical, radiative
and dynamic processes which govern the balance of
ozone in the stratosphere. Nevertheless, the recent
discovery of a rapid reduction of ozone above
Antarctica during the southern spring illustrates the
numerous gaps in our understanding of these balances
and in our ability to forecast developments of the
ozone layer under the influence of human activity.
This recent discovery underlines the importance of
heterogeneous chemical processes in the lower
stratosphere which have not, until recently, been
taken into acount in simulation modelling. In the
troposphere, for example, there is the global balance
of the ozone cycle and its source constituents methane, carbon monoxide and aerosols.
This
satellite observation is the only means of
identifying source regions and wells, at space-scales
of a few kilometres, and of identifying their
temporal variation.

The present balance of the terrestrial environment is
largely conditioned by the presence in the atmosphere
of sources of gas emitted on its surface by natural
physical or biogenic processes: methane, nitrogen
oxides, chlorofluorocarbons and reduced sulphur
composites. As we have already seen, given human,

The VARS experiment, which NASA plans to launch in
1991, will provide vital elements in this global
scale follow-up over the period 1991-1994.
Nevertheless, it will not be concerned with
tropospheric problems and will limit itself to the
study of polar regions, using special orbits and

Several space missions are foreseen for the next few
years (1990-1995) and should help in solving this
problem: the SPOT and Landsat operational systems,
the AVHRR imager aboard NOAA (National Océanographie
and Atmospheric Administration) meteorological
satellites, the ERS-I platform with SAR captors and
the DHSP satellite's diffusiometry and hyperfrequency radiometry. In the medium term, we should
be looking at an experimental synergy which would
integrate these missions concerning observation of
the continental biosphere with atmosphere and ocean
observation programmes.
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industrial and agricultural activity, the atmospnere
today contains these substances in increasingly high
levels, so that in a few decades the overall rate of
increase has led to changes in the chemical
composition of the atmosphere. This is leading to
global scale environmental problems which are in turn
threatening life on Earth: the catalytic destruction
of ozone in the stratosphere, especially in highaltitude areas, which in itself reduces the filtering
of the sun's ultra-violet, and increases acid and
other properties in the troposphere, leading to
negative effects on vegetation, land and water.
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instruments designed for observing phenomena which
govern the rapid development of ozone in these
regions. It is therefore vital to bridge the gap
between the end of the VARS flight and the putting
into orbit of the first polar platforms, and to
finish measuring minor stratospheric and especially
tropospheric constituents on a global scale.
Instruments do exist for such missions which are
again based on high resolution spectral spectrometry
and interferometry, in the visible and infrared areas
which contain signs of the main atmospheric
components. The totally fundamental continuity of
these observations will proceed with the support of
operational subsidiary instruments, and especially by
the new generations of instruments foreseen within
the framework of the polar platforms.

THg INNER EARTH
Another aspect to be considered is the inner Earth
and the definition of the magnetic and gravitational
fields. The first of these objectives involves the
study of the Earth's core, conductivity of its mantle
and the correlations between core convection and that
of the Earth's magnetic field. The study, which is
a priority for the Earth Sciences, lasted for the
equivalent of five years, following the 1979-1980
Magsat which only lasted six months. The Earth's
field of gravity reflects the contrasts in density at
different depths in the lithosphère and in the
mantle. On a large space-scale, these undulations
directly represent the internal division of matter
resulting from dynamic phenomena linked to the
thermal convection affecting the mantle.
These represent about 90% of geodic energy, the
remaining 10% being associated with surface phenomena
which reflect the structure of the lithosphère. On
a large scale (1000 km or more) the gepid is
recognised via analyses of orbital perturbations in
the geodesic satellites. Due to incomplete satellite
cover, this level of precision is satisfactory for
very large wavelengths but is only mediocre in the
wavelength band situated between 1000 and 4000 km.
For oceans, altimetric methods attain resolutions of
about 50 km and precision within a few centimetres
for the height of the geoid, but these measurements
are not available for continents.
This high resolution space cartography over the
oceans has amply demonstrated that detailed and
precise knowledge of anomalies in the gravitational
field could lead to new studies on convective
circulation or instabilities in the mantle.
Nevertheless there are a number of questions
regarding convection under the continental plates
which remain unanswered: the existence of a thin
layer of mantle partly melted under the continental
lithosphère which could generate conyective
instability; the influence of the continental
lithosphère (which is thicker than the oceanic
lithosphère) on the convective system of the mantle;
the interaction between heat points and the
continental lithosphère. In order to study these
problems, including those mentioned in the
introduction concerning continental tectonics, it is
necessary to know the field of gravity on the
continents with resolution and precision comparable
to that obtained on the oceans. Such an objective
can only be achieved via a space mission to measure
the gravitational field with a precision of about 2
to 5 mGals and with a resolution of 100km using
graviometric methods.
This project, called
Aristoteles, is currently being studied by the
European Space Agency.

— --—

AH MSERVATIOM MISSION OF THE MJUIET EAKTH

Based on this ensemble of scientific priorities,
space missions need to be set up over the coming
decade which will improve our knowledge of the
Earth's global environment and help us to quantify
the changes brought about by human activity. A first
stage in this strategy is to remind ourselves of the
projects already decided upon by the space agencies.
He should note the extent to which they effectively
achieve the objectives defined in terns of scientific
finality.
Continuity of the operational meteorological services
is assured by geostationary satellites in Europe,
Japan and the United States as well as by the NOAA
satellites.
Photogrammetric observation of the
Earth's surface is undertaken within the framework of
the SPOT and Landsat programmes, and ocean
observation by specific missions, some of which are
pre-operational or operational - ERS-I and ERS-Z in
Europe, HOS-I, JERS-I and ADEOS in Japan, Radarsat in
Canada, and other more specific ones such as the
Topex-Poseidon mission, developed with FrancoAmerican co-operation. In the area of the atmosphere
the UARS mission will look at stratospheric problems.
Lastly in the area of Earth Sciences, the development
of two complementary positioning systems, DORIS and
GPS, will supply valuable information on the
movements of plates, glaciers and seismic
observation.
However, these missions will not
achieve all the global observation objectives which
we have mentioned, neither will they maintain the
necessary continuity of Earth observation.
It is therefore important to complete this strategy
in the medium term and to extend it in the long term.
This is probably where the difficulty lies, when one
looks at future Earth observation programmes,
especially the American ones, within the framework of
the EOS (Earth Observing System) project, and the
European programmes including that on polar
platforms. These are scheduled for beyond 1997 more likely the year 2000 given the financial cost
and technological difficulties. These observation
missions in polar orbit, which are necesary to obtain
a global and recurrent cover of the entire planet,
were conceived at the beginning of the 80s in terms
of multi-instrument and multi-mission platforms.
However when there are too many instruments on one
vehicle, which are being used for missions with
different goals, some operational, others for
research, conflicts arise (many examples have shown
this in the past). This leads to compromises being
made in terms of loading and orbitography, which may
in turn lead to a degradation of the scientific
outcome. It is with this in mind that we should
examine future programmes.
In most cases, it is
instrumental and technological logic which wins over
purely scientific logic. Moreover, in the medium
term, a number of gaps may be spotted, especially in
the area of low atmosphere chemistry and exchanges
between the surface and the inner Earth.

t

SCIENTIFIC SCENARIO

Now let me turn to the purely scientific level.
Obviously certain political and technological
constraints may alter this approach, but before
concluding, I feel it would be useful to try to
describe (probably with a degree of subjectivity) a
scenario based purely on the scientific outcome.
This is a thematic approach, translated in terms of
assemblies of instruments, the synergy of which will
achieve one or several of the above-mentioned
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scientific goals without any degradation. It is
clear that most of the instruments studied by the
large agencies have their place in this scenario and
that groups could be formed, as long as the
compatibility requirements between instruments and
orbit parameters do not lead to too much being
compromised as has happened in the past. Stating
that "everything" can be done may be a good 'selling
point' for a mission, but may often lead to
incomplete results in the eyes of the scientific
community. The global observation mission of the
Earth should therefore include: an operational
meteorological mission including a new generation of
geostationary satellite (GOES NEXT, Heteosat Second
Generation); and platforms in polar orbit carrying a
high-resolution visible imager and infra-red and
microwave instruments to define the vertical profiles
of thermodynamic parameters.
An environment mission should study the geochemical
cycles of C02, methane, nitrogen oxide and ozone.
This would carry instruments adapted for physicochemical measurements in the depth of the atmosphere
using, for example, visible and infrared, along with
microwaves. The observation of the oceanic and
terrestrial surface is vital in the elucidation of
biosphere characteristics and is based on the use of
visible and infrared spectro-imagers with medium
spatial resolution. In many ways, the load carried
by such an environment mission complements that for
operational meteorology. Thus linking the two
missions appears realistic, especially given the need
to operationally continue the environmental control
missions. With regard to the physics/chemistry of
the troposphere and some aspects of the study of the
stratosphere, such a mission undertaken by 1996-1997
would bridge a gap in the observation programme which
is only planning such a linked strategy for use on
second generation platforms.
A study mission should investigate ocean circulation
including an altimeter and diffusionmeter following
the Topex-Poseidon experiment.
On the thematic
level, and even though time scales for different
phenomena vary, such a mission would also complement
meteorological and environmental ones. However,
specific constraints regarding precision and orbit
repetition which altimetric measures entail, could
lead to a separation of the platforms, so as to avoid
any compromises.
A mission should study the Earth's surface, with very
high space resolution based on instruments such as
the multi-spectral Imager and special radar. Here
again, orbit repetition constraints, arising from the
use of narrow field instruments make compromises
difficult in terms of orbitography with the
constraints applied by broad field instruments used
- in meteorology and the environment. Moreover, limits
of weight, power and instrument compatibility
associated with active instrumentation also lead (in
the case of multi-instrument platforms) to choices
being made in terms of load which greatly reduce the
instrumental synergies and therefore the scientific
outcome.
A mission should be devoted to the water cycle,
centred on tropical regions and based on an ensemble
of instruments including active laser and sounding
systems for the measurement of wind and humidity, and
radar for rainfall measurement.
Due to the
sophisticated instrumentation, such a mission (were
all components to be included) would only be possible
in about the year 2000. Once again, limits linked to
active sounding systems in terms of weight, power,

altitude, orbit and instrument compatibility, mean
that at least in the medium term, such a mission will
be largely incompatible with those operational
missions for which it nonetheless prolongs the
scientific objectives.
A study mission of the inner Earth should measure
gravitational and magnetic fields, later combining a
low-orbit satellite and a high-altitude platform.
Such a mission has already undergone detailed study
by the space agencies. Its feasibility has been
clearly demonstrated so there is no need here to take
a decision about this very important scientific
programme.
The above could be the start of the space component
of an observation mission of the planet Earth, based
on scientific reflection. The originality of this
presentation lies rather in the conception in terms
of related priorities, identified within the
framework of international programmes such as the
PMRC or the PIGB, than in the choice of instruments.
In my opinion, this is the interesting point. A
mechanism must therefore be found which allows for
discussion to take place between the space agencies,
which will lead to a realisation of this scientific
image, based on technological reality. These could
be at a global level, in terms of scientific
priorities and not in terms of a technological
compromise leading to a degradation of the scientific
'return' expected from an observation programme.
This should make a lasting contribution, over the
coining decade, to our knowledge of the phenomena
which govern the evolution of the climate and the
terrestrial environment. This implies the existence
of a European scientific body which represents the
interests of the scientific community and which can
set priorities in terms of space observation,
initially independently of political or technological
constraints. Although there are already several
committees in various European organisations, given
the important role of scientific orientation which
ought to be the responsibility of such a body, it is
probably wise to suppose that all these questions be
dealt with at a single level.
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GLOBALMODELSOFECOSYSTEMCHANGE: A
STATUS REPORT

B.H. Walker

Division of Wildlife and Ecology, CSIRO, Australia.

Feed-back Effects
Feed-back effects are of two main kinds:
Global vegetation models are of five main kinds.
Four of them (correlative, plant eco-physiological,
functional type dominance, and the gap-phase or
plant-by-plant replacement models) are based either
on some typology of vegetation or on species
composition. Osing them for climate feed-back
effects requires an intermediate step to transform
vegetation type into a set of functional attributes
(albedo, etc). The fifth approach is to directly model
the functional attributes, using vegetation structure as
the main predictor. The various approaches need to
be brought together in a dynamic global vegetation
model.

INTRODUCTION
In the context of global change there are two,
compelling reasons to predict change in vegetation
and the interactions of ecosystems with the
atmosphere.
i)
From the standpoint of those who live in and
use the terrestrial ecosystems, there is a need to know
the likely sorts of changes in productivity and
composition that atmospheric and climate change will
induce.

i)
Mass. Effects on atmospheric composition,
through changes in ecosystem functioning, including
fluxes of C, N, S and water vapour.
ii)
Energy.
Direct effects on climate via
radiative, momentum and water exchanges (water
because it is a major determinant of energy
partitioning).
In both cases there is a need to know, first, the
present-day interactions and then, second, how
ecosystems will change in response to any global
change scenario. This may seem an obvious point,
but it is particularly important for the development of
global models. In order to know how best to classify
the earth's surface (the number and characteristic
attributes of ecosystem types) ecologists need to
know what kinds of changes and what magnitudes of
change in species, in vegetation structure and in soil
attributes are significant, either for feed-back effects
or for the value of the ecosystem to humans. Only
when we know this will we be able to develop
realistic, appropriate classifications of the world's
ecosystems, and models of their spatial and
compositional dynamics at appropriate levels of
resolution.

The first requires a much finer scale prediction with a
more detailed description of the vegetation than the
latter, and predictions are needed at a range of scales
from the patch through landscape to region and
continent. In keeping with the theme of this
symposium I will restrict consideration to the regional
and continental scales.

To pursue this a little further, where the purpose of
the model is the feed-back effect on atmospheric
composition and climate, predicted changes in
composition and structure are, on their own, of very
little use. We also need to know, for any particular
change in species composition or in structure, the
corresponding changes in a set of functional
attributes of the vegetation (ecosystem) that together
determine the feed-back effect (albedo, maximum
canopy conductance, aerodynamic resistance, etc.).
One such scheme has been proposed by Dorman and
Sellers (Ref.l), for their Simple Biosphere Model,
and any global vegetation model based on a
classification of vegetation types requires an
analagous procedure for translating a change in type
or a change in proportional composition into changes
in functional attributes.

An important clarification needs to be made at the
start. The literature on this topic uses the terms
Vegetation' and 'ecosystem' almost interchangeably.
Ecosystem is, in fact, the correct term, since the feedback effects are due to both vegetation and soil
attributes.

There are currently a number of ecological research
groups developing predictive models of change in
vegetation, but there is only a limited effort to
establish the sensitivity m GCM's or global
atmospheric models to particular kinds and degrees
of change. It is an area that calls for early joint

ii)
Incorporating the feed-back effects of
ecosystems on atmospheric composition and climate
into global circulation models requires a dynamic
model of global vegetation change.
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attention by GC-modellers, atmospheric chemists and
ecologists. It is appropriate to bear this in mind as
we proceed to a consideration of the models.
OVERVIEW OF GLOBAL ECOSYSTEM MODELS
Three main approac
approaches have been followed in
developing
developi models of the distribution of ecosystems,
globally.
lly.
1.

Correlative models of biome distribution

This class of models is relatively easy to construct,
based on correlations between existing climate and
present day ecosystem structure. However, they are
inherently limited in their value since they involve no
mechanistic understanding. They assume that the
current vegetation and climate are in equilibrium,
and they do not include phenomena such as lag
effects. By definition, they assume that the present
typology of ecosystem composition remains constant
and they are therefore unresponsive to novel climate
combinations.
These models have so far generally been based on
the Holdridge Life-Zone classification (Ref.2), as
illustrated by Emanuel et al (Ref.3) who used the
approach to predict the future vegetation cover of the
earth under a predicted future climate. HendersonSellers (Ref.4) also used a simplified version of the
scheme, based on just nine life-zone classes, in a first
attempt to couple the vegetation cover into a global
climate model.
Her results demonstrated
considerable inconsistencies which (in her view) said
more about the inability of current GCMs to
consistently predict biologically meaningful climates,
than they did about the sensitivity of vegetation to
climate change.
2.

1
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Plant eco-physiological models

The approach is best illustrated by the work of
Woodward (Refs. 5, 6). The crux of the approach is
to establish the plant ecophysiological mechanisms
which determine the response of vegetation to
climate, and to then use the corresponding set of
climatic variables to predict biome distribution.
Because it is based on mechanisms, it is responsive to
new climatic combinations and changes in
atmospheric composition, but it does not allow for
the lag-effects due to plant demography. The details
of the model, according to the three mechanisms it
uses, are as follows:
Minimum temperature
The ecophysiological mechanisms which were first
defined (Ref.5) may be described as broad classes of
functional types. The first set is defined in terms of
the capacity of species to endure the absolute
minimum temperatures. A small number of guilds or
functional types of species were defined on the basis
of experimental testing of over 500 species.
Threshold temperatures emerged beyond which a
new physiognomic guild of species was defined. For
example, evergreen species are capable of enduring
temperatures to about -15°C but below this
temperature species are typically
winter-deciduous,
surviving to a minimum of -4O0C.
Growing season length and warmth
All plants require a minimum length of growing
season and warmth above a minimum threshold
temperature for growth. The product of temperature
and time above the threshold is measured in daydegrees. Growth studies have again demonstrated

that there are guilds or functional types of species
with threshold day-degree totals for life-cycle
completion, on an annual basis. Species of the tundra
have the smallest requirement.
Water balance
Because C02 uptake is associated with an inevitable
loss of water, available water from the soil will limit
leafiness - the leaf area index - of the canopy. A high
leaf area index will develop in wet climates and those
with low canopy evapotranspiration. In contrast a
low leaf area index will develop in dry climates and
where the potential evapotranspiration is high.
Canopy transpiration is modelled by the PenmanMomeith (Ref.7) equation, incorporating canopy
aerodynamic and stomatal conductances, and the
influences of radiation and
humidity on
evapotranspiration.
Model predictions
The inputs for this static vegetation model are
monthly (or daily) climate (radiation, temperature,
humidity, precipitation). The combination of the
three mechanisms predicts the functional types of
species and vegetation LAI which can survive the
given climate, over a yearly period or longer. The
approach has been applied to predicting the changes
in vegetation distribution with changes in climate
(Refs. 8, 9) and has been tested by predicting present
day vegetal; jn distribution.
Future developments
The model as outlined is a static vegetation model
which does not have the capacity to predict the rate
at which vegetation will change if climate changes. It
is now being developed to incorporate these
dynamics by estimating the competitive outcome
between functional types which are assumed to have
come together, in a patch, from geographically and
climatically adjacent vegetation types (Woodward,
pers. comm.).
3.

The HASA "BIOME" Model

The IIASA (International Institute for Applied
Systems Analysis) BIOME model (Ref.10) is a
further development of the eco-physiological model.
It predicts global patterns in vegetation physiognomy
from physiological considerations influencing the
distributions of 14 different PFTs (plant functional
types). The driving variables are again based on
minimum temperature (mean coldest-month), annual
accumulated temperature, and availability of water (a
drought index incorporating
seasonally of
precipitation and soil water holding capacity).
From the PFTs which are predicted to occur in each
grid cell, the model selects the potentially dominant
type, based on a pre-determined dominance
hierarchy. The model has been used with some
success to predict present-day vegetation (as
illustrated by the derived world map of 17 vegetation
types). It suffers from the same drawback of all
equilibrium models, in that it does not allow for lag
effects, and it does not allow for mixtures of PFTs
(as occurs in most vegetation types). It nevertheless
represents the best attempt thus far at predicting
global vegetation physiognomy. The model has been
run for several climate change scenarios (doubled
CC«2) produced by different GCM's (R. Leemans,
pers. comm., unpublished) and indicates a number of
consistent trends, chief amongst which is a significant
increase in the proportion of woodlands and forests.
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Future Developments
The immediate aim of part of this group (C. Prentice,
pers. comm.) is a joint effort by the ecologists and the
Hamburg GCM group to couple the existing BIOME
model to a GCM. This will require the development
of a scheme of the Dorman and Sellers (Ref.l) type
to translate the PFTs into functional attributes, as
well as a model to translate the GCM output into the
climate and weather variables needed to drive the
BIOME model. The coupled model will then be run
to equilibrium to see if the equilibrium state of
atmosphere and climate is different from that using a
static (or constant) vegetation. The vegetation model
will be at Vz degree resolution, and aggregated up by
the GC- modellers to GCM grid scale.
The next phase will be development of a second
generation BIOME model. It will remain at Vi
degree resolution, but will include a more realistic
algorithm for changes in PFTs. In its present form
the model has a number of possible plant types, and
of those which the climate permits to be present in
any particular grid, the one chosen is determined by a
preset dominance hierarchy (e.g. if both tropical,
evergreen trees and coniferous trees can occur, the
former is taken to be the 'type'). The proposed new
approach will be based on relative performance of
different PFTs with respect to net primary production
potential, and will predict the combinations of PFTs
that are most likely, rather than being based on the
present Boolean logic (presence or absence).
The present model uses only constraints to the
presence of PFTs, and this is inadequate. For
example, "temperate deciduous forest" can be either a
coniferous or a broad-leaf deciduous forest. The
former occupies much of NW USA, the latter much
of W. Europe; yet the models based on climatic
constraints predict both types in both regions. The
difference between them is probably in the reliability
of the summer drought and it requires a performance
based model to distinguish between them.
Predicting the distribution of savannas represents a
further example of the problem with statistical
constraint models, because savannas are a mixture of
different PFTs. Performance models will allow
prediction of such mixtures. To do this they will
require growth indexes, developed for generic
physiological types of plants, and will also need more
detailed accounts of the environment, such as a
multiple layer characterization of the soil where the
different types of plants have different root
distributions.
4.

Models based on plant demography and lifehistory attributes (the gap-phase models)

This approach began as a patch-based model of
plant-by-plant replacement based on life-history
attributes
that
determine
reproduction,
establishment, growth, competition and mortality in
the potential set of plant species for the patch in
question. The first of these models was the
JABOWA model of Botkin et al (1972), and the
approach was further developed and extensively
applied in the form of the FORET models of Shugart
and colleagues (Réf. 12)
In its original form the approach had very limited
application to global modelling, since it would have
to proceed by aggregating the output of a set of
patches covering the globe, and there were no explicit
interactions between patches, or spatial dynamics of
any kind.

The LINKAGES model of Pastor and Post (Ref.13)
extended the approach to include spatial dynamics,
by the simulation of many small plots. For their
region in NE USA, they used a set of 72 tree species
seedlings and 26 species-specific characteristics to
simulate the vegetation dynamics for a region.
Included in this approach are the transition matrix
models, which are based on the probabilities of one
species or type of species being replaced by another.
The probabilities are again determined by life-history
attributes (Réf. 14) and this type of model is presently
best exemplified by the FATE model of Moore and
Noble (Ref.15).
Rather than simulating the
mechanisms and the growth and death of individuals,
the use of a transition matrix allows for a much faster
model (two or three orders of magnitude).
These demography-based models provide more
detailed and realistic descriptions of vegetation
change, but their major limitation is their
dependence on detailed data sets for all the sites,
involving enormous computational requirements to
model all the patches needed to add up to a region,
let alone a continent or the globe. In their present
form they are valuable for predicting the local
consequences of global change, but are inappropriate
for deriving the feed-back effects in a coupled GCM.
Future Developments
The FORET-type models are be_ing developed to use
PFTs, making them more generic, and Shugart (pers.
comm.) is now linking ihis model to physiologically
based models of photosynthesis and ecosystem
processes. The HYBRID model (Réf. 16) is intended
to provide a realistic simulation of change in
composition and of ecosystem performance. Future
developments will also include linking it to the
spatially-explicit soil organic matter model
CENTURY (Ref.17). The linkage with CENTURY
will involve the inclusion of more ecophysiological
mechanisms since CENTURY models primary
productivity, though it has no structure (i.e. it is a "big
leaf model). Computational limitations will need to
be overcome before these models can be applied at
regional scales.
5.
Models of Vegetation Attributes (Vegetation
Functional Types).
Thus far, all of the models described are aimed at
predicting either the spatial distributions of biomes,
plant species or PFTs, or change in the composition
of species or PFTs. An alternative approach aimed
specifically at modelling the feed-back effect of
vegetation is a direct, top-down model rather than
the indirect bottom-up approach. The task is how to
represent the vegetated landscape within GCMs and
Global biogeochemical models (GBMs).
One
current effort is an attempt by D. Graetz (pers.
comm) to model the continent of Australia in this
way. What follows is based on his account of the
approach.
The top-down approach focusses on process and
function in the description of ecosystems, rather than
community description based on species composition.
The lack of utility of species composition in GCMs
and GBMs derives from the poor correspondence
between species and function, leading to the need for
the sort of scheme to translate one to the other, as
described earlier. Community structure, rather than
community composition, will (in conjunction with soil
information) be a better predictor of landscape
functioning in terms of the exchanges of radiant
energy, mass and momentum.
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The progression from species to plant functional
types in the previous models goes part way to
recognizing the importance of function. In this topdown approach the progression is from PFTs to
VFTs (vegetation functional types). The unit is no

largely determining the evaporative flux (though
roughness is also important here (A. HendersonSellers, pers. comm)). For all three parameters
aggregated at landscape level, i.e. patches of >. 100
km, the vegetation characteristic that is most
influential is again structure, the distribution of
biomass in three-dimensional space.

species or PFTs, each having ;
attributes that indicate function. Rather, the unit is
now the vegetation as a whole (or, more accurately,
the surface of the landscape), characterized by a set
of functional attributes (primarily dependent on
structure) each of which is an integrated measure
over each grid cell.

For aerodynamic
roughness
the structural
characteristics of greatest significance are the height,
spacing, and frontal area of each canopy element.
This roughness must be added to that generalised by
terrain relief, which may dominate the combination.

The claim for primacy of structure is based on a few
examples. Consider first the biogeochemical cycling
of C and N.
Biogeochemical cycling
Considering only terrestrial ecosystems, Just 27% of
total carbon is found in vegetation with 73% in soils.
The residence time for carbon, however, is much
smaller in vegetation (Réf. 18). In terms of dynamics
rather than DOO! size, some 90% of the CQ2 exchange
with terrestrial ecosystems is accounted for by forests
alone, which also nave the largest pool size of all
vegetation types (Réf. 19).
Thus to create a first-cut, functional representation of
the carbon cycle for GBMs requires the following
spatial data sets in order of significance: soil carbon
pool size, plant (biomass) carbon pool size and, most
importantly, the fluxes into these pools as they are
driven by climate (net primary production) or
anthropogenic disturbance (cultivation and biomass
burning). The vegetation needs to be described only
by biomass and primary productivity, a 5-10 point
scale being adequate. The species composition of
this biomass is effectively of no significance.
The biogeochemical cycle of nitrogen is closely
coupled to that of carbon, the former controlling the
latter (Réf. 18). The soil pool and fluxes dominate
those of the vegetation and current global C and N
models require a stratification of terrestrial
ecosystems into 33 types, determined by the three
strata; soils, climate and vegetation type. Soils have
three levels, climate has five (tropical, temperate,
boreal, arid and Mediterranean) and vegetation five
(forests, savannas, grasslands, wetlands, cultivated)
(J. Melillo, pers. comm.).
Representation of
terrestrial ecosystems within a GBM therefore
requires just five classes of vegetation with emphasis
on dynamics via climate-driven process or human
disturbance.
The species composition of the
vegetation is effectively of little or no significance.
Considering the derivation of the required data,
primary productivity can now be estimated using
satellite data. These measurements are not yet
absolutely calibrated though a consistent rank on a
scale of 0-9 is possible. They are available globally at
a spatial resolution of - 10 km and a temporal
resolution of - 1 month with an archive of 10 years.
These satellite measurements directly assess the
photosynthetic activity of terrestrial ecosystems
(Ref.20).
Climate feedback.
Turning now to the climate system, the feedback of
terrestrial ecosystems can be simplified to three
parameters; aerodynamic roughness determining the
momentum exchange, albedo largely determining the
radiant energy exchange and surface resistance

Albedo is similarly determined principally by the
structure of the vegetation, height and spacing, with a
second order contribution coming from the soil
background. Unconstrained surface resistance is the
ratio of the maximum evaporation from vegetation
(and soil surface) compared with a free water surface
at the same temperature and energy supply. The
value of this parameter appears to be determined
principally by climatic factors (precipitation and
temperature) modified by vegetation structure. The
surface resistance of forests differs from that of
savannas and grasslands and within structural types,
tropical rainforests differ from the boreal coniferous
forests and temperate grasslands from arid
grasslands. It is also necessary to know when the
vegetation is active.
The point arising from the discussion of these three
parameters is that species composition is again not a
significant factor. As with GBMs, representation of
terrestrial ecosystems in GCMs is principally based
on vegetation structure in conjunction
with ancillary
variables such as climate, relief, soi1 colour, and so
forth. Albedo and (unconstrained) surface resistance
can be measured or estimated using satellite data at
spatial and temporal resolutions far greater than are
required by exiting GCMs. Similarly, to make this
representation interactive requires inputs relating to
the temporal and spatial patterns of climatic and
anthropogenic disturbances that influence vegetation
; tincture.
To summarize this approach, the focus on process
and function indicates the importance of vegetation
structure over species composition. Rather than
trying to model the relative influence of climate, soils
and disturbance on composition, the effort can be
tightly focussed on the relevant structural attributes,
such as height, cover, biomass, net above ground
productivity, and so forth. In addition, each of these
structural attributes can be, or soon will be, inferred
from dynamic satellite data integrated with ancillary,
static landscape data sets of soils, topography,
climate, etc. on a global scale. Thus models can be
initialized, parameterized and, most importantly,
validated globally.
The direct estimation of functional attributes
provides the most promising way, at least in the short
term, of linking the vegetation into GCMs. Using
remote sensing it allows for validated estimates of
ecosystem feed-back under a range of climatic
variation (seasonal changes and inter-annual
variability). It does not, however, provide a direct
way of predicting how vegetation will change in
response to global change forces, and thus how the
functional attributes will change. In this regard, the
approach has the same requirements as the bottomup models. It may be possible to directly predict how
the set of functional attributes will change in
response to climate and atmospheric change, but
appropriate algorithms have not yet been
demonstrated. The approach being pursued by D.

Graetz (pers. comm.) depends strongly on vegetation
structure. Future feed-back effects will therefore
require predictions of change in structure, at least.
Phenology shifts (which wilT influence the seasonal
course of the functional attribute values) will call, in
addition, for at least a prediction of change in PFTs
(e.g. evergreen vs. deciduous).
CONCLUSIONS
The several bottom-up approaches to regional and
global models of vegetation change had their origins
either in understanding species distribution and plant
community composition or plant physiology. Their
application to global change issues has required that
they evolve into spatially explicit and, at the same
time
less site-specific "data-rich" models.
Collectively they are needed to provide predictions of
how particular parts of the earth's surface may
change, in terms of the ecosystem characteristics that
are important to human use, and there is a degree of
convergence in the stated future developments.
The top-down approach appears to be the most
efficient way of providing the feed-back effect of
existing terrestrial ecosystems needed for improved
GCMs and GBMs, without the need to develop any
specific typology. It will allow for an immediate
improvement in GCM predictions of current
climates, but on its own it cannot provide for the
feed-back effects from a dynamic global vegetation
cover, involving future changes in vegetation.
Since no single approach will satisfy the three major
needs for a dynamic vegetation model (feed-back to
climate and to atmospheric composition and the
importance for human use), the diversity of the
present research effort is appropriate, and should be
encouraged. However, there is a need to eventually
bring these efforts together in the form of a dynamic
global vegetation model such as that proposed by the
Global Change and Terrestrial Ecosystems core
project of the IGBP (Ref.21). Implementation of
such a model (or any other model) will require global
coverage, at consistent spatial resolution and
accuracy, of a set of data including, at the very least,
vegetation structure and phenology, soil water
storage (depth and texture) and topography (a digital
terrain model). It will also require a local climate
simulator or weather generator to translate GCM
output into ecologically significant variables.
In the process of developing the models and
attempting to assemble the required data sets it has
become clear that such globally consistent data sets
of high spatial resolution (-0.5° x 0.5°) for the basic
parameters are lacking. Equally important is the lack
of data sets on anthropogenic disturbance (i.e. landuse).
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END-TX)-END TEST OF SATELLTTC DATA
H. Billing. H.-J. BoIIe. M. Eckardt
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Germany

Abstract
Surface reflectances measured during a campaign in the Republic of Niger, are compared to TM data. It is shown, that
the atmospheric correction can be parametrized as a nearly
linear dependence between surface and planetary albedo. The
model parameters for the radiative transfer model LOWTRAN 7 are taken from a nearby radiosonde ascent. The
optical depth is adjusted with the parameters visibility and
wind speed to fit the measured values. The diffuse radiation is
also compared with (he model calculations. TM data with
atmospheric correction show a reasonable agreement with
ground measured values for vegetated and unvegetated
surfaces.

1. Introduction
As i( has been stated by the the WMO, it is desirable to determine surface fluxes to an accuracy of better the 10 W/m~.
For this purpose, the surface albedo has to be determined to
an accuracy of 5%.
However from satellites directional reflectance is measured,
which furthermore is influenced by the atmospheric radiative
transfer.
At the end of the rainy season in I989a field experiment has
been performed in the Sahel zone from the Institut fiir Météorologie. Freip Universitât Berlin (DFG research project Bo
197/27-1: "Quantification of the importance of change of
vegetation for the evaporation in semi-arid areas"),
t.andsat 5 TM data are used for the intercomparison of
satellite measured radiances with surface reflectances.
Since the TM data are already calibrated by EOSAT. a planetary reflectance can be derived directly from the satellite
counts.
However it is not quite clear, whether only the calibration
versus reference panels in the satellite has been performed. A
calibration versus a surface target would include effects of
deterioration of the optics.

In the Republic of Niger exists a gradient from south east to
north west from somewhat denser vegetation to desert like
conditions.
The experiment site was near the ICRISAT center (south of
Niamey) at a the test site of the Institute of Hydrology from
Wallingford, UK, in a tiger bush area.
Reflectances have been measured in this area for bare soil as
well as for the different bush species, partly from 10m height
using the English experiment tower.
The calibrated TM data for September. 25th 1989 are evaluated for this region. For TM channel 4 (0.72 - 0.90 urn) the
tiger bush area has planetary reflectances around 20%, the
surrounding area of 30%. The brightest values of 35% were
found at some sandy areas south of Niamey. In TM channel 3
(0.60 - 0.69 |im), the dense vegetation in the fenced area in
the ICRISAT center has values of 8% for the planetary albedo.
Similar low values are found in areas with rice cultivation near
the river. The brightest sands reach a value of 25% for the
planetary albedo.

2. RadUtro trunfer modelling with LOWHtAN 7
The radiation reaching the satellite sensor is composed of
several components:
Al: radiation, scattered by the atmosphere only
A2: radiation, reflected directly from the ground to the
satellite
A3: radiation, reflected from the ground and scattered into
the line of sight. This part introduces an effect of the surrounding of the viewed target on its albedo value.
The last 2 components lead to a satellite signal pro|>ortional
to the surface albedo, if a homogeneous ground is assumed.
The radiation, emitted by the surface, again consists of:
Bl: direct radiation from the sun,
B2: scattered radiation out of the atmosphere
B3: radiation, which has been reflected from the surface and
is backscatterd downward again. This component introduces a signal, proportional to the square of the surface
albedo.
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All these components are simulated in the radiative transfer
scheme of LOWIUAN 7. Fig.3 shows the different parts of
the radiance at the satellite in dependence of surface albedo
for TM channel 1 at 0.48 - 0.52 tjm, where the Rayleigh scattering has the strongest effect.
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It shows that the path scattered radiance determines the
satellite signal considerably. TKe path scattered radiance
consists of the component, not having touched the ground
(Al) and multiple scattered surface reflected radiance (A2).
Thus for different surface albedos the planetary albedo is
computed and integrated over the filter range of each channel (Table 1). This relation can be fitted by a quadratic regression. The second order term represents the radiation reflected from the surface and backscattered downward again
and amounts only to a few percent. Therefore the linear regression can be used for most purposes. This relation can express the surface albedo as function of the satellite measured
albedo.
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Fig.4 shows this relation as plot for the atmospheric model
with desert aerosol, visibility = 22km and windspeed of
15 m/sec. The turn over point, where these curves cut the diagonal, represents for each channel the point, where the additional diffuse radiation compensates the extinction losses.
For TM channel 3 and 4, the atmospheric correction coefficients differ only by a few percent.
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3.1 Optical depth
In the field experiments performed by the MIFUB, one
standard procedure is the determination of the spectral optical depth against the sun. This determines the integrated extinction coefficient at different wavelengths.
This transmission can be compared with the values given by
the radiative transfer model.
In order to get an agreement beween model calculations and
measurements, a visibility parameter in the model adjusts the
extinction at 0.55 (im.
For the desert aerosol model used here the spectral behaviour
of the extinction coefficient can be adjusted. Hie particle
size distribution is shifted towards larger particles with
increasing wind speed. Fig.5 shows the measured optical
depth for September, 25th 1989 at the experiment site and
the optical depth for a model atmosphere with the temperature and water vapour profile from the radiosonde at Niamey,
where the visibility was set to 45 km and for wind speeds of
15 m/sec, 35 m/sec, and 65 m/sec.
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As an additional check of the radiative transfer .calculations,
the diffuse downwelling radiation in different spectral bands
was measured at the experiment site. TTiis radiation can be
simulated by LOWTRAN 7 too, and we found a reasonable
agreement between measured and calculated radiances for
the parameters determined from the optical depth adjustment.
In this aerosol mode], nearly all extincted radiation is scattered and only a few percent is absorbed. Fig. 6 shows the
direct and diffuse components for the radiation at ground
over wavelength. Below 0.5 |im, the diffuse radiation exceeds
even the direct solar radiation.
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With the parameters derived from the comparison with measured optical depths and diffuse radiation at the experimental site, the relation between surface albedo and planetary albedo is established for the illumination condition of the
TM scene (solar elevation at 9:35 UTC at Niamey, vertical
view from the satellite). With this relation, the TM-data are
converted into surface albedos. For TM channel 3, the planetary albedo values around 7% are decreased by approximately
2%, while values above 17% are increased. In channel 4 most
of the surface albedos lie above the turnover point, therefor
nearly all values are increased by the atmospheric correction.
Table 2 shows as an example a vegetated and an unvegetated
pixel. For the vegetated pixel, the NDVI computed from
albedos is increased by 8%, whereas for the brighter surface,
the NDVI is increased by 4%. The relative increase of the
NDVI by the atmospheric correction is around 15% for both
examples.
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These atmospherically corrected values now can be compared
to surface reflectance measurements during the experiment.
Fig.9 shows the reflectance for different vegetation types in
the tiger bush area. Here it seems that the albedo values
measured around 0.8 (im are somewhat larger than the values
derived from the TM data.
Fig.10 shows as another example the spectrum of the bright
sand dune south of Niamey, where reflectances of more than
50% are deduced from the satellite data.
The results for the test area "tiger bush" are shown in Fig.11.
The curve of the minimum values for the test area shows the
typical response for vegetation, while the brighter patches of
bare soil between the bushes dominate the mean and the
maximum values. Fig.12 shows that these values agree quite
well with the reflectances measured for bare soil at ground.

S.Concliwon

Wavelength [nanometer]
Tiger bush (Atm correction)

60

700. 800

Wavelength [nanometer]

For different test areas of 15x15 pixels the data are extracted
from the TM-scene. Fig.7 shows the response for different
TM-channels for the vegetation in the ICRISAT area. The
mean value, mean value ~ standard deviation, as well as the
maximum and minimum value are plotted over wavelength.
The horizontal bars give the width of the TM-channels. Fig.8
shows the curves for the same test area after applying the
atmospheric correction.
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The atmospheric correction of the satellite radiances can be
performed rather satisfactorily for a test area where the
atmospheric properties can be verified by ground measurements.
However, always a directional reflectance and not the true
albedo is deduced from the satellite data. For a vertical view,
as in the case of TM scenes, this value can be compared with
measurements of the albedometer.
Directional reflectances under an oblique view, as in AVHRR
scenes, show a dependence on viewing angle and solar illumination angle. It is difficult to represent a similar viewing
condition for the ground measurements as exist for the satellite scene.
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EARTH OBSERVATION IN THE TIGER PROGRAMME OF THE
UK NATURAL ENVIRONMENT RESEARCH COUNCIL
;

•

'

SABrlggs
BNSC/NERC Remote Sensing Applications Development Unit

ABSTRACT
In 1991 NERC launched a Terrestrial Initiative in Global
Environment Research (TIGER), a Community Research
Programme concerned with the terrestrial environment and
climate change. The mission of the TIGER programme is to
create a better understanding of processes in the biosphere
so that causes and consequences of climate change can be
foreseen and forestalled. TIGER has four main themes,
namely (i) the carbon cycle on land (ii) trace greenhouse
gases (iii) water and energy balance and (iv) impacts of
climate change on ecosystems. The capability of remote
sensing to deliver synoptic measurements of parameters
relevant to surface processes over a regional scale ensures
that it is a major contributor in the methodology of the
programme. Specific areas which are addressed by remotely
sensed means within the above themes include study of the
role of tropical forests in the carbon cycle, scaling up of
local measures of energy, water and momentum exchange,
understanding of the role of vegetation cover in radiative
forcing and study of the impact of climate change on the
land surface at a regional scale and above.

environmental research but the terrestrial element, through
such projects as Global Change and Terrestrial Ecosystems
(GCTE), is becoming increasingly important. Within the
UK environmental research community the main
contribution to such work is through the Terrestrial
Initiative in Global Environmental Research (TIGER)
programme of the Natural Environment Research Council.
Elements of TIGER contribute significantly to the UK
effort in support of such IGBP core projects as GCTE,
BAHC, IGAC and GAIM, together with the WCRP Global
Energy and Water Cycle Experiment (GEWEX).
The TIGER programme is defined in terms of the priority
areas for terrestrial aspects of climate change without any
specific reference to the role of Earth observation. It is,
however, quite clear that Earth observation will be a key
technology to address many of the problem areas included
in TIGER. An outline of the programme is given below,
with a fuller description of those areas where remote
sensing techniques are particularly relevant. The proposed
research work in the Earth Observation area is reported.

Keywords: Earth observation, terrestrial environment,
climate change, carbon cycle, trace gases, energy/water
balance, impacts

2. THE TIGER PROGRAMME

!.INTRODUCTION

The objective of TIGER is to study the function of the
terrestrial biosphere in global change processes. The
specific foci which have been chosen in the programme
reflect the particular research interests and experience of
the UK terrestrial science community, contributing to a
wider international agenda. The TIGER programme has
four main themes:

There has been an increasing recognition in recent years of
the importance of global research to address the processes
which affect the behaviour of the earth as a system. This has
resulted in the development of a number of large scale
umbrella programmes such as the World Climate Research
Programme (WCRP) and the International Geospherc
Biosphere Programme (IGBP), within which core projects
address more specific science questions. Some of these are
well advanced, for example the World Ocean Circulation
Experiment (WOCE), while others are still under
consideration. Many of these programmes will make
extensive use of data acquired from Earth Observation
systems. The proposed Global Climate Observing System
will co-ordinate the collection of information on the state
of the Earth's climate, with satellite systems again playing
a vital role in acquisition and relaying of climate data.
These programmes provide a framework for the coordination of national research activities.

- the carbon cycle on land
- trace gas exchange with the biosphere
- global energy and water balance
- impacts of climate change on
terrestrial ecosystems.
Each of these areas is strategically related to continuing
research interest s in the UK. The tropical forest biome is of
particular importance, due both to its physical role in
primary productivity and evapotranspiration processes
and to its immense biodiversity. The former of these two
aspects is a key study area for the carbon balance element
of the TIGER programme. Results from this work will
contribute to the Global Change and Terrestrial
Ecosystems (GCTE) and Global Analysis, Interpretation
and Modelling (GAIM) IGBP core projects

Until recently, there has been greater emphasis on the
océanographie and atmospheric aspects of global

Proceeamgs o! !he Central Symposium of the 'International Space Year' Conference, Held in Munich, Germany, 30 March-4 April 1992
lESA SP-341 JuI) 19921

14

\

The exchange of tract, greenhouse gases with the terrestrial
biosphere is the second TIGER focus, concentrating on the
identification and quantification of the sources of
methane and nitrous cxide in a range of environments. The
programme will also include the development of new
technologies for direct airborne measurements of relevant
chemical species. Many of the research activities contained
within this focus contribute to the International Global
Atmospheric Chemistry project (IGAC).
The third TIGER focus concerns the exchange of water and
energy between the land surface and the boundary layer.
The objective is to study energy and water balance for
selected temperate, arid and tropical areas and to derive
aggregated values for inclusion in regional and global
models. This element of the programme relates strongly to
activities in the Biospheric Aspects of the Hydrological
Cycle (BAHC) core project and to GEWEX, with
particular reference to the Mississippi Basin continental
scale modelling programme.
The fourth and final area in which TIGER research is
concentrated lies in the impacts of global change on
terrestrial ecosystems. The aim is to develop a capacity to
predict the biological, ecological and physical effects of
elevated atmospheric carbon dioxide concentration and
climate change on terrestrial ecosystems, including soils
and freshwater. Work in this focus is particularly relevant
to the IGBP GCTE core project.

derived from satellite imagery obtained from a number of
sensors. The detailed field measurements will then be
related to the synoptic distributions of vegetation status
derived from the remotely sensed data to provide regional
scale and above estimates of carbon balance. The use of
remotely sensed data to provide a basis for scaling detailed
point measures will be a crucial element in this work.
Visible and near infrared data will be acquired from the
NOAA Advanced Very High Resolution Radiometer
(AVHRR) system, while synthetic aperture radar (SAR)
data will be acquired by ERS-I and through principal
investigatorships in the JERS-I and SAREX programmes.
Models of backscatter as a function of above-ground
biomass will be developed as part of the programme, with
further investigation of the ability of multiple frequency
synthesised images to estimate tropical forest biomass.
These data will be particularly important due to the allweather operation of SAR systems in a region of high
cloud cover. The work is related to ongoing collaboration
within the EEC International Forest Inventory Team (IFTT)
programme.

3. TIGER I - THE CARBON CYCLE ON LAND
The first focus of TIGER looks at a number of aspects of
the terrestrial carbon cycle, both independently and in
conjunction with related work in water/energy SoilVegetation-Atmosphere Transfer (SVAT) modelling .
One element of the programme will develop models of
carbon cycling in vegetation which can couple to GCMs.
This is closely related to the hydrological modelling of
TIGER m and will be linked to the GCMs of the UK
Hadley Centre for Climate Research. An input to the
model will be the global distribution of major relevant
biomes, segmented both through taxonomic criteria and
through functional type. Data from Earth observation
systems will be assessed to determine their ability to assist
in the definition and identification of major cover types
according to both sets of criteria. However, the major use
of remotely sensed data in study of the terrestrial carbon
cycle will be in the characterisation of tropical forest
regenerative status through both passive visible/near
infrared and synthetic aperture radar microwave imagery,
as described below.
The carbon balance of tropical forests is a key factor in
estimating the global terrestrial carbon balance. Tropical
forests represent about one third of the total terrestrial
store of carbon but are also undergoing considerable
change as a result of land use practices in the tropics. Field
measurements will be made of COj fluxes at sites in Brazil
(linked with the ABRACOS experiment) and at a long
term experimental site in Cameroon, West Africa. Detailed
measurements of the forest status will also be made at the
field sites, including measures of standing biomass, and the
carbon content of soil and root systems. A number of
vegetation successional stages of importance in
characterising the carbon content of the forest will be
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Figure 1:Relationship between backscatlered L-band
power and planting date for a forest stand.
Preliminary investigations using the Jet Propulsion
Laboratory multi-polarisation, multi frequency airborne
AIRSAR have indicated that these data can be used to
estimate above-ground biomass in forest stands. An
example of the relationship between backscattered power
and stand age is shown above, derived from a flight with
the AIRSAR over an experimental forest area in the UK
(JR Baker, private communication).
4. TIGER n - TRACE GREENHOUSE GASES
The extent to which EO as a technology is able to
contribute to our understanding of tropospheric chemistry
is at present very limited. Future systems which will begin
to study relevant chemical concentrations in the lower
troposphere include the Global Ozone Monitoring
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Experiment (GOME) on ERS-2 and (he Tropoipheric
Emiifion Spectrometer (TES) and MeuuremenU of
Pollution In The Troposphere (MOPITT) instruments
planned for the NASA Eos. These will have a key role to
play in our understanding of tropospberic chemistry.
The current TIGER sub-programme is focused on in situ
measures of atmospheric concentrations of tropospberic
greenhouse gases and the processes by which they are
created and destroyed. These include studies of
photochemistry in the troposphere, investigation of rates
of methane release from wetlands and the development of
global models of the behaviour of methane and related
gases, related to the UK Universities Global Atmosphere
Modelling Programme (UGAMP).

5. TIGER m • WATER AND ENERGY BALANCE
Earth observation is a key input into a number of
components of the TIGER DI sub-programme. A major
contribution to the SVAT modelling activities of TIGER
m will be based on the HAPEX-Sahel experiment to take
place in late 1992. Detailed measurements of bidirectional
reflectance distributions will be made at the HAPEX field
site over a number of different cover types. The same
instrumentation will also be used to characterise the
radiative properties of the local atmosphere, allowing a
more accurate estimate of the total surface radiation
loading to be derived. This work will be carried out in
conjunction with simultaneous micrometeorological
measurements to develop a complete SVAT model for the
field site.
In addition to the field measurements models of both
incident and reflected radiation fields will be established.
For single cover types, simple reflectance models such as
the Minnaert model will be used, while for vegetation
only the Camillo model based on an exact solution to the
radiative transfer equation applied to plant canopies will
be used. Atmospheric aerosol distributions will also be
retrieved to allow accurate modelling of the incident
radiation field. Further field measures of the reflectance

properties of the components (leaves, stems etc) of
individual plants will be made to build up a model of
radiative transfer in the canopy. The HAPEX Sahel
experiment include* the acquisition of a number of
airborne datasets; of particular relevance is the deployment
of the NASA ASAS system which will acquire multiple
view angle imagery of the field site. Flight plans for this
instrument are being developed to link with the TIGER
field experiment. This will allow the bi-directional
reflectance distribution functions (BRDFs) built up from
the field measures to be related to the reflectances
measured from aircraft data, which in turn are related to
satellite measurements of radiative loading. The role of
remote sensing in scaling up local measures of radiative
loading and evapotranspiration will be developed
through such experiments.
TIGER HI also includes a programme which will be
proposed as the UK contribution to the GEWEX
Continental-Scale International Programme (GCIP). The
objective of the TIGER work is to derive a model capable
of predicting hydrological consequences of global change
at the large regional scale. Such models will also provide
the land-atmosphere interactions for future GCMs, so that
water and energy pathways at the land surface are more
realistically modelled. Remotely sensed data will be used
to develop distributions of regional and global land cover
type and topography as inputs to the hydrological model,
allowing its general application at any terrestrial location.
Model structures will be developed in terms of parameters
which can be derived from current and proposed remote
sensing systems.
Other elements of TIGER ITI will address energy and water
balance in tropical forests, in tandem with the work on
carbon budgets described above, and the development of
more sophisticated SVAT models.

6. TIGER IV. IMPACTS ON ECOSYSTEMS
The goal of this component of the TIGER programme is to
develop a capacity to predict the biological, ecological
and physical effects of elevated carbon dioxide
concentration and climate change on terrestrial
ecosystems. The general approach will be to identify and
quantify sensitivities of biota an ecosystem processes.
The framework of the TIGER IV sub-programme is
hierarchical with a series of projects which move form
consideration of single organisms at a physiological level,
through population dynamics, to the structure (species
composition) and function (processes) of ecosystems. The
spatial disposition and sensitivities of biota and soils will
provide a basis for predicting impacts of changes in
atmospheric carbon dioxide, climate and land use at
various scales, including landscape and biome. It is clear
that the contribution to be made by Earth Observation
will be most important in the latter cases, and the projects
which are outlined here describe work undertaken at the
regional and biome scale. In the following, the
terminology of patch, landscape, biome etc is that of
IGBP/GCTE, with which this programme is closely linked.

Fig 2.

Schematic illustration of airborne, satellite and
groundbased measurements in the HAPEX-Sahel
experiment

In terms of regional scale impacts, remotely sensed data
from an input to models of landscape change primarily
through information on land cover and, where relevant.
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Figure 3 Schematic diagram of the way in which remotely sensed and other datasets can be combined in a scenario-based
model for predicting the impacts of climate change on ecological communities at a range of physical scales
(Courtesy DrB K Wyatt).
inferred land use. An example methodology for the use of
remotely sensed data in this way is shown in Figure 3. The
proposed programme will compile a database of climate,
soil, hydrology, agriculture, land use and species
distributions at a patch, national and continental scale.
The database will be used to model the response surfaces of
these environmental variables in relation to present
climate and, by applying climate change scenarios, to
predict new equilibrium landscapes and species
distributions. Dispersal and invasive processes will then be
included to propagate the likely changes in equilibrium
distributions to their conclusion.
A second component proposed within TIGER IV where
Earth observation is a key methodology will study the
potential change in biome distributions as a function of
climate change. In the same way as dispersal and invasion
mechanisms are important at the regional scale, wholesale
changes in the distribution of biomes will depend on these
mechanisms and their likely success, in addition to the
controlling influence of climate.
Existing mechanistic models predict biome distributions

in relation to climatic scenarios. The models are static, in
that they incorporate no simulations of the factors which
determine the sensitivities of biomes to climate change. It
takes no account of the ability of species to respond
dynamically to changes in climate, nor of the competing
influences upon them. Mechanisms of dispersal and
invasion are not considered. It is however likely that the
distribution of biomes will not respond as readily to
climate change without adequate dispersal/invasion
mechanisms. A key element in allowing the transition of
bion.es will be the rate of disturbance within the biome, as
a measure of susceptibility to change. The rale of these
disturbances, and the distribution in time and space over
which they occur will hence be a key factor in determining
the rate of response of biome distributions to climate
change.
The proposed work will take visible/near infrared data over
a range of resolutions from SPOT panchromatic data
(1Om) to AVHRR Local Area Coverage data (1km) and
investigate the statistical distributions of disturbance
within selected key biomes. as a function of spatial scale
By incorporating these data as a measure of susceptibility
to change, mechanistic static models of bioaie/climate
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interaction can be improved to take account of invasion
and dispersal mechanisms.

7. CONCLUSION
The programme which bas been described here will make a
significant contribution to the international research
effort in understanding the interaction of climate change
and the terrestrial environment. It is focused on key areas
where there is particular UK interest and experience. Earth
observation will play an important role in three of the four
programme areas identified. This paper has outlined the
main elements of the programme, and described in greater
detail the particular contribution which it is intended
Earth observation will make to the scientific achievement
ofTIGER.
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1. ABSTRACT
This document describes the design of an Advanced Very
High Resolution Radiometer (AVHRR) data base for global
climate and environmental studies (global change). The
assembly and pre-processing of long term AVHRR Global
Area Coverage (GAC) data sets for the African continent is
presented.
Keywords: AVHRR, GAC. pre-processing, global change

parameters are also used for monitoring tropical
deforestation by forest mapping, determining seasonal
characteristics of forest communities, detecting fire in
forest ecosystems and identifying new deforestation fronts.
Quantitative description of the land and ocean surfaces
through estimates of surface temperature and albedo will
also be used to study the state and evolution of the climate
system in the climate change work.
It is within this framework that pre-processing of the Africa
GAC archive (1981 to 1989, day-time overpass from the
odd-numbered satellites) has begun.

2. BACKGROUND
3. PRE-PROCESSING
Data from the Advanced Very High Resolution Radiometer
(AVHRR) on the NOAA satellites (Réf. 1) are often used in
global climate and environmental studies. Existing
(suitably pre-processed) global long term AVHRR data sets
arc available mainly as the Normalized Difference
Vegetation Index (NDVI) e.g., the Global Vegetation Index
(GVl) product (Réf. 1). The GVI data are sampled in the
spatial, spectral and temporal domains. This limits their use
in the framework of 'global change' research.
The other truly global, long term AVHRR data, Global Area
Coverage (GAC - Réf. 2), are also sampled, though just
spatially; the GAC archive consists of global daily data in
all channels for the last decade, though pre-processed GAC
long term data sets are only available for selected areas, and
again largely as the NDVI.
NDVI alone does not realize the full potential of the GAC
archives as a source of data for global change studies; other
geophysical parameters also have a vital role in such work.

Figure 1. The GAC pre-processing chain
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As a first step in the development of improved global
AVHRR GAC data sets, the Commission of the European
Communities' Institute for Remote Sensing Applications
(IRSA) has established an advanced GAC pre-processing
chain to prepare continental, and ultimately global, multichannel time series. The strategy adopted for the
processing chain has been driven by specific requirements
arising from the global change research activities of IRSA.
The data are to be used in the study of continental scale
hiomass burning dynamics, for continental scale land
cover / land use mapping, for tropical deforestation
monitoring, for the study of upwelling phenomena and for
the study of climate change (Refs. 3 - S).
The burning studies require brightness temperatures in
channels 3 and 4 for the detection of active fires, NDVI for
fuel loading studies and channel 2 reflectance for burned
area assessments. The land cover / land use work uses NDVI
for work on vegetation seasonality, and channels 1, 2 and 3
for discrimination between vegetation types. These
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• Raw data (archive I), up to 4 orbils per day. are transferred
from CCT to magnetic disk. The Earth Location Points
(ELP) and solar zenith angles are extracted from the scan
lines and the digital counts are converted to radiance (W m~
2 ST- I UHT I ) using on-board calibration for channels 3, 4
and 5. post-launch (with linear decay) for channels 1 and 2.
These are scaled to a 10 bit integer and stored in 2 byte
image files. The radiance channels. Earth Location Points,
and Sun angles form archive level 2 of the data base.

4.1. Channel 1 & 2 radiance and ToA reflectance

• Radiances in channels 1 and 2 are converted to 'top of
atmosphere' reflectances (ToA) which account for
variations in solar zenith angle, Sun-Earth distance and
cxoatmospheric solar irradiante. Data are scaled to 8 bits.

The digital numbers of the raw data are first convened to
radia.,ce (W nr2 sr-1 Um-I), equation 1.
-2 -1 -l
L= ot .DN + P (Wm sr urn )

' Brightness temperatures are calculated for channels 3, 4
and 5 using the inverse Planck function. Channels 4 and S
arc then corrected for non-linearity of sensor response to
give true brightness temperatures using pre-launch
correction coefficients. Again data are scaled to 8 bits.

(D

• '!Tie ToA reflectances and brightness temperatures are then
used to flag cloudy pixels (Mahanalobis classification).
The result is held as an 8 bit cloud probability channel.
• Channels 1 and 2 (ToA reflectances) are used to calculate a
ToA NDVI. and approximate surface temperatures are
calculated from channel 4 and 5 brightness temperatures.
These geophysical parameter data are scaled from 1 to 250.
• The geophysical parameters, together with channels 1 and
2 (ToA reflectance), channels 3 and 4 (Brightness
Temperature) and the cloud mask are then geometrically
corrected, all images are re-sampled once, by nearest
neighbour, into a multi-channel daily mosaic for the whole
continent (archive 3 in the data base).
• A digital quick look is created (figure 2). This, and an
information file containing processing parameters, are fed
into the archive database, and ultimately a CIS.

4. ALGORITHM DESCRIPTION FOR
CALIBRATION
Calibration involves conversion of raw digital numbers to
radiance (level 2 archive), calculation of top of atmosphere
(ToA) reflectance for channels 1 & 2 and calculation of true
brightness temperature for channels 3, 4 and 5, (Réf. 6).

L- = at satellite spectral radiance (W m"2 sr-' UJTT')
ttj = calibration gain channel i (W m-2 sr-1 ^m-I count-1)
PJ = calibration offset for channel i (W m"2 sr"' unr')
DN= digital numbers for channel i
Pre-launch calibration coefficients are available for
channels 1 and 2 though it is known that the sensitivity of
IhI-=C sensors changes with time. The offsets are relatively
stable, but degradations in gain from 4% to more than 30%
per year have been reported, depending on satellite and
channel. A number of attempts at in-flight calibration have
now established post-launch calibration coefficients for
channels 1 and 2 (Refs. 7 - 12). Decay is assumed to be
linear for the life of NOAAs 7 and 9, and during the first 6
months of operation for NOAA 11. The post-launch
coefficients arc used to convert the digital numbers to
radiances, which arc then scaled to a 10 bit integer and
stored in 2 byte image files.
Radiances in channels I and 2 are converted to 'top of
atmosphere' reflectances which account for variations in
solar zenith angle, Sun-Earth distance and exoatmospheric
solar irradiance. equation 2. These data arc scaled to 8 bits.
TtL
p=
* 100
i E cos<|) d
(2)

PJ = 'top of atmosphere' reflectance for channel i
LJ = at satellite measured spectra! radiance for channel i
E - = cxoatmospheric solar irradiance for channel i
<(>
d

= Sun /enilh angle
= Sun-Earth distance (astronomical units)

4.2. Channel 3, 4 & 5 radiance and true brightness
temperature
The digital numbers of the raw data are again converted to
radiance (W nv2 sr^ HIÏT '), equation 3.
-2 -1 -1
L = Ct.DN+ P(Wm sr urn )

Figure 2. Digital quick look (channel 2). Hull cover of
Africa is provided by mapping 3 separate orbits from the
8th March, 1989 into a single mosaic. Quick looks are
produced for each day's continental cover. Most, hut not
all. are full windows, as occasional orbits are missing.

(3)

All symbols as equation 1. In this case the in-flight
calibration values are used. Brightness temperatures are
then calculated using the inverse Planck function,
equations 4, S and 6.

r
k

2l
(eu)

The values for ICD are then stored as an S bit image file.

(K)
Ln(l+(c/L)v)

6. ALGORITHM DESCRIPTION FOR
GEOPHYSICAL PARAMETERS

(4)

Tb. = brightness temperature for channel i (K)
LJ = at satellite measured spectral radiance for channel i
V
C1
c,

= Wavenumber of corresponding channel (cm"' )
= constant 1.1910659 1O-5 (mW nr2 srl cm'4)
= constant 1.438833 (cm K)
Cj=2hc2

Before geometric correction the separate calibrated
channels are used to create two geophysical parameters; the
Normalised Difference Vegetation Index (NDVI) and surface
temperature.
6.1. Normalised Difference Vegetation Index (NDVI)

(5)

Channels 1 and 2 (ToA reflectances) are used to calculate a
ToA NDVI, equation 9.

(6)

NDVI =

{

pch2 - pchl 1
pch2 + pchl J

200 + 50
(9)

h
c
k

= Planck's constant
= Speed of light
= Boltzman's constant

The brightness temperatures for channels 4 & 5 are then
corrected for non-linearity of sensor response to give true
brightness temperatures using pre-launch correction
coefficients from the literature (Réf. 13), equation 7.
1 = Tb;

+AT

(K)

(T)

TJ = true brightness temperature for channel i (K)
'!"bj = brightness temperature for channel i (K)
AT = correction coefficient

Pch2

= 'top of atmosphere' reflectance for channel 2

Pchl

= 'top of atmosphere' reflectance for channel 1

6.2. Surface temperature
Approximate surface temperatures are calculated from
channel 4 and 5 true brightness temperatures using a 'split
window' technique (Kef. 16), equation 10. This does not
take variations in emissivity into account, which can result
in errors of up to 4 K.
T = a l + D(TT

5. ALGORITHM DESCRIPTION FOR CLOUD
DETECTION
Many cloud detection algorithms arc based on the cloud
tests of the APOLLO routine (Refs. 14 - 15); a series of
checks based on reflectances and brightness temperatures
arc used. Analysis of a number of test images showed that
certain checks are unreliable on the continental scale. This
is because of the difference in the seasons north and south
of the equator and confusion with extensive desert areas. As
an alternative to using different thresholds for different
regions and images, cloud detection is implemented
through a Mahanalobis classifier. This gives a cloud
probability image, rather than an absolute cloud mask.
Once processing is complete the user can tune the cloud
mask for different areas and/or seasons. Users can also
choose the sensitivity, i.e., a threshold can be selected
which will include all clouds but possibly also some noncloudy regions, or conversely a more conservative
threshold could be chosen to only identify those regions
with a very high probability of being cloudy. The routine is
based on a reference data file containing the mean vectors
in p, and p~, Tb3 and T4 from a number of different orbits,
regions, dales and satellites for clouds, equation 8.
T
ICD = 255-INT[(X-IJ).COV.(X-U).SCF|
(")
ICD
X

= Inverted Mahanalobis classification distance
= (Pi ind p,, Tb3 and T4 ) Vector from image data

I)
= (p. and P2 n v Tb3m and T4m ) Mean vector
from reference data file
COV
= Covariance matrix from reference data file
SCF
= Scale factor of 30

T^
Tj
a, b. c

(10)

= surface temperature (K)
= true brightness temperature in channel 4 (K)
= true brightness temperature in channel 5 (K)
= split window coefficients
7. ALGORITHM DESCRIPTION FOR
GEOMETRIC CORRECTION

Geometric correction involves three steps; navigation
using the earth location points (ELPs) from the raw data,
correlation with a reference image data base to provide
additional ground control points for fine correction and
resampling into a daily continental scale mosaic.
Information from the first two steps is held with all
channels in archive level 2. All three steps are applied to
the NDVI, surface temperature, channels 1 and 2 (ToA
reflectance), channels 3 and 4 (brightness temperature) and
the cloud probability channel. The final product forms
archive level 3.
7.1. Navigation
The navigation procedure assumes that all input images arc
to he corrected to a pre-defined mapped output image. In
this case we use a Mcrcator projection map covering the
continent of Africa (the map centre coordinates are 0°,
17.25° Ii, pixel size at the Equator is 5 by 5 km, ,vhich
gives an image of 1800 lines by 1600 columns, with top
left coordinates 37.59° N. 18.64° W, bottom right 37.59°
S. 53.64° E).
Because the map is fixed, the input image pixel coordinates
can be computed for each location of the map, assuming the
ELPs to be correct. The ELPs form a regular grid (every 5
rows and 8 columns), thus any one input pixel will be

r
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bound by four ELPs. The input pixel for each map position
can thus be identified from a two-dimensional interpolation
function, equation 11.
H- a2X + 33Y

(11)
*. X
X, Y

V"n

= input image pixel coordinates
= Map image coordinates
= coefficients determined by least squares fit
between lat / long of the ELPs and the output
map positions.

By repeating this process for each block of 4 ELPs the
input image pixel location for each map location can be
identified. Off nadir there will be considerably fewer input
image pixels than map locations, hence the same input
pixel will be mapped more than once, i.e., the step from
one input pixel location to the next for two adjacent map
locations is zero. As nadir is approached then the number of
input pixels and map locations becomes nearly identical
and so the step between input pixels increases. In practice
this step rarely exceeds one position, though the step may
be in any direction to one of the eight surrounding
positions. This step between input pixels for adjacent map
pixels is determined for every location, and coded. The
coded geometric correction information is used for
preliminary location of the templates from the input data
(see §7.2.), it considerably speeds up the resampling step
once fine corrections have been determined, and it also
allows location information to be stored alongside nonrcsampled radiance data in the level 2 archive.
7.2. Correlation
A correlation between each input image and a reference data
base is then performed to create additional ground control
points used for fine correction. This is performed by
polynomial approximation, in which the coefficients of
the transform are calculated by a least squares fit; the input
data being based on residual shifts identified from the
correlations. Test data showed that the best correlations
were obtained with channel 2 ToA image data using a
frequency correlation function.
Templates from the input image arc correlated with a data
hase of 'image windows', previously corrected to the
standard base map using manually selected ground control
points. The reference data base can contain an unlimited
number of windows. This allows flexibility regarding
season, latitude / longitude location and position with
respect to satellite nadir.
Template size must be > 11 pixels, window size is 2 x
maximum expected error + template size. For GAC the
maximum error encountered to date is ± 15 pixels so the
window size is 41 pixels. At present up to 50 matched
templates are used to compute the coefficients of the
polynomial, though the number of windows, and therefore
attempts at matching is unlimited.
Window / template matching takes a window from the
reference data base;
• checks if it is within the geographic area of the input
image;
• checks reasonable match in position re. satellite nadir;
• if selected, the equivalent template is identified in the
input image and corrected on the basis of the coded
geometric information from § 7.1.;
• cloud content of template is checked,
• if cloud cover exceeds a threshold value, template is
rejected;

• if variance of template is low (e.g. due to cloud or viewing
geometry), template is rejected;
• if accepted, correlation matrix is computed;
• if maximum correlation value is below a pre-defined
threshold, then point is rejected;
• if confidence threshold is below pre-defined value, point
is rejected (nb confidence threshold is a function of the
mean and the maximum correlation values);
• if correlation performance is accepted, the point is stored
in a control point file;
• finally all accepted points are compared and outliers
rejected.
A fine correction based on a linear function can then be
calculated from a least squares fît of the information in the
control point file.
7.3. Resampling to continental mosaic
One day's complete cover is processed at a time (three to
four input images). Using the polynomial transform
computed in the navigation step and the fine tuning from
the correlation step, each part orbit is resampled, using
nearest neighbour, into the continental output map. The
overlap between adjacent orbits is dealt with by selecting
pixels nearest to satellite nadir. Image to image
registration is within one pixel in both the X and Y
directions.
8. CURRENT STATUS
The processing chain is fully operational, running on a
VAX 3900. Processing time varies depending on the
number of tapes being processed. For a single tape (4 days
data) it lakes around 2 hours connect time. 5 tapes in batch
take around 6.5 hours. Run times for a single tape obtained
during a normal batch run are shown in table 1. Current
throughput is approximately one month's data per day.
Daily multi-channel continental mosaics are now available
from October 1988 to August 1989. Pre-processing of the
1981 - 1989 archive will be completed by the end of 1992.
Table I. Processing speeds for the different steps. Times for
one tape (14 orbits, from 4 days) in batch with 4 others.
Processing step

Time (minutest

32
Tape dumping
Geophysical parameter
206
calculation
28
Navigation
Fine correction by
38
correlation
Resampling to Mosaics
60
n.b. all these limes vary, depending on other users and on
the number of orbits held on the tape
9. FUTURE DEVELOPMENTS
Development is still needed concerning the atmospheric
correction of GAC data on a global scale, particularly with
respect to variations in atmospheric moisture content and
aerosols (Réf. 17). Current corrections require detailed
meteorological profiles. Although analysed data can be
produced by assimilation procedures in General Circulation
Models (GCMs), these constitute another very large data
set, and no systematic operational use of such a scheme has
been developed yet. It is proposed to use the level 2 data for
further research in this area.
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Other developments foreseen concern correction for angular
effects. The reflectance field of vegetation is known to be
anisotropic (e.g.. Réf. 18) and the characteristics of the
AVHRR system result in considerable spatio-temporal
variation in the geometry of illumination and observation.
Even on the most localized of scales these directional
effects must be taken into account. Preliminary work using
models of simple vegetation canopies has shown for
example that directional effects may significantly influence
NDVI (Réf. 19). however further theoretical work is needed
before suitable corrections for angular variations can be
envisaged over the highly complex canopies of real
terrestrial ecosystems (Refs. 20 - 21). Level 2 data will
again be used for this research.
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8 YEARS MONlHLY VEGETATION INDEX OF CENTRAL EUROPE
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Abstract
Since 1983 we produce digital maps of the vegetation index
(NDVI) of F.urope. Hie area between 40° - 55°N, and 7°W 170E is processed at 1.2 km resolution. The NDVI maps are
compiled by applying the composite technique in order to overcome the cloud problem. The last ten days of each month are
used for generating the NDM. The maximum values which are
found for each pixel are mapped into the composite image.
With beginning of the vegetation period 1989 the generation
of composites runs automatically. Besides the NDVI the original values of the channels 1 to 5 were stored. This is important
for possible later corrections. Fach pixel in the composite obtains an indicator for the derivation of the date and the geometric relations. The importance of storage of this values show
two examples for an area in Spain and the island of Fehmarn
in the Baltic sea.
1. NDVI related data bue of proceMed AVHRR data
NDVI data are very suitable for working out seasonal changes
in vegetation canopy. But the attempt of evaluating quantitative data arises a lot of questions to be solved before a comparision between data from several years and different data
sources is possible. The production of composites of a time
period or area mean values has to be done very carefully and
the special conditions getting a specific NDVI value have to
be controlled and, if possible, have to be saved together with
it. Examples are mentioned later in this chapter.
Therefore a special strategy was developed in Berlin establishing a NDVI related database of AVHRR data : At the institute's HRPT station data of four daytime and three nighttime
passes of the odd numbered NOAA satellites covering an area
from the pol to midth of the Sahara and from the Ural to
Greenland are received and archived. Two areas of special interest are selected for high resolution processing: Central-Europe and the Iberian Peninsula. The AVHRR data (5 spectral
channels, 10-bit) are mapped to polar stereographic map projection with a resolution of 1.2 km in 60°N.The 10-bit data are
extended to 16-bit by the receiving equipment matching one
computer word as required for further digital processing.

Blowing up the data results in increasing archive space, on
the other hand the opportunity to store additional informations together with an individual pixel is given and this information remains unchanged while processing the data itself.
One example for a additonal information is the so-called
"origin indicator": the six spare bits of AVHRR channel 1 data
are used as a retrieval pointer to recover date and pass number of the satellite. Thus, even in composites generated from
different passes and from a series of days, all original informations concerning the pixels remain recoverable. Another example used with NDVI composites generated from a period of
days is a bitmap pointing to days with NDVI higher than a threshold, but not representing the maximum value of the period.
That turns out to be helpful and necessary for interpretation
of composite data sets.
Each data set is stored as a single Tile of variable length and
represents a database itself. It consists of header records describing the data set and processing state, the data section
and a variable trailer area containing all related informations
available, i.e. orbital parameters, direct read out calibration
data, fixed points for geographic location and image navigation, even conventional weather reports as ground observations and radio-sonde ascents. It's just a main topic of this
storage concept to be free in adding further information records later on and some comments as well. The data section
consists of remapped original AVHRR 5-channel superpixel.
No irreversible manipulation to these data is performed. Calibrators or even the NDVI computation are performed only
when a output product is needed, i.e. load data into an image
processing device or to a hardcopy unit or make statistics of
the NDVI or the calibrated AVHRR data corresponding to it.
Though the data of each daily data set amount to 25 MByte,
an archive system is required to allow fast access even to long
series of data. First the on-line processed daily data are stored
for at least ten days on magnetic disk, then a random access
archive is provided on magneto-optical disks for at least one
vegetation period, and third a long time data storage is performed on EXABYTE- 8500-tapes which allow storage of half
a year of data by one tape. A second archive branch is provi-
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NVDI values generated from top of atmosphere technical
albedo data shows only a very light dependence on that geometric conditions. Surface albedo data with corrections
computed by LOWIUAN 7 increase that dependence.

Belmonte (Spain) 19. July - 7. Aug. 1991
C«]ibr«uonco*JJ Holben et •!

210.

Atm Corr LOWTRAN 7

220.
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Fig.l: Technical albedo (TOA) channel 1 (1), channel 2 (2),
surface albedo channel 1 (3), channel 2 (1), angle sun
vs. satellite (5). sun azimuth (6)
Belmonte (Spam) 19 July - 7. Aug. 1991
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A similar presentation is given in Fig. 3 and 4, a test area covering the Fehmarn island in the Baltic Sea. They covers the
period from early July 1991 with very high NDVI values to the
beginning of August. The period from July, 3rd to July, 11th
represents days with nearly cloudfree conditions. The Fig. 4
includes a histogram showing the dates which contribute to a
ten day maximum NDVI composite. The interesting feature is
that no data are selected from days with the highest satellite
elevation. One possible reason is that a greater portion of
bare soil is included in the pixel and that also leave orientation plays a role. A number of days show major perturbations
due to presence of cumulus clouds which leads to mixed
pixels and wrong derived products. Better conditions are
found in the last days of July and the beginning of August.
Nevertheless the decrease of the NDVI is to be seen starting
about July, 10th. The beginning of the harvest of winter barley was at July, 24th, winter rape at August, 10th, and winter
wheat at August, 16th. The dépendance of the albedo values
on the geometric conditions as it was seen in the Spain test
area, is to be seen in the both not so cloudy periods in the
first days of July and around August, 1st.

60.

30
C •
200

210.

220.

July
August
Fig.2. NDVl - derived from top of atmosphere albedo
(1), from surface albedo (2), angle between sun
and satellite (3), and sun azimuth

1

ded with ten days composite data sets for fast monitoring annual variability of the NDVI and the corresponding original
AVHRR-superpixel which it is computed from. An additional
quicldook series can be used for filmloops on image processing facilities.
Fig.l and 2 show an example using the data from this database. Topof-atmosphere albedo values with calibration values
after Holben et al. as well as albedos with atmospheric corrections are plotted together with NDVI and the viewing
geometry at data collection time. It is performed for an area
near Belmonte (Spain) as daily 10 * 10 km mean values. The
very interesting fact is the dependence of sun and satellite
position. The minimum albedo values are found when satellite
and sun orientation is nearly perpendicular, the maximum
albedo when satellite and sun are nearly in the same direction.
One obvious reason for the high albedo values is the lack of
shadows if sun and satellite are in the same diection. Possible
additional contribution is due to the leaf orientation perpendicular to the sun's radiation. Another reason for high albedos are the roughness and slope of the terrain which cause a
higher reflectance than it is postulated by Lambert's law.
The question arises whether cose.^, corrections should be
applied or not. Some hints in this direction are given by the
NDVI values computed from different albedo data. The plot of

The maximum NDVJ composites are also affected by a remapping problem. Due to the uncertainty of at least +/- 1
raster position the selection criterion of maximum NDVI will
result in a data smoothing with tendency to higher values. An
area mean in the composites ever will be higher or equal than
the highest mean of one single day, especially in regions with
great variability in landuse.

2. Example* of the NDVI for Central Europe and the «land of
Fehmarn
The following images (Fig.5, 6, 7) show the NDVI for an extended Central European section in a black/white presentation.
Low NDVI values appear in light shade, high NDVI values
appear in dark shade, NDVl zero or negative appears white.
The first decade of May 1990 (Fig.5) shows the beginning of
the period with high NDVI values. This period continued
depending on meteorological conditions until the end of June
and in other years until July. In western Europe and coastal
regions of Germany the NDVI reaches highest values (dark)
due to the influence of Atlantic air masses. Within this dark
area the cities of London. Birmingham, Paris, and Hamburg
are easy to detect by low NDVI (white to light grey). Furthermore the German - Danish frontier in Jutland appears remarkably clear in the NDVI distribution. In the Danish part the
cultivation of spring cereals dominates with middle NDVI
(grey) and in the German part meadow and pasture land as
well as winter cereals lead to a high NDVI (very dark grey). An
especially low NDVI can be found in upper Italy in an area
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Fehmarn 3. July 70

7. Aug. 1991

Ca'jbralioncoefr Itoîben et al (I990)
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Fig.3: Top of atmosphere albedo channel 1(1), channel 2(2), angle sun vs. satellite(3). and sun azimuth(4)
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Fig.5: NDVI - May I9QO 1.decade, l i g h t : low NDVl
dark: high NDVl
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Fig.6: NDVI - July 1990 3.decade, light: low NDVI
dark: high NDVl
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F E H M K M N

wild rice cultivation. The white or very light grey areas in the
Alps, the Pyrenees, arid the Trench Massif Central indicate
Ihe presence of snow, clouds or a very sparse végétation.
In (he third decade of July 1990 (Fig.6) a slight decrease of
Nl)VI is recognizable. In agriculture districts the NDVl declines due Io the maturation of plants before harvest, at this
lime the characteristic strong rise of reflectance at 7(H)nm
disappears (Fig.8. curve 5). High NDVf values (dark grey Io
black) mainly in the central part of the image are found in regions with meadow and pasture land and forests (i.e. Mar?.
Mountains. Ardennes, Argonnes, Vosges, Itlack Forest,
Appennirio). In the Alps and Pyrenees snow cover (white) is
now restricted to the highest parts. '!Tie lake of Constance,
Lake I.eman. and Lake of Garda in the surrounding of the
Alps also appear white (NDVI zero or negative) like the other
sea surfaces.

Fig.9: Fehmarn - course of NDVI May 1983 Io 1990
3. decade

1

The third decade of August 1990 (Fig.7) is unfortunately disturbed by clouds on many days. This leads to difficulties in interpretation of this image especially in the western part. At
the end of summer the highest NDVI values appear at meadow
and pasture land. In this image very dark areas are to recognize i .e. in northern Germany and to the north of the Alps. Different values of NDVI in upper Italy are well marked. The river Po divides an area with low values (light grey) in the south
and middle values (dark grey) in the north, where the cultivation of rice dominates. The city of Milan is to detect by its
very low NDVl within this dark area. In the central part of the
Alps a grey stripe oriented from north to south shows the
Brennero valley as the best passage through the mountains.
As an example the NDVI of the island of Fehmarn in the Baltic Sea shall be interpreted here. In the satellite images the
island is well marked and the vegetation is relative uniform,
nearly 80% of the island are cultivated with winter wheat,
winter barley, and winter rape. Without corrections the NDVI
gained by satellite data is only relatively to compare. Applying
the correction values presented by Holben et al the main influence of sensor degradation can be removed.

Fig.10: Fehmarn - course of NDVl July 1983 to 1990
3.decade

Fig.9 and Fig.10 show the course of NDVI from 1983-1990 for
the third decade of May and July without and with corrections after Holben. Depending on satellite the correction is
different, and the correction values lie between 0.002 for
NOAA 9 and 0.06 for NOAA 11. The NDVI of May includes
the two month lasting period of high values. Depending on
the meteorological conditions the values lie between 0.57
(1983) and 0.73 (1990), Holben correction included. The
NDVI of July shows a great variation in the different years
depending on precipitation and temperature in the previous
month. High values (0.53 in 1987) are the result of high precipitation and low temperatures, low values are the result of
low precipitation and high temperatures(0.19 in 1983). In
years with high NDVI in July the vegetation is still active and
in years with low NDVI the harvest has begun or at least the
maturation of plants has set up with the absence of the rise at
700nm (see curve 5 in Fig.8).
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F i g . I I : Pixel presentation of NDVI June 1989 - S.decade

Fig.12: Pixel presentation of NDVI June 1988 - S.decade

Fig.13: Pixel presentation of NDVI July 1989 - 2.decade

Fig.15: Pixel presentation of NDVI July 1988 - 2.decade

Fig.14: Pixel presentation of NDVI July 1989- S.decade

Fig.16: Pixel presentation of NDV! July 1988 - 3.decade
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A comparison of the development of the NDVI during the
years 1988 arid 1989 shows a close relation between the NDVI,
the biomass, and the yield of harvest. The winter 1987/88 was
warm with 2.5K positive deviation of temperature in the southwest area of the Baltic Sea. Precipitation in January, February, and March was more than 200% above normal. Due to the
relative high temperatures there was no rest in vegetation,
though the vegetation shows a distinct lead against other
years. At the end of April 1988, the NDVI reached values
about 0.6. A similar progress of NDVI was recorded in 1989
after a comparable warm winter with 4K positive deviation of
temperature, and only 75% of the "normal" precipitation could
be registered. At the end of April 1989 the NDW reached
values about 0.6. In both years the NDVI remained high in
May with negligible variations. In May 1988 the deviation of
temperature was positive and the precipitation reached 100%,
in May 1989 the deviation of temperature was positive too,
but the month was very dry (10% of normal precipitation).
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Nevertheless in June 1989 the NDVI reached high values
about 0.6 (Fig.ll), but in June 1988 only between 0.5 and 0.6
(Fig.12). The June 1989 was warm and dry, the maturity of
barley began and the wheat showed damages caused by
drought. Due to the decrease of NDVI of mature cereals and
the beginning of the harvest in July in both years a rapid
decrease of NDVI was observed - in July 1989 sharper than in
July 1988 (compare Fig.13, 14 with Fig.15, 16). The yield of
harvest in 1989 (year of high NDW) for rape and barley were
high, for wheat only middle but with a lot of straw. The reason
for this fact was the drought at time of grain development,
the high biomass and the high NDVI have a good relation to
each other. In 1988 the harvest began 10-14 days later, the
yields of barley and wheat were good and of rape middle to
good.
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ABSTRACT
A preliminary evaluation of the International
Directory Network (IDN) hus been performed to
determine its usefulness for locating, describing,
and accessing space and earth data sets useful for
vegetation change assessment in the International
Geosphere-Biosphere Programme (IGBP).
Established through the cooperation of several
space agencies, the IDN contains listings and
descriptions of data centers, data sets,
instruments, projects, and principal investigators
related to earth science, planetary science, space
and solar physics, and astronomy. The IDN was
found to provide a framework useful for locating
data sets and data centers of interest. However,
for purposes of regional and global vegetation
change studies, the IDN was found to be missing
references to in situ data sets of importance in
model development and validation. Limitations
relative to IDN search effectiveness and utility
were identified, together recommendations for
removing these.
Keywords: database, meta-data, International
Directory Network, vegetation change.

Development Agency (NASDA) to create the
International Directory Network (IDN). The IDN is
the international implementation of the NASA
Master Directory project begun in the late 1980's
(Réf. 1). Internationalization and coordination of
the IDN has been accomplished under the auspices
of the Committee on Earth Observation Satellites
(CEOS).
The purpose of the IDN is to provide the potential
database user with descriptive information about
the contents of many databases and catalogue
systems, and help facilitate access to them (Refs.
1, 2, 3). The IDN is intended to provide the user
with enough information to make informed
decisions about the range of data sets that
address his or her needs, and which of these
appear to be most useful.
The IDN can be accessed at three primary and
several secondary nodes via public scientific
computer networks, or by modem dial-up at three
primary nodes. A common Directory Interchange
Format (DIF) is used to assure the efficient and
standardized exchange of information between all
IDN nodes.

1. INTRODUCTION
Knowledge of and access to available reference
lists, relevant data sets, and lists of
knowledgeable individuals is often of crucial
importance for successful pursuit of research,
engineering, and business objectives. With this in
mind, many institutions and research centers
have developed publicly-available databases and
information systems.
The growing number of these databases, together
with a us-r-challenging proliferation of different
syntax structures with which to query them, has
prompted the National Aeronautics and Space
Administration (NASA), the European Space
Agency (ESA), and the Japanese National Space

2. STUDYOBJECTIVES
The objective of this study was to evaluate
services provided by the IDN with respect to
content and usability. Our focus was on :
(1) the completeness, reliability, and "up-todateness" of the IDN, and on
(2) the accessibility and ease of data/information
retrieval from the IDN and databases referenced
by the IDN.
Completeness was viewed as a measure of
database quality. It included the completeness of
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the data base/data set itself, and the
completeness of descriptions of measurement
methods used to create the original data and any
information derived or associated with them from
them. In this case, derived data refers to
variables or statistics calculated from the
original data, together with data quality
information for both original and derived data.
Information associated with the data include
ancillary information related to the use of these
data. Procedures for users to review and to
obtain desired data were also evaluated for
completeness and ease-of-use.

3. APPROACH
3.1 The Problem Context
To provide a specific context for our evaluation,
we chose one of the science questions associated
with the International Geosphere-Biosphere
Programme (IGBP). The IGBP has been
established by the International Council of
Scientific Unions as the international cooperative
forum for the scientific study of global change.
The particular IGBP problem used as an example
in this report is the monitoring of change in
terrestrial vegetation according to a set of
environmental change parameters. This key
problem impacts on several of IGBP's planned
research programs (Réf. 4).
In order to address this problem, it is necessary
to construct and evaluate models of vegetation
change at both broad and local spatial scales. This
effort in turn requires synthesis of literature,
experiments, and observations from many
sources. At a global scale, the function relating
change in vegetation, AV, with AG, ATa, ATs,
AP, ALL), AS or other parameters may be
expressed generally as

The subject of this analysis was to determine to
what extent the ION facilitated identification of,
and access to, relevant data for this type of
vegetation change analysis.

3.2 Methodology
The first step in evaluation was to review
computerized database/data directory efforts
now underway for earth and environmental study.
Attention was then focused on the IDN's purpose,
history of development, and actual operation.
This work included interviews with key
individuals, review of documentation, and actual
on-line computer sessions to familiarize with the
IDN's contents and search procedures.
During this process, we identified key data
catalogues and databases (partly through
information provided by the IDN itself) which
could be of value for vegetation change modelling
and assessment. These included the ESA LEDA
system, the Goddard Institute for Space Studies
Global Vegetation database, and the University of
Rhode Island AVHRR archive. Such databases and
catalogues were examined via on-line interactive
computer sessions to determine how to use them,
the character of their data holdings and the
characteristics of the documentation associated
with the data themselves and each database
system. In most cases, direct contact with
database system administrators was required
prior to system use in order to obtain account
numbers and/or information enabling actual use of
these systems.

(AV= f( àG, ATa, AfS, 4P, ALU, AS,...; }.
(1)

Following this familiarization period, a test
problem was formulated to evaluate the IDN's
content and usability relative to the vegetation
change problem. A search area was defined so as
to be large enough to represent both regional and
global scale environmental phenomena. It included
southern Europe, North Africa and the Sahara,
and Africa's tropical zone.

Here, AV, AG, ATa, ATs, AP, ALU, AS
represent, respectively, change in a specific
vegetation parameter (e.g., vegetation canopy
density), change in a specific gas concentration in
the atmosphere, change in air temperature,
change in surface temperature, change in
precipitation amount, change in land use
characteristics, and change in soil chemical and
physical characteristics. Research problems
addressing this model require spatially and timematched data.

To formulate a computerized search for data and
data sources of interest for this region, the data
or information sought was expressed in terms of
specific variables (e.g., surface temperature) and
associated statistics (e.g., average, total, or
change in average or total over time). For
meaningful results, the user must also either
specify or have in mind certain constraints such
as the specific locations, time period, spatial
resolution, measurement instruments, etc. which
apply to his or her problem. Table 1 lists the
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variables and associated statistics used as data
search constraints within our study area.

Tabla 1: Variables and Associated
Parameters Sought for Study Area
Vegetation Type: for all land surfaces: present
stem density (count per unit area), species
mixture (percent of area covered), horizontal
projection of leaf area (area per unit area),
vertical structure (type), energy exchange with
the soil and atmosphere, nutrient exchange with
the soil and atmosphere, water exchange with the
soil and atmosphere. Data for each of these
variables was sought at a ground spatial
resolution defined by the size of an IGBP
landscape unit; also, change in each of these
variables by decade as far back in time as
possible. Spectral greenness indices (e.g., the
Mormalized Difference Vegetation Index) were
only of interest in relation to the estimation of
the variables listed above.
Land Cover/Use and Change: by landscape unit to
several square kilometers ground resolution.
Included land clearing intensity (land area subject
to vsgstation removal each year).
Surface Temperature: all land surfaces, at least
one day and one night observation per day,
averages reported weekly and to monthly, ground
resolution at several scales from point to several
square kilometers, historical record back as far
as possible.

Additional information, in the form of vegetation
and land use keywords were also specified in
order to accelerate the search process. These
were selected arbitrarily by us based on our own
experience and on the data gathering objectives
given in Table 1.
Completeness of ION content was assessed
relative to a list of predefined criteria (Réf. 5).
Our judgement was based on our team's
knowledge of existing data sets, and our opinion
as to whether we were given enough information
to determine the usefulness of a data set based on
our own experience in remote sensing
applications.
Another database access system, the ESA
Information Retrieval Service (1RS), was
exercised to provide a comparison with the IDN in
terms of content and ease-of-use. The 1RS

provides a way of accessing and searching many
on-line databases using a common search syntax.
There are over 250 such databases available
through the 1RS, covering a wide range of fields
from business to engineering to the physical and
life sciences. Most of these are bibliographic
(author, title, abstract, keywords) databases.
Access to 1RS is through phone nodes established
in each participating Western European country.

4. FINDINGS
4.1 IDN Content
(1) Database population.
(a) Our team members, and others to which we
have demonstrated the IDN, almost without
exception discovered databases they were
unaware of, or which they had heard of only
indirectly. In addition, descriptive detail about
databases provided information helpful in
understanding the scope and purpose of each data
set listed. This information generally was not
readily available elsewhere.
(b) Many existing data bases (particularly in situ
) containing land cover, soils, and vegetation
attribute data were not found with the IDN. We
are refering to many of the agricultural, forest,
rangeland, and/or land use inventories and
mapping project data sets which have been
obtained over the last 50 years, and which can
serve as a rich source of data for regional and
global change studies. These data sets are likely
to be fundamental to addressing vegetation change
studies in IGBP and related programs.
(c) Use of the "and" operator tended to eliminate
most data sets from the IDN listing. This
occurred even though we believe that some of
these data sets did include data for our test site.
For example, if the following keywords - 'earth
science", "land", "geography and land cover", and
"mid-latitude" -- are combined using the "and"
operator of the IDN data set search, then zero
data sources are listed. If, however, the "or*
operator is used, 748 data sources are listed.
This problem is somewhat confounded with the
lack of specificity for keywords explained later.
Without "and* restrictions on location, we found
that most data sets that the IDN listed were
designated as "global" data sets. Unfortunately,
it was unclear as to what the extent of coverage
for a particular global data set was within our
test site.
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(d) Use of the ESA 1RS showed that a significant
number of additional databases exist beyond those
found by through use of the IDN. Review of the
paper abstracts provided by the ESA 1RS showed
these to be local and regional in character.
It is important to note that the policy of the IDN is
to include databases whose quality can be checked
by the IDN team, for which copies and associated
documentation is available, and for which at least
some question and answer support is available
from their originators or archivists. Not all data
sets satisfy these criteria.
(2) Results of IDN searches were consistent no
matter what the order of the questions asked or
the keywords given. This is considered to be an
aspect of IDN consistency and robustness.
(3) Description of the specific contents of data
bases, including the specific data collected and/or
subsequently generated, were often found to be
incomplete in the IDN. This means that inspection
of the specific databases was then necessary to
determine the potential value of those databases.
Normally, the IDN gave a summary of the
objectives of the databases, very broad location
information, sometimes a brief description of the
instruments and algorithms used to generate data,
and contact data. For the IGBP problem selected
in this study, this information was often
insufficient to judge the value of the data base.
(4) Related to the above observation, the lack of
'link* commands allowing direct connection to
many data bases prevented immediate
clarification of data holdings. Telephone assess to
these data bases can be expensive.

4.1.2 IDN Useabilitv
(1) The IDN suite of keywords was found to be
very limited for describing the variables, and
associated parameters, on the right side of
equation 1 which drive vegetation change. The
result is that data sets addressing the topic(s) of
interest can often not be found immediately, but
must be located by further investigation of
specific database contents. This additional work
can be very time consuming.
Data sets may also be missed because specificity
may exist in a particular form not known by the
user, or perhaps because of (a potential) lack of
logical consistency in the existing keyword
structure used in the IDN.

(2) A lack of specificity of location keywords
(below the level of continent) was found to exist
in the IDN. A lack of clarity was also found to
exist regarding whether the longitude-latitude
coordinate ranges dominate, or the existing
location keywords. The result is that
identification of data sets covering the specific
area of user interest may be missed, and/or that
the precise location of data sets may not be
obtainable from the IDN. This is a significant
disadvantage, as the science of global change,
including the problem given in equation 1,
requires spatial matching of data sets.
(3) Little flexibility was found to exist in the IDN
keyword search function. For example, the
user's information needs might best be defined by
a specific string of words, or sets of short
strings of words, which might actually exist in
the IDN database 'summary' field (or other IDN
DIF fields). In our IGBP problem, we might wish
to locate data sets relating to "change in plant
species composition*.
(4) Interfaces to other databases via the 'link*
command, while very welcome, were often very
slow and could be subject to frequent
disconnection. If a link was not possible,
complete instructions for accessing these
databases were generally not given, other than
contact names and numbers. In addition, some of
these databases are very difficult to use without
a users guide. Examples included the GodcJard
Institute of Space Studies Global Vegetation data
set and the Earthnet LEDA database. Little or no
commonality among data base search conventions
seems to exist.
(5) Generally, the fixed display and search
approach used in the IDN was found to
significantly limit the user's speed in working
through a search problem. An example would be
the 'forced" requirement to proceed through a
specific series of questions, without being able to
skip those items not relevant, or to go
backwards, or easily edit what we had previously
typed. Another aspect was not being able to
display, for example in a multiple window
environment, relevant search path and results
information. This is more than just a "nice"
feature to have, we found it actually limiting our
effectiveness in data base searches.
(6) It was found that ASCII character errors
could be introduced at some point in the computer
network, and would then give erroneous results
(generally a null (O) response) when using the IDN
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search function. That this had happened was not
known unless the search operation was repeated.
(7) Using the ESA node of the IDN was slow at
times. We suroect t'.a problem occurred at the
node site, but it is possible that it occurred at
another machine in the network of connections
between our local host computer and the ESA IDN
site.

5. RECOMMENDATIONS

structured search format as a backup option [we
understand (Réf. 6) that this is now being done
with the PC version of the IDN made available
recently]. A multiple window environment and a
search path history, < ould offer an important gain
of time and efficiency to the user.
Some other database search models have been
developed (e.g., see Réf. 7) which could be
considered as a interesting starting point for
allowing the user to reorganize the system
documentation or annotated it to suit their own
purposes.

5.1 For the IGBP
(1) Determine, if possible in advance of the
extensive use of the IDN or database systems, the
synonyms or substitute keywords and phrases
corresponding to the parameter, variable, or
constraint sot of interest. That is, identify by
which descriptors data of IGBP interest can be
retrieved from the IDN and databases.
Data set descriptors are an especially important
concept for IGBP use of the IDN and the existing
set of environmental databases. This is because
attributes of interest to regional and global
environmental change modelling may not be listed
directly as keywords or as selection options in
these databases.
(2) Use the ESA-IRS as a check to help guide the
IDN search process, and as an additional source of
information, on the types and locations of data
sets available.
(3) Beyond scientific knowledge, it would be
useful to study the possible influence of a
person's cuiiura! background on the search
strategy ha or she prefers. The way to "makeup" one's mind may be quite different for an
European, an American, or a Japanese, for
example. Vi databases are - a d by an
international community, S1T^ a consideration is
of importance.

5.2 For the IDN
(1) Incorporate keyword search flexibi/it and
specificity. Allow the user to search all IDN data
fields, particularly the "summary" and
"coverage" fields.
(2) Enhance the usability of the system. Consider
using the search format of ESA IRS (variabia
length keyword strings, operators, and
constraints), while keeping the current

(3) Expand the data description to include a
concise summary of variables measured or
derived in each database. This brief summary
should include a table summarizing for each date
element held in the database, the source of
measurement or kind of transformation employed,
the specific time period and location of original
data acquisition, and the spatial resolution or
sample plot size associated with the measurement
or statistic. Some grouping and summarizing with
respect to time periods and locations might be
necessary for extensive databases. We believe
that an investment here would significantly
enhance the value of the IDN.
(4) Standardize access to linked data-bases; one
of largest existing problems is the diversity of
the instructions for use of different databases. A
suggestion would be to create a screen w.'ih the
main instructions for the database the user wants
to be connected with, before the connection, and
even when a direct link does not exist. Such an
interface would certainly maximize the benefits
to the user community (see Réf. 8).
(5) Pursue as aggressively as possible the
referencing of earth and vegetation survey data
sets (especially in situ ) through professional
society contacts, advertising, and other means.
(6) A more general recommendation is to define
the targeted user community and the associated
training in database searching required. It is
important to define the lowest level of
understanding a user must have, since time is
required to become familiar with the use and
contents of databases or meta-databases.
5.3 General Recommendations
(1) The impact of cultural background was noted
previously as an important issue. Initiation of
research on the users' "mental model' could be
critical in obtaining a better understanding of the
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errors made in using the IDN or databases more
generally. This knowledge can be used in better
designing the IDN and database query structures,
language, and options.
(2) The education and training context: We
believe there would be significant value in placing
the IDN and the databases referenced by it into
the mainstream educational process, that is
putting it into the classroom and into the library
to support the normal educational process. This
would likely lead to support for the development
of more effective user interfaces and efficient
training for use of these systems.
(3) Consideration of the impact of the scientific
community as a whole on the use of the IDN and
databases: The IDN and relevant databases will be
used (and contributed to) if they are visible and
accessible to the scientific community, if they
are relatively easy to use and give consistent
results, and if the data gathered are well
documented and applicable to their needs.

6. CONCLUSION
While our discussion has focused on apparent
shortcomings in the IDN, we do want to emphasize
that the IDN is a significant step forward.
Without it, an overview of existing databases for
large area and global studies, as well as for the
space physics and astronomy communities would
be very difficult at best. Follow up work is
required in order to confirm, deepen, and take
advantage of these initial findings. The objective
should be strengthen the IDN and related means o,'
effectively accessing and using the growing set of
relevant databases for global studies.
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INFLUENCE OFTERRAIN ELEVATION ON VEGETATION INDICES DERIVED FROM
NOAA AVHRR AND EOS MODIS DATA
PM. Tefflet, K. Staenz, and J.-F. Parent
Canada Centre for Remote Sensing, Ottawa, Ontario, Canada

ABSTRACT
The influence of atmospheric variations due to terrain
elevation on vegetation indices derived from NOAA AVHRR
and EOS MODIS data types has been investigated. The
results indicate that the terrain elevation dependence is
significant and increases with decreasing vegetation density.
The image simulation in two MODIS-N bands was carried
out spectrally and spatially using an AVIRIS data set
acquired over mountainous terrain in British Columbia,
Canada.
Keywords: topography, NDVI, AVHRR, EOS MODIS,
atmospheric correction, image simulation.
1. INTRODUCTION
The increasing use of data from the Advanced Very High
Resolution Radiometers (AVHRR) onboard the National
Oceanic and Atmospheric Administration (NOAA) series of
satellites for monitoring vegetation conditions and mapping
land cover has prompted new research and development in
many areas, including the improvement and standardization
of image correction methodologies.
In particular,
improvements are being sought through radiometric
calibration and correction and atmospheric correction prior
to the computation of vegetation indices. Investigations into
the correction of data from the planned EOS MODIS-N
(Moderate Resolution Imaging Spectroradiometer-Nadir)
(Réf. 1) are also of interest. Results from the present study
demonstrate the impact of changes in terrain elevation across
the landscape on the Normalized Difference Vegetation
Index (NDVI) derived from simulated AVHRR and MODISN (hereafter called MODIS) data.
In the first pan of the study, simulations were performed to
illustrate the first-order effect of atmospheric variations due
to terrain elevation on NDVI for differing levels of surface
vegetation content. In the second pan of the study, this
terrain elevation dependency of the NDVI is demonstrated
by use of simulated MODIS image data derived from an
AVIRIS (Airborne Visible/Infrared Imaging Spectrometer)
(Réf. 2) data set covering a forested area in mountainous
terrain in British Columbia, Canada. The AVIRIS data were
spectrally and spatially adapted to match the MODIS 0.695
and 0.86S micrometer bands with widths of 0.050 and 0.040
micrometers, respectively, and with a ground resolution of
240 meters. The NDVI was then calculated at the surface for
each pixel of the simulated MODIS data using the SS
atmospheric code with and without considering the terrain
elevation. Comparisons with the NDVI computed at sea
level re-emphasize the results from the first pan of the study.
2. IMPACT OF TERRAIN ELEVATION
In general, two levels of radiometric correction for
topographic effects are envisaged. A first-order correction is

intended to take into account gross changes in terrain
elevation across the landscape that will cause variations in the
scattering and absorption transmittances of the atmosphere.
This is analogous to the first-order geometric terrain
correction to a common geoid across the continent. Such
corrections are possible anywhere with currently available
digital elevation models. Pixel-specific terrain corrections for
localized radiometric and atmospheric effects require highly
accurate and very-well-registered elevation data. This is
analogous to the terrain relief correction for parallax effects
on individual pixel locations.
In this study, a simulation was performed to illustrate the
first-order effect of atmospheric variations due to terrain
elevation on NDVI. A semi-analytical but reasonably
accurate atmospheric code that lends itself well to simulation
studies is the 5S code developed in France by Tanré et al.
(Réf. 3) and modified to facilitate surface reflectance
retrieval and include altitude dependence (Refs. 4-5). A
uniform standard vegetation was assumed and a digital
elevation model was used together with the modified 5S
atmospheric code to generate simulated NOAA-Il AVHRR
radiances at the top of the atmosphere as a function of
terrain elevation. Then radiances in channels 1 and 2 were
convened to digital signal levels (using the recommended
prelaunch calibration coefficients from Abel (Réf. 6)) from
which NDVI values were computed. Table 1 lists the 5S
code input parameters and Figure 1 shows the percent
change in NDVI compared to the value obtained for terrain
at sea level. Figure Ia portrays results for a clear
atmospheric state with an aerosol optical depth of 0.05 at
0.55 micrometers, whereas Figure Ib shows the results for a
23-km visibility. These figures also include additional surface
reflectance cases in order to illustrate the effect of differing
levels of vegetation content. Balsam fir spectral reflectances
were used with cumulative defoliations of 0%, 50%, and
100% due to spruce budworm (Réf. 7). The sequence was
completed with a uniform standard sand case. Figure 1
clearly illustrates the significant effect topographic variations
can have on NDVI if they are not taken into consideration.
A somewhat different simulation sequence was used to study
the terrain effect on NDVI derived from MODIS-like data,
but with the same 5S code parameters as before (Table 1).
For each surface reflectance case, 5S runs were performed to
obtain the apparent reflectance at sensor altitude in MODIS
bands 1 (0.695 micrometers) and 2(0.865 micrometers) for a
series of different terrain elevations. Reverse 5S runs were
then carried out to retrieve surface reflectance in each
MODIS band, but assuming that the ground was at sea level.
NDVI values calculated from the retrieved surface
reflectances were then compared to the proper NDVI based
on the original surface reflectances. The results in Figure 2
show that there is a definite topographic effect but that it is
smaller than for the AVHRR examples investigated. The
MODIS bands involved in the computation of NDVI are
considerably narrower than the AVHRR channels (Figure 3)
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and are therefore less affected by atmospheric effects such as
Rayleigh and aerosol scattering in channel 1 and water
vapour absorption in channel 2.
3. MODISIMAGESIMUIATION
An AVIRIS data set was used to simulate MODIS data
spectrally and spatially for investigation of the terrain
elevation dependency of the NDVI. The spectral, spatial,
and atmospheric correction processing software is capable of
treating all of the 19 solar reflective bands of MODIS-N.
The AVIRIS data (with a total of 224 bands, each
approximately 0.01 micrometers wide, covering a wavelength
range from 0.40 to 2.45 micrometers (Réf. 2)) were acquired
over a 12 km by 30 km forested area near Canal Flats in
Southeastern British Columbia on August 14, 1990. This
mountainous test site includes changes in elevation from
780 m to 2540 m above sea level. In addition, available
geographic information system data of the test site on
1:20,000 scale include digital elevation models (DEMs), forest
inventory maps, and forest attribute information.
3.1 Spectral Processing
RadiomctricaUy calibrated AVIRIS data (Réf. S) were used
to match the MODIS 0.695 and 0.865 micrometer bands with
widths of 0.050 and 0.040 micrometers, respectively. The
AVIRIS data were integrated over the bandpass filters shown
in Figure 3 for the two MODIS bands used in this study.
The response profiles were set up to match the full width of
these bands at half-maximum. The resulting MODIS image
in the 0.865-micrometer band is shown in Figure 4a.
3.2 Spatial Processing
The spectrally simulated MODIS data were spatially averaged
from a 20 m (AVIRIS) to a 240 m resolution in order to
approximate the 250 m ground resolution (Justice, personal
communication) of the MODIS 0.695 and 0.865 micrometer
bands. Accordingly, a mean pixel value was calculated from
each 12 by 12 pixel block resulting in an image size of 51
pixels by 128 lines (Figure 4b). In general, averaging
procedures unrealisticaUy reduce sensor noise as outlined in
Justice et al. (Réf. 9). In order to increase the variance of
the resampled data, the median of the 144 pixel values in
each 12 by 12 pixel window was also determined. However,
the result of this resampling technique was only slightly
noisier than that of the mean approach. A detailed
discussion on spatial degradation techniques and their
application to image data is given in Justice et al. (Refs.9-10),
and Townshend and Justice (Réf. 11). In this study, sensor
noise was not added to the spatially resampled data for
simplicity and because the noise level of MODIS data is
unknown. It should also be pointed out that different
degradation procedures applied to the same data set will
produce different NDVI values.
33 NDVI Computations
Before calculation of the NDVI at the surface for each pixel
in the simulated MODIS scene, the data were
atmospherically corrected using a terrain elevation dependent
version of 5S (Refs. 3, 5). This code was run with and
>vithout considering the terrain elevation in order to
investigate the effect of atmospheric variations due to
elevation on NDVI on an image basis. For this purpose,

TRIM (Terrain Resource Information Management)
elevation data, available from the British Columbia Ministry
of Environment and Parks, were resampled from a 75 m
resolution to a 20 m grid and then registered to the spectrally
simulated MODIS image data with a 20 m ground resolution
using an affine transformation in combination with the
nearest neighbour resampling technique. Map-to-image
registration has the advantage of leaving the pixel values and
the pixel position in the scene unchanged. Maintaining the
radiometric accuracy of the data is important for surface
reflectance retrieval and also for calculation of the NDVI.
The resulting root-mean-square errors achieved with this
registration approach are 2.0 pixels in both pixel as well as
line directions. This registration accuracy is sufficient given
the subsequent spatial degradation of the DEM to match the
MODIS pixel size. (The DEM accuracies are 5 m rootmean-square-error in elevation and 10 m root-mean-squareerror in position.) Topography accuracy requirements for
MODIS are discussed in detail by Muller and Bales (Réf.
12). The same resampling procedure, the mean of a 12 by 12
pixel block, was used to calculate an average elevation for
each 240 m by 240 m MODIS pixel. Figure 5 shows the
DEM degraded to a MODIS pixel. Approximately threequarters of the entire scene is covered by the DEM.
Surface reflectances were calculated for each MODIS pixel
using 5S (Table 2) with and without the DEM, assuming sea
level in the latter case. The NDVI was then computed on a
pixel basis for both data sets and the percent difference
between the two NDVI images was produced (Figure 6).
The grey levels represent percent differences from 2% (black
areas) to 23% (white areas) for the image overall. For sunlit
vegetation, the range goes from 2% to 9%, which
corresponds reasonably well to the simulation results in
Figure 2. The variation of the NDVI difference image
generally matches the DEM data in Figure 5 with the biggest
changes in the higher elevated areas and the lowest ones in
the valleys. Areas that match the DEM less well tend to be
in shadowed or unvegetated parts of the scene. A detailed
examination of the NOVI values in these areas is currently in
progress. Nevertheless, the changes in NDVI clearly
demonstrate the impact of the atmospheric variations due to
elevation on NDVI and re-emphasize the results from the
first part of the study.
4. CONCLUSIONS
An investigation of the influence of atmospheric variations
due to terrain elevation on NDVI derived from NOAA
AVHRR and EOS MODIS data types indicates that the
effects are significant and increase with decreasing vegetation
density. The topographic effect was found to be smaller for
MODIS-based NDVI than for AVHRR-based NDVI. The
study included the spectral and spatial simulation of two
MODIS-N bands using an AVIRIS data set acquired over
rugged, forested terrain.
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TABLE 1: Input conditions for the 5S code runs used to illustrate the impact of
terrain elevation on NDVI.
Terrain elevation:
Solar zenith angle:
Sensor zenith angle:
Relative azimuth angle:
Atmospheric profile:
Aerosol model:
Aerosol level (2 cases):
Spectral bands:
Surface reflectance (5

Variable
45'
30'
Mid-latitude summer
Continental
(i) Aerosol optical depth - 0.05 at 0.55 micrometers
(ii) Horizontal visibility = 23 km
NOAA-Il AVHRR Channels 1 and 2; MODIS-N Bands 1 and 2
(i) Uniform vegetation (5S)
(ii) Balsam fir with 0% defoliation
(iii) Balsam fir with 50% defoliation
(iv) Balsam fir with 95% defoliation
(v) Uniform sand (5S)

TABLE 2: Input parameters for the atmospheric correction of
MODIS bands 1 and 2 to retrieve surface reflectance.
Terrain elevation:
Sensor altitude:
Solar distance:
Solar zenith angle:
Sensor zenith angle:
Relative azimuth angle:
Atmospheric profile:
Aerosol model:
Horizontal visibility.
Spectral bands:
Sensor radiance:

Variable
19.86 km above sea level
1.0130 Astronomical Units
54.17'
Variable
31.40'/211.4O'
Mid-latitude summer
Continental
50 km at 0.9 km elevation
MODIS-N Bands 1 and 2
Variable
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Figure 1. Percent change in NDVI due to terrain elevation, compared to the NDVI value obtained for terrain at sea level. The
simulation is based on parameters listed in Table 1 for NOAA-Il AVHRR and considers two atmospheric states: (a) clear aerosol
conditions and (b) 23-km visibility. The clear case refers to aerosol optical depths based on a value of 0.05 at 0.55 micrometers
(i.e., very close to a Rayleigh atmosphere). Five different surface reflectance cases are included as indicated.
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Figure 2. Percent change in NDVI due to terrain elevation,
compared to the NDVI value obtained for terrain at sea
level, derived from simulated EOS MODIS data. The results
are based on parameters listed in Table 1 and are portrayed
here for the 23-km visibility case. Five different surface
reflectance cases are included as indicated.
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Figure 3. Theoretical MODIS response profiles for (a) band
1 (0.659) and (b) band 2 (0.865 micrometer) with bandwidths
of 0.05 and 0.04 micrometers, respectively.
The
corresponding AVHRR response profiles are shown for
comparison.
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Figure 4. Spectrally (a) and spatially (b) simulated MODIS data: (a) AVIRIS data (20 m ground resolution) adapted lo the
MODIS band at 0.865 micrometers, (b) image data in Figure 4a adapted to 240 m spatial resolution and atmospherically corrected
to ground level using SS and the DEM in Figure 5.
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Figure 5. TRIM elevation data registered to the MODIS
data in Figure 4b.

Figure 6. Image representation of the percent difference
between NDVI images calculated from atmospherically
corrected data at ground level and at sea level. The grey
levels represent differences between 2% (black areas) and
23% (white areas).
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ESTIMATING CHLOROPHYLL CONCENTRATIONS FROM THEMATIC MAPPER DATA

Carsten Brockmann

CKSS Research Center Geesthacht
Max Planck Strafe
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ABSTRACT
An investigation of the feasability of using Landsat Thematic Mapper (TM) data for measuring ocean colour parameters has been undertaken. This involved 3 main
steps, namely, radiometric recalibration, atmospheric
correction and an bio-optical algorithm. Using this 3way approach it has been shown, that TM can be used
for estimating the chlorophyll concentration in Case-l
waters. The calibration procedure has been developed
based on the internal calibration system resulting in
more reheable radiance values compared with those derived from the standard ESA calibration. The atmospheric correction can be performed without additional
knowledge of the aerosol type and its concentration.
During the atmospheric correction procedure, these parameters are calculated from TM data.
Keywords: Thematic Mapper, ocean colour, chlorophyll,
atmospheric correction
1. INTRODUCTION
Since 1984 data from the seven band radiometer Thematic Mapper (TM), onboard the Landsat satellite series, has
been available to users. This scanning radiometer was
originally designed for land use applications and its value for this task has been demonstrated in many cases.
There are two aspects of the TM which also makes it a
candidate for measuring ocean colour. The spectral coverage of its bands 1 (blue), 2 (green-yellow), 3 (red) and 4
(far red) is similar to those of the Coastal Zone Colour
Scanner (CZCS), and the forthcoming Sea Viewing Wide
Field of View Sensor (SeaWiFS). This is shown in Fig. 1.
However, on the one hand, its relatively wide bandwidth of 60 nm to 80 nm compared to the 10 nm to 20
nm bandwidth of CZCS and ScaWiFS, the accuracy of
the chlorophyll determination cannot be expected to be

SeaWiFS
TM

CZCS

very high. On the other hand the additional bands 5 and
7, centered at 1.65 urn and 2.25 [an, respectively, offer
the possibility of a better atmospheric correction, since
only the backscattered radiance from the atmosphere is
measured and not the light originating from the ocean.
Absorption due to atmospheric gases is also negligible in
these bands as has been shown by Brockmann (Réf. 1).
The schedule of ocean colour sensors. Fig. 2, shows, that
there is a gap between the end of CZCS in 1986 and the
launch of SeaWiFS in 1993. TM is the only commonly
available radiometer for ocean color measurements from
space during this period. TM, with its high spatial resolution of 30x30 m will also complement the new generation of medium resolution ocean colour sensors such as
SeaWiFS (NASA), MERIS (Medium Resolution Imaging
Sensor, ESA) or OCTS (Ocean Colour and Temperature
Sensor, NASDA).
As pointed out, due to the poor radiometric resolution a
separation between different water constituents using
TM data can not be expected. Therefore, in this paper only Casc-I waters, as defined by Morel (Réf. 2), will be examined.
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The algorithm developed here for the determination of
chlorophyll concentrations from Thematic Mapper data
has 3 main steps. Firstly, a radiometric recalibration is
carried out using the internal calibration system, secondly, an atmospheric correction is achieved using the short
wave infrared bands 5 s ^d 7, and finaly an algorithm
using the ratio of bands ; and 2 (blue-green ratio) is used
to obtain the concentrations of chlorophyll.
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Figure 1: Spectral coverage of the ocean colour sensors
CZCS, Thematic Mapper (TM) and SeaWiFS.

Figure 2: Schedule for past, present and future ocean colour sensors. Between the end of CZCS and the launch of
SeaWiFS, Thematic Mapper (TM) is the only commonly
available radiometer for ocean colour measurements
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2. RADIOMETRIC RECALIBRATION
Ail 6 reflective bands (band 1,2,3,4,5 and 7 as shown in
Fig.l) are made up of an array of 16 single detectors,
each sampling one scan-line during a sweep of the instrument, so that 16 lines are sampled simultaneously,
but by different detectors. During the pre-launch phase
of the instrument, the individual calibration of each detector was performed using a 122cm integrating sphere
(Réf. 3). This pre-launch calibration is still the one given
by ESA to the users. Due to sensitivity loss of the detectors or pollution of the filters, the pre-launch calibration
is no longer valid. This has been reported by different
authors, who apply either empirical corrections (Réf. 4),
corrections using radiative transfer model data (Réf. 5)
and/or ground truth measurements (Réf. 6). However,
no general satisfactory solution has yet been found for a
time depcndend calibration.
The incorrect radiometric correction leads to two sorts of
errors: the within-scene error and the absolute calibration error. The former is caused by an insufficient equalization of the different detectors of one spectral band and
can be seen as striping in the images. The latter accounts
for the time dependence of the sensitivity of the detectors and leads to obviously incorrect radiance values. As
an illustration of the within-scene error a 512x512 pixels
portion of band 3 from scene 225/13 of 1.9.186 is presented (Fig. 3a), where the strong striping can be seen. In
Fig. 4a the frequency distribution of the radiance values
of the same scene, but band 7, is shown, where more
than 70% of all pixels have negative radiance values. The
effect is particularly dramatic in this case because this
image is of a polar region with a very clear atmosphere,
where aerosol scattering is minimal. In other scenes and
other bands the effect of underestimating the radiance
can also be observed by comparing the measured radiances with the minimum expected radiance due to scattering by air molecules.
TM has an onboard internal calibration system (IC)
which at least offers the possibility to reduce the withinscenc error. Initial investigations have indicated, that an
absolute calibration also seems to be possible using the
IC.
The IC is build of three lamps which are switched on or
off seperately, so that eight different lamp states are possible. Additionally, where the detectors are shutt off
completely a zero radiance measurement (dark current)
is yielded. A complete description of the IC is given by
Barker (Réf. 7).
Since 1987 the values of the IC measurements are available on TM tapes delivered by EARTHNET. The evaluation procedure used presently follows that of Barker
(Réf. 7), however several modifications were neccessary
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Figure 4a, b: Frequency distribution of radiances in TM
scene 225/13 of 1.9.1986 before (left) and after recalibratrion (right). Only the lowest bins of the histograms are
shown. While more than 70% of all pixel have negative
radiance value using the ESA calibration, 51% negative
values are left after the recalibration.
due to the bad quality of the data.
Whereas data from the calibration lamps cannot be treated as absolute standards, because the lamps could have
altered in their intensity, the dark current measurement
remains as an absolute measure. The calibration procedure assumes a linear relationship between the lamp radiance and the detectors response, obtained by linear regression. If one assumes the intensity loss of all three
lamps to be similar, it is still possible to derive the slope
of the calibration line from the seven lamp states, where
at least one lamp is turned on. The absolute calibration
can then be performed by adjusting the line so that it
passes through the dark current value. In Fig. 5 this procedure is schematically illustrated.
The resulting calibration lines for the different detectors
within one band have different slopes. An example is
shown in Fig.6 for detectors 3 and 4 of band 4, TM scene
225/13 of 1.9.86. The difference in the slope of these lines
illustrates the change in the sensitivity of the detectors
compared with their pre-launch values. Because prelaunch calibration techniques cannot correct for this
change in detector sensitivity the result is the well
known striping.
The application of this recalibration procedure does not
remove all errors in the images. In fig. 5b the frequency
distribution of the corrected radiances of scene 225/13 of
1.9.86 is shown. Although there is still a considerable
amount of negative radiances in the image, about half of
the negative values have been shifted into the positve region. Also the striping has been dimnished using this
method as can be seen in Fig. 3b.

lamp states

gain

dark current value
pre-launch radiance
Figure 3 a,b: 512x512 pixels portion of TM scene 225/13
of 1.9.1986, band 7 as a demonstration of the striping (a,
left) and its reduction by recalibration (b, right).

Figure 5: Schematic representationof the calibration procedure using the dark current value as absolute referen-
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lion (causing the height dependence) can be factorized:

c(X,z) = C(X) c(z)

O
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Then the product of the single scattering albedo ecu and
optical depth S(X) in the radiance ratio of two différent
wavelengths will be reduced to the ratio of the wavelength depended part of the scattering coefficients:
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pra laifiai couil

Figure 6: Resulting calibration lines for band 3, detectors
3 and 4 of TM scene 225/13 of 1.9.186.
3. ATMOSPHERICCORRECTlON

(1)

Also, the path radiance is the sum of the radiance due to
molecule scattering (Raylcigh scattering), Lray, and of
radiance due to scattering by aerosol particles (Mie scattering), La. In spectral bands where the absorption of
pure water is very small, Lss nearly vanishes and
Lsat = Lrav •+• L3. Because Lray can be calculated from air
pressure, the radiance measurements in these bands
yields the aerosol path radiance. While it is neccessary to
have an iterative scheme for deriving La from band 4 for
CZCS because Lss docs not vanish completely (Réf. 8),
such a procedure is not necccssary for TM bands 4,5 and
7 in Case-l waters.
Cordon (Réf. 9) formulated the single scattering approximation for L3 for the ocean/atmosphere system
M to3(tio.X)

(2)
p-(p,(Jo) + P*(ti,Mo)( p <ti) T(X1S) + P(Ht(X 1 S)))

If the rather small wavelength dependence of the term in
brackets is neglected, the ratio of the two radiance values
will be independent of the aerosol phase function P (the
indices j and k are written as abbreviations for TM bands
4,5 or 7):
( L'tot - L'R ) Fo_
(Lmt - L 1 R ) F o '

Ic' c(z) dz
c" C(Z) dz

<oo &"

(5)
c(z) dz _
wo c" Jc(Z) dz
ttioc

Introducing eq. (5) into eq. (3) yields

An atmospheric correction of the measured radiances is
necccssary because only 5 to 20% of the signal at the satellite originate from below the water surface in bands 1 3 and to lesser extend in band 4 (Réf. 1). The general concept of atmospheric correction assumes a rather clear atmosphere so that the single scattering approximation of
the radiative transfer equation is valid. Furthermore, the
total radiance measured at the satellite, Lsat, is the sum
of the sub-surface radiance, Lss, the radiance reflected at
the water surface, Lrcf, and the atmospheric path radiance, L (Réf. 8):
= LR(X) + LA(X) + t(X)»( Lr(X) + Ls(X) )

(4)

(3)

Fb1-* = F0(X''") to3(|j,X''k) to3<(Jo,X''k)

It can be assumed, that the aerosol extinction coefficient,
which is dependent on the aerosol type (causing the
wavelength dependence) and on the aerosol concentra-

Fo' b 1

(6)

Fi" V

or rearranged and introduced into eq. (1) and keeping in
mind that for the infrared bands Lss can be neglected:

LA<X K )

L'A
LkA

Fb'
Fi" CdO <Sk

(7)

This formula offers the possibility to determine the aerosol type from the ratio of the measurements in two
bands, because the right hand term of eq. (7) can be obtained from aerosol models. Table 1 gives the values for
the maritime, continental and urban aerosol type as
found in Réf. 10.
The procedure of atmospheric correction is now straightforward:
1. Calculate the reflectance values (left side of 7) and the
three ratios from bands 4, 5 and 7. Compare the results
with the values in Table 1 and decide on aerosol type.
2. Invert eq. (2) to calculate the aerosol optical depth
from the aerosol path radiance of bands 4, 5 or 7 using
the proper phase function for the aerosol type or use precalculated linear regression values from model calculations.
3. Calculate the aerosol radiance in bands 1, 2 and 3 using eq. (6) with the known scattering ratios for the determined aerosol.
An extrapolation of the aerosol path radiance by using
the Angstrom coefficient is not possible due to the wavelength dependence of the power law exponent for wavelengths greater lum.
In Fig. 7, for example, for TM scene 225/14 of 17.5.88, the
ratio of reflectances of bands 5 and 7 is shown. The mean
value of 0.92 agrees well with the maritime aerosol type,
which has a nominal value of 1.13 (see table 1). This is
ratio
maritime
continental
urban

4/5
1.17
2.72
3.64

4/7
1.32
4.34
7.59

5/7
1.13
1.6
2.08

Table 1 : Ratios of scattering coefficients of maritime, continental and urban aerosol for the central wavelengths of
TM bands 4,5 and 7.
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signal.
In order to derive a formula of the form

Pp

= A*(Rj/Rj) B

(8)
n
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Figure 7: Ratio of the reflectance values of bands 5 and
7 indicating the aerosol type of scene 225/14 of 17.5.88.
also valid for the other ratios.
The aerosol optical depth at a wavelength of 550nm for
the same scene has also been calculated (not shown). An
empirical correction coefficient of 0.6 has been applied to
the radiance values to improve the calibration. For this
clear polar atmosphere an optical depth value below 0.1
could be expected, which aggrees with those obtained
from the image.
4. CHLOROPHYLL DETERMINATION
Having calculated the aerosol path radiance, L3, the subsurface radiance, L™ in bands 1 to 3 can be calculated
using eq. (10). The following step is to -elate Lss to the
chlorophyll-a concentrations. It was found, that different
methods are neccessary for low and high chlorophyll
concentration values.
4.1 Model calculations for high chlorophyll concentrations
As shown by many authors (e.g. Réf. Il, Réf. 9) the so
called 'blue-green' ratio, defined as the quotient of the
reflectances in the blue and the green part of the
spectrum (e.g. at 440 nm and 560 nm) at O m water
depth, is logarithmically dependent on the chlorophyll-a concentration. This relationship does not hold in
turbid coastal waters (Réf. 12) but it does in Case-I
waters, where the influence of suspended nonchlorophyllous matter and yellow-substance is of minor
importance.
The blue-green ratio is chosen because the absorption
due to chlorophyll-a is at maximum in the blue part at
440 nm wavelength and at a minimum in the green part
at 560 nm. The influence of other, only weakly wavelength-dependent substances, is minimized by using this
ratio.
TM bands 1 to 3 cover the range where chlorophyll is
absorbing quite differently, however none of these bands
center exactly at the extreme of chlorophyll-a absorption. Additionally, the spectral intervals are too wide to
really match the extrema. It seems that the best solution
is to use the ratios of bands 1 and 2 or of bands 2 and 3
for detecting the chlorophyll content. The latter ratio will
be less accurate because absorption due to water in band
3 is 20 times higher than in band 1 and 10 times higher
than in band 2, which will partially mask the chlorophyll
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where pp is the chlorophyll-a concentration in mg/nv3
and Rj ; are the reflectances measured in bands i and j,
the coefficients A and B have to be derived from reflectance data with known chlorophyll-a concentrations. For
this fit two data sets were used. They are derived from
radiative transfer calculations using the model described
in Brockmann (Réf. 1). The data sets differ in the input
values for the concentration of chlorophyll-a and
suspended matter.
The first dataset consists of 50 independent random
values for chlorophyll-a concentrations, which follow a
Gaussian distribution with a mean value of 5.6 mg/rrr
and a standard deviation of 10.2 mg/m3. Negative
values were set to zero and not used for the following
analysis. The concentration of suspended matter is
partially correlated to the concentration of chlorophyll-a.
For the uncorrelated part, a random value with a mean
of 1.6 rng/1 and standard deviation of 3.2 mg/1 was
chosen. 14 cases (29% of all 50 cases) are correlated with
phytoplankton. The linear relationship has an intercept
of 0.0 and a slope of 3.5 (mgm3) susp. matter / (ml/1)
chlorophyll. These values were found from measurements by Fischer et al (Réf. 12). In the present analysis
no yellow substance was included.
The second dataset consists of 83 values for chlorophylla and suspended matter obtained during a cruise off the
east coast of Canada in May 1988. Two different
situations occurred during this cruise: one with a
plankton-bloom (chlorophyll-a concentrations higher
than 1 mg/m3) from where 69 values were taken and
one with 'normal' water (concentrations lower than 1
mg/m 3 ) with 13 measurements.
A regression analysis was undertaken using both datasets to compare the logarithm of chlorophyll concentrations and reflectance ratios was then performed with
both datasets. In the case of dataset 2 (high chlorophyll
concentrations) the scatter plot together with the
regression line for the ratio TMl /TM2 is shown as an
example in Fig. 8. For low chlorophyll concentrations (pp
< 1 mg/m3) no significant correlation can be found. The
TM bands are too wide to detect the weak signal.
However, for highe:: concentrations the correlation is
significant and the similarity of the coefficients between
both datascts shows that the regression is not affected by
concomittant suspended inorganic matter.
The dependence of the coefficients A and B on the
zenith angle of the sun is not negligible. The A values for
Rl/R2 vary roughly between 10.0 and 10.1 and the B
values between -2.165 and -2.14. The adoption of mean
values for Rl and R2 leads to a maximum change in pp
of 2.7%. The algorithm employing R3/R1 is much morfe
sensitive to solar zenith angle. In this case the
corresponding maximum change in p_ is 34.6%.
Therefore, the coefficients to be usea should be
calculated for the appropriate sun zenith angle oftho
scene.
As shown in Brockmann (Ref.l) the error of the
subsurface radiance derived with the atmospheric
correction on the basis of the mean over 25x25 pixels
amounts to 2%. The resulting relative error can be

f
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Figure 8: Réflectance ratio from bands I and 2 as a
function of chlorophyll-a concentration
calculated, assuming that the errors of A and B are of
minor importance and are also listed in Table 2 for a sun
xcnith angle of 50.7.
During the evaluation of several TM scenes it was found,
that a low pass filtering over 5x5 pixels in bands 1 and 2
is necessary to improve the signal to noise ratio to obtain
reasonable chlorophyll concentration values.
4.2 Model calculations for low chlorophyll concentrations
As already pointed out the algorithm described in section 4.1 holds for chlorophyll
concentrations
pc>lmg/m 3 only. For lower concentrations a different
approach has to be used.
Under the assumption, that the concentrations of suspended matter and yellow substance are constant
within a whole scene, the variation of the sub-surface radiance depends on the chlorophyll content only.
Furthermore, if there is no suspended matter and no yellow substance in the water, the absolute value of the subsurface radiance determines the chlorophyll concentration. Fortunately, at low chlorophyll concentration, no
suspended matter and yellow substance is normally present, in the open oceans.
Radiative transfer calculations were carried out withthe
chlorophyll concentration varying from O.lmg/m3 to
2.0mg/nv' and without suspended matter and yellow
Dataset 1
A
B
r

3pc / dp

11.3
-2.67
-0.98
0.11

Dataset 2
Dataset 2
3
pc > 1 mg/m 3 pc < 1 mg/m
10.01
0.4
-2.15
-0.14
-0.96
-0.13
O.C9

Table 2: Result of the regression analysis for the reflectance ratio of bands 1 and 2. A regression of the form
log(rc) = A + log(Rl/R2)*B was perfomed for the two
datascts (see text). The coefficients A and B, the correlation coefficient r and the resulting error are listed for a
sun zenith angle of 50.7. The errors are not not given for
datasct 2, low chlorophyll values, because the algorithm
docs not work as can be seen from the coefficients.

substance. Two different maritime aerosols with an
optical depth 5a=O.OS (very clear) and 8a=0.6 (turbid)
were used, because the solar radiance penetrating into
the water depends on the relationship between direct
and diffuse sunlight. As pointed out, band 1 hows the
most significant dependence on chlorophyll-a concentrations because chlorophyll absorption is at maximum.
Since absorption is quite a large fraction of the extinction
in the blue, radiance even decreases with increasing
chlorophyll concentration. In band 2, where the
absorption is far smaller, the radiance remains nearly
constant. This is also valid for band 3, where again the
absorption (secondary maximum) is compensated for by
increased scattering and the signal is partly masked by
the strong absorption of water molecules.
The differences due to atmospheric attenuation are significant. A radiance measurement of for example 8W/m^
sr urn below the surface caused by 0.6mg/m3
chlorophyll and an aerosol optical depth Sa=0.6
could be misinterpreted as 0.8mg/m3 using the clear
sky look-up tabla Therefore, the differences are
significant, but can be taken into account because aerosol
optical depth is known. Therefore it is possible to use
simple look-up tables which relate the subsurface
radiance in band 1 to the chlorophyll concentration.
It must be restated, that this method fails if only low concentrations of suspended matter occur.
An improvement of this method could be reached, if a
multichannel approach for the correction of suspended
matter concentration could be applied. Assuming low
concentrations of chlorophyll-a and suspended matter, a
first guess for the aerosol optical depth can be derived
from band 4. Using this value, a look-up table for
suspended matter concentration values from band 2 can
be calculated. As shown before, low chlorophyll
concentration has no effect in this band. Then, a look-up
table for chlorophyll concentrations from band 1 can be
calculated using the optical depth and suspended matter
concentration values.
Using the calculated values for the suspended matter
and chlorophyll concentrations, a new look-up table for
the aerosol optical depth from band 4 can be evaluated
and the whole procedure repeated.
5. APPLICATION
As an example for the application of the algorithms the
chlorophyll distribution is shown in a 512x512 pixels
portion of scene 225/14 of 17.5.1988 (Fig. 9). The portion
is centered at an eddy in the polar front between Iceland
and Greenland. Nutrient rich cold water from the EastGreenland current mixes with warm atlantic water of the
North Irminger current. This leads to the plankton
bloom visible in the image. The error due to the striping
has not been reduced because the calibration data on the
tape were damaged.

6. CONCLUSIONS
It is possible to derive chlorophyll concentrations in Case-I waters using Thematic Mapper data. Furthermore,
the value of TM for ocean colour studies can be viewed
from two perspectives, namely, filling in the gap between 1986 and the launch of dedicated medium resolution scanners in the near future, and comptenting these
scanner data with chlorophyll maps of a very high spatial resolution.
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Figure 9: Chlorophyll concentration derived from TM
data of scene 225/14 of 17.5.1988.
A recalibration of each detector individually is neccessary. It seems possible to achieve this by use of the internal
calibration system of the instruis - - itself.
A new technique has been developed for atmospheric
correction whereby the aerosol type and its concentration arc calculated from the TM data.
Symbols
wavelength
1
spectral solar constant
radiance measured at the satellite
sat
Ltot
radiance measured at the satellite
t03
ozone transmission
u
cosine of solar zenith angle
single scattering albedo of aerosol
<OQ
phase function of aerosol (backscattering)
P"
phase function of aerosol (forwardscattering)
P+
p
Fresnel reflectivity
direct transmission of the atmosphere
T
t
diffuse transmission of the atmosphere
S,5a
optical depth of aerosol
extinction coefficient
c
wavelength dependent part of c
c
c
height dependent part of c
b
scattering coefficient
wavelength dependent part of b
b
z
height
ps
concentration of suspended matter
concentration of chlorophyll-a
pp
p Jj
concentration of chlorophyll-a
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ABSTRACT
A spectral model of solar irradiance is combined with
a mathematical representation of the photosynthesis
- light relationship to compute oceanic primary
production in an area off northwest Africa ,
charaterized by a strong upwelling activity. The
results are shown for different protocols of
computation, including the partitioning of the area
into several provinces, each of them having a proper
set of biological and meteorological parameters.
Some examples are given to illustrate the comparison
of model results with other studies in the same area.

•\. INTRODUCTION
Among the applications of satellite data in
océanographie sciences, synoptic mapping of algal
pigments at the surface of the ocean has made a
reasonable amount of progress using radiometric
data from the Coastal Zone Colour Scanner (CZCS),
which operated from 1978 to 1986 on board of
Nimbus-7 satellite. More recently, algorithms have
been proposed to estimate marine primary
productivity from space data (Refs. 1-3). Since algal
photosynthesis represents the major carbon flux in
the ocean, applications of these algorithms at
regional and global scales will greatly improve our
understanding of the role of the ocean in the cycle of
the most important biogenic elements.
Within this framework, the Institute for Remote
Sensing Applications (IRSA) of the Commission of the
European Communities' Joint Research Center, is
conducting a study on marine productivity, as a part
of its programme on "Surveillance of the Marine
Environment".
The scope of this study is two fold:
• demonstrate the usefulness and potential of a large
data bank of CZCS products, now being archived at
IRSA as part of the "Ocean Colour European Archive
Network" (OCEAN) project;

• contribute to the Institute's "Global Change "
activity, by determining the role of the ocean,
through photosynthesis by phytoplankton in
modifying the rate of increase of anthropogenic
carbon dioxide in the atmosphere and other gases
which can affect climate.
For that purpose, we intend to use and to improve
existing models for the evaluation of primary
production from satellite observations, in order to
produce more precise estimates of integrated water
column production over a large area of the northeast
Atlantic Ocean. This area has been selected as it
represents a zone of interest for european countries,
because of the occurence of an important region of
upwelling activity along the northwest coast of Africa
and Portugal, yielding high productivity throughout
most of the year. The efficiency of these models has
already been demonstrated over large areas like the
North Atlantic (Réf. 4) and the western Mediterranean
Sea (Réf. 5) where open ocean waters dominate. The
performance of these models in highly dynamic
coastal (upwelling) areas, however, has not as yet
been investigated.
In the present work, we have tested such a model
over a small area along the Mauritanian coast to
estimate the daily rale of primary production using
remotely sensed data. After defining values for
parameters in the model, we have compared a
number of different computation schemes: uniform
and stratified biomass profile, with and without
biogeochemical provinces, homogeneous and
contrasted atmosphere. The results are discussed in
terms of their analogy with in situ measurements
from océanographie cruises.

2. CONCEPTUAL MODELLING OF
MARINE PRODUCTIVITY
The protocol used to estimate marine productivity
from space relies on the assumption that algal
photosynthesis is mainly controlled by the flux of
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photons and the amount of algal pigments that
absorb them. The biomass (i.e., concentration of
chlorophyll) is obtained from ocean colour data,
whereas the available light for photosynthesis is
deduced from radiative transfer models, both in the
atmosphere and underwater.
The two sets of
variables are then combined into a single well-known
equation which illustrates the dependence of
photosynthetic rate on the available light, the socalled P-I curve. This equation can be written as:

values are then corrected for aerosol scattering, using
an iterative calculation of the reflectances on each
pixel (Réf. 10).
This procedure allows the
differentiation between case 1 waters with low
chlorophyll < 1.5 mg.nr3), case 1 waters with high
chlorophyll (> 1.5 mg.nr3), and case 2 waters
dominated by non-chlorophyll-like particles. For the
latter case, chlorophyll concentration is approximated
from an algorithm that has been used for the Adriatic
Sea (Sturm, pers. comm.).

4. MODEL APPLICATION
P ,

. =B , . P

4.1 Hydrology and chlorophyll distribution

1-etp

(D

where a8 and PBm are the photosynthetic parameters
describing the P-I curve, B is the biomass, the term
(X) represents the available light at the surface and its
variation during the day.
Finally, the term (Y)
accounts for the variation of light as it penetrates the
water column. The model, therefore, depends on
depth, time, and wavelength.
The method to compute equation 1 is taken from
Platt and Sathyendranath
(Réf. 4). Briefly, the
biomass profile, in a vertically homogeneous water
column, is directly obtained from CZCS data. In the
case of a subsurface chlorophyll maximum,
inaccessible to satellite sensors, a theoretical profile
is assumed, and defined by three gaussian
parameters (peak, Zm; width, a; height) and a
background chlorophyll value (B0). A combination of
two parameters (height/Background, p) is empirically
related to the blue-green reflectance ratio as
computed from CZCS data (Réf. 6) relaxing the
model to the knowledge of only three parameters.
The total irradiance at sea level is computed by
Platt and Sathyendranath (Réf. 4) using a radiative
transfer in the atmosphere developed by Bird (Réf. 7),
in which the total irradiance is partitioned into direct
and diffuse components. In addition to this method,
we have used an updated version of the irradiance
model (Réf. 8), further modified by Gregg and Carder
(Réf. 9) to account for the variability of certain
atmospheric parameters over marine environments.

3. SATELLITE CHLOROPHYLL DATA
The evaluation of atmospheric effects on waterleaving radiances has been divided in two steps, with
an intermediate estimation of the reflectance after
corrections for Rayleigh scattering and atmospheric
attenuation of the electromagnetic signal. These

The area of interest lies approximately between
latitude 190N and 23°N, and between the coastline
and 22 W of longitude. This region is known to
exhibit permanent upwelling, the magnitude of which
varies, however, with the time of the year (Réf. 11),
reaching a maximum activity in spring and a
minimum in September. A major front is usually
observed around the latitude of Cape Blanc (approx.
210N) and separates North Atlantic Central Water
(NACW) from South Atlantic Central Water (SACW).
These water masses, originally located at
intermediate depth, constitute most of the upwelled
waters along the coast. North of Cape Blanc,
relatively warm, salty and low-nutrient NACW will
dominate at the surface, while cooler, fresher and
nutrient-rich SACW will prevail in the area south of
Cape Blanc (Réf. 12).

Figure 1.
Surface chlorophyll
Mauritania as seen from CZCS.

concentration

off

Figure 1 shows the chlorophyll distribution in the
area in November, which corresponds to a period of
intermediate upwelling strength (Réf. 13). A "giant
filament" of high chlorophyll concentration (0.7 - 1.5
mg.nr3) can be observed south of Cape Blanc,
extending far offshore. It does not appear to be
related to the front between SACW and NACW, but
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rather, it seems to be caused by the convergence at
the surface of the southward Canary Current and the
poleward Counter Current (Réf. 14). The highest
chlorophyll biomass is observed in a narrow band
along the coast and within the "Bane d'Arguin",
south of Cape Blanc. This area of high biomass has
been characterized from the computation as case 2
waters and, therefore, the absolute values of
chlorophyll concentration should be interpretated
with caution.
Nevertheless, high phytoplankton
biomass (chlorophyll > 20.0 mg.nv3) has often been
observed from in situ measurements in the region of
"Bane d'Arguin" (Réf. 12). The satellite image also
reveals sharp discontinuities between open ocean
waters, or "blue waters", and coastal waters. Some
interleavings between both water types produce
spectacular mesoscale eddies which will complicate
the division of this area into a set of biologically
independent provinces.

One of the protocol used here for the
computation of water column primary production
includes the division of the area of investigation into
biogeochemical provinces, in which each of the
parameters to be implemented in the model are
considered as constant.
Figure 2 shows the
repartition of these provinces, according to the
bathymetry (20Om and 200Om bottom depth) and the
distribution of water masses as explained earlier. It is
clear from the chlorophyll image (Fig. 1) that
upwelling activity north of Cape Blanc, is
concentrated mainly over the shelf and upper slope
region; limited offshore by the 20Om depth line. On
the other hand, the area between 20Om and 200Om

4.2 Biogeochemical provinces and input parameters
Solving equation 1 requires the knowledge of several
parameters that are not routinely accessible to
remote sensing techniques.
These parameters
concern the biomass profile (uniform or stratified
water column), the photosynthetic parameters, and
also meteorological variables that are necessary for
the computation of the irradiance field at the surface
(Réf. 9). Most of the in situ data used in this study
derived from French CINECA cruises and a German
"Meteor" cruise, all of them conducted during spring
time when upwelling activity is at its maximum. Only
a few data representative of the period of November
were available, and these were used as references
(Réf. 15).

Figure 2.
Identification of the
provinces in the area off Mauritania.

biogeochemical

Table 1 Selected values, for each provinces, of the biological and meteorological parameters required by the model
PROVINCES

BIOMASS VEIlTlCAL
rnt.f'lLE

PIK)TOSYNTHETIC
PARAMETERS

1

2

o(m)

0.0

0.0

5.0

Zn, (in)

0.0

0.0

50.0

P

0.0

OO

120

P« m (mgC.mgChla l.h ')

5.0

5.0

a»
(mgC.mgChla i(W.m2) l.h I)

0.05

005

4

5

6

0.0

0.0

0.0

0.0

OO

0.0

0.0

0.0

0.0

50

5.0

10.0

3.0

0.05

0.05

0.05

0.05

10

5

1

1

5

10

Avcrngcd Wind Speed Over
24h.(m.sl)

3.86

3.8

3.8

4.4

4.3

4.3

InstantaneousWind Speed
<m.s1)

3.9

4.25

4.3

5.1

482

4.82

Relative HumidilyW

80

80

80

80

80

80

Visibility (km)

15

20

25

25

20

15

17.0

17.0

17.0

17.0

17.0

17.0

AirmassType

METEOROLOGICAL
PARAMETERS

3

Air Temperature (0C)

Ï-C
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depth line can be seen as a transient zone between
open ocean waters and upwelling waters. The
biological and meteorological parameters that were
assigned for each province are shown in table ~\. On
the basis that a limited number of in situ data were
available at the time of this investigation, several
parameters have been selected based on to
océanographie studies made in various other types of
marine environments.
In most of the provinces, we have assumed an
homogeneous vertical profile of chlorophyll. This is
true for sub-regions t, 2, 5, and 6 where upwelling
activity, meteorological forcing, and a shallow
euphotic layer, all contibute to a quasi-uniform
biomass profile in the illuminated layer (Réf. 15). In
the sub-region 4, evidence of a shallow subsurface
maximum of chlorophyll (Sm-IOm) have been
observed at few stations during spring time (Réf. 16).
The maximum values of chlorophyll were, however,
not significantly different from the surrounding
values. Also, Estrada (Réf. 15) observed at 20°N and
20 W a fairly uniform profile of chlorophyll in the
photic layer with values close to 0.5 mg ChIa. nv3,
not different than those shown in figure 1. Facingome
uncertainties on the presence or not of a subsurface
chlorophyll maximum, we have preferred to assume a
uniform biomass profile over the whole sub-region 4.
On the contrary, all in situ data show a deep and
sharp chlorophyll maximum (4Sm-SOm), typical of
open ocean waters, within the province 3. To our
knowledge, no real P-I curves experiments were done
during the CINECA period. Assimilation numbers,
PmB, were selected from Minas et al. (Réf. 12)
showing the dependency of an estimated PmB with
nitrate concentration in upwelling regions of Peru
and northwest Africa. On the other hand, a value of
0.05 mg C (mgChla)-i h-1 (W.nv2)-i has been given to
a8 for all provinces, since it is considered as a typical
value
for
natural
communities
of
marine
phytoplankton (Réf. 17).
The particularity of the spectral solar irradiance
model of Gregg and Carder (Réf. 9) lies in the
variability of the aerosol distribution over marine
environment. A value of 10 for the airmass type has
been selected for the coastal areas, progressively
decreasing to 1, a typical value for open ocean
waters. The wind data have been obtained from the
European Center for Medium-Range Weather
Forecasts (ECMWF, Reading, U.K), corresponding to
the same area and period as for the satellite
estimates of chlorophyll.
Relative humidity and
visibility could not be checked from the cruise
reports we had; so that we have assumed reasonable
values of these parameters under marine conditions.
The reduction of visibility toward the coast is to
account for an increase of evaporation and
moisturization of the atmosphere as we approach the
coast line.

5. RESULTS AND DISCUSSION
On a first run (RUN 1), the model of marine
productivity has been tested without differentiation
of biogeochemical provinces. A uniform biomass
profile was assumed everywhere in the area of
investigation and the photosynthetic parameters were
set as constant values: 0.05 mg C (mgChla)'1 h-1
(W.m-2)-i for a8, and 5.0 mgC.mgChla-i.h-i for Pms.
Solar and sky irradiantes at sea level were computed
from Bird's model (Réf. 7) which does not take into
account the meteorological parameters specified in
table 1. As a result, the map of primary production
(fig. 3a) shows some similarities with the chlorophyll
contours (fig. 1) derived from satellite image. Since
biological and light conditions were assumed to be
uniform, the spatial variability of the integrated water
column production is only due to differences in the
chlorophyll concentration as seen by the satellite.
Maximum values of primary production, 2.0 - 2.5
gC.nr2 .d-1, are observed very close to the coast
line, north of 210N and south of 20°N. However,
values ranging from 1.5 to 1.8 .gC.nr2.d-1 are more
general over the shelf area, limited offshore by the
50m bottom depth line. At the shelf break and slope
region, productivity values range from 0.7 to 1.0
gC.m-2 .d-1 for the region north of 210N, and 1.0 to
1.3
gC.m-2.d-1 south of 210N.
From in situ
measurements (Réf. 12), an opposite trend is usually
observed, with higher productivity at the shelf break
as compared with stations near the coast line. A
lower efficiency of photosynthesis by phytoplankton
near the coast would result from self-shading by high
concentration of pigments and the presence of nonbiogenic particles.
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of this application, table 2 shows that the values
obtained with RUN 1 are definitly lower than the
values estimated by Bricaud et al. (Réf. 13) for the
same areas and from the same satellite-weighted
chlorophyll data . These authors have used a sitespecific algorithm to retrieve primary production
from CZCS tla'd.
Table 2: Averaged values of primary production in
north and south of 21°N.
North
of 210N

South
of 218N

0.86

1.34

RUN 1

0.50

1.05

RUN 2

0.8-0.9

1.3

RUN 3

0.75

1.4

Bricaud etal. (1987)
Present Data

Figure 3. Computed primary production from
different model testing : (a) RUN 1, (b) RUN 2, (c)
RUN 3 (see text for explanation).
In situ measurements of primary production during
CINECA cruises were usually concentrated within the
shelf and slope regions. Around Cape Blanc Minas et
al. (Réf. 12) reported an averaged value of 2.4 gC.
nr2 d'1. Our values in this area range from 0.8 to 1.7
gC.nr2.d-1, with an average of 1.0 gC.nr2 d'1
which is significantly lower that their studies. On the
other hand, our values do not differ from Estrada
(Réf. 15) who reported, value of 1.0 gC.nv2.d-i
within the same area off Cape Blanc. From this, it is
obvious that the power of a comparative study
between production values, even though they have
been averaged over small area (< 100 km), is
considerably reduced in a region
showing
complicated formations of mesoscale (> 100 km)
eddies and meanders which are likely to behave
differently from year to year. A better idea of the
efficiency of our model would be given by comparing
averaged values of production for large areas, e.g.
north and south of 21 N in the whole image. In view

In a second test (RUN 2), the model was not
modiTed except for the computation of total
irrf'idr.ce at sea level which was improved on the
basis of two recent studies (Refs. 8, 9). As no
provinces were defined, we selected constant values
for the meteorological parameters required by the
model (see list in table 1). Airmass type was fixed to
1 and visibility to 25 km, whereas the values of wind
speed were taken from ECMWF at 21°N and 190W.
The results (fig. 3b) shows higher production values
within the whole area as compared with RUN 1.
Over the shelf, values between 1.9 and 2.3 gC.m2
.d'1 are now commonly observed. Around the
region of Cape Blanc, the model estimates a mean
value of 1.7 gC.m-2.d-i which is closer to the the
value of 2.0 gC.m-2.d-i reported during CINECA
cruises and considered as a typical value of primary
production in this area (Réf. 12). More importantly,
however, is the very close agreement obtained in
averaged values of production in both areas, north
and south of 21°N, between RUN 2 and the model
used by Bricaud et al. (Réf. 13).
Finally, the model (RUN 3) was applied to our test
area after its segmentation into six provinces as
described earlier. To each of these provinces were
attributed the parameters specified in table 1. The
resulting map of primary production (fig. 3c) now
looks rather different, although similarities with the
chlorophyll image are still present. The averaged
daily rate of pho*osynthesis in the areas north and
south of 210N (table 2) are still compatible with the
study of Bricaud et alw (Réf. 13). However, the
distribution of the values differ from RUN 2,
particularly south of 210N.
The phytoplankton
production within the "Bane d'Arguin" (1.5 - 1.9
gC.nr2.d-1) decreases compared to RUN 2, to reach
the values initially obtained with RUN 1. This is the
result of a combined effect of a lower photosynthetic
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efficiency and a lower visibility that have been
allotted to this area. On the contrary, productivity
increases in the region between 20Om and 200Om
depth lines with values up to 2.3 - 2.5 .gC.nv2.d-1 .
Such high values have also been observed by Estrada
(Réf. 15) south of Cape Blanc and over the shelf
break, between the 50m and 20Om depth lines. The
importance of the shelf break for phytoplankton
productivity has been mentioned on several
occasions in other studies, suggesting that a
reorganization of our biogeochemical provinces and
their respective parameters should be made to
include the 50m depth contour in the model.

6. CONCLUSION
This work clearly shows that calculation of ocean
primary production at large horizontal scale is
possible, applying a so-called analytical model in
highly dynamic environment such as upwelling
systems where, so far, only site-specific model could
give reasonable results.
The assumption of
uniformity of the biological parameters and the
atmospheric conditions gives a good approximation
of the absolute values of the daily rate of primary
production.
However, the spatial distribution of
these values remains dependent of the chlorophyll
concentration. As a result, the production is slightly
overestimated near the coast line where the
efficiency of photosynthesis should be reduced by
self-shading from the phytoplankton itself and from
other types of particles.
On the other hand,
phytoplankton
productivity
is
probably
underestimated at the shelf break where upwelling
activity is maximum, carrying up new nutrients into
the illuminated layer and, thus, increasing the
efficiency of photosynthesis. Our model test with
RUN 3 illustrates such plankton dynamics, although
further adjustements are needed, particularly, in the
choice of the biogeochemical provinces.
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KEY PROBLEMS OF GLOBAL ECOLOGY AND THE INTERNATIONAL SPACE YEAR

K.Ya. Kondratyev
Scientific Research Center of Ecological Safety
St. Petersburg Center of Russian Academy of Science

ABSTRACT
The principal purpose of the International Spase Year
has been to stimulate further development and application of remote sensing techniques for solving the most
important environmental problems. In this connexion an
attempt has been undertaken to substantiate priorities
of global ecology and on the basis of such a substantiation to consider requirements to observational systems.
1. SCIENTIFIC OBJECTIVES

VV1 '

1

By the end of the 20th century, mankind has entered the
period of its development when a prediction of V.I. Vernadsky, a great Russian scientist, that human activity
becomes a geological-scale forcing able to change the
work), by bringing it on the verge of ecological catastrophe, has become quite realistic (Kondratyev, 1992a, b;
Marctiuk, Kondratyev, 1992; Marchuk et al., 1992) It is
this that determines an exclusive urgency of the problems of global ecology and posing of a concept of the
human values priorities. Well known are the problems
of global climate and ozone layer changes, deforestation
and desertification, acid rains and their impact on the
biosphere, pollution of the atmosphere, soils and ocean.
These problems manifest themselves through the biospheric dynamics which precisely determines the closed
nature of global cycles of matter, due to biodiversity.
The reality of global changes determines, first of all, the
need of substantiation and development of an optimal
observational system, in which satellite-borne observational means must play the key role (Kondratyev et al,
1992). At the present, plans are being made and realized
of the development of a global observational system
based on the use of both conventional and satellite
observational means. There is no doubt, however, that
the development of expensive observational means,
without a clear understanding of their objectives (without
problem-orientation) will lead to obtaining information,
which may be excessive in one respect and deficient in
others. All this brings to the front line the problem of
planning an optimal observational system, in general,
and its satellite component, in particular.
An announcement of the year 1992 an International
Space Year favours a successful solution of the problem
of planning and accomplishing a global system of ecological observations. Of the first priority are developments and applications of remote sensing techniques to
solve the following problems: (i) global vegetation
dynamics; (ii) atmospheric greenhouse effect; (iii)
ocean-atmosphere interaction; (iv) global dynamics of
ozone, in polar regions, in particular; (v) bioproductivity
of the World Ocean; (vi) processes of deforestation and
desertification; (vii) polar ice cover dynamics.

Solution for numerous and various ecological problems
must be based on the use of information obtained with
help of a global system of observations, combining both
conventional and satellite observational means, with the
latter prevailing, bearing in mind the scale of the processes and phenomena under study (Losev et al., 1992).
The key problem connected with the creation of a global
system for ecological observations is a provision for its
adequacy and optimal characteristics (Kondratyev,
1992a, b). In this connection, an analysis has been made
of the requirements to the characteristics of space-borne
instruments to solve various ecological problems. Analysis revealed a substantial coincidence between the
requirements to the most important characteristics of the
observational remote-sensing systems (spectral channels, scanning geometry, spatial and temporal resolution, etc.).
As an illustration of an approach characteristics of the
TM (thematic mapper) MSS (multispectral scanner) and
CZCS (coastal-zone colour scanner) have been consitered from the point of view of their correspondence to
the requirements of ecological problems. Unfortunately
such requirements (spatial and temporal resolution etc.)
have not been specified precisely enough as yet.
Therefore it should be emphasized that quantitative
assessments considered below are of very preliminary
nature.
All the ecological problems to be solved have been
classified into four groups: I - oceanology, Il - hydrology,
III - geology, IV - forestry and agriculture. Two
approaches to the solution of the problem of multi-purpose optimal remote-sensing system have been discussed (Kondratyev et al., 1992a). The first, informational approach is based on the construction of the space
of requirements and application of a modified scheme
of the factor analysis in order to determine the key
requirements which would maximize the criterion of the
information content. The second approach is connected
with an assessment of economic efficiency of the
observational system, which is determined by the fact
that the space-borne remote-sensing system must be
financed by the economic branches interested in the
respective information. The multi-purpose application of
the observational data necessitates the solution of the
problem of the optimal planning of observational systems, based on maximized total index of économe efficiency. The mathematical method of optimization with
the help of Bulev programming serves the basis for the
economic approach.
Optimal schemes of multispectral measurements in the
interests of the four groups of problems have been substantiated (Table 1). A 7-channel remote-sensing
scheme has been developed in the interests of group I.
Six of the seven channels of this scheme are shown to
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Six of the seven channels of this scheme are shown to
correspond to the CZCS characteristics. Small differences in the boundaries of the spectral intervals are
explained by that the scheme of the scanner does not
take into account the needs of some users of information
and spectral optical characteristics of the atmosphere.
The channel 0.62 - 0.64 urn is absent in the CZCS,
though it is needed to solve some problems in the ocean
surface studies.
Some other shortcomings of the respective multispectral
complexes are mentioned. So, for example, to solve
group of problems IV1 data of measurements in two
narrow spectral intervals 0.55 - 0.57 um and 0.76 - 0.78
um are needed. However, the functioning complex does
not provide such information. For groups I and II, information is needed from narrow spectral intervals 0.64 0.69 um and 0.62 - 0.64 urn.
Experts in geology, forestry and agriculture are interested in data obtained in the wide spectral interval 0.62
- 0.70 )im, which can be realized by combining two preceding intervals. In the existing instruments MSS and
TM, there is a channel - analog to such a combined
spectral interval. Information obtained with the TM
agrees best with the requirements of group III and much
worse with those of group II.
The MSS still worse meets the needs of information
users. It does not provide infomation for spectral interval
0.42 - 0.51 um, while channels 0.62 - 0.67 um and 0.67
- 0.74 tun are combined in one channel. Data for MSS
channels 0.70 - 0.80 um and 0.80 -1.10 um are strongly
affected by the atmosphere.

framework conventions may not be considered as
satisfactory enough).
2.

A decisive change of the international political
atmosphere which has recently taken place puts
forward a problem of the creation (under the UN
auspices) of a unified global observing system for
ecological monitoring (including both satellite and
conventional means of observations) on the basis
of much deeper international cooperation. There is,
for instance, no justification for the existence of six
independent national systems of global satellite
meteorological observations, although, of course,
specific national contributions from various countries should be appreciated.

3.

A coordinated programme of large-scale regional
field experiments in various key regions should be
worked out on the basis of the assessment of
regional ecological priorities. Europe should occupy in this respect a very important place as a continent with highly developed industry and agriculture under conditions of high population density.

In summary, there is a great need in working out of an
adequate programme of post-ISY development.
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Further efforts should be undertaken to reach better agreement on priorities of global and regional
ecology (the lack of such an understanding has
been the principal cause why the basic UNCED
documents like Earth Charter, Agenda 21 and the
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ABSTRACT
Mathematical modelling and remote sensed data (CZCS)
have been jointly applied to study upwelling phenomena
and cross-shelf transport in the Northwest African upwelling
zone (study window 23 0 W, 150W / 190N, 250N ). Three
events have been investigated for which CZCS time series
could be made available (Dec 83, Mar 84 and Oct 84). A
3-D mathematical model has been applied for the simulation of the hydrodynamics on the continental shelf, shelf
break and part of the deep sea. Results from the numerical
model aie compared with the simplifying EKMAN theory
for cross-shelf transport. The numerical studies habe been
performed for three cross-shelf sections (210N, 22.50N and
24 0 N) in the NW African upwelling region. The cross-shelf
transport of organic carbon has been calculated by using
CZCS-derived particulate carbon concentrations and crossslope volume transport from the numerical model.
Keywords: NW African upwelling region, mathematical
modelling, CZCS data, cross-shelf transport of POC.
1. INTRODUCTION
Remote sensed data have proved to be mandatory for large
scale environmental studies (in particular for global change)
as they can provide continously synoptic data for large marine and terrestrial regions. A demonstration of the remote
sensing capabilities is actually given by the flow of data coming from ERS-I, the European Radar Satellite launched in
1991. However, a significant number of remote sensed data
recorded in the past are exploited only partially up to now.
This statement is valid in particular for the CZCS data taken
by NIMBUS-7 (active between 1979 and 1986) which are
processed now in the frame of the OCEAN project, a joint
undertaking by the Joint Research Centre of the Commission
of the European Communities and by the European Space
Agency ESA (see Réf. 1).

response to mainly longshore wind which causes an upward
transport of cold, nutrient-rich oceanic waters over the shelfbreak and into the coastal zone.
The influx of nutrients stimulates primary productivity thus
making upwelling zones extremely important for the regional
marine ecosystem. Due to the high fertility the quantity of
organic material available for exporting from upwelling zones
to adjacent deep waters or through loss to shelf sediments
is 10 to 100 times higher than in other ecosystems (Réf. 3
and Réf. 4). Hence, estimating the export of shelf primary
production (which is driven by the hydrodynamics) to the
open ocean is considered to be important for climate change
studies as it has been suggested as a significant pathway in
the sequestering of atmospheric carbon to the ocean interior.
The hydrodynamic structure across the shelf during upwelling events is characterized by an offshore flow in the
upper layer (30 - 4Om) and onshore flow in the bottom layer
over the shelf extending to a depth of 20Om on the slope.
Longshore wind stresses cause an equatorward coastal jet
compensated by poleward countercurrents. This complex
three-dimensional flow structure may also vary significantly
at different latitudes as the shelf/shelf break geometries can
be different (see Fig. 2). Hence " a priori" it cannot be
assummed that the simplifying EKMAN transport formula
can be applied to quantify cross-shelf transport and the related export of particulate organic carbon (POC) which is
obtained from the remote sensed chlorophyll pigment concentration. Thus a 3-D hydrodynamic model has been applied to investigate the flow field for the entire region (continental shelf, shelf break and deep sea) in order to support the
interpretation and application of the relevant remote sensed
data for the Northwest African upwelling region.
2. SHORT DESCRIPTION OF STUDY AREA

CZCS data play a major role in our studies of physical and
biological processes in the Northwest African upwelling area,
as upwelling zones are particularly well suited for marine
monitoring by satellite. Upwelling processes produce significant large horizontal gradients of chlorophyll concentrations
and temperature in the sea surface layer. Examples for satellite derived sea-surface temperatures (AVHRR data) and
chlorophyll-like pigment concentrations (CZCS data) have
been published recently in (Réf. 2). Upwelling is the ocean's

The area off NW Africa between 19 ° N and 25 ° N and
15 ° W and 23 ° W (see Fig. 1) has been chosen for the
studies described hereafter because CZCS time series could
be made available for three distinct episodes in December
1983 (Dec 10, 19, 20, 25 and 26), March 1984 (March 14,
15, 16, 19, 20, 21, and 25) and October 1984 (Oct 15, 16,
21, 22 and 27). The shelf geometry in the northern part of
the study area is characterized by a relatively broad conti-
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Fig. 1: Location of the study window
nental slope and a moderate shelf break whereas the Cape
Blanc region exhibits a significantly smaller shelf followed
by a steeper shelf break. The cross-shore topographies of
three different sections (see Fig. 1) in the study window are
shown in Fig. 2 (the topographies are approximated from
chart No. 837 of the Deutsches Hydrographisches Institut
(DHI), Hamburg). The three sections have been selected for
the quantitative comparison of cross-shore transport calculated by a) the EKMAN theory and b) by the numerical
model.
3. METEOROLOGICAL DATA
Wind data were available for one location in each section
(Section 1: 21 ° N / 18 ° W, Section 2: 22.5 ° N / 18 ° W
and Section 3: 24 ° N / 16.5 ° W). The data have been provided by the European Centre for Medium-Range Weather
Forecast (ECMWF) at Reading UK. The wind data have
been got by means of an analysis of observations and a 6
hour forecast by means of a numerical model (Réf. 5). The
wind stresses used in this study are the daily wind stresses
at 12UTC. Wind data for those days when no information
was available hav<. been obtained by linear interpolation between the values for the day after and the day before. As an
example in Fig. 3 the wind stresses are shown for December 1983, March 1984 and October 1984 at 21 ° N, 18 ° W.
Please note that the wind stresses are transformed into an
onshore and an offshore component (according to the orientation of the sections given in Fig. 1) which do not coincide
with the West - East and North - South axis. The data for
22.5 ° N / 18 ° W and 24 ° N / 16.5 ° W, respectively, do
not differ qualitatively from the data shown in Fig. 3 for the
three months considered. Wind stresses for 2 4 0 N / 16.5
0
W are more parallel to the coast-line, however smaller in
magnitude compared to the two southerly positions.

V, \

4. NUMERICAL MODEL
A numerical model for the simulation of regional sea circulation pattern has been developed in the framework of a combined effort of remote sensing and mathematical modelling
at the Joint Research Centre in order to promote the integration of remote sensing, in situ measurements and computational model results for providing a comprehensive image
of the marine environment.
The numerical model combines features of other models
tested in a preliminary phase (see Réf. 6 and Réf. 7) and
additional features felt to be necessary for creating a tool
which is adequate for the intended applications. The version used for this study may be described in general terms
as follows. It is a prognostic baroclir.ic model, for shallow
and deep sea applications, based on the primitive equations,
the hydrostatic approximation and the Boussinesq assumption with respect to the effect of variable density. Transport by turbulence is computed with the turbulent kinetic
energy obtained from the corresponding transport equation
and a mixing length assumed to vary in depth as function
of the mixed layer and the bottom friction layer thickness.
Account is taken of turbulence damping by density stratification. Turbulent transport near the sea bottom and the sea
surface, respectively, are described using a prescribed velocity shape function in the bottom and surface adjacent grid
element. A staggered C-grid is used for the spatial discretisation. Time step splitting - i.e. computing the explicitly
formulated water elevation in micro-time steps, computing
all (implicitly formulated) vertical variations in macro-time
steps - optimises the required computer time. For stability
with respect to the Coriolis force optionally a rotation matrix connection of the two momentum equation components
may be used. The computation of the baroclinic effects is
based on separate transport equations for heat and salinity.
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Fig. 2: Cross-shore topographies for Section 1, Section 2
and Section 3
The numerical simulation of upwelling phenominae requires
a relatively fine discretisation of the vertical water column.
Moreover, the horizontal resolution should permit the identification of the physics of the flow field on the shelf and over
the shelf break. In addition the off-shore boundary has to be
put far away from the coastline (1000 to 2000 km) in order
to avoid the boundary conditions to disturb the flow field
in the upwelling zone. In order to guarantee an economic
relation between real time and required CPU time a nonhomogeneous grid has been defined in the vertical as well as
in the horizontal plane.

Although the maximum depths reach more then 400Om in all
three sections the maximum depth in the numerical model
is set to 100Om because it can be assumed that the hydrodynamics in these deep sea areas are neglibile on the time
scales considered in this study. The vertical discretisation
chosen divides the upper 10Om of the water column into layers of 2m thickness. The layer thickness is increased then
continously downward where the bottom layer thickness is
about 20Om. The discretisation for Section 1 for example is
denned as follows: 2, 4, ... , 98,100,104,110,116,122, 136,
150, 164, 178, 192, 208, 232, 256, 280, 304, 330, 356, 384,
413, 475, 545, 621, 706, 800, 100Om. The horizontal resolution in cross-shore direction is 1km over the shelf and further
off-shore increased by a factor of 1.1 The long-shore grid size
is taken to 30km throughout the computational domain.
5. SIMULATED CASES
The main objective of the investigation presented in part in
this paper has been the joint application of remotely sensed
CZCS data and the results cf the numerical model for an
estimation of off-shelf transport of POC. In a previous paper
(Réf. 8) we have described the procedure how to derive mean
concentration of chlorophyll from CZCS data and furtheron
POC concentrations from the chlorophyll data. These data
have been used for the calculations described hereafter.
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The model spin up for each Section was achieved by a wind
forcing of 10 days with the monthly averaged wind shear
stress which was got from the ECMWF daily wind data (see
above) and with an initial temperature field similar to that
one given in Réf. 9. For the calculations described herein the
salinity was approximated by a linear relationship with the
temperature assuming the water to be a mixture of North
Atlantic Central Water (NACW) and South Atlantic Central
Water (SACW); see Réf. 10, Fig. 23.
After spin up the model has been forced with the daily wind
shear stresses which have been linearly interpolated between
12UTC of two successive days. The cros* shore mass transport normal to the coast can be estimated by means of the
EKMAN formula:
MB = Tiong/f

Table 1: Monthly average volume transport (m 2 s~ J ) as calculated by eq. (2) - a) - and by the numerical model - b)
Section 1

Section 2

Section 3

Dec 83

a) 1.14
b) 1.14

a) 0.88
b) 0.93

a) 0.59
b) 0.63

Mar 84

a) 1.32
b) 1.32

a) 1.24
b) 1.24

a) 0.85
b) 0.84

Oct 84

a) 1.40
b) 1.40

a) 1.33
b) 1.32

a) 1.08
b) 1.07

(1)

where Tiong is the longshore wind-stress component and f
the Coriolis parameter which calculates to f = 5.23*10~5, =
5.60*10~5 and = 5.93*10~5, respectively for the three latitudes (21 N, 22.5 N and 24 N). The same wind forcing would
result in an EKMAN transport with a value at the southern position about 113% of that at the northern station. In
a first series of computations the monthly mean cross-shore
EKMAN volume transport QE (computed with daily windstress data) has been compared with the cross-shore volume
transport QML in the mixed layer at the 20Om isobath calculated by the numerical model. Qg and QML, respectively,
are got by eqs (2) and (3).
(2)

with pw the density of water

(3)

with u(z) the cross-shore velocity profile aad ZM the mixed
layer depth. The mixed layer depth was calculated by verifying the kinetic energj Jt^ at each computational point in
the vertical, starting from the sea surface. The last point
where k B > 0.5*10~5 m2/s2 is considered to be the "end"
of the surface mixed layer. In Table (1) the results of the
comparison are summarized. The numerical data compare
very well with the EKMAN data, for the three Sections and
the three months considered in this study although BKMAN
depth and mixed layer depth might be different. However,
the mixed layer depths obtained from the numerical model
are within the range of EKMAN depths given in Réf. 11
(Table 9.1) for comparable wind forcing.
In a second step we have confronted the daily values for
cross-shore EKMAN mass transport with the corresponding
numerical data for the surface mixed layer. Some results
for Section 1 and Section 3 are shown in Fig. 4 and Fig.
5. The model data are generally in good agreement with
the EKMAN values. The deviations from the theoretical
data might be due to the dynamics of the system which
is not taken into account by the simple EKMAN formula.
Moreover, the changing gradient for the increment in wind
stress and wind direction at 12UTC each day could result
in some fluctuations in the flow field. However, we conclude
that the numerical model simulates quite satisfactory the

Fig. 4: Cross-shelf mass transport at the 200 m isobath of
Section 1 for Dec '83, Mar '84 and Oct '84; EKMAN data
and numerical results
'' •¥

61

4DOO.

dynamics as it can be assumed that the EKMAN theory to
which the model is compared approximates sufficiently well
the transport behavior in this off-shelf area where the sea
bottom is at 20Om depth.
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Based on an adequate numerical model for the hydrodynamics it is possible to estimate the cross-shore transport of POC
which is obtained from CZCS data (Réf. 8). The POC data
have been calculated from the satellite derived mixed layer
chlorophyll concentration C Jal in the slope region (see Réf.
8). The results are summarized in Table 2 for the three time
periods considered.
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and numerical results

Table 2: Chlorophyll and participate carbon concentration
in the slope region of the study window (Ref 8).
Time period

Cjat

POC

[mg chl m~ 3 ]

[mg C

10 - 26 Dec 83

1.2

119

14 - 25 Mar 84

1.3

121

15 - 27 Oct 84

1.1

116

70 O
0.,

Fig. 6: Cross-shelf transport of POC at the 200 m isobath
for section 1 and Section 3 for each of the CZCS time series
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Assuming approximately horizontal transport and negligible horizontal fluxes across the meridional boundaries of the
Sections the net horizontal advective flux of POC into the
oceanic part may be estimated for each of the CZCS time
series from the cross-slope volume flux at the 200m isobath
by eq. (4):

«000.
3900
9000.
2300.
2000
tsoo

fS,

•^

Js1

<Qn* POCdS

1000.

(4)
300.
O.

where Qn is the volume flux, which can be approximated
by eq. (3) and POC is computed from the satellite derived
mixed layer chlorophyll concentration in the slope region (see
Réf. 8). S is the length of the off-shore boundary. In Fig. 6
the results are summarized for Section 1 and Section 3.
Based on a more complete series of CZCS images the annual
cycle of cross-shelf transport of POC could be estimated,
adding an additional piece of information for the global carbon cycle.

200 •> Isobath

-MO.
_75_«_l*Jb«lh
-1000.

3000.
2300.
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LIMITATIONS OF EKMAN THEORY

1500
1000.

From the results presented above the advantage of a complex
numerical model might be doubted. However, the limitations
of the EKMAN Theory have to be taken into account (see
Réf. 11, p 117). The important constraints of the theory in
regard to the work presented in this study are the following:
a) assumption of infinite depth (in general no boundaries are
considered), b) steady state solution and steady wind, and
c) no thermohaline effects are considered.
Fig. 7 shows the cross-shore transport at the 20Om isobath
and at the 75m isobath, respectively. Cross-shore transport
at the 20Om and 75m depth line correlate well for those periods when the wind is not strong enough to form one mixed
layer from top to bottom at the 75m line. In the case of a
unique mixed layer cross-shore transport in the mixed layer
at 75m decouples from the transport at 20Om. On the slope
where the surface mixed layer and the bottom friction layer
are no longer separated the cross-shore transport cannot be
described adquately by eq. (1). This effect might be of some
importance for the biological processes on the slope as nutrients transported in the onshore current close to the bottom
could reach the euphotic zone faster by vertical mixing than
by advection via the onshore flow path.

300.

O
-500.
-1000.

Fig. 7: Cross-shore mass transport at 75 m isobath and 200
m isobath in Section 1, Mar '84 and Oct '84

CONCLUSIONS
Mathematical modelling has been applied successfully together with CZCS data for estimating cross-shore transport
of POC for three sections in the upwelling region off-shore
NW Africa. Although the EKMAN Theory describes sufficiently well the wind-induced transport across the shelf
break the application of a mathematical model is recommended as it is capable of simulating the dynamics on the
continental shelf, over the shelf break and in deep waters.
Moreover, mathematical modelling can support the interpretation of particular phenomenae detected by remote sensing
by providing information for the hydrodynamics of the specific marine area. Future applications of mathematical modelling for the NW African upwelling region should comprise
the whole area in order to get a more complete understanding
of the complex hydrodynamics. However, an optimisation of
the numerical grid is mandatory as the vertical resolution
chosen for this study may lead to an unacceptable relation
of real time to CPU time when applied for the whole region.
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CAN MEASUREMENTS IN THE 0,A- AND B-BANDS ARE USED FOR ATMOSPHERIC
CORRECTION OF SATELLITE MEASUREMENTS OVER THE OCEAN?

B. Pflug, B. Piesik, G. Zimmermann
DLR - German Aerospace Research Establishment
Institute for Space Sensor Technology
Rudower Chaussée 5, 0-1199 Berlin

ABSTRACT

2. VARIATIONS OF OCEAN SURFACE REFLECTION

It is shown that ocean surface reflection
under typical measuring conditions causes a
non-negligible contribution to the measured
total reflectance of the system atmosphere/
ocean. Ocean surface reflectance can be
evaluated by using measurements in the 0,ABand around 762 nm. The accuracy is
estimated to be of order 10-15%. This
accuracy requires measurement and modelling
errors to be less than about 1%.
At the present state of our knowledge the
question, whether B-Band measurements are
useful for improved atmospheric correction
can not be finally answered.

In the NIR there is strongly reduced
contribution to the radiance from below the
surface (except in waters of high sediment
concentration) because of the strong
absorption of water in this region (black
water condition). So measured radiances in
the NIR depend mainly on the aerosol optical
thickness TA and on ocean surface reflection
(itself correlated with wind speed v).

Keywords:

atmospheric correction, aerosol
retrieval, O^-Bands, ocean
remote sensing

Table 1 shows simulated reflectances of the
System atmosphere/water in the NIR
(X=880nm, atmospheric
watercontent
neglected) for Nadir viewing
(observation
angle 9=0°). Reflectances R are connected
with radiances L through

(D

1. INTRODUCTION
The quantitative interpretation of ocean
colour measurements from satellite in the
VIS/NIR requires good correction algorithms
for aerosol scattering and for ocean surface
eflection. Such algorithms operate usually
.L.] three steps:
- the evaluation of aerosol optical
thickness TA and their wavelegthdependence from radiance measurements
in the NIR assuming some possible
value of ocean surface reflection
[Refs. 2,4],
- the extrapolation of the NIR-optical
thickness TA to the VIS-channels and
- the correction of VIS-radiance for
rayleight- and aerosol-effects.
The present paper discuss the possibility to
use measurements in the O^A-Band to split
NIR-radiances into atmospheric and surface
parts in the first step of atmospheric
correction procedures.
At the end of the paper the idea is pointed
out to use also measurements in the 02B-Band
for atmospheric correction of satellite
measurements over the ocean.

where Ec and 0s denote the extraterrestrial
solar irradiance and the sun zenit angle.
The matrix-operator program [Réf. 3] we used
for the simulation calculates the ocean
surface reflection from the formula of Cox
and Munk [Réf. 1]. The contribution of foam
to the ocean surface reflection at higher
wind speeds was not taken into account. Foam
acts to enhance this surface effect.

&
38.8"

44.4°

53.1°

Tab.l

TA

V

O

0.1

0.3

O
7
11
14

0.0059
0.0198
0.0278
0.0308

0.0124
0.0253
0.0320
0.0347

0.0258
0.0365
0.0415
0.0434

O
7
11
14

0.0062
0.009-8
0.0159
0.0199

0.0123
0.0162
0.0215
0.0250

0.0255
0.0296
0.0337
0.0364

O
7
11
14

0.0067
0.0075
0.0102
0.0132

0.0135
0.0147
0.0173
0.0199

0.0287
0.0303
0.0325
0.0346

reflectance of the system atmosphere/
water surface in the NIR without foam
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Tao-e '„ shiws that especially at higher wind
speeds v ai:d for smaller sun zenit angles 0
•.he variât.ons of reflectance due to ocean
surface reflection and due to atmospheric
s c a t t e r i n g are of the same order of
T.ag.iitude. Even for 0=53.1° the variations
-, f ccean surface reflection (due to
different wind speeds) are comparable to
variations of reflectance due to aerosols.
So the ocean surface reflection is negligible only for tilted observations at lowwind speed measurement conditions.
The c o m m o n methods for a t m o s p h e r i c
correction evaluates aerosolparameters from
the NlR-measurements neglecting contributicns from the rough and foam influenced
ccean surface [Réf. 2] or use an predefined
value for rhe ocean surface reflection [Réf.
4) . In both cases this can result in large
errors in -r and their wavelength-dependence. In coastel waters with high sediment
n.r.centrat ion the common methods can't be
used.

3. PRINCIPLE CF REFLECTANCE SPLITTING USING
MEASUREMENTS IN THE O A-BAND

Measurements in the 0,A-Band around T62 nm
are suitable to separate aerosol backseattering from the ground contribution (ocean
surface, foam and water radiance due to
sediments) to avoid these problems. Those
measurements are useful not only for
atmospheric correction of satellite data
over the ocean, but also for aerosol
monitorina.

\x

The coefficients of the equation system (2)
depend only on the absorption a., of the 0,molecules and can be calculated because O.
belongs to the uniform mixed gases with a
constant known absorber amount.
R"' and R may be derived from (2) because
the determinant of the system is different
from zero.
In reality the aerosols are not located in a
small single layer of known height.
So to
split the total reflectance in Rv and R it
is necessary to use some more (M>2) measurements and to derive from these measurements
also some information about the height
distribution of the aerosols. The M
measurements can be related to the unknowns
approximately by a Fredholm Integral
Equation of the 1. kind in discrete form
(3)

where the Kernels K
depend on the
absorption due to the 0,-molecules and
x.=x(t.) is a function depending an T'' (t ) and
R".

4. INVERSION RESULTS FOR MEASUREMENTS IM THE
0,A-BAND

aerosols at 1=1/2

t=P/Po

Fig. 1: Light-scattering in the system

atmosphere/ocean
The basic idea of the 0,-method is due to
the fact, that the light backscattered by
aerosols and reflected from ocean goes
different long ways through the atmosphere.
It is therefore effected by different strong
absorption due to 0,.
For a simple model (see Fig. (I)) let us
assume that all aerosols within the
atmosphere are concentrated in a thin layer
of known height (t=^ in figure 1, t=p/p ,
p:= pressure at height z, p::= pressure at
ocean surface) . This leads to the simple
system of algebraic equations
SAI'

(2)

cos9

where R, R', R" and ^R denote the total
reflectance, the reflectance backseattered
from the atmosphere/ the ocean reflectance
and the (in this discussion not considered)
measurement errors. The first measurement at
the window-wavelength A... is carried out
close to the band while the second wavelength A represent the maximum absorption
region of the 0,A-band.

Some experimental results about inversion of
(3) using measurements of MKS on board
SALUT-7 are demonstrated earlier (see for
instance [Réf. 6]). We now have tested a new
algorithm for MKS-Data inversion, suggested
by Badaev (to by published) for quite
different atmospheric/ surface conditions.
Because of rather poor information about
aerosol vertical distribution statistics,
which is important for inversion of (3) as
a-priori-knowledge, there is at present no
final answer about possible accuracy of
inversion. The tested algorithm use only the
a-priori knowledge, that x(t.) must be a
monoton function.
It is convenient for the discussion to
transform the x(t,)-profiles to F(t )profiles via

RO. J

•E

(4)

For the F(t )-profiles the value F.=F(C..= 1)
represent the percentage of ocean reflection
R" relative to the total reflectance R(X..).
Results of the retrieval of 3 assumed Fprofiles representing the cases where all
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af.-.-"3~ls are equal distributed near the
ground :r, •_:.•:• interval te;. 6,1] (esse 1), in
t£;.6,;; ( .-.-ije 2) and in the stratosphere an
t€ .' . 05, . 1 !i • (case 3) are show in F.g. 2.

The investigations demonstrated in figure 2
were carried out for errorless reflectances
simulated in single scattering approximation. Further numerical investigations led
to the conclusion, that the evaluation of
ocean
reflectance is possible with an
accuracy of 10-15% if. the total errors
amount less than about 1%. This demand
requires
an accurate modelling of 0,absorption and multiple scattering effects
as well as high accurate
reflectance
measurements. The last demand will be
fulfilled from our new imaging spectrometer
MOS-A [Réf. 7], which will have channel
c h a r a c t e r i s t i c s like t h e
foregoing
instrument MKS/AS, but reduced noise. It
will be launched to the russian MIR-station
in the next year.

IlIM'

rrtnrvi-«l F-p

Fig. 2: Retrieval of F-profiles
The retrieved profiles for all cases show
that the inversion algorithm recognizes
where the aerosols are mainly located.
Furthermore the retrieved values F(t..= l) are
near that values of the given profiles
indicating an good evaluation of the ocean
reflectance R .

timid

;i:wn

Figure 3 shows the application of the tested
algorithm
to
a nadir-looking track
of
MKS/AS-measurements on the soviet SALUT-7
station over the black sea. There is an good
agreement between the estimated values of R"
and T"' and ship-based subsatellite measurements near pixel 9400, which yielded the wind
speed v=7 m/s and TA=0.14. The wind speed 7
m/s causes an reflectance of 32«10 A from sun
glint at 6 =49° for this observation.

5.

THE USE OF MEASUREMENTS

IN THE O B - B A N D

The use of the 0,B-Band for analogous
measurements would be of double interest.
First the evaluation of T'' for the B-Band
wavelength 687 nm could be used for better
extrapolation of TA from the NIR to the VIS
region. Second the B-Band is located near
the chlorophyll fluorescence
and could
therefore
direct supply the optical
thickness for atmospheric correction of
chlorophyll fluorescence measurements.
Unfortunately the B-Band inversion will be
more problematic than the A-Band inversion
because the B-Band is much weaker than the
A-Band.
Measurements in the 0,B-band are useful for
atmospheric correction if they provide additional independent measurements (channels)
to the measurements in the A-Band.
Because lack of reliable information about
aerosol vertical distribution statistics we
have estimated the number of independent
measurements by using the method proposed by
Twomey (Réf. 5) . Then the analysis of the
independence of measurements can be replaced
by the analysis of the interdependence of
the kernels. This interdependence of the
kernels of an integral equation like (31 can
be i n v e s t i g a t e d by a n a l y s i s of the
eigenvalues u of the covarianzmatnx

;)"; oo
ioioo
pixclmimher

(5)

11!1I)(I

'.!.«III

I)V(II)

H) 10(1

10500

Twomey has estimated, that for M kernels
(respectively channels) to be non-redundant
the relation

pixcliiiiinbrr
Fig. 3: Application of the algorithm tc
the KKS 'AS sp.beard SALUT-7

(6)
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must hold. u... stands for the smallest
eigenvalue of the covarianzmatrix of the M
kernels. The e are the errors of measurements in the i-th channel relative to the
reflectance R(Xn), which are assumed to be
equal for all channels in the following.
For the estimation of the number of usuable
channels in the 0,6-band there were defined
48 A-band and 37 B-band channels with
AX,.,....,= O. 3 nm. The results of the analysis of
the corresponding eigenvalues are given in
table 2.

I
relative
rror

number of usuable
independent channels
85 A- and
48 A-Band
B-Band
channels
channels

2 1.5 %

3

3

à 0.8 %

4

4

£ 0.4 %

4

6

Table 2: number of independent measurements
relative to errors for channels with
AX.,..,:= O. 3 nm.
The table shows, that the errors must be
less than about 0.4% tc become new
information from measurements in the B-band.
This is a rather high demand on accuracy
which will be difficult to reach. To answer
more exactly the question, under which
conditions measurements in the 0,B-band can
be used for atmospheric correction of
satellite measurements over the ocean needs
some more extensiv investigation.

6. CONCLUSIONS

Atmospheric correction of satellite measurements in the VIS/NIR over the ocean require
consideration of ocean reflection under
quite different
atmospheric/surface
situations.
Measurements in the O,A-Band around 762 nm
can be used for splitting the total
reflectance of the system atmosphere/ocean
in their aerosol backscattered and ocean
reflected parts at this wavelength. An error
of the ocean reflectance of 10-15% requires
measurement and modelling errors to be less
than about 1%.
There are also chances to use measurements
in the 0,B-Band for the same purpose around
the wavelength 687 nm.
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VEGETATION COVER TvIAPPING OVER FRANCE
USING NOAA-IlMVHRR
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ABSTRACT
NOAA-I I/AVHRR data from year 1990 have been
processed to map the vegetation over France with a 4km
resolution. After an automatic cloud detection. Normalized
Difference Vegetation Index (NDVI) are computed over the
whole period using visible and near infrared reflectances
corrected for atmospheric effects. Monthly NDVI values are
obtained for each point of the area by keeping the maximum
value. These annual profiles are then classified with a
clustering algorithm and the resulting classification
associated to vegetation cover by comparison with the 1988
vegetation survey from the French Agriculture Department.
Key words: vegetation index, land use, AVHRR.

!.INTRODUCTION

The presence of vegetation at different stages of
development may influence the energy and water budget
over continental surfaces, and must therefore be taken into
account in numerical weather forecast models and even in
climate studies. The new parametrisation of the surface
fluxes which has been recently designed by the French
meteorological service (Ref.l) for the fine mesh forecast
models requires data on a few parameters on a large
geographic area: the soil types can be obtained from an atlas,
the vegetation cover which may change from year to year
and the vegetation stage of development must be obtained in
near real time.
Different methods have already been applied to derive
vegetation maps at regional or global scale from the
Advanced Very High Resolution Radiometer (AVHRR)
images. Louhala (Ref.2) used three years of AVHRR data
(1987,1988 and 1989) to describe the vegetation in the south
west of France. He applied an automatic clustering algorithm
to temporal NDVI profiles which have been smoothed by a
maximum composite technique (synthesis over 5 days)
followed by a Fourier transform analysis and an interactive
check. Llyod (Ref.3) derived a classification of the
vegetation over the entire world with a supervised method
analysing Global Vegetation Index temporal variations in
terms of phytophenological parameters, and proposes to
apply his method to full spatial resolution AVHRR data.
These methods are all based on NDVI temporal variations,
which may be disturbed by clouds, aerosols, gazes, non
Lambenian surface reflection. Preprocessing is therefore

needed to obtain reliable NDVI temporal profiles. This is
often performed by the maximum composite technique (over
one week or one month). This is valuable for vegetation
mapping although care should be taken in very cloudy
regions, but this method does not allow the near real time
vegetation survey.
Our project in Centre de Météorologie Spatiale (CMS) in
Lannion is to derive both the type and stage of development
of the vegetation over Europe from the AVHRR imagery.
This paper describes the processing applied to compute
monthly NDVI maps and their use to derive the vegetation
cover. It encloses cloud detection, atmospheric corrections,
and stereographic remapping associated to automatic
registration of the images on landmarks. This processing has
been used in 1990 to obtain monthly NDVI maps over a
limited area covering France, north-east of Spain and south
of England at 4km horizontal resolution. NDVI temporal
profiles are then computed and classified in 20 classes by an
automatic clustering algorithm. A comparison of the
resulting classification to the vegetation survey done in 1988
by the French Agriculture Department (later referred to as
the RGA data) has enabled a link to be made between NDVI
profiles and vegetation cover.

2. NDVI REAL TIME COMPUTATION

A single scheme is used in CMS to process AVHRR imagery
to fulfil different needs. The steps used to derive the NDVI
maps are shortly described below. The AVHRR thermal
channels are expressed in brightness temperatures whereas
the visible and near infrared channels are calibrated in
reflectance using the coefficients recommended by NOAA
(Ref.4).
2.1 Cloud detection
An automatic cloud detection algorithm is first applied to
AVHRR data received in CMS at Lannion. Il consists in a
succession of threshold tests depending on the location of thu
satellite sensors measurements and on the time of the day,
applied to various combination of channels as described by
Durricn (Ref..S). During daytime, over land, AVHRR pixels
having a low Hum brightness temperature, a high 0.6um
reflectance or corresponding to a high difference between
infrared brightness temperatures at llpm and I2um arc
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considered as cloudy.
The only clouds thai are detected incorrectly by this
automatic scheme are the cloud edges and the small
unresolved cumulus. Consequently, an additional test has
been specially designed for the NDVI computation on the
limited area of this study. It reiies on the fact that a surface
having a higher 0.6pm reflectance than the neighbourhood is
less vegetated and is therefore warmer. Consequently, an
AVHRR pixel brighter than the surrounding is considered as
a cloud if it is also colder. The final cloud mask is then
enlarged by one pixel to account for shadows and moist air
areas near the cloud.
2.2 Automatic navigation and stcreographic remapping

Before May 1990, the AVHRR images navigation done at
CMS Lannion made only use of orbital elements to forecast
the satellite orbit and consequently the AVHRR pixels
localisation. The accuracy was between five and ten AVHRR
lines. Since May 1990, an automatic adjustment with
landmarks is performed, allowing the precision of one
AVHRR pixel. This adjustment is done after the cloud
detection, only using cloud-free landmarks (Ref.6).
2.3 Atmospheric correction
An atmospheric correction is finally applied to the visible
and near infrared channels only over the limited area
covering France and Spain. This fast correction (using
precomputed arrays derived from the radiative transfert
algorithm SS (Ref.7)) accounts for rayleigh scattering and
gas absorbtion whose amounts are obtained from
radiosondes (for the water vapor only) or are climatological
values. It does not correct for aerosol effects. NDVI are then
computed using the corrected value of the visible and near
infrared reflectances.

3. TEMPORAL NDVI PROFILES

It should theoretically be possible to derive annual NDVI
profiles using all the cloud-free days from the period March
1990-February 1991 (January and February 1990 were not
processed). For exemple, this corresponds to 30 days in
Great Britain and 150 days in south of France. An example
of a daily NDVI profile obtained by keeping all the cloudfree data is presented in figure 1 for Valencia region (Spain).
It would be difficult to analyse this curve automatically, as it
is too noisy. This is due to the presence of aerosol, the non
Lambertian reflection of the surfaces or the misregistration
of the AVHRR images that are sampled at 4km.
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To overcome these problems simply, the visible and near
infrared reflectances are averaged in a 3 by 3 pixels moving
array, the data corresponding to high satellite zenith angles
(higher than 30 degrees) are rejected and the maximum
NDVI value for each month is finally retained. The filtered
NDVI profile is compared to the daily curve in figure 1.
The monthly NDVI maps obtained with the above
mentionnée methods have gaps due to cloudiness.
Especially, NDVI values are missing over 3/4 of the area in
December and half the area in January and February.
Moreover, the solar zenith angles are very high in December.
That is why data from December have not been used and
January and February NDVI maps have been gathered. The
profiles where one or two non consecutive values are
missing are interpolated linearly. The NDVI temporal
profiles are then complete over 3/4 of the area and have 10
monthly values (March to November 1990 and
January/February 1991).

4. VEGETATION MAPPING WITH NDVI PROFILES

It is difficult to study a specific crop in Europe with the
l.lkm spatial resolution of the AVHRR as this is much
larger than the average field size. The observed NDVI
temporal variation mapped at 1km (and consequently at
4km) always corresponds to a mixed response of winter
crop, summer crop, forest, bare soil, grassland or urban
areas.
4.1 temporal NDVl profiles classification
The NDVI profiles have been classified using various
automatic clustering algorithms tuned differently according
to the choice of the distance, the initial kernels and the
number of classes. The partition of the French territory
remains basically the same, but the spatial transition between
classes often changes. The final result has been chosen
according to its statistical quality (highest explained inertia)
and by comparison to an atlas. It is a classification in twenty
classes presented on figure 2.

4.2 Description of the vegetation Survey from the French
Agriculture Department (RGA data)
These RGA data (Recensement Général de l'Agriculture) are
the percentage of 17 different vegetation types (forest,
wheat, barley, maize, soya, sunflower, beetroot, orchard,
grassland, forage, vineyards,...) in every "canton" in France
(France is devided into 3700 car 'ins of around 200 km2).
They have been remapped in stereugraphic projection at 4km
horizontal resolution to be superimposed to the NDVI maps.
The different vegetation types have been gathered in 7
groups: winter crops (wheat, barley), summer crops (maize,
soya, sunflower, beetroot), forest, forage, grassland,
vineyard, orchard. The percentage of those seven groups
when added do not give 100%, the difference corresponds to
urban areas or bare soils.

180 200 220 240 260 210 300 Î20 340 360
Julian Days

Figure !.Temporal NDVI evolution over Valencia (Spain).

4.3 Link between the temporal NDVI profiles and vegetation
The meaned NDVI profiles of the 20 classes can be
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characterized by the intensity and the dates of the increase
and decrease periods. We will study together the classes
presenting a similar NDVI temporal variation and will try to
explain qualitatively the similarity and the difference in
terms of vegetation types by comparison with the RGA data.
4.3.1 AVHRR classes 1. 2. 3 . 4 and 7 The profiles of those
classes shown on figure 3 all present a maximum in May and
a minimum in September. The only difference is the
intensity of the contrast between May and September and the
mean NDVI value all over the year.

4.3.3 AVHRR classes 8 and 9 They are characterized by
meaned NDVI profiles having high stable values from April
to November and much lower values in winter (figure 4).
The high percentage of grassland and forest and the lack of
winter crops (figure 6) explain the high NDVI values all over
the year, the lower values in winter being due to the
decidious forest.
These two classes are located in the mountains (Massif
Central, Montagnes Noires, Pyrenees).
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Figure 3. Meaned NDVI temporal evolution for classes 1, 2,
3,4 and 7.
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The class 1 is characterized by a maximum in May followed
by an sharp decrease. The associated vegetation (figure 6)
corresponds to a high percentage of winter crops (45%) and
very few forest (9%) or grassland (3%). This class appears in
the Beauce (south east of Paris) and corresponds to intensive
wheat crops.
The RGA data (figure 6) explains the changes in the shape of
the meaned NDVI profiles of these five classes. The
decrease of the contrast between May and September seems
to be linked to the lower percentage of winter crops, whereas
the increase of the NDVI values (especially in winter) could
be associated to higher percentage of grassland and forage.
As displayed on figure 2 (unhappily in black and white), the
first four classes cover the main pan of north of France and
east of England, but also appear in south west of France.
Class 7 corresponds to forest and grassland and is located in
Cotentin (Normandy), Wales, Cornwall, and also in the
edges of Massif Central in France.
4.3.2 AVHRR classes S and 6 The meaned NDVI profiles
are still characterized by a maximum in May and a minimum
in autumn, which would indicate that they could have been
studied together with classes 3 and 4, but the NDVI values in
march are clearly lower: 0.45-0.5 instead of 0.55 and 0.6 for
class 3 and 4 (figures 3 and 4).
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The RGA data (figure 6) shows that the maximum NDVI
value in May is still explained by the winter crops, whereas
the relatively low values in winter are due to a high
percentage of forest (which must be decidious forest) and a
low percentage of grassland. The classes 3 and 4 differ from
the classes 5 and 6 by the the coverage of grassland and
forest.
These two classes are mainly located in Lorraine (north east
of France), Sologne (south of Ia Beauce) and Germany.

JAN

YEAR 1990

Figure 4. NDVI temporal evolution for classes 5,6,8 and 9.

4.3.4 AVHRR classes 11. 12 and 13 The two first classes are
characterized by a slow increase of the NDVI values from
March to August, followed by a decrease. Class 11 can be
distinguished from class 12 by lower NDVI values in autumn
(figure 5).
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Figure 5. Meaned NDVI temporal evolution for classes 1 1 ,
12 and 13.
The RGA data (figure 6) show that the maximum in August
is linked to a high percentage of summer crops. The sharp
NDVI decrease in autumn for class 1 1 is coherent with the
low coverage of forest and grassland, whereas the higher
NDVl values of class 12 at the same period is explained by a
relatively high forest coverage (figure 6).
These two classes are located near (and even inside) the
Landes forest in the south west of France and correspond to
maize crops.
Class 13 corresponds to the Landes forest which is a sparse
coniferous forest with some maize fields inside. The meaned
NDVI profile presents relatively high values all over the year
with lower values in winter, which is coherent with sparse
forest.
4.3.5 the other AVHRR classes All the classes have not
been presented for various reasons. Classes 17, 18,19 and 20
essentially appear in Spain. Classes 14, 15 and 16 are
difficult to study, since they do not correspond to specific
vegetation types. But they are mainly located in the valleys
(Rhone, Rhin, Loire and Garonne) and in the urban areas
(Rouen, Paris, Lille,...).
Finally, class 10, which corresponds exclusively to grassland
and forage, is characterized by a slow decrease of the NDVI
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Figure 2. Classification of the vegetation in 20 classes derived from the AVHRR profiles.
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Figure 6. Crop coverage associated Io the AVHRR classes.
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values during spring and summer followed by a sharp
increase in November. This can only be explained by the
drought of the year 1990.

5. CONCLCSIOX

The visible and near infrared AVHRR reflectances routinely
processed in CMS Lannion in 1990 have been used for
mapping the vegetation cover over France, north-east of
Spain and south of England. After a cloud detection, an
atmospheric correction is applied to the short wavelenght
AVHRR channels. Monthly NDVI profiles are then derived
at 4km horizontal resolution. These profiles are classified in
20 classes by an automatic clustering algorithm and
compared (only in France) to a vegetation survey done by
the French Agriculture Department in 1988. Nearly all those
class.;--, can be qualitatively explained by the percentage of
winter and summer crops, forest, grassland and vineyards.
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ESTIMATION OF CARBON STORAGE AND ORGANIC MATTER IN BOREAL FORESTS
USING OPTICAL REMOTE SENSING DATA
T. Hame, A. Salli, and K. Lahti

Technical Research Centre of Finland, Instrument laboratory. Section for Remote Sensing
Itatuulentie 2 B, SF-02100 Espoo, Finland

ABSTRACT
Boreal coniferous forests form an important pool in the
global carbon cycle. The aim of the study is to produce a
simple method to map the storages of organic matter and
carbon in these forests. The normalised differential
vegetation index (NDVI), which has been succesfull for
mapping biomass on equatorial regions, does not work at all
with coniferous forests. A pilot 'Boreal Biomass Index'
based on remote sensing images was developed. The model
was succesfully tested with both Landsat Thematic Mapper
(TM), and NOAA AVHRR images.

there are little inventory data available about the 930 million
hectares of Boreal forests in Russia. About 63 % of all the
Boreal forests He there.
Remote sensing data make it possible to map carbon stored
in forests, its production potential, and changes in storage of
carbon ovtr wide areas. For mapping biomass and its
changes in equatorial regions, the so called normalised
differential vegetation index (NDVI) has been successful. It
is defined (Townshend and Justice 1986) by:
NDVI = (IR - Red) / (IR + Red),

(D

Keywords: Remote sensing, forests, biomass, vegetation
index, interpretation.

where IR is the measured intensity in a near infrared band,
and Red is (he measured intensity in a red light band. The
index is useful since the reflectance of grasses and herbs
increases in near infrared and decreases in red light as the
biomass of the vegetation cover increases.

1. INTRODUCTION

In a coniferous forest, the relation between biomass and
reflectance is different, since the reflectance in the near
infrared region also decreases as the biomass increases

Boreal coniferous forests and peat lands form an important
pool in the global carbon cycle. It is, therefore, important to
know the amount of carbon stored and its production
potential in this pool. It has been estimated that in Boreal
forests there are 31 x 1012 kg of carbon stored in the trees
alone. When the carbon content of undergrowth vegetation,
of the humus in mineral soil lands, and of peat is taken into
account, the total amount of carbon stored in Boreal forests
is about 400 x 1012 kg (Kuusela 1990). Recent studies
indicate that the forests of the temperate climate zone, at
least, are considerably more important sinks of carbon than
has been previously thought (Sedjo 1990), and the oceans are
not as important. If the climate gets warmer, the importance
of the Boreal coniferous forest zone in the global carbon
cycle will probably increase further.

1

In the temperate zone, the amount of carbon stored by
forests has increased because the forests have aged, and
because of agricultural lands reverting to forests. In Finland
the carbon stored in the forests has increased in recent years,
because forest growth has exceeded the drain through
fellings by 17 x 106 kg per year. It can be calculated that the
increase in carbon corresponding to this increase in stem
volume is about 5 x 109 kg per year.
The carbon contents of Finnish forests and changes in them
can be calculated, from the field data of the National Forest
Inventory of Finland, for example, to an accuracy that
suffices for the purposes of carbon cycle studies. However,
the forests of Finland constitute only about 1.6 % of the total
area of forests in the Boreal coniferous zone. For example.

Figure 1. Biomass per hectare calculated from the Landsat
TM 1985 image using the model Eq. S, Light tones indicate
high biomass. Black areas are agricultural fields, and white
areas lakes. Area 10 km by 10 km, part of the model
development area.
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(Colwell 1974). The needles of conifers have similar
reflection properties as the leaves of deciduous trees, herbs
and grasses, but the great biomass of forests, in comparison
to agricultural lands and savannahs, increases the absorption
at near infrared, and causes a negative correlation (Home
1991). The dry mass per hectare of the trees in a mature
Boreal forest is typically more than 30 times the dry mass of
crop or grass on an agricultural field (Malkonen 1974).
The aim of the study is to produce a simple method to
estimate the storages of organic matter and carbon in Boreal
coniferous forests. The first phase of the study has been
carried out in 1991. In this very first phase a pilot carbon
storage estimation method was developed.

2. METHODS
The area for the model development was a 40 x 40 km2
square in Southern Finland. The area was centred at 61° Sl'
N, 24° 17' E. Of the National Forest Inventory (NFI) sample
plots located in the area, 52 % had the Scots pine (Finns
sylvestris) and 43 % had the Norway spruce (Picec abies) as
the dominant tree species. The most common forest type on
the mineral soil lands was the medium rich Myrtillus type.

Of the sample plots situated on forested land, 85 % lay on
mineral soil lands end 15% on peat lands.
The NFI data used as the ground truth were measured in the
summer and autumn of 1984. As the satellite data, two
Landsat Thematic Mapper (TM) images were used. The TM
images were recorded on 15 September 1984 and 21 June
1985. The images were rectified to a map co-ordinate system
and resampled to a pixel size of 20 x 20 m2.
The sample plots were localised on the satellite images using
their map co-ordinates. The intensities corresponding to the
sample plots were then simply taken as the intensities from
the nearest pixels on the image. For analyses, those sample
plots where a clear cutting had been made between the field
measurements and the satellite image acquisition were
discarded. Also, the sample plots whose distance to the stand
boundary was less than 30 m were discarded. Moreover, the
analyses were made only for the sample plots located on
mineral soil lands. Of the original 1087 sample plots, 409
remained for analyses.
To calculate the quantity of organic matter per hectare
contained in the trees of a sample plot, first the stem
frequency as a function of diameter was estimated from the
basal area (m2/ha), and the median diameter and age which
were measured at the sample plot (Kilkki and Paivinen
1986). Then the height of each tree (from the stem frequency
distribution) was calculated by a regression model which
uses age, basal area, site type, and the number of degree days
as independent variables. The quantity of organic matter
(biomass) in each tree was then calculated using regression
formulae by Nihlgârd (1972), which use the diameter and
height of a tree to estimate the biomasses of its above-

1990

Figitre 2. Model Eq. 5 has been applied to a scaled NOAAIO AVHRR image, July 31,1991 for Finland. Tones are as in
Fig. 1.

Figure 3. Mean stem volume of growing slock in forest and
other wooded land in Finland. National Forest Inventory
data (Tomppo andSiitonen 1991).
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ground pail and roots. The quantity of biomass per hectare
was then obtained by adding up the biomasses of all the
individual trees given by the stem frequency distribution.
With all tree species, Nihlgard's formulae for Norway spruce
were used, since the dependence of a tree's biomass on
diameter and height is quite similar for spruce, pine, and
birch (Malkônen 1974 and 1977).
When (he calculated bioniass and the calculated stem
volume were compared for each estimated tree distribution,
the following relation was observed:
BIOMASS = CONSTANT x STEM VOLUME

(2)

This model had a remarkably high coefficient of
determination, R2 = 0.996. The value of the constant was
576 for the tree stand material used. Since the dependence
of biomass and stem volume was so close, the variable to be
estimated was chosen to be the original stem volume
contained in the field data. Regression estimates of the
following form were developed:
Ln(V

-f £

(3)

where
V is

stem volume (m3/ha)

a

constant

bk
Xk

regression coefficient for a spectral feature k
value of a spectral feature k on a pixel

E

residual error of the model.

where
V
is
NDVI =
VI

stem volume (m3/ha)
(TM4 - TM3) / (TM4 + TM3)
TM4/TM3

and TM1-TM7 are the intensities in channels 1 through 7 of
the Landsat Thematic Mapper image, which was recorded on
21 June 1985.
The difference in the coefficients of determination was only
0.07 between model (4) with 11 independent variables, and
model (S) with just two independent variables. The TM
channels 3 and 4 in the two-channel model correspond
approximately to channel 1 (0.58 - 0.68 urn) and channel 2
(0.725 - 1.1 ^m) of the AVHRR-instrument of the NOAA
satellite. Vegetation indices which are in world-wide use
were totally useless for the purpose of estimating area! stem
volume or biomass distribution offices.
The two channel model (Eq. 5 and Fig. 1) - a 'Boreal
Biomass Index1 - based on the 1985 TM image was also
applied to a linearly scaled version of the 1984 TM image.
The scaling was made just to change the means and
variances of the image channels to correspond to those of the
1985 image. The estimates acquired for stem volume were
quite near the estimates based on the 1985 image, though

The sum V + 1 is used instead of V to ascertain that the
argument of the logarithm is positive. Also, models for both
Ln(V+l) and V were calculated, where the independent
variable was NDVI or just IR/Rcd. All calculated models
were based on data for mineral soil lands only.
3. RESULTS
The following models were obtained:
Ln(V-U) =

(4)

-43.1 + 2.18 TM2 - 3.38 TM5 +16.7 TM3yTM2 0.81 TM4/TM3 + 24.8 TM5/TM1 + 43.7 TM5/TM2 53.7 TM7/TM1 + 12.1 TM7/TM3 - 0.02 TM3xTM2
+ 0.04 TM5xTM2 + 0.01 TM7xTM5
R2 = 0.73

Ln(V+!)= 12.81 - 0.35 TM3 - 0.04 TM4

(5)

R2 = 0.66

Ln(V+l) =3.63+ 1.42 NDVI

(6)

2

R = 0.00

Ln(V U) = 4.09+ 0.04 VI

(7)

R2 = 0.00

V = 200.98 - 27.30 VI
2

R = 0.01

(8)

Figure 4. NDVI for Finland from a NOAA-JO AVHKK
image, July 31, 1991. Tones are as in Fig. 1. Note how
agricultural fields close to the coast in the middle of the
figure have the lightest tones..
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originally UK intensities of the images differed quite a lot.
Similarly, the intensities of a NOAA AVHRR image were
scaled to correspond to the 1985 IM image. Hie model was
applied to the scaled NOAA image (Fig. 2). For comparison
see Fig. 3 based on National Forest Inventory data showing
mean stem volume of growing stock and other wooded land
in Finland. Also, the NDVI was calculated from the NOAA
image (Fig. 4).

Malkônen, E. 1977. Annual primary production and nutrient
cycle in a birch stand. Communicationes Institut! Forestalls
Fcnniae 91(5).
Nihlglrd, B. 1972. Comparative studies on beech and
planted spruce forest ecosystems in Southern Sweden. Lund.
Ph.D. thesis. 139 p. Stencil.
Sedjo, R. A. 1990. The Global Carbon Cycle. Are Forests the
Missing Sink? Journal of Forestry 88(10):33-34.

4. CONCLUSIONS

TOMPPO, E. & Siitonen, M. 1991. The National Forest
Inventory of Finland. Paper and Timber 73:2.

From the results obtained in the pilot study, it seems certain
that the area! mass distribution of organic matter in Boreal
forests, or at least its relative magnitude, could be estimated
much belter by an adequate, simple model than by the
ordinary vegetation indices. Further, such a mode] would not
require new field measurements. With the new model, it
should also be possible to monitor changes in biomass over
wide areas.
So far, the models have been calculated only for the biomass
in the trees. However, the estimation of the total organic
matter and carbon contents have already been considered.
The organic matter in the canopy excluding the trees can be
estimated as proportions of the organic matter contained in
the trees (Malkônen 1974). The proportion of carbon in
organic matter seems to be quite close to SO % in all
significant canopy compartments (Aaltonen 1940).
As for peat lands, it is probably necessary be contented first
to discriminate peat lands having no tree cover, or just a
limited one, from mineral soil lands, and then to use an
approximate mean depth of those peat lands to estimate how
much organic matter they contain. Because one can not
discriminate mineral soil lands from spruce or pine
dominated peat lands on rich growth beds using optical
remote sensing data only, models developed for the mineral
soil lands have to be applied.
In the later stages of the research, the estimation model for
the organic matter will be developed further so that organic
matter in addition to that contained in trees will also be
taken into account. The model will be applied to very wide
areas, Scandinavia and Russia up to Urals, using NOAA
AVHRR-images. The radiometric correction shall be
carefully considered.
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MONITORING WETLAND HYDROLOGY BY REMOTE SENSING:
A CASE STUDY OF THE SUDD USING INFRA-RED IMAGERY AND RADAR ALTIMETRY
I.M. Mason, A.R. Harris, J.N.Moody, CM. Birkett, W.Cudlip and D.VIachogiannis
Milliard Space Science Laboratory, University College London,
Holmbury St. Mary, Dorking, Surrey, RH5 6NT, England, U.K.

ABSTRACT
The world's wetlands are important elements of the hydrosphere
and biosphere, and their extents can act as global change
indicators. However, they are difficult to monitor in situ. In
this paper we present a case study of the Sudd Marsh in Africa
to determine the feasibility of remote sensing of wetland area
and level. We show that accurate area measurements are
feasible using thermal imagery from Meteosat and AVHRR,
depending on the seasonally variable thermal contrast. We also
present preliminary measurements of water level and extent
using Geosat radar altimeter data. We note that these data
complement tlie thermal measurements, and note the value of
the ERS-I satellite which carries both types of instrument. It is
concluded that there are good prospects for such instruments to
carry out long term monitoring of wetlands worldwide.
Keywords: Hydrology, remote sensing, wetland, Sudd, climate
research, climatic change.

1. INTRODUCTION
1.1 The remote sensing of wetlands
Wetlands (swamps, marshes, floodplains, internal deltas, etc.)
have been estimated to cover 6% of the world's land surface.
Found over a wide range of latitudes, they are important
elements of the hydrosphere and biosphere. They are importan'
ecosystems, and often play an significant role in the regional
hydrology. In addition, wetland extents vary substantially both
seasonally and inter-annually. The hydraulic response tends to
be relatively slow (from weeks to months), and such changes
can in principle be used as a proxy indicator of regional climate.
Despite the importance of monitoring the hydrology of the
world's wetlands, however, there has to date been little
systematic measurement. In situ monitoring is clearly
impractical in most cases for logistical reasons and because of
limited spatial and temporal sampling. Satellite remote sensing
in principle offers the possibility of continuous observation and
measurement of a number of important hydrological parameters,
particularly the extent and pattern of the inundation, and the
water level. Wetlands have been observed from space using
both imagery (e.g. Legg, 1989, and Rosema and Fiselier, 1990)
and radar altimetry (Rapley et al., 1987), but there has been no
previous systematic attempt to assess the feasibility of miking
such measurements on a routine basis.

1.2 The remote sensing of the Sudd
The Sudd is a seasonally inundated wetland situated on the
White Nile. With an area of tens of thousands of km2, it is one
of the world's largest wetlands. Only around half of the inflow
of the river at the head of the wetland emerges at its tail; the
rest evaporates from the swamp. This fact has led to the
proposal and partial construction of the Jonglei Canal to bypass
the Sudd and provide more water to the Nile downstream,
though the project was stopped in 1983 due to the outbreak of
civil war. The Sudd and the canal project are described in detail
by Howell et al. (1988). It was decided to use the Sudd as a
case study to investigate the potential for the systematic remote
sensing of wetlands, using Meteosat data, AVHRR LAC data
and Geosat radar altimeter data. In this paper we present
preliminary results from this ongoing study.
Though Landsat imagery has previously been used to monitor
the Sudd's area (Howell et al., 1988), and Sutcliffe and Lazenby
(1990) suggest the further use of satellite imagery for this
purpose, the use of coarser resolution imagery has not been
specifically investigated. The potential for imaging the area!
extent of the Sudd is immediately apparent from Figure 1,
which shows an AVHRR LAC scene covering the region of the
Sudd at its full annual extent, in the daytime of 30/12/86.
Figure l(a) shows the channel 2 (near infra-red) image.
Whereas the large lakes, Albert (bottom left) and Turkana
'bottom right) show excellent contrast with respect to the
surrounding land, the Sudd region is only distinguishable, if at
all, by textural changes. This is because the lake water has a
very low reflectivity, but the swamp contains a large amount of
vegetation with a reflectance similar to the surrounding land.
Figure l(b), however, is the channel 4 (thermal infra-red) image
(with high temperatures being darker), and the Sudd (the large
light grey area left of centre) now shows up with good contrast.
This is because the higher thermal inertia of water and wet
vegetation, compared with dry land around, means that it warms
up less during the day. In this study we investigate the use of
thermal images to obtain swamp area as a function of time of
day and season, using Meteosat thermal data. We also assess
the use of AVHRR data for the same purpose.
Rapley et al. (1987) carried out a preliminary investigation
using Seasat data on the use of radar altimetry over the Sudd,
but at that time it was not possible to consider either
multitemporal data or synergism with satellite imagery. In the
present study we are extending that work to consider how well
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Figure 1. Dayîime AVHRR LAC scene of 30/12/86 showing the Sudd and surrounding region: (a) channel 2 image (near infra-red);
(hi -hannel 4 image (thermal infra-red). The Sudd only has a high coniras: compared with its surroundings in the thermal image.
the water level and the along track extent of the Sudd can be
monitored with time using the Oeosat radar altimeter.

2. SATELLITE THERMAL IMAGERY OF THE SUDD
2.1 An investigation of the diurnal variation in thermal contrast
Firstly a sequence of Meteosat images of the Sudd for a single
day, 17/12/78 (Figure 2) was examined to determine the best
viewing conditions for high contrast. The digital number (DN)
values from these images corresponding to the Sudd and the
surrounding land are plotted on Figure 3. There are two peaks
in contrast, corresponding to the minimum and maximum land
temperatures, in the early morning and early afternoon
respectively. The later contrast is larger, and so 12.00 GMT
was chosen as the time for a series of images for an annual cycle
study. In principle one might be able to gain even more contrast
by differencing the day and night images (Rosema and Fiselier,
1990). With this data set, however, this was not found to make
a significant improvement in area estimation using the technique
described below. This is because of differences in the residual
cloud between the two images, errors in image co-location, and
an increase in brightness varialions within the swamp for the
difference image.

'200

Time of Day, in GMT.
Local Time : GMT * 2hrs.
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Figure 3. DN values taken from the Meteosat images of Figuri2, showing contrast variations around the diurnal cycle.

2.2 The 1988 annual cycle in area using Meteosat data
Thermal Meteosat data for the Sudd during 1988 were selected
using the Meteosat Bulletin, which fortunately consists of
images for 12.00 GMT. Roughly, one reasonably cloud-free
image per month was aimed for. This was largely achieved
except for the summer (rainy season) months, the images
obtained being for 22/1/88, 10/2/88, 23/3/88, 11/4/88, 10/5/88,
14/6/88, 27/10/88, 29/11/88 and 28/12/88. There were no
cloud-free days in August, and the July and September images
chosen proved to have partial cloud cover on detailed
examination. These 9 images were warped to a Lambert Equal
Area Projection; Figure 4 shows two of the warped images at
the extremes of inundation. In fact, because the water flow into
to the Sudd is dependent on rainfall further south, which occurs
during a different season than the Sudd's local rainfall, the
maximum extent of the Sudd actually occurs during the Sudd's
dry season, and the minimum extent during the wet season.
In general it was found that edge-detection algorithms such as
those used for lake area measurement (Harris and Mason, 1989,
and Harris et al., 1992) were not suitable for determining the
area of the Sudd. This was because of difficulties with residual
cloud, brightness variations in the Sudd, and, in some cases,
poor contrast. Instead, a simple thresholding technique was
used on the image brightness histograms. Areas obtained are
plotted against time in Figure 5(a). The errors on these are
difficult to estimate, but are discussed briefly in the next section.
It proved impossible to obtain measurements for most of the
rainy season (May to October), not only because of lack of data
due to clouds, as mentioned earlier, but because these scenes
showed very poor contrast for the Sudd (Figure 5b). This is
thought to be partly because the surrounding land is wet and
therefore remains cooler during the day, and also because
increased humidity in the atmosphere increases the atmospheric
absorption of the radiation, and hence reduces the contrast. This
measurement difficulty represents a fundamental limitation on
the use of thermal imagery for monitoring wetlands, and is a
major driver towards the complementary use of an all-weather
sensor such as the radar altimeter (see later).
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F-ïgure 2. Mcteosat thermal images of the Sudd for 17/12/7«.
contrast variations around the diurnal cycle.
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Figure 4. 12.00 OMT Meteosat thermal images in (a) the 1988 wet season, and (b) the 1988 dry season
b) -u
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Figure 5. Annual variations in (a) Sudd area and (b) DN of Sudd and surroundings as measured using Meieosat thennal imagery.
2.3 The use of AVHRR data
The Meteosat data suffers from two limitations: its pixel size K
large (5km at nadir) and its temperature resolution is relatively
poor. For example, it was found that varying the threshold by 1
DN value could alter the area obtained by 15% or more,
depending on contrast. We therefore investigated whether a
sensor such as AVHRR, with a smaller pixel size ( <=lkm at
nadir) and a better thennal resolution (=0.10C), could provide
improved measurements. AVHRR LAC data between 1985 and
1991 had been obtained for another study in the region (Harris
et al., 1992), and so these images were also analysed with
respect to the Sudd.
Firstly, it is clear from a comparison of Figures 1 and 4 that
mapping of the detailed pattern of inundation is helped by
AVHRR's improved spatial resolution. Secondly, the 3.7(im
channel (AVHRR channel 3), was found to give increased
contrast compared with the 1 l|im and \2\im channels (AVHRR
channels 4 and 5); this is probably due to a contribution from
reflected solar radiation (which is greater for land than water),
.is well as a lower atmospheric absorption for this channel.

:IPI! these gave area values consistent with the Meteosat values
which were closest in time, although an accurate comparison is
difficult because of cloud contamination in the AVHRR images.
Figure 6 shows a multi-year overlay of the derived AVHRR
areas for channel 3 and channel 4 images, showing both
seasonal and interannual variations.
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Finally, the better thermal resolution cenainly allows a more
sensitive choice of threshold in determining the area, and
precisions of a few percent could be achieved. Three AVHRR
scenes for 1988 (28/2/88, 17/3/88 and 17/6/88) were obtained
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a

Channel 4

Figure 6. Multi-year overlay of Sudd area derived from
AVHRR thermal data, showing seasonal and interannual
variations.
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Though the lhermal imagery appears Io be showing up (lie
inundated, swamp region very well, (here is no easy way of
validating the result or assessing the absolute accuracy of the
area estimate. Howell et al. (1988) give a number of area
estimates from various surveys. The highest estimate, for 197980, is 30,6<)0 km-, based on a combination of high resolution
Landsat imagery and aerial reconnaissance. Our measurements
during (he season of maximum extent (Figure 6) agree with this
for some years, but are substantially higher for other years
However, the survey quoted excluded two regions which we are
including as part of the Sudd. In addition, it seems probable
that regions of swamp with a large fraction of vegetation cover
may still provide a thermal contrast compared with the dry land,
but might be missed using visible wavelengths, even in the case
of high resolution aerial surveys.
3. RADAR ALTIMETRY OF THE SUDD
3.1 Water level measurements
As noted above, during the rainy season the Sudd is not easy to
observe by thermal imagery, due lo cloud cover and lack of
thermal contrast. This will undoubtedly be the case for other
tropical swamps, and there may be similar problems with
temperate and high latitude wetlands in regions of high rainfall.
Therefore it is of great interest to consider the use of microwave
remote sensing techniques, with their all-weather capability, as a
complementary way of monitoring wetlands. Rapley et al.
(1987) have shown using Seasat data that a radar altimeter can
in principle measure the height of a wetland and also monitor ils
extent along the ground track by virtue of the very quasispecular nature of the return echo. In addition this instrument
has the advantage of a relatively low data rate, and the data
lends itself well to automatic processing, unlike image data,
which (ends to require operator intervention for declouding and
threshold selection.
Data from the radar altimeter on Geosat was obtained for the
period 1987-88, when the satellite was in a 17-day repeat orbit.
Four different ground tracks cross the Sudd; three of these are
shown overlaid on near-simultaneous AVHRR images in Figure
7. The (wo images are at extremes of the Sudd's extent. The

tracks can be seen to cross the main river channel or run close to
it at the head of !he Sudd, at its tail, and at an intermediaie
position. The fourth (rack is in another intermediaie position,
giving four points, roughly equally spaced through the length of
the swamp. It was found that at these four places there was a
constant set of return echoes which could be averaged to obtain
height values. Figure 8 shows a very preliminary plot of these
height values, in metres above a reference ellipsoid, averaged
over seasons when the swamp was near maximum and near
minimum extent in 1987. The variations in slope for the
different locations are qualitatively what would be expected,
and the plot appears to show level variations which are small
near the head of the swamp, and largest towards the tail, agaii
as expected. The maximum level variation between the tw«
plots is =1.5m, but the uncertainty in the knowledge of the
satellite's orbital height may be a significant fraction of this.
This effect is still being investigated, and it is hoped that a
refined analysis, with a lower orbit uncertainty, will soon be
able to provide an estimate of the Sudd's level variations during
1987 and 1988 which is accurate to a few tens of cm.
Combined with the imagery, volume change estimates should
then be possible. In addition, a curve of area against level can
in principle be built up which may allow the estimaiion of area
from level or vice versa.
3.2 Extent measurements using details of the echo waveform
Another way of using radar altimeter data is to make use of
details derived from the radar reiurn echo waveforms. The
height (maximum backscatter) and shape (backscatter vs. time
delay) of these waveforms is known to be highly dependent on
the type of surface being observed (Rapley et al., 1987). In
principle, then, if the wetland's waveform signature is
significantly different from that of the surrounding land, the
wetland's linear extent along the ground track may be
determined. By calibrating against imagery, a curve of track
length against area might then be built up, so that the radar
altimeter could subsequently be used on its own to give a very
simple indirect measure of the swamp's area.

Figure 7. Geosal ground tracks overlaid on near-simultaneous AVHRR images for (a) the wet season and (b) the dry season. The radar
altimeter backscatter is plotted as a series of vertical lines along each track.
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A radar altimeter such as the one on Geosat can be used to
obtain swamp height variations. Preliminary measurements
suggest seasonal variations of up to 1.5m for the lower part
of the Sudd, but this result is potentially subject to a targe
orbit error.

5 The wetland areas show high radar backscatter, and
preliminary results show that the echo waveforms are mote
narrow-peaked over these areas, indicating quasi-specular
reflection from calm water. This potentially allows the
along-track extent of the swamp to be monitored, which,
after calibration against thermal imagery, might provide an
indirect measure of wetland area.

390 -

Track Number

Figure 8. Preliminary result showing Sudd water level ana
gradient derived from Geosat data for the seasons of minimum
and maximum wetland extent, in 1987. The four tracks are
roughly equi-positioned along the flow of the Sudd. These
preliminary data are subject to a significant orbit error.
Rapley et a!. (1987) have showed using Seasat data that
wetlands generally have very calm water surfaces (presumably
often protected from wind by vegetation) which therefore reflect
the radar pulses in a quasi-specular fashion, giving rise to veu
narrow-peaked return waveforms with very high peak
baekscatter. In Figure 7 the backscatter is plotted as a series ol
vertical lines along the ground tracks, and it can be seen that the
wetland areas, as defined by the thermal imagery, coincide quite
well with regions of high backscatter, although there are also
regions of high backscatter away from the swamp. A more
detailed analysis of the waveforms is currently underway,
however. Preliminary results from this suggest that it is likely
that swamp-free high backscatter regions can largely be
dis'-riminated against in that their waveform shapes insignificantly different from the very narrow-peaked, quasispecular returns over the Sudd.
4. CONCLUSIONS
From our study into the remote sensing of the Sudd we can
draw the following preliminary conclusions:
1. Inundated and flooded regions can be detected by thermal
imagery owing to differences in their thermal inertia
compared with the surrounding land. The thermal contrast
is greatest in the early afternoon, with a smaller (inverse)
peak in the early morning.
2. In the dry season, swamp area estimates can be obtained
from early afternoon thermal images using either Meteosat
or AVHRR data with a simple threshold technique. In the
wet season, however, there are problems due to lack of
contrast and cloud cover. The use of day-night difference
images has associated problems and is not recommended.
3. Prelimmary results show seasonal and interannual variations
in the area of the Sudd swamp from =10,000 km2 to =50,000
km2, measured using this method.

, !•
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6. There are good prospects for the synergistic use of radar
altimetry and thermal imagery to monitor the levels and
areas of large wetlands such as the Sudd. Volume variations
should also be calculable. These measurements are expected
to be of importance for the monitoring of the hydrology and
regional climate of wetlands on a global scale.
It is of particular interest that ERS-I, launched in July 1991,
carries both a radar altimeter and a thermal imager, the Along
Track Scanning Radiometer (ATSR). We are intending to
analyse data from these instruments over the Sudd and other
wetlands so as to continue these investigations. It is hoped that
Hy using ERS-I and subsequent satellites, and by analysing
. 'chived data, continuous, global monitoring of the world's
'arge wetlands can be achieved from the I980's onward, so as Io
help detect and quantify global change.
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DEFORESTATION IN AFRICAN DRY LANDS - Assessment of
changes in woody vegetation in semi arid Sudan.
Lennart Olsson & Jonas Ardô
Dept. of Physical Geography, University of Lund, Sweden

ABSTRACT
One of the most important areas for production of
commercial woody biomass in the Sudan, has been
studied by means of Landsat data from 1973, 1979 and
1987/90. The main conclusion is that expansion of
mechanised rain-fed agriculture is the main agent in
deforestation. Wood clearing for energy purposes is only
a minor agent.
Compared with 1973, the cultivated area had increased by
265 "•;> in 1987/90. The area of woodlands was about the
same in 1987/90 as in 1973, in spite of the large increase of
cultivated area.
Keywords: deforestation, semi-arid Africa, remote sensing

out of reach for most people, urban as well as rural. Wood
is the dominating energy source in semi-arid Africa. Tretcutting has often been made the scapegoat of
deforestation and environmental degradation. The picture
in Fig. 1 shows cut Acacia trees in the study area.
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1. INTRODUCTION
Forest resources in semi-arid Africa are under constant
siege. The rate of deforestion is discussed by politicians
and scientists throughout the world. Most reports paint a
bleak picture of the future of the forests of the Earth, e.g.
Eckholm (1976). The urgency of il-i- problem has been
highlighted by recent discussions of global environmental
change. The focus in this debate is the Third World. It
seems indisputable that deforestation is continuously
advancing, in the tropical rain forests as well as the open
woodland savannahs of semi-arid regions. The reasons
behind increasing deforestation are many. According to a
study by Allen & Barnes (1985), population growth and
agricultural expansion can be directly linked to the rate of
deforestation.
Wood as an energy source has become increasingly
important in many developing countries. Deteriorating
terms of trade in many countries puts imported energy-

Fig. 1 Acacia Senegal trees felled for the purpose of
charcoal production in the study area, south of
Gedaref.
However, very little is actually known about the present
situation in terms of forest cover and the rate of change.
L'util now there are no reliable assessments carried out
systematically at a global or even continental scale.
Figures and statistics presented by for example FAO and
the World Bank are based on estimations and guesses.
The starting point of this study was a Landsat based
woody biomass inventory carried out by Hellden &
Olsson (1989) for the FAO. Energy prices in the urban
markets were soaring, indicating an imminent energy
crisis. However, there can be a number of different causes
behind the price rise: e.g. actual shortage of the raw
material, increased transport costs or speculation on the

proceedings Of [ne Central Symposium of the 'Internationa/ Space Year Conference HeW in Munich. Germany. 30 March-4 April 1992
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C
iharcoal market. Inadequate And obsolète information on
the present forest situation prevented the analysis of the
causes and hampered planning for the future. That was
the reason for launching the inventory that covered most
of the country east of the River XiIe, totallv about 600 000
km : , see l;ig. 2. It was hoped that also the western part of
the country should be covered, by a USAlD project, to
give a complete picture of the resources, L'SAID (1990).
That project has unfortunately not produced the
anticipated results.
The inventory of Eastern Sudan was completed by 1990,
resulting in detailed woody biomass maps in the scale of
1:250 000, along with areal statistics by rural councils and
provinces. In summary, of the 600,000 km 2 covered by 32
map sheets, only about S percent was covered by
woodlands with a canopy cover exceeding !"•», and only 4
percent of the area had a canopy cover over 19 "•„. The
total amount of woody biomass in the Eastern Sudan was
estimated to 36.5 million tons of wet weight,
corresponding to about 25.5 million tons of dry weight. To
put these figures into perspective, the demand for
tuelwood in the eastern Provinces is estimated to between
1.4 and 2 million tons per year, and in the Central
Provinces to about 4 to 4.5 million tons of dry weight per
\ear, i.e. the total demand is about 20 to 25 '"<> of the
standing woody biomass.
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Fig. 2 The Sudan, the largest country in Africa but with a
population of just over 20 million. The area covered by the
FAO funded woody biomass inventory is indicated by the
frame, while the study area in this article is indicated by
the shaded area.

The aim of this stud)- was then to apply the same
methodology on historical I.andsat data over the most
important commercial energy producing area, the Gedaref
area, see Fig. 2.
Wood for commercial purposes is charred locally before
transported to the markets. The process is often ver\
wasteful, since up to 60 "., of the energy content may be
lost, but necessary in order to maintain reasonable
transport costs. The picture in Fig. 3 shows a charcoal kiln
under construction.

2. METHODOLOGY
Previous research in semi arid regions have concluded
that it is possible to use Landsat based methods for the
quantification of woody biomass (Olsson K. 19S5, Hellden
1987, Hellden & Olssori 1989). The methodology can be
described in three steps.

F'ig. 3 A charcoal kiln under construction. It takes the men
I month to cut the trees, 10 days to gather the material, IO
days to construct the kiln and 6 days of firing before they
eventually get 125-150 sacks of charcoal. The charcoal was
in 1989 sold to local merchants at 20 I.S /sack, and resold
in the Gedaref market at 100 I S/sack.

2,1 Relationship between tree canopy and weight
In order to find a relationship between the weight, i.e. the
wet biomass, of a tree and the si/.e of its canopy, a number
of destructive measurements were carried out. Trees
weighing between 1500 kg and a few kgs were measured
(the crown diameter), cut and weighed. The relationship
between canopy size and weight is shown in Fig. 4. The
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«mdu.sion is that there is strong relationship between the
i r o u n diameter and wet biomass, tor a number ot
different species of the acacia dominated open
u midlands.

The relationship between the measured canopy cover on
the ground (".,) and the I.andsat derived vegetation index
is shown in Figure 5.

R-sq. =88. 4%. Significant at the 99%-level

R-sq=93.B%. Significant at the 99%-levcJ
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2.2 Relationship between canopy cover and Landsat
data
The next step was to identify a number of test plots that
were possible to locate exactly on a Landsat image, in this
case 12 plots were used. This work was made possible
through the use of a GFS satellite navigator, enabling
localisation of the plots with an accuracy of approximately
30 m. In these plots (10Om by 10Om), every tree and bush
were measured in terms of height and crown diameter.
The total canopy cover for the plot could then be
calculated as the sum of all canopies.
A vegetation index using the near infrared (TM4 & MSS7)
and the visible red (TM3 & MSS5) channels was
generated.

NDVI = (NIR -VR) /(NIR + VR)

where;
XDVI = Normalised Difference Vegetation Index
XIR
= spectral radiance of near infrared channel
VR
= spectral radiance of visible red channel
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Figure 4. Relationship between canopy cover (crown
diameter) and wet biomass (kg)

1

:
1

Log. SQUARED CROWN DIAUETER

\\v*

1

t?50

S 25

•

6O

*

i

63

64

'
66

66

70

72

74

LANDSAT-TU NDVI DIGITAt COUNT

Figure 5. Canopy cover (%) as a function of Landsat TM
derived vegetation index (NDVI digital counts)

The canopy cover can then be described by the following
regression formula:

Canopy Cover (%) = -366 + 6.01 * NDVIdc

where NDVIj0

= Normalised Difference Vegetation
Index, digital counts

The main shortcoming of the method is its dependence on
the conditions at the time of scene acquisition. The
applicability of the method is restricted to the early to mid
dry season, when a field cover is either absent or dry, but
the tree canopies still retain some of its leaf cover.

2.3 Image Processing
A mosaic of four Landsat frames from 1973 (MSS), 1979
(MSS) and 1987/90 (TM) were registered together using
polynomial resampling using the cubic convolution
algorithm (residuals < 1 pixel). The dataset was then
geometrically corrected to the existing 1: 250 000
topographic map sheets, with a pixel size of 50 m. The
Table 1. shows the different dates and Landsat frames
used.
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Below are descriptions of the situations at the three

Tjblf 1. The dates and locations of the 12 Landsat scenes
used in this study.

1973
1979

1987/90

different occasions.

path/row path/row
185/51
185/50
73-01-16 73-01-16
185/51
185/50
79-01-31 79-01-31
172/51
172/50
87-02-05 90-01-20

path/row path/row
184/50
184/51
73-01-17 73-01-17
184/51
184 '5O
79-02-17 79-02-17
171/51
171/50
87-01-29 87-07-29

3.1 The situation in 1973:
The severe Sahelian drought, 1968 - 1974, struck hard on
agriculture as well as natural vegetation. The amount of
woody biomass outside the cultivation areas was very
low. The area under commercial agriculture was small.

In order to allow multi-temporal analysis, the different
dates were calibrated to each other through comparisons
of a number of target areas. These target areas were

85.60%

mainly areas with wadi vegetation that were field
checked in 1989 and assumed to have been wooded at all

Irrigated
iZ Mech. Rf.

three occasions.

Woodland

The three image

sets were then passed through the

( I Rangelands

formula above, resulting in three data sets showing
4.90% ' 7.60%'

canopy cover. As defintion of woodlands we used the 10
percent canopy cover, refer to Fig. 5.

2 40%

'

Hgure 6: Land use distribution in 1973.

The canopy covei data sets were then overlaid by
3.2 The situation in 1979:

stratifications, based on manual interpretation of the
imagery, into the two agriculture categories, irrigated and
rainfed mechanised agriculture.

In 1979, the rainfall had been fairly favourable for a series
of years. Woodlands increased in areas outside the

VN*'
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3. RESULTS AND DISCUSSION

mechanised agriculture. However, the area under rainfed

The study area underwent dramatic changes during the

mechanised agriculture expanded by 180 "'I. compared to
1973.

time

period

studied,

1972

-

1987/90.

The

most

conspicuous changes were the increase of the area under
73 80%

r.iinfed mechanised agriculture and the apparent increase
m woody biomass outside cultivated areas.

Irrigated
Mech Rf

The table below shows the areal distribution of the

Woodland

different land use categories for each year:
Rangelands

l-'iaure 7: Land use distribution in 1979

Table 2. An-.il distribution of land use categories in d i f f e r e n t \ ears in km 2 as wel
as in percentage change from 1973.n. he total area is 8135O km : .

1973
km"

km2

Open woodlands and forests 3983
Irrigated agriculture
2094
Mech rainfed agriculture
5653
Rangelands
69509

7905
3MO
10259
60088

1979
% Ot 1973
198%
150%
181%

86%

1987
km* % of 1973
4730
3664
14970
57785

\ w%
1 75%
265%

83%
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3.3 The situation in 1987/90

References:

In 1984/85, the area was once again hit by a very severe
drought. It was much shorter than the Sahelian drought,
causing less damage to the natural vegetation. Vast areas
of woodlands in 1979, were transformed into mechanised
agriculture. This expansion forced the traditional
agriculture to marginal areas, which is clearly see» in the
images as highly textured areas surrounding the vast
cultivated fields. The significant increase of woodlands in
the eastern part of me study area is the result of escalating
political unrest in both Sudan and Ethiopia. Guerrilla
soldiers and bandits made these areas unsafe for wood
cutting. The expansion of the rainfed mechanised
agriculture was 265 1Ki compared to 1973 and 146 "/«
compared to 1979.
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Figure S: Land use distribution in 1987/90

Tlio main conclusions from this study are:
- The areal extent of open woodlands in the Eastern Sudan
decrease mainly because of expansion of rainfed
mechanised agriculture.
- The expansion of the mechanised agriculture pushes the
traditional modes of agriculture into marginal areas.
- Outside the vast cultivated areas, the woodlands
increased from 1973 to 1979, mainly because of
improved rainfall conditions.
- Wood cutting for energy purposes is probably a minor
agent in the deforestation.
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National Corporation, Sudan and Survey Department,
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SIMULATION OF CLEAR-SKY OUTGOING LONGWAVE RADIATION
OVER THE OCEANS USING OPERATIONAL ANALYSES
A. SlingoandMJ.Webb
Hadley Centre for Climate Prediction and Research, Meteorological Office, Bracknell, U.K.

ABSTRACT
We have developed a system for the Simulation and Analysis of
Measurements from Satellites using Operational aNalyses
(SAMSON). Simulations of clear-sky Outgoing Longwave Radiation over the oceans are compared with data from the Earth
Radiation Budget Experiment (ERBE). The simulations were
made with a Malkmus narrow-band code, including ail the radiatively important trace gases. Sea surface temperatures came
from NMC blended analyses and ozone amounts from Nimbus7 SBUV data. Atmospheric temperatures and humidities came
from ECMWF and Meteorological Office analyses. The simulated values are within 5-10 Wm"2 of those from ERBE. The
clear-sky OLR can thus be computed from operational analyses
with an accuracy comparable with that of the ERBE data. This
shows the potential of such simulations and has implications for
planning future radiation budget observations.
Keywords: Earth's radiation budget, radiative transfer, ERBE.

!.Introduction
The Earth's Radiation Budget has now been observed by broadband satellite sensors for more than a decade. These sensors
provide information on the two components of the budget; the
reflected solar radiation and the emitted thermal radiation at the
top of the atmosphere. The longest time series of such data
comes from the Nimbus 7 satellite, launched in 1978 (Réf. 1).
The most comprehensive data have been provided since late
1984 by the Earth Radiation Budget Experiment (ERBE), using
identical sensors on one research satellite and two operational
weather satellites (Réf. 2). An important feature of ERBE is the
additional archival of the radiation budget observed under
clear-sky conditions. This allows the effect of clouds on the radiation budget to be estimated, by differencing the total and
clear-sky data, to produce the 'cloud radiative forcing' diagnostic (Refs. 3,4). The Nimbus 7 clear-sky fluxes were not
archived, but estimates of the cloud radiative forcing have been
produced by other means (Refs. 5,6). There is thus a great deal
of data now available on the Earth's radiation budget and on the
separate contributions from clear and cloudy skies.
In addition to these observations of the radiation budget, data
from narrow-band sensors have been processed to give information on cloud amounts and radiative properties. The Nimbus
7 Global Cloud Climatology (Réf. 7) is derived from infrared
radiances and ultraviolet reflectivities measured by different
instruments from those which measure the radiation budget on
this satellite. The International Satellite Cloud Climatology

Project (ISCCP; Réf. 8) derives cloud amounts and radiative
properties from sampled radiances measured by a blend of operational geostationary and polar orbiting satellites. By using
the geostationary satellites, ISCCP overcomes the temporal
sampling problems which beset climatologies constructed from
single polar orbiters, allowing global analyses to be produced
for every 3 hours.
Data from Nimbus 7, ERBE and ISCCP have enabled many
studies of the Earth's radiation budget and of the distribution
and radiative properties of clouds. They have also provided important sources of validation for climate models, as have data
from other satellite sensors (including temperature and humidity soundings) and from conventional surface-based measurements and soundings. Unfortunately, with so many different
sources for the many geophysical parameters required for climate studies, there is no guarantee of consistency between the
various products. Inadequate models for retrieving the required
parameters from the raw data and inadequate sampling in both
space and time conspire to add random and systematic errors,
which are bound to be different for parameters obtained from
different sensors and observing systems.
It is thus important to know the error characteristics of such
datasets and the degree of consistency between them. In the
case of the Earth's radiation budget, this should be
straightforward. The radiation budget is determined by the distribution of temperature and of the mixing ratios of the radiatively important gases, the distribution and radiative properties
of clouds (and to a lesser extent aerosols) and the temperature
and radiative properties of the surface. If information is available on all such required input parameters, then it should be
possible to simulate the Earth's radiation budget with a suitable
radiative transfer scheme and perform comparisons with the
satellite data. Differences between the observed and simulated
radiation budgets would contain valuable information on the
quality of both the input parameters and the simulated and satellite radiation budgets.
Once inconsistencies between the various data sources had
been removed, such a simulation system would be a powerful
tool for understanding the factors which control the radiation
budget. It could also be used to fill in locations or periods when
satellite data are missing and to provide a means for merging
data from satellite experiments performed at different times.
The successful simulation of narrow-band data for periods
when only these measurements were available would lend credibility to simulations of the broad-band radiation budget for the
same periods. In this way, synthetic broad-band information
might be extended back in time to the start of the satellite era.
Parameters which cannot easily be estimated from satellite data
could also be calculated, such as the surface radiation budget
and the three dimensional distribution of atmospheric radiative
heating, although such products would be sensitive to the input
data and would not be unambiguous (Réf. 9).
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These arguments provided the motivation for the system being
developed at the Hadley Centre, known as SAMSON (Simulation and Analysis of Measurements from Satellites using
Operational aNalyses). The operational analyses contribute the
required atmospheric temperature and humidity fields, and the
remaining input data are taken from other sources, as described
later. This paper describes SAMSON and compares simulations of the clear-sky Outgoing Longwave Radiation (OLR)
over the oceans with ERBE data.
Similar work has been reported recently by Wu and Susskind
(Réf. 10), who compared simulations based on geophysical parameters retrieved from satellite infrared and microwave
soundings with the Nimbus 7 OLR data, and by Wu and Chang
(Réf. 9), who examined the sensitivity of their simulations to
the substitution of cloud data from ISCCP and other data from
va ' HIS sources. Most of their simulations were performed with
temperature and humidity fields derived exclusively from satellite retrievals, whereas SAMSON uses operational analyses
(which are based on data from both satellite remote sensing and
in situ measurements). The two approaches are thus basically
complementary, although different in detail.
The present paper concentrates on simulations of the clear-sky
OLR over the oceans, as the simplest first test for the system. It
will be shown that even this simple test provides valuable information on the quality both of the analyses and of the ERBE
data.
2. Description of SAMSON

\W

1

SAMSON is constructed as a series of modules, so as to break
the simulation problem down into discrete tasks. This allows
the maximum of flexibility in choosing the source of the input
data and the radiation scheme to be run for a particular
application. It also facilitates monitoring of the data as the various tasks are performed. The system is implemented on a
workstation, although certain tasks (such as accessing the raw
operational analyses) are sent to the Meteorological Office
mainframe computers. The following sections describe the input data, how these data are interpolated to the simulation grid
and the radiation scheme used for the present study.
2.1 Input data
Sea surface temperatures were taken from the blended satellite
and in situ analyses produced by the Climate Analysis Centre at
the U.S. National Meteorological Center (Réf. 11). The analyses use a flag of -1.8° C to denote the presence of sea-ice. The
SAMSON simulations are performed only over the ice-free
oceans, so the flagged points are ignored. The ozone amounts
are specified as 5 degree zonal means for each month, based on
data from the Solar Backscatter Ultraviolet (SBUV) experiment
on Nimbus 7 (Réf. 12).
Atmospheric temperatures and humidities were obtained from
the archives of two numerical weather prediction centres; the
United Kingdom Meteorological Office (UKMO) and the European Centre for Medium-range Weather Forecasts (ECMWF). For the ECMWF analyses, data were extracted from the
archives using the Meteorological Archive and Retrieval System (MARS). The use of two distinct sets of analyses allows
comparisons which help to identify systematic biases both in
the analyses and in the ERBE data. The simulations shown below were made with monthly mean data, calculated from all the
available analyses for a given month.
2.2 Interpolation to the simulation grid
The atmospheric data described above are on fairly coarse vertical grids, especially near to the surface, so the facility was
included to interpolate the data to n higher resolution grid before performing the simulations. The vertical grid is based on
hybrid coordinates, as is now common in atmospheric general
circulation models; it is terrain-following at the lowest levels

and isobaric at the highest levels, with a smooth transition
inbetween. The number of levels chosen represents a compromise between the competing requirements of minimising the
computation time and maximising the resolution to avoid numerical errors in the radiation calculations. It was felt that the
resolution of the analyses is too coarse to satisfy the latter requirement, which is clearly crucial. The simulations are therefore made with 16 hybrid layers and the input data are interpolated to the 17 boundaries of these layers. The horizontal grid
employed, both for the simulations and for the comparisons
with ERBE, is 5 degrees in both latitude and longitude.
2.3 Radiation scheme
It is clearly desirable to perform simulations of the radiation
budget with as accurate a radiation scheme as possible. For this
study, a narrow band Malkmus model was employed (Réf. 13).
The scheme was run with a resolution of 10 cm'1, corresponding to 250 spectral intervals from 4pm across the infrared
spectrum. The broad-band fluxes were obtained by summing
over all the spectral intervals, but in the future it would also be
possible to make use of the high spectral resolution of such a
scheme to simulate measurements in particular spectral
regions. To save computer time, only the fluxes at the top of the
atmosphere were calculated.
The accuracy of the scheme was checked by running it in a single column version of SAMSON on the test profiles of the
InterComparison of Radiation Codes used in Climate Models
(ICRCCM; Réf. 14). The vertical resolution employed was 1
km, as in the ICRCCM profiles. For the five standard atmospheres with the effects of water vapour, carbon dioxide and
ozone included, the maximum difference of the OLR compared
with line-by-line results (Réf. IS, Table 2) was an underestimate of only 1.1Wm'2, demonstrating excellent agreement with
the reference calculations. Unfortunately, this does not provide
a measure of the absolute accuracy of the Malkmus code, as
even the line-by-line models are subject to uncertainties in the
line shape and water vapour continuum (Réf. 14). Radiation
code errors have been reduced as much as possible in the
present study, but at the present time they cannot be eliminated
entirely.
For the simulations shown here, the effects of the minor trace
gases nitrous oxide, methane, CFCl 1 and CFC12 were included, in addition to water vapour, carbon dioxide and ozone.
These gases have a significant impact on the OLR simulations.
The volume mixing ratios were prescribed at all points with
values appropriate for 1985/6 (Réf. 16); carbon dioxide 347 x
10'6, nitrous oxide 306 x 109, methane 1.69 x 10û, CFC11 230
x 10'12 and CFC12 380 x 10 . The mixing ratios were assumed
to be constant both in the horizontal and in the vertical.
3. Monthly mean simulations and comparisons with ERBE
Simulations were performed for the four months selected by the
ERBE Science Team for their initial investigations (April, July
and October 1985 and January 1986), plus October 1986. The
ERBE data were obtained from the S-4 archive of merged data
from the ERBS and NOAA-9 satellites (Réf. 17).
Differences between the ERBE data and the simulations for
these months are shown in Figures 1 and 2. The contour interval used is 5 Wm 2. Harrison et al. (Réf. 4) give the errors in the
ERBE monthly mean regional clear-sky OLR as 2 Wm"2 for the
rms, with a systematic overestimate of 3-4 Wm'2. The area
within the ±5 Wm'2 contours thus shows roughly where the
differences are within the errors claimed for the ERBE data.
While many details of the differences are due to random errors,
there are systematic differences which are coherent between the
comparison months and which provide valuable information on
the systematic errors both in the ERBE data and in the input to
the simulations. These will be discussed in the following
sub-sections.
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Figure 1: Differences between the ERBE Clear-sky Outgoing Longwave Radiation (OLR) and the simulations using the ECMWF
monthly mean analyses for April, July and October 198S. The contour interval is 5 Wm"2.
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Figure 2: Differences between the ERBE Clear-sky Outgoing Longwave Radiation (OLR) and the simulations using the ECMWF
monthly mean analyses for January and October 1986. The contour interval is 5 Wm .

3.1 Changes to the ECMWF model/analysis system
In May 198S, a series of important changes were
made to the ECMWF model (Table 1). These had a substantial
impact on both the analyses and forecasts made with the model
(Réf. 19). The effect on the clear-sky OLR simulations is apparent in Figure 1. Before implementation of the changes (April
1985), the ERBE clear-sky OLR is higher than the simulated
OLR almost everywhere. In particular, the differences exceed
10 Wm 2 through much of the ITCZ. After implementation
(July 1985), the simulated OLR increases so that the differences reverse sign and are smaller in magnitude. Further reductions
in the differences can be seen in Figure 1. By October 1986, the
simulations are within 5 Wm"2 of the ERBE data through most
of the tropics.
The reason for the significant increase in the simulated clear-sky OLR in the tropics is that the changes to (he
treatment of convection introduced in May 1985 bring about a
profound re-distribution of moisture in the analyses. In April
1985, there was a maximum in the relative humidities over the

V

I

equator, extending throughout the troposphere. In July 1985,
the analysed boundary layer became deeper, with a sharp transition to the middle troposphere, which became much drier.
This drying of the middle and upper troposphere increases the
simulated clear-sky OLR and produces the reversal in the differences shown in Figure 1.
3.2 ERBE systematic overestimate
One notable feature of Figures 1 and 2 is the preponderance of areas where the differences exceed 5 Wm , compared with the almost negligible area covered by differences
exceeding -5 Wm'2. This indicates that the ERBE values are
systematically higher than those from the simulations. This is
also true for the simulations using the UKMO analyses (not
shown here). The fact that the difference is similar from simulations using two independent analysis systems suggests that it
is due to an overestimate by ERBE. Table 2 lists the differences
between ERBE and the simulations, averaged over the domain
(each data point was weighted by the cosine of the latitude to
correct for the latitude-longitude grid). Ignoring the April 1985
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Table 1 : Important changes to the ECMWF analysis-forecast
system for the period covering the simulations (From Réf. 18).
Date

Table 2: Average* over the oceans of the differences between
the ERBE Clear-sky OLR (Wm"2) and the simulations using the
ECMWF and UKMO analyses

Brief details of change
Month

May 1985

Oct. 198S
Dec. 1985
March 1986
March 1986
May 1986
July 1986
Sept. 1986

T106 model with reduced horizontal
diffusion, shallow convection, modified
Kuo scheme and new representation
of cloudiness
Analysis uses 11 instead of 14 layers of
satellite data
Modified subterranean extrapolation
Tides handled by initialization
Improved humidity analysis, including use
of satellite precipitable water content data
Three new levels in stratosphere
Gravity wave drag parametrization
New analysis, including analysis at model
levels and further refined structure
functions

data for the reasons discussed in the previous sub-section, the
average differences are 3.75 Wm"2 (ERBE-ECMWF) and 6.1
Wm (ERBE-UKMO). The spread between these values reflects systematic humidity differences between the analyses
and is a measure of the error in the simulations due to uncertainties in the input data. The suggested value for the ERBE
overestimate of the clear-sky OLR averaged over the oceans is
thus 4 to 6 Wm'2, only slightly larger than the value given by
Harrison et al. (Réf. 4).
4. Discussion
It has been shown that it is possible to simulate the clear-sky
OLR over the oceans, using operational analyses and other information, with an accuracy comparable to that of the ERBE
product. The systematic differences between the simulated
clear-sky OLR and the ERBE data are consistent with the
known ERBE overestimate, although slightly larger. One possible reason for the overestimate is the different strategies
employed by SAMSON and ERBE to determine the clear-sky
flux. ERBE uses a scene identification algorithm to determine
when a scanner pixel is cloud-free (Réf. 20). Unusually moist
(but cloud-free) profiles which produce a lower than expected
OLR may be classified incorrectly as cloudy, producing a systematic positive bias in the archived clear-sky OLR. In addition, for obvious reasons ERBE obtains a clear-sky flux only
when the algorithm deems a pixel to be cloud-free. The clearsky flux is thus found by Method I of Cess and Potter (Réf. 21);
the clear-sky fluxes come only from the cloud-free pixels. In
contrast, SAMSON calculates the clear-sky OLR at each grid
point, regardless of the cloud cover. This is Cess and Potter's
Method D, which is consistent with the concept of cloud radiative forcing as applied to general circulation and climate
models (Réf. 22). As with the models, the operational analyses
used by SAMSON represent averages over a grid box and are
thus not biased to either cloudy or cloud-free regions. However,
differences between the atmospheric temperatures and humidities in these regions could produce corresponding differences
between the Method I and n estimates of the clear-sky OLR.
For example, if humidities are lower in the cloud-free regions,

April 1985
My 1985
OcL 1985
Jan. 1986
OcL 1986

ERBE-ECMWF

7.9
2.1
3.5
5.3
4.1

ERBE-UKMO

7.3
3.7
6.7
8.0
6.0

as might be expected, this would add a further positive bias to
the ERBE values. Ti is suggested that this may be responsible
for part of the remaining differences between ERBE and the
SAMSON simulations. The magnitude of the Method I/O. bias
could be confirmed by simulation studies, but to be conclusive
they would need to be performed at the same spatial and temporal resolution as that employed by ERBE. Such a comprehensive study has not yet been performed, although a valuable
step in this direction has been taken by Potter et al. (Réf. 22).
Even small systematic biases in the clear-sky OLR may still be
important. For example, a 6 Wm"2 overestimate of the global
average clear-sky flux translates into a 20% overestimate of the
derived cloud longwave radiative forcing, which is the relatively small difference between the total and clear-sky fluxes. If the
cloud forcing is required to higher accuracy this places considerable demands on the accuracy of the clear-sky flux.
The use of operational numerical weather prediction analyses
to provide the required atmospheric temperature and humidity
fields is an important aspect of SAMSON. These analyses
should constitute the best available description of these fields,
because they combine satellite remote sensing data and in situ
measurements into a physically based mode] which itself adds
information in the form of the background forecast fields and
the requirements for dynamical and energy balance. However,
the comparisons between the simulations using the ECMWF
and UKMO analyses show a significant sensitivity to the humidity fields, which probably represent the largest source of
error in the simulations. There is evidence that the changes to
the ECMWF model/analysis system during 1985/6 have improved the humidity analyses. This will be investigated further
by performing simulations and comparisons with ERBE for the
period beyond the end of 1986, and by including independent
information on the vertical integral of the water vapour densities retrieved from microwave radiometer data.
These results also provide support for proposals to re-analyse
past data for as far back in time as possible, using the best available model/analysis system (Réf. 23). For the radiation budget
calculations the most important requirement would be the improvement of the humidity analysis, which would hopefully
allow the errors in the simulated clear-sky fluxes to be reduced.
Simulations with such improved analyses could be performed
by SAMSON, but they could also be performed within the
model as the re-analysis proceeds, so that the full temporal,
horizontal and vertical resolution of the model could be
utilised. Such calculations could then provide a reference for
subsequent simulations and for comparisons with satellite data.
If simulations of at least the clear-sky component of the radiation budget can be performed with an accuracy comparable
with or better than that achieved by ERBE, there are implications for planning future satellite experiments. The temporal
and spatial sampling provided by the analyses cannot be
matched by a space-based system unless several satellites are
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employed. In addition, a significant portion of the complexity
of the ERBE instrumentation and dit* analysis system items
from the requirement to estimate the clear-sky fluxes. If this
requirement could be relaxed by developing * hybrid system in
which some or even all of the clear-sky fluxes were obtained by
simulation rather than by observation, this might lead to significant savings. The satellite component of such a system could
then focus on the measurement of the total fluxes. For this approach to succeed, it would be necessary to ensure that the input
parameters not covered by operational analyses (such as the
concentrations of ozone, the minor trace gases and perhaps
aerosols) were obtained with the necessary accuracy.
The results and comparisons shown in this paper have demonstrated the power of the SAMSON system, albeit for the
restricted case of the clear-sky outgoing OLR over the oceans.
The system is currently being expanded to simulate not only the
clear-sky but also the total fluxes over both land and sea, by
including cloud and additional data from ISCCP. Comparisons
with ERBE will remain a most important part of this work.
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ABSTRACT
Satellite studies of the eartns radiation and cloud
cover are an important element in climate analysis.
Therefore tne possibility for studying the longwave
radiation and cloud cover by NUAA satellite data
are examined. Mathematical models and met iods for
processing NOAA satellite data are presented. Histogram analysis is used for cloud cover study. The
main scientific problems and methods for determination of tne Earth surface and atmospheric parameters Dy satellite data are discussed. Various methods ana algorithms for digital processing of NOAA/
AVnRR satellite data are presented. The determination of the radiative parameters,albedo, transmission function of the atmosphere in relation with
climate study is examined. Tne presented mathematical ncoels ara metnooes are used in processing iw/iA
satellite data for reirote sensing and climate research.
Keywords: Earth radiation, processing satellite data.

sensing problems so-lution and climate observation.
i.i. Determination of atmospheric and Earth
surface parameters and related problems
Climate results from numerous inter-related processes. Its observation requires mathematical models,
describing quantitatively the Earth-atmophere system with utmos Accuracy. Surface radiative processes are of great importance due to their strong impact on the general circulation mechanism.
Satellites measure upper atmosphere spectral radiances which are not simply related to surface parameters. The determination of surface parameters is
related to a number of problems, some of which mentioned herewith.
First, it's important to notice that satellite-pixel sizes are, as a rule, large than typical homogen ions areas sizes.

i. SCIENTIFIC OBJECTIVES
Satellite measurements of Earth-space radiative exchange have been an object of many experiments since
the beginning of Space Age in the late 50'ies. The
study of climate and climate mechanisms requires
access to wide range, global scale data with continous caverage for long periods of time- Satellites
are the only systems capable of providing truly global coverage. The key to successful use of remote
sensing data is the availability of accurate mathematic models and analysis methods for satellite data processing and scientific problems solution. The
NOAA polar orbiting meteorologycal satellites provide global data for atmospheric distribution and
dinamics and Earth's surface characteristics. NOAA
data allow daily world-wide coverage and determination of the Earth's surface variations and cloudcover radiation. The successful solution of scientific problems in the fields of remote sensing, atmospheric and climate observation is based on the utilization of precise mathematical models, describing
the Earth-atmosphere transmission processes. As a
rule, the physical parameters determination is based on the solution of inverse problems for the
unknown physical parameter. The correct definition
of the searched parameters and the earth-atmosphere
interaction processes is the basis for solution of
tne problem. Thus, the present work proposes mathematical models for calculation of major earth and
water surface parameters in connestion with remote

If dw is the solid angle from which a homogenions
area of radiance I (Q) is observed via a satellite radiometer, the recorded radiance will be:

N
Ii (Qi)

I (Q) =

dw

where N is the homogenious areas number in pixels
and Q is the homogenious element obsetvation angle.
In order to compute Eq. 1 the various local
radiances must be known, as well as the surface
elements slopes.
The second problem is related to angular effests,
resulting from angular variation of atmospheric
perturbations and non-isotropy of bidirectional
reflectivity (BOR) of the Earth's surface.
In thermal and microwave bands, where the emission
process is dominant, the registered emission Ic(Q)
is defined as a function of total emissivity é
and total temperature T (surface skin temperature)
for the whole pixel.
The strong thermal heterogeneity of such media
yields to brightness temperature dependence on
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angular variations.
However, tne relationships oetween local and so defined total parameters are not always obvious. Thus.
complex field experiments are implied with wellcontrolled surface integration procedure for validation of algorithms for determination of surface
parameters.
Of great importance is satellite derived information on the radiation Oudget, characterizing the
relationships between shortwave solar radiation,
albedo component and thermal outgoing emission. The
radiation balance equation is:
I = E0COS(Z) - RS - R]

(2)

where I is upper atmosphere radiation, E0 is solar
irraoiance at z angle. R5 and RI are short and
longwave exitance respectively.

to the Reley theory (ftef. 3). The Earth's surface
scattering coefficient s(r) at r = 0.55>im is related to meteorological range S0 of view (fief. 3)by
equation:
(5)
Sn =• 3,912
sir)
According (Refs-3,5) s(r)is derived as function of S0.
The spectral dependence ofs(r)can by presented by.
,n
s(r) = s(r0) (-^—1 , r0 = 0,55jum (6)
Taking into account aerosole and molecular scattering, the single scattering function Lsc is calculated in dependence of meteorological range of view
S0. The LSC(S0) dependence for zenith angles
Q = 0°, 30°, 60° and at spectral interval r= 0,8/im
is shown on Figure i.

Especially interesting is the anomalies analysis
of radiation budget and its components. The mean
square deviation (MSD) from average levels of indicated radiative characteristics makes possible
tne assessment of energy sources and sinks ana system climatic fluctuations.
Outgoing shortwave solar radiation variation are
defined by the underlying surface radiative characteristics and atmosphere transmission function (ATF).
Tne atmosphere reduces the spectral radiation
I p . reflected f'"om the ground surface due to
direct path scattering ana absorption processes and
adds its own radiance as result of aerosol and molecular scattering properties ( Réf. 1) and gas atmospheric component. This requires accurate determination of ATF, with account of the atmospheric
aerosol optical characteristics at the time of satellite measurements. In (Réf. ij is described a
method for determination of ATF using spectrometric
satellite measurements in narrow spectral bands.
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This paper discusses another method for ATF determination. Tne method allows to determine the dependence of aerosole scattering coefficient using meteorological data. The registered solar radiance
Ir(Q) at r spectral interval and height H is
described by equation.

1

MQ) = (-scr(Q)Pr(Q) + Or(Q)

(3)

Lscr(Q) = isre
- y"s(r,h)dh ,LSCr
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wtiere Ir(n,w) is the radiative intensity at height
n, fr is the mean angular reflectance. Tne molecular scattering coefficient is calculated according
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Fig. i: Dependence of Lsc(S0j at spectral range
r = 0,8jum for Q = 0°, Q = 30°, Q = 60°.
Another way to calculate Lscr is based on using satellite measurements (Refs. i, 4)The accurate determination of the atmospheric transmission function is an important element in satellite data atmospheric correction to the purposes of
remote sensing (Refs. 1, 4).
Determination of Lscr allows to investigate the
Earth surface albedo variations using satellite measurements according to equation:

A, =

where P1-(Q) is the atmospheric absorption function,
g is the angle or" view, t r is the optical thickness,
s(r.h) is the scattering coefficient at night h,
s(r,h) = sa(r,h) + sm(r,h), sa(r,h) and sm(r,h) are
aerosoie and molecular scattering coefficients respectively. According to the transmission theory
(Kef. 2), the diffusion scattering function Dr(Q)
in tne atmosphere may be represented by equation:

uy"lT.(n,w)f (h,w)dw :

!

•vo

(7)

The relationship between IR radiation and aioedo is
an important parameter and shows, for example, the
radiation changes magnitude associated with changing cloudiness.
\.Z. Using Satellite Data for atmospneric
and land surface parameters study
The general scheme of primary surface and atmospheric parameters determination is based on:
1. pixel localization
i. cloud free pixels determination
3. atmospheric correction and calibration
4. cloud analysis
5. earth's surface parameters determination:
albedo, natural objects spectral characteristics, open-waters areas distribution,
snow cover, ets., according to ciimatolo-
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gicai models.
i. DIGITAL PRÛCESSÏM6 OF MOAA SATELLITE
DATA IN RELATION WITH EARTH RADIATION
STuDV

dependence of registered radiation is shown. The
considerable cloud cover impact on incident solar
radiation and radiation balance formation calls for
development of specialized algorytras for investigation of small contrast dependency objects.

NOAA polar orbiting satellite data are received Dy
Automatic Picture Transmission (APT) and Direct
Sounder broadcast (DSB) services. Tne receiving
station is configurated Dy VAX-ii 161*1-370 and IBM/
PC computers and graphic stations.
Digital processing of satellite data is based on
image processing workstation "Pericolor <?ÛÛl".Standaro software including calibration, geometric correction, visualization, etc. is developed, as well
as specialized software for MOAA satellite data
processing and application in remote sensing and
climate research.
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Fig. 4: l-ragment of l<uAA/AyHRft, image after digital
image statistical differential method, median filter
and enhancement procedure.
Figure 4 shows a fragment of NUAA/'AVHftR image in
channel i after processing by the following procedure (Kef. 7 ):
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I ( i . j ) = C B ( i . j ) - B(i,j)3

Fig. i: Fragment of NOAA/AVHRR image at channel 2.

1

Figure i shows fragment of a AUHRR image, obtained
at channel i (0.725*um - 1,1 jjm). In that spectral
interval weaK contrast is observed between cloud
fields and tne underlying snow and ice fields.This
effect is seen also on Figure 3, where tne spatial
<-.+
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where B(i.j) descrioes the space image brightness
at (i,j) point; 6 (i,j) is the mean value of the
original space image; m^ and l/j are the mean value
and the standard deviation, selected Dy the user;
M is the strengthening coefficient, V(i.j) is standard deviation for image. D is the coefficient, describing '•he frontier brightness-image background relation. For image pro ->ssing is usied algorythm Eq.5,
a median filter (3x3 window) and an enhancement procedure (Réf. 6).
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Fig. 3: Fragment of NOAA/AVHKfi image at channel i
witn vertical spatial dependence of registered radiation.

Frg. 5: Texture analysis of NUAA/A\)HRft image.

102
Here, tne cloud structures, snow cover and water
surface innomogeneities are clearly observed, contrary to tne original image (Fig. Z). Objects with
weak contrast characteristics (cloud fields) are
observed using a specially developed procedure for
texture analysis, including consequtive enhancement,
Laplacian, median filter and again enhancement. A
nigh-frequancy Laplacian filter is used, enhancing
tne image contrast where Laplacian operator detects
edges in image. Tne result is a sum image of tne
original image and its Laplacian, divided by 4. As
seen on Figure 5, this procedure allows to observe
only cloud texture, while underlying texture is
smoothened.
Clear selection of cloud fields is obtained using
tne following procedure: nistogram equalization,médiane filtering and enhancement. The resultant image histogram is shown after median filtering and
enhancement on a Figure 6.

Hg. 7: Histogram analysis of the NÛAA/'AVhftft image
at 10,3 - 11,3 urn.
J|N<>fift fiVHBR C4 E-G

s J ' i ï .

v, '6ULG flCRD SCNC*
Ascpte
Rg§ .iN&nff

Hri

Fig. 6: Histogram equalization image after enhancement.
Histogram equalization operation on image mapps
grey levels p into grey ieveï q such that distriDution of grey level q is uniform resulting ii
stretching of contrast near nistogram maxima and
compression of contrast in tne areas witn grey levels near histogram minima. Tnis usually improves
the aetactabiiity of many image features.

Fig. 8: Digital image processing of NOAA/AVHRR channel 4 image using median filtering.
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Considering tne great influence of cloud covers on
atmospheric profiles ana Eartn-atmosphere system
energy Dudget observation via satellite remote sensing, it is important to determine the cirrus radiative characteristics from ÏR sounding channels.
Histogram analysis are applied for the region,
shown on Figure 7, ootained at channel 4 (10.3 11,3 jum) of AVHRR.
It is shown, that the cirrus stand out against the
earth's surface. For cirrus structures analysis by
IR channel measurements a special procedure is developed, including smoothing and median filtering
(Réf. 6).
Un Figure 8 is shown an image from AVHKK at channel
4 after digital image processing emphasizing cloud
structures.
Figure Iu snows two-dimensional nistogram classification, using AVHRR data channel i (Fig. 9) and
channel 4 (Fig. 7). Tne procedure includes the following major stages:

Fig. 9: Fragment from NOAA/AVHRft image obtained at
channel i .
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1) geograpnic positions définition of the known
classes;
2) location of classified areas in the two-dimensional nistogram;
3) allocation of classes on the image, according
to tneir position on histogram mask.

for determination of the Earth surface and atmosferic parameters is a basic stage of NOAA satellite
data processing and their application in climate
study. In that connection the proposed here models,
algorithms and problèmes are important not only for
NOAA/AVHRR data processing, but also for the solution of similar problems using Meteosat, Landsat,
ERS-i, etc. data.
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Abstract
For several months in 1989 - 1991, the influence of clouds on
climate was determined for two different test sites: North Sea
and Western Mediterranean Area. Using satellite data sets
(NOAA-AVHRR and Meteosat), the cloud-climate efficiency,
a convenient diagnostic cloud-climate parameter, was calculated at the top of the atmosphere and at the surface. This
efficiency is similiar to the cloud forcing, but it defines the influence of an individual classified cloud. The cloud forcing can
be calculated as the sum of the cloud-climate efficiency over
an area. Thus, an important step was also a detailled accurate
cloud classification based on the maximum likelihood method.
By selecting appropriate thresholds in a 2D-histogram clouds,
especially high clouds with different optical depths, were classified. To calculate the efficiency at the surface, a computation
of cloud optical properties was carried out.
Keywords: Cloud-climate efficiency, cloud classification
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Introduction

Clouds play an important role in regulating the radiative energy balance of the global climate system. Their impact on the
incoming and outgoing radiation at the top of atmosphere and
their interactions with other variables of the climate system
are not well understood and remain the major source of uncertainty in climate research. In the presence of clouds a large
part of incoming radiation will be reflected. The clouds also
absorb the longwave radiation emitted by the warmer earth.
They emit energy into space at the colder cloud top. The
reduction in the outgoing emitted radiation is the greenhouse
effect. This effect is similiar to the effects of atmospheric
gases [17,28,37].
Since the early '70s cloud climate studies have been performed, based on ground observations [13, 14) and on model
calculations [25, 31]. After the launches of different satellite
systems, global data sets were included in cloud-climate studies [1, 23, 27]. These investigations show that the influence of
clouds can be greater than the influence of a doubling of COj.
Arking [3] also showed the heating and/or cooling effect for
different cloud types and the influence depending on the occurence of these clouds. All these studies on cloud-climate feedback show that the earth's climate system is vastly complex
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and that it is important to consider each problem separately.
Thus the International Satellite CJoud Climatology Project
(ISCCP) gives a first answer to the problem of determining
the distribution of clouds over the globe [22].
A further step in cloud-climate research has been the estimation of cloud influence with higher spatial and temporal
resolution data. Therefore, several field experiments (FIRE
[16] or ICE [38, 29]) were carried out. Using satellite data sets,
these experiments allowed investigations of several points, e.g.
the change of cloud cover, the variation of optical depths
of high clouds. Considering these results, global data sets
(ERBE, ISCCP-Cl) can be validated. The influence of high
clouds on climate, their different effect (heating or cooling)
depending on the optical thickness of these clouds must also
be studied. The results can be used e.g. as an additional criterion for explaining desertification processes [9]. Therefore
a detailled accurate cloud classification, especially for high
clouds, is necessary. To study the influence of clouds on climate, Ramanathan introduced [15, 27, 18] a convenient diagnostic climate parameter, the cloud forcing, in 1985. This
parameter describes the difference between the outgoing Dux
at the top of atmosphere of a cloudless and a cloudy atmosphere. The cloudy atmosphere is characterized by cloudy
and cloudfree areas. A similiar cloud-climate parameter is
the cloud-climate efficiency [4, 5], but it describes the effect
of an individual classified cloud. The cloud forcing can also
be calculated as the sum of cloud-climate efficiencies over an
area. For several months in 1989 - 1991 the influence of clouds
has been determined for two different testsites: the North Sea
and the Western Mediterranean Area. The investigated areas
have 1024 x 1024 pixels with a resolution of 1.2 km.

2
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Cloud classification - Cloud optical properties

To compare time-series of satellite data sets, a transformation
into a stereographic projection and a calibration was carried
out. After that reflectances for the satellite bands for sea surfaces [12, 10, 11] and high clouds [34, 35, 36] at the top of
atmosphere were approximated. A linear interpolation between these approximated reflectances was used to determine
the reflectances of the whole image. After the preprocessing
and the standardization by the solar zenith angle the trainings
data sets for the maximum likelihood classification were defined automatically. By selecting appropriate thresholds in a
two-dimensional histogram (reflectance and brightness tem-
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Table 1: Classified cloud classes (the scale reaches from thin
to thick high clouds)
Class
1,2
3,4
5,6,7
8,9
10,11
12,13
14-18
19-23
24

Surface / cloud
Sea
Land
Low-level clouds
Multilaycred clouds I
Mid-level clouds
Multilaycred clouds II
High clouds over land
High clouds over sea
High, dense clouds (Cb)

perature [S]) different cloud classes, especially high clouds
with different optical properties, were detected (Table 1). To
distinguish clouds above land or sea, a land/sea mask was
included.
The investigated area has 1024 x 1024 pixels with a nadir resolution of 1.2 km. The classification takes into account
three AVHRR channels (CH-I, CH-2 and CH-4) and two Me
teosat channels (VIS, IR). Channel 5 was neglected, thus the
classification is compatible with all NOAA satellite systems.
Channel 3 was only used to distinguish between clouds and
snow. The water vapour channel of Meteosat was also neglected due to the information only for the higher troposphere. To
discriminate high clouds from dust or haze, the information
of the horizontal homogeneities in the IR was used. These results were validated by synoptical observations, and there is a
good agreement between both satellite results and the ground
based observations [4j. There are only small differences, e.g. if
a multilayered cloud with a base in the mid-level is classified,
the ground observer detected a multilayered cloud with a base
in the low-level. Another discrepancy is the detection of very
thin cirrus clouds because of the semi-transparency of these
clouds. Cloud type maps were generated by this method for
October 1989, 1990 and 1991. After the cloud class;rication,
histograms with a percentage of cloud types were calculated
for decades .md the whole month. These results were used to
interpret the cloud-climate efficiency results. Another possibility is to compare these results (24 gridboxes a 2.5°x 2.5°)
with ISCCP data.
A further step was the determination of cloud optical properties of cirrus clouds. For the solar spectrum, the vertical
transmittances for high clouds were calculated using a simple
radiative transfer scheme, which assumes isotropic reflectances of high clouds. In AVHRR CH-I the water vapour absorption was neglected, in CH-2 considered. For the Meteosat visible channel the water vapour absorption is also partly
included. For a few cases during the field experiments, ground
based observations (8-channel interference-filter actinometer)
were used to validate the inferred results [6, 4], and we found
a good agreement. Further comparisons with ground based
and airborne Lidar [7] showed that the results inferred from
the airborn Lidar agree very well with the satellite results. In
contrast the ground based Lidar underestimate the vertical
transmittances of high clouds. That can be explained by a
wrong aerosol profil for the Lidar computations. In comparison to a similiar satellite algorithm, an agreement between
both can be found [32, 21]. For the terrestrial spectrum a
relationship after Platt was used to determine the vertical
transmittances (24). Comparing these results with other empirical relationships [19, 20, 33], we got similiar results.

3

Cloud Climate Efficiency

The obtained information (cloud type, cloud optical properties) was applied to determine the influence of clouds in the
climate system. A convenient, diagnostic cloud-climate parameter was introduced by Ramanathan [15, 25, 26]. This
parameter is called Cloud Forcing. It describes the difference
between the outgoing fluxes at the top of atmosphere between
a clear and a cloudy atmosphere:

CFNET = C FSW+ C FIR
CFSW = S0(V)(On-Ct)
CFIR = F^-F,

(1)
(2)
(3)

where CFNET is the net cloud forcing, CFSW the shortwave and CFIR the longwave component of the cloud forcing,
a,,,, is the planetary albedo of a cloudless atmosphere and a
is the planetary albedo of a cloudy atmosphere including the
cloudless atmosphere. So(f) is the solar insolation, depending on time and latitude. F is the outgoing longwave flux.
This cloud-climate parameter was applied for calculations in
GCM's with global data sets [18].
For the reduced spatial resolution, we define a new cloudclimate parameter. It is called cloud-climate efficiency and
is the difference between the fluxes at the top of atmosphere
of a clear and a cloudy atmosphere. For this parameter, the
influence of the cloudless atmosphere is not included in the
cloudy atmosphere. This parameter shows, therefore, the influence of a cloud type, classified by the classification scheme.
The equations of the cloud-climate efficiency are similiar to
the cloud forcing equations:

CENET
CESW
CELW

= CESW+ CELW

(4)

= S0(Ip)(On. - ac)
= F^-FC,

(5)
(6)

where the index c describes the components for the cloudy atmosphere. To obtain the cloud forcing, the sum of the cloudclimate efficiencies can be calculated, e.g. for a 2.5°x2.5° gridbox:
i

JV

CFNET = -^CENETi

(7)

N is the number of pixels in the analysed grid box. The cloudclimate efficiency for cloudless pixels is also included in the
cloud forcing calculation, and it is zero.
Applying these equations to the data of October 18, 1989
(the target day of ICE'89) a positive cloud-climate efficiency
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Figure 1: Shortwave cloud-climate efficiency for October 18,
1989; calculated for the different cloud classes
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Figure 2: Longwave cloud-climate efficiency for October 18,
1989; calculated for the different cloud classes
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Figure 3: Net cloud-climate efficiency for October 18, 1989;
calculated for the different cloud classes

could be calculated above the North Sea [S]. This is easy to
understand, if we consider that there were classified high thin
clouds, mainly built from contrails. There is no shortwave
effect, but a heating effect in the longwave spectrum due to
the semitransparency of cirrus clouds.
The different influences of the classified clouds are displayed in the histograms in figure 1 and figure 2. There is
always a cooling effect of clouds due to the loss of solar energy and this effect depends on the cloud class. In these figures, classes 1-4 are cloud-free classes (sea,land), classes 5-9
are low-level clouds, classes 10-13 mid-level clouds, classes 1418 and classes 19-23 are high clouds, where the scale reaches
from optically thin to optically thick cirrus. Class 24 represents high, thick clouds (Cb's) and class 25 is the mean value
over the whole area (including the cloud distribution). As a
result, clouds lead to an decrease of solar radiation and to an
increase of terrestrial radiation. The sum of both effects can
lead to a heating or cooling effect of the atmosphere, which
is positively correlated to the cloud-climate efficiency at the
top of atmosphere.
The sum of the components of the cloud-climate efficiency
for October 18, 1989 is shown in figure 3. This figure shows
that low-level clouds lead to an decrease of energy and all

Figure 4: Standardized net cloud-climate efficiency for
October 18, 1989; calculated for the different cloud classes
other clouds lead to an increase of energy in the system. If we
standardize the solar insolation by ^, we get a standardized
net cloud-climate efficiency. This hypothetical diagram shows
the influence of these clouds, if they are uniformly distributed
over the earth (figure 4). It can be seen that only high clouds
lead to global mean heating of the atmosphere and that all
other clouds lead to a cooling. The difference between the
diagrams in figure 3 and figure 4 can be explained with the
different mean solar insolation. The discrepancy between the
cirrus clouds over the land (14-18) and over the sea (19-23)
is due to the higher difference of the planetary albedos. Therefore the influence of cirrus clouds over land will lead to a
stronger heating of the atmosphere than cirrus clouds over sea.
Considering classes 23 and 24, the cloud-climate efficiency in
the longwave is in the same order of magnitude. But fo- the
shortwave, we determined that the albedo of high dense clouds
is influenced by the albedo of the mid-level clouds. Thus the
cloud-climate efficiency of this cloud type is similiar to that
of mid-level clouds.
The next step in this investigation is the calculation of the
monthly mean cloud-climate efficiency and, respectively, the
monthly mean cloud forcing for the gridboxes (Tab. 2). The
monthly mean net Cloud Forcing for each gridbox is shown in
figure 5. It can be seen that the cloud forcing increases from
October 1989 to October 1990, especially in the southern gridboxes. This increase is due to the increase of high clouds and
decrease of low clouds, detected by the classification scheme.
In a first approach we compared the increasing cloud forcing from October 1989 to October 1990 with the temperature/pressure deviations in different pressure levels (surface,
85OhPa, 500 hPa and 300 hPa). The comparison with the
relative topography (300/850 hPa) shows an increase in the
Table 2: Coordinates of the investigated GCM gridboxes

2.5WO.OE
57.5N60.ON
55.0N57.5N
52.5N5S.ON
50.0N52.5N

O.OE2.5E

2.5E- 5.0E5.OE 7.5E

7.5E10.OE

10.0E12.5E

12.5E15.OE

1

2

3

4

5

6

1

8

9

10

11

12

13

14

15

16

17
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19

20

21

22

23
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Figure 5: Cloud Forcing for the gridboxes (Table 2) for
October 1989, 1990 and 1991
mean-layer temperature above East-England and above North
Germany .This corresponds directly to the increase of cloud
forcing.
A further step is the detection of the cloud influence at
the surface. Figure 6 shows the longwave cloud-climate efficiency at the surface, and it shows an increase of longwave
atmospheric radiation due to high clouds with different optical
depths. But if we calculate these parameter for the longwave
and shortwave spectrum, we must consider some discrepancies. One is the detection of cloud bases from satellites. We
assumed these cloud bases after London [3O]. Another problem, especially in the shortwave, is the aerosol content in the
atmosphere. Therefore it is difficult to obtain accurate results
for the influence of clouds at the surface. First analysis shows
nevertheless that a positive net cloud-climate efficiency at the
surface is well correlated with an increase of the surface temperature [4].
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Summary

As this study shows, the important influence of clouds on
climate can be explained by the cloud-climate efficiency at
the top of atmosphere. Thus the influence of high clouds
leads in a global mean to a heating of the earth-atmosphere
system. If we calculate the cloud-climate efficiency for any
location, these influences depend on the solar insolation. Low
clouds lead always to a cooling of the system. After this first
analysis of data sets for the North Sea, the whole scheme will
be extensively applied to other data sets in the mid-latitudes
e.g. to study the desertification processes in Spain.
Starting with the first approach to a coir.parison of climatological means at different levels with the cloud-cb'mate
efficiency, we found an agreement between all these quantities. This encouraged us to continue this study to get more
information about the influence of clouds on the climate system. We are also calculating the cloud-climate efficiency at
the surface and have been preparing a longer data set (since
August 1990).
A further step in future will be an improved approximation
of the aerosol content in the atmosphere using satellite data.
This will lead to an increase in the accuracy of computing
the influence of clouds at the surface. Therefore the influence
of clouds on the atmosphere system can be defined as the
residuum between the cloud-climate efficiency at the top of
atmosphere (cooling/heating of the earth-atmosphere system)
and at the surface (cooling/heating of the surface).

Figure 6: Longwave cloud-climate efficiency at the surface for
October 18, 1989; calculated for the different cirrus clouds
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CLOUD-GENERATED RADIATIVE HEATING DETERMINED FROM SATELLITE MEASUREMENTS
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ABSTRACT
In this study we attempt to estimate the cloudgenerated radiative heating using the ISCCP atage C
data. It is shown that the assumptions made about the
cloud structure within a satellite image pixel have an important influence on the resulting radiative heating.
Keywords: ISCCP, radiative heating
1. INTRODUCTION

1

\W'

It is a fact that clouds modulate the radiation field
very effectively. They influence the radiation budget
at the top of the atmosphere, at the surface as well as
within the atmosphere itself. Therefore, the interaction
between clouds and radiation should have an important
impact on the vertical radiative flux divergence profile.
We try to investigate this by applying ISCCP cloud data.
The ISCCP data are used to derive cloud top height,
cloud base height, and cloud cover for several cloud types.
These parameters are applied as input values for radiative
transfer calculations. In the case of cumulus cloudiness
the assumption of complete coverage within the image
pixels leads to unrealistic thin clouds, therefore broken
cloudiness should be considered. Calculations show that
this assumption has a strong influence on the resulting
radiative heating.

2. SATELLITE DATA
We are using the ISCCP (International Satellite Cloud
Climatology Project, Réf. 3) Data, because they provide
a global coverage of cloud properties. The data are given
with a spatial resolution of 2.5° x 2.5° and a temporal
resolution of 3 hours. The stage Cl data contain daily
values for 35 cloud types whereas the stage C2 data contain monthly mean values for 7 cloud types. The clouds
are classified according to the top pressure and the optical thickness.

For each of these cloud types there are given:
• frequency of occurrence of the considered cloud type
• average cloud top temperature/pressure
• average optical thickness (only daytime)
It must be stated that the analysis of ISCCP assumes
that all properties are uniform on the scale of a satellite
image pixel (about 5-10 km) (Réf. 3).
3. RADIATIVE MODEL
The radiative transfer calculations are performed
with a two-stream-approximation model developed by
J. Sdunetz (Réf. 4). The shortwave spectrum is divided
into 37 intervals, whereas the longwave spectrum is divided into 50 intervals. The gases O3, CO3, H3O, O3, as
well as aerosols and clouds are taken into account.
At present we are using climate-logical values for the
atmospheric data (Réf. 1).
The radiative properties of water clouds are derived
with Mie-calculations (Réf. 2) using the droplet size distributions proposed by G. L. Stephens (Réf. 5).
4. CLOUD GEOMETRY
The main difficulty is to derive the vertical extension
of clouds. The first approach was to assume that the
satellite image pixels are wholly filled with a single, homogeneous cloud layer. With this assumption it is easy to
calculate the geometrical thickness of the cloud layer for
a given optical thickness and a given droplet sise distribution. Unfortunately, this leads in some cases to doubtful results. Especially the combination of the ISCCP
"Cumulus" cloud type (top pressure > 680 hPa, optical
thickness < 3.6) vritb Stephens "Fair weather cumulus"
droplet size distribution (liquid water content 1 g/m"3,
mode radius 5.5 /un) allows only cumuli thinner than
30 m. Maybe the clouds detected by ISCCP as cumulus
have a lower liquid water content than the cumuli considered by Stephens. But the question is, if it is adequate to
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assume that the cloud cover a complete within an image
pixel.
Another approach is to assume that cnmnli are optical
thick cloud» with a horizontal extension smaller than the
image pixel, i.e. broken dond». In order to attain that
this awnmption leads to the same radiation detected by
the satellite as the former assumption, the dond coyer,
height, and thickness must be chosen appropriately. Because it is not possible to derive the optical and geometrical thickness of such broken clouds from the KCCF data
set, it must be prescribed. This means that the average optical thickness is considered as a measure of the
cloud cover within the image pixel and not as a measure
of the optical thickness of a single dond. The reduced
dond cover allows to pass more longwave radiation emitted by the "warm" surface, therefore the longwave radiation emitted by the douds must be reduced. Generally
this leads to an increased dond height due to a reduced
dond top temperature.
In figure 1 the vertical distribution of dond generated radiative heating is shown for a "cumulus" classified satellite image pixel for both assumptions: The solid
line belongs to the assumption that the image pixel is
filled with one dond layer, the dashed Une belongs to
the assumption of broken dondinew. In this example
a "midlatitnde summer" atmosphere over ocean is assumed, with a sun zenith angle of 40°. The assumed
dond parameters are: an average optical thickness of 2.6,
an average doud top pressure of 800 hPa and Stephens
"fair weather cumulus" droplet size distribution. In the
case of a thin doud layer the optical thickness and top
pressure of the layer have to be the same as the average ones, whereas the doud base pressure is calculated
to be 803 hPa. The case of broken cloudiness leads to
a dond cover of 21%, a doud top pressure of 750 hPa,
and a dond base pressure of 650 hPa (at which the doud
thickness is prescribed to 100 hPa). Integrated over the
whole atmosphere the thin layer cause a net cooling of
4.3 W/m* whereas the broken donds cause a net heating
of 8.0 W/m3. This points out that the two assumptions
lead to clear different results. The main effect is the reduced longwave cooling of broken douds due to a reduced
cloud cover (figure 2). The effect for the shortwave heating is minor, apart from a vertical shift (figure 3).

U

100
200

300

1

Sf

£«00
JJ SOO

W

SOO.

1

°- 700-

f

i
900
1000-

-IS

-10

-5

O

5

10

15

cloud generated radiative heating {K/d]
Figure 1: Cloud-generated radiative heating for a "cumulus" dassified satellite image pixel for two different
assumptions about doud geometry. Solid line: it is assumed that the image pixel is wholly filled with a single
thin doud layer. Dashed line: it ifl assumed that the
image pixd is partly filled with thick donds.
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The assumptions about the doud structure have an
important influence on heating rates. The assumption
of complete coverage for the ISCCP cumulus type gives
too small geometrical thicknesses. Hence, partly doudy
image pixel have to be assumed with recalculated optical
thicknesses which lead to more reasonable geometrical

Figure 2: As figure 1, but restricted to the heating
generated by longwave radiation.
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ABSTRACT

t

The possibility to derive the vertical dimension of convective cloudfields over oceans by remote sensing with the
spaceborne infrared radiometer AVHRR is investigated.
A set of atmospheric data for polar cold-air outbreaks is
prescribed, containing different cloud base and top temperatures, and other parameters influencing the radiative transfer properties. Top of the atmosphere radiances are then calculated with a one-dimensional model of
radiative transfer. The optical depth of semitransparent
clouds can be estimated from the radiances of the thermal infrared channels of the AVHRR. For such clouds the
base temperature is infered from top of the atmosphere
radiances. For nighttimes, the algorithm yields a root
mean square error (RMS) of 2 K. The cloud-top temperature for opaque clouds can be retrieved from channel 5
(~ 12jim) alone. Assuming a pseudo adiabatic lapse rate
within the convective clouds, their vertical extension can
be estimated.
Keywords: AVHRR, clouds, cold air outbreak.
1. OBJECTIVES
Polar cold air outbreaks lead to very intensive air-sea interactions due to the big temperature differences of air
(sometimes less than 253 K) and arctic ocean (about 280
K). Part of the energy budget of the boundary layer may
be studied from the downstream development of the convective clouds.
2. METHOD
First, a set of atmospheric data is prescribed. Therefore,
the parameters influencing the longwave radiative transfer are varied to simulate all possible cloudy situations for
cold air outbreaks. The parameters are the sea surface
temperature, the temperatures and heights of cloud base
and cloud top, the cloud droplet size distribution (i.e.
also the liquid water content), and the vertical atmospheric profiles of temperature and humidity. Nearly 1200

different situations are simulated. For each the equation
of radiative transfer is solved to simulate the radiances of
the three infrared channels 3 (~ 3.7pm), 4 (~ Il/ira), and
5 (~ 12/im)of the AVHRR. The numerical model used is
one dimensional and has been developed by Grafll (Réf.
1) based on the Matrix-Operator-Theory described by
Plass (Réf. 2).
3. RESULTS
The results of the simulations show: Only totally cloud
covered pixels from AVHRR measurements may be compared with the simulated radiances, because the model
of radiative transfer is one dimensional. The seperation
of totally cloud filled pixels from partly cloudy pixels is
possible by help of the ratio of radiances of all three channels. A detailed description is given by Manschke (Réf.
3). The derivation of cloud base temperatures is possible, but for semitransparent clouds only. At least in one
channel the "warm" radiance from the ocean partly can
penetrate through those clouds to the top of the atmosphere. Regression analysis of the simulated radiances
show that the use of all three infrared channels is necessary to obtain acceptable errors. This is possible at
nighttime only, when the radiances in channel 3 are not
influenced by reflected sunlight. Then, the total optical
thickness of the clouds at 0.55pm (TO.SJ) can be estimated:
T&.S5 =

ai

'ïT

-T.)

(1)

!3 and U are the radiances of channels 3 and 5, respectively and Ta and Tj the corresponding brightness temperatures. Table 1 shows the coefficients for Eq. 1 for
different sea surface temperatures (SST). The accuracy
of Eq. 1 allows a seperation of clouds into différent classes of optical thickness. Equations (2) to (5) determine
the cloud base temperature TB for each class: Eq. 2 for
the class r0.5j < 3, eq. 3 for the class 3 < r&.ss < 6, eq.
4 for the class 6 < ro.ss < 10, and eq. 5 for the clan
TO.» > 10.
TB=

60 -U1-(T3 -Ts) + Jj-T 3 + J 3 - (Ii- T4) (2)
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TB =
TB =
TB =

C0 -f C1 • Tt + ct • (Tt - T5) + C3 •

(3)
(4)
(5)

The coefficients for equations 2 to 5 are given in table 2 to
5. The root mean square error (RMS) for the regression
ion
of the cloud base temperature is 2 K. Comparisons with
nth
lifting condensation levels derived from radiosoundings
ngs
show a standard deviation of 2 K, too.
Due to the "blackness" of opaque clouds (TO.SS, > 10),
the errors are much smaller (RMS about 0.2 K) for the
derivation of cloud top temperatures (TTCF)- Therefore,
the use of channel 5 alloue is sufficient because the water
vapour content above polar clouds is very small. For
thick clouds, there is also no dependence on the actual
SST. TTOP may be derived by equation 6:
TTOP[K] = 2.7K + 0.9869-Ts

(6)

For the application to real satellite data, a constant
pseudo adiabatic lapse rate of 0.9K / 10Om is assumed,
corresponding to the low temperatures.
A first case study of a cold air outbreak shows rather uniform cloud heights near to the ice edge of about 90Om.
The variability of cloud heights increases downstream
(about 1000 km off the ice edge) to values between 80Om
and 1500m, and the mean value also increases significantly to about 110Om. All the values given above arc
spatial averages for areas of 50 * 50km.

Tables 1 to S: Coefficients of regression analysis for different SST
values. Root mean square errors (RMS) of the estimations are also
ziven.
Table 1: Optical Thickness r0.55 (Eq. 1):
SST[K]
273.15
277.00
281.00
285.00

X>

ai

21.3247
19.5717
18.1673
17.1162

-1.05917E+04
-0.83381 E+04
-0.65635E+04
-0.52246E+04

a, [K-<]
-0.346726
-0.302736
-0.272791
-0.252970

RMS
1.82896
1.56947
1.40127
1.29821

Table 2: Cloud base temperature for n .5$ < 3 (Eq. 2):
SST[K]
273.15
277.00
281.00
285.00

bo[K]
465.892
554.311
626.386
686.272

b,

b3

b3

-2.34761
-2.30256
-2.25987
-2.23058

-0.72794
-1.03128
-1.267-»"
-1.45430

-1.84124
-1.92318
-1.87009
-1.73110

Table 3: Cloud base temperature for 3 < ro.ss < 6 (Eq. 3):
SST[KL
273.15
277.00
281.00
285.00

C0[K]
-28.0687
-30.4595
-28.9972
-28.6331

Cl

CS

1.1?599
1.14163
1.14168
1.14232

-0.707306
-0.825681
-0.881546
-0.854815

C3[K]
-1555.42
-2595.32
-3313.93
-3380.44

RMS[K]
0.590392
0.597136
0.591703
0.604009

Table 4: Cloud base temperature for 6 < TO.U < 10 (Eq. 4):

SST[K]

do[K]

273.15
277.00
281.GO
285.00

-20.3537
-20.9349
-21.0653
-21.1263

di
1.09871
1.10085
1.10118
1.10129

RMS[K]
0.533917
0.527323
0.541348
0.538694
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RMS[K]
2.07359
2.15414
2.24311
2.33806

Table 5: Cloud base temperature for TO.JS > 10 (Eq. 5):
SST[K]
273.15
277.00
281.00
285.00

eo[K]
-24.9558
-24.9556
-24.6246
-24.3440

Cl

1.12617
1.12615
1.12482
1.12371

RMS[K]
1.39622
1.40041
1.41378
1.41372
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ABSTRACT

A bispectral approach lor temperature determination of semitransparent clouds is taken to identify areas covered by Polar
Stratospheric Clouds (PSCs). The method is based upon the
information of two satellite pixels and two spectral channels
of the passive HIRS instrument onboard the NOAA satellites.
The method succeeds for optically thick PSCs appearing to
be inhomogeneous in both satellite pixels, whereas optically
thin and homogeneous PSCs are not definitely detectable due
to the influence of radiometnc noise. Application of the method
to NOAA satellite data gained during the major PSC event on
January 31 1989 demonstrates that large areas covered by
dense PSCs are clearly found with a horizontal distribution in
very good agreement to independent airborne measurements.
Keywords: polar stratospheric clouds, bispectral method,
NOAA-HIRS data

1. INTRODUCTION

Polar Stratospheric Clouds (PSCs) are a phenomenon of both
Arctic and Antarctic regions and form as a consequence of
dramatic stratospheric cooling during the polar winter. Three
main types of PSCs are generally defined, a common type I
consisting of nitric acid trihydrate particles, a rarer type Il consisting of ice particles, and a type III occuring in relation to
mountain lee waves. The formation process of PSCs is
accompanied by dehydration and denitrification of the stratosphere that influence the ozone chemistry thus leading to the
development of the ozone hole. Furthermore optically thick
PSCs of type Il and III are suggested to force stratospheric
dynamics via radiative heating or cooling as shown by Kinne
and Toon (ReI. 5). Therefore, identification of PSC events and
determination of the PSC temperature with data from satellites
will be very important for monitoring the regions of potential
ozone depletion as well as of regions where PSCs may impact
the polar stratospheric radiation budget.
In this study a bispectral method, as proposed by Pollmger and
Wendling (Ret. 11), which gives temperatures and altitudes ol
semitransparent clouds from NOAA-HIRS data, is modified in
order to enable detection of PSCs. Model results and application to real satellite data show that the bispectral method
detects PSC covered pixels by deriving temperatures in a

range that clearly differ from results achieved under conditions
of a cloudfree stratosphere. The method is applied to NOAA10 and NOAA-11 overpays on January 31 198S when PSCs
of type I and Il form over Northern Europe in large areas as a
consequence of a pronounced cooling in the lower stratosphere. Results are horizontal distributions of low temperatures that in fact can be traced back to areas covered by thick
PSCs. Horizontal temperature distributions are qualitatively
consistent with independent measurements, for example lidar
observations presented by McCormick et al. (Ret. 8).
2. METHOD

The basic concept of the bispectral method for the determination of cirrus cloud temperature and altitude goes back to
Cayla and Tomassmi (Réf. 3) and is further developed and
described in detail by Pollmger and Wendling (Réf. 11). It was
shown that cloud temperature can be retrieved with information
from two channels in the terrestrial spectral range (4-100jjm)
and two adjacent satellite p'xels within a cirrus field provided
that cirrus optical depth in both pixels differs from each other
at constant cloud temperature. The method needs spectral
information from two channels whose weighting functions peak
at different altitudes. Useful channel combinations are
achieved with one channel located inside the absorption bands
of H2O and CO2 and the other in the window region (8-13(jm)
or in the far wing of the absorption band, respectively.
Neglecting the reflectivity of the cloud the radiation measured
at satellite is given by :

(1)
o (ifIf + (1 -If

where :

L! ,Lm, 14 : measured radiances at the satellite
L", L; : emitted radiance of the layer above the cloud
IP, Lj : emission of the layer below the cloud and from the
ground
f, ? : transmissivity of the layer above the cloud
S,, B1 : blackbody radiation at cloud temperature
t!, If, g, £ : transmissivity of the cloud
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Pixel and wavelength are denoted by the upper and lower
number index, respectively. In Equ. (1) the radiances below
the cloud Lf and Lf are assumed to be equal for adjacent
satellite pixels which may be valid for horizontal homogeneity
of atmosphere and a surface like the ocean. In order to reduce
the number of unknown quantities in Equ. (1), !he emissions
Lf and Lf of the layer above the cloud are neglected. Especially for channels located inside gas absorption bands this is
a priori not allowed, but justified in a first step, since the error
is corrected afterwards as explained below. After some simple
rearrangements of Equ. (1) the emissions Lf and Li below the
cloud can also be eliminated leading to :

if

B1-Lj

(2)

As proved by simulations of semitransparent clouds with different optical depth the ratios on the right hand side are almost
the same for appropriate combinations of HIRS-channels and
hence, it is permissible to equate the transmissivity ratios in
most cases leading to the central equation :

B1(T)

(S)

Since f, the ratio of the two spectral Planck functions B,( 7) and
B1(Ti depends on cloud temperature T itself, Equ. (3) is transcendent and has therefore to be solved iteratively with a first
reasonable guess of cloud temperature. In the first iteration
step the blackbody radiance on the left side of Equ. (3) is calculated and the inverted temperature then serves to determine
the factor f in the next step. When convergence of the iteration
process leads to temperature differences between two consecutive steps below a given threshold, for example 0.1 K, a
first estimate of the cloud temperature is obtained.
However this first temperature usually deviates from the actual
cloud temperature and, in order to further improve the result,
atmospheric masking on measured radiances from the layer
above the cloud has to be eliminated. This was done by radiative transfer calculations basing upon the knowledge of the
temperature profile above the cloud. Radiative transfer calculations give the spectral transmissivity c" and the spectral
emission L1" of an atmospheric layer that ranges from from a
fixed altitude above the cloud to the top of the atmosphere.
Correction of all measured radiances L; is then performed
according to the following equation :

L; -

(4)

where L\c denote the corrected radiances. An improved cloud
temperature and height can then be determined during a further iteration starting with corrected radiances.
As a result from numerical simulations a combination of channel 4 with channel 7 of the HIRS2 instrument, corresponding
to central wavelengths at 14.2u.rn and 13.4^m, reacts to emitting PSCs between 15-25 km and leads to temperatures indicating their existence. Both channels are located inside the
CO2 -absorption band with maxima of the weighting functions
around 300 hPa for channel 4 and at the surface for channel
7.
3. SIMULATION RESULTS
In this section the bispectral method is demonstrated based
on simulations of HIRS observations of PSCs and clear
regions. Errors which can be expected from the bispectral
method are demonstrated using theoretical simulations.
Spectral radiances of HIRS2-channels 4 and 7 are calculated
with a 1-D radiative transfer code that is based upon matrixoperator-theory (Plass et al., Réf. 10). An atmospheric profile

is constructed that represents a stratospheric temperature
environment typical for formation of dense type Il PSCs which
after Hansen and Mauersberger (Réf. 4) condense at temperatures clearly below 190 K. Following observations of the
geometrical PSC depth during the Airborne Arctic Stratospheric Expedition (AASE), a PSC embedded between the
16-21 km model layers seems to adequately represent a reasonable cloud location. Temperatures at cloud top and base
are given in Fig. 1 and 2. To account for characteristic PSC Il
size distributions, a lognormal distribution of ice spheres with
a mode radius r=5nm is assumed. For example, particles of
type Il PSCs are believed to cover the range from 3-Su.m
(Krueger, Réf. 6); Kinne and Toon (Réf. 5) use a mode radius
of r=8nm for model calculations. Spectral optical parameters
as assymmetry factor, single scattering albedo, and volume
extinction coefficients are derived by Mie-calculations with
complex refractive indices for ice after Warren (Réf. 12). As
mentioned above, the bispectral method needs information of
two satellite pixels Therefore PSC optical depths which have
to appear differently in both satellite pixels are simulated by
variing total particle number densities at constant geometrical
cloud depth. Corresponding spectral ratios of transmissivities
which have been equated to derive the central formula (Eou.
(3), section II) are calculated to agree within 1% for a variety
of panicle number densities from 0.01 -0.2 cm 3
Atmospheric correction above the cloud is reduced to one
radiative transfer calculation for one fixed atmospheric layer
from 25-50 km. An altitude of 25 km seems to be a reasonable
assumption for the lower boundary of the masking atmosphere
because PSCs are observed to overwhelmingly form below
this level. Uncertainties of deduced PSC temperature are calculated to remain below ±0.7 K, ±1 K, and ±1.5 K when the
temperature profile used for correction is varied by ±2 K, ±3
K, and ±4 K. respectively, along the path from 25-50 km. This
is due to reduced gas absorption at these altitudes. For the
same reason a masking effect from an atmospheric layer
probably remaining between PSC top and 25 km is not severe.
Without atmospheric correction, however, deviations in derived
temperature of about 6 K have to be expected for conditions
similar to the model atmosphere.
As a typical result, temperatures retrieved from simulated
radiances and plotted as a function of PSC optical depth in
channel 4 are shown in Fig. 1. PSC optical depths correspond
to particle number densities ranging from 0.02-0.1 cm ' and
concentrations differ by a factor two in both HIRS pixels to
account for mhomogeneities in both satellite pixels. To clearly
demonstrate how the algorithm reacts to emitting PSCs in a
cold stratospheric environment in comparison to the same but
cloudfree stratosphere. Fig. 1 also exhibits solutions for the
clear case. Error bars illustrate the variety of solutions which
have to be expected when noise equivalent differential radiances (NEAN) of both HIRS2 channels are taken into account.
The temperature interval representing the clear case is a consequence from superimposed radiometric noise only (Solutions
would be divergent for noisefree clear column radiances of
equal value in both pixels). Although error bars become rather
broad for optically thin PSCs, all solutions for PSC covered
pixels are clearly separated from the clear case. This is due
to trie fact that increased optical depth between 18-21 km
caused by PSCs significantly increases the contribution of
layers emitting at very low temperatures. Clear case solutions
are not expected to broadly overlap with temperatures derived
for PSC covered pixels, since temperatures above 220 K are
calculated although the cloudfree model stratosphere reach
values below 190 K. A real stratosphere without PSCs will
rather be warmer.
Whereas Fig. 1 illustrates how solutions typically behave with
PSC optical depth at constant relative inhomogeneity in both
satellite pixels, Fig. 2 gives an example of derived temperatures as a function of the pixel difference of optical depth. A
transition from a homogeneous to an inhomogeneous PSC in
both satellite pixels is simulated by starting with the same
particle number densities of 0.05cm 3 in both pixels and
increasing the concentration to 0.08cm ' in one pixel. From
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Fig. 2 it is obvious that the bispectral method tends to give
PSC temperatures with increasing accuracy when optical
depth differences increase. Error bars become maximal when
NEAN is in the order of the radiance differences introduced by
cloud inhomogeneity. Radiometric noise dominates the solution if the cloud appears to be homogeneous in both satellite
pixels, leading to results very similar to the homogeneous clear
case (Fig. 1). As a consequence, PSCs appearing homogeneous in both satellite pixels are not detectable. However
simulations demonstrate that temperatures below a given
threshold, for example 210 K, can definitely be traced back to
the existence of PSCs and therefore PSC detection should be
possible by analyzing horizontal temperature distributions
derived from the bispectral method.
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Fig. 1 : Simulations of derived PSC temperature as a function
of cloud optical depth in HIRS2 channel 4. Optical depths are
assumed to differ tiv a factor of two in both satellite pixels.
Dashed lines indicate temperatures at PSC top and base.
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Fig. 2: Simulations of derived PSC temperature as a function
of the difference of cloud optical depth in HIRS2 channel 4.

V, I"

Application to satellite data concentrates on the PSC event on
January 31 1989, when large areas over the Norwegian Sea
and Scandinavia are identified to be covered with optically
thick PSCs. For example, McCormick et al. (Réf. 8) as well as
Browell et al. (Réf. 1) report upon large scale PSCs of type I
and Il between 16-26 km (most frequent near 20 km) and
between 60° -730W observed during an aircraft mission from
6:00-14:00 UTC. The bispectral method is therefore applied to
NOAA-10 and NOAA-11 data obtained within the same time
interval and for the same region of interest over Northern
Europe. The NOAA-10 overpath is analyzed between 8:05 and
8:12 UTC, the NOAA-11 overpath between 11:44 and 11:50
UTC. Corresponding overpaths sections located within the
visibility circle of the data receiver station at the German Aerospace Research Establishment at Oberpfaffenhofen are
shown in Fig. 3. Temperatures are derived iteratively with Equ.
(3) from measured radiances of HIRS2-channels 4 and 7 and
for adjacent pixel pairs in cross track direction. Atmospheric
correction of measured radiances is performed according to
Equ.(4) with emissivities and transmissivities calculated with
respect to zenith angle of observation for an atmospheric layer
from 25-50 km. The temperature profile used to account for
atmospheric masking is constructed following the temperature
cross sections along the flight track on January 31 1989 as
presented by McCormick et al. (Réf. 8). Although not completely representative for all regions, starting with 194 K at 25
km seems to adequately approximate the actual stratospheric
temperature environment. At 30 km the temperature profile is
adapted to the subarctic winter standard atmosphere from
McClatchey (Réf. 7). Due to the fact that temperature uncertainties above 25 km do not severely affect the accuracy of
atmospheric correction, the use of this synthetic stratospheric
temperature profile may be justified and it is assumed to be
valid for all pixels inside the test areas of both NOAA overpaths.
Fig. 3 shows the horizontal distributions of temperatures
between 180-205 K derived fiom NOAA-10 and NOAA-11
overpath radiances. The temperature interval is selected
according to the fact that stratospheric temperatures below
180 K are not observed on January 31 and that temperatures
below 210 K are not expected to represent clear conditions
(section III). Solutions from adjacent satellite pixels are plotted
as rectangles bounded by tha pixel centers and the hall scan
distances in order to approximate areas for which calculations
are valid. Speckling within the pattern results from the influence of radiometric noise and exhibit a variability in agreement
to simulated error bars as calculated in section III. As shown
in Fig. 3 all solutions between 180-205 K lead to a horizontal
temperature distribution exhibiting iwc cold centers, one over
the Norwegian Sea and one over Southern Scandinavia.
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The conclusion that these areas correspond to regions covered by PSCs is not only based on simulation results but also
supported by independent measurements made during AASE.
McCormick et al. (Réf. 8) report upon airborne measurements
on January 31 1989 that show PSCs very similar distributed
compared to temperatures derived from the bispectral method.
Along the flight track of the research aircraft, which is additionally marked in Fig. 3, both types of PSCs are detected with
an airborne lidar by analyzing characteristic scattering and
depolansation ratios. Especially PSCs of type Il are observed
in a region of very cold stratospheric air below 188 K along the
leg from Sola airfield (Southern Norway, 530N, 50E) to about
730W from 6:00-7:30 UTC which nearly coincides in time with
the NO A A-10 overpath at 8:00 UTC. PSCs of type Il are also
detected later in the region east of Iceland between 10:0013:00 UTC corresponding well to the overpath of NOAA-11 at
11:45 UTC. Comparing absolute temperatures, results of the
bispectral method in fact indicate the existence of type Il PSCs
inside these areas where solutions between 185-195 K are
concentrated.

I Temperature, January 31 1989
i
NOAA-IO. 8.05-8.10 UTC

5. SUMMARY AND CONCLUDING REMARKS
A case study is performed to show that Polar Stratospheric
Clouds (PSCs) can be detected from satellite observations
with a method based upon radiances of two adjacent pixels
and two spectral channels of the passive HIRS instrument
onboard NOAA satellites. The bispectral method which gives
temperatures of semitransparent clouds allows discrimination
between clear and PSC covered pixels since derived temperatures associated with both scenes differ from each other. An
application to satellite data gained during the PSC event on
January 31 1989 results in horizontal temperature distributions
corresponding to PSC covered regions in good agreement to
PSC distributions obtained from independent airborne and
satellite measurements.

(a)

I IBO- !65 K

I 185-190 K
I 180-196 K
195-200 K
I 200-205 K
J

PSC identification depends on the signal to noise behaviour
with the signal mainly governed by the horizontal structure of
cloud optical depth. As a consequence, the method succeeds
for relatively thick PSCs that appear to be inhomogeneous in
both satellite pixels whereas solutions in case of optically thin
and horizontally homogeneous clouds are ambigous rendering
more difficult a separation beween clear and PSC covered
scenes. However, large scale patterns of derived low temperatures, for example less than 210 K1 can be traced back to the
existence of PSCs.

j LAND
-i
I OCEAN

Temperature. January 31 1989
NOAA-11. 11.44-11 50 UTC
10

Uncertainties ol the upper stratospheric temperature profile
constructed for atmospheric correction are not expected to
significantly change either the pattern nor the absolute values
of minimum temperatures, since errors of derived temperature
remain for example below ±1 K for an uncertainty of ±3 K. Low
temperatures randomly distributed remote to detected PSC
areas may be due to small scale PSC formation or, as an
alternative explanation, they may result from superimposed
influence of radiometric noise and mhomogeneities caused by
the surface or tropospheric clouds in both satellite pixels. To
analyze this and for elimination of such effects, use of a low
level cloud detection algorithm may be appropriate to further
refine the method. On the other hand areas of unrealistic high
temperatures - not shown in Fig. 3 - within a cold PSC covered
environment could be caused by low signal to noise ratios due
to small differences of PSC optical depth in both satellite pixels
(section III).

(b)
I

ISO-IBS K
185-190 K
190-195 K
185-200 K
200-2Oa K
LAND
I OCEAN

The bispectral method is developed under the assumption that
surface/atmosphere conditions below the cloud are the same
in adjacent satellite pixels. This may not be valid in many
cases, !(!homogeneities caused by tropospheric clouds or different surface types for example may be the reason for solutions that indicate the existence of PSCs in an obviously clear
stratosphere outside PSC covered areas. This phenomenon is
subject of present studies.
Results presented clearly illustrate the ability of the bispectral
approach to detect PSCs and moreover this can be done on
the basis of already exististing data from polar orbiting NOAA
satellites. Further improvements however are expected from
future radiometer conceptions of enhanced spectral resolution
which will lead to improved signal to noise ratios using an
increased number of channel combinations.
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USE OF ERS-1 SAR DATA IN NUMERICAL SEA ICE MODELING
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ABSTRACT

Numerical models for sea ice thickness distribution and velocity are used for operational
forecasting and climatological research. ERS-1
SAR is a most promising tool for the modeling
work. It gives information to initialize ice models
with an improved accuracy and provides ice
velocity fields. The velocity is a key element in
model development. This paper presents preliminary results from using ERS-1 SAR data in
ice modeling for the Baltic Sea. The value of
including these new data is in consideration and
also thoughts on possible implications to model
development are discussed.
Keywords: sea ice, velocity, SAR, ERS-1
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1. INTRODUCTION

Numerical modeling of sea ice dynamics has been
widely investigated since late 1960s. In the Baltic
Sea operational ice drift forecasting commenced
already in 1977 (Réf. 4). Sea ice dynamics models
describe the motion of ice and the evolution of
ice thickness distribution driven by winds and
currents. The key elements consist of formulation
how the ice itself reacts to the external forcing
fields by its internal friction and redistribution
of thickness. The physical picture is in general
understood but the whole ice dynamics problem
has not yet been satis-factorily solved. There is
a lack of knowledge in the key physics as well
as in the parametrization schemes for various
physical processes.
Satellite-borne Synthetic Aperture Radars (SAR)
provide a powerful tool for sea ice dynamics
investigations. They produce all-weather, high
resolution information of the ice type, concentration, roughness, floe size and velocity which

can be used in model development, verification
and initialization. In particular, the ice velocities
are most valuable material as well for qualitative
validation of model physics as for quantitative
model tuning. The ice modeling community is
looking forward into the SAR as a major potential
for future model research and use.
A sea ice experiment BEERS (Baltic Experiment
for ERS-1) has been carried through in JanuaryMarch 1992 in the Baltic Sea. The satellite was
then performing the 3-day repeat cycle orbits.
The use of ERS-1 SAR data in ice modeling is one
of the main research areas in BEERS. Good results
were obtained in a preparatory study based on
airborne SAR data (Réf. 6). A general viscousplastic ice dynamics test model has been constructed as a basis for developing a next generation ice model for the Baltic Sea (Réf. 7). The
present paper gives preliminary results from
utilizing the ERS-1 data in the model development
work.

2. SEA ICE DYNAMICS MODELING
2.1 Basic Equations

Sea ice is a thin film between the atmosphere
and the ocean. It is a peculiar geophysical medium,
characterized by two-dimensionality, granularity, compressibility and non-linearity. The
dynamics of sea ice is usually modeled In the
frame of continuum mechanics.
Sea ice is described for its mass and motion
through the spatial probability density of thickness 7r=jr(h) and velocity u = (u,v). The basic
equations for the evolution of these quantities
are the conservation laws of momentum and mass,
given in general form by (Réf. 2)
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pH ldu/ dt + f kxu] = V -CT + T, •*• TW + G

(1 )

dnldt =V + *

(2)

where p is ice density, H is mean ice thickness,
d/dt is material time derivative, / is Coriolis
parameter, k is the unit vector vertically upward,
CT is ice stress tensor, ra and TW are the tangential
stresses of air and water on ice, G is sea surface
pressure gradient, f is mechanical ice thickness
redistributor, and * is thermodynamic growth/
decay term.

Manual ice drift analysis is a laborious task from
SAR data. For detailed analyses of ice dynamics
this method produces the ice motion field best
(see Réf. 6). However, for operative work a fast
method is needed and for statistical examinations large data sets need to be processed.
Consequently, much research has been made to
develope automatic methods for the ice drift detection (e.g. Refs. 1,3,8,9).
3. ANALYSISOFBEERSDATA
3.1 The Ice Conditions

The two main problems in ice dynamics are to
establish physical formulations for the ice stress
and thickness redistributor. In general, it is known
that
CF(JT .E)

(3)
(4)

where e is the strain rate tensor. These general
forms illustrate that the mass and momentum
conservation equations (1-2) are coupled.
Sea ice dynamics models are based on numerical
solutions of Eqs. (1-4). These models have four
basic tuning parameters: the drag coefficients
for the air and water stresses, which are the
dominant external forces, the absolute scale of
the ice stress, and the ice growth/decay rate
parameter.
\w

1

Use of SAR data in the development of ice models
is clear from Eqs. (1-4). Knowing the ice velocity
and thickness fields, the following key points
can be examined: (1) The physical problem of ice
stress; (2) The drag law parameters; and (3) The
thickness redistributor, through solving the mass
conservation equation. The last point is maybe
the most interesting since it has been previously
very little investigated due to the lack of suitable
data. The value of SAR is very much in the
velocities which are not so well covered in space
by other methods (weather independently, with
high resolution).
2.2 Ice velocity from SAR
Several techniques exist to obtain sea ice velocity
from consecutive SAR imagery. In sea ice fields
there exist a number of geometric features which
do not all destroy when the ice is drifting.
Therefore, in a time-scale order of days, the
displacement field in the ice pack can be found
from sequential image data. The SAR detects ice
floe edges, individual floes, ice ridges etc, which
reveal the ice motion.

v, \

In the winter 1992 the weather was very mild.
In the beginning of the BEERS phase, in early
January 1992, the Baltic Sea was nearly ice-free,
ice existed only in the coastal areas of the
northern basin, the Bay of Bothnia. In the course
of the winter there was an almost continuous
flow of low pressure systems from the North
Atlantic to the Baltic Sea. The air temperature
was then not much different from zero centigrade
and strong southerly to westerly winds were
dominating. Occasionally short cold periods
appeared. These cold spells produced ice in the
northern Bay of Bothnia but soon the southerlywesterly winds packed the ice again toward the
eastern and northern coast. In all, the horizontal
area of the ice cover was small and thin ice
fields got easily destroyed leaving not much clue
to trace the ice motion.
The strongest cold break came in mid-February.
The whole Bay of Bothnia became totally icecovered but this lasted only for two days, 20-21
February. Then the whole ice field got packed
into the northeast corner again and did not grow
horizontally any more larger (Fig. 1). The six-day
period 20-26 February following the day of the
maximum ice extent has been selected as an
example from the present ice dynamics modeling
study.
On 20 February the Bay of Bothnia was covered
with ice totally. The ice was quite thin: in the
northern part mainly 5-15 cm and in the south
generally less than 5 cm. Heavier ridged patches
occurred in the north and in central areas. Then
southerly winds drove the ice north and only open
drift ice was left in the southern part of the
basin on the 23rd of February. In the next three
days the ice got strongly packed toward the east
due to westerly winds. The ice area finally on
the 26th was just some 20 % of what it was six
days earlier. This drastic change was purely
dynamic (i.e. no melting of ice occurred).

1
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Fig. 1. Ice situation in the Bay of Bothnia
• 17 February 1992 [upper left]
• 20 February 1992 [lower left]
• 23 February 1992 [upper right]
• 26 February 1992 [lower right]
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ERS-1 SAR data were received on 20, 23 and 26
February as shown in Fig.2. The Swedish coast is
on top. Light areas indicate water, grey area
normal pack ice, and black areas smooth new ice
and fast ice. The overall destruction of the ice
cover is evident from these data.
3.2 Model calculations
For the present cases the basic ice dynamics
equations (1-2) can be further simplified (see
Réf. 5). The time interval between the SAR images
is three days, and for such time scale the inertia
of the Baltic ice is negligible. Also it is known
from observational experience that the pressure
gradient force is very small. The ground surveys
told that there was practically no freezing or
melting occurring. Therefore, the ice dynamics
for the case is well described by
V - a + T3-I- T W - pHfk x u
dn/df = *

=0

(5)
(6)

These equations are included in the test model
used (Réf. 7). The thickness distribution is
described in terms of ice compactness and mean
thickness.
Given the wind and currend fields, the resulting
ice movement lies between two extrema: (1) Zero,
due to very strong internal friction, or (2) Free
drift, i.e. no internal friction. Free drift can be
expressed as u = u'a + uw where u'a is the wind
driven part, speed equal to 2.5 percent of wind
speed and direction 20 degrees to the right from
wind direction, and uw is the current velocity
beneath the boundary layer.
The model calculations for the study period are
shown in Fig. 3. It is seen that the model produces
the change of the ice situation quite well. The
ice displacements are typically 30-40 km ;n both
periods, approaching then zero toward the eastern
and northern coast. As the mean wind was about
8 m/s, the free drift displacement would be 60
km for three days. Therefore, the internal friction
of the ice had a major effect on the ice movement
all over the basin.

Fig. 2 . ERS-1 SAR FD data over the Bay of Bothnia
• 17 February 1992 [first]
• 20 February 1992 [second]
• 23 February 1992 [Jthird
• 26 February 1992 [fourth]

127

Ice displacement
- 30km

23 Feb. 1992, 12 UTC to
26 Feb. 1992, 12 UTC

20 Feb. 1992, 12 UTC to
23 Feb. 1992, 12 UTC

Concentration (10%)
26 Feb. 1992

Concentration (10%)

f

19

20

21

22

23

20

24

Thickness (cm)

23 Feb. 1992

65.5

21

22

23

24

25

22

23

24

25

Thickness (cm)
26 Feb. 1992

65
64.5

64
63.5

63
19
Fig.3a. Model calculations for the ice displacement 20-23 February , and final concentration
and thickness on 23 February. The axes show
grid point number in the displacement chart (grid
size
18.52 km) and latitude-longitude lines in
the other charts.
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Fig.3b. Model calculations for the ice displacement 23-26 February , and final concentration
and thickness on 26 February. The axes show
grid point number in the displacement chart (grid
size
18.52 km) and latitude-longitude lines in
the other charts.
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4. CONCLUDiNGREMARKS
A case study of ice displacements
from the
BEERS ERS-1 SAR imagery in the Baltic Sea has
been given using an ice dynamics model. The case
consists of a major southwest movement of the
followed by an almost as large eastward
displacement. This case driven by strong winds.
The results support that a viscous-plastic ice
model gives correct results at least qualitatively.
The dominant driving force was the wind while
the internal friction of the ice was also of major
significance.
ERS-1 SAR data provide a long time series and
also a good spatial coverage. A small drawback
is the temporal repeat cycle of three days; this
would be good for updating an ice model but for
detailed ice dynamics investigations a data
frequency of one time per day would be preferable.
Simulations with the whole time series is
expected to produce a more complete understanding of the ice dynamics in the basin and
also a more reliable calibration of the model
parameters. This work is presently in progress.
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ABSTRACT
A program for in situ observations of sea ice properties was
carried out together with simultaneous ERS-I coverage along
the route of the icebreaker Oden in the Arctic basin. Results
from ihe evaluation are reported including calibration of the
SAR sensor and ice properties of climatological importance.
Algorithms for ice concentration determination are presented
with results from the summer melt period together with back
scattering coefficients for various ice types during the advanced
melt and early freeze up.
The ERS-I SAR will provide estimates of the ice concentration
during the summer melt with errors estimated to be a few percent and also has the potential 10 provide many other parameters
of climatological interest.
Keywords: Arctic, Sea ice, climate, ERS-I, SAR

1. SCIENTIFIC OBJECTIVES
1.1. Sea ice in the Arctic
One important step to improve our understanding concerning
global wanning is to increase our capability to observe the polar
ice sheets. The exchange of energy between the ocean and the
atmosphere control the rate of global climate change as well as
the local patterns. Sea ice plays a major role in this exchange.

required in order to determine details of the ice cover. The SAR
can possibly be used as "ground truth" for other sensors with
less spatial resolution such as the altimeter (Réf. 2) and microwave radiometers (Réf. 3), although all the sensors have their
limitations. A major drawback of the SAR is the present use of a
single channel.
The first European Remote Sensing satellite, ERS-I, was
launched on 17 July 1991 and the SAR was switched on 10 days
later. The SAR has a resolution of 25 m when three looks are
formed. It is performing better than the specifications, producing high quality data during approx. 15 minutes per 100 minutes
orbit. 15 billions of measurement points can be produced per
day if all observations were processed, indicating the need for
automatic analysis methods. The commissioning phase with a 3day repeat cycle, when the main objective was the testing of the
satellite and its payload, lasted until the end of 1991. It was
during this time the Arctic-91 expedition took place.
1.3. Arciic-91 and the icebreaker Oden
Initiatives for an Arctic expedition using the recently designed
icebreaker Oden were taken by Sweden in 1987. Following
strong interest shown by German and American scientists an
expedition including Oden, Polarstern and Polar Star was
formed as the International Arctic Ocean Expedition, or Arctic91, during August - October 1991. The route of Oden is illustrated in Fig. 1.

Sea ice extent is considered a major indicator of the state of
global climate, and microwave radiometry and altimetry have
been used to determine the sea ice extent. Recent results suggest
that there may be a decrease of the sea ice extent in the Arctic in
contrast to the Antarctic (Réf. 1). This is just one of many
results which stresses the need to monitor such possible changes
and to analyse results from independent sensors. The coverage
of open water leads, areas with thin ice and melt ponds, and ice
surface type are also important to determine. One of the most
basic quantities is the ice concentration.

Different scientific programs were outlined for the three ships.
The objective of the Oden REmote Sensing and Sea Ice program, Oden-RESSI. was to conduct field observations to calibrate and validate the ERS-I SAR and altimeter sensors. It was
of particular concern to examine the possibilities for observing
Arctic ice properties of relevance for global climate changes.
The program was part of the Programme for International Polar
Oceans Research, PIPOR, and involved five scientists onboard
Oden from Chalmers University of Technology, Helsinki University of Technology and Norwegian Technical University and
three scientists at Chalmers University of Technology for
reception, analysis and transmission of ERS-1 images to Oden.

1.2. ERS-I
Systematic long-term observations covering large areas are of
vital importance for understanding the global climate changes.
The only available tool for this purpose is satellite observations.
Microwave observations are particularly useful when visible and
IR systems fail, e.g. in summer when the cloud cover is particularly extensive, and in the winter when darkness prevails. A
high-resolution sensor as the synthetic aperture radar (SAR) is

The equipment onboard included instruments for measurements
from the ship's rail (scatterometer, video and laser profilometer),
from helicopter (scatterometer, video, still photo, and laser
profilometer), and for field observations (laser device for smallscale surface roughness, snow wetness and density, and ice
properties such as temperature, salinity, density, and air voids).
First reports have been produced over the activities (Réf. 4 - 6).
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2. ICE PROPERTIES OF INTEREST
Oden left Svalbart on 16 August, reached the North Pole on 7
September and left the ice boundary on 5 October. On the northbound route the ice was characterised by advanced melt and on
the south-bound route by freeze up.

With a resolution of 25 m each resolution cell (rezel) can include contributions from : _e as well as water and similar H, passive microwave algorithms a linear interpolation of the pixel
intensity, I -((digitalnumbers)2}, between that of water, /„,
and ice, /, can be used (Réf. 3)

2.1. Advanced melt period

During the summer the thin ice disintegrates/melts completely
and old ice remains with low salinity in the upper layer, and
co /ered with melt ponds and weathered ice ridges. A layer of
humid snow remains at hummocks and ridges and the exposed
ice surface consists of weathered ice. With a temperature above
O'C, the radar backscatter is mainly controlled by the surface
wetness and roughness. During the mek period, there is a
reduction in surface albedo, ice concentration and ice thickness,
and a change of floe size and form.
2.2. Freeze up period,
When the surface temperature is below O'C, new ice starts to
form in the leads. The radar backscatter is determined by the
small- and large-scale surface roughness, and by scattering from
the air voids of ihe low salinity layer of the old ice. Both the
surface and volume scattering contribute significantly from the
multi-year i-:e (Réf. 7) at the angle of incidence of ERS-I (20'
to 26').
3. SAR SENSOR PROPERTIES
The ERS-I SAR has a coverage up to N 84.6°, as illustrated in
Fig. 1, where the SAR coverage of orbit 494 on 20 August is
included.
A quantitative comparison of different SAR images requires
accurate radiometric calibration. For this purpose, two corner
reflectors with a side leng;h of 1.7 m were used during most
field stations with simultaneous ERS-I coverage. An analysis of
the calibration data from 20 August and 29 September indicate a
variability of the calibration within 0.2 dB. However, the calibration error is dominated by systematic effects caused by
structural deformations of the reflectors accounting for approx.
0.5 dB.
The radiometric resolution is specified to be better than 2.5 dB
for a' = - 18 dB, but measurements made by ESA indicate better values. However, in order to differentiate between different
ice classes a better radiometric r.-^lution required and averaging has to be performed. For spc. Je filtering, we have used the
Lee-filter (Réf. 8)

4. ICE PROPERTIES
4.1. Ice concentration
Ice concentration is one of the most important parameters to
determine, e.g. of importance for heat exchange. ' vo different
algorithms will be studied, a global and a local algorithm. We
will concentrate on the summer melt case when only one major
ice type exists, the old ice.
4.1.1. The global ice concentration algorithm. The determination of ice concentration is based on the different radar backscatter of open water and old ice. We have only analysed two
SAR frimes from the same area centred OP 85° 6' N 36° 40' E
and acquired on 17 and 20 August. The radar image from 2rj
August is illustrated in Fig. 2. At this time the radar backscattei
is controlled by the wet surface and melt ponds. A histogram
over an image is close to a Rayleigh-distribution.

where C(I) is the local ice concentration.
The reference values /, and /„ are determined by locating typical areas over the image and averaging in order to make the
speckle contribution negligible. In our case values were determined over areas including 20x20 up to 50x50 rezels in the
open water case and up to 200x200 rezels in the ice case. Mixtures of ice and open water or ice and melt ponds together with
surface topography produce texture variations. However the
average backscatter coefficient (in dB) may be separated from
the texture by fitting a linear function of the incidence angle.
The results are illustrated in Fig. 3 from 20 August.
We can determine an average ice concentration over the entire
image or over sections sufficiently large to eliminate the speckle
effect by averaging

7=

Ip(DdI

Here p(I) is the probability distribution caused by speckle and
texture, and th£ expression shows that the mean ice concentration value, C , is independent of the distribution and only
dependent on the mean pixel value.
We then obtain a concentration value with errors determined by
the texture of the ice as long as the speckle effect is made
negligible

\C=

^-

h

ir^- P(W

where A/, ,„, is the texture of the ice covered area. The values
obtained for the concentration are illustrated in Fig. 4.
The variation over the swath can not be caused by gain variations as all measurements are made relative each other for each
range interval. Due to the small contrast between ice and water
in the far range, the error in the ice concentration estimation increases from 3 points in the near range to 4 points in the far
range on 17 August and 6 points on 20 August when the ice
texture has a standard deviation of 0.27 and 0.34 dB respectively. The ice concentration determination is of course crucially
determined by how well ice and water are separated which is
dependent on the wind velocity. The error as function of the
signature difference of ice and open water is illustrated in Fig. 5.
4J ,2. The local r-> concentration algorithm. Similar methods as
th? one presented uelow have been published earlier cf. Réf. 5,9.
To reduce the speckle, th<- images have first been filtered using
the adaptive Lee-filtering techniques once or twice over a 5x5
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pixel areas. Once and twice Lee-filtering reduces o/u. from the
original value of 0.30 to 0.15 and 0.11 respectively. Effects of
larger windows will be studied further. The image histogram
does no show any peaks representing the two classes, and automatic classification was therefore not possible. Instead, areas
typical for open water and sea ice were manually selected over
the image, and the threshold was set in between the two classes.
The selected value of the threshold affects the obtained ice concentration. A result of this ice/water segmentation is illustrated
in Fig. 6. The ice concentration is determined for each range
line of the segmented image, and the result from 20 Aug. is
illustrated in Fig. 7 (histogram) for different threshold values. It
is hard to define a threshold value independent of wind speed
etc. and this will affect the ice concentration result obtained by
this type of method. The averaging may also hide small open
water areas.
4.1.3 Discussion. The iwo methods applied are rather different.
The first one determines a global average over the image based
on how close the pixel values are relative the ice and open water
value respectively. The method is in principle resolution independent. The derivation is also independent of the type of pixel
distribution. The analysis is very simple, a.id as long as the ice
and open water signatures have been derived over the image an
estimate with high accuracy can be obtained by averaging over a
relatively large area or the entire image. An important feature is
that the accuracy can be estimated and is limited by the texture
of the ice signature.
The "local ice concentration method" determines ice concentration using local conditions and the result is related to the
spatial resolution and to the details of the segmentation routines
and no clear rule for an accurate estimation has been given. Tde
local method would improve by increasing the spatial and
radiometric resolution.
The results of the algorithms can be compared with observations
using aerial photography or video. Such observations were
carried out during the Oden-expedition. Presently the comparison has been very limited. Some analysis of aerial photography
has shown an ice concentration of 88%. The ice concentration as
reported hourly on the bridge of Oden is for the 17 hour transfer
through the area covered by the SAR scene reported to 9 tenths
all along the track with very small variations.
The accuracy of any algorithm is basically determined by the
difference in signature of ice and open water and the texture of
essentially the ice. Many factors contribute to the texture of the
multi year ice. Assuming that the melt ponds are sufficiently
large to give rise to gravity-capillary waves we expect an
increase in the radar back scatter during most wind conditions.
However some melt ponds may be in wind shadow from ice
ridges resulting in a very small radar backscatter. Individual
melt ponds are hard to discriminate as they must have a size of
the order of 200 m in order to be recognised in the SAR images
due to the necessary spatial averaging in order to increase the
radiometric resolution (Réf. 10). Ice ridges will also increase the
ice signature and but be analysed using edge detection algorithms.

4.2. Ice types and SAR classification during freeze-up
SAR images from 29 September and 4 October, when the air
temperature was - 9'C and - 15*C respectively, have been
studied using simultaneous video recordings from helicopter
(Réf. 10). The identified ice types includes dark (0-5 cm) and
light (5-IG cm) nilas, young ice, level old ice, and effects of
frost flowers. The radar backscattering coefficients are illustrated in Fig. 8. In this figure no difference has been made

between effects due to texture and incidence angle. Frost
flowers may result in a rather low o' (-15 dB) in an early phase,
turning to high value (- 6 dB) when wind effects have given rise
to a very rough and wet saline layer. By using image texture for
classification the smooth layer should be possible to differentiate from the level old ice signature.
Ice ridges and other variations of the ice properties stand out
more clearly when the temperature is below O'C. An illustration
of the pixel values along the helicopter route on 29 September is
given in Fig. 9, including the original pixel values and after
Lee-filtering over a 5x5 window. Ice ridges show up in the level
old ice with contrasts of the order of 2 dB. A preliminary comparison between the SAR image and video recordings show that
over a 15 km flight line 42 out of 49 ice ridges show up in the
SAR (S. Loeseth, private communication).
5. CONCLUDINGREMARKS
The analysis indicate that the ERS-I SAR information will be
most useful to derive ice properties of climatological interest
such as the ice concentration. The "global" ice concentration
algorithm has been shown to give errors of a few percent. It will
be valuable to compare such estimates by those derived by independent sensors.
The SAR information can also be used as ground truth for the
altimeter, (Réf. 2) and NOAA HRPT (to test ice relative high
clouds). An example when a high resolution SAR image would
be of value is to identify reasons for discrepancies between
SSM/I and the radar altimeter (Réf. 11).
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Figure 3. Radar backscatter coefficient for open water and ice
from 17 and 20 August over the swath of ERS-I

Arctic-91 : ERS-1 SAR 20 Aug
f = 5.3 GHz, pol = VV

Figure 1. The ERS-I SAR coverage of orbit 494 on 20 August
and the route of the icebreaker Oden.
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Figure 4. Ice concentration as derived from the global algorithm
based on the information in Fig. 3, with a mean value of 0.9.
0,4

Ice concentration error
ReI. ice texture: 0,05 0,1 0,2
I 0.3

0,2-

i
.1
0,05

2

3
4
5
6
7
8
9
Open water/ Old Ice contrast (dB)

10

Figure 5. Illustrating the error in the global ice concentration
algorithm due to the ice texture as function of the contrast
between open water and ice.
Figure 2. ERS-I SAR image from 20 Aug. 1991 85.102 N
36.675 E 13.29 UTC. Air temperature was 1' C, wind speed 4
m/s, wind direction 200*.
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ERS-1 SAR 29 Sept, 4 Oct
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Figure 8. Illustrating the ice signatures during the freeze-up
period.

Figure 6. A segmented image illustrating ice covered areas
(white) and open water (black) on 20 August, area
corresponding to Fig. 2 covering 40x50 km.
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Figure 9. Illustration of the pixel values along the helicopter
route on 29 September, including the original pixel values and
after Lee-filtering over a 5x5 window. Ice ridges show up in the
level old ice with contrasts of the order of 2 dB.
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Figure 7. The ice concentration as derived from the local algorithm with different threshold values, 70,74, and 78 resulting in
increasing ice concentration values. The mean pixel value of ice
is 54 and of open water 92, both with a standard variation of 6
after Lee-filtering twice over 5x5 pixels.
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To comprehend the energy and mass exchange between
ocean and atmosphere in the arctic regions it is important
to know the ice distribution. While procedures for various ice types are rather well established the detection of
new-ice is, however, still difficult. In the present work an
approach to detect new-ice is pointed out on basis of combining different satellite systems. Measurements of the
SSM/I are classified with a threshold scheme. Because
of low sensitivity against cloudiness time series could be
acquired. More detailed phenomena are detected on the
basis of AVHRR data. We retrieve the new-ice coverage
with synthetic brightness temperatures. Both satellite
systems are compared in a case study. The results of
the satellite based new-ice classification are supported
by ship observations.
Keywords: new-ice, multisensor (AVHRR, SSM/I),
Greenland Sea.

1. INTRODUCTION
To understand the thermodynamic interaction between
ocean and atmosphere in polar regions it is important to
know the ice-extension and -type. Since the existence of
modern satellites sea ice can be systematically monitored
over larger areas (Réf. 1). This is possible because of the
higher reflectivity in the visible spectral riage and the
lower brightness temperature in the infrared as compared
with water. Also in the microwave sea ice is discernible
because of its different emissivity. New developing sea
ice, however, is difficult to detect.
After a period of cold air outbreaks over water, the
sea surface temperature decreases slowly with time, due
to the strong heat flux to the atmosphere. Frazil ice
(platelets and grease ice) forms in open water that is at

its freezing point. If the surface temperature decreases
more with time, the grease ice could be solidified into the
pancake ice (Réf. 2). But low surface temperatures reduce the heat fluxes into the atmospheric boundary layer.
In the ocean freezing water destabilizes the upper layer
by increasing salinity, as freezing water does not uptake
salt.
The Greenland Sea is a key region in oceanic convective system that links the polar ocean with the North
Atlantic (Réf. 3). The Arctic frontal zone separates the
warm and salty Atlantic Water in the Norwegian and
West Spitsbergen currents from' the colder and fresher
water of the Arctic domain. The region north of Jan
Mayen is known as a source of locally formed new ice in
winter time (Réf. 4).

1

Our goal is to describe the new-ice distribution in the
Greenland Sea for different scales. Larger scales are
recorded by Special Sensor Microwave/Imager (SSM/I)
with a resolution of some ten kilometers. This radiometer is nearly independent of atmospheric conditions. To
detect smaller structures the Advanced Very High Resolution Radiometer (AVHRR) with a resolution of 1.1 km
in the nadir is used.

2. SSM/I DATA
The Special Sensor Microwave/Imager (SSM/I) was
launched as one instrument on board of the United States
Defense Meteorological Satellite Program (DMSP) in
June 1987. This radiometer measures radiation in the
following four spectral bands: l9.3SGHzv, 19.3SGH.ch,
22.23SGHtV,
37.QGHzv, 37.0GHzh,
SS.SGHzv,
iS.SGHzh (v- vertical polarization; h- horizontal polarization). We use for the sea ice classification only the
channels 19.35G.ffiu and 37.0GHzv for which we refer
in the following as 19 and 37GHz frequencies. The or-
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bit of the satellite is neai-ciiculu, neat-polar, and sunsynchronous. A swath width of 1394fcm yields a complete
data «et for the polar regions during one day, except a
«pot of 450Am at the poles (for more details see Réf. 5).
The measurements have been calibrated to the antenna
temperatures and converted to brightness temperature
following the procedure given by Wentz (Réf. 6), including corrections for systematic error in the calibration of
the data from the lower three frequencies.
Two dimensional histograms of brightness temperatures
are generated with the 19GHz and 37GHz channels as
seen in figure 1. To interpret and analyze the dusters in the diagram an interactive threshold scheme was
adopted, basing on emissivity data given in the literature
(Réf. 7). The increasing sea ice emissivity against water
in the 19GHz domain is used to detect low concentrations of sea ice. The different brightness temperatures in
the 37GHz channel give a rough impression of the distribution of the other ice types. Figure 2 represents the
result of such a classification for the 19 February 1989.
Figure 3 a-f-b shows a comparison of our SSM/I sea
ice classification with the ice borderlines after NOAA NAVY JOINT ICE CENTER (figure 3a) and NORWEGIAN METEOROLOGICAL INSTITUTE (figure 3b)
for

170. 180. ISO. 200.

210. 230. 230.

240.

250.

2EO. 270.

Tb 37 GHz [K]

Figure 1: Two dimensional histogram of the SSM/I data
from 19.2.89 for the Greenland Sea with the used thresholds for the classification (I. open water; II. new-ice ;III.
prevalent new-ice; IV. young and first-year ice; V. multiyear ice).
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Figure 3b: Comparison of our SSM/I Sea ice classification with ice borderlines after the NORWEGIAN METEOROLOGICAL INSTITUTE. Top left: SSM/I data from
1.2.89; NORWEGIAN ice chart from 30.1.89. Top right:
SSM/I data from 6.2.89; NORWEGIAN ice chart from
6.2.89. Bottom left: SSM/I data from 13.2.89; NORWEGIAN ice chart from 13.2.89. Bottom right: SSM/I data
from 20.2.89; NORWEGIAN ice chart from 20.2.89.

February 1989. As seen in the figure, the sea ice borderline varies in the actual period less in south of Spitsbergen and in the East Greenland Current. Heare are
the ice services in good agreement with the SSM/I data.
Large differences are seen for regions north of Jan Mayen
called Odden and Nordbukta. One reason could be the
strong daily variabilities in location and extension of the
ice cover. On the other side the Odden involve larger areas of new or young ice with less concentration. Different
criteria defining the borderline in the ice charts neglected
this.

acteristics of atmosphere and surfaces are taken into account by the radiation scheme. The TOA radiation
is expressed in brightness temperatures computed for
the spectral range of the AVHRR infrared channels 4
(10.3 - 11.3/jm) and 5 (11.5 - 12.5pm). The model atmosphere is divided into 23 layers and typical vertical
profiles are prescribed. The gases Os, CO2, NjO are
included with constant concentrations. For the vertical
distribution of temperature and humidity we use a set of
radiosonde profiles recorded in the arctic regions. Partial
new ice coverage is considered by linear mixing of emission and reflection properties of ice and water. For each
profile the ice coverage, the ice temperature, the sea surface temperature and the air-sea temperature difference
is set randomly within plausible limits.

To study the sensitivity of TOA (top of the atmosphere)
radiances in the AVHRR channels to the optical properties of new ice a one-dimensional radiative transfer model
is employed. Emission, absorption and reflectivity char-

I
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Figure 3a: Comparison of our SSM/I Sea ice classification with ice borderlines after the NAVY- NOAA JOINT
ICE CENTER. Top left: SSM/I data from 1.2.89; NAVY
ice chart from 1.2.89. Top right: SSM/I data from 6.2.89;
NAVY ice chart from 8.2.89. Bottom left: SSM/I data
from 13.2.89; NAVY ice chart from 15.2.89. Bottom
right: SSM/I data from 20.2.89; NAVY ice chart from
22.2.69.

3. AVHRR DATA
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In Figure 4 the brightness temperature in channel 5 (Tu)
is plotted against the difference of brightness temperatures in channel 4 and channel 5 (TM-S) foi different ice

\\V

1

138

coverage and different ice temperature. Regions of open
water with surface temperature near the freezing point
aie described by the highest values of Tu (~ 270A") and
lowest values in TM-S(~ 0.5K). An increasing ice coverage leads to higher differences in TM-S up to 3.0 K at
nearly constant values of Tu because the emissivity of
ice decreases with wavelength in the considered spectral
range. Only an increasing amount of new ice with lower
surface temperatures leads to lower brightness temperatures in channel S and smaller differences in TM-S. The
difference in TM-S depends further on the viewing angle,
the aerosol type and profile as well aa the moisture content of the atmosphere.
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Figure 4. TOA Brightness temperatures for different
channels; computed for different new ice coverage (0% —
100%), different new ice temperature (273^-240^), different water temperature (27QK — 27SK), and different
air-sea temperature difference (OK - 1OK).

All atmospheric profiles show a low vertical integrated
moisture content. In these cues the brightness temperature TM-S show a high correlation with the new-ice coverage. In order to derive the coverage from the synthetic
AVHRR measurements, we use stepwise multiple linear
regressions. We obtain the best results with the estimation
N = aTu + WM-S + c
(1)
for the nadir view.
N is the degree of new-ice coverage in %, TK and TM-S in K. With a = -0.9961,
b = 40.3694, and c = 252.125 the standard error of N
becomes 4.1%. A smaller error would only be achieved
for retrieval combinations which included the sea-surface
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Figure 5. Composite of new-ice coverage from four NOAA 11 scenes received between 17 and 19 February 1989. Cloud
covered pixels set white, open water set black.
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temperature or the integrated water vapor content. But
unfortunately these values are not available in the required accuracy from independent sources.

projection. Figure 5 is the resulting composite image of
new-ice coverage.
4.COMPARISON

The retrieval results aie applied to a set of satellite images received between 17 and 19 February 1989 for which
also ship observations have been collected. For a reliable
detection of new-ice the atmosphere has to be cloud free.
According to literature it is possible to separate ice and
clouds over a large range of optical depths (Réf. 8).
Obviously the new-ice could be separated from water and
clouds, in this case. Only clouds with very small optical
thickness have similar radiation characteristics as new
ice. In our case these clouds could be detected by their
rather high horizontal brightness temperature variance.
All scenes indicate a high degree of cloudiness. To give an
impression of the new-ice distribution over larger areas a
composite was constructed. Therefore all available satellite scenes passed routines to detect cloud filled pixels
and to rectify the images into the same geographical

To compare both discussed methods of image interpretation the SSM/I image of 19 February 1989 is recollected to the same scale at figure S and presented in
figure 6. Within the scope of the SSM/I accuracy the
results support each other. The microwave image gives a
good impression of the development and extension of the
Odden and helps to localize the AVHRR composite. The
AVHRR image for its part shows much more structural
details in the new-ice covered areas. In addition, during
February 1989, the research vessel VALDIVIA collected
data during an océanographie cruise in the Greenland
Sea along 74°45'JV latitude between O0E and 14°30'£
longitude. The surface data reveal the presence of several surface fronts. West of a front at 6°£ surface temperatures near the freezing point and various stages of
pancake ice and slush have been observed in accordance
with our satellite data interpretation (Réf. 3).

w\
1

Figure 6. Classification of sea ice with SSM/I data for 19. February 1989, same scale and rectification as figure 5.
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Satellite Monitoring of Giant Tabular Icebergs
S. Laxon, CG. Rapley, G. Davies
University College London, Mallard Space Science Laboratory
Holmbury St. Mary, Dorking, Surrey RH5 6NT, United Kingdom
Iceberg calving is one of the main unknowns in the mass balance of the
Antarctic ice sheet. In recent years several giant tabular icebergs have calved
each with a mass representing a significant fraction of the total estimated ice
loss from the Antarctic. The movement of such icebergs after calving yields
information about ocean currents and winds in the polar regions.
Satellite remote sensing provides an ideal method for monitoring tabular
icebergs in the Southern Ocean where surface observations are sparse. Satellite radar altimetry can be used to monitor the calving of tabular icebergs by
mapping changes in the ice margin. Measurements of iceberg freeboard using
altimetry can also be used to estimate the mass of such iceberg and monitor
any decrease due to melting as they move further north. Passive microwave
imagery provides a means of monitoring iceberg position on an almost daily
basis. Higher resolution visible and infrared imagery can be used to monitor
changes in position, orientation and total area when cloud cover permits.
In this paper the monitoring of several giant tabular icebergs is reported
that have recently broken off the southern ice shelves. GEOSAT radar altimetry
is used to produce a contour map of the ice shelf before and after the calving of
two icebergs from the Larsen ice shelf in 1986 and to measure their changing
thickness as they travel up through the Weddell Sea. Passive microwave data
from the DMSP satellite is used to map the position of the icebergs showing
motion in sympathy with océanographie currents and eddies. Data from the
newly launched ERS-I satellite, which carries a radar altimeter and an
infrared imaging instrument (ATSR), is also presented. ERS-I allows monitoring of three large icebergs which calved from the Filchner ice shelf which
were too far south to be monitored by GEOSAT.
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Satellite Radar Altimetry over Sea Ice
S.Laxon
University College London, Milliard Space Science Laboratory
Holmbury St. Mary, Dorking, Surrey RH5 6NT, United Kingdom

Satellite radar altimeters are designed primarily for operation over the open
ocean. As an altimeter passes from open water to sea ice a dramatic change in
return echo strength and shape tyri^ally occurs allowing mapping of the
ocean-ice boundary and providing other potentially useful information on the
sea ice cover. Since satellite radar altimeters provide all weather observations
at a relatively low data rate they are well suited to global sea ice mapping. Data
from the GEOSAT radar altimeter has been used to map the changing extent of
sea ice in the Antarctic over a period of more than two years. Synergism with
infrared imagery demonstrates that radar altimetry can potentially map areas
of new ice and leads important in determining the ocean-atmosphere heat flux.
Radar altimeter observations may also provide unique measurements of surface elevation and roughness over sea ice.
In this paper we present results from past altimeter missions, showing
how the data can be used to validate and supplement observations by other sensors. Comparisons of ice extent mapped by radar altimetry with that mapped
using passive microwave sensors show significant differences in the ice boundary position. Results from the newly launched ERS-I satellite, which provides
radar altimeter coverage of the entire Southern Ocean and the high Arctic for
the first time, are also presented.
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IMPROX'ED USE OF PASSIVE MICROWAVE DATA FOR SEA ICE DETECTION

(i.C. Heygster, H.A. Hums. T. Markus, L. Meyor-Lorbs, R. Sethmann, R.P. Tictzc

Instil me of Hcinotc Sensing, University of Bremen / KB ]. P.O. Box 330440, 2800 BREMEN 33, Germany

ABSTRACT
Signal ,md image pro(essing <tppli< alions improve the sea in* (Ic
let Ii(Mi with passiu- microwave imagery: ( 1 ) Three doconvolnliori
techniques, a \Viener filler ami 1 wo eniropy-IJHMM! algorithms have
!n'en used Io Jiii|)rove llie hoti/ontal resolution. ('2) A I)IiM(I (Ie
ionvolulion algorithm determine twoimagos given only their noisv
miivoliition ( heck.-, llie anïouna pattern for possible changes alter
IaUM(Ii (3) Sea ice coiiconlralioris derived from passive microwave
iinagrrv using different algorithm* and from AVIIItIt image* are
projected inu> a coinMIOII grid and compared. (4) The results of a
method foi detecting Mihpixel Male polynyas based models for the
brightness lomporaliiro tiansiiion from sea ice (o \nlarctic shelf
ice w i t h and without polynya are compared to \Vllltlt data and
wind data. (5) Software utilities allow for the visual inspection
of vnv large image data sets such as on the SS.M/Ï polai regions
(T) ItOMs bv ion voi ling them into a video film.
KKS VV(IKDs: Sea ice, passive micrwavos. doroiivoliitiori blind do
((involution, ice concentration, polynyas.

1

1 INTRODUCTION
I he "Mission Io Plane*! LaM Ii " of the ISY'92 encompasses not onlv
the exploration of Karth from space but also t'ie many efforts Io
better understand tin* data obtained from satellite sensors and Io
improve analysis and interpretation meihods so as to better use
Mich data for man One focal point of the work at the Institute* of
Kemole Sensing, l'niversity of Bremen, is !ho improvement of sea
ice detection with satellite passive microwave data
The most iuiport an! featuie.s of spaceborne passive microwave sen
sors foi sea ice detection are:
• Ob.sei valions are independent of day/night condition.
• observations ate roughlv independent of weather conditions.
• the operational sensoi SSM/1 (Special Sensor Mhrowave/
Imager) delivers complete coverage of the Arctic and Antarc
tic daily.
• I he .spatial resolution is low relative to optical seiisois ( 13 <iO
km (1(1P(1U(IiUg on the wavelength used).
I he most important applications of sea ire (!election with passive
mi(rowavosonsor> are near real time ice charts for ship navigation
and long term observation of sea ice extent lor climate research.
Sea ice (overage U a significant quantity for global climate not only
a> an indicator of surface temperature change but also because of
the important role it plav* in the heat exchange bel ween ocean
and atmosplioio in polai regions. The satellite passive microwave

data set. contin;iou.s .since 197X. allows these seasonaly dependent
processc.s Io bo studied and long term trends to be delected.
This paper presents an overview of several projects presently being
carried out to improve the usefulness of passive microwave data
for sea ice deled ion. The next seel ion describes a method fen
increasing the spatial resolution of passive microwave images bv
signal pKMOssing. Such techniques require the knowledge of the
antenna pattern which generally is measured in the laboratory be
fine IiIiItM h. But since there could have been unknown mechanical
damage to I he antenna during launch and in the severe operating
environment of outer space, it would be highly desirable to have a
method which allows dolormination of llie antenna pattern a pos
teriori and m flight. In section 3 such a method is described. Its
new feature is that it uses only information inherent in theopeia
liini.illy transmitted data: no experimental setup like point sources
on the earth or knowledge aboul coas! lines is required.
Sea ice coverage, or ice concentration, can be derived from the pas
sive microwave data using one of serveral algorithms proposée! in
the literature, e.g. [1. 2], But becau.se of the relativelv low spa
tial resolution of the data and the seasonal and regional variability
in the emissivity of the ice cover, ice concent rat ion estimate* do
rived with these algorithms must be verified. This is especially
important for the Antarctic region because most algorithms have
been developed for Arctic applications where ice conditions are
distinctly different. Availability of higher resolution (1 km) visi
ble and infrared imagery from the Advanced Very High Resolution
Radiometer (AVHRR) allows sncb verification for cloud free areas.
In section 4 we describe techniques Io bring these two data sets
to a common geographic coordinate system to facilitate validation
and intorcomparison.
The areas of open water within ihe ice pack, called polynya.s, are
regions of enhanced heat exchage between the ocean and the at mo
sphere and play a significant role in the global climate. I'.sua] ice
concentration analyses, however, are not capable of detecting many
of these areas which, with widths of 1 10 km. are much smaller than
the pixel si/es of the passive microwave imagery. A meihods and
monitor these subpixel si/o features is presented in section 5
Since 1987 passive microwave imagery of ihe polar regions havo
been collected by the SSM/I sensor onboard the spacecrafts of
the I)MSP (Defense Metereological Satellite Project ) series. These
data are available on Cl)-KOMs as a continuous time series of image*. For each day and each of the 7 channels (19 GHX hori/ontal
and vertical polarisation (H-f-V). 22 GH/ V. 37 GHx H-fV and 85
GH/ H + V) there is one brightness temperature image averaged
from the different overpasses which overlap partially. To make this
enormous passive microwave data archive more accessible to mod
elers and those interesied in long term trends, the software utilities
to display sea ice concent ration time series on video film have boon
developed These are presented in the last section.
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2 RESOLUTION IMPROVEMENT USING
DECONVOLUTION TECHNIQUES
Unfortunately, (lui' Io physical limitations (in antenna size, the 1
SSM/I yields data w i t h relatively poor resolution, liaving IJ dl)
r«oi|>rini si/es of 15 km and larger. In order t»obtain moreaccu
rate measurement* of geophysical parameters surh as ocean surface
wind .speed. cloud water, and of special interest to us. tlie ire con
rentration in tlie Antarctic region, it would he desirable Io improve
llie resolution of I IIP SSM/1 data.
The at tlie-satellite measured radiation is expressed in terms of
antenna temperature '/',,(#.Ol Tlie angles 9 and O describe the
pointing direction of the antenna. The retrieval of ice concentration requires an inversion of the measured antenna temperatures
ï'i(#.O) which may be regarded approximately as the convolution
<if the brightness temperature Tn(S.a) and the antenna pattern
A(H.o}. superimposed with some additive noise u(t).o). We will
associate the angles 6 and O directly with Cartesian coordinates
(s. ij) = t. along-track and cross-track of the antenna main beam
on the earth's surface. The signal model can then be given by
=

Jj T,,(x - z'( A(x'],l-t + H(X)

(I)

=: T A ( x ) * A ( T ) + n ( x )

Here the asterisk represents convolution.

but which creates artifacts (ringing) and a higher noise level in tlie
reconstructed image. The cause of the artifacts are the minima
in the transfer function of the antenna. A nonlinear method is
reconstruction using the m a x i m u m entropy principle [3. 4. 5. C].
Two different ways of applying the entropy are being examined.
Doth algorithms minimize the mean square error (MSK) between
the measured image TI(X) and the convolution of the original im
age TU(X) with the point spread function A(X) and at the same
time ma.ximixe the entropy. One algorithm starts with the result
of the Wiener filter and attempts to reduce the artifacts and noise
amplification by increasing the em ropy of the image [-4]. The other
algorithm minirui/es the mean square error and maximi/es the en
tropy with the conjugate gradient technique [C].
AM three methods present t lie same difficulty: xvhen the spatial res
olution is increased through the deconvolution I hi' signal lo-noise
ratio is decreased. OH the other hand if the noise is reduced the
details become blurred. Therefore any improvement in the résolu
lion will entail some increase in the noise level in the image. These
three deconvoliition methods have been applied to images with var
ions levels of complexity. We show here results for deconvoliition
of the SSM/I data with the SSM/I antenna pattern. Details on
the algorithm can be found in [T].
In Fig. Ia the measured data from a single overpass of an A n t a r c
tic region are shown. At the bottom of the image is the continent.
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One way to obtain higher resolution is to invert the convolution.
The solution of Kq.( 1 ) for TU(X), a Fredholm integral equation of
the lirst kind, is unslable and sensitive to noise. We are presently
investigating three different methods to invert Kq.(1) for SSM/I
data. The lirst is the Wiener filter which is an optimal linear filler

1

«0

60

Dixel ijrnber

Figure 1: a)Measured data from the SSM/I instrument
b(WiPiHM- reconstruction c)\Viener reconstruction + entropy gra
dii-nv <l)K«-oiistruclion with conjugate gradient technique

Figure 2: Profiles from a (the measured SSM/I data bjWiener
reconstruction cJWiener reconstruction + entropy gradient
d (Reconstruction with conjugate gradient technique

147
the bright par! i.s thi' sea ice in I he Weddell Sea an<i at tlic top of
the image is open water. The Wiener reconstruction is shown in
Fig. Ib. The sharpness of the image is increased hut the signal
to-noise ratio is decreased as w«>ll. The result of the Wiener plus
entropy gradient reconstruction is shown in Fig. Ic ami that of
the conjugate gradient technique in Fig. Id. To demonstrate the
sharpness of the edges in the linages, profiles are taken at ihe location indicated in Fig. Ia. The profiles (Fig. 2) show thai the first
edge (pixel 11) and the second edge (pixel 75) are steeper in the
profiles from the reconstructed images than in tin- measured data
(Fig. 2a). A higher noise level seen for example in pixels 60 to 70
in Fig. 21) accompanies the Wiener reconstruction. Fig. 2c shows
that when the entropy gradient is added to the Wiener reconstrntion the steep flanks an* retained hut tlip noise level is reduced. In
the profile in Fig. 2d from a reconstruction with conjugate gradient technique, the first edge i.s steeper than in the original but not
as good as in Fig. 2c.
The results presented here indicate that passive microwave images
can he improved using nonlinear image reconstruction techniques.
Initial results of a quantitative examination of the reconstructed
images indicate a factor of 1.5 improvement in resolution. Ice
concentration estimates derived using the dirived data also show
improved agreement with higher resolved estimates for the single
scene presented here.

3

BLIND DECONVOLUTION

Any deconvolution technique of the kind described in the last sec
tion needs the antenna pattern a.s a priori knowledge in the image
reconstruction process. Therefore it should he known as exactly
as possible. To check the antenna pattern measured in laboratory
before launch we use a blind (!('convolution procedure.
The blind deconvoliitioii task addresses the problem of finding the
convolution factors /(z) and A(Z) of a given, generally measured,
function
=

f f f(x-x')li(x')dx

+n(x)

(2)

=: / ( Z ) * A ( Z ) + H(Z)
without introducing detailed knowledge of either of the two factors.

1

The quantity H(X) is the inevitable noise, the amplifiers and quan
tisation process being the most important sources. The functions
g,f,h and n depend on one or more variables, which we sum up ill
the argument vector z.
Taking the Fourier transform of Kq.(2) yields
(3)

where upper case letters denote the Fourier transforms of the corresponding lower case-named functions. Obviously if F(U) and
H(U) are a pair of solutions of Eq.(2), then F(U) /texp(iBu) and
ll(u) I / A exp(—ïBu) are also solutions, with A a real constant
and B a vector. The corresponding inverse Fourier transforms are
/lexp/(3! — B) and h(x + B)/A. Thus, the blind deconvolution
problem can only be solved up to an arbitrary real factor /1 and
an arbitrary shift B .
We use a method for blind deconvolution which originally had been
developed by Avers and DaJnIy[S]. It uses the general a priori infor
mation about Ihe functions /(z) and A(Z) in Eq. (2) that are real
and nonncgative, and that both have finite support, i.e. /(z) £ O
and A(Z) £ O 011Iy within a finite region. Within these assumptions
Ayers and Dainty suggested the algorithm shown in Fig. 3. For
details see [9,8]. We use as a measure for convergence the norm of
the difference between subsequent images Dn =|| / n -i(z) —/ n (z) ||
and the difference Cn =|| g ( x ) — A(z) * A n (z) || between Ihe measured image and the convolution of/ n (z) and A n (Z). As n increases
Dn should tend to zero, while the minimum to which we can Cn
expect Io reach is the noise component n( z ) in eq.( 1 ). The details
of the algorithm are described in [9].
In the casp of the SSM/' data the two convolved functions A ( Z )
and /(z) are the antenna pattern A(S,<!>) and the brightness temperature Tg(O, à), respectively. The measured function g(z) is the
antenna temperature 1\(6, d>). Now modifications to the above described algorithm can be made using more detailed a priori knowledge about the antenna pattern and the brightness temperature:
( t ) The brightness temperature is limited to the interval between
50 K and 400 K, (2) the region of support of the antenna pattern
is limited, that is to say A(Z) ran only be nonzero within a certain
region centered at the origin. The second point is an assumption
rather than a priori knowlegde. For example, in case of spurious
scattering into the antenna it would not necessarily hold. By Hm
iting the antenna pattern to a circle of 8 pixels in radius we allow

), hn-0(x),g(x)

(1)

(8)

Impose /m(A+i(z)) = O
and Re(A +1 (Z)) > O

), F n (u),<7(u)) (2)

(7)

Fn+1(U) —• /n+1(z)

MX)

Wn+1(U) —. An+1(Z)

(3)

(6) |Fn+1(u) = /(F n (U) 1

Impose /m(A n+1 (z)) = O
and fle(hn+1(x)) > O

(4)

(5)

%

ft

An+1(Z) — tfn+1(«)
5

10

15

iteration step

Figure 3: General algorithm according to Ayers and Dainty.

Figure 4: Measure of convergence Dn =\\
function of iteration step R.
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I i»ure "). \ntcima pattern of ihe SSM/I 19 C!H/ II polari/atiou
channel. I pixel - 25 km \ 20 km on I he earth, a) lop left: an
tcnna pattern as mcasiircd hefnn1 !ainirli. b) lup riiihl: Difference
lietiveen a) anil anieiina pattern determined liy blind ilemnvolit
lion. i-j httttnni hff. Same as It) averaged over 93 images, tl) iHttftun
rtfiltl: Mean deviation from the arithmetic mean <•) divi<led by the
laboratory antenna pattern shown in a).

cairied out. that is which met hod (algorithm) is chosen for resampling IIu' data, on the radiometrii and géographie fidelity of the
data representation in the new coordinate system must be closely
considered. \\Tiirli technii|iie is used must be appropriate to the
physical quantity represented in t he image data and to the goal of
the registration (e.g. sensor validation vs. combination),
lor purposes of validation, single overpasses of SSM/I datain their
original pixel/scan line (swath data) formal are used. Estimates of
ice concentration are calculated in this format to avoid propagation
of resampling errors ami degradation of estimate values. Availability of geographic coordinates, with an estimated (oration error of
±skin. for each swath data point and the small quantity of data
(C4 pixels along scan by typically 200 pixels along trark) make it
possible to map information from other sensors to this coordinate
system.
AVIIItIi derived ice concentration and cloud rover are also cal
ciliated from the original data in order Io make optimum Use of
sensor resolution. Since ice concent ration is an average quaiiitity
it is valid to average the result down to the resolution of the SSM/I.
In ordei to simulate what the SSM/I should "see", and therefore
validate its result, we do a weighted average over the AVIIUIl ice
concenlrations using a Gaussian fit 1o the SSM/I mean antenna
pattern Io give weighting values. 'I his weighting is applied to a
120 km x 120 km area surrounding the location of each SSM/I
swath data point in the AVIMtR scene.

COMISO Algorithm

100
lot lellections up in 13 degree;, from the main lobe.
A** the initial value for the brightness tem|>eratnre/-.(xj we rhoose
the nieasiired antenna temperature '/',(fl.o) and ihe initial an
tcniia pattern li,(f\ is sel ir> the one measured in laboratory before
launch.
I ig. 4 slums t h e (onvergenre ineasiiie I),, «hen running the blind
deem obit ion algorithm wit Ii IfK1Se initialisations and a priori condi
tiinis. Ii converges within ihe lirst 20 iteration steps. Ihe residual
noise ('„ <li Hers with lhcanalv/ed SSM/I scene and is in most cases
below 0.9 K. In oui experience, the stable heliaviour is due Io the
light and correct limits for the allowed brightness temperature in
terval.
I lie results of Ihe algorithm when applied to SSM/I data are shown
in I ig. 5. Mg. 5b represents the correction pattern for iheantenna
pattern as measured before launch (Kig. 5a). (.'orreclion patterns
were oblained from 93 nonovei lapping SSM/I images and then av
eraged: the result is depicted in Fig. -ric. Kach pixel of this average
correction pattern has a mean devialion from the aril hmetic mean
smaller than the laboratory antenna pattein as <an be seen from
the i|iiotieni in I'ig. 5il. I'lins. the antenna pattern rorreitiiin
determined by blind deconvohilion is stable over many images and
statistically significant.
from our applications of the blind dci {involution algorithm to test
data and SSM/I images we ran conclude that blind dcconvolution
is a promising technique for determining the antenna pattein of
SSM/I in orbit. If several images with ihe same antenna pattern
are available for analysis, the noise in the result generally below
I K can he reduced by averaging .such that the derived antenna
pattern is exact enough to be used to correct that measured before
launch

rms dif = 1 1 5

bias = + 8 9
75 -

o

O

Tin1 merging of AVIIItR and SSM/I data and derived <|iiantitie.s
(e.g. cloud cover) is required for validation of ire concent rat ion
estimates derived from SSM/I and for development of iniillisen
sor algorithms for belter ire-water discrimination. Kach of these
analyses requires pixel by pixel comparisons and therefore régis
nation of the two data sets. The effect of how this registration is
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Kigure 6: Scatter plots comparing SSM/I and AVHRR ice ronren
tration estimates. I'loHed AVIIHR values are weighted averages
over the area of the SSM/I field of view.
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I ig. fi shows s t a f f e r plots comparing I)M* i<e courent rations de
rived fioni ihe passiu- mi<rowave d a t a w i t h t h e weighted AVHItIi
values Areas w i t h partial cloud rover are not inclmled. and .since
I lie ue edge region "is iwMly cloudy, low ire concentration areas are
nul well represented. The plots show ilia! estimates derived wild
the COMISO algorithm [ I j are generally higher t h a n those from
A V U K R . The estimates obtained willi the NASA Team algorithm
['/ MIOW better agreement w i t h the AVHKIt values, albeit for this
limited range of ice concentrations.
\ or conihinatiotjs and iritercoinparisons with several MMISOFS as well
.is for investigations of specific geographic regions, it is more useful
to Itring the A V l I K I t and SSM/I data to a common grid, lor sea
ice analyses 1 lie SSM/I grid, a polar slereographic projection with
•J5 krn cell si/e (f, km for A V H K K ) * as described by XSII)C[Il]
IhI 1 V*' heen generally anepted as the standard for sensor inter
comparisons. The mapping requirements hen 1 are for good g(*n
graphic arid radîoinetric representation of values as measured by
«•t'ch senior in the new grid.
lie concentration and percent cloud cover derived from A V H U R
is mapped !<; a lower resolution grid using a simple averaging to
ohtaiii a MHMII quantity over ihe 5 km x 5 km (or 25 km x 25
K m ) area. However, to combine SSM/I with higher resolution son
sors it is necessary to improve upon the method (known as !lie
"drop in the buckei" method) presently used by NSII)C for grid
ding SSM/1 dala into daily maps. This method lirst determines by
nearest neighbor the grid cell Io which a data point belongs, and
then does a simple averaging of the brightness temperature values
over all d a t a points falling w i t h i n a cell. Depending on the number
and dist rihm ion of data points in the cell, this method can lead to
!Dislocation of features (such as the ice edge) ami brightness température values incotimieiisurale with sensor characteristics. The
bilinear interpolation method can make better use of the known
spatial distribution of the observations and reduce 1 the localional
errors and radiometMC inaccuracies introduced by the "drop in
the bucket" method, but it is more computationally intensive 1 .
As a compromise we have implemented a modified bilinear inter
polation algorithm[12". In this scheme each swath data point con
t r i b u t e s to the finir points .surrounding it in the SSM/I 25 km grid
in pioportion to its distance from that grid point. Tins differs
from the t r u e bilinear method where each grid point value would

Figure 7: Ice comentration profiles from the ice edge ( l e f t ) to ihe
A n t a r c t i c continent ( r i g h t ) . All estimates have been calculated in
the original data format and then mapped to a 25 km grid. The
SSM/I estimates with modified bilinear interpolai ion and AXTIRIt
with simple averaging.

he liasiil on the four nearest neighbors in the swnth data. However
the search required for nearest neighbors in the irri'gularly spaced
swaih «laiH if. costly in terms of CPV lime and cannot easily account for missing scans lines. The modilied version used therefore
operates on each point of the swath data, and using its given latitiideand longinide. determines its position (not nearest grid point)
in the SSM/I grid.
A couipariMin of grid<led ice concent ration and percent cloud cover
along H transect from the ice edge Io the Antarctic continent is
shown in Fig. 7. The C - OMISO and XASA Team results show
very different trends which can to some extent be explained by
the presence of more thin ice nearer I he ice edge[l3]. More work
is needed to determine the influence of cloud cover on the passive
iiiirruwavc ice concentration results.

5

DETECTION OF COASTAL POLYNYAS

I'olynyas are areas of open water within the pack ice. They are sites
of intense heal exchange between ocean and atmosphere because
there the water comes in direct contact with the cold polar air.
Coastal jiolynyas are a result of offshore winds combined with Io
cal currents which drive away the newly formed ice as fast as it is
produced [14]. Thus they are sites of large ice production and an1
responsible for a large amount of the Antarctic sea ice. Addition
ally with the ice production brine formation takes place. So they
are also a source of the cold and saline Antarctit lint torn water
[15]. KiTHIiSi' of this continous ice production rates even of small
coastal polynyas are important to detect, and in order to obtain
a better iiiiderslanding of coastal polynya development and their
effect on the ocean and atmosphere, continoiis measn renient s in
time and space of the polynya si/es are necessary.
To determine how open water influences !lie brightness tempera
lure (Tu) transit ion from sea ice to shelf ice in the different SSM/I
channels, satellite overflights across the coast are simulated with
theoretical data. The scene is represented in an image w i t h 5
km pixel spacing by selling the center column to the brightness
temperature of open water, the left-hand columns Io the average
brightness temperature of sea ice and the right-hand columns to
t h a t of shelf ice. with all values taken from the original data. A
second image is created to represent the scene without open water.
Profiles through these simulated data perpendicular to the coast
are then compared with the original data. In order Io take the* variability of the brightness temperature into consideration the model
bright ness tempérât lires for sea ice and shelf ice are taken from t he
ends of each profile in the original data.
To decide whether a pixel in the data is with or without open water
the correlation between profiles through the synthetic images (with
and without polynya) and a profile through the data centered ai
the pixel in i|iieslion is calculated. For details and error analysis
see [16. 17],

Figure 9: Polynya areas in km* in the region G for September
1989. On the bottom line are the wind vectors where the bottom
line represents the coastline. The vector length is proportional to
wind spiH'd.

150

TIi!1 [iolyiiya detection method has been applied to Ilio daily av
cragod SSM/I data for the whole of September 1989 available on
(.'I) ROM. The H1SIiIIs(FJg. 8) are then compared with wind data
from the Antarctic research station Halley (GB) which lies approximately in the middle of our area of study. The area range is only
between O and 1000 km* but the opening and closing and even the
si/e corresponds very well to the wind data for each single day.
The method presented here to detect sub pixel size coastal polynyas with passive microwave sensors shows good agreement with
the polynya si/.cs derived with the higher resolution AVHRR data.
Over the period of one month the SSM/I derived polynya sizes
correlate well with wind data from an Antarctic coastal station.
The opening and closing for polynyas with sizes less than 1000
kin'-' can be resolved for each single day.

6

VIDEO FILM OF THE SEASONAL
VARIATION OF POLAR
SEA ICE EXTENT

'Ib facilitate the analysis of long-term trends in ice concentration,
pnlyriya evolution and other geophysical parameters in the polar regions, passive microwave data are distributed now on CD-ROMs.
SSM/I data are available starting September 1987 [11], and the
SMMR (Scanning Multichannel Microwave Radiometer) data, covering the period from 1980 to 1985, are currently being re-edited
and issued on CD-ROMs [18]. The data from the 7-chaiinel SSM/I
comprise 6.3 MU per day and 2.3 GB per year. This enormous
amount of data is easy to distribute on CD-ROM, but difficult to
handle in programs. Therefore we have prepared software utilities
to read and process these image time series on PC.
As a sample application, ice concent rat ions fort he period of September 1987 to March 1990 were calculated using the .NASA Team
algorithm mentioned in section 4. A video film showing one ice
concentration image for every day has been produced and will be
shown during the oral presentation. Visual inspection of the ice
concentration film provides a fast overview of this very large data
set and allows new hypotheses to be drawn from the data in their
entirety. Qualitative analysis of the time series is again achieved
with the image processing software.

7

CONCLUSION

This paper has reviewed several possibilities to improve the use of
passive microwave data for sea ice detection. The relatively poor
resolution compared to optical sensors can be improved by deconvolution techniques, some examples of which have been demonstrated. They all need the antenna pattern as a priori information.
Therefore, a blind deconvolution method for checking the antenna
pattern for possible changes in orbit or during the launch has been
applied to the passive microwave sensor SSM/I. Results indicate
small changes in the overall antenna pattern, but no severe damages or spourious reflections. Although the performance of conventional deconvolution is superior to that of blind deconvolution
[10], the latter could find fruitful applications in remote sensing by
detecting possible changes in the sensor characteristic without the
necessity to introduce a priori knowledge about the imaged scene.
Optimum use of the passive microwave data require that the de
rived quantities be validated by comparision with results from
higher resolution sensors. Methods have been described to merge
AVHRR and SSM/I data sets to validate and improve ice concentration estimates for the Weddell Sea.
The method presented here to detect sub- pixel size coastal polynivas with passive microwave sensors shows good agreement with
the polynya sizes derived with the higher resolution AVHRR data.
Over the period of one month the SS.Vf/I derived polynya sizes
correlate well with wind data from an Antarctic coastal station.
The opening and closing for polynyas with sizes less than 1000
km 2 can be resolved for each single day.

The specific pecularities and the huge amount of passive microwave
data present many challenges to signal processing methods. These,
in turn, will evolve from the experience gained during the numerous efforts undertaken toextract geophysical parameters from the
rich data material collected by passsive microwave sensors, one of
the former being sea ice coverage, an importanl quantity for the
reasearch on global climate.
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A 2 x CO2 EXPERIMENT WITH PRESCRIBED
CHANGES IN SEA SURFACE TEMPERATURE
J.-F. Mahfouf, J.-F. Royer, and D. Cariolle
Météo-France/CNRM, Toulouse, France

ABSTRACT
In the present study, sea surface temperature (SST)
The climate response to an increase in carbon dioxide is examined with the Météo-France climate model. This model has
a high vertical resolution in the stratosphere and predicts the
evolution of the ozone mixing ratio. This quantity is fully interactive with radiation, and photochemical production and loss
rates are accounted for. Sea surface temperature anomalies are
prescribed at the lower boundary from the results of a 100year transient simulation performed at Hamburg with a global
ocean-atmosphere model. Results from an annual cycle indicate
a global warming of 1.5 K anil an increase in precipitation rate
of 2.8 %. The model simulates a strong stratospheric cooling
of up to 10 K leading to a column ozone enhancement of about
5 %. Other features present in similar studies are also exhibited (stronger surface warming in polar regions of the Northern
Hemisphere; summertime soil moisture drying in mid-latitudes;
increase in high convective cloudiness in tropical regions).
Keywords: Global warming, stratosphere, General Circulation
Models

anomalies and sea-ice extents computed by a global ocean
atmosphere model are prescribed as boundary conditions of
an atmospheric GCM. In this "snap-shot" scenario we are
able to use a model with a higher spatial resolution than has
been usual in former CO2 studies. Indeed, an "equilibrium"
is reached rapidly and a single annual cycle is sufficient to
obtain the seasonal atmospheric response. Moreover, the
simulated present-day climate is close to the observed one
since climatological SST are imposed in the reference simulation.

2

DESCRIPTION OF THE RUN

The experiment was performed with the French spectral
GCM (Planton et al., 1991). The horizontal resolution in
spectral space is T42. The most interesting aspects of the
model formulation are a vertical resolution with 30 levels

1

INTRODUCTION

(18 are located in the stratosphere) and the inclusion of

The increase of atmospheric carbon dioxide observed since
the beginning of this century raises the question of possible
induced climatic changes. As a result, numerous numerical
studies have been performed with General Circulation Models (GCM) to examine such consequences. Their results
are summarized in several review papers (e.g. Schlesinger
and Mitchell, 1987; IPCC 1990). In the CO2 problem the
oceanic feedbacks are of crucial importance for the estimation of the atmospheric response.

The most reliable

greenhouse warming predictions can only be achieved with
coupled atmosphere-ocean GCMs. These models generally
simulate the transient response produced by a gradual increase of carbon dioxide over the next century.

Conse-

quently, these simulations require large computing resources
and have been only performed with low resolution models.

the ozone mixing ratio treated as a prognostic variable with
photochemical production and loss rates taken into account
(Cariolle et al., 1990). Prescribed SST anomalies are taken
from the ouput of a 100-year transient run performed by
the coupled ocean-atmosphere GCM developed at the Max
Planck Institut (MPI) in Hamburg (Cubash et al., 1991)
with a gradual increase of CO2 according to Scenario A
from IPCC (Business-As-Usual). These anomalies are averaged over a 10-year period corresponding to a doubling of
the initial concentration. Two 14-month experiments were
undertaken: one with the climatological AMIP SST and a
CO: concentration of 345 ppmv and another with the MPl
anomalies added to the SST climatology and a CO] concentration of 690 ppmv. The imposed sea-ice extents are
those computed by the MPl model for the reference and
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the perturbed climates in order to have consistent spatial

The zonally averaged ozone mixing ratio anomaly in Figure 2 reveals an increase of this quantity in the upper equa-

variations between the two runs.

torial stratosphere and also over the polar regions. Cooler

3

RESULTS

temperatures in the stratosphere lead to decreased photochemical destruction, resulting in an increased concentra-

Although not shown here, the simulation of the present-day
climate is in good agreement with observed climatologies
(Mahfouf, 1992).

tion of ozone. The increase of O3 in the upper stratosphere
produces a shadowing effect on the local UV flux in the upper troposphere thereby diminishing the efficiency of oxy-

Results of the doubling CO2 experiment indicate a global
mean surface warming of 1.5 K and an increase in the global
mean precipitation rate of 2.8 %.

gen photodissociation. This reduction is enhanced in the
tropical regions by a rising of the tropopause level. The examination of the geographical distribution of the ozone con-

The latitude-altitude cross section of the zonal mean
difference in annual mean temperature is shown in Figure 1. Some well-known features are exhibited: the tropospheric warming with maximum values between 2.5 K
and 3 K just below the tropical tropopause induced by
stronger convective activity; the stratospheric cooling increasing with height. The high vertical resolution in the
stratosphere leads to a stronger cooling (up to 10 K) than

tent integrated over the vertical column reveals a maximum
increase at high latitudes due to poleward and downward
ozone transport, with values reaching 8 % in the Northern
Hemisphere over the Barents Sea (Figure 3). The present
results support the primary conclusion of 2D-photochemical
stratospheric models (Brasseur and llitclnnan, 1988) predicting an increase of the column abundance of ozone of 1
% - 4 % for a doubling of CO2.

generally predicted. The large cooling above the North Pole
near 5 hPa comes from the inhibition of a sudden warming
in the 2x CO2 run during the winter season.
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Figure 1: Log(pressure)-latitude cross section of difference
of zonal-mean temperature in annual mean

Figure 2: Log(pressure)-latitude cross section of difference
of zonal-mean ozone mixing ratio in annual mean. Contour
interval is 5 %
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TOTAL OZONE CONTENT (Percent)
The latitude-time cross section of the zonal mean soil
moisture changes is shown in Figure 5. Throughout most of
the year, the model simulates a band of decreased soil moisture near the Equator. At mid-latitudes, in the band 30°60° N, there is an important drying from May to August and
a moistening of the soil from December to March. Various
models have already simulated such behavior. Nevertheless,
Mitchell and Warrilow (1987) pointed out the sensitivity of

2*C02-1*C02 Annual mean

this result to the parameterization of soil hydrology. The
Figure 3: C!rogra|>hiral distribution of the animal-mean differences in ozone column. Contour interval is 2 %

large increase of soil moisture around 80 ° N comes from
snow melt at the edges of Greenland. Large moistening
seen in the Southern Hemisphere is certainly not meaning-

The time-latitude diagram of changes in the near-surface

ful due to the small amount of continental surfaces.

temperature (Figure 4) indicates that the surface- warming
is less than 2 K in the tropics without seasonal variations.
SOIL MOISTURE (2*C02-1*C02)

At mid-latitudes, larger positive anomalies which reflect
the sea-land contrast are seen in the Northern Hemisphere.
In the Northern Hemisphere at high latitudes, warming
reaches values up to 12 K during winter. In contrast, temperature differences are almost negligible in summer. Seasonal variations are less apparent in the Southern Hemisphere. Maximum values located over the Antarctic continent only reach 4 K. Around Antarctica, temperature
anomalies are weak. This behavior is typical for global
atmosphere-ocean simulations, and comes from strong vertical mixing in the deep ocean.
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Figure 5: Latitudinal distribution of the annual cycle of
differences in zonal-mean soil moisture content (cm)
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The anomalies in the longwave radiation at the top of
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atmosphere are presented in Figure 6. The largest increases
occur over Indonesia. They are produced by an increased
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cloudiness as a consequence of the intensification of convec1-40

tion. In the Eastern Equatorial Pacific positive anomalies
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are also simulated. Negative anomalies above suggest a
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Another area where the longwave radiative flux has decreased in the 2 X CO2 run is over the Weddel sea due to
a larger sea ice extent producing cooler surface temperatures. Over continental areas (North America, Africa, Middle East) the large surface warming leads to a significant

Figure 4: Latitudinal distribution of the annual cycle of
differences in zonal-mean surface air temperature (K)

increase in longwave emission. The longwave flux is aiso
enhanced over the Arctic Ocean where sea ice has melted
during summer.
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Figure 6: Geographical distribution of the annual-mean differences in top of atmosphere longwave radiation (W/m 2

The differences in the shortwave radiative flux (Figure 7)

land leads to a reduction of the TOA radiative flux. Re-

also show the increase of tropical roiivective clouds mostly

duction over continents conies from a decrease of low level

over Indonesia leading to large positive values. The increase

cloudiness whereas local minima over the Rockies and the

in surface albedo by sea-ice over the Wedclfl sea also pro-

Himalayas are due to a removal of highly reflective snow

duces an increase in the upward shortwave component. In

cover in a wanner climate.

contrast, sea-ice retreat in winter on both sides of Green-

TOA SW RADIATION (W/m2)

2*C02~1*C02 Annual mean
Figure 7: Geographical distribution of the annual-mean differences in top of atmosphere shortwave radiation (W/m 2 )
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CONCLUSIONS

[6] Mitchell, J.F.B. and D.A. Warillow, 1987: Summer dry-

An atmospheric general circulation model, including the

ness in northern midlatitudes due to increased C02. Na-

stratosphere and a prediction of the ozone mixing ratio,

ture, 330, 238-240.

has béni used to simulate climate changes due to a dou-

[7] Planton, S., M. Deque, and C. Bellevaux, 1951: Val-

bling of carl>on dioxide concentration. Sea surface temper-

idation of an annual cycle simulation with a T42-L20

ature anomalies have been imposed from a transient run

GCM. Climate Dynamics, 5, 189-200.

performed at the Max Planck Institute in Hamburg with
a global ocean-atmosphere model. Results from an annual

[8] Schlesinger, M.E. and J.F.B. Mitchell, 1987: Climate

cycle indicate that most of the conclusions from previous

model simulations of the equilibrium climatic response

studies are reproduced by our GCM. Some specific features

to increased carbon dioxide. Rev. Geophys., 25. 760-

are exhibited, such as the very strong cooling in the strato-

798.

••phere reaching 10 K and the increase of the total column
O/AÏW. These results will be analysed in iiiore detail and
compared with those produced by the MPI model.
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COMPARISON OF MONTHLY PRECIPITATION ANALYSES DERIVED FROM
CONVENTIONAL MEASUREMENTS, SATELLITE ESTIMATES AND MODEL RESULTS
B. Rudony H. HauscnDd. M. RciB. and U. Schneider
Deutscher Wetterdienst, Zentnlamt, Frankfurter Str. 135,
Postfach 100465, D-W6050 Offenbach/Main, Germany

ABSTRACT
The purpose of the Global Precipitation Climatology
Centre (GPCC) is to evaluate and disseminate global
data sets of monthly precipitation totals on a grid of
2.5° for a period of ten years, 1986 to 1995. The results will provide a data base for investigating climatic
changes, determination of earth water balance and
fluxes, and especially for verification and initialization
of atmospheric circulation and climate models.
Gauge measured data are the main basis for analysing
the monthly precipitation totals over land. Satellite data are used to estimate the precipitation over oceanic
regions, but for a complete global analysis some complete fields such as results of numerical weather prediction models are needed. The scientific task of the
GPCC is to develop objective methods for data correction, computation of areal mean precipitation totals
on the grid, filling data gaps, and merging the data
from different sources. Global manual isohyetal analyses will be carried out for reference months to verify
the results of the objective methods.
The GPCC started operations by the end of 1988.This
paper briefly describes the planned routine procedures
and presents the current state of work. A comparison
between the results from different data sources is
carried out separatly for land and ocean areas.
Keywords: GPCC, global precipitation analyses,
comparison of different rainfall estimates.
1. INTRODUCTION
The precipitation process is most important for atmospheric dynamics since the release of latent heat by
condensation of water vapour is a major energy source
driving the atmospheric circulation. Analyses of largescale time-mean rainfall are critical to the success of
diagnostic studies and the validation of climate models. The formulation of precipitation processes in climate and weather prediction models needs empirical
adjustments which can only be based on observed precipitation statistics. For a better understanding of global climatic change and variations in the large-scale
precipitation regime of the earth a nearly complete

long-term record of global monthly precipitation totals, with the best spatial resolution possible, is required.
The World Meteorological Organization (WMO)/International Council of Scientific Unions (ICSU) Joint
Scientific Committee for the World Climate Research
Programme (WCRP), at its seventh session (Réf. 1),
approved the establishment of the Global Precipitation
Climatology Project (GPCP), to provide climate researches with gridded global precipitation data for use
in: (1) validation of atmospheric general circulation
and climate models; (2) determination of the budgets
of groundwater, ocean freshwater and atmospheric
water vapour; (3) initialization of climate models; (4)
understanding the role of precipitation in the tropical
atmosphere's principal periodic or quasi-periodic forcing.
The GPCC is also related to other current or planned
world-wide climate research programmes such as the
Tropical Ocean and Global Atmosphere (TOGA), the
World Ocean Circulation Experiment (WOCE) or the
Global Energy and Water Cycle Experiment
(GEWEX).
The Deutscher Wetterdienst (DWD) is participating
in the GPCP of the WCRP by providing the Global
Precipitation Climatology Centre (GPCC). The task of
the GPCC is to collect, check and correct the CLIMAT and SYNOP reports disseminated via the Global Telecommunication System (GTS), to acquire additional rainfall data, and to calculate monthly areal
mean precipitation totals on a 2.5° grid over land
based on the gauge-measured data. These stationbased analyses have to be merged with satellite estimates and numerical weather forecast model results to
produce global analyses.
The work at the GPCC was supported by the Federal
Ministry of Research and Technology, Germany, Registration No. 07 KF 005.
Until now several papers are published where the
main characteristics of the GPCC are described
(Réf. 7,13,14,15).
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2. DATABASE AND FLOW

3. PLANNED OPERATIONAL SCHEME

Gauge observations are the main data used to analyse
the monthly precipitation totals over land. CLIMAT
and SYNOP data received via GTS are available within a short time after the measuring period. Additional
gauge measured monthly rainfall data are published
by most of the national meteorological services, and
will be available some months later.

The planned routine procedure comprises: (1) collecting of gauge-measured data; (2) data quality control;
(3) calculation of area! means by spatial objective analysis of gauge measurements; (4) merging gauge based
results with precipitation estimates from other sources
(satellites, weather forecast models). The different
steps in the procedure are briefly described below.
CLIMAT and SYNOP reports are received via GTS.
CLIMAT reports directly provide monthly precipitation totals. SYNOP reports contain precipitation
depths for given short time intervals of 6,12 or 24 h.
Quality control of these data is very important, because coding and transmitting errors occur frequently.
Most of these errors can be identified and corrected
by a computer programme developed at the GPCC.

There are large areas on the earth with too few gauge
measurements to perform an adequate analysis. To estimate the precipitation over oceans and to fill gaps
over land, estimates based on infrared (IR) images
from the geostationary and polar orbiting satellites
and microwave data from one polar orbiting satellite
are available.
The IR-based estimates are produced by the Climate
Analysis Centre (CAQNOAA) using the GPI-method
(GOES Precipitation Index; Réf. 2), which is an temperature threshold technique that assumes that all pixels colder than 235 Kelvin precipitate at a constant
rate of 3 mm per hour. It is the algorithm that is presently used for rainfall estimation in the tropics.
Pentad and monthly precipitation estimates are provided on the grid of 2.5° from 4O0S to 4O0N. The gaps
in geostationary coverage (for example until now the
INSAT data are not available) are filled by estimates
based on Outgoing Long-wave Radiation (OLR) from
the NOAA polar orbiting satellites (Réf. 3).
The microwave data observed by a Special Sensor Microwave Imager (SSM/I) radiometer on the Defense
Meteorological Satellite Program (DMSP) polar orbiting satellite are compiled at the NASA Goddard
Space Flight Centre.
Monthly precipitation totals are estimated for 5° grids
for the latitude belt 5O0S to 5O0N for oceanic areas
based on a histogram correlation method using the
differences of the brightness temperatures from the 19
GHz and the 22 GHz channels (Réf. 4). These estimates are sent to the GPCC.
The Surface Reference Data Centre (SRDC) is established to create regional dense data sets, including radar observations for the validation of the satellite precipitation estimates and to improve the methods for
measuring precipitation over ocean (Réf. 5).
The GPCC then has to merge all the rainfall information from the different data sources and to produce
global gridded maps. Since no satellite estimates are
available for the higher latitudes, results from
numerical weather forecast models have to be used
for completion.

This programme contains logical consistence examinations, comparisons of the precipitation with weather
information as well as procedures for the correction
of wrong data (Réf. 6). However, manual revision of
the data deduced to be wrong and additional subjective corrections are necessary as well.
For quality controlled and complete SYNOP station
data monthly precipitation depths are calculated.
The automatic quality control procedure of monthly
data contains a check by comparison with climatic data (departures from monthly normals, quintiles); values assumed to be wrong as well as the corresponding
anomalies will be compared with the data from neighbouring stations, and the values or the flags may be
changed interactively.
Starting from this set of point measurements, the
areal mean precipitation totals on the grid have to be
calculated by means of an objective analysis method.
For each grid statistical information such as number
of stations, arithmetic mean, standard deviation, minimum and maximum value of point data will also be
evaluated. These results complemented by topographic
information on the grid will help to estimate the reliability of the analysis.
The following steps, yet to be developed, will be to include the satellite estimates and model results. Finally,
the merged global maps have to be checked by an expert, who will compare the results from all different
data sources and interactively may choose the data
type used for merging.
The output will contain the gridded precipitation and
quality indices separately for all different data sources
as well as for the merged global analysis. Coloured
maps will also be printed. Illustrations of the data flow
and the operational scheme are gives by Rudolf et al.
(Réf. 14,15).
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lime série*

1987

1986
JFHAHJ

JASOND

Gauge measured data
from ca. 6600 stations
(over land only)
objective analysis
manual analysis

1989

1988

JFHAMJ

JASOND

XXXXXX
-X
X

XXXXXX
-X

JFHAHJ

JASOND

JFMAHJ

JASOND

1990
JFHAHJ JASOND

Satellites estimates
IR (geo+NOAA)
DMSP-SSNI (5.0 deg.)

XXXXXX

XXXXXX

XXXXXX

XXXXXX
XXXXX

XXXXXX
XXXXXX

XXXXXX
XXXXXX

XXXXXX
XXXXXX

XXXXXX
XXXXXX

XXXXXX
XXXXXX

XXXXXX
XXXXXX

ECHWF-T106 (0-Z4H)

XXXXXX

XXXXXX

XXXXXX

XXXXXX

XXXXXX

XXXXXX

XXXXXX

XXXXXX

XXXXXX

X

Climatic means

JFHAMJ

JASOND

Forecast model results

digitized from
UNESCO/UMO-atlases

(over land only, in preparation)

Legates (0.5 deg.)

xxxxxx

Jaeger (5.0 deg.)

xxxxxx xxxxxx

Hulme

xxxxxx

(5.O deg.)

xxxxxx (based on gauge data as measured and on systematic error corrected
data)

xxxxxx (over land only, time series of monthly results for 1951-1980
available)

Table 1. GPCC data basis - status December 1991 - Monthly area! mean precipitation estimates on a grid of 2.5°
or 5° (X = data set available, - = data set in preparation).
4. FIRST RESULTS

1

An objective interpolation method is being used for
the operational spatial analysis on the basis of the
gauge measured precipitation data. The interpolation
method is based on the distance and angular weighting scheme of Shepard (Réf. 9) and has been transformed for application in spherical coordinates by
Willmott et al. (Réf. 8, Code "SPHEREMAP"). This
method has been used by Legates (Réf. 10,11) in the
evaluation of a global precipitation climatology.
This method has been applied to estimate the precipitation distribution over land based on gauge measurements from 6600 stations for all months of the year
1987. An example is given by Figure 1. The objective
method seems to produce reliable results (compare to
the manual isohyetal analyses, which have also been
carried out for several months), except in data sparse
region.
An example of the estimates based on IR data (using
the GPI method) are shown in Figure 2. Rainfall estimates from INSAT-satellite data are not available for
this month. Since these gaps are filled by CAC using
OLR data from NOAA satellites, a discrepancy in the
IR based data can be seen east and west of India.

* 1-

1

VV"

Table 1 give an overview of the data sets available at
the GPCC. For the entire year 1987 all objective analyses from the gauge measured data are prepared. Satellite estimates and model results are available for
several years. For background information climatological data sets are also used.
5. INTERCOMPARISON OF RAINFALL ESTIMATES FROM DIFFERENT DATA SOURCES
The GPCC has compared the space based monthly
precipitation estimates with areal means analyzed
from gauge measurements over land and with monthly
totals accumuled from daily forecasts of the ECMWF
weather prediction model over land and over ocean.
In Figure 3 and 4 the comparison is shown for the
tropic latitude belt.
Averaged over land, the IR estimates are significantly
higher than the ground based data. Comparing the
pairs of results for all grids a large scattering is
apparent, the correlation is in the range of 0.6 to 0.8.
It is obvious that the IR rainfall estimates over ocean
are more reliable than over land. However, the spatial
structures in the evaluation from SSM/I data seem to
be more realistic if both satellite estimates are compa-
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Fig. 1. Global monthly area! mean precipitation totals on a grid of 2.5° over land for December 1987 based on the
gauge measured rainfall amounts at about 7000 stations (CLIMAT and SYNOP) evaluated by objective analysis.
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Fig. 2. Global monthly areal mean precipitation totals on a grid of 2.5° for December 1987 estimated from IR
images of geostationary satellites, complemented by OLR data from NOAA satellites.

red with the ECMWF model results and with the
sparse data measured conventionally over islands.
At present, the space based estimates are very rough.
Within the GPCP, series of Algorithm Intercomparison Projects are in progress with the aim of testing
other theories defining an improved algorithm for
further application (Réf. 5).
More realistic results are expected from methods
which use a combination of IR (better resolution in
time) and microwave data (based on a more realistic
physical model). However, for significant progress in

the future, new polar orbiting satellites with improved
instruments (specific for precipitation estimation) are
desirable.
6. BIAS SCORES FOR DIFFERENT ESTIMATES
With the bias analysis (regres., correl. and other stat.
analyses) we try a first step to get an idea of an error
valuation of each of these precipitation estimation
methods. This error valuation will be necessary if the
different rainfall estimates will be merged by adjusting
the analyses on an equal level to global data set.
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Fig. 5+6: Total Bias Scores for the tropic latitude belt (in northern winter 40°S-20°N, in spring and autumn 3O0S3O0N1 and in northern summer 20°S-40°N) derived from different data sources for the year 1987. Over ocean and
land areas about 3000 grid values in each case are taken into account for the bias calculation.
To get an idea of one statistical relationship between
different monthly rainfall estimates on a 25° grid the
total bias scores are computed. Figure 5 and 6 depict
calculations of the total bias of different rainfall estimates for "land only" and "ocean only* areas. The bias
information was determined from a 5 class contingency table (see table 2).
daises in [mm]:

"0":
"lowl":
"Iow2":
"med":
"high":

X =O

0< X < = 33,3
33,3< X < = 100
100< X <= 300
X > 300

O lowl

Iow2 med high total

O

M lowl
e*i- Iow2
ma- med
tes2high

X21
X31
X41
X51

X22
X32
X42
X52

X23
X33
X43
Xn

Xj4
X34
X44
X54

X25
X31
X45
X»

total

A1]

X12

X13

X14

X15

X1,

X»
X3,
X41
X5,

X = number of occurences within two dasses
Table 2. Contingency Table
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The bias is defined as the following formulation:
For i = 1, 2, 3, 4 and 5
BS(J)
= XJXj1 if X1^=X11
BS(i)
= X41XX11 if X jl <=X li

total Bias =
0.20*(BS(1)+BS(2)+BS(3)+BS(4)+BS(5))
There are 3 lines in each figure associated with 3
comparisons of rainfall estimates for the entire year
1987. The performance is best when the total bias
equals 1, that means the probability is very high that
in all 5 classes the two estimates indicate a similar distribution of rainfall pattern.
7. OUTLOOK
The schedule is that the GPCC should start routine
operation with preliminary methods at the beginning
of 1992 and work operationally with improved
methods from 1994 onwards.
An extension of the present methods is planned using
- quality control procedure based on intercomparison
of gauge measured precipitation depths and of the
anomalies in time and space,
- correction formulas from Sevruk (Réf. 12) for the
estimation of the systematic gauge measuring errors,
- orographical-climatological relationships within the
objective spatial analysis,
- an optimum estimation method to merge the data
sets from different sources (based on gauge measurements, satellite images and model results) to deduce a
complete global field.
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MICROWAVE RADIOMETRY FOR MONITORING THE DIVERSE
CLOUDINESS REGIMES ON EARTH: A REVIEW
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ABSTRACT

Microwave radiometers in space have provided new views of the
water content of clouds for several decades. Recently,
theoretical algorithms have been refined (Réf. 11) and the
sampling by microwave radiometers from polar orbiting
satellites have become more commensurate in resolution and
coverage with the scale of the meteorological phenomena.
Parameters available from the Special Sensor Microwave/Imager
(SSM/I) include total integrated water vapor (kg nr2), integrated
cloud liquid water (kg nv2), rain rate (mm hr-1) and an index
for the presence and concentration of large ice particles; this socalled scattering index can also be converted to a rain rate,
although conversion is still rather uncertain.
The hydrologie aspects of climatically important cloud systems
on the earth such as subtropical stratus decks, tropical
convection and midlaiitude and polar cyclones can thus be
monitored with the SSM/I parameters. The diagnostic as well as
prognostic potential of these satellite derived water content
properties of cloud systems are also discussed.
Keywords: microwave radiometry, remote sensing, cloud liquid
water, rain rate.

t

i. SCIENTIFIC OBJECTIVES
Microwave radiometers provide direct measures of the cloud
water content (as cloud liquid water - small droplets), as rain
water (larger drops) and as large ice crystals. These parameters
are not readily available by other means. Thus, some of our
objectives in the University of Washington/Atmospheric
Sciences group working with microwave radiometer data have
been to make these parameters available for use:
a) in verification of the cloud and precipitation aspects of
numerical mesoscale models;
b) in diagnostic analysis of the distribution and amounts of
these cloud properties at different stages of development of
the weather system; and
c) in searching for signatures in these parameters that may have
prognostic value for prediction of dangerous rapidly
deepening midlan'tude cyclones or polar lows.

with an operational microwave radiometer, the Special Sensor
Microwave/Imager (SSM/I). Three identical instruments have
been launched on the F8 (1987), FlO (1990), and FIl (1991)
satellites. The FlO did not achieve the nominal orbit, which
created some difficulties, since sea surface emissivities
(reflectivities) are strongly dependent on exitance (incidence)
angles. The data discussed below are entirely derived from the
SSM/I on the FS satellite. However, the availability of a
continuing record of almost identical measurements for
monitoring of climate sensitive cloud regimes and for direct
prognostic use of our results is an important consideration for
our work.
2.1 The Special Sensor Microwave Imager
The SSM/I scans a 1390 km wide swath in a conical sweep at
53° incidence angle. Operating frequencies are 19.35,22.235,
37 and 85.5 GHz, in both horizontal and vertical polarization,
except the 22.235 GHz channel, which only operates in
horizontal polarization. The pixel resolution is nominally 50,
50,25 and 15 km, respectively (Réf. 4). A very simplified view
of the sources of microwave radiation reaching a satellite sensor
at the SSM/I frequencies is found in Figure 1.
PROPERTIES OF ATMOSPHERIC WATER
(vapor, liquid and ice) WITH RESPECT TO MICROWAVES
22OH/
emission

All Fs through
CtIIUS

19GHz

37GHz
emission

37GHz,
85 GHz
scatter

Some of our recent work is briefly reviewed and referenced
below. Several studies have been carried out in collaboration
with experts from other institutions in the United States and in
Europe (see Acknowledgments).

2. DATASOURCES

e - 0.3 to 0.7 for the ocean

Since 1978, microwave radiometers have operated almost
continuously on space platforms. The Seasat and Nimbus 7
Scanning Multichannel Microwave Radiometers (SMMR's)
were both launched that year. In 1987 the U.S. Defense
Meteorological Satellite Program began its series of satellites

Figure 1. Sketch of the sea surface, atmospheric and cloud
parameters affecting the microwave signals received by the
Special Sensor Microwave/Imager (SSMIl). The role of oxygen
emission and multiple scattering has been overlooked in this
simplified view.

Proceedings of the Central Symposium of the 'International Space Year' Conference. Held in Munich, Germany, 30 March-4 April 1992
(ESA SP-341. July 1992)

164
2.2 Algorithms
The algorithms used by our group are based on the Ph.D. thesis
of Petty (Réf. 11). He arrived at empirical fits to forward
radiative transfer calculations based on the best available
coefficients for atmospheric and sea surface emission properties.
For the discussion in this paper, we employ the Cloud Liquid
Water (CLW) algorithms based on 85 GHz signals (which gives
15 km resolution) when there are only low level cloud liquid
water present (stratus cloud or cumulus humilis) and on 37 GHz
signals (30 km resolution) in other cases.
Following closely the development by Petty and Katsaros (Réf.
12), in the absence of anistropic extinction by precipitation
panicles, it can be shown (Réf. 11) that the normalized
polarization P at any SSMfI frequency is well approximated by.
the effective microwave transmittance T0 associated with liquid
water alone, raised to a power a (= 2) which depends only
weakly on other variables. That is,

I coseJ

(D

where K is the effective mass extinction coefficient of the liquid
water in the cloud, L, is the vertically integrated liquid water
mass, and 6 (= 53°) is the SSM/i viewing angle.
Of all the SSM/I channels, those at 85 GHz have the best spatial
resolution and sampling density and correspond to the highest K
for liquid water. Petty (Réf. 11) used an analytic brightness
temperature model to determine OCK at this frequency, assuming
conditions typical for regions of marine stratus near the
California coast. ( 1 ) is then inverted to obtain:
L 85 (kgm-2) =-0.339 logc(P85),

(2)

fraction of the total water mass of the cloud, Eq. 2 will give an
overestimate of L owing to greatly enhanced (i.e., factor 2-4
larger) mass extinction coefficients of droplets with radii
between 0.15 and 1.5 ram. Also, if there are inhomogeneities of
order 0.3 kg nv2 or greater within the 85 GHz footprint (as
might be the case with cold airmass cellular convection), the
non-linear relationship between Pgs and L may lead to
significant underestimates of L from Eq. 2.
A relation analogous to Eq. 2 holds between integrated cloud
water L and Pay. Again using the theoretical brightness
temperature model to determine Ka, we have the following
alternate algorithm for L:
LJ7(kgm-2) = -

where the same approach as above was used to derive an
expression for Py;:
?37 = (T37V - T37H)exp(.015IU + .00607V - 4.40)

(3)

U and V are the respective surface wind speed and the columnar
atmospheric water vapor content, and the algorithms for
obtaining them (Réf. 12) are :

and

U(m s•') = 1.0969T,9V - .4555T22V
-1.76T37V + .786OT37H + 147.90

(4)

V(kg m 2) = 11.98 loge(280 - Twv)
+42.06 logc(280 - Ti9H)
-54.36 Ioge(280-T22v) - 20.5

(5)

When significant radiative scattering by preferentially oriented,
precipitation-size ice particles occurs, the 85 GHz polarization
difference is no longer a useful measure of cloud opacity.
Consequently, we flag Lgs as indeterminate whenever S, the
scattering index, exceeds 10 K.
The scaling coefficient shown in Eq. 2 is correct only for a cloud
temperature near 285 K; for colder or warmer clouds there will
be systematic errors (~ 10% or more) in retrievals of L using this
formula, owing to the strong dependence of K on temperature.
For marine stratus, the temperature of the cloud is normally
confined to a fairly narrow and well-determined range because
of the strong coupling between cloud temperature and ocean
surface temperature. In any case, Eq. 2 applies best to such
clouds due to its sensitivity to scattering by large ice panicles.
For most weather regimes other than stratus regions, cloud
temperature may be extremely difficult to specify a priori, and a
variety of other problems (e.g., precipitation, strong horizontal
inhomogeneity, strong emission by water vapor) may also
adversely affect the accuracy of cloud water estimates. For
example, if precipitation size droplets contribute a significant

(7)

Advantages of 1,37 over Lg5 include reduced sensitivity to errors
in V and to precipitation size particles, as well as greater linearity
in the response of 37 GHz channels to liquid water (hence
reduced errors due to inhomogeneity within the satellite
footprint). Disadvantages include reduced spatial resolution (30
km vs. 15 km).
Another parameter used in the discussion below is the
"scattering index", S. This parameter is based on the ideas of
Spencer et al, (Réf. 18) with corrections for the sea surface
emission included in the development by Petty and Katsaros
(Réf. 12). The algorithm will not be described here, since it is
not used quantitatively for a geophysical retrieval and some
modifications for very cold atmospheres have been made (Refs.
1, 11-12).

3. RESULTS

where Pgs is given by:
PSS = (T85V - T85H) exp (.0241U + .0271V - 4.44),

(6)

Since the algorithms are still under development and poorly
verified and a difficulty exists with the filling of the field of view
by cloud or rain, we prefer to examine these cloud parameters in
the context of case studies rather than averages. The sampling
by a single polar orbiting satellite even with a 1390 km swath is
also marginally meaningful for averages obtainable with the
current data record.
3.1 Stratus Deck
Cloud liquid water content can be obtained from the large
subtropical stratus decks off the California Coast or in the
Azores region. An example is presented in Figure 2. The
uncertainty of the liquid water amount is of the order of 25%.
Thus, these data are most useful in separating thin and thick
stratus regions. Relationships to local or upstream surface wind
speed (also obtainable from SSM/I) and to the time of day are
being sought (morning and evening observations are available).
3.2 Tropical Storms
We do not cover tropical storms here, even though they have
strong signals in microwave radiometer data and possibly
predictive value for storm intensity (Réf. 3). Our own work on
mesoscale convection systems seen with Nimbus 7 SMMR also
showed great promise for identifying raining areas and possibly
even the local rain rate (Refs. 13-14).
3.3 Midlatitude Cyclones
The distribution of integrated water vapor in midlatitude
cyclones was the emphasis of our work for a long lime since the
water vapor signal is the best established (Refs. 6, 8). A sketch
of the typical distribution of integrated water vapor in cyclones at
three stages is found in Figure 3.
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Figure 2. Example of a stratocumvJous cloud field seen (a) with infrared radiation., (b) with microwave
radiation. In (b) the liquid water in these clouds is obtained with the L85 algorithm (Kef. W).
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Figure 3. Sketch of the distribution of water vapor in a midlatitude cyclone during its evolution. The strong gradient in
the rear of the cold front can be used to flag frontal locations (Kefs. 5-6).
3.5 Polar Lows
3.4 Rapidly Intensifying Cyclones
A rapidly intensifying cyclone is one whose central pressure
decreases at a rate of 24 hPa/hr over a 24 hr. period (Réf. 17).
Such storms occur in many parts of (he midlatitude belt, but are
particularly dangerous just off the U.S. eastern seaboard.
McMurdie and Kaisaros (Réf. 9) showed that a relationship
exists between (he area of intense rain and the propensity for
rapid deepening. The area! extent of high columnar water vapor
content at the incipient stage of such storms, has also been
examined, but no clear distinction between ordinary or
"standard" cyclones and the rapidly intensifying variety was
found (Réf. 9). Representative examples of the precipitation
areas in the two types of storms at the incipient stage are seen in
Figure 4.

The signature of ice panicles in the clouds obtainable with the
scattering index, S, allows recognition of Polar Lows at an early
stage (Réf. 1). Figure 5 shows a polar low near the maximum
development where the circulation of the cloud system is readily
discernible in the pattern of the flagged pixels where S is beyond
a certain limit.
Southern hemisphere polar lows and comma clouds have also
been identified in cloud water and scattering index parameters
after first being identified in the infrared images obtained by the
Operational Line scanner on the same satellite. Such storms are
ubiquitous near the Antarctic ice edge (Réf. 2).
3.6 Comparison to Model Simulations
The cloud water and precipitation calculated for these systems by
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4. The area of rain high intensity in (a) a "standard" and <b) rapidly intensifying cyclones off the eastern sea board.
These examples show large differences between the two types, but the statistics do not show such a clear distinction (Kef. 9).
Scattering Index

Orbit 3088

error in the model. Such comparisons may eventually lead to
improved parameterization of mesoscale models. Figure 6 from
Raustein et al. (Réf. IS) illustrate that good agreements can
already be obtained. Reed, Grell and Kuo (Réf. 16) also found
SSM/I data produced by our analysis system useful in verifying
a model simulation of the precipitation in a rapidly intensifying
cyclone.
4. CONCLUSIONS
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Figure 5. Distinct signature of a Polar Low off the Norwegian
coast is seen in the scattering index due to graupel. This
example is at a late stage of storm development (Claud et al.,
personal communication).
numerical regional mcsoscale models have also reached a
sophistication and resolution whereby comparison to the
microwave derived parameters is meaningful.
One of the most valuable contributions of satellite cloud data is
undoubtedly in verification of numerical model simulations.
Early work using a previous instrument, the SMMR, (Réf. 7)
showed promise. Further work with SSM/I by Raustein et al.,
(Réf. 15) allowed determination of advection or convergence

We have consistently found that the parameters for atmospheric
cloud water, i.e., integrated cloud liquid water, rain rate and
scattering index (presence of large ice panicles), give realistic
fields even though they are currently poorly calibrated against in
situ measurements. The magnitudes obtained from Petty's
(Réf. 11 ) radiative transfer calculations also appear to be about
correct, when compared to results of sophisticated numerical
models. Much work is of course needed in verifying the
accuracy of these estimates. We expect that the results will be
very valuable since the cloud water, in all its forms, is the
ultimate test of the many facets of mesoscale numerical models
attempting to simulate cloud systems. The cloud liquid water
content is also a very important parameter for radiative transfer
calculation and accurate determinations from space should
therefore be pursued vigorously.
The major limitation of the microwave techniques lie in the low
spatial résolution of current instrument systems on polar orbiting
satellites. We propose that algorithms making use of the cloud
top temperature structure within the footprint and of the
brightness in visible light (which is a measure of cloud
thickness) could improve the accuracies, since the microwave
algorithms are non-linear in their dependence on footpring filling
by cloud. Such measurements are currently being obtained
routinely on the FIl operational satellite in the Defense
Meteorological Satellite Program (DMSP). Availability in digital
form for research purposes is, however, not yet routine.
Recent published work from our group has been gathered into a
two volume technical report "Microwave Radiometer Studies of
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FROM THE WATER VAPOUR CHANNEL OF METEOSAT
Michel DESBOIS1, Laurence PICON1, Simeon FONGANG2
1

Laboratoire de Météorologie Dynamique, 91128 Palaiseau, France
2 ENSUT, Université de Dakar, BP 5085, Dakar, Sénégal

ABSTRACT
In a previous study, the statistical relationship between
radiances and ECMWF analyses showed a correlation between
the WV radiances and the mean dynamic fields. In cloudy
regions of the ITCZ, the WV signal is related to cpnvective
activity and ascending motions; in cloud free regions, WV
signal is related to humidity of the middle atmosphere and
subsident motions. To establish reliable statistics, processing of
6 y.ars of water vapour Meteosat 2 data (May 1983 - July
1988) has been undertaken. The first results are presented in
the form of 10 days and monthly averages of 5.7-7.1 ^m
equivalent radiative temperatures. These results are intended to
be used to study the relationship between the convective
activity and the middle and upper tropospheric water vapour,
which could have an important effect in the problem of
greenhouse effects feedbacks. An analysis of the seasonal and
interannual variations of the tropical circulations is also
undertaken. Finally, this long time series will be used for the
validation of long runs of climate models.
Keywords : Water vapour, greenhouse effect, tropical
circulation, satellite.

Another interest of the study of these time series is the direct
view that they provide of the changes of the Hadley-Walker
circulations at different time scales, allowing to document local
short term climatic fluctuations (interseasonal, interannual)
related for example to the drought mechanisms in Sahelian
Africa.
2. THE DATA
Space and time sampled Meteosat data were used here, of the
ISCCP B2 format: 1 pixel over 6 in lines and rows, 1 image
every 3 hours. Results shown here concern the period May
1983 - July 1988, corresponding to images provided by
Meteosat 2. We have been obliged, in a first analysis, to limit
ourselves to that period due to serious calibration jump
problems at the different satellite changes occuring later.
Before any other processing, each pixel value is convened into
a brightness temperature thanks to the calibrations provided by
ESOC. Ten days, then monthly means of these temperatures
are then computed for the whole period, together with their
standard deviations.

1. SCIENTIFIC OBJECTIVES
3. RESULTS
Water vapour is the major greenhouse effect gas of the
atmosphere. As its distribution in the atmosphere is likely to
change in the case of a climate change, for example if there is
an increase of temperature due to a CÛ2 greenhouse effect
increase, it is likely to produce important feedback effects.
There has been a controversy about the sign of this feedback
effect, as questions were raised about the increase or decrease
of water vapour in the upper troposphere due to an increasing
convection in the tropics. The water vapour channel (5.77.1 ^m) of Metcosat is currently used in ESA/ESOC to
produce analyses of the water vapour content of the upper
troposphere. As we have shown in a previous study (Picon and
Desbois, 1990) by comparing monthly statistics of Water
Vapour radiances and ECMWF analyses, these statistics allow
to characterize both the convective activity sreas with
associated ascending motions, and subtropical areas with little
water vapour in the upper layers (between 300 and 700 hPa)
associated with subsiding motions.
Due to the relatively short duration of the available Meteosat
WV series (about 10 years) and the calibration problems, it is
hopeless to look for a significative global change signal for
such a period. However, the analysis of these series might
allow to document the relationships and processes which could
link the convecti' . activity in the Inter Tropical Convergence
Zone (ITCZ) to the amount of water vapour injected in the mid
and upper ttoposphere, specially OVCT the subtropical areas.

3 1 Monthly means over the whole r-riod
Figure 1 a presents the mean equivalent temperature for
January for the whole period 84-88. The line joining the
temperature minima coincides with the conventional trackings
of the ITCZ for this month. During winter, tropical convection
occurs mostly over two areas : Madagascar and the Eastern
part of South Africa on one side of the picture, and tropical
South America on the other side. The dry areas, corresponding
to maxima of Equivalent Brightness Temperatures (EBT) are
louated over the Atlantic in the Southern Hemisphere, and
separated into two parts in the Northern Hemisphere : one over
the Carribean sea, the ether East of lake Chad. Note that the
limits of these areas are not defined towards the edge of the
Meteosat picture, due to the EBT reduction induced by the
slanted view of these regions. Between ihe two dry areas of the
Northern Hemisphere, a more humid area appears, associated
with frequent passages of cirrus and other clouds in "tropical
plumes" apparently originating from the South American
convective area. During Spring (not shown here), structures
become more zonal and the convection globally decreases.
Figure 1 b presents the same mean température map than figure
1 a, but built from the 6 momhes of July available in our data
set. Convection presents two maxima over Central Africa and
West coast of Africa. Minima of temperature are slightly less
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The positions of the different structures described above, as
well in winter than in summer, do correspond well with the
description of the cellular circulations done by Krishnamurti et
al (1983) from the analysis of the divergent circulations. One
may also notice that the convective activity seems more
concentrated and intense (colder minima) over the Meteosat
area during winter than during summer, while humidity in
cloudless regions appears larger (colder temperature maxima).
3.2

Individual Monthly means

Figure 2 presents the monthly means corresponding to the 6
different monthes of July 1983 to 1988.
July 1983 appears to be the month of this period when the
convection was the less intense. The corresponding
temperature maxima do not appear to be more or less
pronounced than for other years, they are close to the average,
only slightly colder for the Northern Hemisphere maximum.
The Southern Hemisphere maximum is clearly shifted
Westward.

METEOSAT WV AVERAGE TEMP JAN 84-88

July 1984 presents a larger than average convection, specially
to the South of the ITCZ, which is also shifted Southward. A
simultaneous warming of the temperature maximum is
observed only in the Northern Hemisphere (drier air over
Eastern Sahara).
In July 1986, convection is enhanced only on the East pan of
the African continent; a simultaneous decrease of the
maximum temperatures, specially in the Northern Hemisphere,
is observed; it is noticeable that the tropical plume area of the
Western Sahara is particularly active during this year. At the
opposite, July 1987 appears more active in the Western pan of
the ITCZ ; a weakening of the warm temperature structures is
noticed in both hemispheres.
July 1988 presents very particular features : while the rainy
season of North-Wi;st Africa is described from other sources as
particularly good, 'he convective activity deduced from the
mean WV temperatures appears slightly smaller than average,
while temperature maxima appear much higher (+ 80C on the
Southern Hemisphere). This behaviour disappears when
shifting to the Meteosat 3 satellite in August, suggesting a
problem of calibration. This particularity makes it impossible
to give a climatic interpretation of this particular month (and is
also likely to have affected the global mean of July). A solution
to these calibration problems is being studied in collaboration
with ESOC. It will allow to extend the study up to 1991.

METEOSAT WV AVERAGE TEMP JUL 83-88

Figure 1 Mean Equivalent Brightness Temperatures in the
Water Vapour channel of Meteosat for the period
1983-1988 : a) January 84-88; b) July 83-88.

Examination of the Winter (January) individual situations (not
shown here) has also been done. The largest variations between
the different Januaries occur in the Northern Hemisphere, and
seem to be mainly linked to the occurences, intensity and
position of the "tropical plumes" originating from South
America mentionned earlier. It is then still more difficult than
in summer to evidence a relationship between the convection
intensity and the tiryness of subtropical areas, as the South
American convective area is not viewed properly from
Meteosat.
3.3.

cold than in the Winter ITCZ, but this ITCZ is more
continuous. The temperature maximum of the Southern
Hemisphere does not shift much Northward, but extends
Eastward. Dry structures of the Northern Hemisphere gather
over or near the African continent, with a large shift towards
the North. A slightly more humid area still exists over the
Western part of Sahara, associated to sporadic plumes of water
vapour coming from the African JTCZ.

Decadal means

For all the studied period, in order to access to shorter time
scale fluctuations and interactions, we have also computed the
ten days temperature averages (decadal means). Examples are
given on Figure 3, for the month of July 1984. In this case, the
inter-decadal variability affects mostly transition areas between
the conyective zone and the dry areas (see for example the
change in the gradient south ot the ITCZ), and the areas where
plumes are likely to occur (for example the Western part of
Sahara). In Winter (not shown) the inter-decadal variability
appears larger, specially over the Northern hemisphere, where
the large tropical plume coming from the ITCZ along the
trajectory of the Westerly Jet is submitted to large fluctuations.
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AVERAGE TEMP JU. 1983

AVERAGE TEMP JUL 1984

AVERAGE TEMP JUL 1985

AVERAGE TEMP JUL 1987

AVERAGE TEMP JUL 1988

Figure 2 Mean EBT for the different monlhes of July, 1983-1988

4. DISCUSSION AND PROSPECTIVE
Monthly means of the equivalent brightness temperatures in
the WV channel of Meteosat do allow to document the
variations of the Hadley-Walker circulations (strengthening or
displacement of the ITCZ and of the dry structures associated
to large scale subsidence). In 1983, for example, the drought

affecting Sahelian regions is associated to a convective
intensity weaker than the six years average, and a decrease of
the Northern Hemisphere subtropical temperatures may
indicate a weakening of the Northern Hadley cell. The large
westward displacement of the dry area of the Southern
Hemisphere, unique over the whole period, indicates a strong
climatic signal which remains to explain, but could be
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1

DECADE 3 JU. 1984

AVERAGE TEMP JUL 84-88

METEOSAT WV AVERAGE TEMPERATURE
Figure 3 Mean EBT for the three decades of July 1984, and for the whole month.

associated to a relaxation of El Nino. In 1984, the ITCZ
activity and its southward extension are also noticeable. In this
case, the Northern Hemisphere subsidence seems to develop
(however, it has to be remembered that this subsidence area is
also related to a longitudinal cell with ascending branch in the
Indian Monsoon convective area). The southern shift of the
convection in 1984 has been attributed to higher than normal
sea surface temperatures in the Guinea Gulf. Therefore, it will
be useful in a following step of these studies to confront our
monthly results to longterm climate simulations in GCM's,
taking into account measured sea surface temperatures.

In order to minimize the above effects, it is certainly more
judicious to work at shorter time scales, intermediate between
the convection time scale and that of large scale circulations.
The decadal scale seems appropriate for that kind of studies,
presenting also the advantage to be more independent from the
calibration problem. However, the problem of spurious tropical
plumes will remain : it has not to be avoided, as these
phenomena appear to be a major dynamic factor in the
horizontal transport of water vapor between tropics and
subtropics.

Concerning the questionned relationships between the
convective activity of the ITCZ and the upper tropospheric
water vapour in the subtropical upper troposphere, most of the
monthly examples shown here indicate rather a moistening
associated to convection than a drying. However, it is difficult
to conclude for several reasons : 1) on these averages, the
interannual differences are not so large, so that calibration
differences can affect significantly the conclusions ; 2) the
analysis of the area covered by Meteosat does not allow to
consider longitudinal teleconnections as for example with the
Indian Monsoon, or with convective activity in Central
America ; 3) the mean temperature values in subtropical dry
regions CM be much affected by spurious passages of high
clouds associated with tropical plumes.

References:
Krishnamurti T.N., N. Surgi, and J. Monobianco, 1983 : Recent
results on divergent circulations over the global tropics, Papers
Meteorological research, 6, n°l, 41-62, Meteorological Society
of the Republic of China.
Picon L. and M. Desbois, 1990 : Relation between Meteosat
water vapor radiance fields and large scale tropical circulation
features, J. ofCKmau, 6,865-876.

173
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ABSTRACT
We note the importance of remote sensing of lake area and level
changes for climate research, particularly for closed lakes in
semi-arid regions, and we discuss the initial need for
simultaneous measurement of level and area. ERS-I is uniquely
suited lo the latter task, carrying a radar altimeter and the ATSR,
the latter providing regular global repeat coverage at 1km
resolution for the first lime. At MSSL we have created a global
database of the world's large lakes (2100 km2 in area) and
assessed the altimeter coverage for the various repeat orbit
phases. In addition, the accuracy of a precise area measurement
algorithm is assessed using simulated coarse resolution data for a
semi-arid closed lake. We present results using data from the
AVHRR instrument (similar to ATSR) showing the area cycle of
a small (-140 km2) climatically-sensitive lake over a five year
period which demonstrates a strong correlation with climate.

or in terms of AL,
(dAL)l(dl) =

(dAL)l(dL)[(RIAL)-(EL-PL)\

(3)

Thus in general, ro model the climatic response, it is necessary to
monitor either L(t) or AL(t) with an independent knowledge of
A1(L). For many lakes ground survey data is not available, but
A1(L) could be obtained by simultaneous remote sensing of
both/lL(r) and L(f).

1. THE POTENTIAL OF LAKE REMOTE SENSING

1.2 Global remote sensing of lakes
Currently, measurements of lake volume fluctuations have been
performed on relatively few lakes using ground-based
measurements of the levels and areas of the lakes. These
methods rely on survey data to obtain the relation between lake
level and lake area, which is then used in conjunction with just
one parameter (usually lake level) to obtain the lake volume
change. It has been recently pointed out, however, (Refs. 2, 3)
that remote sensing of levels and areas from satellite altimeters
and imagers offers an alternative method for measuring lake
volume change.

1.1 Lakes as proxy indicators of climate change
It is known that lake volumes fluctuate in response to changes in
the evaporation and precipitation rates within their catchment
basins. Measurements of lake volume changes are, therefore,
not only important for economic purposes, but can also provide a
climate record. In particular, closed lakes (those without surface
outlets) display considerable volume changes which are
relatively easy to model (Refs. 1, 2). In addition, there are also
variations in the seasonal cycles of some open lakes (those with
an outlet).

This alternative approach can supplement the current groundbased methods and also be tested against them. In particular,
remote sensing offers the potential to monitor large numbers of
lakes on a global scale. Many of the most climatically sensitive
(closed) lakes occur in semi-arid regions for which there is little
or no in situ data (see figure 1). The other main advantage of
remote sensing is that it offers frequent and regular sampling,
and the data can be processed to ensure that it is accurate and
self-consistent. Altimeters in particular possess all-weather
day/night capability, but require a direct overpass of the lake.

Lakes which have no surface outlet or groundwater seepage are
the most easily modelled. The water balance of such a closed,
sealed lake is described as follows (see also réf. 2)

The European Space Agency's ERS-I satellite, launched in July
1991, is well equipped to carry out these monitoring and
measurement tasks. Both an imaging radiometer (the AlongTrack Scanning Radiometer, ATSR, similar to the Advanced
Very High Resolution Radiometer, AVHRR) and a pulse-limited
radar altimeter (RA) are carried on board the satellite. If the
range of resulting area versus level curves is great enough it
should also be possible to calculate lake volume change using
past and present satellite data from a single instrument (e.g.
AVHRR or the Seasat and Geosat RAs). Thus such remotelysensed data should provide a valuable global proxy indicator of
climatic change from the late 1970s onwards.

Keywords: Global climate research, remote sensing, closed
lakes, proxy indicators, lake volumes, lake areas.

(dV)/(dt)

=R-AL(EL-PL)

(1)

where V = lake volume, K = run-off rate from the catchment
basin, EL = evaporation rate over the lake per unit area, PL =
precipitation rate per unit area over the lake and A, = area of
the lake. Since (dV)l(dt) = AL[(dL)/(dt)], the equation can be
rewritten in terms of lake level, L,
(dL)!(dt) = RIAL • (EL - P1)

(2)
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Figure I.

The areas of the world where inland drainage can occur, i.e. where closed lakes can
exist (from Street-Permit and Harrison 1985).

2. ASPECTS OFGLOBAL COVERAGE
CONU data)

2.1 The identification of closed lakes
Rapley et al (Réf. 4) estimated that, globally, there are -1500
lakes of area > 100 km2 of which ~200 are closed; this work was
based on a power law extrapolation from the fifteen largest
closed lakes. They also estimated that 50% of the closed lakes
should be able to be monitored regularly (at least once per
month) by the ERS-I altimeter, with ATSR providing 100%
coverage. It is clearly important for the global lakes remote
sensing programme to not only verify these figures but also to
obtain the locations of the closed lakes. We at MSSL have
performed a study of the world's lakes of area -100 km2 and
greater using the Operational Navigation Chans (ONC) at 1 :
1000000 scale and !he World Data Base II (WDB II) digital
map. Lakes were first identified on the maps and then inflow,
outflow and local topography were checked to determine the
type. One of four classes was allocated for each lake, either,
open, closed, ephemeral and reservoir, and the lake position,
name and approximate size were entered into a database (see
figure 2).
The coverage of the lakes by various altimeter missions was then
determined using the WDB II digital maps with the ground
tracks of altimeter passes overlaid (see figure 3). Coverage of
the lake was then assessed for the following altimeter orbit
scenarios: ERS-I 3-day commissioning and ice phases and the
35-day multi-disciplinary phase, Geosat (and Seasat) 17-day
Exact Repeat Mission, and Topex-Poseidon 10-day repeat orbit.
The altimeter coverage for each lake was also entered into the
database. Figure 4 shows the integral size distribution of closed
lakes and those covered by several of the altimeter orbit
scenarios. The results show that there are 196 closed lakes of
area greater than 100 km2, 104 of which are covered by the
ERS-I radar altimeter in the 35-day repeat orbit, thus showing
cUne agreement with the predictions of Rapley et al (Réf. 4).
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Figure 2. Example of a record from the Lakes Data Base.

3. ACCURATE AREA MEASUREMENT
3.1 Coarse resolution and the edge pixel problem
As mentioned above, ATSR provides global coverage, but, as is
the case with all wide swath instruments, this is achieved at the
expense of spatial resolution. An important question, then, is
whether the necessary area measurement accuracy (estimated to
be -1%, Mason et al (Réf. 5) can be achieved using a coarse
resolution instrument such as AVHRR or ATSR. For lakes of
-100 km2 up to 20% of the area is contained in the edge pixels,
thus any method used must take this into account. Harris and
Mason (Réf. 3) have shown that the required accuracy
is possible
for a temperate open lake of area 390 km2 using a simple
histogram technique based on the symmetrical nature of the
distribution of edge pixel water fractions. However, this
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Figure 3. Showing a selection of closed (shaded) and open lakes. The ERS-I 35-day repeat ground tracks (faint dotted Unes) are
shown. The ERS-1 3-day commisioning phase ground tracks (solid lines) can also be seen crossing Lake Victoria. Two Geosat 17-day
repeat ground tracks (dashed lines) cross Lake Turkana.
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technique is based on the assumption that the land contained
within «he edge pixels has the same brightness distribution as
that of the surrounding land, and may experience problems with
lakes in semi-arid regions due to peripheral vegetation and/or
salt flats around the shore. We have decided to consider a new
technique using sub-pixel edge detection based on local
isoluminance contours (LIC); this method is described by Palmer
and Forte (Réf. 6).
3.2 Simulation sludv for a closed lake
Lake Abiyata, which is a closed lake in Ethiopia south of Adis
Abeba, was chosen for the case study. Ground-based work (Réf.
7) over four years from 1969 to 1973 had shown variability of
25% in four years (see fig. 5), and the lake area was 170 km2 in
1969, thus near the low end of our size range. Some form of
"truth" measurement was required in order to compare the
simple histogram and LIC techniques. In the case of the
temperate lake study (Réf. 3), the authors used successive
AVHRR passes to determine the accuracy of the histogram
technique knowing that the lake did not change in area. For this
present work, however, this approach was not possible since lake
Abiyata is known to vary significantly in area on realtively short
timescales and no current in situ measurements are available.
The approach taken was to use a high resolution Landsat MultiSpectral Scanner (MSS) image of the lake (see fig. 6) and
degrade the resolution to approximate that of AVHRR and
ATSR.

LRKE RBIYRTR RRER CHRNGE 1969-1973(Bn5e=l&958ha Jan69)

3888-

JFIInllJJRSONDJFnnnJJnSONDJFIIfll JJRSONDJFIIflltJJRSONOJFnAnjJII
I 1969 I 1978 I 1971 I 1972 I 1973
Figure 5. Lake Abiyata area cycle from ground survey (Réf. 7)

Figure 6. MSS near-IR image of Lake Abiyata

Figure 7. Resampled MSS near-IR image of Lake Abiyata (top)
and corresponding AVHRR image (bottom). Passes are southbound for MSS and north-bound for AVHRR.
The near-infrared band of MSS was used since it approximates
to AVHRR channel 2 and the ATSR 1.6 urn channel. The
values for each 14x14 pixel block in the MSS image were
averaged to produce one simulated AVHRR pixel. Different
passes were simulated by resampling for all possible phases
across the pixel grid, producing 196 images in total. An
example of a simulated AVHRR image is shown in figure 7
together with the real AVHRR image from the pass one day after
the MSS image was taken. The histogram technique yielded a
precision of ±2.9 pixels r.m.s. (-2% of area) while the LIC
method returned a precision of ±0.9 pixels r.m.s., better than 1%
of the lake area. A sample output from the LIC technique is
shown in figure 8; comparison with the MSS image in figure 6
demonstrates the relative success of the technique.
As a final check, the area of the lake was calculated from the
high resolution MSS image and compared with that obtained
from the corresponding AVHRR pass. The pixel areas were
corrected for satellite altitude, scan angle, earth rotation and
earth curvature. The area derived from the MSS image was
133.0 km2, with the LIC technique applied to the AVHRR image
yielding 132 km2, while application of the histogram technique
resulted in an area of 130 km 2 .
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4. AREA CYCLE OF A CLOSED LAKE
4.1 AVHRR time series for Late Abiyata
Lake Abiyata was chosen for this study because full resolution
Local Area Coverage (LAC) data for the African Rift Valley
region is available from NOAA/NESDIS from mid-1985, with
regular coverage from end-1987 onwards. The sampling
frequency aimed at was one cloud-free image of the lake per
month, corresponding with that used by the earlier ground-based
survey. The LIC technique was applied to the AVHRR channel
2 images and the pixel areas were geometrically corrected for
satellite altitude, scan angle, earth curvature and earth rotation.
The results are illustrated in figure 9.

Figure 8. Result of LIC edge detection applied to resampled
MSS image. This outline compares well with the original high
resolution MSS image in Figure 6.

1

>

The areas shown in the graph in figure 9 are shown without error
bars and are joined together to illustrate higher frequency trends,
although this is not necessarily meaningful during certain times
when the measurements are sparse. A sample point with 2o
error bars is shown to give an idea of the reliability of the trends
seen. The first feature of the graph to note is that the area of the
lake decreased from 170 km2 to 110 km2 in the five years
between mid-1985 and mid-1990. The seasonal inputs of rain,
with summer wet season running from July to September and
winter rains coming between November and March, can clearly
be distinguished for most years, with the 1988 flooding events in
the adjoining Sahel region registering as an increase of 10% in

Lake Abiyata Area Cycle

100

Figure 9. The area cycle obtained from the time series of AVHRR images is shown, together with two sample images to illustrate the
appearance of the lake at different times. Note the large areas of salt flats which have been exposed in the second image.
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aie* over one month. Also, during 1990, the onset of the
summer monsoon seems to hive been delayed, and has
combined with the winter rains to produce an increase of 20% in
a few months.

5. SUMMARY
5.1 The prospects for proxy monitoring of climate by global
sensing nf lakgg
Previous work by several authors (eg. Refs. 1, 2, 7) has shown
that lakes are valuable proxy indicators of climate change. The
potential of remote sensing of lake volume change by use of
satellite altimeters and imagers suggested by previous authors
(Refs. 2, 4) has been demonstrated by the study of altimeter
coverage, with 196 closed lakes of area >100 km2 being
identified, 104 of which are covered by the ERS-I altimeter in
the 35-day repeat phase. The performance of the ERS-I
altimeter over lakes and other non-ocean surfaces is being
evaluated at MSSL. Results presented in this paper show that
accurate areas for closed lakes can be obtained from 1 km
resolution data using the LIC technique, and a time series of
areas produced from AVHRR demonstrate significant
measurable variability.
All the above results are encouraging for the prospect of
synergistic use of ERS-I radar altimeter and ATSR data since,
unlike AVHRR, all ATSR dau is recorded on board the satellite
at 1 km resolution. The results from ERS-I should also be
useful in extracting lake volume changes from archived datasets
such as AVHRR, providing a proxy record of climate from the
late 1970s onwards.
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ABSTRACT
Thii paper presents a method to determine latent heat
fluxes using spaceborne sensors. Sea surface temperature
is retrieved from the Advanced Very High Resolution Radiometer (AVHRR) with an accuracy of 0.5-1.0 A". Near
surface wind speed and the amount of water vapour u» in
the lowermost 500 m of the atmosphere are retrieved from
measurements of the Special Sensor Microwave/Imager
(SSM/I) with accuracies of 1.4m/» and 0.06 g/cm* respectively. A linear relationship is used to determine the
near-surface specific air humidity from tui with an accuracy of 1.2 g/'kg. The combination of all methods leads
to an overall estimated error of 30—40 W/m3 for the parameterized latent heat flux.
Keywords: Latent heat flux, remote sensing, air humidity, SSM/I, AVHRR.
1. INTRODUCTION
The exchange of water vapour and energy at the air-sea
interface is important for both the atmosphere and the
ocean. The release of energy from the sea surface iato the
atmosphere is a major source of energy for atmospheric
circulation. In the ocean, evaporation cools the upper
layer and increases the salinity.
Conventionally, latent heat fluxes have been estimated
from bulk formulae that employ ship measurements of
near-surface wind speed, air humidity and sea surface
temperature. Since the temporal and spatial resolution
of ship measurements is limited, the accuracy of ship derived fluxes is uncertain, and their use in multi-year studies is doubtful.
Unlike ships, satellites provide global measurements with
a constant quality and a high temporal sampling. Hence,
a combination of different remote sensing methods should
lead to a better estimation of the latent heat flux. Up
to now, the accuracy of satellite derived fluxes is uncertain, because high quality surface measurements are not

available. In 1988 Liu (Ref 1.) developed a method to
derive monthly mean values of latent heat fluxes from
measurements of the Scanning Multichannel Microwave
Radiometer (SMMR). Esbensen et al. (Ref 2.) compare
those monthly mean fields of latent heat flux with the estimates of the Comprehensive Ocean Atmosphère Data
Set (COADS). They found that the evaporation fields are
qualitatively similar, but the quantitative differences are
large. The SSM/I estimates imply physically unrealistic downward fluxes over the middle- and high-latitude
North Pacific and North Atlantic Oceans during August
1987. The main reason for these discrepancies is the poor
estimation of the near-surface air humidity from the remotely sensed columnar water vapour content of the entire atmosphere.
In this study the near-surface air humidity is determined
from the amount of water vapour in the atmospheric
boundary layer which can be estimated from measurements of the SSM/I (Ref 3.). This leads to a superior
estimate of the near-surface air humidity than obtained
from the total water vapour content.
2. BULK PARAMETERIZATION
The bulk method is usually used to estimate latent heat
fluxes from rudimentary shipboard measurements. But,
it could be used for satellite measured quantities, too.
The bulk formula parameterizes the latent heat flux at
the sea surface using the near surface wind speed and the
difference between the water-vapour mixing ratios at the
sea surface and the air above. Hence, the flux is given
by:

E = pL CE v ( ft — Ji )

(1)

where: E = latent heat flux in [W/m1], p = air density
in [kg/m3], L = latent heat of evaporation in [J/kg], Cs
= exchange coefficient for water vapour, « = near surface
wind speed in [m/j], g, = specific saturation humidity in
[kg/kg] at sea surface temperature To , and ft = specific
air humidity in [kg/kg].
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The fixing of the dimenfionlew exchange coefficient Cs
is difficult, because CE is a function of wind «peed and
atmospheric stability (Réf. 4). CJE is usually determined
using an iterative procedure, since the atmospheric stability ii itself dependent on the profiles of temperature
and moisture, the wind speed, and the evaporation. If
we use (1) with satellite measured quantities, we must
neglect the stability dependence of Cf1 because only the
wind speed is measurable by satellites.
Furthermore we have to consider, that q, (To) and
the specific saturation humidity at water temperature
9w (Tw), which is measured below the sea surface, differ. The reason for this is the cool skin of the sea surface
and the enlarged salinity in the upper layer of the ocean.
The origin of the cool skin and the enlarged salinity, is
among other things, caused by evaporation.

diometer (AVHRR). TIi- derivation of SST's on a global
scale is mainly hampered by the occurence of clouds and
this restricts the use of infrared sounders to cloudless situations. Fortunately, the temporal variation of the SST
is rather small so that also sparsely sampled values can
be considered representative for a time period of several
days.
For the estimation of global fields of latent heat fluxes we
use global multi-channel sea surface temperature (MCSST) fields which are distributed by the NASA Ocean
Data System at the Jet Propulsion Laboratory in Miami. The MCSST algorithm is described in more detail
by McClain et al (Réf. 5). The weekly mean MCSST
fields are connected to global fields of wind speed and air
humidity derived from SSM/I data.

General restrictions in the use of the bulk parameterization arise if the wind speed is less than 1 m/s. In those
cues the turbulent transfer of water vapour is dominated
by bouyancy forces and the bulk formula is no longer
valid. However, the statistical distribution of the wind
speed over the World Ocean allows the use of the bulk
formula in most cases.
The most important parameters needed to compute the
latent heat flux are the sea surface temperature To, the
air humidity 91, and the wind speed a. How these parameters can be remotely sensed is described in the next
section.
3. RETRIEVAL OF SST, WIND SPEED, AND AIR
HUMIDITY
vs»*

t

The derivation of the parameters needed in the bulk formula is not possible with one radiometer only. While
the sea surface temperature is measured in the infrared
spectral region, the wind speed and the air humidity
can hardly be determined in this spectral region. The
estimation of wind speed and air humidity succeeds in
the microwave region. The physical reason is the very
high emissivity of the sea surface at wavelenghts around
11 pm, which is only little affected by the wind-induced
roughness of the sea surface and the negative proportionality of the small emissivity to the sea surface temperature at wavelenghts of a few millimetres. The latter
prevents the remote sensing of sea surface temperatures
in the microwave region with high accuracy, but it allows
the estimation of the wind speed and the near surface air
humidity.
3.1 SST

The sea surface temperature can be obtained from measurements of the Advanced Very High Resolution Ra-
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Wfg/cm2)
Fig. 1 Variation of near surface specific humidity qi with
the integrated water vapour content in the entire atmosphere W.
3.2 Air humidity
Passive satellite sounders are not able to measure the air
humidity at a level of several metres above the surface,
because the radiation that is measured by a spaceborne
radiometer rather emanates from atmospheric layers than
from single levels. Liu (Réf. 1) has measured the vertically integrated water vapour W to circumvent this difficulty. His polynom of the fifth order is able to estimate
monthly means of qi from radisonde ascents on a global
scale with an accuracy of O.Sg/kg. For instantaneous
measurements this polynom is unable to reproduce the
relationship between W and gi. Fig. 1 shows the relation
between W and 91 for globally distributed radiosonde ascents. The main part of the data stems from the German
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research vessel "Polarstern". During cruises into Arctic
and Antarctic areas radiosondes have been launched between 670S and 700N with a spatial increment of one
degree in latitude. The relation of W with 51 is, due to
the large water-vapour variation above the atmospheric
boundary layer, more scattered than that between gi and
WI which is shown in Fig. 2 for the same data set. This
scatter prevents a proper statistical fit of qi for single
situations. The contrary is true for the relationship between qi and WI. The estimated standard error for a
linear regression is O.Sg/kg.
a.
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only when the SSM/I retrieval was located within 25 km
of the ship's position and the SSM/I overpass time was
within ±1 hour of the ship measurement. Several of the
qi retrievals associated with each SSM/I overpass of a
ship may meet the comparison criteria. Such a set of
retrievals are highly correlated with each other. In an
attempt to assemble a collection of independent comparisons, only the retrieval with the smallest distance from
the ship's position is used.
As we can see in Fig. 3 there is a good agreement between ship derived qi and qi derived from SSM/I measurements. The rms difference is l.Gg/kg and the bias
is 0.2 g/kg. This difference likely results from retrieval
errors, errors in the in-situ measurements and temporal
and spatial variability in the match-up windows.
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Fig. 2 Variation of near surface specific humidity qi with
the integrated water vapour content in the lowermost
500 m of the atmosphere WL
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Schulz and Schluessel (Réf. 3) have shown that WI can
be estimated from measurements of the SSM/I. Their retrieval model estimates wi from a linear combination of
four SSM/I channels with an accuracy of 0.06 g /cm2. If
we consider this error with respect to the relation between gi and WI the estimated error in qi increases to
1.2 g/ kg. However, this is still better than a estimation from W where we obtain standard errors larger than
The above mentioned retrieval regression model is applied to global sets of SSM/I data during the period
from 9 July 1987 through 24 August 1987. Rainy situations are excluded, because scattering from large water or ice particles obscures the radiometer view to the
lower atmosphere. Those situations are not considered
during the developement of the method. The retrieved
91 estimates were compared with those from ships distributed over all oceans areas during the selected two
months. The ship 71'» and the retrieval qi 's were paired
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Fig. 3 Performance of the gi-algorithm. Number of observations is 3318.
3.3 Wind Speed
The wind speed is derived from SSM/I measurements
using an algorithm proposed by Schluessel and Luthardt
(Réf. 6). This algorithm estimates the wind speed mainly
from the brightness temperature difference between horizontal and vertical polarized components at the same
frequency. The accuracy for the globally valid passive
wind speed retrieval is 1.4 m/s under conditions where
no heavy rain hampers the surface-leaving radiation in
reaching the satellite. The technique has been validated
over the North Sea during the period July 1987 to June
1988 by a comparison with objectively analyzed in situ
wind speeds described by Luthardt (Réf. 7). The rms difference over the North Sea is 1.9m/j with a small bias
of 0.2 m/i.
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The performance test of this algorithm is now repeated
for the global set of ship measurements as described in
section 3.2. The comparison criteria are the same as for
the specific air humidity. Fig.3 shows the performance for
3318 ship measurements during the above mentioned two
month. The rms difference is 2.2 m/a and slightly higher
than over the North Sea, but it should be stressed that
the comparison is performed with spot measurements and
not with objectively analyzed wind speeds on a mesoscale
grid as it was the case over the North Sea. Another reason for the higher rms difference is the higher frequency
of position errors in the in-situ measurements. These are
easier to be found in a restricted area than over the entire
World Ocean.
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Fig. 6 Distribution of the differences between ship and
satellite derived latent heat fluxes.
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Fig. 4 Performance of the wind speed algorithm. Number
of observations is 3318.
4. LATENT HEAT FLUX
Using equation (1) the retrieved fields of SST, wind
speed, and air humidity are combined during the period of three days from 22 August through 24 August
1987. The retrieved values of SST, wind speed, and
air humidity were first mapped to a grid with a 0.25°
mesh width in latitude and longitude. The high level of
sampling in most areas was used to build temporal averages. Unsampled areas were interpolated using a distance weighted mean of the surrounding measurements.
The air density is determined using the SST instead of
the missing air temperature. For the exchange coefficient
wind-dependent neutral values are used (Réf. 8). The
latent heat of evaporation is set to a constant value of
2.4710e J/kg. The resulting latent heat flux field, shown
in figure 5, is smoothed by a 5 x 5 gridpoint window.

In the North Atlantic a well pronounced maximum near
the Gulf of Mexico is found, moderate fluxes of 50 —
130 W/m2 occur in the central North Atlantic and rather
high fluxes in the Norwegian Sea where cold air flowns
above a relatively warm sea. In the Southern hemisphere
we can see very high fluxes > 300 W/m' associated with
high wind speeds. In general, we can say that the pattern
of the latent heat flux is similar to the pattern of q, — qt
and its amplitude is strongly modified by the wind speed.
The errors of the developed method are difficult to specify, because there are not enough in situ measurements
with a high absolute accuracy. Fig. 6 shows a frequency
distribution of the differences between ship and satellite derived latent heat fluxes for the above mentioned
3318 cases. Nearly 50 % of the differences are less than
25 W/rr2 . This is a good result if we recognize that we
derive the wind speed and the air humidity without any
temporal or spatial averaging. There is a bias of about
10 W/m3 between ship and satellite derived fluxes which
is mainly caused by two reasons. First, in the world
oceans regions may exist where the linear relation between «Ji and ci is not valid. This can be seen in Fig.2,
where some points were outside the linear relation. In
those regions the linear relation underestimates the near
surface air humidity and this results in an overestimation
of the latent heat flux. The second reason is the well
known salt contamination of the wet bulb, or heat island
effects due to the ship. This effects results in underestimated latent heat fluxes from the sea to the atmosphere.
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Fig. 5 Global distribution of latent heat flux averaged over a three day period from 22 August to 24 August 1987.
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ABSTRACT
The Scanning Microwave Multichannel Radiometer
(SMMR) borne in thé Seasat-A satellite during summer
1978 gave measurements of atmospheric and sea-surface
parameters, from which estimations of the oceanatmosphere latent heat flux can be achieved using the Liu
(Réf. 16) model. Comparisons between the zonal monthly
mean profiles of the latent heat flux computed by the model
and those of each of its calculus components provided by
the SMMR show a strong dependency of evaporation upon
the vertical humidity gradient, except in the Tropical zone.
Detailed examination reveals a strong hemispheric
asymetry, large evaporation fuxes occur in the southern
southern hemisphere in winter. It supports the conclusions
of Hastenrath & Lamb (Réf. 8). The mapping of the latent
heat flux on global scales enhances the regional contrast. It
shows the similarity between the SMMR observations and
the main oceanic flux structures, despite of the
observational errors and modélisation hypotheses. Spatial
structure of the latent heat flux field is then analysed by the
means of the autocorrelation function. Comparison with
similar computations applied to its calculus components
shows specific properties of the latent heat flux field,
especially strong spatial anisotropy, and low zonal
dccorrclation. A bidimensional autocorrelation model,
based on the assumption of a first order autoregressive
process, is deduced from the observations.
1. INTRODUCTION
The Scanning Microwave Multichannel Radiometer
(SMMR) borne in the Seasat-A satellite during the summer
1978 gave measurements of atmospheric and sea-surface
parameters : sea surface wind speed (U) at the level 20 m,
sea surface temperature (SST), atmospheric water vapor
content (W) (Njoku & al Réf. 19, Lipes Réf. 12). Through
the Liu (Réf. 16) model, a parametrisalion of the oceanic
latent heat flux can be achieved, using the bulk method :
LE = L C e U p ( q 2 0 - q O )

1

where : LE is the latent heat flux (in W.m-2) L is the
evaporation heat (in J.kg-1), p is volumic mass of air (in
kg.m-3), U is in m.s-1. The dimensionless coupling
coefficient Ce has been studied by Dyer (Réf. 5), Kondo
(Réf. 10), Liu & al (Réf. 16), Smith (Réf. 2), Large & Pond
(Réf. 11), Geemaert & a! (Réf. 7). The specific humidity of
the atmospheric layer at the air/sea interface qO is roughly
dependant upon sea surface temperature. The specific
humidity of the atmospheric layer «t the level 20 m, q20,
can be related to the atmospheric water vapor content
through the statistics described in Liu St. Niiler (Réf. 17),
and Liu (Réf. 14), for monthly means averaged on 2°x2°
geographical boxes.

With the instrumental precision on the geophysical data 0.4 g.cm'2 on W. according Io Millet (Réf. 18) and Bernard
& al (Réf. 1), 2 m.s"1 on U, 20C on SST according to Njo' .
& al (Réf. 20) - the error calculated by Cauneau (Réf. 4) a
the estimation of the latent heat flux is of 30 W.m"2 in
tropical zone, 50 Wjn~2 in tempered zone, and 100 W.m"2
in polar zone. These values are indicative, as the method
used here has strong limitations, especially in latitudinal
zones beyond 5O0N and 4O0S.
Z STUDYOF2X)NALMONTHLYMEANPROFILES
To examine the estimation of the latent heat flux obtained
with SMMR data, we have analyzed the basic geophysical
structures as they appear on the zonal monthly mean
profiles of for each of the geophysical parameters W1U,
SST, and for the estimation of the latent heat flux. Data, for
each oceanic basin, was averaged on 1.5° boxes. A
complete study on SMMR observation of these
geophysical parameters have been achieved by Njoku & al
(Réf. 20).
Comparisons between the zonal monthly mean profiles of
the latent heat flux and those of its calculus components
show a strong depcndancy of evaporation upon the vertical
humidity gradient, except in the Tropical zone (Fig. 1).
Estimation of the monthly means of the latent heat flux are
too high, and this can be explained by the non-linearity of
the parametrization (+40 W.m"2; Hsiung, Réf. 9), and by
the sensibility of the model to the humidity of the
atmospheric surface layer (Liu, Réf. 15), and at least by a
bias on wind speed measurement (resulting in a bias of +15
W.m~2), The variability of the latent heat flux is important,
and beyond a high sensibility of the model, it implies that
events with a very high evaporation rate occur on time
scales smaller than a month, which is in accordance with
the observations of Bunker (Réf. 2), and the results of
Elscberry & al (Réf. 6).
The analysis of the zonal monthly mean profiles of the
latent heat flux in Fig. 2 shows a strong north/south
asymetry, with a seasonal tendancy toward inversion. This
result is detailed with the help of a global mapping of the
monthly mean latent heat flux in Cauneau (Réf. 4). These
results show an agreement between the SMMR
observations and the main geophysical structures observed
in oceanography. They complement the previous results of
Hastenrath & Lamb (Réf. 8) and Hsiung (Réf. 9), despite the
observational and modélisation problems underlying
method.
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temperature (SST). LE is in W.m-2, units for the last three parameters are arbitrary. Zonal variations in tropical latitudes are
related Io wind variations, which explain part of the global asymetry, and the strong variations at high latitudes are related to
variations of the two parameters used in the estimation of the humidity gradient.

300

1
200-

UJ

o-

-100'
-60

-T

-40

-20

Latitude

40

—I—
60

SO

Fig 2 : Seasonal variation of the zonal monthly mean profiles of the latent heat flux observed by the SEASAT SMMR during
the summer 1978. 1 to 30 July period is in black circles, 10 September to 10 October period is in white circles. A tendancy to
an inversion of asymetry is observed, at a rate of 40 W.rrT^ on three months.

V*

f»•

187

3. ANALYSISOFSPATlALVARIABILITy
Spatial structure of the latent heat flux field is then analysed
through its autocoirelation function. As the continuity of
the data acquisition (all weather, and day and night data)
offers the possibility to study the typical scales of a
geophysical phenomenon along the track, autocorrelation
is calculated for each field W. U, SST. and LE, following the
subsatellite track over a maximum distance of 2.2
revolutions. The results were averaged over the complete
period of the Seasat mission, 3 months.
The autocorrelation functions are described in Fig.3. The
decorrelations along a quasi-meridian direction appear in
the range O - 2.10 3 km. The central part of the figure at 20
10^ km shows the effects of the climatological symetry
between hemispheres, and the peaks standing at 40.1(F km
give an estimation of the decorrelations along a zonal
direction.
Comparison of latent heat flux autocorrelation function
with those of the geophysical components of the model
shows specific properties of the latent heat flux field,
especially strong spatial anisotropy, and low zonal
decorrelation : the latent heat flux field exhibits a zonal
correlation levé! greater than the zonal correlation levels of
W, U, and SST. This is not observed on the autocorrelation
functions of climatological means (Cauneau, Réf. 4), and
the latent heat flux calculated with SMMR data appears here
as a quantity roughly dependant of latitude.
As an additional aim of this study was to provide specific
interpolation methods to compensate defaults of spatial
covering, the properties of the autocorrelation function of
the latent heat flux field, especially the property of strong
spatial anisotropy was used in an interpolation method : a

bi-dimensional autocorrelation model deduced from the
observations, based on the hypothesis of a first order
autoregressive process, was used in Cauneau (Réf. 3) for the
mapping of the latent heat flux on a daily period for case
studies in Northern Atlantic. Observation of fronts was
then found to be well in accordance with meteorological
analysis, with strong evaporation events occuring on the
fronts locations.

4. CONCLUSION
Large review was made by Liu (Réf. 13 and 15) about
methodological problems in the measure of latent heat flux
through SMMR measurements. As those problems,
especially the strong sensibility of the model upon the
measure of the vertical humidity gradient are not solved, the
present study on monthly means of the latent heat flux
finds an agreement with previous results obtained in
oceanography. An amelioration of this method should be
obtained with the use of vertical atmospheric sounders to
increase the precision on the humidity in the atmospheric
surface layer. Spatial structure of die latent heat flux field is
analysed through its autocorrelation function, which shows
specific properties, especially strong spatial anisotropy,
and low zonal decorrelation. This property of strong spatial
anisotropy was used in an interpolation method : a bidimensional autocorrelation model was deduced from the
observations, based on the hypothesis of a first order
autoregressive process.
Nota : This work was achieved at the CRPE, with the grant
of the CNET, the Centre National de la Recherche
Scientifique (CNRS), and the Institut National des Sciences
de !Univers (INSU).
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Fig 3 : Spatial autocorrelation measured along the subsatellite track for the three observed geophysical parameters,
atmospheric water vapor content (W), wind speed at level 20m (U), sea surface temperature (SST).and the estimation of latent
heat flux (LE). 95% confidence intervals at 40 QOO km «re 0.08 units of variance.
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ABSTRACT

3. APPROACH

Climate models require for (heir validation estimates of precipitation
and runoff assessed for intervals of one month or less, on a grid basis
compatible with thai used by these models.
Precipitation
measurements on the ground are obtained over very smaU areas
generally located far apart and in most cases in sites that are not
representative of the general geophysical characteristics of the area
ana/oi the pertinent model grid. Flow measurements provide
information on river basin areas that obviously are not compatible with
the above mentioned grid. Moreover flow data, particularly those
obtained on large rivers, do not reflect runoff conditions at the time of
measurement. The writers propose a technique in which terrain
models, satellite and meteorological radar data, and precipitation and
river flow measurements combined through meteorological and
hydrological models provide estimates that are compatible with the
climate models grid and sufficiently accurate to be of use in the
validation of such models.

The approach of the study which is being planned is based on the
already demonstrated assumption that information from geophysical
data networks and surveys can be significantly enhanced by combining
data from various related fields. The application of techniques of
combining data from various geophysical networks and surveys is now
greatly facilitated by the availability of remotely sensed data in digital
form and of geographic information systems (GIS), by the unproved
knowledge of the underlying geophysical processes and related
improved models, and by the enhanced and relatively inexpensive
capabilities of data storage and processing of modern computer
systems.

1. BACKGROUND
UNESCO through its International Hydrological Programme is
concerned with the problems of interface processes of water transport
through the atmosphcre-vcgetation-soil system at various scales (Project
H-I-I) and with the study of the relationships between climate change
and variability and the hydrological regimes affecting water balance
components (Project H-2-1). The International Biosphere-Geosphere
Programme (IGBP) through its Core Project Biospheric Aspects of the
Hydrological Cycle (BAHC) is investigating similar problems although
with more emphasis on ecological/biospheric issues. A closely coordinated effort is being considered by the scientists involved in these
projects with the aim of making a more efficient use of the very limited
human and financial resources available. They consider that a main
goal in this joint effort is to obtain the best practical means of
interfacing general circulation models with hydrologie models. A first
step in this direction is the development of a hydrologie distributed
model with spatial inputs and outputs compatible with climatic models.
These inputs (primarily precipitation and temperature) and outputs
(primarily runoff and actual evapotranspiration) could be used to
validate climate models. Such a distributed hydrologie model could
form the basis for the development of an all encompassing climatehydrologic-biologic model.
2. OBJECTIVE
The planned research intends to combine available data on topography,
vegetation, soils and surficial geology, with meteorological data
obtained from conventional networks and meteorological satellites, and
hydrologie data obtained at gauging stations, through the most
adequate already available hydrologie models, to generate distributed
monthly runoff data in a grid system compatible with climatic models
. In subsidiary the technique will also generate precipitation and actual
evapotranspiration estimates, as well as other components of the
hydrologie cycle that could also be used to validate climate models.
However only the accuracy of the runoff and precipitation data could
be estimated in a statistically meaningful manner, as observations for
the other components are not normally available.

3.1 Brief historical review
In the late 60's one of the writers (Réf. 1) introduced in hydrologie
applications the idea of combining through a geographic information
system topographic and land-use land-cover data, with meteorological
and hydrologie data for improving the accuracy of meteorological and
hydrologie information. Although the model used was a simple water
balance supported by statistical relationships between precipitation and
temperature on one hand and the elements of a terrain model on the
other (sec Table I for the description of these elements) the results
were very encouraging. Quite accurate mean annual values were
obtained at ungauged sites on the basis of this technique, as illustrated
in Table 2 and Figure 1. The technique was later applied in all of
Canada (Refs. 2 to 6), Southern England (Refs. 7 and 8) the Tocanlins
River Basin (Réf. 9) and the Amazon River Basin (Réf. 10) with
consistent results indicating a significant reduction of the error of
estimation of mean annual runoff over that obtainable by conventional
techniques.
What was less stressed in the literature cited Ls that an extension of the
simple budget model to include a storage element, made it possible Io
estimate on a similar basis monthly runoff. The approach was used in
the Tocanlins River study (Figure 2, Réf. 9) with results that are of
great interest for the problem at hand. The portion of the Tocantins
River Basin thai was studied has an area of about 400,000 km1.
Precipitation data were available at 35 stations and flow data at 27 river
gauging stations. In spite of this small number of stations available, the
calibration of the model using 13 stations give validation recuits for the
estimation of the monthly runoff values at the remaining validation
stations which ire remarkably good (Table 3) for the given conditions
(one calibration station in over 30,000 km1 one precipitation station in
over 11,000km2). For 31% of the 168 estimated monthly runoff values
the relative errors are less than 10% and for another 46% the errors
are between 10 and 30%, the maximum relative error being 78.9%.
The larger relative errors affect in most cases the lower flows and have
therefore a lesser significance in absolute terms. Il should be noted
that since the errors are randomly positive and negative and the basins
are on the average relatively small compared to the GCM grid, the
errors of runoff estimates for a grid would most likely be smaller than
the above values. Results consistent with the above ones for monthly
runoff values were also obtained by applying the technique in Northern
and Western Canada (Réf. 4), Southern Eraland (Ret 8) and in West
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Africa (Réf. 11). TUt Inter study also indicated that for west African
cauMicmt, «here topography ia not a very important variable, model
parameters can be related to vegetation characteristics (Table 4).
The use of Ihe terrain model mentioned above also enables better
interpolation of precipitation (Refs. 12 and 13). Of great interest is the
fad that the technology is used to map the precipitation estimates as
well as their errors (Figures 3 and 4).
The legitimate question to be asked after examining the above results
is therefore: if runoff estimates can be obtained as acceptably as
indicated above and precipitation estimates improved with a relatively
simple model by combining precipitation, runoff and topographic data,
how much more accurate results could be obtained with a more
detailed model, a denser network and by using additional information
from meteorological and earth resources satellites?

3.2

nî«lrîKiili*ft rflinffllt.ninrtffr- models

The writers consider that distributed rainfall runoff models could
contribute significantly Io the improved accuracy of the estimation of
monthly runoff at Ihe GCM scale. Several such models have been
developed during Ihe last two decades (Table 5, Refs. 12 and 14 to 28).
One of these models developed in Canada was applied recently to a
South American River Basin (Réf. 17) with little parameter calibration
(3 parameters were modified, one only because of use of a different
grid size) with the calibration and space and time validation results
shown Ui Figure S. The area of Ihe river basin (Caura River al
Maripa) is about 50,000 km2 and there are only 3 useable precipitation
stations. The standard error of Ihe daily flow estimates for the
calibration and validation runs is always below 30% (excluding the first
4 days required for model "priming").
The analysis of the models listed in Table 5 indicates that all have a
similar structure which includes three major components (an extension
of Ihe "two level approach" see Réf. 29):
The first component deals with the vertical hydrologie cycle
(precipitation, interception, infiltration, percolation, evapotranspiration,
soil moisture variation and runoff generation). This component has Io
lake into account, in addition to Ihe input data obtained from networks
or by remote sensing, the system characteristics determined by the
topography, soil, geology and by the nature of land cover (particularly
vegetation and conversely bare land, urbanized area, etc.).
The second component represents the routing of the surface and
subsurface runoff as computed by the first component, and uses as
inputs the surface and subsurface runoff. It requires the knowledge of
the vegetation or land use (for runoff routing), of the channel and lake
layout and characteristics (for flow routing) and of the surficial and
other relevant geology (for estimating groundwater interaction with
surface water).
Finally, the third component consists of the calculation of the effects of
man's operation of reservoirs and other water resources use and
management activities in the given basin.
The proposed research methodology is based on this three component
concept.
33

TABLEl
DbtrilMted Terrain (PhystojmphlaU) Chancteriitks of River Bute»
. A-YETi^ elevating nf garfi square (ELE), estimated as the average of
the elevation of ils four comers;
• Local slope (SLO), estimated as slope of a plane defined by Ihe
elevation of the two southern corners and the left-hand northern
corner;
. Ayimlllll 1 of the .sloes (AZl) defined as an index related Io the
angle a between the west-east direction and the horizontal projection
of the line of steepest descent of the local slope plane and expressed
in integers from 1 to 5 as follows:
O < o < 22*30'
AZl = 1 for 33730' s a < 360°
and
AZl = 2 for 22°30' s a< 6730' and 337 30' > a > 292°30'
AZl = 3 for 6730' s a < 112°30' and 292 30' > a > 24T30'
AZl = 4 for U2°30' s a < 157°30' and 247 30' > o > 2Q2°3Q'
AZl = 5for 15730' sa < 202°30'
. ATJmulh 2 of Ihe slope (AZ2), an index similar to AZl but
considering the angle with the north-south direction;
. Regional SJQPC, in the S-N direction (SLS), a slope which lakes into
account the general configuration of the terrain and is obtained by
computing the slope in the given direction for the total reach for which
the elevation is increasing or decreasing continuously in vertical
increments of 300 m. When going in the S-N direction, ,slopes are
considered positive for increases in elevation and negative for decreases
in elevation;
Similar regional slopes can be calculated in the three other directions
(E-W, NE-SW and NW-SE);
. Barrier in the north direction (BN), defined as the difference between
the average elevation of the square considered and the highest elevation
encountered in the north direction from this point until the ocean is
reached;
Similar barriers can be calculated for the other seven directions of the
compass;
. Shield effect to Ihe north (SN), defined as the sum of the elevation
differential of all ascending stretches of terrain encountered when
travelling from Ihe ocean shore at the north Io Ihe corresponding point;
Similar shields effects can be calculated for the other seven directions
of the compass;
. Distance to the sea in north direction (DN), defined as the distance
from the sea (ocean) Io Ihe north of the given square;
Similar distance to the sea can be calculated for the other seven
directions of the compass;
. Longitude index (LON), defined as the coo-ordinate of the square in
the west-east din ction starting from the most western column of the
grid squares;
. Latitude index (LAT), defined as a co-ordinate of Ihe square in the
south-north direction starting from the most southern line of squares;
. Lake-area index (ALa), defined as the area of lakes included in a
given square;
. Smamp-area index (ASW), defined as the area covered by swamps,
marshes and bogs m a given square;
. Glacier area index (AGL), defined as the area covered by glaciers in
a given square;
. Builuip land-area index (ABL), defined as the areas covered by
urban and large rural centres in a given square;
. Forest-area-index (AFI), defined as Ihe area covered by forest in a
given square.
TABLEZ

fVJliiTlillinf fra**n k*"*-1^ IBIUI-CTY" an^ water users

Distributed hydrologie models require detailed data on Ihe basin
vegetation and on the water users. Until two decades ago determining
the extent and type of vegetation in a river basin, and the major water
users was a very difficult and costly task. The availability of Landsat,
SPOT, and more recently ERSl, makes this task possible and much
less expensive. It should be noted that whereas for identifying water
users (if cadastral survsys arc not available) it is absolutely necessary
to use the most detailed available imagery from the above-mentioned
satellites, it is feasible to use data from meteorological satellites for
rough estimates of land-use land-cover required by most of the
distributed models listed in Table S, provided thai the gird size is of Ihe
order of a few square kilometers (Refs. 30 Io 33).

Southera Ontario recorded versus
estimated runoff (estimates usiig *
square grid water balance distributed model)
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3.6

The méthodologie flow chart of the proposed research is shown in
Figure 6. As indicated in the chart, the methodology «ill consist of the
following steps:
1. Problem definition, selection of study area and time span. The
study area will be extended as necessary to obtain river basins in each
of the following groups:
a) Very small (less than 100 km1) basins in natural conditions.
b) Medium and large river basins in natural conditions.
c) Small, medium and large river basins with water resources uses, and
for which historical data on uses and the corresponding projects are
available
The time span will be selected as a function of availability of archived
meteorological, hydrologie and meteorological satellite data.
2. Elaboration of component methodology;

juot r.m GWCZ

u* ta CMJCÏI

A

CEnESIS with multiple regression between hydrologie
characteristics and basin location, topographic, and
topographic-location characteristics as defined in Table 1

B

GEnESIS with Iterative technique, Solomon et al, 1968,
Solomon, 1972

As indicated in 3.2, the proposed model will consist of three
components:
a) a component for analyzing the vertical energy and water exchange
on each grid of the river basin, including the generation of input data
from conventional and remotely sensed data;
b) a component for routing surface and subsurface runoff within single
grids and from one grid into another until reaching the river outlet;
c) a component analyzing the effect of water resources management
on river flows.

C

GEnESIS with monthly rainfall runoff model (Solomon et
al., 1971)

In view of the above, the development of the methodology will consist
of:

MEAN ANNUAL RUNOFF

Isoline values (Shawinigan, 1970)
b

Regression between mean annual flow and physiographical
characteristics (Leith, 1976)

c

Isoline values (Coulson, 1967)

.1i,dj,d3 Regression between mean annual flow and physiographical and
climatic characteristics for eastern, southern and western
regions of V. S Ji. respectively (Thomas and Benson, 1970)
D

Square-grid method mean annual runoff in North-West
Territory (Shawinigan, 1982)

2a. Review of available documentation. In addition to an exhaustive
literature search, an examination of results obtained, by major
hydrologie, biologic climatic-land surface experiments and related
research projects will be carried out (e.g. ReS. 39-42).
Coordination with the Canadian Blue Plan (which is using a
simplified distributed model for the McKenzie River Basin Study) will
be ensured.
2b) In the modelling of component 1, (vertical flux of energy and
water) the following available models and approaches will be primarily
taken into itccounl:

latitude
I'igure 1:

3.4

Variation of error of estimation of mean annual
runoff with network density
(Adapted from MacMahon TA. (1979). A review of
data estimation procedures and associated errors.
Journal of Hydrology. Vol. 41, pp. 1-10).
Meteoroog|mf

Il is possible currently to obtain more detailed and accurate
meteorological data as inputs to distributed hydrologie models using
meteorological satellite data. This is valid particularly for precipitation,
solar radiation, temperature, and also -to some extent- with respect to
air humidity and wind. Of those the most investigated parameter has
been precipitation. A review of the available techniques for this
purpose is given in Refs. 34 to 36. The use of meteorological radars
could further contribute to the improved estimation of inputs in
distributed bydrological models (Réf. 37). Tests reported in Réf. 11
indicate that in some tropical areas precipitation inputs obtained from
meteorological satellites in a rainfall-runoff model may provide better
runoff estimates than precipitation data from conventional rain gauges.

3.5

!im-lMiailt.illl^WiMMWjWIllilUUlJJSaSa-

Study area and tiirift snan

The writers propose that two study areas should be considered: one in
Western Europe because of availability of reliable data and of regional
human and financial resources; the other in South America were data although less reliable- are available and where transfer of technology,
already initiated, could serve as a basis for extension of the technology
at a global scale. The data already collected by the FRIENDS Project
(Réf. 38) could serve as a basis for the study in Western Europe.
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TABLE 3

TABLE3(Comd.)

b) Validation

CiHbntioB-vaUdation of the square-grid
dlstribBted water balance - storage rainfall •
ruBoiT BiootUy model - Tocantios River Basin

JaB Feb Mw Apr May Jun JuI Avg Sep Oct Nov Dec
'«ClU».
1.291 UU2
UH.
1.114 UIIl
OBPCT) -lf.1 -23.0

a) Calibration

KTM.
WB.

Note: Runoff values are in mm/day
Station Jaa

an PCTI

Feb Mar Apr May Jun JuI Aug Sep Oct Nov Dec

IJU. IJD 2.IB 2.Ut 1.3« IJSt IJiJ |.l» IJIl 1.547 MIf IJB
IM 2.129 2.ZJt 2.W 1.2» O.E7 IJ44 1.4» I.3M IJf* O.t» IJOI
OBfCI)
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(CIWL

OBPCT)

U

KWl

KWL

mm.

1.0

!.ill
9.IfI

IJ
1.719
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- Hydrological First Level Model HFLM (Réf. 43)
- Biosphere - Atmosphere Transfer Scheme - BATS (Réf. 44)
- Simple Biosphere Model for use within general circulation models
(Réf. 45)
- The algorithm used in the model developed at the Royal
Meteorological Inititute of Belgium (Réf. 46)
- The algorithm uied for the vertical flux of energy and water in the
grid bated models lilted below for the methodology of component 2
(this will enable the integral application of these models to components
1 and 2 for all rivers in natural conditions).
2c) The methodology for component 2 will be based on the routing
procedures used in each of the grid models to be tested, namely:
- The Solomon rainfall runoff model (Refs. 12, and 14 to 17)
- The Hydrotel model (Réf. 22)
- The SHE model (Refs. 23 Io 26)
- The Guard Model (Réf. 19)
- The AFORISM Model (Réf. 28)
The most up-to-date versions of each model will be used in each case.
The actual use of each of the above models will be dependent upon the
availability of the inputs required by each of them.
Zd) For the third component, it is not possible to elaborate a system
that would be universally applicable to each basin, since each will have
from the viewpoint of water uses unique characteristics. However the
modelling of the operation of a reservoir will be developed taking into
account the reservoir characteristics (surface area and volume relation
with level, gate ducaarge capacities, or overflow spillway characteristics,
rrlnioiuhipf between wind speed and direction and water set up, and

seiche characteristics in terms of changes of atmospheric pressure
(Réf. 47). For the other consumptive and non consumptive uses, the
effects of diversions, losses, irrigation and water supply and return of
used irrigation and waters, will be considered according to the
individual circumstances. The analysis of the travel characteristics of
sudden releases from reservoirs will be modeled hydraulically (Refs. 48
to 50). A modified version of an available model for water resources
management analysis (GRM) available at WASY, Berlin may also be
considered for the third component algorithm (Réf. 51).
3. Definition of data needs, data collection, checking and computer
storage.
It may be anticipated that the data required for the study will include
but will not be limited to:
- Digitized maps of topography, vegetation, soils and surficial geology
(at 1/1,000,000 for the whole region, 1/250,000 or equivalent for the
selected basins, with digitization grid of 5 x 5 minutes for the region
TABU 4
MODEL PARAMETERS ANO VEGETATION CATEGORIES

COEF

UP

PMC

SSFC

Gratsltnd

JO. 3

52.0

51.2

O. SS

woodland

B.O

US, O

43. i

Kilnfortlt

E.3

374.0

32.4

Gnwral VIg1UtI

0.34

0.22

COEF - Coaffldant in Turc'l actual oxaBOtraniolrallon fonula aajultld for
«ontnly valu», lulti ply Ing toll Mllturt

CM - Son «oliturt field upiclty (•)
•EIC - HontMy parcolatlon (ail
SSFC • Fraction Inalcitlna contribution o' loll «ollturt U runoff.
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The data will be stored in an inlormation system enabling their rapid
retrieval according Io time-space and subject co-ordinates. The
GcnESIS system (Réf. 12) interfaced with ARC/INFO and ERDAS
arc under consideration for this purpose.
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4. Component algorithms (step 2a) will be initially applied only Io very
small river basins (below 100 km2) where routing considerations are not
significant. The first group of basins will be subdivided into two equal
samples, one being used for model calibration (using standard error of
estimation as objective function), the second for validation.
5. Step 4 will be repealed with changing the calibration and validation
samples.
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6. The two most adequate component algorithms will be selected using
the following five criteria (in order of significance):
- consistency between parameter values and the corresponding physical
characteristics of the basins (vegetation, soil, elevation, slope
orientation, and other terrain, location and location-terrain
characteristics, Table 1);
- consistency between the two sets of parameters (obtained from the
two calibration samples);
- relative standard error of flow estimation for the validation samples;
where available, validation using data on another hydrologie
(hydrogcologic) parameter such as snow on the ground, soil moisture,
ground water storage;
- economic input requirements
7. For all river basins of the second group, each of the (wo
component-! algorithms selected in step 6 will be applied.
Subsequently for half of the river basins of the second group, the
calibration sample, the various routing techniques selected will be
applied and outflow estimates obtained. Parameter calibration using
standard error of flow estimation as objective function will then be
carried out. The second half of the sample will be used for validation.
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and 1 x 1 minute or equivalent for the basins).
- Flow data are required for the river basins selected whenever possible
as hourly values.
- Meteorological data are required for the whole region and will be
obtained from the National Meteorological services, whenever available
at hourly intervals. The meteorological data will be augmented by
interpreted metcorololgical radar imagery where available and by
interpretation of meteorological satellite imagery and sounding results.
For the basins in the third group, data on water use, operation of
reservoirs, and river channel characteristics below reservoirs will be
required.
Data will be range and consistency checked and dubious data corrected
or eliminated, in consultation with the organization from which they
were obtained.

EjtiBMed pKdpkMioo (i) ud error of «timiik» obluned Cb) usiai < teirain model
ud mtUtkd igterpoUUoa techniques, Inuimi, Brazil
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5. CONCLUSION
DBIWMnTD. GUDIASEO
HVMK)LOGIC MODELS
I*».

Ml

1.

SokMM SJ.

The results obtained from the proposed, Sully selected distributed
model will be based on hourly piecipitMk» values distributed in a fine
grid (of less than 100 km1) and provide outputs of runoff in similar
detail. From toe already obtained results, and given the improvements
proposed it may be anticipated that the precipitation and nmoff values
averaged over periods of one month and areas of several tens of
thousands of km1 will be highly accurate, and provide the required data
for the validation of GCM's. It is likely that the model developed on
the basis of the proposed research will also constitute a starling point
for developing a coupled dimatic-hvdrotogic model in which the
rmtofical aspects of the hydrologie cyde will alto be carefully
couidered.
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Steps 810 12 (Fig. 6) follow a similar pattern. Step 13. selection of final
models is based on the following criteria:

a) The resulting model reflects through the parameter - river basin
characteristics consistency well enough the regional hydrology and in
particular the vegetation and land-use conditions.
b) The relative error of estimation does not exceed twice the error of
measurement (to be estimated from die analysis of the stage discharge relationships and analysis of flows where closely located
gauges enable comparison of two practically identical flow sets).
c) The validation based on additional data on the hydrologie cycle
components.
14. If the results are considered satisfactory, conclusions and
recommendations on the use of the selected set of components will be
made.
15. If the results are not satisfactory, an iteration of the whole work
will be carried out, including new component algorithms obtained from
literature and/or developed by the study team.
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JSRS-I Radar Altimetry of Ice Sheets
.A

C.G. Rapley, J. Morley, S. Laxon
University College London, Muttard Space Science Laboratory
Holmbury St. Mary, Dorking RHS SNT, United Kingdom
The potential of radar altimetry for the study of ice sheets and ice shelves
has been demonstrated using data from past missions such as SEASAT and
GEOSAT. Although the instruments were designed for operation over the
ocean, echo data obtained over flat areas of the ice sheet plateaux and ice
shelves have permitted height mapping to an unprecedented accuracy of ~ 1 m.
The data support the production of a basic inventory of landforms and provide a
basis for studies of ice sheet dynamics and the monitoring of mass balance
variations. Measurements over ice shelves are a valuable input to the
modelling of ice shelf dynamics through the mapping of topography and the
location of grounding lines and of surface features such as crevasse fields and
major rifts.
However, a limitation on the data to date has been the ± 72 deg latitude
coverage achieved. ESA's ERS-I represents a significant advance over past
missions by providing coverage to ± 83 deg latitude, permitting for the first time
mapping of all the Greenland ice sheet and the major part of Antarctica
including the major Ross and Ronne-Filchner ice shelves and the potentially
climatically sensitive West Antarctica. The altimeter is also provided with an
ice tracking mode which is designed to permit operation of terrain with greater
relief than has previously been po^ible, although with reduced precision.
Preliminary results from the ERS-I altimeter will be presented. These will
include an evaluation of its performance and the first height maps to 82 deg
South.
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ABSTRACT
The requirements for satellite sounding of
tempérâture and humidity
profiles
are
briefly reviewed, and the evolution of
satellite ins1.rurneril.fit i on since 1969 up
to
dati- is di-ner ibed.
An
assessment
of
f^at. *-] lite sounding iini'at.t. shows that, even
when better assimilation schemes and the
near term
insl.i iirnent.
developments
are
imp 1 emcn ted , the prosont générât ion
of
sounding rad i orneters w i l l not
f u l f i l t.he
requirements of the year 2000.
The cast?
for
improved spectra]
resolution,
i t.s
impact nn vertical resolution and the basic
eoinpar i son
between d i f ferent.
approaches
(interferometer and grating speotrorneLers)
i\r<- discussed. The IA£>1 project, is briefly
descr ibr-.l. also showing the contribution of
high spectral
resolution
sounders
to
other -than meteorological appl i nations.

vanify our potential capability of improved
weather forecasting because of lack of
determination of the atmospheric initial
state.
Improving atmospheric: sounding also means
improving the general data base for any
global climate application.
Beyond this,
high
spectral
resolution
offers
the
opportunity to directly observe a number of
key parameters of climate and environment.
These concepts will be reviewed in this
paper, which also will enlighten the need
for new assimilation schemes capable of
handling sounding radiances in the physical
context of a cloudy atmosphere.
2.

1.

1

INTRODUCTION

In connection with the renewal of satellite
instrumentation to he flown with the next,
generation "f polar
and
geostationary
platforms, it has been found that,
in t.he
near term, the most urgent requirement of
operational meteorology is to improve t.he
infrared sounding mission. On both sizes
of t.he Ocean, projects have been initiated
fur instruments which could potentially
meet the requirement, by replacing the
present
radiometers
with
spectrometers
having a spectral resolution improved by an
order of magnitude.
The requirement for satellite sounding was
soon faced by the satellite
technology,
which was able to provide
operational
instruments already
in the early 70's,
thereafter improved up to t.he present TOVS
(from
polar
orbit)
and
VAS
(from
geostationary). However, the progress in
our capability to model the atmosphere and
t.he
increased availability of
powerful
computers to support the models have led to
a
situation
where
the
additional
information carried out by the satellite
dat.a over t.he first guess
is becoming
progressively marginal, such as to require
a very consistent
up-grading
of
the
instrument performance
in order not to

THE REQUIREMENT FOR SATELLITE SOUNDING

Temperature
and
humidity
atmospheric
vertical profiles are the most important
observations to
initialize
forecasting
models in middle-high latitudes, at least
for motion scales down to the synoptic and
sub-synoptio. Approaching the mesoscale,
or as the latitude decreases, the wind
profile
becomes
progressively
more
important; however,
as wind measurements
from satellite will be still for a long
time confined to what oan be achieved by
cloud tracking from geostationary orbit,
temperature and humidity sounding
will
continue to be the main potential satellite
contribution
to
Numerical
Weather
Prediction (NWP).
The NWP requirements for sounding can be
established by various methods.
Without
being too specific, we believe that most
meteorologists would agree that the spacing
of sounding stations should be as follows:
* 400 km over the oceans, each 24 h;
* 200 km over the continents, each 12 h;
* 100 km over densely-populated areas where
sub-synoptic forecast is worth, each 6h.
Summing up these requirements we could
compute a need for about 10,000 stations,
regularly spaced, sounding the atmosphere
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up to at least 30 km altitude. The present
ground-based network is short for some
factor 13,
with
negative
trend
and
certainly with very irregular distribution.

operational value, and IRIS data are still
studied, 20 years later. Both instruments
have been basic for the planning of further
operational follow-on.

Nowcasting
requires
even
more
dense
soundings (e.g., 20-50
km)
and
more
frequent
(e.g.,
1-3
n),
to
detect
atmospheric instability
and
convection
onset. This is not, however, a global
requirement, as it can he limited
to
specific, regional areas. To be noted that
sounding
for
nowcasting
places
more
emphasis
on
humidity
rather
than
temperature, and is important also
in
relatively low latitudes.

Nimbus IV was embarking two more sounders:

Polar orbiting satellites are the only
potential tool to meet NWP requirements at
global, synoptic and sub-synoptic
scales.
Two satellites in orbit are needed, one in
the morning/evening orbit, one in
the
afternoon/night orbit, to ensure the 6 h
global coverage. The number of two also
provides for some system redundancy, in so
far as, in case of
failure
of
one
satellite, the other still ensures global
coverage at 12 h intervals.
Geostationary
satellites are
the
only
potential tool to meet the
nowcasting
requirements
at
regional
level,
particularly as concerns the water vapour
instability in low-middle latitudes.
3.

EVOLUTION OF SATELLITE SOUNDERS

The history of satellite sounding is based
on the double scenario of experimental
instruments flown on the
NASA
Nimbus
series, starting with Nimbus III, and the
operational follow-on taken over by NOAA.

1

VlV-

3.1 Nimbus III and IV
The first satellite sounders were flown on
Nimbus III, launched April 1969.
They
were:
* SIRS-A (Satellite Infrared Spectrometer),
based on a grating;
* IRIS-C (Infrared Interferometer Spectrometer), based on the Michelson design.
Both instruments had a spectral resolution
of 5 crn-1, and both were nadir-viewing
only, SIRS-A with an IFOV of 220 km, IRIS-C
with an IFOV of 150 km.
IRIS-C
was
intended to explore the IR spectrum between
5 and 25 microns, to find out the regions
where more information was available, in
the windows and in the absorption bands of
C02, H20 and 03. SIRS-A had 8 channels in
the 11-15 micron band, intended to retrieve
temperature profiles from C02 emission.
in Nimbus IV, launched April 1970, the
spectral resolution of IRIS (now
IBIS-D)
was improved to 2.8 cm-1, and the IFOV to
94 km. SIRS-B included now 6 more channels
in the rotational H20 band up to
37
scanning
microns, and had
cross-track
capability for global coverage.
The success of SIRS and IRIS was very high.
SIRS data demonstrated
to be of great

* SCR-A
(Selective Chopper
provided by the U.K. ;

Radiometer),

* FWS (Filter Wedge Spectrometer).
The SCR--A was an attempt to achieve high
spectral resolution with
a
radiometer
instead of a spectrometer, by exploiting
pressurized cells as filters.
6 channels
peaking in the stratosphere were achieved,
with spectral resolutions ranging from 1.3
to 10 cm-1 in the interval 13-15 microns,
and IFOV ranging from 100 to 150 km (nadir
viewing o.ily).
The
FWS
introduced
the
filter-wheel
technique to minimize
the
number
of
detectors in radiometers while achieving
more channels. The 3.2-6.4 micron band was
explored with a spectra] resolution ranging
from 10 to 40 crn-1, and the 1.6-2.4 micron
with 30-110 cm-1. The IFOV was 70 km, with
nadir view only.
3.2 VTPR, the first operational sounder
The first operational sounder was placed in
orbit with NOAA 2, launched October
1972.
The Vertical Temperature Profile Radiometer
(VTPR) had channels similar to SIRS-A,
scanning capability as SIRS-B, and the
channels were achieved
by
alternating
filters on the edge of a wheel, as in FWS.
The channel selection was very much optimal
(perhaps too much): 6 in the 13-15 micron
band of C02 (the absolute minimum for
temperature profile), one in the 11 micron
window for surface temperature and one at
19 miorons for water vapour correction on
the temperature sounding channels.
The
spectral resolution was 10 cm-1 for most
channels.
If we make reference to 14
microns = 700 cm-1, this corresponds to a
resolution 10/700 - 1.4S5 or a resolving
power 700/10 = 70. The IFOV was 55 km at
the s.s.p. and 23 scan spots produced a
swath of about 2000 km for near-global
coverage twice a day (with the exception of
low latitudes).
Although the performances of VTPR in terms
of sounding accuracy were not exceptional
(2-3 K average error in the troposphere),
the operational characteristics of
the
system were extremely successful.
The
6-hourly near-global coverage ensured by
the two-satellites-in-orbit system,
the
fast processing and distribution chain set
up by NOAA
(the
SATEM
message
was
introduced on the GTS), the possibility
given to local users of getting the raw
data in real-time through
the
beacon
transmission in VHF, and the international
move
for
algorithm
development
ami
distribution
of
processing
packages,
constitute the main heritage from the VTPR
experience.
Four flights of the VTPE sounder
occurred, on NOAA 2, 3, 4 and 5, the
switched off in late 1979.

have
last

1
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V
3.3 Nimbus V and Vl
Whilst. Nimbus I]I and IV paved the way for
the first operational infrared sounder,
Nimbus V and Vl experimnnted 'improved IK
sounders and paved tin; way to the first
operational microwave sounder, needed for
extending the capability
of
!satellite
Hounding in Cloudy areas.
On Nimbus V, launched December 1972,
following sounders were embarked:

* ITPR
<Infrared
Had i oniel.wr ) ;

Temperature

the

Profile

•» SCR-R (improved from SCR-A on Nimbus IV);
* NEMS (Nimbus-E Microwave Spectrometer).

1

The purpcj.se of ITPIÏ was t.o enhance: the
operational
characteristics
basic
for
dealing with the cloud-filtering problem.
One behaviour was simply to narrower the
IKOV down to 30 km s.s.p. , within a swath
of
1500
km.
The
second
was
the
introduction of a second window channel, at
3.7 microns, to simultaneously
improve
surface
temperature
determination
and
estimate cloud fractional coverage within
the IKOV. The sounding channels in l.he
13-15 micron band were reduced to 4, with a
spectral resolution of some 15 cm-3 ; one
channel at 20 microns, and two windows at
11 and 3.7 microns respectively.
Instead
of filter wheel to separate channels, each
channel had its own telescope (with the
exception of the window channels, which
shared the same telescope) arid detector
assembly, to improve the throuput.
The
main contribution of ITPR to the evolution
of satellite
sounding
has
been
the
introduction of the so-called N-star method
to filter cloudiness, which still is the
basis
for
the
present
operational
processing chain.
The; SCR-B Bounder was a development of
SCR-A, with 16 channels instead of 6 and
IKOV ranging from 30 to 40 km. 8 channels
still were in the 13-15 micron band for
temperature sounding, but other 8 were
added, either for surface
temperatures
(windows at 3.7 and 11 microns) or for
water vapour and cirrus clouds (3 channels
in the 2-3 microns band and 3 channels at
19, 49 and 91 microns).
With NEMS the capability of microwaves to
sound the atmosphere trough the clouds was
cocplored. The instrument had 3 channels in
the 55 GHs
OZ
absorption
band
for
temperature retrieval, one water vapour
channel at 22 GHs and one window channel at
31 GHa. The spectral
resolution of the
sounding channels was 250 MHz (i.e. 0.5%)
and the IFOV 200 km, with no scanning
capability.
In Nimbus VI, launched June 1975,
following sounders were embarked:
* HIRS-I
(High
resolution
Radiation Sounder);
* PMR (Pressure
Modulated
provided by the U.K.;

the

Infrared

Radiometer),

* SCAMS (Scanning Microwave Spectrometer).

HIKS-I is the final contribution of the
Nimbus venture to atmospheric
infrared
sounding.
It exploited the operational
i:iiarHi:l.eristies of ITPR in terms of IFOV
(now reduced to 25 km) and swath (now
Fit.rtftcbcd to 1820 km), as well as the
double-window capability
(3.7
and
11
mioroiiK). The 13-15 macron band had now 7
channels and, after the experience with
IKIS, two water-vapour channels in the 6-8.
micron band and 5 channels in the 4-5
micron band of
C02/N2O
for
improved
sounding in the lower troposphere.
One
channel in the visible band (0.7
microns)
was added to correct from solar reflected
radiation in t.he 3.7-5 micron channels, for
a total of 17 channels, separated by the
f i 1 t.er wheel technique.
The
spectral
resolution was 16 cra-1 in the 15 micron
band (Î.H. 2.3%) and 23 cm-1 in the 4.3
micron band (i.e. 1%).

K

PMR was a much simplified version of the
previous SCR's flown on Nimbus IV and V,
the aim now being to develop an operational
prototype for stratospheric
temperature
Rounding. The CO2 pressure in the filter
cells was modulated to get 4 channels in
the 15 micron band, with an IFOV of 400 km.
SCAMS had almost exactly the same channels
of NEMS (five) n-; a slightly reduced
IFOV
(145 km), but the scanning capability was
added, for a 2400 kin
swath
ensuring
near-global coverage.
Beyond FIIRS-I, PMR and SCAMS, Nimbus VI
also embarked the first sounder
operating
in the limb mode, LRIR (Limb Radiance
Infrared Radiometer), which paved the way
for the follow-on flights on Nimbus VII
(launched
October
1978)
of
SAMS
(Stratospheric and Mesospheric Sounder) and
LIMS (Limb Infrared Monitoring of
the
Stratosphere).
The discussion of these
instruments,
which
were
oriented
to
high-atmospheric sounding of temperature
and trace gases for
the
purpose
of
atmospheric chemistry, is outside the scope
of this paper.
3.4 TOVS, the present operational

sounder

TOVS, the
TIROS
Operational
Vertical
Sounder, was first introduced with TIROS-N,
the prototype of the present generation of
NOAA satellites in polar orbit, launched
October 1978.
It is the evolution of
8-year experiments with Nimbus III, IV, V
and VI and of 5-year operations with VTPR
on NOAA 2, 3, 4 and 5. It is composed of
the following set of instruments:
* HIRS-2 (High-resolution Infrared Sounder);
* MSU (Microwave Sounding Unit);
* SSIJ
(Stratospheric
provided by the U.K..

Sounding

Unit),

HIRS-2 is the evolution of HIRS-I, with the
addition of 3 channels, one in the 6-8
micron H20 band, one in the ozone band at
9.7 microns arid one more window at 4.0
microns, for a total of 20 channels.
The
IFOV has been reduced to 18 km s.s.p. , and
the swath increased to 2230 km, covered by
hfi samples. As there are 20 km gaps left

1
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between successive scans at the s.s.p.
(which reduce to zero at the edge of the
swath), the average horizontal
resolution
of TOVS is 40 km. This is not, however,
the resolution of the final product, which
is obtained by co-processing of 8x8 IFOVs
(i.e.
320 km in
average)
for
cloud
filtering.

by the model. As the modeling performance
improves, the additional value of
the
observation is progressively eroded, and
may become marginal or even negative if the
observation is affected by a noise level
(or, worse, biases)
higher
than
the
indétermination of the first guess.

MSU, a derivative of SCAMS, has now 4
channels, 3 in the 55 MHz band, one in a 50
GHz window, with a spectral
resolution
slightly improved (200 GHz, i.e. 0.36%) and
an IFOV reduced to 110 km s.s.p..

This situation is now emerging in the use
of TOVS
in
NWP
over
the
Northern
hemisphere.
Marginal impact
and
even
negative impact in specific cases have been
reported, for instance, by ECMWK.
The
contribution of TOVS in
the
Southern
hemisphere is however not. being questioned.

SSU derives from PMR, with 3 channels
and an IFOV reduced to 150 km,
scanning capability (swath: 1500 km).

only
with

This instrument complement has now been in
use for nearly 15 years, and reflect the
technological level of the year
1970.
After the introduction of microwaves, the
coverage
characteristics
are
rather
satisfactory, including overcast areas, but
the accuracy varies from some 1.5 K in the
best case (cloud-free conditions) to some 3
K in overcast areas. The operational chain
from global processing and distribution
over the GTS1 either as temperature and
humidity profiles (SATEM) or as clear-air
radiances (SARAD), is rather satisfactory,
and local users have the possibility of
direct
acquisition
through
the
HRPT
transmission (or the beacon) for faster and
higher-resolution
processing.
The
International TOVS Working
Group
have
pushed
the
development
of
improved
processing algorithms and the distribution
of standardised sofware packages for local
processing.
3.5 VAS, the geostationary

sounder

Sounding from geostationary orbit also has
been introduced, starting
with
GOES-4
(launched
September
1980).
The
VAS
instrument (VISSR Atmospheric Sounder) is a
derivative of the imager (VISSR, Visible
and Infrared Spin Scan Radiometer), to
which infrared detectors have been added
and a filter wheel to alternatively select
up to 12 infrared channels of the HIRS
type. A variable number of satellite spins
are necessary to achieve the
required
signal to noise in the various channels,
and various operation mode are possible. A
typical one produces 30 km
resolution
soundings over a 400 km N-S swath in 20
min. Another mode, used for instability
monitoring, couples the normal
imagery
channels with any pair of sounding channels
at the resolution of 14 km. It should be
noted that the use of VAS has never been
declared fully operational.
4.

IMPACT ASSESSMENT

Though satellites soundings have now been
in use for over 20 years, their practical
impact on weather prediction is being now
questioned since some time. The value of
an observation is not an absolute concept:
it must be assessed as the additional
information in respect of what we already
know about a parameter in the absence of an
observation, i.e. the first guess provided

The decline of the TOVS impact in NWP is
however balanced by the increased role of
TOVS in nowcasting applications-, where full
benefit is taken from the high horizontal
resolution of the raw data (40 km) or of
special local processing (e.g. 2x2 or 3x3
IFOVs, or 80-120 km). Examples of special
products aro available, such as thermal
wind
mapping
for
frontal
analysis,
instability indexes, trtipopause patterns as
derived from oaone channel mapping ami
others.
The merging of high-résolution
TOVS maps and co-located images from AVHRR
is very useful for air mass analysais, and
superimposed TOVS maps and weather charts
are useful for analysis verification and
fine tuning.
Theoretical studies of the
information
content of TOVS havi-; shown that there is
still a great deal of potential in TOVf.
data, which present analysis schemes are
not aille t.ci extract.
Better assimilation
schemes are now under development, making
direct use of the radiances instead tif
using thre inversion technique to retrieve
température and humidity sounding from thf
observed radiances.
Preliminary positive
results îire already available,
showing
enhanced impact of TOVS at both the global
ami the meso scales.
Also, technological improvements are
prepared for the near-term future,
are described in the next paragraph.

beiiig
which

ft. NEAR-TERM PEVKI.OPMENTS
It was originally foreseen that, in the
early 90's, both sounders from (.he polar
and the geostationary orbits would have
been replaced with advanced models.
These;
plans have got some delay, still however
are expected to be implemesrited in the first,
half of the decade.
S.I The Advanc-ed TOW,
Starting with NOAA K, to be
launched
somratimes around 1995, the TOVS system w i l l
be replaced by an ndvfiricfcl
instrument
package (ATOVS) composed as follows:
* HIRS-3, essentially the seattf. »;; HIKS-2;
* AMRtJ-A (Advanced Microwave Sounding Unit,
temperature sounding component);
* AMSU-B, for humidity sounding,
by th<; U.K. .

provided
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Ki g. 1

ATOVf, v/s

TOVS comparative accuracy

AMBU--A will stretch the capability of the
present MSU, increasing the number
of
channels from 4 to 15, one in the 22 GHa
water-vapour hand, 11 in the 55 GIIs band
and 3 windows at 31, 50 and 89 GHs.
A
number of channels will have a spectral
résolution
of
0.7%,
others
a
!;pfrotrometer-type resolution, better than
O.1%, to provide higher
accuracy
and
vertical resolution in the stratosphere.
With this, the need for SSO will be ruled
out. The IFOV will be 4S km s.s.p. and the
swath 2230 km, «canned by 30 spots.
AMSH-B wj11 introduce humidity sounding in
fche microwaves, with 3 channels in the 183
GUy. II2O band «ml 2 windows at 89 and 157
GHs. The spectral resolution of sounding
rhanriclK w i l l be 1% in average, and the
IFOV 15 km, i.e. 3x3 AMSU-B spots for each
Fipot of AMSU-A, on
the
same
swath.
Thfj expected improvement of
ATOVS
in
respect of TOVf*. is shown in fig.l, which
compares the accuracy
of
temperatures
profiles in
the
case
of
cloud--free
atmosphere. It can be seen that the main
benefit, is expected around the tropopause
and, above all, in the stratosphere, in
spite of the absence of SSlI. However, the
main advant.ige of ATOVS is shown in fig. 2,
which compares the ATOVS performance with
the performance of AMSfJ as stand-alone,

— AKSCT
HlRStMSU

1E-3.

HMS Error IC!
Fig. 2

TRHB- Error [C)T

RHS Error (C)

ATOVS v/s AMSII comparative accuracy

Fig. 3 -• ATOVS v/s a spectrometer (HIS)
representative of what can be achieved even
in a cloudy atmosphere.
The expectation from ATOVS is therefore a
sharp improvement in coverage and some
improvement in accuracy, particularly in
the stratosphère.
5.2 The GOES-next sounder
Taking
advantage
of
the
three-axis
stabilisation foreseen for GOES-next, now
to be launched in 1993, a true sounding
radiometer of the IIIRS-2 type will be
embarked, with 19 channels, optimised for
low-troposphere temperature and humidity
sounding, most useful
for
instability
monitoring.
This
is
achieved
by
increasing the number of window channels (5
in the infrared, one in the visible) and
placing more channels (4) in the 4.3 micron
band, which is the most sensitive to high
temperatures (i.e. near to the surface).
The IFOV will be 8 km s.s.p., capable of
scanning, for instance, a 3000x3000 km2
area each one hour.
6.

1

THE NEED FOR HIGHER SPECTRAL RESOLUTION

Although the advent of ATOVS will somewhat
improve the accuracy of satellite sounding,
particularly in cloudy areas and in the
stratosphere, and also accounting for the
expected improvements in four-dimensional
data assimilation, most experts nowadays
agree that the requirements of the years
2000 for satellite sounding will not be met
with the present instrument technology*
Fig.3 shows which sort of improvement the
user would like to
see
in
sounding
accuracy. In the figure, ATOVS is compared
with a high-spectral-resolution instrument,
HIS (see later in the text), which shows a
sharp halving of the r.-m.s. error at all
altitudes in the troposphere, as well as a
substantial
improvement
even
in
the
stratosphere, where ATOVS (thanks to the
AMSU-A component) has
very
acceptable
performances.
About 1 K
accuracy
is
expected in the
troposphere
and
low
stratosphere, and 0.5 K is possible in the
low troposphere under fovourable conditions
(oloud-free).
To be
noted
the
very
remarkable improvement near to the surface.

If'
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VERTICAL RESOLUTION
OF CURRENT ANO PLANNED
SOUNDING WSTMMENTS

Fig.5 - Line sampling at different spectral
resolutions and corresponding sharpening of
the weighting function
r-
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Fig.4 - Comparison of vertical resolution
of various radiometers v/s a spectrometer

1

The limit of satellite sounding accuracy is
associated to the limit of the vertical
resolution, which is determined by the
broadening of the weighting function of the
radiative transfer equation across
the
atmospheric layers.
Fig.4
shows
the
improvement
of
vertical
resolution
corresponding to the improved
accurac/
indicated in fig.3. It can be seen that
the HIS spectrometer
has
a
vertical
resolution of 1 km in the low troposphere
degrading progressively to 2 km in the mid
troposphere and
3
km
in
the
high
troposphere and low stratosphere.
In any
case, is a half of any infrared radiometer
at any altitude, and substantially better
than AMSU in the stratosphere.
The broadening of the weighting function is
an effect of the
instrument
spectral
resolution.
With reference to fig.5 (upper
part), it can be
observed
that
the
absorption lines of C02 have an approximate
spacing of some 1.5 cm-1, in both the 15
and the 4.3 micron bands.
We have seen
that the spectral resolution of HIRS-2 is
about 16 cm-1 in the 15 micron band (i.e.
700 cm-1) and 23 cm-1 in the 4.3 micron
band (i.e. 2300 om-1), which means that
10-15 lines are
averaged
within
one
channel, possibly of different intensity,
and alternated with low-absorption areas
which allow surface radiation to penetrate.
As a result, the thickness of the weighting
function, defined e.g. as In(pl/p2), where
pl and p2 are the pressures at mid-peak
(see fig.5, bottom part), is rather large
(in the figure is quoted as 1.0, valid

for the 4.3 micron band; for the 15 microns
a better value would be 2.4).
If the speotral resolutio.1 is a fraction of
the line sampling,
which
requires
a
spectral resolution better than O.1% as
compared with about ï.% of the present
radiometers, the weighting function becomes
narrower. In fig.5 (bottom part) we see
that In(pl/p2) reduo.es to 0.7 (it would be
1.7 for the 15 microns, representing the
same fractional
reduction).
Improving
again the spectral resolution by an order
of magnitude, i.e. 0.01%, the weighting
function further narrowers, but only to
0.6, which is a too modest improvement as
compared with the effort.
However, this
high resolution is useful to handle with
nearby lines of very different intensities
(the weaker tends to be distorted) and,
above all, to detect weak lines from tracé
gases in the wings of the main lines. This
is particularly important in the 3.4 to 5
micron band, where tne structure of the COE
bands is rather complex, and a number of
trace gases are present, including 03, CH4
CO and N20.
As a conclusion of this paragraph, it
emerges that, in order to improve vertical
resolution and
accuracy
of
satellite
sounding, we need to replace the present
radiometers capable of some 1% spectral
resolution, with spectrometers of at least
0.1%
spectral
resolution,
possibly
approaching the 0.0156 in the 3.4-5 micron
band to deal with spectral contamination
and to observe a few relevant trace gases.
The 4.3 micron
band
is particularly
important thanks to its high sensitivity to
temperature variations (signal proportional
to TT13 to be compared with TT4 at 15
microns and simple T in the microwaves),
which sharpen
the
weighting
function
particularly in the low troposphère.
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7. INTEKKEROMETER AND GRATING SPECTROMETERS
We have alread seen that, at. the beginning
of tin- satellite sounding experience, the
fir Kt, iriritrumc.Tit.u to h'; used were f>ll£f>» a
«rating si-Miutronieter, an.i IRIS, a Michelson
interff-roraetei, both
with
a
spectral
resolution of 5 cm-1. Due to the length of
t.he Kp»«,trrtl range in
which
we
are
interested, from nearly 3 to 16 microns,
other types of Hpectromett-.rs arf< rviletl out
(the grating itself cannot be used if the
longest wavelength exceeds 2 ?..2 times the
shnrt»st: thus at least two gratings must
be used in parallel, one for the short-wave
part of the spectral range, one for the
longer waves).
30 year.'; later,
again
interferometer and grating spectrometers
w i l l be in c'imp&titiori, this L i IKK for a
resolution one order of magnitude better,
i.e. 0.5 crn-1, IFOV not worse t.han what
already achieved with IURS (18 km) and
swath not worse t.han AMSU (2230 km).
This
paragraph
shortly
reviews
the
characteristics
of
both
types
of
spectrometers.
V.I The Michelron interferometer
In
t.he Michelson
interferometer
the
radiation beam is split into two parts, one
following a fixed path, the
other
a
variable path as a consequence of a moving
mirror. Roth beams are refocused on the
detector, thus all wavelengths at any time
are simultaneously present on the detector:
however, as the path difference varies with
time as a consequence of the motion of the
moving mirror, s monochromatic radiation
would give as output from the detector a
sinusoidal pattern of a proper wavelength.
The composit.e output of t.he interferometer
represents therefore the Fourier Transform
of the incoming spectral radiation.
This description already enlightens the
main advantage of the interferometer, which
is the
unsurpassable
throughput:
all
spectral channels are observed at t.he same
time by means of a single detector (in
principle). There is no time sharing of
the detector among the different channels,
as in filter-wheel
spectrometers,
nor
dispersion of the various wavelengths in
t.he focal plane to separate the channels,
as in the grating spectrometer.
As all the radiation from an IFOV is
focused in a single point of the focal
plane, the other points can be used to view
more IFOVs at the same time, by deploying
a detector array, thus further increasing
the throughput. It is however possible to
keep the number of detectors so low as to
allow for passive cooling, provided that
the achievable temperature (some 100 K) is
sufficient for signal to noise purposes.
One general problem with spectrometers is
their limited beam divergence acceptance,
which prevents t.he use of large optics
aperture to collect more energy in the
spectral channels to compensate for their
narrowing when higher spectral resolution
are
desired.
In
the
Michelson
interferometer this limit is determined by
the nf-ed to
T/rfVfrit
that
the
path
difference between a straight ray and an

inclined ray of
the
same
wavelength
introduces an error equivalent to
the
desired spectral resolution.
It can be
shown that the acceptable beam divergence
is proportional to the square root of the
percentage spectral resolution Av/ V ,
The spectral resolution' of the Michelscn
interferometer is determined by the number
of waves scanned by the moving mirror.
If
the maximum path difference is D, the
resolution
(in
wave
numbers,
after
apodiaation) is Aw = 1/D, i.e. independent
of if. This means that, if the spectral
resolution is set to 0.5 cm-1 as requested
by the 1.5 cm-1 spacing of the C02 lines,
the resolving power ( if /A V)
will
be
optimal (about 1300 in the 15 micron band)
for temperature profile, and good enough
(over 4000 in the 4-5 micron band) to
provide useful information on trace gases.
As a counterpart for all these advantages,
the interferometer places some challenging
items in construction (need to compensate
for satellite motion, as the Earth scene
must be steady during interferograrn taking;
a full laser-based sub-system for alignment
control and inter ferogratn sampling,...),
and severe impact on data rate, unless the
int.erferogram
is
converted
into
the
spectral domain by on-board processing.
7.2 The grating spectrometer
Tn the grating spectrometer,
the beam is
addressed on a grating disperser which
séparâtes the various wavelengths
in the
focal plane under different
difraction
angles. Each resolution element (channel)
is defined by a detector placed in the
appropriate point of the focal
plane,
aligned along
an
axis.
The
second
dimension of the focal plane could in
principle be used for viewing more IFOVs
in parallel, but in practise one is obliged
to use it for viewing different parts of
the spectrum under different diffraction
orders, in order to have a more compact
focal plane.
This already enlightens the main problem of
the grating, which needs as many detectors
as the number of desired spectral
channels
(in our case, many thousands are required).
This implies the availability of CCD's
(Charge Couple Device, a linear or matrix
array of detectors which use the same
electronic chain in time sharing) and, in
any case, active cooling.
Another
problem
with
the
grating
spectrometer
is
the
acceptable
beam
divergence. This is limited by the need
that the inclination of rays must not
exceed the angular
displacement
which
corresponds to the spectral
resolution
element (which is just identified through
an angular diffraction). It can be shown
that the acceptable beam divergence is
proportional to the percentage spectral
resolution. This is a great disadvantage
of the grating versus the
interferometer
with increasing resolution, as in the case
of the grating the optics aperture must
decrease in proportion, whilst in
the
interferometer can decrease only with the
square root.
At the required spectral

<
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resolution of O.1%, and for instrument of
comparable performance and size, there is
already an order of magnitude in the size
difference of allowable optics aperture:
for instance, if it is 6 cm in
the
interferometer, is less than 6 mm in the
grating
spectrometer,
with
obvious
consequences on the signal-to-noise budget.
It is feasible at present to
compensate
this by exploiting the active cooling to,
e.g., some 50 K, to improve
detector
efficiency, also accounting for a more
favourable distribution of the photon noise
from the spectrometer itself which, in the
grating, is spread over more detectors
instead of being focused on the single one
of the interferometer.
However, should in
future
appear
that
higher
spectral
resolutions
are
needed,
the
grating
spectrometer will be ruled out.

The two instruments havo very similar
specifications as concerns the specti-al
interval, the spectral resolution at 35
microns, the radiometrio accuracy, the IFOV
and
the
swath.
The
interferometrio
approach allows IAKI to have a better
spectral resolution in the 4-5 micron band,
for better trace gase detection; passive
oooling is
F;uff icient,
but
intensive
on-board processing is necessary to limit
the data rate. The grating approach has
been adopted for AIRB with the intention of
producing an instrument
"Ptimiaed
fur
operations; its implementation requires the
use of CCD's and active cooling, but data
rate problems are minimal.
The European
approach privileges the flexibility in ust-,
and the growth potential in case higher
spectral resolution become necessary in
future.

The spectra] resolution of the grating is
determined by density and number of rules,
and is constant in percentage (.UV/jJ),
thus changes with the wavelength. If it is
0.5 cm-1 at 15 microns, becomes 1.7 orn-1 at
4.3 microns, thus becoming marginal for
trace gase detection.

In the following chapter, the IASI projec t
only will be .!escribed,
as
thn
two
instruments will at. the very end providffor the same mission. The purpose-? ..f this
desr-ript.ifin will not he technical
(for
this, another paper in these t.arne Munich
ISY Proofed ings is available), but rather
oriented to show to fche reader hnw the
mission feal.ures are implemented.

On the other hand, a grating spectrometer,
once the enabling technologies have been
developed (e.g., CCD's sensitive up to some
16
microns,
long
life
time
active
cooler, . . . ), is
a
much
more
robust
instrument
than
an
inter ferome;ter,
particularly in respect of stability during
the launch phase.
The data
rate
is
determined by the
desired
number
of
channels, which do not necessarily cover
the full spectral range and, in any case,
is low enough as not to require on-board
processing.
7.3 Existing projects
Hoth
interferometer
and
grating
spectrometers have been flown in the past,
although operating at
ooarse
spectral
resolution (furthermore, SIRG was actually
used as a radiometer, as only 8 and 14
channels were selected, respectively on
SIRS-A
and
SIRS-B,
because
of
the
unavailability of CCD'r, at that time).
The present experience has
airborne models, as follows:

started

with

* AMTS (Advanced Moisture and Temperature
Sounder), a grating spectrometer being
flown by NASA Jet Propulsion Laboratory;
* HIS
(High-resolution
Interferometer
Sounder), being flown by the University
of Wisconsin under NASA contract.
The current projects for satellite models
follow
both
the
grating
and
the
interferometer approach. They started in
1988 in view of a launch in 1998:
* AIRS (Atmospheric Infrared Sounder), a
grating spectrometer being developed by
NASA for flight on EOS-A;
* IASI
(Infrared
Atmospheric
Sounding
Interferometer), being jointly developed
by the Italian and French space agencies
(ASI and CNES) for flight on ESA POEM-I.

8.

TFiR I A31 PROJECT

The
Infrared
Al.rrcosplier if
•">< >und i rig
Intet fe-.rometor (IA.TI)
if; an
AoI/CNEf.
project for the development i,f an improved
infrared sounder to be flown first on the
ESA POEM 1, currently scheduled for launch
in 19.95, .'ind later ijn the
< iper.it ional
EUMKTSAT Polar System
(EPS).
U
ifintended to be flown in associât inn with
the operational microwave sounder (AMKH-A
and AMSU -B) and with the operational imager
(the r-volution of AVHRk), for supporting
information necessary to deal with the
flfjud problem. Ir, the first flight.(s) it
will not replace HIRC, which will }>,-. useful
for continuity and assessment rea;;.,ns.
8.1 Misuinn objectives
The primary objectives of IASI are:
* improved
atmoypheri a
sounding
of
temperature and humidity on a scale of SO
km; in the low troposphere the vertical
resolution should be 1 km, and
the
accuracy 1 K (température)
and
10%
(humidity) ;
+ monitoring of column- integrated oontenl.K,
on a scale of 100 km, of the following
species: 03 (with possibly low-resolution
profile), CO, CH4
and
N20;
target
accuracy: 1O%.
The instrument concept will allow pursuing
the following ancillary objectives;:
* surface température on a 20 km scale with
accuracy of 0.5 K (sea) and 1-2 K (land);
* spectral dependence of the emissivit.y
eloudr; and underlying surfaces.

of

Although there are two priority oh jerrt.i ve;;,
the instrument concept is driven by the
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operational temperature/humidity sound ing
mi T;;; i un,
without.
however
attempting
aptirni::a1.itin in that direct,ion, which would
prevent the achievement of
the
other
oh jecti VHK.
Operational speci f ieat.ioriK
In order to fulfil
its ubjeetïves, IASI
w i l l extend its spectral range from 3.4
murons (CIM band) to IB. 5 microna (COK
Q-branoh).
In wave number units, this
r <irre;;ponds to t.he interval 64Fi- 2940 ora 1.
The npeotr.il resolution is 0.5 cm 1 after
apod i::at ion (or O. 2i> OHI- 1 unapodiB^d) .
If
.1 "channel" is defined -tfi the
unapodised
Kamplitig element .if t.he spectra] range-.
thi:: involves about 9200 channels.
The rad i nine-trie ai curacy must be 0.2 K at.
•/;8O K f«r :;pe-.'tr;.l intervals of O. Fi cm-1
width (the 0. 2 K f'u'ure it; generally set as
tin; l i m i t . of the
"!,-peotrosoopic noise"
ch-rivintT from riur limited know] edge of
!,-per-t rosoopy ) . The 0.2 K accuracy at 0.5
'•m 1 in I ' rval s ii; mandat.ory at 14 microns,
but
'.'"!1'I bi relaxed ti intervals of 1.0 cm-1
a t f! rn J f T' if: and
1 . fi cm 1 at 4 microns.
Thir rail i n m e t r i <• cal i b r a t i t n must have an
absolute M o c i i r ai-y of 0..', K at. 280 K, and
a
r e l a t i v e accuracy (between any couple of
o h . - i t i m - l K ) of O. 2 K.
The SJ.T '< -t.r al
cal i b r a t . i on must be
rriorf^
accurate th-in 0.0! i - m - 1 ( i . e .
t h e central
wavelength of
a channel must, be known
w i t h i n 4% of thi* i.-hannel w i d t h ,
whii:h
is
O. 2,'i i-m ] ) .
The
f:r.-?inni r ï rnec-'Fiani^rri rnu.st. all(.iw r^asy
r e f e r e n c i n g of the IAGI
IFOVs to
AMGU-A
IFOV';;. t.hufj

1

* Bwath' 2230 kin, aoanned every

R s;

* :iO d w e l l p u s i t - i o r i K Kfsparatod by 3.3 deg. ,
i . o . about 4.0 kiii at s . s . p . , w h i c h in t;he
TKOV of AMSU A. R e f e r f - n r a n g w i t h AMSU-- B,
w h i c h i.L; i-oupled to AMÏ5U--A, is a u t o m a t i c .
ThR IFOV niusjt. In- comparable i.o that one! of
H I R f i - 2 , i . e . 18 km. T h i n i m p l i e s that, on
f-ach d w e l l
posit. ion rnat.rhine" t-hr- AMSH-A
IFOV, an a r r a y of 2x2 or 3x3 IA3I
IFOVs
rnufit. be observed in p a r a l l e l .
There must be a f a c i l i t y to p r o v i d e
for
cic-i. urate uo-rogi Rtrati on of
IASI
IFOVa
w i t h AVHRR imagery.
This could be
a
high - r é s o l u t ! on imaging channel
embedded
into
the
sounder,
with
spectral
character i;;ti OK s i m i l a r to one of the AVHRR
channels.
The resolution of the re-mapped
AVIIKR image i n t o the
IASI
geometrical
projection must be 2 km.
3.3 Outline design
After completion of the Phase-A study, the
[AoI design confirms the feasibility of all
operati onal speei fi rati ona.
The AMGIJ A type scanning is performed by a
scanning mirror which steps and dwells,
also compensating for the satellite motion

I

during dwell. At each dwell position, 4
IFOVs are viewed in parallel, 18 km wide
and 22 km spaced.
The telescope aperture is 60 mm.
The
Michelson interferometer handles a beam
dia^stfsr of 80 mm, and the moving mirror
taki-s double-sided interferograms with a
maximum pat.h difference
of +/- 2
om.
Corner cube reflectors reduce
sensitivity
t.o tilt..
The source?
for
controlling
alignment and sampling the interferogram is
a frequency-stabiliaed laser-diode.
In
order
to
optimize
the
detector
performances,
the
beam
after
the
interferometer
is
split
into
three
sub beams by means of dichroics, defining
the following three bands: 3.4-5.0 microns,
FI. 0-9. O microns and 9.0-15.5 microns.
The
three sub-beams are then re-focused
on
three sets of 2x2 detectors.
The 0.2 K
accuracy over 0.5
cm-1
intervals
is
achieved through all the spectrum, with the
exception of the interval 3.4-3.S microns.
Cooling of detectors and back-end
optics
(cundewjers and filters, which are the main
Kourt:pK of photon noise?) down to 100 K is
ennureii by means of ft passive radiator.
The) embedded imager for cross- reference to
AVHRR is a single channel in the 3.5-4.0
mit ron wirideiw.
It. is fed by a 20 mm
telescope looking through the IASI scanning
mirror, and observes t.he full 50 km field
of view of the 2x2 sounding IFOVS's by
means t*f a 328x128 matrix CCD array,
i.e.
an IFOV of 400 m (which can be averaged if
found redundant to t.he purpose).
On-board processing is performed to reduce
the: data rate by an order of
magnitude.
Fast Fourier Transfonn ic applied
and
spt?ftra
are
calibrated.
About
9200
spectral channels, corresponding
to the
nnapodJKfjd resolution od 0.25
cm-1, are
obtained, for a final data rate of 1.5
Mbps.
It. will be a task for the user on
the ground to perform the apodization he
wishes, reducing the number of channels to
4600.
The masu of IASI is estimated as 76 kg, the
volume 1.0x0.9x0.6 m3, and
the
power
requirement 1S3 W.
n.

CONCLUSIONS AND OPEN QUESTIONS

The advent of high spectral resolution will
potentially improve accuracy and vertical
resolution of satellite sounding,
thus
restoring its impact on NWP and nowcasting.
At the same time, spectrometers
like IASI
and AIFiS will provide important information
for monitoring the climate system, through
their ability to detect a number of trace
gases,
to
characterize
the
surface
omissivity and to study the interaction of
clouds with the radiation field.
Though
not optimized for the chemistry
objective,
the meteorological improved sounders will
be
the
only
instruments
providing
observation of tropospheric trace gases in
the infrared, because of
their
nadir
scanning as opposite to the limb scanning
mode of the other infrared spectrometers,
optimised for atmospheric chemistry in the
stratosphere.
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However, 1f r e t . r i eve the best (.ut. uf
the
i n f o r m a t i o n put.mti.-il Iy a v a l l a b K - i n hi/ill
spectral
i • M i J u t Jon,
improved proof;.:: infi
methods w i l l !,.1Vi- to
bo dev,- !. >pe.l.
The
challenge is
not
uni.,
Io Imtidlc
'IfiOO
cb.innels ( I A " D .T ntiOO ( A I B S )
instead of
','.O ( H I R y H).
The i cal problem is t h e u;.ua 1
one foi
infrared
observât ions,
i . e . UHJ
cloud'.;, w h i c h can u n d e r m i n e t h e p o t e n t i a l
b e n e f i t of
improved spectral
n;.solution.
At Die seal. of
the
sounding
IKOV si:-;e.
i.,.-. 20 km w h i c h c..,uld
be redu...-,! to IO
wi I.Ii
Slim.
t . r a d e off
against.
other
pi-rformatii'e.-i
(e.g.
spectral
and/or
rad iometr ic n-s, . l u t . i o n ) ,
cloud f i ee areas
prolj.ibiy du nut
e x i s t , and,
however, one
never knows w i t h c e r t a i n l y .
Th.
knowledge
uf the i.-lou.l f i e l d ( o i
the
holes
between
the i I i H ids)
r i < i u i r e s reso hit jons
in
the
of 1 '?. km, w h i c h can only lie achieved
Tiif; c ' i u u . l f i It.cririj; t.cr-iVitiiqia'H wliicli HÎWFbeen developed MO far
Imvi- always been
d i f : a j ' p < i i r i t . i t i ( ; , and i !iti be regarded as
a
major 1 irail-.-utiou in thé souiuliutf anuurauy.
The h i g h l y t f d u n d a r i t i n f d r m a t . i o r i which
is
coiitairieii in np>jot,roni>-trii; .l.iUa i'an be iiKed
l u better i l ( - K c r i h f ; t.hc i - l . i u d
finit! and
h.Htidle w i t h it, rather than a t t e m p t i n g to
f i l t e r i luuds t.liroii(fh d i n p u t a V i l e p h y f i i c H l
nnnumpt L D I I K .
Tile
emissivil.y
estimates
through 'the Iart?e number uf v/indow» and
water vapour ohannelR d i s t r i b u t e d alone Uie
spectrum, and the top- heighl. ^Ut-InIa - I-(JS frrirn
weak C02 abriorption
lines; w i l l
a l l o w .1
t.hi ce d i m e n s i o n ^ ] v i e w (if t.hc cloud
field.
Co-processing w i t h mii;rowavi» Bounding data
to get an approximate ,*]<md-free
profile,
and w i t h rnul t i s p e o t r a l images to get
..-louil
irif orrnat i on such as- fractional
ouverfige,
uloud class i f ioat ion
and
Lop
surfaire
t.fimpfrature, is the way t.o f o l l o w .
In
the
IASI p r u j e o t , c o - r e g i s t r a t i o n w i t h AMSD and
AVHEB
(through
the
embedded
imaging
c h a n n e l ) w i l l ensure that, for each SO km
processing base, the f o l l o w i n g
information
( p i x e l s ) w i l l b e a v a i l a b l e (see f i g . 6 ) :

Kig.fi

- I n f i ii'ina t i on

pi » JCC.'iS

in f.O km

1

AMSIJ-A ( I F O V 4Ji km,

IJi c h a n n e l s ) ;

•t

:i*3

AMKU R ( I K O V Hi km,

.'i c h m i n t - l f ; ) ;

+

2x2

IAlU

*

* 2JJxK!i AVfIKR

( IFOV IS km, 4600 oh.-inneln) ;
(IKOV

?. km,

7 charme] ,; ) ,

tu be (;i imp lamented b / the f i r s t guess
from
the,- 'I d i m c r i E i i i ' i i a l
;.ss i mi ]« l.i on
raudel
and
c
supp.irtf.il by phy. ;ii;.il ruuilels a p p r u p r iate to
a cloudy r a d i a t i v e ;itmof;phej-f".
The e f f o r t of techno logy to provide for the
i i«IitiiV(«l instrumentât i < TI w i l l
thert-f ure
hav..- to be sided Ijy a comparable e f f o r t
in
the physical and mathematical
model ing
to
develop improved methods for data analysis,
capahlc of tfxl.ractirig and e x p l o i t i n g all of
the i n f o r m a t i o n
p o t e n t i a l l y a v a i l a b l e in
high r e s o l u t i o n sound i rig . The eha] If.-ntfej if:
erefore not only on technolcjgy,
but
in
science as we] 1 .
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Use of AVHRR-derived cloudiness and
precipitation in operational weather forecasting

and in model studies
Karl-Goran Kailnon
Swediih Meteorological «ad Hydrologie»! Institute
S-601 76 Nonfcoping, SWEDEN

ABSTRACT
A multifpectnl cloud classification «Igorithm has been in
operation*! UK «t the Swediah Meteorological and
Hydrologies! Inatitute since 1988. It u a thresholding
technique uiing 6 feature* derived from the original AVHRR
data *et together with geographical map information and
objective temperature analyaef. Companion! with fummcitime
hourly cloud observations at synoptical weather stations have
shown RMS errors in the range of 2 and 3 octas and mean
errors near -1 octa for the total fractional cloud cover. Best
agreement has been found for high sun elevations and high
satellite elevations. Problems have been encountered at sunrise
and at sunset, especially in winter and in situations with low
satellite elevations for cases with anisotropic reflection.
Work is now focused on developing methods to utilize the
derived cloud information in objective analysis schemes.
Keywords: Operational cloud classification, AVHRR, SYNOP
verification.
1. INTRODUCTION
Satellite imageries from the AVHRR (Advanced Very High
Resolution Radiometer) instrument on the NOAA polar
orbiting satellites are today established as an indispensable data
source when monitoring the cloud and precipitation situation
in operational weather forecasting for countries at northern
latitudes. The main reasons are the good horizontal resolution
of the images (about 1 km at the sub-satellite point) and the
wide area! coverage (approximately 2800 km swaths). The
time resolution of data is also rapidly increasing when moving
towards the Artie regions.
Several studies hwe shown (e.g. Reft. L1 2 and 3) that each
AVHRR channel can provide useful information about cloud
types and surface characteristics. However, only a minor part
of the full AVHRR data set has for many years been available
to the forecaster in real time, mainly due to technical
limitations of the computer systems used for visualization of
satellite imagery. The fast evolution of computer technology
in recent yean has resulted in new efforts to improve the use
of multispectral AVHRR data. This has been done in two
ways: by changing to multispectral presentation methods and
by introducing multispectral processing algorithms providing
qualitative cloud and surface type analyses.
This paper presents the experiences from the change to a more
multispectrally oriented use of AVHRR data at the Swedish
Meteorological and Hydrologies! Institute (SMHI) during the
last five years. The major part of the paper discussss the use
of an operational cloud classification model based on all five
AVHRR channels. This model has been available to

forecasters since 1968, both at central and regional forecast
offices. Results from comparisons with hourly synoptical cloud
observations are shown and the strengths and weaknesses of
the method am discussed. Multispectnd presentation techniques
are also commented as well as the future potential of using
multispectrally derived cloud and precipitation information as
a data source for regional r-imerical weather prediction
models.

2. CLASSIFICATION MODEL HISTORY
The idea of an automated analysis of AVHRR data, based on
digital image processing methods, was first proposed in a pilot
study by Liljas (Réf. 4) where a daytime analysis method
based on three AVHRR channels was demonstrated for some
case studies. One important conclusion was that, although
more objective classification methods do exist (e.g. bused on
clustering techniques), only a supervised classification can be
useful both for use as a tool in operational weather forecasting
and as a means for creating quantitative analyses suitable for
e.g. numerical weather prediction models. It was also stressed
that access to the trained eyes of very experienced human
analyzers was crucial when developing interpretation
algorithms. This can be understood by the fact that usable
ground truth information very seldom is available, especially
if studies covering long periods are required.
The following years much effort was put into the teaming of
spectral signatures of all kinds of clouds and surface types
under all possible conditions. A database was built (which still
is expanding) structured to cover all differences in illumination
conditions, seasonal changes and satellite numbers for the
various classes of interest. Class samples were defined and
stored by experienced operators using * specially designed
training system. The operator used ail available cloud and
precipitation observations from different observation sources
during the training sessions.
The database studies resulted in a proposal to create a
classification model depending on discrete sun elevation
intervals, seasons and satellite numbers. The model should also
be able to treat a varying set of classes depending on their
separability in different conditions. Furthermore, a rough
dependence on air mass temperatures was desirable because of
the frequently varying weather situations within seasons. A
fuit prototype based on a maximum likelihood claasifkr, with
a structure originating from the listed ideas above, was
presented by Karisson (Réf. S). The difficulties in defining a
complete consistent statistical description of all clesata under
all possible conditions (necessary for the success of maximum
likelihood methods) lead finally to the definition of a
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ChI - Ch2
Land mask
ChS - Ch 4
Ch4
Ch5 - Ch4
Texture Ch4 (SxSpixels)

Ustd classification ftatures.

npfcr thresholding alga a, man suitable
for operational execution. The model WM implemented
operationally tat SMHT daring Mtwnn 1918 tad
modification* have been introduce
3. PRESENT STRUCTURE OF THE CLASSIFICATION
ALGWTTHM
The mort significant feature* of the daasification algorithm
will be diicuieed briefly in IhU section. A complete
detcription can be found in Réf. 6.
The clauification method make* me of data from all five
AVHRR channel* at maximum horizontal naomtion (at beat
1.1 km) and claanfiet AVHRR ICMM* in two aieai covering
Sweden and parte of the surrounding countriei. A total of 7
image featuret aie derived for the clarifier and they aie
ahown in tab. 1. The main life of each feature can be
I as follows:
Featwel:

Daytime separation of cloud and anow area»
ftom land aurface*. Used tightly together with
feature 4. Important also for qualitative
precipitation and stratu* analyses.

Feature 2:

Daytime aepantion of land Krfacei with
vegetation from tea i •at during daytime. Alao
important for enow and tee separation.

Feature 3:

Geographic map wed for land-sea separation
during night*

Feature*

Separates all cloudi from land surfaces during
daytime. Indicates all water droplet cloudi and
thin ice cloudi at night. Important for
qualitative precipitation and atratui analyser

Features:

Separate* the main cloud groups Low, Medium
and High clouds. This is done by comparing
derived brightness temperature* with current
temperature* at the 700 hftt and 500 hPa level»
(computed as aieai means from objective
analyses). Important for qualitative
precipitation analyses.

Feature*

Separates) thin cloudi (especially Cirrm clouds)
from thick cloudi. Thui alto important for
qualitative precipitation analyse*. Thii CMOUC
ii abaent for NOAA-IO.

1

Open m

2
3
4
5

Ntw Ke without mow
SKOWCOVCT
Winterforeit
Land (mow fr«)
Mût over land
Mût over sea
Fo(/Stratu
Stratocnmnlu
Small cumulai over land
Small comulu» over Ma
Cu confcstvi over land

e
7
S

«

10

11
12

Cu conf eitus over tea
Small cumulonimbus
Extensive cumnlonimbus
ie Altocnmulus/altostratns
Nimboitratoi
17
Thin cirrui over land
IS
Thin cirms over sea
19
20
Cirrus over low clonds
21 Cimn over middle cloud*
Thick ciirostratH
22
Sunilint
23

13
14
IS

Table 2.

Drfiud cloud and surface classes.

Feature 7:

Separate* cloudi with high mall scale texture
(e.g. Cumnhii and Stntocumului cloudi) from
cloudi win low email wale texture (e.g.
Stratui cloudi). Bated on a local highpaii
filtering technique»

Tab. 2 ahowi the doud and surface clanei Mprated by the
method. Karkwon and Liljai (Réf. 6) presented a
comprehnMive oafcnaaion of the radiative propertie* of the
clasen of interatt and explained the importance of the different
feature! for varioui claim and varying classification
conditioni.
Th* season (one of the set 'Summer, Spring, Winter,
Autumn'), the cunent wn elevation (determined by me valid
wn elevation interval - one of 12 defined inlervali - in me
cent» of the art*) and the aatellite number determine which
version of the claaaificaiion algorithm that will be applied on
the current scene. Thui, 12 different algorithm venioni are
used for each satellite and for each seuon. Hg. 1 shows the
typical hianicial algorithm structure when applied on daytime
AVHRR data. The moat important threritokl leata are indicated.
Thediffe,
i bet* ithe various venions can be large. For
example, each cloud ckuw U examined with two alternative
optioni for very low «un elevation* (near sunrise/sunset):
iHnminated (tun above horizon) or not ilmminated («in below
horizon or in ahedow). The uaed threaholdi for each clan have
been detcrmkwd from the clan database «udiei by using the
collected statistics (mean vectors and covariancea) of the
spectral signature*. Threshold! have been defined manually but
ina<
Some classes are not very appropriate to describe with
hyperboxei in the 7-dimeniional feature space (sample
statistic* show hyperellipioidi). A partition of certain classes
into lèverai hypeiboxei have thus been done to partly
compensate for mil. Furthermore, special cloud classes have
been divided into lubclasses related to qualitatively interpreted
cloud thicknesses (for Stratus clouds) or precipitation
intensities (for Nimbostratus cloudi and Cumulonimbus
cloudi).
4. USE IN OPERATIONAL WEATHER FORECASTING
Th* mulling classification image» are preeented a» pfeudocokMiied imagei for the foncaater. Several different wayi of
presentation can be choaen according to the main interest in
each specific situation. The available optioni are the following:
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Figure 1. Simplifiai structure for clasjifur. Albedos are denoted A ami brightness temperatures T. TEX. is a texture feature.
Index = AVHRR channel number.
•)

Cloud chMMcatkw
Cloud type* «nd surface type* aie shown in various
coloun.

>w

t
b)

Précipitation ualyiis
All precipitating cloud typet are emphasized where
different qualitative precipitation intomitiei (light,
moderate and heavy) are ahown in yellow and nd
coloun.

e)

Stratus analysis
Low cloud» are emphasized and cloud thkbten
catégoriel are indicated by different coloun.

d)

Cumulus donds
Convective cloud* are highlighted in different coloun.

e)

Ice and now analysis
Snow and ice areat are highlighted in different coloun.

The forecasters at the central office in Nonkoping «nd at some
of the regional office* have also access to the original image
information together with the classification images. This means
that me forecaster has a possibility to critically assei* the
quality of the classification. Seven! occassion» have shown
that cloud edge* can be detected more easily by the tnined eye

than by automated cloud analya* methods. This occuns when
classification condition* are unfavourable (e.g. at
ninrise/soniet). On the other hand, many situation* at night
favour the classification image when it concerns the detection
of low clouds. The small brightness temperature differences
are difficult to observe in the original images but are easily
detected by the classification algorithm. One can thus conclude
mat both the original image information and the classification
images should be used together. This also help* the forecaster
to improve the interpretation of the original images.
The presentation of satellite image information at SMm is
today largely dominated by the use of multispectnJ images.
Three 8-bit imsge layers (e.g. defining three original
radiometer channels) are combined to a 24-bit colour image
with red, green and blue colour components. Thii colour
composite technique substantially improve* the ability for a
manual discrimination of cloud and surface types in the
image*. Object* with spectral difference* in the three presented
radiometer channels appear* with different coloun in these
image*. One particularly useful combination is the composite
defined by AVHRR channels 1, 2 and 4 (as red, green and
blue components). This concept of using red and green colour
component* to present visible channels and blue for infrared
channels has also been applied to MEIEOSAT information.
NOAA and MEIEOSAT images tint aie close in time can
thus be compared with almost the same appearance. Another
important consequence is that the forecaster can quickly
alternate between only two multispectral images for the
presentation of all five AVHRR channels. A demonstration of
the pseudo-coloured classification images described above and

it

214
coiresponding multiepectral images m given by Kadsson and
Lilju (Réf. 6, chapter 7).
Multispectral images and classification muge* aie produced
and are «cccMible in nearreal-oime for a total number of 8-12
satellite passages per day. Cloud classifications on both «IBM
covering Sweden a» available at the central office within 13
minutM after end of reception. A tablet of the imafei aie then
tnnafened to regional weather office* and a ianfe of other
ciutomen on fail telecommunication lines (64 kb/s). The main
uie of the images at the central office if for. monitoring the
metoecale cloud and precipitation amiation. The main use at
the regional office* (mainly at airporti) is the delineation of
the local «cale Stratus cloudiness and the Cumulonimbus
activity. The image information has in bom cases been
integrated together with all other kinds of meteorological
image information (radar images, objective analyses, numerical
forecast fields, observations etc.) in specially designed
presentation systems.

situations when automatic cloud detection schemes completely
fail. Such occasions aie hopefully easily discovered when
comparing with ground observations.
A system for verifying cloud classifications against hourly
SYN(H1 and METAR has been developed. 12 stations in
different places in Sweden have been chosen where bom
SYNOT and METAR are reported (mainly at airports).
Observations within 30 minutes from every satellite passage
have been collected. The observations have been compared
with the results of Ae classification for circular areas around
each station. Only results from the studies of total fractional
cloud cover will be presented here. Total fractional cloud
cover JVM is computed by the expression

5. RESULTS PROM VERMCATION STUDIES
Development of automated classification algorithms requires
means of measuring the overall performance. Furthermore,
such a monitoring of the model performance should be done
continuosly to get reliable error statistics. As was mentioned
before, appropriate ground truth information about cloudiness
conditions is very difficult to find. The only observations that
•re available sufficiently dense in time are the manual cloud
observations provided by meteorological synoptical stations
(SYNOP) and at major airports (METAR). We can, however,
understand that there will be quite some difficulties when
comparing satellite estimated cloudiness with ground
observations due to the large number of possible sources of
errors. Some of these are: geometrical viewing differences
(perspective effects) between ground observer and satellite,
geometrical errors in me used satellite images, dark conditions
for the observer on the ground, overlapping clouds (some
clouds are hidden for both the satellite and the observer), time
differences between observations, treatment of thin transparent
clouds, etc. We can thus conclude tint results from suck
comparisons must be treated carefully. The main use must be
a gross quality check, not a computation of a very detailed
error statistics. However, we do know that there exist
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where
NU. = Low clouds in an area with radius IS km,
NUL m medium level clouds in an area with radius 15
km,
AW » medium level clouds in an area with radius 20
km reduced by N10.,
N11. " high clouds in an area with radius 15 km,
NHKL " Mgh clouds in an area with radius 20 km
reduced by Nn,
Nmti * high clouds in an area with radius 30 km
reduced by N1110. and Nn.
This expression has been derived in order to simulate the way
an observer on ground views the three categories low level
clouds, medium level clouds and high level clouds. Low
clouds are only treated within the area with radius 15 km.
Medium level clouds and high clouds are included on larger
areas. The coefficients have been derived by assuming
standard heights (4 km and 8 km respectively) for medium and
high level clouds and computing the solid angles that each
cloud type covers (as seen from an observer on ground) on the
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FI(Ve 2. SattUite dérivât total cloud caver (in octas) comporta wirt hourly STNOP observations. Summer 1991 (15 May to IS
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SYNOP cloudiness
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FIfWe 3 RMS error and titan error for satellite derived total cloud cover comporta to SYNOP. Same data set a* in Fig. 4.
those where we are able to lineady comet for geometric enon
in die satellite images due to defects of die automatic
geometric transformation. This was done by matching selected
coastlines in reference images from cloudfree situations with
the ciment scenes. Rg. 4 shows RMS and Mean enon for
satellite observations when sun elevations were higher dun 35
degrees and satellite elevations were higher than 70 degrees.
Here erron have decreased for low cloud amounts and for
totally cloud covered situations. However, the negative bias
still appean.

vuius uew. The principle of random overlapping lui been
applied.
Rg. 2 ramnurizei the muta for all collocated observations
from »H 12 SYNOP-station* for the rammer few» 1991 and
fig. 3 AOWI the computed RMS and Mean erron for die fame
data «et. The restriction that the time diifeniiee between Ae
Mtellite and SYNOP observation mart be limited to 20
minute* hu been applied here. We can Me that a large
majority of all satellite observation* ii within 2 octal compared
to SYNOP observations. This if quite acceptable when
coniidering that SYNOP observations may well have typical
enon of at leait one octa. It can alto be concluded that the
akill is beat for low cloud «mount» and high cloud amountf.
For medium cloud amount! the variation is large. Rg. 3 «hows
typical RMS erron of about 2 octai and a negative biai in all
cases except for very low cloud amotmti. Jt is especially
interesting to study die satellite observation! from conditions
where operational forecasters have subjectively experienced
very good quality of the produced classifications. This has
been the case for high satellite elevations and high «in
elevations. We can also restrict this subset of observations to

Summertime is of course the most favourable season for
multiapectnl analyse* because of die large spectral variability
due to the huge amount of reflected solar radiation. Wintertime
conditions often impose severe restrictions to die success of
classification methods. This is very clearly illustrated in fig. S
showing some results from die winter season (15 November
1991 - 15 Man 1992). Here satellite observations near
sunset/sunrise (sun elevations between -5 degrees and +10
degrees), with satellite elevation» below 45 degrees and for
conditions where the satellite is viewing die clouds towards the
low sun (satellite and sun effective azimuth difference of 135
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Upsrc 4 RMS trror and Mtan error for tatMu atrivtd total cloud cavtr compared to StUOf. Bttt pouibb MUlKu
conditions in JMMMCT (see HxI).
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Flgwe 5 MlS trror and titan «nor for satellite derived total cloud cover compared to SfNOP. Vont possible conditions
during winter (see UM).
to 180 degrees) are shown. Ih this case, die luge positive bus
is caused almost entirely by the enhanced (anisotropic)
reflection of solar radiation in thin clouds, hue and some land
surfaces. The overall RMS error* for the past winter season
(not shown here) were between 1-3 octas with a positive bias
(predominantly for cloud amounts below 5 octas) of around 1
oc ta.
6. DISCUSSK»4 AND FUTURE PLANS
The verification study is still in a rather early phase which
means that it is too early to make any general conclusions. For
example, investigations must be carried out in order to find if
the indicated negative bias (underestimation of total cloud
amount) above for summer conditions is a real fact. There is
a possibility that it is an artifact caused by either an
overestimation of the cloud amounts by the observer (often
stressed ai existing today) or by defects of the method used to
simulate a surface made observation from satellite data.
However, we do observe a significant increase in errors in die
verification data set for the situations that from operational
subjective experience have been reported as difficult for the
classifier. We can thus hope mat the verification system can be
used as a means of monitoring the effects of algorithm changes
in the future in order to improve results.
The verification data set will be studied in more detail in the
near future. The separation into different cloud types and
precipitation categories will be studied. Weather radar data will
additionally be utilized for the latter case.
The purpose of this verification study is twofold: to discover
(and possibly remove) errors of the present classification
scheme and to assess general error characteristics for satellite
derived cloud and precipitation information. The second aspect
is very important if we want to utilize satellite derived
information into analysis fields produced by objective analysis
schemes for use by numerical weather prediction models.
Experiments band on a direct use of satellite derived fields for
diabetic inUallzation have been initiated at SMHI (see Réf. 7).
However, the general strategy in the future must be to include
the satellite information into a mnltivariate analysa where
several dstCsrent data sources can contribute to the best
possible analysis.

Development of methods to utilize satellite derived information
in model studies will be done at SMHI in close connection to
the further development of a high resolution limited area
model (HIRLAM). This model is developed in cooperation
with the Nordic countries, the Netherlands and Ireland. Of
particular importance concerning the use of satellite data is the
implementation in a near future of a consistent cloud
parameterization scheme for HIRLAM (see Réf. 8). The need
for appropriate cloud and precipitation observations can for
this reason be expected to increase and satellite imagery data
may then be usable for numerical weather prediction, both for
verification purposes and for initialisation of cloud and
precipitation fields.
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ABSTRACT
The third generation WAM wave model in connection
with a wave data assimilation system was used to study
the radar altimeter during the calibration/validation
phase of ERS-I. The data quality control system in particular was applied to check the wind and wave measurements and provide input to ESA in real time. Extensive comparisons of model computations with ground
truth and satellite data were done.

stigated. Therefore chapter 2 presents the verification
of the WAM wave model forced by the winds of
ECMWF's T213 analysis with buoy measurements obtained during the second half of 1991. Chapter 3 describes
the altimeter processing, particularly the internal quality
control method. Altimeter wave heights and wind
speeds are compared with wave model results in Chapter 4.
It has to be mentioned that the purpose of this study was
to support the calibration and validation of the radar altimeter of ERS-I. Therefore the fast delivery products
used at the beginning of the campaign are not representative for the final quality of the satellite measurement.

2. THE WAM WAVE MODEL

t

i: INTRODUCTION
A special project was carried out at ECMWF in cooperation with 8 other European institutes to implement the
third generation WAM wave model into the operational
environment and to prepare the system for the use of satellite data. The overall objective of this project was to set
up a system which can operationally be used for global
wave analysis and forecasts.
This includes an on-line monitoring of the model performance by comparison with buoy measurements and satellite data and a wave data assimilation system in combination with an extensive data quality control package.
The necessary calibration/validation of a satellite sensor
requires large amounts of ground truth data which
should be distributed over all parts of the globe and
should cover the full range of possible events. Especially
the number of reliable wave measurements is very limited and because of financial restrictions, the set-up of
special experiments is only possible at a few sites. In
contrast to that model data are cheap and provide global
data sets for comparisons. Therefore the combination of
both seems to be an optimal cal/val data set.
Before model and/or ground truth data can be used for
this purpose, the error statistics of both have to be inve-

The wave model used in this study is the cycle 4 of the
third generation WAM model (WAMDI 1989, Gunther
et al 1991). The model is will be operationally applied at
ECMWF in 1992. It is forced by the analysed winds of the
Centre's T213 operational atmospheric model. The wave
model works on a global 3° latitude longitude grid covering the globe from 6O0S to 720N. Figure 1 shows a typical wave height and direction map.
The model has been verified in the last years against
buoy (Zambresky 1989) and GEOSAT (Romeiser, 1992)
measurements. The comparison with buoy data is routinely carried out using wave and wind data avail-able in
quasi real time via the global telecommunication network (GTS).
Figure 2 shows wave height comparisons at three different sites in December 1991. The sites are representative
for the Gulf of Alaska (upper panel) with mainly wind
waves, the swell dominated area around Hawaii ( middle panel), and the US East coast where both sea and
swell are present. The excellent agreement between model and measurements is demonstrated in Table 1 as
well, which shows the comparison statistics for the period September to December 1991. The negative bias of
about 10 cm indicates a very small underestimation of
the model. Scatter indices around 20% are regarded as
very good model performance as well. The 37% at the US
East coast results from buoys very close to the coast line
which is poorly resolved in a 3" model.
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Figure 1: Map of significant wave height and mean wave direction.
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Figure 2: Timeseries of measured (dashed line) and computed (full line) sig. wave heights in December 1991.
Top:
Buoy 46001 (56.3N,148.3W) in the Gulf of Alaska.
Middle: Buoy 51003 (19.3N, 160.8W) near Hawaii.
Bottom: Buoy 44008 (40.5N, 69.4W) US East coast.
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Table 1: Comparison statistic with buoy wave height
measurements from September to December 91. Bias is
model - buoy.
Number
Mean Buoy (m)
Bias (m)
STD (m)
Scalier (%)

Alaska
1932
3,34
-0,13
0,71
21

Hawaii
US East C.
1478
3150
2,39
1,64
-0,05
-0,08
0,41
0,51
17
31

3. ALTIMETERDATA
The ERS-I fast delivery products (FD) are received at
ECMWF via the GTS network since August 1991. The data coded in BUFR are passed on by the operational data
acquisition system to the wave model's data assimilation
system. The radar altimeter measurements have been
processed by the quality control (QC) part of the system
but have not influenced the model analysis.
Purpose of the QC is to check the consistency and flag
unrealistic wave height values. Altimeter wind speed
measurements are not checked and passed the QC whenever the wave height has been accepted. The QC is similar to the one used in Bauer et a! 1992 for SEASAT, works
in three steps:

data are rejected by the variance test 3), because of strong
wave height gradients along the sub satellite track. A
further tuning of the variance criteria may be necessary,
but will not change the already excellent data rate.
4. ALTIMETER V. MODEL
Whereas the QC only checks the internal data consistency, the altimeter performance is controlled by comparison with global wave model fields.
The altimeter measurements averaged over 20 to 30 values (about 200 km) for the QC variance test and the mean values are collocated with space (3°) and time (6
hours) interpolated WAM model wave heights and with
the analysed T213 wind speeds, which have forced the
wave model. The collocation files are analysed in two
different ways. First six hourly colour plots are visually
inspected and second weekly statistics are computed.

During the cal /va! the results of these comparisons were
weekly reported to ESA and had been very effective to
identify errors and problems in the altimeter software
and model function.
In August 91 the global mean altimeter wave height was
about 1 m higher than computed by the model and the
standard deviation was about 0.5 m. The investigation
of the detected bias led to the discovery of a number errors in the altimeter processing software at the ground
stations. After correction the statistics changed to a re1) The measurement position is compared to the land-sea
duced bias (about .25 m) but a very large standard deviamask of the wave model to identify data over land, betion (> 1.0 m) in late September. The reason was the use
cause the FD products do not have a land, ice or sea flag.
of different software versions at different ground sta2) Data which have the saturation value of the instrutions. In October and November 91 the wave height bias
ment (about 18m) are removed.
changed to about -.3 m and the standard deviation returned to .5 m. A detailed analysis showed that the altime3) Spikes mairly related to ice or islands not resolved in
ter heights were nearly 20% lower than the model indethe land sea mask are identified by a variance check of 20
pendent on the wave height bands. This 20% coincide
Table 2: QC Statistics for November, 26th to December 2nd 1991. Altimeter wave height data are grouped in 6 hour
periods.

Day

Time

Total

Land
byl)

Sea

Data rejected
by 2)
668

by 3)
828
634

Sea data accepted
%
10871
87,9
6330
86,0
9125
84,7
8791
88,2
9547
84,9
3520
86,6

21739
15396
21614
21714
19705
8778

9372
8032
10841
11745
8464
4711

12367
7364
10773

27
27

OO
06
12
18
OO
06

4067

661
130

834
719
1033
417

02
02
02
02

OO
06
12
18

18403
8701
18557
21733

7546

3618
8886
11736

10947
5083
9671
9997

684
141
677
510

364
915
845

9331
4578
8079
8642

14680

7226

7454

404

607

6443

26

26
26
26

Mean

9969
11241

to 30 consecutive data.
The QC statistics as shown in Table 2 have been forwarded to ESA each week during the cal /val period. Every 6
hours about 14600 data records are received of which
50% are connected to model sea points. From this data
86% passed the QC whereas 5% and 8% where rejected
due to check 2) and 3) respectively.
As mentioned before most of the rejected data could be
identified as measurements over ice or land. But a few

400
814
459

932

85,2
90,1
83,5
86,4
86,4

with the correction which was applied to the theoretical
altimeter model function because of results from prelaunch calibrations.
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Since December 91 the final calibrated and validated altimeter measurement are received. The global comparison with the WAM model wave heights are shown in
Figure 3 together with the corresponding statistics. The
global bias is -0.05 m with a standard deviation of 0.48
cm are very small. The slope of the symmetric regression line indicates that high seastates are underestimated
by the satellite. The same behaviour as already observed
in the GEOSAT altimeter data ( Guillaume and Mognard
,1992) is confirmed by two facts. First the WAM model
buoy comparison always show an under prediction by
the model, whereas the altimeter heights are always lower than the model values. Second the biggest differences
are in the Northern Hemisphere (north of 220N), where
most of the high sea-states occur (cf Table 3). In the Tropics, where most of the wave heights are between 2 and 3
m, differences are small. In the southern Hemisphere
(south of 220S) the model probably is to low because of
the model boundary at 6O0S and because of a to low
model wind (cf Tab. 4), which does not allow the full
wave height to be developed in the main storm area of
this region.
The comparison of model and altimeter wind speeds
was carried out in parallel to the wave height validations. Figure 4 and Table 4 presents the final global and
regional statistics for December 1991. The global agreement is surprisingly quite well. But the regional trend in
the bias may indicate that the model winds are to low in
the southern Hemisphere, where a few data only exists
for the atmospheric analysis.
Table 3: Regional comparison statistic of altimeter and
WAM model wave heights in December 91. Bias is altimeter - model.

1

Number
Mean WAM (m)
Bias (m)
STD (m/s)
Scatter (%)

North H.
5613

Tropics
7812

South H.
11264

3,45

2,12

2,5

-0,28
0.63
18

-0,05
0,33
16

0,07
0,44
18

Table 4: Regional comparison statistic of altimeter and
T213 model wind speeds in December 91. Bias is altimeter - model.
North H.
Number
Mean WAM (m)

5613

South H.

7812

11264

8,82

Bias (m)

-0,11

STD (m/s)

2.33

Scatter (%)

Tropics

26

5,66

6,84

-0,1

0,17

1,92
34

2,28
33

5. CONCLUSION
During the calibration/validation period of ERS-I the
FD altimeter measurements were quality controlled and
validated against the WAM wave model in a quasi operational set-up at ECMWF. In addition the model was
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Figure 3: Global comparison of altimeter and WAM model wave heights in December 1991.
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Figure 4: Global comparison of altimeter and T213 wind
speeds in December 1991. Model winds are taken from
the 3° wave model grid.
compared to buoy data available on the GTS.
Very good agreement between model and buoy wave
heights and wind speeds was found.
The calibrated ERS-I radar altimeter wave and wind data compare very well with the model analysis on a global
scale. But evidence was detected that the altimeter underestimate high seastates.
Regional statistics show same systematic differences especially in the Southern Hemisphere. This is probably related to the model, because of a lack of conventional data
in the atmospheric analysis and because of the southern
wave model boundary.
It could be demonstrated, that quasi on-line comparison
of satellite data with model analysis is a very effective
and fast method to identify problem with the measurements expected in the early phase of a cal/val period.
Presently the full wave data assimilation system is used
to study the impact of the altimeter on wave analysis
and forecasts.
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HOW REAL-TIME DATA ASSIMILATION BENEFITSWEATHERANDCLIMATE
STUDIES THROUGH THE VALIDATION, QUALITY CONTROL & SYNTHESIS
OF REMOTELY SENSED DATA

A Hollingsworth

European Centre for Medium Range Weather Forecasts,
Reading RG9 2AX, UK

ABSTRACT

Real-Time DaU Assimilation ot satellite data at NWP institutes
facilitates a systematic three-way dialogue between the satellite
agencies, the data assimilalors, and the weather and climate
modellers. The dialogue has motivated scientific advances in
interpretation of satellite data, in assimilation methods, and in
modelling for weather & climate studies. Along the way, the NWP
institutes have contributed to CAL/VAL and to long-loop
monitoring of satellite data, as well as providing the climate
community with rapid and complete syntheses of all available data.
For this constructive dialogue to flourish it is necessary that the
NWP institutes be given real-time access to satellite data of
meteorological or océanographie relevance. Such access is not
planned for a number of future satellite missions. It is most
desirable that the mission planners re-consider the issue of real-time
data delivery.
Keywords: Real-lime data assimilation, validation, quality control,
synthesis of satellite data
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1. INTRODUCTION

The fact that the atmosphere is an unstable system with chaotic
dynamics presents challenging problems for numerical weatner
prediction (NWP). A good description of the state of the
atmosphere, and a good model of the laws governing its evolution,
are essential requirements for a good forecast.
Meteorological observations are noisy, heterogeneous in character
as many different variables (wind, pressure, temperature, humidity,
radiance, sigma-nought...) are observed by many different
instruments. The data are irregularly distributed in space and time.
Finally, meteorological variables also have important implicit
relationships. Despite the wide variety of data available, the
observations available at any time are insufficient to describe the
state of the atmosphere adequately.
Data assimilation supplements the available observations by
exploiting other knowledge of the atmosphere, including earlier
observations, statistics on atmospheric behaviour, and the laws
governing the atmosphere, as expressed in an accurate forecast
model. Data assimilation has proven its value through
improvements in analysis and forecast skill.

An important benefit of real-time data assimilation for climate
studies is general availability of the resulting global gridded data
sets (ref 2). Many research groups have found the assimilated
datasets invaluable for their research, as it is impossible for small
research groups to syntbesise data from widely different observing
systems. Numerous papers in atmospheric dynamics &
thermodynamics, ocean circulation modelling, ocean wave
modelling, trace gas studies and field experiments have shown the
value of the model assimilated datasets.
2. THE ROLE OF A-PRIORI INFORMATION IN THE
INTERPRETATION OF REMOTELY SENSED DATA

The interpretation of remotely sensed data is complex, because
several atmospheric states could be consistent with the
measurements (as with sounder radiances & scatterometer sigmanoughts). Additional a-priori information is needed to resolve the
indeterminacy in the problem. The accuracy of the a-priori
information has a profound impact on the accuracy of the inferred
atmospheric state.
The accuracy of short-range forecasts used in data assimilation has
improved considerably over the last decade, because improvements
in modelling and assimilation enables one to make better use of
data from many different sources. In data rich areas the accuracy
of the forecasts is comparable with the accuracy of most
measurements (on the scales resolved by the forcent models).
Hence data assimilation systems are playing an increasing role in
the interpretation of satellite data.
3. TIME EVOLUTION OF THE RELATIVE
INFORMATION CONTENT OF A NEW TYPE OF DATA

If the state of a system is estimated from an optimal combination
of a-priori information and data, then the posterior error covariance
is given by
S" potcrlor - 5" d«i + £ [«tor

1

where S1 indicates the error covariance of the posterior, data, and
prior (i.e. short-range forecast) estimates. The relative information
content, IC, of a data system is defined as (the log of) the ratio of
the volumes of the prior and posterior uncertainty ellipses:
IC = O.S.ln(
When a new type of observation becomes available, forecast
models may have little skill in predicting the observed quantity
(e.g. cloud properties). The relative information content of the data
is high.
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Over a period of time the data is used to improve and validate the
model, and thus provide a better forecast of the observed quantity.
In effect the improved model expresses our new understanding
provided by the data. The relative infoimation content of the data
changes.
Finally we assimilate the data with a good model, where the
accuracy of the prior is comparable with the accuracy of the data,
and the relative information content stabilises at about O.S In (2).
If other types of data also become available, the prior may even
become more accurate than any one data source. We may then have
to develop very sophisticated assimilation systems to extract the
information.
4. THE DIALOGUE ON DATA BETWEEN DATA
PRODUCERSAND USERS

Over the last S-IO years NWP institutes have developed extensive
data monitoring activities to quantify and explain the differences
between the measured data and the expected values of the data
(based on short range forecasts). This has led to a vigorous and
productive dialogue between data producers and NWP institutes.
Different data systems are at different stages on the evolutionary
exploitation path described above. Some systems are familiar and
well known while others are quite new. Dialogue between
producers and users is beneficial at all stages of exploitation.
Several examples of this process can be instanced. In the case of
retrievals from TOYS radiance measurements, it is now recognised
that the a-priori data used by the satellite agencies has become
increasingly unsatisfactory (ref 1), and more sophisticated methods
are needed. There is encouraging progress in the development of
more elaborate assimilation methods to use this data. McNaUy et
al, report the use of !-dimensional retrievals at this conference.
There is also encouraging progress on the three dimensional
analysis of radiances (E Andersson, priv. comm. 1992)

1

Cloud track winds have provided for the last decade, and will
provide for the next decade, the most complete information
available on the tropical tropospheric wind field. The accuracy of
this data is vital to ongoing climate studies. As shown by Thoss
(ref 3) and McGrath (at this meeting), the quality of cloud-track,
winds from geostationary satellites has been steadily improved in
recent years, in response to the requirements articulated by NWP
institutes.
NWP institutes have been of considerable assistance to ESA in
refining the preliminary model function for the ERS-I
scatterometer, through the provision of a global critique of system
performance and through refinement of the pre-launch sigmanought-to-wind relation (Sloffelen et al, at this meeting). It is quite
evident from examples to be shown at the meeting that there is
much valuable information in the scatterometer data, and that there
is scope for improvement in the processing of the data (Woiccshyn
1992, pers. comm.).
NWP institutes have also been of considerable assistance to ESA
in refining the wind and wave data from the ERS-I Radar altimeter
(Gunther et al, at this meeting). On the wave products, the NWP
institutes helped particularly in checking out the retrieval algorithm.
On the radar altimeter winds the NWP institutes helped in choosing
the gain-factor for the calculation of the sigma-noughts.

Finally, we mention new types of data not so easily available to
NWP institutes. In the case of the microwave sounder SSMfT,
NWP institutes have helped improve the product by identifying
problems such as errors in rain-detection (KeIl, 1989, pers. comm.).
In the case of SSMJl data to which we have recently had access
through NASA's WetNet project, it is clear that the data can
expose a number of important deficiencies in our description of the
global humidity field (Phalippou, 1992, pers. comm.). Finally,
Klinker et al.(also at this meeting) report on the value of ERBE and
ISCCP data for model development and validation.
The posterior error in Eqn. 1 quantifies the error of the initial state
from which the next weather forecast starts. That error can be
reduced by improving both the accuracy of the data and the
accuracy of the prior information, i.e. by improving modelling and
assimilation technique.
The satellite data producers have gained much from the dialogue
with the NWP institutes, in terms of extensive real-time product
validation. Equally, the NWP institutes have gained much from the
dialogue with the data producers in terms of more accurate
analyses.
5. IMPLICATIONS FOR WEATHER & CLIMATE
STUDIES

Real-Time Data Assimilation provides a systematic learning
laboratory where we can put together the best synthesis of all
available information. In doing so we motivate scientific advances
in interpretation of satellite data, in assimilation methods, and in
modelling capability for weather & climate studies. Along the way,
the NWP institutes can and do contribute to CAL/VAL and to
long-loop monitoring of satellite data.

For this constructive dialogue to flourish it is necessary that the
NWP institutes be given real-time real-time access to satellite data
of meteorological or océanographie relevance. Such access is not
planned for in a number of future satellite missions. It is most
desirable that the mission planners re-consider the issue in the light
of the considerations discussed above.
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ROUTINE VALIDATION OF TOVS RETRIEVALS
LESSONS LEARNED FROM A PILOT EXPERIMENT
GJ. Prangsma
KNMI, P.O.box 201, 3730 AE De Bill, Netherlands

ABSTRACT
Vertical profiles of atmospheric temperature tind humidity
retrieved from satellite radiances are used for two purposes: firstly, as input for (numerical) weather prediction
models, and secondly, as input for global analysis of the
climate system. For these applications similar data assimilation schemes can be employed, but before such data
assimilation can be applied, strict quality control of the
satellite data and the retrieved profiles is necessary.
In this paper the basic ideas behind the routine TOVSvalidation scheme under construction at KNMI, will be
presented together with the preliminary results from a pilot
experiment performed for a period in February
Keywords: satellite-based atmospheric sounding, radiosondes, validation, synoptic meteorology, climatology
1. INTRODUCTION
The operational polar-orbiting satellites of the T1ROS/NNOAA series provide radiance observations which can be
used to construct vertical temperature- and humidity-profiles.
The instrument package providing these data is known as
TOVS: TIROS Operational Vertical Sounder, and consist
basically of an infrared instrument (MRS, High-Resolution
Infrared Sounder) and a microwave instrument (MSU, Microwave Sounding Unit).
The readings from these instruments are transmitted in real time, providing suitably equipped groundstations with
the possibility to receive anrt •• :;rpret the measured radiances. This requires a compui- --..ystem capable of performing
quality control on the recuwd data, calibrating the raw
instrument data and interpreting the data in terms of temperature- ar>H moisture-content profiles. This latter step
involves a complicated mathematical process of inverting
the integral equation describing the radiative transfer from
the earth's surface through the atmosphere to the satellite's
sensor at the wavelengths of the TOVS-instnunents. The
principles of this processing can be found in .ie literature
(Refs. 1, 2).
Over the past years such a TOVS-processing system has
been assembled hi our Institute. Results are available for
further research and use since early 1991.
This paper describes the need for routine validation of
TOVS-resulls and the basic ideas behind our validation
scheme (section 2). Then some results from a pilot studv
with i limited verification scheme will be discussed (s'x-'.on 3), followed by the lessons we learned from this exercise and some conclusions for implementation in a complete quality-control scheme for TOVS retrievals.

2. ROUTINE VALIDATION
2.1 Background
The high and continuous reliability needed for any kind of
routine observational scheme requires that the calibration
of the instruments used in these measurements is monitored on a daily basis.
For space-borne instrumentation such quality-control needs
are reinforced by the fact that the behaviour of these
instruments is beyond any form of control once the satellite has been launched into orbit: the only way to ensure
constant accuracy of the observations is to monitor the
outcome of all steps in any processing scheme against
independent, suitably selected in-situ data.
For the TOVS-instrumentation this implies that, as much
as is reasonably passible, the results from each step in the
processing have to be compared with observations from
other sources: in practice radiosonde-ascents and modelanalyses as routinely produced in numerical weather prediction systems are used for these comparisons. In the pilot
study reported in this paper, we limited ourselves to the
intercomparison of radiosonde observations with satellite
retrievals.
2.2 Choice of quantities for validation
For the verification of temperature retrievals from TOVSradiances we have the possibility of comparison in two
distinct ways. Either the spot values of the temperature
results at fixed levels are used, or the integrated values
(such as layer mean temperatures or thicknesses of standard almos-pheric layers) are employed.
From a physical point of view (cf. Réf. 3 .lie latter approach is to be preferred. Radiance observations by their very
nature re^iesent integral properties, rather than spot values
which are readily influenced by local fine-structure. Such
fine-structure, as can be present in radiosonde measurements, cannot be observed by space-borne radiometers, and
will therefore lead to large discrepancies in those situations
where fine-structure dominates the radiosonde observation.
We therefore limit our validation study to integral properties in accordance with the satellite instrumentation characteristics; i.e., layer-mean temperatures or layer thicknesses.
The same argument applies to the verification of humidity
observations. The satellite-retrievals in this case are representative of fairly broad atmospheric layers, given the
spectral response of the HIRS instrument.
These considerations provide the basis for our decision to
concentrate in our validation approach primarily on thickness results for standard atmospheric layers and on moisture content of relatively deep tropospheric layers.
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2.3 Influence of synodic situation
From various case studies in the past (cf. Refs. 4-6) one
can conclude that, depending on the details of the retrieval
scheme in use, more or less serious systematic errors occur
in relation to the synoptic meteorological context of the
observation. The most commonly known defect in TOVS
retrievals is the systematic underestimation of the horizontal thermal gradients across tropospheric fronts: retrievals
in the cold air are biased warm, whereas retrievals in the
warm air show a cold bias. In both cases the biases are of
the order of a degree.
A number of meteorological factors can account for this
phenomenon:
(a) the treatment of clouds introduces errors in any retrieval scheme. Especially layered clouds and temperature
inversions that often accompany these configurations have
a strong influence on the accuracy of the radiative transfer
computations. Therefore this part of the retrieval needs
special attention in the validation.
(b) Temperature inversions in the troposphere are only
coarsely resolved by current satellite radiometers, even
under clear sky conditions. This implies that information
from ancillary data sources has to be used in order to
introduce such vertical temperature structure in the retrieval
process.
(c) At the earth's surface extremely strong temperature gradients can occur over the lower few meters: during a
warm, clear day at mid-latitude the surface radiation temperature can exceed the observed screen temperature (at
1.5 m height) by as much as 10 degrees. This does not
greatly influence the mean temperature of the air column,
as observed by TOVS retrievals. However, this effect has a
strong influence on the derived surface radiation balance
and therefore it potentially has a net influence on the
radiances as measured by satellite instrumentation.
The same argument applies to clear nocturnal situations
where the surface radiation temperature can be several
degrees below the air temperature as observed at screen
height, and can be as much as ten degrees below the
temperature at the top of the nocturnal boundary layer.
All of these effects are closely linked to the synoptic
meteorological context of the TOVS-retrievals, but at
present they are only partly taken into account by stateof-the-art retrieval schemes. This implies that any validation scheme must provide foi the possibility u> distinguish
errors according to the synoptic situation.

3. RESULTS OF A PILOT STUDY
The pilot study has been performed for February 10, 1991,
and a period covering February 15 to 26, 1991. AU available satellite overpasses during these days as well as all
available radiosonde data (received from the Global Telecommunication System, GTS, of the World Meteorological
Organization, WMO) have been used in this excercise
without prior screening for anything but gross transmission
and coding errors. This implies that the observed errors
might in part be attributed to minor problems in the radiosonde observations or the way these observations are
processed and coded before dissemination over the GTS.
On the other hand, we are convinced that this approach
allows for the possibility to pinpoint potential problems in
these observations upon comparison with TOVS-retrievals.
Formulated in a different way: we did not take either of
the two data sources as the "truth", we just consider the
behaviour of the differences between them. Hopefully, we
can decide on the "truth" after the experiment.
During the period of the pilot study a variety of synoptic
situations passed over North Western Europe, giving a
reasonable range of weather conditions, deemed necessary
to evaluate the effectively of our approach.
The overall statistics of the differences between radiosondes and TOVS retrievals are comparable to what has been
known a long lime for differences between radiosondes of
different make: biases well below the 1 degree level and
root mean square differences of the other of 1-2 degrees.
In the comparisons of the individual thickness values (not
shown) from our two data sources (radiosondes and TOVSretrievals), however, we found marked problems in and
around an area of rather cold air over Northern Europe.
This led us to a closer investigation of the individual
profiles as they have been observed by radiosondes and
retrieved from TOVS radiances. The most striking differences could be seen over Scandinavia, where during a few
days very cold air was present. We therefore chose to
illustrate some of our results with data for the radiosondestation Sundsvall-Hamosand Flygplats (WMO indicator
02365) on the Swedish coast of the Baltic Sea.
In figures 1-4 the comparisons for 4 days are presented.
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2.4 Need for flexibility of the implementation
The arguments given above call for a validation scheme
that has great flexibility as far as the construction of the
various statistical tests are concerned. In our pilot study we
have therefore chosen to implement a statistical verification in two steps:
(1) in the first step a dataset is assembled containing for
each TOVS-retrieved profile within a specified space/lime
window around a radiosonde-ascent the differences between
the retrieved and the radiosonde-observed thickness values.
Any quality-control flags that have been produced during
the retrieval (clear/cloudy, land/sea, day/night, air-tsiass
classification or climatic zone, etc.) are added to this
dataset.
(2) in the second step this dataset is used to compute overall error statistics or statistics for separate classes of quality-control flags. As an alternative, statistics can be derived
per radiosonde station, latitude belt, etc.
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FIg. 1 The radiosonde temperature profile of SundsvallHamosand Flygplats for February 10, 1991, at OO GMT
compared with the 3I-TOVS retrieved profile. Dots: radiosonde data. Circles: initial guess. Squares: retrieved profile.
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The results for February 10, 1991, are satisfactory: the
temperature profile as a whole is well represented by the
retrieval. Both the layers around the tropopause (near 300
hPa) and the boundary layer compare favorably between
the two data sources (cf. Fig. 1).
A completely different situation occured later in the period
when a cold, arctic airmass prevailed over the area. The
radiosonde-profile of February 18, 1991 at OO GMT (Fig.
2) exhibits a low tropopause near 450 hPa. The initial
guess profile displays an inversion in the lower troposphere, whereas (he tropopause in this initial guess profile is
situated around 300 hPa, markedly higher than in the real
atmosphere. The retrieval scheme in this case is not capable of drawing the result in the lower troposphere towards
the radiosonde profile and also the tropopause is not properly represented. In our opinion this example shows the
effect of compensating the cold bias in the planetary boundary layer by a warm bias aloft (between SOO and 350
hPa) and again a cold bias in the lower stratosphere.
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Fig. 3 As figure 1, but for February 25, 1991 at OO GMT.
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FIg. 2 As figure 1, but for February 18, 1991 at OO GMT.
The situation on February 25 (Fig. 3) shows a strong lowlevel inversion (IO degrees over about 20-30 hPa from the
surface upward) which is not reflected in the retrieval. In
this case, the retrieval scheme is capable of correcting the
initial guess profile at tropopause level to a temperature
and height rather close to the radiosonde observations, but
the tendency in the lower stratosphere differs between the
two methods of observation, again leading to compensating
biases in tropospheric layers (slightly warm above 600 hPa
and cold in the layers just above the boundary layer).
The weather situation on February 26, 1991 leads to advection of air from the Baltic Sea, giving rise to a warmer
surface layer. The tropopause however, is found at a markedly lower altitude (around 400 hPa), see Fig. 4. Here
again the initial guess profile deviates strongly from the
atmospheric profile as observed by the radiosonde ascent.
The retrieval scheme is capable of correcting part of the
deviations, especially in the lower troposphere, but the
profile as a whole does not resemble the radiosonde profile.

considering the results for standard atmospheric layer thicknesses. On the other hand still large differences occur in
synoptic situations where strong vertical temperature gradients are an important factor. Therefore, we have in the
previous section deliberately chosen to illustrate some of
the weak points in the TOVS retrieval scheme, which in
our opinion can be traced back to fundamental points in
the physics of remote atmospheric sounding:
- the radiances as measured by space-borne instruments are
representative for a more or less broad atmospheric layer
and therefore reflect the thennodynamic budgets of rather
thick layers disregarding smaller scale vertical structure;
- if, for some reason (like extremely low tropopause
heights in the examples shown, or a strong temperature
gradient in the near-surface layer), the structure is not or
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4. CONCLUSIONS
The general result from the intercomparison is that in the
mean, TOVS retrievals perform just as well as radiosondes,
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Fig. 4 As figure 1, but for February 26, 1991 at OO GMT.
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caimoi be discerned from the observed radiances, other
information must be provided to the initial guess selection
process in order to obtain a proper retrieval.
We therefore conclude that the validation approach, in
which emphasis is put on routine comparisons, rather than
on case studies, is the only way to reveal such odd situations and to provide us with clues as to where modifications
in the retrieval scheme might be worthwhile in order to
provide for the early detection of such special synoptic
situations as were present during our pilot study. We conjecture that for less marked problems in TOVS-retrievals,
e.g. too weak thermal gradients across atmospheric fronts,
can be dealt with by a similar approach. Our future research will thus be focused on developing an a priori
detection mechanism for the synoptic context of the TOVS
radiance observations.
5. ACKNOWLEDGEMENTS
We want to express our gratitude to Li Zhihong and Sara
H. Muller for their cooperation in the pilot study described
in this paper.
6. REFERENCES
1. Chedin, A., and N.A. Scott, 1985, Initialization of the
radiative transfer equation inversion problem from a pattern
recognition type approach: application to the satellites of
the Tiros-N series. In: Advances in Remote Sensing
Retrieval Methods, (edited by A. Deepak, H.E Fleming
and M.T. Chahine; A. Deepak Publishing), pp.495-515.
2. Prangsma, O.J., 1992, The TOVS-proeessing system
documentation. KNMI Technical Report, in preparation.
3. Prangsma, GJ., 1989, Work on 31 at KNMI, in: Proc.
ECMWF/EUMETSAT workshop on the use of satellite
data in operational weather prediction: 1989-1993. 9-12
May 1989, Reading, pp. 127-136
4. The Technical Proceedings of the Fourth International
TOVS Study Conference. IgIs, Austria, 10-22 March 1988,
(W.P. Menzel, ed.)
5. The Technical Proceedings of the Fifth International
TOVS Study Conference. Toulouse, France, 24-28 July
1989, (A. Chedin, ed.)
6. The Technical Proceedings of the Sixth International
TOVS Study Conference. Airlie, Virginia, USA, 1-6 May
1991, (W.P. Menzel, ed.)

VK* ••

1

229

s

,
j

TRANSMITTANCE COEFFICIENTS GENERATION FOR FAST RADIATIVE TRANSFER MODELS:
APPLICATION TO NEW SATELLITE SOUNDING SYSTEMS

P. Brunei, L. Lavanant, G. Rochard
Météo France / Centre de Météorologie Spatiale, BP.147,22302 Lannion FRANCE

ABSTRACT
We have generated polynomial transmittance
coefficients internal to the RTTOV fast radiative transfer
model, with atmospheric transmittances calculated by using
the FASCOD2 line-by-line model. The FASCOD2
computations are made for a small set of earth representative
profiles, uniformly mixed-gases and water vapor molecular
species separatly and different scanning angles and pressure
levels. The accuracy of the process is checked for the
NOAAIl TOVS channels. A transmittances storage at a
medium frequency resolution is tested. This storage allows
afterwards any filter convolution of the transmittances and a
quick adaptation of the RTTOV model for any new channels.
Key words: radiative transfer models, RTTOV, FASCOD2.

evaluation of the transmittances and a new internal fast
model coefficients, for any new channel.
The choice of the line-by-line model is not a kew-point as it
results from a study of the differences between the 4A and
FASCOD2 line-by-line models in terms of departure from
observations. It appears that the differences between the 2
models are much more smaller than the incertitudes on
atmospheric profiles or than the approximations due to fast
model generations.
We first present the line-by-line models comparison with insitu measurements. In a second step, we show, for NOAAIl
HIRS2 channels, our results with RTTOV when the
transmittance regressed coefficients are generated using the
line-by-line FASCOD2 model. Then in the final section, we
indicate how the method is quickly applicable to any other
sounding systems.

!.INTRODUCTION

The Centre de Météorologie Spatiale (CMS) of Lannion is an
operational acquisition station for Meteosat, GOES and
NOAA satellites. One of its vocations is to implement and
validate radiative transfer models for TOVS and AVHRR
channels, by comparing synthetic and measured satellite
radiances.
We have implemented the RTTOV fast radiative transfer
model dcvelopped at ECMWF. Its approach follows the
general method used at NOAA and fully described in Ref 1.
Regressed transmittance coefficients are generated by using
off-line radiative transfer calculations. In the present
version, the regressed coefficients come sofar from the
ITPP/TOVSRAD fast model (Ref 2).
The purpose of this study is to quickly generate new set of
regressed transmittances coefficients, for the RTTOV model,
adapted to any new sounding systems (presently for IR
channels). The method must be adapted to systems with
large spectral filters , like Meteosat, TOVS and AVHRR
radiometers, but is also expected to work with future
interferometers systems with narrow spectral resolution
around O.Scm-1.
We have developped at CMS a modified version of the
RTTOV model where the internal coefficients are generated
from transmittances computed with the line-by-line model
FASCOD2 for a small number of representative atmospheric
profiles (32). The off-line FASCOD2 calculations are time
consuming and the results are stored at a medium frequency
resolution (about 0.25 cm-1). This permits a quick

2. DEPARTURE OF THE LINE-BY-LINE MODELS
FROM OBSERVATIONS
1

Internal regressed coefficients of fast radiative transfer
models like RTTOV are obtained from RT calculations with
line-by-Sine models. The regressed set is adapted to specific
sounding systems and by this way these models are much
more faster than line-by-line models, necessary point for
systematic or operational purposes. The fast model is fitted
with its based line-by-line model to minimise their
differences, so their results are strongly dependant.
For that reason, we have evaluated in terms of departure with
observations the results of the 4A and FASCOD2 line-byline models, available at CMS.
The 4A and FASCOD2 models are associated to two
different spectral line parameter catalogs, respectively the
GQSA and AFGL HITRAN atlas. More details can be found
in Ref 3,4.
They have been compared on the CATHIA data set (Ref 5)
which is an ancillary selection of NOAA7 and NOAA9
satellite AVHRR/TOVS measurements matched with
radiosonde profiles. The input geophysical and geometrical
conditions are settled as closed as possible for the two
models: same atmospheric layer boundaries, scanning
angles, surface emissivities, same humidity and ozone
profiles. The 4A results are internally adjusted by
introducing two empirical corrections, for each channel (y on

Proceedings of the Central Symposium of the 'International Space Year' Conference, Held in Munich, Germany, 30 March-4 April 1992
(ESA SP-341, July 1992).
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For that reason, it is expected that the 4A radiances will be
closer to the measured radiances than the FASCOD2
outputs.

the individual level transmission and 8 on the calculated
radiant energy already convolved with the filter). The
FASCOD2 routine is not dedicated to specific channels or
satellites and no empirical corrections are internally applied.

FASCOD2 - MEASUREMENT:
NOAA7
bias

1

2

3

4

S

6

13

14

IS

18

19

A4

AS

-1.20 -0.69

-0.24

0.43

-0.21

0.35

-0.57 -0.07

7

8

2.27

-0.30

0.92

-0.01

0.1

-0.27

-0.05

0.63

std. dev.

5.67

3.27

2.62

1.41

0.97

0.76

0.68

0.54

0.64

0.56

0.99

0.40

0.49

0.45

NOAA9

1

2

3

4

5

6

7

8

13

14

15

18

19

A4

AS

bias

7.08

3.14

3.19

2.45

0.36

1.10

0.74

0.11

-0.92 -1.49 -1.57

-0.14

0.21

std. dev.

3.97

1.88

2.19

1.08

0.64

0.54

0.43

0.61

O.S3 0.44

0.64

0.57

NOAA7
bias
std. dev.
NOAA9
bias
std. dev.

1

2

3

4

5

6

7

8

13

14

IS

18

19

A4

AS

-3.16

-1.69

-1.63

-0.46

-0.03

0.33

0.71

-0.01

-0.19

-0.33

-0.88

-0.29

-0.14

0.20

0.10

5.42

3.16

2.62

1.32

0.89

0.69

0.65

0.55

0.76

0.60

1.32

0.41

0.48

0.4S

0.64

1

2

3

4

5

6

7

8

13

14

15

18

19

A4

AS

4.27

1.89

1.65

1.10

0.48

0.56

0.24

-0.38

0.67

-0.19

-0.14

0.34

0.31

3.88

1.95

2.35

1.13

0.52

0.47

0.54

0.65

0.46

0.41

O.S6

0.69

0.61

NOAA7

1

2

3

4

5

6

13

14

15

18

19

A4

AS

bias

1.96

1.00

1.38

0.89

-0.17

0.01

-1.28 -0.08

2.47

0.03

1.81

0.28

0.25

-0.47

-0.15

0.04

0.43

4A- MEASUREMENT:

FASCOD2-4A:
7

8

SId. dev.

0.48

0.45

0.20

0.27

0.26

0.21

0.24

0.03

0.28

0.38

0.51

0.02

0.03

0.09

NOAA9

I

2

3

4

S

6

7

8

13

14

15

18

19

A4

AS

bias

2.80

1.25

1.54

1.34

-0.11 0.54

0.51

0.49

-1.59

-1.29 -1.43

-0.49

-0.10

std. dev.

0.26

0.09

0.24

0.15

0.19

0.17

0.05

0.37

0.31

0.12

0.06

0.18

0.61

Tablel !Comparison of the two line-by-line FASCOD2 and 4A models with measurements
Table 1 gives the comparison in mean and standard deviation
for respectively 19 different NOAA7 and 7 NOAA9
situations. The two first parts of the table are a comparison
of the models with measurements. As expected, for a
specific channel, the biases are very different, the FASCOD2
one being not corrected from instrumental calibrations.
However, the respective standard deviations are very closed,
somewhat higher for FASCOD2 (no y correction on the
transmittances). This is indicated in the third part of the
table, when the standard deviations in the comparison of the
two models themselves are very small compared to those in
the comparison with measurements.
Even if differences exist between the two models, radiative
transmittance
modélisations
and
spectroscopic
characteristics are very closed in regards to the other
incertitudes: those coming from the atmospheric profile
itself (profile extrapolation, surface temperature errors,
humidity measurements errors..) or radiative transfer
misunderstanding or approximations due to our general lack
of physical knowledge.
The FASCOD2 routine was also tested on .;i-~ar-sky data
from the available EVA data set at CMS (Ref 6) including
radiosonde profiles and matched 3R computed radiances for
NOAAlO and NOAAIl satellites. The 3R routine is the fast
routine based on the 4A model and applied to TOVS
channels. The coherence of the 3R and 4A computed
radiances is very good (Ref 7). This allows the comparison
of FASCOD2 and 3R (instead of 4A) without an important
loss of accuracy.

We applied a rough bias on the FASCOD2 radiances
function of the satellite and the viewing angle to take into
account a satellite calibration correction. This bias is the
result of a short study between FASCOD2 and 4A on 5 TIGR
situations (Ref 8).
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Figure 1: Comparison of FASCOD2(*), corrected from a
bias.and 3R (o) with measurements
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Figure 1 shows the statistics in mean and standard deviation
for 26 combined situations (13 NOAAlO. 13 NOAAIl).
Statistics with stars correspond Io lhe FASCOD validation
and the o identification is for the 3R results. The statistics
are very similar for the two routines, 3R being somewhat
belter in standard deviation for channel 7 and lhe contrary
for channel 14.
This indicates that no objective choice between the two lineby-line models to generate the regressed coefficients can be
made. We have choosen in the following steps to work with
the FASCOD2 routine for commodity.

3. INTERNAL TRANSMITTANCE COEFFICIENTS
GENERATION FOR NOAAIl TOYS CHANNELS

1

We have implemented at CMS the RTTOV fast radiative
transfer model developped at ECMWF. All lhe details of lhe
routine are given in Ref 1. Concerning our study, the
atmospheric transmittances are computed separally for
uniformly-mixed gases, water vapor and ozone, by using
different but similar polynomial expansions which terms are
functions of temperature, specific humidity and scanning
angles. The coefficients of the polynomials are off-line
generated by linear regressions on transmittances calculated
for 32 atmospheric profiles representative of the earth. The
transmittances are calculated for 40 working pressure levels
and 5 scan angles, from nadir to 60°. and for specific
spectral channels.
The RTTOV polynomial coefficients have been, sofar,
obtained from transmittances computed with the
ITPP/TOVSRAD fast model. These two fast models are very
similar: Iheir differences are given in Ref 1. The main
scientific difference concerns the polynomial modélisation
for the water vapor computation.
We have generated, at CMS, the polynomial coefficients for
uniformly-mixed gases (MG) and water vapor (WV), by
computing lhe transmittances of the representative profiles
with FASCOD2. Although no modifications have been
applied Io the RTTOV code itself, the adapted version based
on FASCOD2 is referred for comprehension simplicity (ex:
comparison of the 2 versions) as RTCMS in the following
steps.
Two indépendant sets of Iransmittances, for NOAAIl TOVS
channels, were calculated with FASCOD2, one for
uniformly-mixed gases only, the second for water vapor
only. The ozone coefficients remain unchanged in the two
versions.
The accuracy of lhe RTCMS version was checked by
comparing the brightness temperatures (Tb) computed
directly by FASCOD2 with those from RTCMS, on the 32
representative profiles. Two ways are considered:
- firstly, lhe FASCOD2 brightness temperatures are
calculated from th-; transmittances product of the separate
MG and WV FASCOD2 transmittances (TMG ,Tyy)- T*0'6
2 shows the results in mean and standard deviations of the
difference:
Tb(TWV * TMG)RTCMS - Tb(TwV * %1G>FASCOD2
These results show the accuracy of t ,•: the polynomial
modélisation and the linearif
>. :ur,,-x:-«n for the
coefficients regressions. The e - . arv.
eligible for
channels principaly affc?'*.U '-y
•
'-tr •• nuic lines but
are larger for channel >nchr ••,, .'•• ., •;.,-. . . .à 0.5K in

standard deviation for channel 12 and 6)
channel
1
2
3
-0.01 -0.02 -0.02
M
0.04 0.04 0.OS
SD

4
0.01
0.2S

5
0.04
0.53

6
0.01
0.SS

11
IS
channel IO
12
13
14
-0.01 -0.11 -0.28 0.00 0.00 0.01
M
SD
0.19 0.45 0.50 0.31 0.43 0.37
Table 2: Polynomial coefficients validation

1
0.01
0.45

8
0.00
0.11

18

19

-0.01
0.08

0.00
0.13

- secondly, in an indépendant run, FASCOD brightness
temperatures were directly calculated with all molecular
species (MG + WV) loogether. Table3 shows the results for
the differences:
TO(TWV * TMG)RTCMS - Tb(T8Ii mol. * TMG>FASCOD2
These statistics correspond to the combined quality of (he
RTCMS routine (Table 2 results) and of the split of the
spectroscopic lines into molecular species. The results are
also good (same as table 2) for channels with absorption by
only one molecular spece. We observe a degradation for the
channels dominated by lhe 2 species. This effect is due to the
different integration of the transmittances over the filter and
do not exist for monochromatic computations. So, we should
obtain better results by cutting the filters in several parts but
the computing time will increase in connection.
channel

1

M

0.66

2
1.19

1.04

4
0.24

5
8
6
7
-0.63 -0.83 -1.23 0.01

0.50

0.51

0.49

0.87

SD

0.18

channel

IO

M
SD

3

0.78

0.64

0.10

0.01

12
Il
13
0.30 -0.94 0.03

15
14
-0.04 0.03

18
-0.03

0.19

0.52

0.42

0.08

19
0.02
0.14

1.19

0.32

0.37

Table 3: Effect of the split into molecular species
We used lhe EVA data set of collocated radiosondes and
satellite measurements Io validate, with observations, the
RTTOV and RTCMS routines in clear-sky conditions.
RTCMS-

.

RTTOV: O

Figure 2: RTTOV (o) and RTCMS (*) validation on clearsky situations of the EVA data set (1546 cases).
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The results (figure 2) are presented for NOAAH during the
year 1990/1991 (1546 cases) and over sea (surface
emissivity of 1). They include two adjustment corrections,
given in table 4, (y on transmissions and S on brightness
temperatures). For the RTCMS routine, these corrections
were calculated with the data of the year 1990. Although the
bias are different (no 6 correction for the RTTOV model),
(he standard deviations are very similar and demonstrate the
ability of the FASCOD2 model to generate correctly internal
coefficients for the fast routine.

CHANNEL?

**l

1

2

3

4

7

8

.845

1.0

1.0

.982

5
.967

6

1
S

.981

.953

1.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

channel

10

11

12

IS

18

19

1.08

13
1.15

14

1.08

1.05

1.16

1.0

1.0

Y

S

1.36
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

channel

I

2

3

4

6

7

8

Y
S

0.8

0.9

0.94

0.94

5
0.87

0.9

0.82

1.0

3.1

3.4

3.8

0.5

0.4

-0.1S

0.15

0.7

10

11

12

13

14

15

18

19

0.89

1.16

1.02

0.92

1.05

0.93

1.02

9
o
A
O

.«

l.<

1.5

RTCMS:

channel
Y

0.85

Réf. Profile
Polar
Tropical
Mid. Latitude

§&

RTTOV:
channel

•
+
O
A

1.0

1.5
3.0
W(M-I)

5.5

4.0

4.5

5.0

CHANNEL 8

6

0.8
0.0 0.0 0.15 0.10 0.20 0.0 0.0
Table 4: y and S corrections for the RTTOV and RTCMS
versions
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4. APPLICATION TO FUTURE INSTRUMENTS

*
In the previous section, the FASCOD2 monochromatic
transmissions were directly convoluated with the NOAAIl
TOVS filters, with no possibilities after this step to generate
polynomial coefficients for other channels. All the off-line
FASCOD computations are time-consuming (14Oh CPU on
the IBM 3090 of the 'Centre National d'Etudes des
Télécommunications') and we are looking to the possibility
to store, at a medium frequency resolution, the FASCOD
transmissions for the representative profiles.
For each new channels, the medium frequency resolution
transmittances are afterwards convolved over the filter and
new polynomial coefficients generated. These steps are very
fast and the design permits a quick adaptation of the fast
model to new satellites. Moreover, the design allows
possible extension of the fast routine to future interferometer
systems, if the transmittance storage is made at the ad-hoc
frequency resolution.
Brightness temperatures Tb^jg were computed with a
similar RT equation than in FASCOD, but using medium
frequency resolution transmittances in input instead of
monochromatic transmittances. The accuracy of the
transmittance storage was checked for different storage
resolutions, on the NOAAl 1 TOVS channels, by comparing
T^1RTE to tne Brightness temperatures Tbp^s directly
computed by FASCOD2.

O

.9

1.0

1.9

1.0

1.9
3.0
OV <«n-1)

3.3

4.0

4.5

5.0

CHANNEL 12
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OTropical
AMid. Latitude
1.t

1.S
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3.5

4.0

4.9

5.0

Figures 3: Variation of the brightness temperature difference with the storage resolution for: channel 7, channel 8,
channel 12.
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Figures 3 show the variation of Tbj^jg - TbpAS with the
storage resolution, from 0.25 cm-1 to 4 cm-1, for channels 7,
8 and j.2 which results are representative of the other
channels. All the results are given for 4 different profiles
(polar, tropical, mid-latitude, mean 'reference profile' of an
atmospheric profile data set) and for 2 scanning angles (0°,
60°). For the 0.25 cm-1 and 0.5cm-1 , the errors are always
less than O.IK. For window channels the errors still remain
in the order if 0.1K( with a possible storage up to 1 or 2 cm1). For channel 7, the errors increase dramatically for larger
resolution and reaches values of IK at 4cm-l. For the water
vapor channel 12, the results seem very dependant on the
profile class, even at 0.25 cm-1, with larger errors for the
tropical profile. For this channel, smaller storage resolution
should be investigated.
Figure 4 summarizes the errors, at 0.25 cm-1, for the
NOAAIl HIRS and AVHRR channels. If a constant storage
resolution value has to be taken for all spectrum areas, the
0.25 cm-1 resolution seems to be a good compromise and
shall be worked for interferometer purposes. At this
resolution, the transmittance file dimension, for 40 pressure
levels, 5 incident angles, 3 molecular species, 32
atmospheric profiles, will be of SOOMbytes.
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5. CONCLUSION

We have demonstrated the ability of using FASCOD2
radiative transfer computations to generate polynomial
coefficients internal to the fast RTTOV routine. To avoid the
problem of large computing time inherent in line-by-line
calculations, the monochromatic transmittances are averaged
at a medium frequency around 0.25 cm-1 and stored one
time for all. This resolution do not degrate the results by
more than O.IK, for TOVS channels. The adaptation of the
fast routine to new channels will afterwards be possible in a
minimum computing lime.
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ABSTRACT
A radiative-transfer model has been developed for the
simulation of millimetre-wavelength radiances emerging
from cloudy and precipitating atmospheres over oceans. The
model fully solves for multiple scattering as well as for
polarization effects at hydronieteors and at the surface
including variable structures and microphysics of the clouds
and their spatial inhomogeneity within the radiometer's field
of view. A set of 340 atmospheric profiles from global
radiosonde ascents is entered into the model in order to
simulate the dual polarized radiometer signals as measured
in the spectral channels of the Special Sensor Microwave
Image (SSM/I). A multivariate analyses is carried out to
derive retrieval algorithms for the measurement of cloud and
rain liquid and ice water paths as well as surface rain rates
from satellite observations. Estimated standard errors show
values of less than 10% of the deduced parameters. The new
retrieval techniques are applied to SSM/I passive microwave
soundings from August 1987 to derive global maps of
precipitation and cloud water contents. Observations from
other satellites are compared to our retrievals of surface rain
rates.
Keywords: remote sensing, passive microwave, rainrates,
SSM/I.
1. INTRODUCTION
In the millimetre and centimetre wavelength range the
radiometer signal is directly determined by the cloud and
rain microphysical properties. Thus, the development of
exact radiative transfer algorithms including reliable
assumptions about the atmospheric and cloud structure is
crucial for the identification of systematic information
contents in the radiometer signals of the atmospheric
conditions.
Recent studies based upon simple microwave radiative
transfer simulations have been carried out, mainly to
investigate the effects of different bulk characteristics of
cloud, rain and atmospheric situations on the simulated
brightness temperatures. Thus, retrieval techniques have
been found to quantify surface rainrates by single channel
approaches (e.g. Refs. 1, 2, 3), or by statistical means (e.g.
Réf. 4).
The objective of this study is to find new retrieval techniques
by simulating the radiative transport through cloudy and
precipitating atmospheres including multiple scattering and

polarization effects. The variability of the vertical structure
of liquid and ice water in clouds and rain and the
modification of the surface emission by wind induced
roughness is essential in the model providing its global
applicability.
2. MODEL DESCRIPTION
2.1 Microwave Radiative Transfer Model
Polarized radiation intensities and the state of the
polarization are fully described by the Stokcs-vectors. In our
model these vectors are computed for eight Gaussian
quadrature zenith angles extending the matrix-opcntortheory, that has been basically formulated for radiation
intensities (Réf. 5), and by building the appropriate
initialisation schemes. The vectors describing the intensities
and polarizations, and the matrices containing the
transmission and reflection functions of the atmospheric
layers are successively combined for the determination of the
opticai properties and radiation fields of an inhomogeneous
atmosphere following the technique given in Réf. 6. The
transfer of polarized radiation is computed through plane
parallel atmospheres containing liquid and frozen spherical
hydrometeors. The gaseous absorption by water-vapour and
molecular oxygen is based on the parameterization of Réf. 7.
Scattering and absorption of droplets is calculated using the
Rayleigh-approximation for droplet and ice sphere sizes in
the cloud domain and by Mie's formulae for precipitating
particles. The surface emissivity is calculated using the
Fresnel formulae. The dependence of surface roughness on
wind velocity and its effect on the polarized reflectivities is
taken from Réf. 8. The model has been tested against the
model of Réf. 9 for standard atmospheric conditions and
varying rain rates. The deviations were found to be less than
1.5 K due to the different treatment of atmospheric
absorption in the models.
2.2 Model Atmospheres
The used input data have been taken from radiosonde
ascents distributed over all latitudes and seasons to describe
global atmospheric conditions. Clauds are introduced if the
relative humidity in a layer exceeds 98%. The vertical
profiles of pressure, temperature and water-vapour density
are taken to determine the cloud positions and types. The
latter are identified by the vertical extend of the cloud layers
and the cloud base altitudes.
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Figure 1. Dependence of the relative error of the estimated water-vapour content (a), total water path (b), liquid/ice water path (c)
and rainrate (b) on the number of regression variables. Numbers indicate the used datasets.
The pressure and temperature values are taken as input
parameters for the computation of the gas absorption. Two
separate cloud regimes are included. The 'stratiform' cases
allow multilaycred clouds with the corresponding cloud
types. Rainfall is only produced by the lowest layer. In the
'convective' cases multiple layers are added filling the
cloudfree layers between the saturated layers. The cloud
types are changed and the vertical extent of the precipitation
is increased producing additional rainfall amounts. This
separation has the advantage of studying the effects of
stratified, multilaycred clouds with small-sized ice particles
and low rain rates against vertically enhanced clouds with
lager drops and ice particles and enhanced precipitation
inside and below the cloud. The vertical profiles of the cloud
liquid water content are given by the parameterization of

Réf. 10 with the maximum of the liquid water in the upper
cloud part. The conversion to ice is assumed to be linearily
dependent on temperature between the freezing and the
glaciation level. The vertical distribution of precipitating
particles is difficult to parameterize due to its large
variability. The main characteristic features are the
maximum close to the freezing level as a result of local
instability by the latent heat release during melting and the
decrease of the rainrate below cloud base by evaporation
(Réf. 11). Thus, precipitation is modeled assuming a linear
increase of rain rate from the surface to the freezing level
and a linear decrease until cloud top.
The radiative transport simulations using the model
atmospheres have been run for cloudfree, cloudy but
rainfree and raining situations assuming stratiform and
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convective cloud types and precipitation, respectively. Thus,
five individual data sets are created and merged using
random cloud (Cc) and rain (C,) fractional coverages to
account for the inhomogeneous atmospheric structure in the
radiometer's field of view. Finally, three datasets remain
where the first is still cloudfree, the second contains mixed
cloudy and cloudfree cases and the third additional rainfall,
so that each atmospheric parameter and simulated brightness
temperature PC., is combined to:
Sc = Cc PC + (1-CC) Pf,

04CC41,

(Ia)

P, = Cc Pc + C, P, + (1-CC-C.) P,, 0«CC+C,« 1. (Ib)
To avoid systematic influence of the model assumptions on
the simulated data the key parameters are varied randomly.
These variations are equally distributed with predefined
limits or follow a gaussian distribution determined by an
average value and a standard deviation of the variation. The
parameters included in the multivariate approach are:
- surface wind speed,
- surface temperature,
- cloud water content,
- rain water content,
- maximum rain rate / surface rain rate,
- fractional cloud and rain coverages,
-radiometernoise.
The model results show that due to the multivariate approach
even by including the fractional coverage of clouds and rain
the effect of brightness temperature reduction due to
scattering on precipitating droplets and particles is
decreased. For low rainrates the absorbing effect of cloud
water dominates so that the discrimination of non-raining
clouds from lightly raining clouds seems to be impossible.
Precipitating ice particles in the caps of heavyly raining
systems cover the effect of the underlying cloud and rain
layers on the upwelling radiances. This may lead to
misinterpretations in the satellite measurements because the
ice-layer thickness is not necessarily related to the surface
rainrate in a direct manner.
3. RETRIEVALS
The multivariate analyses and the inclusion of fractional
coverages within the field of view lead to an accumulation of
the probable rainrates and liquid or ice water paths at low
amounts. This behaviour is used by Réf. 4 to fit log-normal
functions to the rain probability distributions and comparing
them to analogous distributions of the measured brightness
temperatures. In our study, this accumulation has to be
avoided because of the multilinear regression technique to be
applied. Therefore, the retrievals are performed for the
logarithm of the parameters, except for the water-vapour
column. For each parameter (Xi = [WVP, log,0(LWP),
1Og10(IWP), 1OgI0(TWP), 1Og10(R)] ), the minimum number of
regression variables with the minimum residual t, in the
following equation is required, so that the maximum

variance of the required parameters is represented by the
variance of the sum, respectively:
• (,.

(2)

The f(TB) are specific functions which linearize the relations
between the simulated brightness temperatures and their
combinations and the atmospheric parameters of vector Xj.
The datasets taken for the regression analyses have to be
equally distributed over the range of the parameter which is
regressed. The number of the variables has to be limited due
to statistical stability and general applicability. The
dependence of the standard error of the estimation on the
number of the variables is shown in figure 1 for the relevant
parameters.
The common feature is the drastic reduction of the standard
error until the inclusion of three or four variables and the
decrease of the improvement beyond this value. For
cloudfree cases the reduction in the estimation error is not as
significant as in the other cases because the modification of
the brightness temperatures is mainly determined by the
amount of water-vapour. With additional cloud liquid and
frozen water the effect of liquid water absorption dominates.
Small ice particles are weak scatterers, but their extinction
due to absorption is by two orders of magnitude less than
that of droplets. Thus, their effect on the simulated radiances
is not significant. The errors of the regressions generally
increase with the inclusion of clouds or rain due to more free
parameters. For rain cases additional scattering occur at both
liquid and frozen particles which causes decreasing
correlations among the required parameters and the
simulated brightness temperatures. This leads to further
increases of the standard errors, in particular for the watervapour content. The best results of the retrievals show
relative errors between 1.8% for the water-vapour content in
cloudfrce cases and 10.7% for the rainrate. For the
retrievals of the ice water paths no improvement for variable
numbers above four could be achieved as a result of the
limited sensitivity of the lower frequency channels of the
SSM/I to particle scattering.

1

Applying the retrieval schemes to the complete datasets the
comparison of the retrieved and the simulated parameters
show average correlations of 0.99 for the water-vapour
columns, 0.87 for the liquid water paths, 0.78 for the ice
water paths, 0.86 for the total water paths and 0.74 for the
surface rain rates, respectively. As figure 2 illustrates, the
retrievals generally overestimate the simulated values for
low amounts of rain and liquid water, which is due to the
fact that small rain rates and water paths are no more
detectable in the radiometer signals. Large deviations occur
if the heterogeneity in the synthetic field of view increases,
i.e. if clouds with large amounts of liquid or ice water and
rain but low horizontal extents appear. Then, the spatial
average does not represent the inhomogcneous cloud fields
accurately.
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Figure 2. Scatter diagrams for the comparison of the simulation results and the retrieval algorithms for the water-vapour column
(a), the total water path (b), the ice water path (c), and the surface rain rate (d) applied on the model data sets 1 (cloudfree), 2
(cloudfree & clouds) and 3 (cloudfree, clouds & rain), respectively.

4. SATELLITE DATA AND COMPARISON
The retrieval algorithms have been applied to passive
microwave measurements of the polar orbiting DMSP Block
5D-2 satellite during August 1987. The values shown in
figure 3 are the monthly rainfall amounts (a) and the monthly
avenge total water paths (b), respectively. As an example,
the tropics between 40"S-40°N and SO0E-ISO0E are
presented. The most obvious features a.e the high amounts
of rainfall in the regions of the ITCZ with maximum values
of 1800 mm and mean water paths of 180 mg/cm- across the
eastern Pacific. In the regions of the summer monsoons
close to the coasts in the Indian and Chinese Seas maximum
amounts of 1500 mm rainfall and total water paths of 160

I

mg/cm- occur. In the subtropics spatially more homogeneous
rain distributions can be observed with average rain columns
of 200-300 mm and water paths of 60 mg/cm2 with single
storm events embedded. The high pressure zone beyond the
western coast of Australia is well represented by low cloud
and rain amounts.
The comparison of estimated rain rates from satellite data
with surface measurements on a global scale is generally
impossible due to the lack of ship logs. Thus, only specific
experimental data or estimated amounts from other sources
can be used suffering from being not representative over
large scales and generally being less accurate.
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Figure 3. Monthly rainfall amounts in mm for the tropics between 40°S-40°N and 8O0E-ISO0E (a) and the corresponding
monthly average total water paths (b) in mg/cm: for August 1987 derived from the regression algorithms applied to DMSP SSM/I
passive microwave measurements.
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From the Global Precipitation Climatology Centre (GPCC)
which is a gcrman contribution to the Global Precipitation
Climatology Project (GPCP) and the Global Energy and
Water Cycle Experiment (GEWEX), a comprehensive data
base will become available for climatological applications.
Over oceans global maps of monthly rainfall with a 2.5°-grid
resolution are taken, which are derived by inverting the
cloud top temperatures into rainfall via the Global
Precipitation Index (GPI; Réf. 12). The mean zonal
differences and standard deviations between the presented
rain amounts and those estimated by the GPI are shown in
figure 4 for the tropics between 40°S-40°N. The comparison
shows that in midlatitudes the microwave algorithm produce
larger rain amounts than the infrared scheme, whereas in the
tropics the opposite feature is dominant. The overestimation
of rainfall for low rain amounts by the microwave scheme is
caused by the difficulty of rain detection as discussed above.
For higher amounts the results of the GPI-calculations may
be affected by the irregular relation between surface rainfall
and large ice water contents in tropical cumulonimbus icecaps. The mean differences range between 100 mm with the
highest standard deviations in the tropics due to increasing
rainrates and temporal and spatial inhomogeneity.Û

particular for convective situations with heavy rainfall and
extended ice-caps.
The global application to satellite data of the SSM/I has
found to give reliable results for both monthly rain amounts
and mean total water paths. The comparison with products
from algorithms using infrared satellite measurements
resulted in mean zonal differences of less than 100 mm. This
is caused by errors due to rain discrimination as well as
different spatial and temporal sampling properties of the
systems.
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1. INTRODUCTION

1

-

The methods for laser remote sensing of atmospheric
temperature are based on temperature dependent interactions of light with atmospheric gases. For instance, temperature dependence is used, of some characteristics of differenttype elastic and nonelastic scattering such as bandwidth of
resonance [1] or Rayleigh [2] scattering, envelope of rotational
Raman scattering (RRS) spectrum [3] or shape of RRS
spectral lines [4],shape of Rayleigh-Brillouinscattering(RBS)
spectrum [5] etc. The results from different investigations and
applications of these methods show their feasibilities and their
limitations [1-1O]. The various methods have various advantages and disadvantages as compared to each other hut no
systematic attempt has been undertaken so far (except [5, K)])
to compare their potential accuracies as principal characteristics of their efficiencies. Two RRS techniques for remote
sensing of the atmospheric temperature [3,4] have been
recently compared in the above sense [ 10] supporting identical
experimental conditions, e.g. laser source, receiving optics,
noise, atmospheric conditions etc.

is the rotational constant, and J is the rotational quantum
number. The corresponding backscattering cross sections are
OJ.K = (64jr4/45)bj.iO/K2«'j.K', where bj.K is the Placzek-Teller
•coefficient for the S- or O- branches, and y>c is the anisotropy
of the molecular polarizability tensor (in more detail see [U]).
The lidar equation for one RRS line can be written in the form
PJK(T) = PjAoLro(z)>/(z)z-2NK<>j.KFj.K(T)rj.K(z)

(D

where PJ.K(T) is the received backscattered power, P1 is the
incident light (laser) power, Ao is lidar constant, L is the length
of the scattering volume, q(z) is the receiving efficiency of the
lidar, NK is the number density of molecules. The atmospheric
transmittances at frequencies ta0 and U>J,K along the z-long light
propagation path to the scattering volume are denoted TO(Z)
and TJ.K(Z) respectively. Further we will suppose that TO(Z) =»
TJ,K(Z). The fraction Fjx(T) of molecules K in initial state J, at
absolute temperature T is given by [ 11]
Fj.K(T) =

(2)

The first of the compared RRS techniques (Cooney 1972) is
based on temperature dependence of RRS-spectrum envelope. The second ones is based on application of FabryPerot interferometer as a comb filter for analysis of the
temperature-dependent RRS spectrum shape.

where Q = (2I K +l) 2 kT/2hcB 0 .K is the rotational partition
function, IK is the nuclear-spin quantum number, Ej =»
J(J + l)hcB0,K is the rotational energy, gj.K is the statistical
weight factor, h is the Plank constant, k is the Bolzman constant, c is the light velocity.

The RRS methods have been developed most considerably,
and have provided most reliable results for the troposphere
[3,4,6-8]. At the same time, the methods making use of
Rayleigh-scattering (RS) bandwidth [9] (Schiviesow and
Lading 1981) or high-resolution analisys of RBS line [5]
(Shimisu et al. 1981), seems to be very promising ones. That is
why, in the present work we involve and the latter methods
together with the RRS methods, of the potential accuracies.

The RRS power from air (Ni + O)), integrated by an optical
filter with spectral response function r,,(<wj) centered at frequency ojq, can be written in the form

2. DESCRIPTION OF THE CONSIDERED METHODS
2.1

RRS methods

For monochromatic incident light with frequency IDQ, the RRS
spectrum of some simple linear molecule gas component K
consist ofStokes(S-branch)lines with frequencies OIJ.K = WJ.KS
= (O0 - 4Bo.K(J + 3/2) due to the transitions J -» J + 2, and
anti-Stokes (O-branch) lines with frequencies (uj K = (»J.KS =
(»o + 4Bo1K(J -1/2) due to the transitions J -» J -2. Above, BO.K

Pq = I

A property of the integrated RRS spectrum is that there is a
wavelength interval à = (Ao - aAio, Ao - /^u) around the exciting
wavelengthAo = 2jrc/u>o, such that for every central wavelength
Aq = Zffc/Wq = AIE ô the corresponding power Pq = PI is
decreasing function of T. And on the contrary, for A q = AiCEd,
Pq = Pais increasing function of T [7], The idea of the methods
based on the temperature dépendance of the RRS-spectrum
envelope [6], [8] is by combining PI and P: to compose some
unambiguous functions <p(T) = R(Pi, P2). When the combination R is simply the ratio R = Pi/Pa, which is an often used case
[7], in a similar to [7] way we obtain for the error in the
measurement of T:
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«PO.N are the corresponding to Pn, Pu, and to the noise powers
Pn.x and PO.N mean rates of photon counting.

= (dlnR/JT)-'j (Oi + 2Q,s)'O, 2

2.2 RS (RBS) methods
where we have assumed photon counting regime of measuring
Pi. P:. and the noise powers P,.N and P: v The quantities Oi =
«Pi, O: = «Pj, OI.N = «Pi \, and O: N = "P2 s are the
corresponding mean photon counting rates and « is the
photodetector quantum efficiency. We ha\e also ^sumed
Poisson statistics of photocounts.
In the imerferometric method, the scanning Fahry-Ptrot interferometer (FPI) is used as a comb filter for processing the
periodic RRS spectrum of nitrogen [4]. In this case, the total
transmitted Raman power (or energy E1, = PnT, integrated
over a measuring period T1) at the n-th order interferogram
maximum can be expressed [4] bv

RS spectrum from atmosphere is Doppler broadened due to
thermal motion of molecules. Therefore the spectral shape
and the linewidth depend on temperature and this dependence
can be used for measuring atmospheric temperature. A more
accurate determination of the line shape requires to take into
account density fluctuations in atmosphere, molecular-Jensity
variations due to temperature variations etc. So, in [5], RBS
spectrum is determined and investigated with respect to the
possibility of a more accurate measurement of atmospheric
temperature profiles. Although, in order to simplify the
evaluation of the measurement error, we assume following [9J,
the Doppler form of RS spectrum:
I(w) =

Pn = P(An) = 2 [Pl s / «H\ + «J.0) T(X)Jx +
J=O

r (J + 2)(n + »„)

where «u = ,v, |

and
where Po is i n p u t RS power.
= 5,74.102m2s"2k"' isaconstant in the troposphere. The liJar
equation for P0 is

1

P0 = P1

- 1 »1

L

m,, + n

f (J + l)(n + ! „ )
/?J.n = -/V) I

J

mn + n

1
J

An is the free spectra! range that gives the peak Raman transmittance in the n-th order of the interferogram, Ao = 4Bo is
the free spectral range at the matched condition, mo is a
reference order (niuAo = u>u + Ao/2), f •„ is a parameter which is
determined numerically. The transmittance of the FPI Ls
T(X)

where A(WF = VF is the instrumental width, A is the free
spectral range, and F Is the finesse of ihe interferometer. The
RRS line in the troposphere is assumed to have Lorentzian
shape:

wilh half-maximum width (in cm' 1 ) \<» = U,5<rp(MT)' l/2 ,
where p is the pressure in atmospheres, M is the molecular
weight, ais the optical collision diameter in A. For nitrogen,
Eq. 4 is obtained using the assumption that each RRS line
cannot be transmitted by more than a single order of Ihe FPI.
Besides, as far as we consider here only RRS from N>, we have
replaced in (4) the subscript K by the subscripts S and O in
order to denote the Stokes and ami-Stokes I i nes, respectively.
Due îo the temperature and the pressure dépendance of the
RRS line widlh AU>, the Fabry-Perot interferogram maxima
P(an) are also functions (unambiguous) of the temperature and
the pressure. Like (3), the error in the measurement of T on
the basis of dépendance I n = y(T) is
= (dlnUdT)

(5)

The first considered here RS method based on temperature
dépendance of RS linewidth employs two Michelson interferometers(MI) in parallel [9]. The outputs P1, (q = 1,2) of the
interferometers, at optical path differences 2d, between
delayed and undelayed signal parts, are given by
, = (Pn/4)[l-exp(-d l| -M)]

aP(A0), QH.N = «P,,s. and QO.N. =

(8)

•when dq correspond to some minima of the oscillatory factors'
of the output. Then dq = k^ai/oi, where k,, are odd numbers.
In[S], M =y2/c2.The ratio R = Pi/Pi is an unambigousfunction
R = f(T). The inverse function T = f ' ( R ) allows to determine
T with an error OMI estimated according to Eq.3, but with PI
and P2 given by Eq.8. As shown in [9], if a Gaussian-shaped
prefilter is used with transmittance bandwidth equal to 4y, the
background spectral density can be considered as a constant,
the aerosol-backscattering noise is practically rejected.
The method based on high-resolution analysis of RS (RBS)
spectral shape [5] employs two narrow-band absorbing block
filters, with absorption bandwidths }',, (q = 1,2) such that yi «
72. The corresponding spectral iransmiuance functions are
Bq(to). The block filters are used to suppress the aerosol
backscatter. and to form two portions of RBS power
P1, = Bq(<«) !(«>) dm.

(9)

The first portion includes approximately the whole RBSspectrum power.The second portion includes only u wing part
of it. In [5], the ratio r(t) = PV(PrP-') is chosen for measuring
T, and is analysed. Here we consider the ratio R(t) = P S /P 2 as
providing temperature information. As far as P? « PI, there is
no essential difference in sensitivity between both variants. In
order to simplify the analysis we make use of the following
approximation
B» = 1 - exp|-(«j-(»o) Vl-

where

(7)

where (/RS is RS differential cross section.

+',,I

[

(6)

(4)

On the basis of Eqs. 6, 9, and 10. we obtain expressions

( 10)
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used further for evaluation of the error WUH in the measurement of temperature. As in the preceding method, OHR is
estimated according to Eq.3, with PI and P: given by Eq. 11.
Thge use of a Gaussian-shaped prefilter with bandwidth equal
to 4y is also supposed. The influence of the aerosol-backscattering niose is assumed to have a constant spectral density
within the prefilter spectral band.
3. COMPARISON OF THE EFFICIENCIES
The quantities aENv~', WFIM"', WMI'', andCTMK''can be interpreted 1
as measures of potential accuracy (potential efficiency) of the
corresponding methods. Then, the rates %a = WI-NV/OKNV = 1,
Xi ~ "Exv/OfTi, X2 = WENV/WMI, and %i = <>i S\/»HR can be
defined as corresponding relative (with respect to WI-.NV"') efficiencies, and used as a basis of comparison. Besides, we
should assume identical experimental conditions such as
power and wavelength of exciting radiation, state of atmosphere, transmittance of receiving optics, noise level etc. In this
case, such values as P0, r0(z) = T^(Z), A0, >/(z), Ni, and z (See
Eqs.l and 7) are reduced. Therefore, they are not specified.
The molecular constants are taken from [U]. The RS differential cross section aRS is recalculated using data from [9]. The
other characterizing parameters for all methods are chosen in
an optimum way so that W|.NV, a\ n, r;Ml. and WMU to have
minimum values when PM.N = P,,.N = P, \ = P,.N = O. So for
Ao = 2jic/a>0 = 510,6 nm we have A, = 510.9 nm, and /Ij =
514,8 nm for temperatures from 220 K to 320 K. The optical
filter spectral response function Gt,(r«) = expHw-w,,)2^ A0)2J.
where AA0 = 2TCAw0M,2 = K)A.

Fig. 2

Relative efficiency #2 = CTE

by its spectral density. The latter is determined in relative units
with respect to the spectral density at the peak of the most
intensive RRS line (J = 8), at the temperature T = 273 K and
pressure p = 1 atm.
The rriî, s VI, ^2, and #3 vs T are shown in figs. 1, 2 and 3
respectively, for different background levels I in the above
sense:! = 10,5,2, 1,0.5,0.1. The anaKsi.s of the results shows
that at low noise levels, 1 < %, » x: - •/-,. So. the relation
between the selected signal powers (— I',,, or P( v), or P1) and
the sensitivities of the different methods determines a considerably higher efficiency of the RS (RBS) methods. The main
reason for this is the lower signal power of the RRS methods.
In this case, the RS methods have comparable efficiencies. The

.— ». = 10
I>«-H>O i =
5

b 10

[}BfH3fJ I .3ÔAÛA I —

W-*** I =

***** i = -

">
I

O ?

o5

o;

O 1

4 H)

Fig. I

Relative efficiency^] = OENV/WFPI

For the interferometric method, the optimal order is n = 5, for
pressures from 0,6 atm to 1 atm, températures from 220 K to
320 K and finesse F = 70. The band of the RRS spectral lines
with essential contribution to the imerferogram is supposed to
be 210 cm"1 wide begining from WD. The comparison is performed at fixed pressure p = 1 atm.
For the RS-linewidth method, an optimum pair is di = 3.28
cm, dj = 6.56cm.
For the method wiht block filters, an optimum combination is
Yi - O, X2 = Y-

The noise is considered as an effective background specified

Fig. 3

Relative efficiency Jj3 = OENV/CTHR

RRS methods also have comparable efficiencies. The increase
of the noise level leads to an increase of x t,Xz and JK.ISO that 1
« Xi « Xi — Xi- Consequently, the RRS methods are more
sensitive to noise due to the lower signal power and/or the
higher noise levels. RS methods have comparable efficiencies.
At the same time, the FPI method exceeds the envelopemethod, due to the lower relative (with respect to the signal)
noise levels, the ratios ^1, #2 and jjj tend to constant values
determined by the signal powers, the sensitivities and the noise
admittances.
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4. CONCLUSION
Thus, we conclude that in principle the considered RS (RBS)
methods are more efficient than the RRS ones because they
have considerably higher potential accuracy. This means that
considerably shorter measuring time intervals allow to reach
given required accuracy. Besides, both RS methods always
have comparable efficiencies. They also are noise protected to
a higher extent in comparison with the two RRS methods.
Certainly, the final choice of a lidar method for measuring
atmospheric temperature profiles might depend on the
various additional factors. Here we have considered only one
of them with principal importance.
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ABSTRACT
A model
for
the
profiles
of
the
temperatures
T(h),
pressures P(h>
and
densities D(h> in the height interval
h=2O-8G km is represented on the basis of
racket measurements which took place in
Akhtopol, Bulgaria: 42 06 N, 27 Sl E. The
experiments are realized with the aid of
the russian rockets M-IOO B in the period
1982-1990. T(h)-, P(h>- and D(h)-profiles
in periods with different solar activity
phases, as well as average profiles for
the
whole
period,
are
represented.
Comparisons are made with the
COSPAR
International Reference Atmosphere
1972
and 1986
(CIRA 1972 and CIRA
1986).
Significant differences, especially in the
winter, are found between our results and
the CIRA model. During the summer period
the comparison gives more
satisfactory
coincidence with CIRA data.
Our results
are discussed
as a basis for further
improvement of the reference
atmosphere
CIRA.
Keywords: middle atmosphere;
temperature,
pressure and density
profiles;
solar
activity.

198O. Recently there are about 4O stations
for rocket sounding on the Earth
<Ref.3).
The bulgarian scientifists also took part
in the middle atmosphere investigation in
the region of South-Eastern Europe by the
rocket station in Akhtopol (42 06 N,
27 51 E).
The recent models of the middle atmosphere
CIRA 1972
(Réf.3) usually uses rocket
data. For latitudes 35-45 N there are two
stations in Europe - in Arenosillo (37 O6
N, 6 44 M) and Sardinia (40 OO N, IO OO
E), which are situated in South-west and
in South Europe, respectively. Therefore,
the station
in
Akhtopol
covers
an
unresearched area. A preliminary model of
the middle atmosphere over South-Eastern
Europe for two extremal levels of the
solar activity — maximal and minimal,
respectively, is proposed in this paper.
Such considerations related to the solar
activity are missing not only in CIRA
1972, but also in the last model CIRA 1986
(Réf.4), which is based on satellite data
(Réf.S).
2. AVAILABLE DATA

1. INTRODUCTION
The middle atmosphere (10-100 km) was for
many years the "terra incognita" of the
Earth environment (Ref.l). Recently a big
amount of data have been obtained, due to
the development of sounding by rockets up
to altitudes of 100 km, which allow to
researh the thermodynamical behaviour and
the chemical composition of the middle
atmosphere.
Such an enlarged interest
arises due to:
X The increased
requirements
to
the
long-range and very long-range forecasting
of the weather and the climate (Réf.2).
X The necessity for solving the problem of
the anthropogenic effect on the climate.
K Forecast capabilities for the operation
and navigation of manned and un-manned
vehicles in the Earth environment.
The scientific and practical interest to
the middle atmosphere stimulates
such
important international programs as Middle
Atmosphere Program (MAP), which started in

The foundation of the rocket
station
Akhtopol in 1982 opened possibilities for
the investigation of the profiles of the
middle atmospher thermodynamic parameters
(temperature,
pressure, density)
above
Bulgaria. The country is located on the
boundary of two climatic belts close to
the
tropical
zone,
which
naturaly
influences the dynamics and the energy of
the atmospheric processes (Réf.6). The
Akhtopol
station
is
established
in
December 1982 and since 1983
regular
soundings have been executed once a week,
each Wednesday at about midnight. This
allows a comparison of our data with the
world rocket network data. Since soundings
once a week are not always sufficient for
the studying of the middle atmosphere
processes, during certain periods
(e.g.
stratospheric warmings) more often rocket
soundings are made: up to 5-6 times a
month.
In
this
way
more
complex
information for the developement of the
intensive
atmospheric
processes
is
obtained.
The

sounding

is

realized

by

russian
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roct.eta M-IOO B. They are
io!id-fuel two-stage rocfets which can
carry a payload o-f 14 t g. A roct.et M-IOO B
reaches an altitude of 1OO ( m.
The data obtained in Akhtopol by 343
rocket launch!ngs
during
the
period
19B2-1990 allow the determination of mean
values of the thermodynamical parameters temperature, pre=aure and density in the
region between 20 and 80 I <" of the middle
atmosphere.
3. AVERAGED TEMPERATURE MODEL
In Table 1 the average temperature values
per month above Akhtopol obtained by 343
rocket soundings are presented (Réf.7). In
Table 2 the corresponding mean square
deviations are given. Several tendencies
can be derived from Table Ir
< In the region h"--7O \m the temperatures
in the winter are higher than the ones in
the summer ;
W
At
the
altitude
T(winter)=T(summer).

about 70

X In the region h<70 km the temperatures
in the winter are lower than the ones in
the summer;
A comparison of the data in Table 1 with
these of CIRA models shows that only in
the region 20-40 km our results are in
agreement
with
the
International
References. At the altitudes above 4O km
significant differences are noted which
reveals the following
facts
in
the
different seasons:

c> For the temperatures in CIRA
corrections are necessary only for
upper mésosphère (65-8O km).

1936
the

4. TEMPERATURE PROFILES DURING
SOLAR MAXIMUM AND MINIMUM
CIRA models of the temperatures in the
strato-mésosphère do not take into an
account the dependency on
the
solar
activity. They take into account such a
dependency in details
only
for
the
termosphere. Already Kokin et al.(Ref.8)
have considered the effect of the 11-year
solar cycle on the temperature behaviour
in the region 20-8O km at a high latitude
(Heiss Is.80 37 N, SS 03 E) during the
winter period.
This problem has been
discussed also by Tarasenko (Réf.9).
We analyze here the solar influence on the
temperature profiles above the
middle
latitude station Akhtopol on the basis of
the results shown in Table 1.
With an
account of the stated problem, the data
were grouped into two
main
periods,
corresponding to a minimum (1984-1986) and
to a maximum (1988-1990) solar activity.
They were selected also into another two
periods in order to reveal the seasonal
dependence - according to the
winter
(December, January and February) and to
the summer (June, July and August). In
these cases we use the data from 1O9
racket launchings which are delivered into
the following groups:
during the solar minimum - Rmin
sunspot number):

(R

is

a

27 launchings in the summer and 39 ones in
the winter;

DURING THE WINTER:
during the solar maximum — Rmax:
a) In the region 4O-BO km the temperatures
above Akhtopol are lower than the ones of
CIRA models;
b) In the region 5O-7O km the temperatures
above Akhtopol are lower with 20 C or more
than T (CIRA 1972). Only at the altitudes
of about 40 km and 80 km there is a
relative coincidence;
c) This difference dT decreases in the
last
model
(Refs.4,5)
here
the
differences are significant only in the
region 63-78 km and at the altitude of 80
km the average value of dT remains above
15 C.
Therefore, for CIRA 1986 corrections have
to be made only for the upper mésosphère;
DURINQ THE SUMMER:
a) The temperatures above Akhtopol are
lower than the ones in CIRA models, but in
this case the differences dT are smaller
than in the winter;
b) In the stratopause (45-5O l.m)
the
temperature above Akhtopol is in average
IO C lower than T (CIRfl 1972). This
difference slowly decreases
with
the
height increase and vanishes
at
the
altitude of 80 km.

v

21 launchings in the summer and 22 ones in
the winter.
The values of the summer and
winter
temperatures during the solar
minimum
T(Rmin),
during
the
solar maximum
T(Rmax), and the average one for the
total period T are presented in Table 3.
The corresponding
temperatures of CIRA
1972 and CIRA 19B6 are also given in order
to make a comparison. It is seen from
Table 3 that:
DURING THE SUMMER:
a)
The
temperature
in
the
middle
atmosphere is almost independent
on the
solar activity. Between the altitudes of
20 and BO km it is almost the same;
actually, its variance is a few degrees
and is below the mean square deviation.
b) The comparison with the CIRA 1972 model
(Fig.l) shows, that the temperatures in
Akhtopol are lower by a value which varies
between 5 and 15 degree= in the region 4fï
- 70 l.m.
c) The comparison with the CIRA 1986 model
(Fig.2)
shows
a
better
agreement.
Differences exist only in
the
upper
mésosphère.
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electric circuit between the Earth and the
ionosphere.

DURING THE WINTER:
a) The region 25 - 6O km (the stratosphere
and the lower mésosphère) is warmer during
a solar minimum and the region above 60 km
is warmer during a solar maximum;
b> The comparison with the CIRA 1972 model
(Fig.3) shows significant differences dT
from the temperatures
measured
above
Akhtopol. The last ones are lower than
these of CIRA 1972 by a value, which
varies from 10 C at the altitude of 45 km
up to 27 C at the altitude of 65 km. In
the
upper
mésosphère
dT
decrease
significantly.
c) The comparison with the ClRA 1986 shows
a much better agreement
(compared with
CIRA 1972) in the region 2O - 6O km. A
correction (up to 2O degrees) is necessary
here only in the upper mésosphère (Fig.4).
5. PRESSURE AND DENSITY PROFILES
The pressure and density profiles have
been computed with the
aid
of
the
barometric formula using the pressure at
20 km measured by radiosounding and the
measured temperature at 20 to SO km. The
results for the
atmospheric
pressure
during the summer and winter by a minimal
and a maximal solar activity P(Rmin) and
P(Rmax), respectively, are presented in
Table 4. The following conclusions can be
derived from it:

6. CONCLUSION
The comparisons of our data with CIRA 1972
and
CIRA
19B6
show
significant
differences, especially in the winter.
During the summer period the comparison
gives more satisfactory
coincidence with
CIRA.
These
differences
are
also
determined by some
regional
synoptic
features of South-Eastern Europe, e.g. in
the winter this region is under
the
influence of: a) the circumpolar cyclonal
vortex, and b) the high pressure area
above the Mediterranean.
In the cold
half-year the stratospheric Mediterranean
anticyclon is the main agent in
the
atmosphere above the Balkan Peninsula and
significantly
influences
the
middle
atmosphere processes.
All
these
features
determine
the
differences between our results and CIP.fi
models.
Thus, we consider the rocket
profiles of the temperatures, pressure and
density above Akhtopol as a basis for
further improvement of
the
Reference
Atmosphere.
Acknowledgements:
The
authors
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a) In the region h>3O km P(Rmin) and
P(Rmax) are lower compared with the ones
in CIRA 1972;
b) During the winter P(Rmin) = P(Rmax)
above 65 km and P(Rmin) > P(Rmax) below
this altitude;
c) On the contrary,
during the summer;

P(Rmax)

>

P(Rmin)

d) Above 45 km CIRA 1972 gives higher
density values and below 45 km CIRA
1972
values vary between P(Rmin) and P(Rmax),
i.e.
they agree with the data
from
Akhtopol.
The obtained by us values of the middle
atmosphere density in the summer and the
winter during the minimal and maximal
solar activity
D(Rmin)
and
D(Rmax),
respectively, are presented
in Table 5.
The comparison results here are analogical
to these for the pressure.
During the winter D(Rmin) > D(Rmax) above
30 km; the reverse fact is valid during
the summer:
D(Rmax) > D(Rmin) in the
total interval 22 - 7O km. The agreement
with CIRA 1972 in the region 25 - 70 km is
satisfying.
The exact values of the pressure and the
density above South-Eastern Europe are of
an importance for
the
analysis
and
modeling of the atmospheric processes and
for the modeling of the solar photon and
particle influence and galactic cosmic
rays effect on the ionization and the
electrical properties
of
the
middle
atmosphere (Réf.10) and also on the global
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Table 1:

JAN

Im.

-72
-SO
-76
-65
-52
-36
-22
-20
-26
-36
-53

80

75
70
65
EO
55
50
45
40
35
30
25
20

-61

10. Vellinov P I et al. 1974, Cosmic Ray
Effects on
the
Ionosphere
and
the
Radiowave
Propagation,
BuIg.Acad.Sci.,
Sofia, 312 p.

Average monthly temperatures (C) 2O to BO km obtained by
343 roctet soundings in 1932-1990 above Akhtopol

FEB

MAR

APR

MAY

— 7^*

7

-90
-83
-7O
-55
-4O
-25
-12
-10
-18
-34
-47
-56

-94
-82
-69
-52
-37

-77
-76
-63
-47
-33
-20
-16
-21
-34
-49
-59
-62

— S'
-76
-71
-61
-46
-29
-16
-15
-23
-35
-48
-58
-62

-23

-a

-7
-15
-30
-38
-54

JUN

JUL

AUG

SEP

OCT

NDV

DEC

-93
-76
-58
-40
-22
-6
—5
-15
-28

-101
-90
-73
-57
-42
-27
-12
-B
-19
-33
-43
-52

-92
-86
-73
-57
-4O
-27
-15
-13
-21
-33
-43
-51

-91
-87
-75
-60
-45
-31
-17
-15
-26
-38
-46
-53

-B3
-Bl
-7O
-57
-44
-31
-20
-17
-27
-39
-5O
-57

-82
-69
-56
-43
-33
-23
-20
-29
-42
-54
-61

-72
-80
-78
-66
-48
-32
-2O
-16
-25
-39
-54
-60

NOV

DEC

-40

-50
-56

Monthly temperature mean square deviations 2O to 80 km
corresponding to Table 1

Table

t.m.

FEB

MAR

APR

MAY

1O.4 16.3
9. 1
9.2
11.5 13.0
10. 1 12.2
12.2
9.5
12.5 10.2
10.1
9.9
11.5 10.6
15.1 11.5
13.9
6.9
10.2
7.4
6.6
6.8

2.1
6.1
8.2
10.4
9.4
8.5
8.3
7.2
7.0
9.0
7.4
5.9
2.1

0.7
8.6
9.4
1O.7
9.3
7.5
5.8
7.2
6.0
5.3
6. 1

2.8
6.7
5. 1
8.0
8.4
5.8
5.2
3.9
3.0
3.5
2.9
3.O

JAN

BO
75
70
65
60
55
5O
45
40
35
30
25
2O

Table 3:

4.3

JUN
8.2
10.2
8.7
6.8
3.1
4.3
3.3
3.6
3.8
2. ~.
2.0
2.1

JUL

AUG

SEP

OCT

1.8
8.9
8.6
7.2
6.0

1.4
8.8
8.6
9.1
9.7
8.3
4.5
4.5
4.2
3.0

5.3
7.7
10.8
8.6
7.0
6.7
5.8
4.4
3.6
3.7

2.8
5.9
9.2
12.0
12.6
1O.3
6.2
5.5
4.4
4.5
4.4
4.3

3. "3

5.1
4.9
2.1
2.5
1.9
2.O

80
75
70
65
60
55
50
45
40
35
30
25
20

~. 1

2.7

1O.4

9.6
6.7
6.3
4.9
4.1

18.4
12.6
13.2
12.0
14.6
11.5
1O.O
11. 1
10.4
11.4
9.0
4.9

Average seasonal temperatures (20-80 km) for: solar minimum T(RmIn),
solar maximum T(Rmax), the total period (T); temperatures according
to CIRA 1972 and CIRA 1986
WINTER

height

O Cj

3.i

8.8
9.9
10.1
9.4
8.7

T(Rmin) T(RmaIK)
-64
-76
-78
-71
-53
-33
-23
-22
-31
-41
-51
-58
-60

-69
-63
-53
-4O
-28
-27
-34
-46
-57
-59
-58

T

-75
-77
-74
-65
-50
-34
-21
-19
-25
-38
-53
-60
-62

SUMMER
CIRA-72
-69
-61
-51
-38
-25
-12
-5
-9
-24
-39
-49
-55

CIRA-86
-56
-53
-51
-46
-40
-27
-14
-12
-23
-37
-48
-55
-59

T(Rmin) T(Rmax)
-93
-85
-72
-58
-43
-26
-10
-9
-IB
-31
-43
-52
-57

-71
-56
-41
-26
-11
-9
-19
-33
-43
-52
-58

T

-92
-87
-77
-58
-41
-25
-11
-9
-18
-31
-42
-52
-54

CIRA-72

CIRA-86

-92
-79
-64
-44
-23
-7
1
-1
-13
-27
-39
-48

-S3
-71
-60
-46
-3O
-16
-6
-5
-15
-29
--ÎO
-50
-37
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Table 4:

Atmospheric: densities (g/m3) 22 to 80 l-m

SUMMER

WINTER
height

D(RmIrO

D(Rmax)

BO
75
70
65
60
55
50
45
40
35
30
25
22

0.02
0.06
0.13
0.26
0.49
O. 93
1.84
3.72
7.91
17.38
38.86
63.16

0.02
O. OS
0.12
0. 25
0. 48
0.89
1.66
3.42
7.61
17.27
39.52
64. O4

CIRA-72

D(RnUn)

0.01
0.03
O.O7
0.15
0.28
O. 51
0.95
1.80
3.68
7.9O
17.20
33. 10

0.01
0. 03
0. 07
O. 15
0.30
0.57
1.02
2.10
4.17
8.69
18.64
41.09
69.09

D(Rmax)

O.OB
0. 17
0.31
0. 59
1.17
2.18
4.39
9.07
19.34
43.21
72.OO

CIRA-72
0.02
0.05
0.09
0.19
0.36
0.64
1.16
2.15
4.23
8.70
18.53
40.40

ViV*1

1

30
20

20

-40

T <C>

Fig. 1. Summer temperature pro-files above
Akhtopol compared
with CIRA 1972 (bold
lines)

-80

Fig. 2. The same as Fig.!
CIRA 1986

O

T CC)

compared

with
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Table 5:

Atmospheric pressures (hPa) 22 to SO km

SUMMER

WINTER
height
80
75
7O
65
60
55
50
45
4O
35
30
25
22

P(Rmin)
0.01
O.O3
0.07
O. 16
0.34
0.67
1.31
2.58
5.26
11.07
24.06
38.66

P(Rma::>
0.01
O.O3
0.07
O. 15
0.32
0.65
1.26
2.41
4.83
10.65
23.90
38.52

CIRfl-72

P(Rmin)

0.01
0.02
0.05
0.09
0.20
0.39
0.73
1.36
2.63
5.30
11. 10
23.83

0.02
O.O4
0.09
0.20
0.40
0.77
1.60
3.05
6.03
12.32
26.09
42.76

P(ROWX)

O.O4
O. 10
0.21
0.42
0.89
1.66
3. 18
6.31
12.89
27.66
45.65

CIRA-72
0.01
0.03
O.O6
O. 13
0.26
0.49
O. 91
1.66
3. 16
6.17

12.43
26.10

height <km)
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70

60
50

40
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Fig. 3. Winter temperature pro-'iles above
Al^htopol compared with CIRA 1972 (bold
1i ne5)
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VALIDATION OF ERS-I SYNTHETIC APERTURE RADAR
FOR IMAGING OCEAN WAVES - FIRST RESULTS
Glaus Briining, Werner Alpers, Andreas Wilde
Universitat Hamburg. Institut fiir Meereskunde,
Troplowitzstr. 7,2(XX) Hamburg 54, Germany
Friedwart Ziemer
GKSS Forschungszentrum Geesthacht, Institut fur Physik,
Max-Planck-Strasse, 2054 Geesthacht, Germany

ABSTRACT
Synthetic aperture radar (SAR) images of the European ERS-I
satellite were obtained over the Norwegian Sea during the ERS-I
Haltenbanken Calibration/Validation Campaign in November
1991. SAR image spectra calculated from the full-swath SAR
images are compared with simulated SAR image spectra computed
from ocean waveheight spectra measured by a directional
waverider buoy. The SAR imaging of ocean waves is described by
the velocity bunching model. It predicts strong nonlinear mapping
distortions for wave components propagating in flight (azimuth)
direction. This is seen in all SAR images analyzed. Even one
example is shown where azimuthally traveling waves with a mean
wavelength of 128 m are completely smeared out and not imaged
at all by ERS-I SAR. On the other hand, range traveling waves can
be imaged by ERS-I SAR down to wavelengths of 64 m as
evidenced by an image obtained over the Mediterranean Sea.

v*~

It is well known that the imaging of ocean surface waves by spaceborne SAR is often nonlinear. Image distortions are caused by the
wave motions. Especially waves that have a significant component
in flight or azimuth direction are heavily distorted. Often waves are
completely smeared out and become invisible on SAR images.
Because of this nonlinearity the well-known methods applicable to
linear imaging cannot be applied to the calculation of SAR image
spectra from ocean waveheight spectra. In general, it is not
permissible to use the linear transfer function concept for relating
ocean wave spectra to SAR image spectra. Methods capable of
describing nonlinear imaging are the Monte-Carlo simulation
technique [4],[5] and the nonlinear integral transform method
[6],[7]. In mis paper we use the Monte-Carlo simulation technique
for mapping ocean wave spectra into SAR image spectra. Although
this method is more costly in computer time, it is more exact than
die present version of the integral transform method since it
includes the azimuthal image smear caused by the orbital
acceleration and the sub-resolution scale orbital velocity spread.

THE SAR OCEAN WAVE IMRGIHG MODEL

1

INTRODUCTION
The First European Remote Sensing Satellite (ERS-I) launched on
July 17, 1991, carries a C-band synthetic aperture radar (SAR)
operating at VV-polarization and at an incidence angle of 23
degrees. Since July 27, 1991, SAR images obtained from this
instrument are routinely acquired. As of April 8, 1992, more than
220000 full-swath SAR images, each covering an area of
approximately 100 km x 100 km, were recorded by the ERS-I
ground stations. During the Calibration and Validation Campaign
carried out in the Haltenbanken area of the Norwegian Sea from
September 15 to December 10, 1991, a number of SAR images
were taken over this area. At present, only fast delivery SAR
images processed at the ground station of the European Space
Agency (ESA) at Kiruna (Sweden) are available to us. We have
analyzed six ERS-I full-swath SAR images acquired between
Nov. 19 and 28, 1991. Simultaneously two-dimensional
waveheight spectra were measured by a directional waverider buoy
moored within this area at 64°30,082'N, 7°41,79'E. Furthermore,
we have analyzed one SAR image acquired over the Mediterranean
Sea (Strait of Bonifacio) which shows range traveling waves with a
mean wavelength of 64 m.
SAR image intensity spectra are calculated from these images and
compared with simulated SAR image intensity spectra calculated
from the measured ocean waveheight spectra. In these calculations
the velocity bunching theory as described in [I]-[S] is used.

According to the generalized velocity bunching model the
relationship between the ensemble averaged SAR image intensity
I(s) and a given realization of the ocean wave field is described by

a(xJ(paN(xJ)

z,
R
exp-jjt ( x - x 0 — u r

(1;

p N ( X0 • 5 ( y - y 0 ) d y 0 d x 0

Here R denotes the target range, V the platform velocity, C(X0) the
normalized radar backscattering cross section, 8(y-y0) the impulse
response function in ground-range direction and B a normalization
factor. The coordinate system is chosen in such a way that the xaxis points into the flight (or azimuth) direction. The term
(8/V)UrGf0) represents the azimuthal image shift of a scatter
element induced by the radial orbital velocity u r associated with the
long ocean waves.The degraded azimuthal resolution for
incoherent N looks paN is given by
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(2)

where pa = Jl0 R/(2VT) denotes the nominal single-look azimuthal
resolution, X0 the radar wavelength and T the full-bandwidth,
single-look SAR integration time. The second term in the square
root expression represents the degradation in azimuthal resolution
due to the large-scale orbital acceleration 3,(X0) and the third term
the degradation due to the sub-resolution scale velocity spread
which is parameterized by the scene coherence time T5.
We assume lhat Bragg scattering theory is applicable to describe
the radar backscallering at the ocean surface at the incidence angle
of 23 degrees and that the modulation of the normalized radar cross
section (NRCS) by the long ocean waves is describable by a linear
modulation transfer function (MTF)1 which is called here RAR
(real aperture radar) MTF, R*^-. It consists of two terms, the tilt
MTF and the hydrodynamic MTF:
=Rtilt+Rhydr

(3)

The tilt MTF results from the tilting of the Bragg waves by the long
waves and can easily be calculated from Bragg theory in
conjunction with the two-scale wave model [2].The hydrodynamic
MTF is less well known. A theoretical value can be calculated by
using weak hydrodynamic interaction theory [8] which contains the
relaxation rate u, as the only free parameter. However, it is
questionable whether this theoretical MTF is the optimum MTF to
be used in the SAR imaging model.
In this investigation we use the theoretical MTF for calculating the
SAR image spectra from the ocean waveheight spectra. The
simulated SAR spectra shown in the figures are obtained by using
the theoretical RAR MTF with n = 0.5 s'1. This seems to be a
realistic value for the relaxation rate of C-band Bragg waves [9]. In
parallel, we also performed simulations with (I = Os'1 and u, = 100
s"'.
The range bunching modulation which also enters into the SAR
imaging mechanism [10] is neglected in the present analysis.

MONTE- CARLO SIMPLATIONS
The Monte-Carlo simulation method used here consists in
generating individual realizations of the ocean wave field from the
measured ocean wave spectrum as described in detail in [4]. The
complex wave amplitudes are assumed to be Gaussian distributed
variables. A realization of the wave field consisting of 128 x 128
pixels (with a pixel spacing of 16 m) is imaged by applying the
SAR imaging model given by equation (1). The SAR image
spectrum is then obtained by averaging the individual SAR image
spectra calculated from 50 realizations of the ocean wave field. The
final SAR image spectrum is smoothed by applying a 3 x 3 mangle
filter.

spectrum is calculated by squaring the Fourier coefficients of the
Fourier transform of individual SAR scenes. The mean spectrum is
calculated by averaging over 9 instantaneous SAR image spectra.
The final SAR image spectrum is obtained by smoothing over 5 x 5
spectral points by applying a triangle filter.
The mean wavelength and mean wave propagation direction are
obtained by calculating the centre of gravity around the spectral
peak. In this calculation all spectral values which are larger than
half the value of spectral peak are taken into account.

MEASUREMEHT OF OCEAN WAVE SPECTRA
Two-dimensional ocean waveheight spectra were measured at the
position 64°30.082'N, 7°41.79'E by a moored Datawell directional
waverider buoy during the ERS-I SAR overflights. It measures the
orbital motion of the wave field in the wavelength range between
600 m and 6 m in deep water from which estimates of ocean wave
spectra in frequency/direction space are calculated.
The spectral estimates are calculated from eight time series of 20Os
duration with 256 samples each. The spectral resolution in
frequency space is 0.005 Hz between 0.025 Hz and 0.11 Hz and
0.01 Hz between 0.11 Hz and 0.6 Hz. The error in mean wave
propagation direction varies between ±5 and ±10 degrees.
We have transformed the waveheight spectra
from
frequency/direction space to wavenumber space by using the deep
water dispersion relation and by neglecting the influence of ocean
currents.
RESULTS
Figure Ia, 2a and 3a show three examples of ocean wave spectra
measured by the directional waverider buoy on Nov. 25,20 and 19,
1991, respectively. The wave spectra were calculated from time
series recorded on Nov. 20 and 23 between 10:38 and 11:08 UTC,
on Nov. 19 and 25 between 20:38 and 21:08 UTC, and on Nov. 22
and 28 between 20:08 and 20:38 UTC. All spectra shown in the
figures are plotted in a coordinate system where the x-axis points
into the satellite flight direction.
Figure Ib shows a sub-image covering an area of approximately
8.2 km x 8.2 km of the full-swath ERS-I SAR image acquired on
Nov. 25 at 21:10:30 UTC over the position of the buoy. Wave
patterns can clearly be delineated on this SAR image.
The corresponding SAR image intensity spectrum is depicted in
Fig. Ic. Note the characteristic cigar-like shape of the SAR

SAR DATA ANALYSIS
Full-swath SAR images of ocean waves (SAR fast delivery
product, ERS-l.SAR.UI 16) of six ERS-I passes acquired on Nov.
19,20, 22,23, 25 and 28,1991, over the Haltenbanken area of the
Norwegian Sea have been analyzed. They have a ground range
resolution of 33 m and an azimuthal resolution of 33 m (3
incoherent looks). The full-swath ERS-I SAR image covers an area
of approximately 100 km x 100 km. SAR image intensity spectra
are calculated from sub-images of 512 x 512 pixels with a pixel
spacing of 16 m. Each sub-image is subdivided into 9 overlapping
scenes of 256 x 256 pixels. The instantaneous SAR image intensity

)

Fig. Ia:
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k, (2 pi /m]
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Ocean waveheight spectrum measured by the buoy
on Nov. 25 between 20:08 and 20:38 UTC
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spectrum. It is caused by the orbital motion of the ocean waves
which results ir. an azimuthaJ cut-off of the SAR spectrum. The
measured ocean waveheight spectrum and the simulated SAR
image spectrum are shown in Fig. Ia and Id, respectively. The
mean ocean wave propagation direction is 23 degrees off the range
direction, the mean wavelength 220 m, and the significant
waveheight 4.5 m. Although the form of the ocean wave spectra is
strongly distorted by the SAR imaging process [S], the mean
wavelength and direction are not changed significantly.
By comparing Fig. Ic and Fig. Id, one notes that the measured and
simulated SAR spectra agree quite well. The mean wavelengths
and directions of the measured and simulated spectra are 220 m /
67 degrees and 211 m / 69 degrees, respectively (see also Table 1).

Fie Ib'

ERS-I SAR image acquired on Nov. 25 at 21:10:13
UTC over the position of the directional waverider
buoy

Fig. le:

SAR image spectrum calculated from the ERS-I
SAR image shown in Fig. Ib

-005

000
,. [2 p, /m]

005

0.10

Another example is depicted in Fig. 2. The SAR image was
acquired on Nov. 20, 1991, at 11:08 UTC over the position of the
buoy during a descending ERS-I pass (flight direction towards
2010N). The ocean wave field consisted of a swell traveling at 227
degrees off the ERS-I flight direction (i.e., towards 68 degrees N,
since the SAR looks to the right of the flight direction) and a low
energy wind sea traveling at approximately 340 degrees off this
direction (see Fig. 2a). The significant waveheight was 1.70 m. The
measured and simulated SAR image spectra are shown in Fig. 2b

Fig. 2a:

Ocean wave spectrum measured by the buoy on
Nov. 20 between 10:38 and 11:08 UTC

Fig. 2b:

SAR image spectrum calculated from the ERS-I
SAR image acquired on Nov. 20 at 11:08 UTC
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Fig. Id:
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SAR image spectrum simulated from the ocean
waveheight spectrum shown in Fig. Ia
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and 2c, respectively. The mean wavelength and mean wave
direction of the swell are well reproduced by the simulation within
the experimental and computational limits (see Table 1).
However, the wind sea is practically not visible in the SAR image
spectrum shown in Fig. 2b. But if we divide this SAR spectrum by
the one measured on Nov. 19 (see Fig. 3b) and subtract the
background noise, we obtain the SAR image spectrum shown in
Fig. 2c. We have done this because the SAR image spectrum of
Nov. 19 contains no wave information. From the original SAR
image spectrum this procedure eliminates the stationary
wavenumber response and the dynamic azimuth wavenumber
response caused by the sub-resolution scale orbital motions and the
background noise. Now the wind waves become detectable in the
SAR image spectrum.

spectrum is shown in Fig. 3b. Neither the measured nor the
simulated SAR image spectra (not shown here) contain any useful
wave information.
-010

—

Fig. 3a:

Ocean wave spectrum measured by the buoy on
Nov. 19 between 20:38 and 21:08 UTC

010'—j—
000
- [2 p- /H

Fig. 2c:
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L J
O 10

SAR image spectrum shown m Hg. 20 divided by
the SAR image spectrum shown in Fig. 3b and with
subsequent subtraction of the background noise
\—~
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Fig. 3b:

Fig. 2d:

SAR image spectrum simulated from the ocean
waveheight spectrum shown in Fig. 2a

A scenario where ocean waves are not imaged at all by ERS-I SAR
was encountered on Nov. 19, 1991, at 21:10:30 UTC. The ocean
wave spectrum measured by the directional waverider buoy at the
time of the overflight (ascending pass, flight direction towards
1110N) shows azimuthally propagating wind sea with a mean
wavelength of 128 m and a very low energy swell with a
wavelength of approximately 340 m (Fig. 3a). The significant
waveheight was 2.00 m. The measured ERS-I SAR image

-

SAR image spectrum calculated from the ERS-I
SAR image acquired on Nov. 19 at 21:10:30 UTC

On the other hand, we have found one ERS-I SAR image which
shows range traveling waves with wavelengths of approximately
twice the theoretical ERS-I SAR ground range resolution of 33 m.
The image was taken on Oct. 31, 1991, at 21:36:55 UTC over the
Strait of Bonifacio in the Mediterranean Sea. We have calculated a
SAR image spectrum from an area of 8.2 km x 8.2 km centered
around 41.3O0N, 9.3O0E which is north-east of the Strait of
Bonifacio in the Tyrrhenian Sea. This spectrum depicted in Fig. 4
has a mean wavelength of 64 m. The wind speed reported by land
stations on the west coast of Corsica and Sardinia reported strong
winds of 13-15 m/s from NE.
The results of the analysis of the remaining three SAR scenes
obtained over the Haltenbanken area on Nov. 22, 23 and 28, 1991,
are summarized in Table 1 with respect to the mean wavelength,
X1n, and the mean wave propagation direction, <j»m. The significant
waveheight on these days were 2.80 m, 3.10 m and 5.10 m,
respectively.
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image spectrum have a broad peak with a 3 dB-width of 110 m 340 m and 110 m - 260 m, respectively. This fact, together with the
very low signal-to-noise ratio of the measured SAR image
spectrum, might explain the differences in the mean wavelength of
the measured and simulated SAR image spectra.
In all the ERS-I SAR image spectra presented here (with the
exception of the spectrum shown in Fig. 2c> neither the SAR
system wavenumber response, (he azimuthal dynamic wavenumbcr
response, nor the speckle background have been removed. In most
cases these corrections are not necessary for retrieving the mean
wavelength and direction. However, as evidenced by the example
shown in Fig. 2c, more information can be extracted from ERS-I
SAR images if a more sophisticated procedure for calculating SAR
image spectra is applied.
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Nov
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19,
20,
22,
23,
25,
28.
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91
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TIME OF
ERS-I SAR
DATA TAKE
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HEADING

[UTC]

[deg.N]

21 10:30
10 48:02
21 10:31
10 48:03
21 10:30
21 10:29

339
201
339
201
339
339

OCEAN WAVE
S/VR
SPEC'FRUM
SPEC TRUM
MEASlJRED
MEAS URED
^m
"Dm
^m
*m
[m] [deg.] [m] [deg.]
128
278
193
171
221
263

177
227
97
229
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85

;AR

£
SPECTRUM
SIMlJLATED
^m
Om

[m] [deg.]

no * aves c etect able
272
237 268
228
166
83 184
93
239
214
254
159
220
67 211
69
83 234
255
85
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ABSTRACT
The aim of this study for ESA's Atmospheric Laser
Ooppler Instrument ALADIN was to carry out a preliminary
assessment of the representative/ with which wind data
could be derived form a conically scanning space-borne
wind lidar. For this purspose it used Doppler wind data
recorded by conically scanning, surface-bases Doppler
lidars. This lidar measures the tree-dimensional wind field
using the same technique. Contrary to the spaceborne
application it determines the wind using many line-of-sight
wind components. This determined wind level is
furthermore the true wind.
The main question to be answered was: How
representative is a single line-of-sight component ? The
basis for this study was data material from the NOAA
ground-based Doppler lidar. The results are:
The representativity of a single line-of-sight component
depends mainly on the laser stability. The accuracy
depends also on the atmospheric aerosol loading. One
single Doppler lidar measurement is representative of the
wind field to within ± 1 m/s for 30 % of all measurements
(if there is enough aerosol). By averaging over 4 single
range gates this value increases to 50 %. Shot averaging
does not improve the representativity very much.
The work described in this report was done under ESA
contractée. 8664/90/HGE-I

1. Introduction
Knowledge of the global wind field is widely recognized as
fundamental to improving our understanding of the
Earth's total atmosphere. The motion of the atmosphere
is connected with the transport of momentum, moisture,
aerosols and trace gases.

requirement. The driving force for a wind sensor is the
desire for improvement in weather forecasting. Equally
important is a better understanding of climate an
atmospheric exchange processes.
It is possible to measure wind profiles from space with
current technology. Doppler lidars can measure wind
profiles above the surface. Because of the heritage of the
CC>2-Doppler lidar wind profiler, a Doppler lidar was
recommended for inclusion in the NASA Earth Observing
System (EOS) instrument in 1985 (LAWS, 1987). The
importance of the global wind field measured by Doppler
lidar was emphasized in the ESA-ALADIN report 1989
(ALADIN, 1989). One area identified as needing more
study is the extent to which Doppler lidar measurements
taken from space would be representative of actual wind
fields. The present study is intended to address this
question.
The aim of this study was to carry out a preliminary
assessment of the representativity with which wind data
could be derived from a conically scanning space-borne
wind lidar. For this puspose h used Doppler wind data
recorded by conically scanning, surface-based Doppler
lidars.
Representativity or representativeness is the extent to
which a measurement, taken in a space-time domain
reflects the actual conditions in the entire domain, which
is of a scale appropriate for a specific application. Criteria
for representativity should not be more restrictive than
the space-time variability of the field in question. In this
study the representativity of a single line-of-sight wind
component with respect to the horizontal wind in the same
space domain is dicussed. The user of data is cautioned
to ascertain that the variability is dominated by
atmospheric differences and not instrumental error. In
this study the instrumental errors are carefully separated.

One of the most important inputs to numerical weather
forecasting, climatioiogy, etc. that is still lacking is a full
global set of three-dimensional wind data. A microwave
scatterometer can measure the wind field close to the
ocean surface (Macklin et al, 1986). To date, what is
available is limited to surface and radiosonde wind data in
addition to horizontal winds derived from monitoring cloud
motion. Even taken together they fall far short of the

Proceedings of the Central Symposium oi the International Space Year ' Conference. Held m Munich. Germany. 30 March-4 April 1992
(ESA SP-341. July 1992)

v

I-

258

2. Doppltr lldar tachniqus
A coherent Doppier lidar consists of a pulsed, frequancycontrolled laser transmitter (Li)1 a continuously scanning
transmit and receive télescopa, a heterodyne detector
(D) where the local oscillator radiation (LO) is mixed with
the Doppler-shifted backscattered signal, and a signal
processing system. Figura 1 shows the schema.

- the velocity of the spacecraft Huffaker R.M. (1987)
causes a Doppier shift, that is much larger than the
Doppier shift from the wind field.
- the large swath produced by the conical scan,
combined with the limited laser pulse repetition rate, leads
to a large distance between measurements, which means
that averaging will give questionable results.
- to combine two LOS components to one horizontal wind
estimate requires very accurate measurement of LOS
components.

3. Method of data analysis
Vr

To simulate a spacaborne Doppier lidar measurement,
calculations were made using ground based lidar data.
Figure 2 explains the procedure.

1nVs-200kHz

Figure 1 . Scheme of a Doppier lidar.
The laser pulse with a pulse length of a few microseconds
and an optical carrier frequency fo is sent out via the
transceiver telescope into the region of investigation.
Some of the radiation is backscattered by small aerosol
particles which move with the prevailing windspeed
through the laser focus volume (Figure 1) (Post M.J.and
R.E. Cupp 1990 ). The windshifted Doppier frequency
directly determines the line-of-sight (LOS) component
(VLDI) of the wind vector. At CO2 laser wavelengths (X)
of around 10.6um a velocity component of 1 m/s
corresponds to a frequency shift, Af p of 189 kHz. This is
obtained from the equation

where c is the speed of light and f0 is obtained from f»c/i .
By measuring at an azimuth angle 8 and an elevation
angle <p one gets a radial (line-of-sight) contribution V|_os
which depends on the wind vector components u, v, and w
given by
VLOS = u sin6 cos (p + v cos0 cos <p + w simp
Ground based Doppier lidars are widely used to measure
three-dimensional wind fields using the radiation
backscattered from aerosols. To extract the Doppier shift
a sophisticated signal processing algorithm is necessary.
This algorithm gives optimal range-resolved line-of-sight
wind components if
- the laser pulse length corresponds to the dimensions of
the volume of interest,
- the frequency during the laser pulse is constant (no
chirp), and
- the wind field in the volume of interest is homogeneous.
The speckle effect is another problem in signal

processing; one has to average many returns.
The application of Doppier lidar in space introduces more
problems:

V

I-

VLOS*
Cl! DlI
All

Figure 2. Scheme for the simulation,
It is assumed that the Doppier lidar wind profile from the
sine wave fitting is the true wind. A single LOScomponent measured for one azimuth angle Is the
spaceborna lidar simulation value.
To build pairs of LOS-components, at least 4 LOS
components were chosen. Figure 2 shows the scheme.
The ground based data were used to calculate:
a.
b.
c.

the vector components u, v and w (true wind)
the LOS components for 4 azimuth angles A-D
the LOS-components assuming w - O for A-D.

One single measurement at each of the 4 azimuth angles
A-D was used for comparison. For each level I from 0-15
km height this comparison was made.
To simulate the time dependency, at least another data
set a few seconds apart should be used. This accounts
for the indices i in the LOS data. The pairs can be chosen
by putting together AB1 BC1 CD, DA.
Furthermore, to simulate signals for different weather
situations, data at different locations
sea
rural
mountain

and different turbulence influcences should be selected.
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30

h is important also to acquire raw data to understand the
signal processing and to increase, if possible, the
accuracy by coherent averaging. (Hardesty 1990)

25

The sine-wave fitting procedure used is explained in
Figure 3 using one level of the data set. The header
includes all the technical data:
date of the measurement
time of the measurement
selected file number
selected sector of the scan
altitude of the range gate above sea level
distance of the range gate
elevation
deviation limit in m/s

Apr. 21,1965
20.16.41 GMT
1
2-357
1.7 -1.8 km
1.6 -1.9 km
30°
2,5

à

«

1 10

-10 -8

105'

195°

285°

Azimuth
Figure 3. Example of a data set and of the sine-wavefitting (Midland data-3 LOS profile average). Velocity in
m/s vs. azimuth angle.For all data sets the VAD wind was
calculated.
The information obtained from the sine-wave fitting from
this example is
u velocity in m/s
5 m/s
v velocity in m/s
18 m/s
w velocity in m/s
-0.3 m/s
horizontal wind speed
18,5 m/s
wind direction
196°
rms error in m/s
1 m/s
deviation limit for omitting bad points
2.5 m/s
number of points used for the fitting procedure 325
number of points omitted by the fitting procedure 13

4. Results
The main question in aquiring statistics about the
accuracy of the LOS component is: how many single lineof-sight components can be expected within a particular
error range? This situation is shown in Figure 4.

-6

-4

- 2 0 2
Error [m/s]

4

6

8 10

Figure 4. Amount of measurements within a particular error
interval.
The graphic displays the single shot measurement of the
Boulder data where "total number of points* implies that the
four selected angles (15°, 105°, 195°, 285°) were taken into
account for a height level which fulfills the threshold criteria
of more than 40 % good points.
For example: 27 % of the four measurements provide LOS
components with an error of + 0.25 m/s if the noisy (60 %)
are excluded.
The total probability to measure an LOS
component with an error of ± o.25 ml» with a
single shot Is 27 %.
The probabilities for the different error intervals (after
excluding 60 % of the measurements because of the lack
of good data) are listed in Table 1.

Error interval [m/s]
±0.25
±0.75
±1.25
±1.75
±2.25
±2.75
±3.25
±3.75
±4.25

Probabiliy[%]
27
53
72
81
87
91
92
95
99

Table 1. Probability of getting an LOS component with a
specified error.
The errors in measuring the LOS components with the
Doppler lidar are mainly caused by speckle noise.
Ib improve the accuracy or probability for the estimation of
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of iho error, averaging is possibla in various ways:

produce a processabla signal strength. The number of
excluded levels is an indicator of this conclusion.

- integration of a few shots (by hardware before or by
software after the signal processing)
- summing up some height levels (gates).
The Boulder data sets are available as single shots and
as averages of three pulses (averages performed by
hardware). Thus it is possible to compare both methods of
averaging.
The results are shown in Figure 5.
SOr

c. The laser pulse duration should be in the order of the
smallest range gate (a larger range gate may contain wind
Inhomogeneities which limit the signal processing
capability).
d. One single Doppler lidar measurement is
representative of the wind field to ± 1 m/s for 30 % of all
measurements (if there is enough aerosol). 60 % of all
data were eliminated because of the lack of useful
information. This process, the selection of good data, is
very important.
e. By averaging over 3 single shots the error of the LOS
components decreases to ± 1 m/s.
In general, with a frequency stable laser with short pulse
duration and large pulse energy, an accurate line-of-sight
wind component in the order of ± 1 m/s for the atmosphere
can be expected, if one averages over 3 single echos.

-2

-1.5

-1

-O1S

O

0.5

1

1,5

2

The selection of good signals for wind signal processing
is the largest uncertainty. Reduction of speckle noise for
good backscatter data is one way, averaging over range
gates for low backscatter in another approach. Both
techniques need different signal processing algorithms.

Error [m/s]
-o- 1S1Q1P -o- 3S1G1P -•- 1S1Q3P
-*- 1S4G1P -•- 3S4G1P

Figure 5. Influence of method of averaging on the error of
the LOS components.
The horizontal axis (error) in comparison with Figure 4 is
confined to ± 2 m/s to get a better overview, the
abbrevations of the legend stand for:
1S:
3S:
1G:
4G:
3P:

a measurement with single shots
three shots averaged by hardware (receiver)
before the signal processing
calculations with the best range resolution
(250 m)
four range gates averaged
(range resolution 1 km)
software averaging of three shots (the selected
angle and the two neighbour shots)

5. Summary
The analysis was performed with respect to the
representativity of a single wind component compared to
the wind derived from many components. The main
results are:
a. The representativity of a single line-of-sight
component depends mainly on the laser stability.
b. The representativity depends also on the atmospheric
aerosol loading. Sufficient aerosols or laser pulse power

The main result which was covered by the word
representativity is the fact that one can measure with a
good accuracy the wind (component)within S • S u* for a
range gate of 250 m. Normally meteorologists UM 10
minute average values. 5 us means a factor 108 shorter
time (spatial averaging not used). Doppler lidars with
sufficient power (laser and optics) are capable of
measuring the wind within a very short time in the free
troposphere. To improve the application it is necessary to
develops procedures for use in the atmospheric boundary
layer. Averaging procedures are necessary. Clouds and
especially thin cirrus clouds need further experimental
studies.
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ABSTRACT

xw •
1

ATLIO (ATmospheric LIDar) is a backscatter lidar planned to be
flown on a polar platform at the beginning of the next century.
The potential of a backscatter lidar is the determination of cloudtop height and, in case of cloudfree conditions, the height of the
planetary boundary layer with a very high accuracy. The measured height z, co-located with a brightness temperature T from an
imager, will provide a T(z)-relationship, which improves existing
TOVS (Tiros Operational Vertical Sounder) retrieval schemes by
about 1 K. These retrievals have a horizontal resolution of about
100 km x 100 km, whereas the footprint of a lidar shot is about
800 in. The resulting sampling problem is assessed by calculating
the pixel spacing of different ATLID scan modes. Several statistical tests are performed to select that scan mode, which gives the
best reproduction of a cloud field for different meteorological situations. It turns out, that ATLID should have a sinusoidal scan mode
with a pulse repetition rate of about 100 Hz and a scan period of
3.2 s. Furthermore, a global cloud climatology has shown, that
in about 66 % of all atmospheric conditions ATLID will provide
useful information in order to improve TOVS retrieval.
Keywords: ATLID (ATmospheric LIDar), cloud spacing, cloud climatology, sampling, TOVS

1. INTRODUCTION AND BACKGROUND
Polar orbiting platforms to be flown at the beginning of the next
century will offer the possibility to jointly operate various instruments for Earth observation on the same satellite. The simultaneity of different missions will provide an almost complete insight
into the actual state of the atmosphere and the underlying surface that cannot be obtained by any other means. Continuous
updates, complete global coverage and high accuracy of meteorological data bases are demanded from improved numerical models
for weather forecasts, thus requiring improved retrievals of atmospheric parameters from satellites. These cannot be obtained from
one instrument alone due to limiting properties that are inherent
to each single instrument. The break through will be the definition of instrument packages and the synergistic evaluation of their
data.
One of the key instruments of the new generation of spaceborne
remote sensing will be a backscatter lidar (Refs. 4, 6). The unique
potential of a lidar is the very accurate height assignment of clouds,
aerosol layers, and - if no clouds obscure the lower atmosphere -

the boundary layer. This assignment can be achieved without any
additional assumptions or sophisticated inversion algorithms.
2. SYNERGISM OF ATLID AND TOVS
One of the benefits which is expected from a spaceborne lidar is
the improvement of TOVS (Tiros Operational Vertical Sounder).
TOVS supplies important input for weather forecast models as e.g. - being applied at ECMWF (European Center for Medium
Range Weather Forecasting), namely temperature and humidity
profiles. However, temperature profiles derived from infrared and
microwave measurements have a rather poor vertical resolution,
smooth out inversions, and often do not correctly identify the
tropopause. The errors are in the order of 1 tu 2 K, maximum
errors of up to 4 K occuring in the upper troposphere (x: 250 hPa,
10 km) and near the surface.
It has been shown that temperature retrievals can be improved
if additional information is available, in particular the knowledge
of the temperature Ï* in a certain height z (Réf. 2). Thus, it
is obvious to investigate if measurements of a future spaceborne
lidar ('Atmospheric Lidar': ATLID) can be combined with passive
remote sensors to establish such an additional fixpoint in the T(I)profile: the height assignment is provided very accurately by the
lidar and the temperature is derived from radiance measurements.
The purpose of this study is to investigate which sampling properties of the involved instruments are required to obtain the information needed to improve TOVS. Sampling problems due to
instrumental constraints might limit the desired improvement to
some extent.
To address this question quantitatively, studies on
• the identification of the most promising atmospheric conditions for TOVS improvements,
• the frequency of atmospheric conditions which are suitable
for TOVS improvements
• the determination of small scale cloud topography as the
base for tne definition of the required sampling properties,
and
• the definition of an adequate ATLID scan mode derived from
a comparison of the sampling characteristics
are performed. A brief summary of the main results is given below.
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2.1 Input from ATLID

Tab. 2: Occurence of Relevant Cloud Types

TIiP most promising features which can be identified by a spacelioriie lidar and which would improve the TOVS algorithms arc
cloud-top heights of cirrus and stratus and the height of the planetary boundary layer (PBI,). if it coincides with an enhanced concentration of aerosols.
The knowledge of cirrus height and temperature would serve as
an additional information in a vertical region where the accuracy
of temperature profiling is rather poor. Especially the humidity
retrieval can be improved, if the vertical extension of a cirrus cloud
is detected by ATLID. Information of stratus clouds are of particular interest when passive radiometry do not provide a discrimination of low level stratus and the underlying surface. Furthermore,
stratus clouds often mark a temperature inversion, which is not
detected by the present TOVS retrievals. The planetary boundary
layer is also not resolved by passive sounders, in particular, inversions are not identified. However, the determination of the top
of the PHI. by a lidar is only possible under cloudfrce conditions.
Tab. 1 gives a survey over the benefits of lidar to TOVS.

Tab. 1: Benefits of Lidar for TOVS
Shortcoming of TOVS
poor vrr tirai resolution
no temperature inversions detectable

miMntrrprelation of clouds, in particular in rasr of multiple layers
vertical extension of clouds unknown

Improvement by Lidar
vertical grid point can be added when
stratus clouds present
identification possible when associated with jump in backscatter, e.g.
planetary boundary layer or low stratus clouds
accurate height assignment possible,
even for thin clouds such as cirrus or
cirrus above tower clouds
vertical extension of thin clouds for
an improved better humidity retrieval

'2.2 Global Cloud Climatologies
To judge the benefits of ATLID for TOVS improvements H is required to estimate the frequency of occurence of the above mentioned synoptic situations. For this purpose a comprehensive review of cloud climatologies was performed including surface observations, satellite data and combinations of both. In addition to
several case studies, recent statistics from ISCCP (International
Satellite Cloud Climatology Project) arc added (Réf. 7).
The main problem to determine reliable conclusions are the different properties of the data sets. Some observations are biased
because no information on the diurnal cycle is available, other
data sources arc very limited in respect to spatial and temporal
coverage and resolution. Furthermore, a combination of satellite
and groundbased observations is crucial in principle, because of
the different viewing geometries which results in a overestimate of
high or low cloud coverage, respectively.
The most promising results are in fact the cloud climatologies of
ISCCP, though alternative "definitions' of cloud types might be
possible. However, comparisons between our results derived from
a combination of previous case studies and ISCCP results show
good agreement.
It should be emphasized that the ISCCP results concern annual
or monthly means and that the horizontal resolution is quite poor
(in the order of 5 degrees x 5 degrees). Thus, it is not possible to
make exact estimates on the cloudiness for a small - say 100 km
x 100 km - area.

Cloud Type
cirrus
ptratiis, all osl ra-

Frequency
13 W
45 %

IUS1

nimbostratus
no clouds

&%

Comment
Maximum of up to 60 % in tropics over
land
Maximum of up to 70 % in midlatitudes
over oceans, partly overlapped by higher
clouds •
Maximum of up to 90% over desert area*

The main results of our review concerning the cloud typos relevant
for TOVS improvement arc summarized in Tab. 2. About 45 %
of all atmospheric conditions are connected with stratus clouds,
whereas cirrus and cloudfree conditions occur not no frequently
(13 % and 8 %, respectively).
So we conclude that approximately two third of all lidar shots can
meet atmospheric conditions which can support TOVS retrievals.
2.3 Small Scale Clou \ Topography
Another problem becomes apparent when the spatial resolution
of active and passive instruments are compared: ATLID measurements constitute only pinpoints relative to the key instruments of
TOVS (HIRS and MSU). Thus, the question of the representativeness of a lidar gained cloud-top height raises. Therefore, the
variability and structure of cloud-top heights within the scale of
the TOVS retrieval must be investigated. This requires data with
a considerable higher spatial resolution than issued in the global
cloud climatologies mentioned above.
Adequate data sets were provided from the European Airborne
Lidar Campaign 1990 ELAC'90. which was realized during Oct.
1990. The campaign was established and supported by the European Space Agency. The scientific objective was to measure cloud
morphology with airborne lidar systems and an additional passive
radiometer on scales comparable with the TOVS resolution.
Five periods of cloud-top height measurements from an airborne
lidar with a pulse repetition rate of 3 Hz leading to a horizontal
resolution of 50 m were available. All cloud types identified as
relevant for TOVS improvements were met during these flights.
In Fig. 1, an example for the lidar measured cloud-top structure
is given. Shown is a flight pattern over the Bay of Biscay with
an extension of about 100 km x 100 km, which was performed
during 90 min flighttime. The different symbols along the flight
track mark different cloud-top heights. As can be seen, most of
the measured cloud-tops lie between 2.5 km and 4.5 km indicating
altostratus and stratocumulus' clouds.
The high-resolution cloud-top structure is investigated by onedimensional spectra] analyses of the above mentioned case studies.
It turns out, that stratus clouds in fact arc very homogeneous, variations of the cloud-top height as low as 50 m within a horizontal
scale of up to 20 km were met. That means that cloud-top heights
measured by a single lidar shot can be representative for areas as
large as TOVS pixels. Typical height variations within 2 km are
30 m. In case of cirrus clouds no distinct cloud-top height could
be identified. The variability can reach more than one kilometerThus, from the ELAC case study, a height-temperature-assignment
for cirrus clouds is not possible. However, the knowledge of the
vertical extention of these clouds can be used to improve the watervapor profiling of TOVS.
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Thus, it was confirmed by evaluating ELAC'90 measurements, that
if severe errors in temporal sampling occur, no correlation between
T and z can be found. As a consequence, it is strongly demanded
that ATLID and a passive imager must be inst.-.lled together on
the same satellite to guarantee co-located and coincident measurements.
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2.4 Sampling Studies
The studies to investigate adequate sampling properties for ATLID
are based on the assumption that a unique relationship between
brightness temperature and cloud-top height can be found, if no
problems in temporal sampling occur. As a consequence, the sampling characteristics can be simulated by means of AVHRR infrared radiances (channel 4): Compared are the full image (total
coverage) on the one hand, and a sample of those AVHRR pixels
which are co-located with lidar shots on the other hand. The location of the ATLID shots are calculated for different pulse repetition
frequencies i'p and scan periods, and include different sinusoidal
and conical scan modes. Five days with different synoptic situations were evaluated.

Figure 1: Example for the Cloud-Top Structure Measured by an
Airborne LiAm During ELAC'90

As mentioned above the main goal is to find an exact temperatureheight-assignment to be incorporated into the TOVS algorithm.
To demonstrate this feasibility quantitatively, again measurements
of ELAC'90 are used. Cloud-top heights are derived from the airborne lidar, the corresponding temperatures are derived from infrared radiances of AVHRR (Advanced Very High Resolution Radiometer) since no airborne IR-radiometer was available. I» was
investigated if there is a close correlation between T and z. In that
case the additional information as required to improve TOVS can
be gained operationally.

Swath width: 1467 km
Pulse repetition: 100 Hz
Scan Period' 3 2 sec

The correlation between T and z was found to be poor for all cloud
types. The main reasons were:
• the time difference between spaceborne and airborne measurements was too large to ensure the measurement of the
same atmospheric volume, i.e. the cloud morphology has
changed meanwhile,
• the navigation of airborne and spareborne measurements
was not accurate enough, i.e. it was in the order of several
kilometers, and
• the spatial resolution of the measurements was quite different.
The consequences of these drawbacks were tried to i >duce by several numerical corrections, but the corrections must be approximative because, e.g., the movement of clouds during the time lag
between lidar and AVHRR measurements could not be simulated
accurately.

-

Swath width: 1467 km
Pulse repetition: 100 Hz
Scan Period: 6.4 sec
Figure 2: Examples for two Different ATLID Scan Modes: a Sinusoidal Scan (Top) and a Conical Scan (Bottom)
Fig. 2 shows two examples for different ATLID scan modes, a sinusoidal scan with vp = 100 Hz and half the scan period of HIRS
(3.2 s), and a conical scan with vp = 100 Hz and the scan period
of HIRS (6.4 s). The arrow denotes the flight direction of the orbiter. The maximum scan angle of ATLID is set to 40", leading to
a swath width of nearly 1500 km.
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Typical pattern of sinusoidal scans show a (jiiito regular «paring,
l'or i'p = 100 Hz and a scan period of 3.2 s the sparing is in the
order of iO km near the subsatellite track. Towards the scan margin overlap of pixels occurs. In contrast, the conical scan results
in a quite inhomogeneous distribution with most of the shots near
the margin. Furthermore, the conical scan cannot be exactly synchronized with an imager (e.g., A V I I R R ) and the sounders (e.g.
HIRS and MSl') which are cross track scanners.
The usefulness of a scan pattern was jugdcd by comparing the
histograms of brightness temperatures from the full AVHRR data
set whose extension is given by the outer frames in Fig. 2 and
the sample, which consists of AVHRR pixels co-located with lidar
shots.
Two different criterions are used to check the conformity of the
relative distribution functions given by the AVHRR populatioa
and by the lidar sample: the first one is similar to that of the
Smirnov-Test and is given by the maximum of the deviation of
the cumulative frequencies:
/', = max I C1(UdOr) - C1(AVHRK) \

(1)

Fig. 3 summarizes for several scan modes the values for PI. It can
he concluded, that the sinusoidal scan modes with a repetition rate
of CtO Hi or more reproduce accurately the original histograms.
The results for the conical se i are not as good. Furthermore,
scan modes with a period of 3.2 s seem to be more suited for a
possible ATLID scan geometry than-those of 6.4 s.
The evaluation of the Smirnov-Test (not shown here), leads to
similar results. However, the conical scan is even worse compared
to the sinusoidal scan modes with a high pulse repetition rate.
The question of undersampling was studied by performing 2Dpowcr spectra of the AVHRR scenes (« 1600 km x 600 km). This
includes three steps (Refs. 3, U):
1. Calculation of the 2D-power spectrum of a cloud field by a
Fast Fourier Transform
2. Selection of significant poaks within the spectrum
3. Comparison between ATLID pixel spacing and the wavelengths of the significant peaks within the spectrum

where C1 Denotes the relative cumulative frequencies at the brightness temperature interval j.
The second criterion l'-i similar to t h a t of the \2-Test is defined
as (lief. 1):

;, =

y (

)-

Fj(AVHRR))2

F1(AVIIRR)

J= 1,2, ...,J

(2)

Here, F is the relative frequency and J is the total number of
classes. /J2, which deals with the distribution functions itself, does
not only depend on one value, e.g. the maximum of a difference
as /'|, but on the sum over all intervals. The smaller the values
of l'i and 1\ for a given scan geometry are, the better is the
reproduction of a given brightness temperature field.

SIn 100Hz 3.2j
SIn

80Hz 3.2s
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60Hz 3.2s
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o •
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Figure 4: Example [or the Three-Dimensional Plot of the Power
Spectrum of a Cloud Field

6.4s

SIn

SOHz 6.4s

SIn

60Hz 6.45

Fig. 4 shows the resulting power spectrum P(Jt). The unit of the
verticul axis is A'2, while the lag indices ;,. and iy represent the
wavelength kf and ky given by:

Con 100Hz 6.4s

*' = £
SIn

40Hz 3.2s

SIn

40Hz 6.4s

SIn 10OHz 12.6s
SIn

20Hz 6.4s

SIn

10Hz 6.4s

SIn

10Hz 3.2s

Figure 3: Result of P2 for Different Scan Modes; the Lower Values
Correspond to More Suited ATLID Scan Modes and Vice Versa

*' = £

(3)

where M and N denote the extension of the cloud field in z and
y direction, respectively. In Fig. 4, the ij axis corresponds to the
E-W direction and the iy axis to the N-S direction.
A lot of distinct peaks are present, their intensity being a measure
for the total variance and their 'location' for the direction of the
wave propagation. The relatively large peaks in the central region
show, that most of the contribution to the total power comes from
long wavelengths.
This example shows that nearly all contributions of the spectral
power to the total variance is concentrated in the first and third
quadrant indicating for this case a propagation of the occuring
waves in SW-NE direction. The absolute maximum is located at
ir = -S and iy = —3 corresponding to a wavelength of 129.2
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km and an orientation of 41.5 °, i.e., nearly exactly the SW-NE
direction.
Since the AVHRR data were detrended before the calculation of
the power spectrum, white noise can be assumed. Different statistical considerations show, that a peak must be 3.1 times larger
tlian the noise to be significant. Using this criterion, we have identified the predominating horizontal scales of different cloud fields.
It was found that almost all prominent wavelengths are in the
range of 100 km to 350 km.
By knowing the spacing of ATLID pixels from the simulation of
the scan mode and with the results of the two-dimensional power
spectrum analysis we have determined quantitatively 'how much
information' of a given cloud pattern is recovered by ATLID: from
tlip pixel spacing the critical wavelengths corresponding to the
Nyquist frequencies are calculated. The significant peaks within a
spectrum are divided in two parts, one which corresponds to wavelengths larger and one which corresponds to wavalengths smaller
than the critical wave'ength. The latter part weighted with the
intensity of the peaks is the percentual number of the cloud structure which is not recovered (i.e. undersampled) by the given ATLID
scan geometry.
Two areas were selected to determine the pixel spacing of a distinct
scan mode: one at nadir and one near the margin (950 km off
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Figure 5; Undersampling for Different Scan Modes in Percent
Scan
Mode
Sinus 3.2 s
100 Hz
Sinus 6.4 s
100 Hz
Sinus 3.2 5
20 Hz
Sinus 6.4 s
20Hz
Sinus 12.8 s
100 Hz
Conical 6.4 s
100 Hz

Pixel Spacing in km
~950k m from Nadir
A t N adir
Across
Along
Across Along
13.7

18.7

14.1

10.5

6.0

37.4

T.O

21.1

66.0

21.1

70.4

10.5

34.5

37.8

35.2

21.1

3.4

74.8

3.5

42.1

22.4

28.0

10.4

35.8

Table 3: ATLID Pixel Spacing for Different
Nadir and the Scan Edge

Scan Modes Near

3. SUMMARY
From our statistics ve conclude, that an ATLID scan geometry
should have a pulse repetition frequency of 100 Hz and a scan
period of 3.2 s. This mode provides a. nearly regular grid over
large areas of the swath width with a spacing, which is adequate
to reproduce a given cloud structure. Furthermore, ATLID must
be installed together with an imaging radiometer on the same
orbiter. If these constraints are fulfilled, in about 66 % of all
atmospheric conditions ATLID provides a useful infomation about
the atmospheric state in order to improve TOVS retrieval.
We also point out, that none of the statistical tests presented
here depends explicitely on the scan properties of present TOVS
instruments. Thus, the results of our sampling studies will also be
valid and useful for a future generation of TOVS instruments.
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so we recommend, that for a final choice of the scan parameters,
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We appreciate DLR (Deutsche Forschungsanstalt fur Luft- und
Raumfahrt) for supplying the ELAC lidar data and the University
of Hamburg for the AVHRR data.
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ABSTRACT
Profiles of the wind velocities V(h> in
the height interval h=2O-6O km (measured
by russian rockets M-IOO B in Akhtopol (42
06 N, 27 51 E), Bulgaria are represented.
The zonal Vx and meridional Vy
wind
components are shown. The data obtained
refer to the 19B2-199O period for both
summer and winter, i.e. they include years
with different solar activity H (U is the
sunspot number). This allows us to obtain
the dependences of Vx(h) and V y C h ) on the
solar activity level: in our case maximum
and
minimum
solar
activity.
Such
dependencies are not given in
COSPAR
International Reference Ionosphere - CIRA
1972 and CIRA 1986. A comparison between
our data and
CIRA
model
is
made.
Recomendations for Reference Atmosphere
are given. These improvements refer m a i n l y
to the winter period.
1. INTRODUCTION
^iv •

1

With the establishment of the
rocket
sounding station Akhtopol, Bulgaria in
1982 a considerable gap has been filled in
South-Eastern Europe. As it is known,
recently there are about 40 stations of
this kind
(Ref.l),
which
form
the
Meteorological Rocket Network
(MRN). The
distribution of MRN sites is very uneven.
Most sites are located on the
North
American continent and surrounding ocean
areas. Sites northwards of 25 N
are
therefore grouped into two ranges
of
longitude: one headed
"N.America", which
lies between 69 W and 119 W and one headed
"Europe/W.Asia", which lies between 7 W
and 67 E (Ref.l). Very few N.Hemisphere
observations are available outside these
ranges of longitude, and consideration of
longitudinal
effects
is
accordingly
limited. Recently, there are three MRN
sites in Europe/ W.Asia at
4OqS
N:
Arenosillo (37 06 N, 6 44 W), Sardinia <4O
OO N, 10 OO E) and Akhtopol (42 06 N, 27
51 E). They are situated symmetrically by
a longitude step of 17 degree between
them.
The data of 30 launchings in Arenosillo
(Réf.2) and 90 launchings in Sardinia
(Refs.3,4,5) are used in CIRA 1972.
In
this work a model of the wind above
Akhtopol in the height interval 20-60 km
is presented; a comparison with CIRA is

made too. Our model presents also wind
profiles in relation to solar activity.
Such a consideration depending on the
solar activity is missing not only in CIRA
1972, but also in the last model CIRA 1986
(Réf.6), which is based on satellite data
(Ref.7).
2. AVAILABLE DATA
The foundation of the rocket
station
Akhtopol in 1982 opened possibilities for
the investigation of the profiles of the
winds in the m i d d l e
atmospher
above
Bulgaria. The country is located on the
boundary of two climatic belts, which
naturally influences the dynamics and the
energy of
the
atmospheric
processes
(Ref.8).
The sounding is realized
by
russian
meteorological rockets M-IOO B. They are
solid—fuel two-stage rockets which can
carry a payload of 14 kg. A rocket M-IOO B
reaches an altitude of 1OO km.
The data obtained in Akhtopol by 343
rocket launchings
during
the
period
1982-1990 allow the determination of mean
values of the wind in the region
between
2O and 6O km o-f the middle atmosphere.
3. AVERAGED WIND MODEL
The mean monthly values of the zonal wind
velocity in the period of investigation
are presented in Table 1 (Ref.8). The mean
square deviations are presented in Table
2. It is clear from Table 1 that the zonal
wind is from the west during the winter
and its velocity increases
with
the
altitude, and during the summer it is from
the east. In the last case the wind
velocity also increases with the altitude,
but it is relatively smaller than the one
during the winter.
The mean monthly values of the velocity of
meridional wind Vy are presented in Table
3, and their mean square deviations - in
Table 4. The large values of the mean
square deviations show a significant range
of meridional wind variations.
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4. MND

PROFILES IN CONNECTION
WITH SOLAR ACTIVITY

On Fig.l the profiles of the zonal wind
velocity Vx are presented:
during the
winter (curves 1 and 2) and the summer
(curves 3 and 4); at minimum (curves 2 and
4 - dotted lines) and at maximum (curves 1
and 3 - solid lines) solar activity.
A
comparison is made also with CIRA
1972
(Ref.l) - curves 5 and & (bold lines).
DURING THE WINTER
the
western
wind
with
increasing
velocities up to the
stratopause
is
typical. The zonal wind profiles by a
minimum (curve 2) and maximum
(curve 1)
solar activity differ significantly:
a) The winter wind velocity during minimum
solar activity below 35 km is at average
by 8 m/s bigger than during solar maximum;
b) On the contrary, the winter
wind
velocity during maximum solar activity
above 35 km is at average by 4O m/s bigger
than during solar minimum;
These two profiles do not
CIRA 1972. The following
deviations are observed:

coincide with
considerable

X This difference is S m/s at 20 km during
a solar minimum, and increases, reaching
42 m/s at 60 km;
X During a solar maximum the difference
between our data and CIRA 1972 is biggest
at 30 km:
IB m/s.
This
difference
decreases downwards and upwards - thus, in
the stratopause and in the mésosphère
the
agreement is satisfactory.
DURING THE SUMMER
the zonal wind is eastern, it does not
depend on the solar activity and has a
good agreement with CIRA 1972. Only in the
interval 45-55
km,
the
zonal
wind
velocities are'with 5 to IO m/s bigger
than the COSPAR Reference Atmosphere 1972.
The meridional wind velocity Vy profiles
are presented on Fig.2 for the winter
(curves 1 and 2) and the summer (curves 3
and 4); during the minimum (curves 2 and 4
-dotted lines) and maximum (curves 1 and 3
- solid lines) solar activity.
In the
stratosphere Vy has small values
and
varies about O. In the mésosphère during
a solar maximum (summer) and during solar
minimum (winter) Vy reaches a value of
12-15 m/s.
On Fig.? average monthly course of the
zonal wind velocity is
presented
at
altitudes 25, 3O, 40, 50 and 60 km by
solar m i n i m u m
(dotted
lines),
solar
maximum (solid lines), and according to
CIRA 1986 (bold lines). The following is
clear from here:
X During the summer the zonal wind at all
altitudes does not depend on the solar
activity and is of a good agreement with
CIRA.
X During the winter, however, the zonal
wind depends on the altitude as well as on

the solar activity. At 3O km the zonal
wind Vx is bigger in a solar minimum and
above 3O km Vx is bigger during a solar
maximum.
The biggest variation of Vx
depending on solar activity is observed at
the altitudes above 50 km where
the
di fference becomes more than 40 m/s.
5. CONCLUSION
The figures and tables, represented here
can be used as a preliminary empirical
model of the wind in the middle atmosphere
above South-Eastern Europe. This model is
compared with CIRA 1972 and the cases are
pointed for which corrections in Reference
Atmosphere are necessary
in order
to
improve it.
The development of our empirical model has
to be continued by further
measurements
using rocket
soundings
as
well
as
simulation by mathematical models,
in
order to explain
the
main
physical
processes and mechanisms in the middle
atmosphere.
Recently, such satisfactory
models are still absent. These models are
necessary in order to describe the quiet
state of the strato/mesosphere as well as
its
behaviour
during
different
disturbances:
stratospheric
warmings,
solar proton flares, geomagnetic storms,
etc.
These problems of the dynamics of th*
middle atmosphere are important for long
period weather and climate forecasting
(Réf.9) as well as for the forcing of the
thermosphère
and
ionosphere
upwards
(Réf.10).
Acknoledgements:
The
authors
thank
Dr.P.Tonev for the help in the preparation
of this paper. This work is a part of the
Program for scientific
and
technical
collaboration between Bulgaria and Russia
in upper atmosphere research.
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Fig. 1. Profiles of zonal
wind above
Akhtopol during Winter <1,2) and Summer
(3,4) at solar maximum (1,3) and minimum
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Fig. 2. Profiles of meridional wind above
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(3,4) at solar maximum (1,3) and minimum
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Table 1: r,'"an monthly velocity of the zonal winds 20 to 6O km measured -from
343 launch!ngs during 1982-199O. Winds to the east are positive in m/s

km.
60
55
SO
45
40
35
30
25
20

Table 2:

km.
60
55
SO
45
40
35
30
25
20

JAN

FEB

MAR

APR

MAY

JUN

JUL

AUG

SEP

DCT

NOV

DEC

52
SO
5O
55
SO
39
29
2O

37
36
38
40
36
30
22
17

28
2O
23
3O
26
24
14
9
6

5
-1
1
IO
14
18
IO
5

-17
-15
-11
-8
-4
-1
-2
-2

-41
-41
-34
-26
-23
-14
-9
-9
-4

-52
-58
-50
-38
-28
-21
-15
-11

-30
-37
-36
-25
-20
-15
-11
-10

3
-5
-8
-2
-4
2
1
1

43
36
37
36
26
20
15
7

78
75
71
70
68
52
35
19

60
6O
64
65
56
45
31
17

Mean square deviations o-f the zonal wind velocity related to Table 1

JAN

FEB

MAR

APR

MAY

JUN

42.9
44.9
46.9
43.5
34.6
23.6
19.3
11.8

34.0
36.5
41.1
39.7
35.1
28.5
22.8
18.8

22.6
25.7
30.2
29.2
22.2
17.1
13.6
9.6
3.5

18.1
18.3
21.9
17.3
10.1
9.7
10.4
9.2

14.5
19.6
23.8
12.6
7.5
7.9
6.1
4.O

16.3
17.0
15.9
8.0
8.1
4.2
3.6
3.7
2.8

AUB

SEP

OCT

12.7 18.4
11. O 24.8
12.9 21.1
9.3 14.2
9.5
7.1
7.6
5.5
2.9
5.1
3.9
2.8

22.2
23.7
27.4
18.4
11.9
10.8
7.O
5.4

20.5
23.7
28.6
22.7
16.2
15.3
9.6
6.7

JUL

NOV

DEC

18.3
2O. 2
28.9
3O.7
19.4
17.1
17.8
12.7

47.2
44.3
42.4
37.1
32.7
24.2
19. 0
12.6

Table 3: Mean monthly velocity o-f the meridional Minds 20 to 6O km measured
from 343 launchings during 1982-1990. Winds to the south are positive in m/s

km.
60

55
SO
45
40
35
30
25
20

JAN

FEB

O
-6
-9
-7
3
3
-4
-2

3
-2
-4
-1
1
1

-2
-1

MAR
-3
-6
-6
-5
-O
4
3
1
-2

APR

MAY

JUN

JUL

AUIB

SEP

OCT

-3
-7
-7
-5
-2
O
1
1

-5
-9
-10
-6
-2
O
O
-1

-12
-10
-5
-3
-3
-2
O
-1
2

-IS
-17
-12
-6
-2
-2
O
-O

-8
-10
-10
-5
-3
-2
-1
1

4
-6
-8
-1

6
-4

—3

-O
1
O

-a

-3
2
1
1
O

NOV

DEC

7
2
1
11
10
7
1
O

4
-3
-5
-1
o
3
-2
-2

Table 4: Mean square deviations of the meridional wind velocity related to
Table 3

km.
6O
55
SO
45
40
35
3O
25
20

JAN

FEB

MAR

APR

MAY

JUN

JUL

AUG

SEP

OCT

NDV

DEC

24.2
28.0
33.O
29.8
24.8
17.3
14.5
8.3

19.6
19.4
21.5
16.9
18.1
14.4
11.1
6.6

12.3
19.4
19.0
14.2
10.9
10.7
10.8
7.9
9.2

9.9
11.6
14.1
9.7
9.1
6.7
4.9
3.9

8.2
11.9
9.8
7.2
5.9
4.5
2.9
2.5

10.2
8.2
14.5
8.8
5.4

17.3
13.1
11.8
7.5
6.1
5.6
1.8
2.0

10.7
11.7
11.3
9.8
5.3
4.9
5.7
3.0

8.5
1O.O
16.8
15.4
5.6
4.4
2.1
3.9

14.5
12.5
13.9
12.7
9.4
7.8
4.8
4.6

13.4
19.1
21.5
12.6
15.0
13.4
10.9
7.2

26.5
31.0
32.5
27.6
23.5
21.5
18.3
9.7

4.7
3.7
3.1
2.1
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ASSIMILATION OF SATELLITE BORNE WIND SCATTEROMETER OBSERVATIONS
F. VAN DEN BERCHE & F. CAUNEAU
Groupe Télédétection et Modélisation, Centre d'Energétique, Ecole des Mines de Paris, Sophia-AntipolU
BP 207, F-06904 Sophia-Antipolis Cedex, France

ABSTRACT
A variational formulation involving the adjoint technic is
used to directly assimilate Seasat-A scatterom. ter satellite
(SASS) surface wind measurements into a numerical model
of the relative vorticity evolution. The discretized Vorticity
Equation underlying the model simulates the global
circulation on a rectangular bassin in a p -pian
approximation and satellite wind borne scatterometer
observations are assimilated in order to produce sea surface
wind fields. The variational formalism is described, and the
adjoint equation is intrduced. The variational assimilation
procedure is (hen compared to Kalman filtering on real wind
speed data issued of the sucessive passages of the Seasat
satellite over the North Atlantic between September 11,
1978, OO GMT and 12 GMT. This allows to track the
evolution of the famous QE II severe storm in the global
circulation of the North Atlantic ocean.
Keywords: variational assimilation, adjoint equation, wind
scatlerometer data, Vorticily Equation,
!.INTRODUCTION
The homogeneous definition of some physicals fields over
some spatial or temporal domains is often useful for various
work or studies in Meteorology or Oceanography. They are
prerequisite as initial condition for Numerical Prediction.
Unfortunately observations are made irregulary in space and
time, and they are inexact. Observations are also
incomplete in sense that not all the variables necessary for
the numerical model are observed. So the problem of
creating consistent fields on regular grid is often
underdeterminated. To resolve the underdeterminacy,
additional information is required. The procedure that
reconstruct fields from observations using prior knowledge
such as statistical or balance relationships is named
analysis (Lorenc Réf. 7). It becomes data assimilation when
observations are distributed in lime and the procedure uses
an explicit dynamical model for the time evolution of the
physical phenomenon inducing the studied fields.
Due to the paucity of conventional observations on sea,
some regions of the globe are even void, defining
consistent and accurate fileds of wind or pressure over
oceans is a particular challenge for data assimilation.
However, despite the fact they are asynoptic and distributed
in time, satellite observations can supplement
conventional data. Time repetitive wind speed
measurements, sea surface radar images and significant
waves heights, temporaly available during the 100 days of
wotk of the Seasat satellite in 1978, will be soon available
on large part of oceans and routinely delivered by (he ERS-I
satellite. In the same time developement of resonnably
realistic models and efficient algorithms to assimilate

those data tends to envisage oceanic forecasting (Thacker
Réf. 9).
Our present work does not deal with forecating but is to
assess satellite wind speed measurements hi order to
reconstruct wind speed fields upon sea at meso-scale.
Therefore the Vorticity Equation is discretized on a coarse
scale (3°) and is integrated in f) -approximation plan to
simulate the global circulation over a rectangular bassin
which has nearly coresponds to the North Atlantic ocean.
The numerical model hence obtained does not reflect
physical phenemenons occuring at the surface of the sea,
and so cannot be used for forecasting. Nevertheless some
first experiments have identified some good properties to
reconstruct mesoscale vortices.
However, keeping in minds future applications to
prediction, we have carried out one of the most promeieous
assimilating scheme based on the adjoint equations. This
variational algorithm which minimizes the distance
between model solution and observations is tested and
compared to classical sequential estimation such as Kalman
filtering on real data provided by Seasat-A scatterometer
satellite (SASS) during the day of September 11, 1978.
Observations are described in section 2, the numerical
model is presented in section 3, the variational formalism
is derived in section 4, the results of the varitional
assimilation, opposed to results obtained with Kalman
filtering are exposed in section 5 and commented in section
6.

2. THE DATA
2.1 Seasat-A Sattelite Scatterometer data were available for
approximatively hundred days in 1978. The Seasat
scatterometer actually measured radar backscatter from
surface. Backscatter measurements has to be inverted to
obtain surface wind. Up to 4 wind directions (i.e.
ambiguities or alias) are possible and various algorithms,
including variational method (Hoffman Réf. 3) was
proposed to dealias the measurements. We used the method
proposed by Wentz (Réf. 10), which provides wind speed
vector with a resolution of 100 km and an accuracy of 10 %
for wind speed and 20 % for wind direction. Since the
rectangular grid used for the study has a spatial resolution of
3° (=333 km), the value of the more close observation is
affected to the grid point.
The chosen data consists in observations made by satellite
between September 11, 1978 OO GMT and 12 GMT. During
this twelve hours period Seasat has flew several times over
the Atlantic ocean, we have retained revolutions 1087,
1088, 1090, 1093 and 1094, providing 164 observations
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(see Fig. 1). This particular period has been chosen since a
severe storm (named QE II) was devclopping and seen by
the satellite, while the analysis (without satellite data) of
the meteo services failed to forecast it, in geographical
location as well as in intensity.
2.2 Meoroloaical Analysis failure is propice to asses ihe
impact of the satellite and two analysis of the European
Meteorological Bulletin during the same day at OO GMT and
12 GMT are also used. Quasi geostrophic winds are derived
from the sea surface pressure fields (Harlan &. CXbrien Réf.
2) given in those analysis at • resolution of 3°. The wind
field obtained at OO hour (Fig. 3) is used as first guess and
then compared to the initial state retrived by the variational
assimilation. The wind field obtained at 12 hours (Fig. 3) is
compared to the forecast of ihe model after assimilation.
3. THE NUMERICAL MODEL
3.! The Vorticitv Equation: The evolution of the
atmosphere is slow and an adequate approximate of the
temporal evolution of the relative vorticity is given by the
Vonicity Equation (Hoffman Réf. 3):
1

where where t is the time and j the time derivative, x is the
state vector in the plan of motion (x.y), 1F the stream
function and 4 the relative vorticity, f is the coriolis
parameter and Jac is the jacobian operator with respect to
the rectangular x and y, . Some useful relationsships can be
derived from inviscid flow:
V(x.l) =

, 4(x,l) = k.V x V( 2), C(x.t) = A4»

where k the unit vector normal to the plane of motion, V is
the speed vector. V is the two dimensional gradient
operator and A is the laplacian operator.
3.2 Discretization: The equation is discretized according to
a finite difference scheme and integrated on a rectangular
grid of 12 x 33 points. The field resolution is 3° (333 km)
which would correspond approximately to the North
Atlantic bassin ( from -73° to 12° East and from 33 to 66°
North). The scheme adopted (Arakawa Réf. 11) to compute
the lacobian conserves the total kinetics energy and the
total enstrophy. The leap-frog time integration method
used integration interval of 30 mn at each iteration. The
period of assimilation is 12 hours.
3.3 boundary conditions arise serious problems when
inverting equations (2). The best solution is to put
boundary conditions toghether with initial conditions in
the control variables of the variational problem. This is
succesful, if assimilated data contained information on the
boundary, but in our case few observations was at the
boudary of the grid and instead of complicating the
numerical implementation the boundary conditions from
ihe initial state remain during the integration. Since it is
quiet far from the boundary this does not much influence the
evolution of the principal vortex in the studied fields, but,
clearly some spurious effects appear near Ihe boundary after
6 hours of integration.
4. VARTTTONAL ASSIMILATION WITH THE VORTIdTY
EQUATION
4.1 Variational versus sequential assimilation: The
ingredients for data assimilation are helerogenous

observations geographically spread up and distributed on a
time period [O, T], and a numerical model which is able to
compute homogeneous fiels regulary spaced on * grid at
each instant t of the period provided that the initial slate at
t = O is supplied. The question is how to merge
observations and model solution in order to create
homogeneous fields on regular grid which are realistic. The
traditional solution developped by Kalman filtering is
sequential (Ghil & al Réf. 4): as news observations are
available, they are blended with the time corresponding
model state (forecast) so as to minimize the error
covariance matrices. The resulting fields is called analysis.
The forecast comes from the intégration by the model of the
analysed field obtained at the previous time step. If the
process is just beginning then it must be guessed. As time
passed, more and more data are assimilated and the start-up
bias may gradually vanish due to the melding of forecasts
and new data. The Kalman filtering is a recursive method,
that is to say only past observations are taken into account
in the present analysis fields.
4.2 Variational method: At the contrary, with variational
assimilation, past, present and future data are taken into
account in Ihe present analysed fields. The basic idea is that
a parameter of the model can be varied until a cost function
which measures the misfit of the model to all the
observations available in the assimilating time period is
minimized. The parameter is then set to the value
conesponding to this minimum and the fields computed
with this value of the parameter are the closest state, among
all the possible model solutions, to the observations.
Normaly the minimization occurs on all the state vector
computed during the time period and is usually untracktablc,
by introducing adjoint equations of the model, optimal
control theory gives an algorithm to perform efficiently
Ihe minimization (LeDimet & Talagrandnd Réf. 8). In our
study it is implemented when control variables (the tuning
parameter) are the initial state of the model.
4.3 The cost function: The distance between the model state
is evaluated through a quadratic function. This cost function
is the sum extended to all the grid points of Ihe square error
between the vorticity obtained by integration of (1) and the
wind speed measurements sent by the satellite observations
available at différents instants Ij, O < Ij < T :
Fcost = 1/2 I1,, u [ CC(I1) - V obs ( ti ) Jt A [ CC(Ij) -

Where the subscript t denotes the transposed matrix, dt is
the time period at each iteration of the integration, A is a
positive matrix standing for the scalar product, D is the part
of the model grid where observation are available and C is a
mapper from the stale space to the observation space.
Since the model state is a regulary grid spaced field of
relative voticity, whereas observations are made of wind
speeds gathered in the satellite sweath, C first converts
vorticily into speed and then matches the obtained gridded
vector with domain of observation D.
The A matrix moderates the influence of each observation
in the cost function. The choice of its whcigt depends on
the relative confidence we have in observation, ideally it
shoul be the inverse of the error covariance matrix.
Practically error measurements has not been kept constant
in our assimilation, so, in the presented experiments, we
have set A to be diagonal and equal to 1.
4.4 The minimization procedure: The data assimilation
problem is to find the initial state C(O) which by
integration of equation (1) will give the smallest value of
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Fcosl. This is a mathematical problem of unconstrained
minimization. In order to perform such a minimization one
must access the gradient of Fcost with respect to C(O), this
is possible thanks to a basic result of the optimal control
theory (Lions Réf. 6), which exhibids a relation between
the searched gradient and the adjoint state P(O), more
precisely:
GradF(Q)(Fcost) = P(O)

4

4.5 The adjoint model gives an efficient means to compute
the value of P(O), which in our case is solution of
(Talagrand & Courtier 1987) :
PI(X,Î) = A/oc (A-1P1A-1C) Woe (C1A-1P) - A C1 (CC(t) 5

llh 55. To asses the impact of data, at each assimilating
date the Root Mean Square (RMS obs) error between
observations and the corresponding solution is evaluated
and divided by the mean value of the observations. Those
solution fields are obtained by integration of the initial
state which has minimised the cost function, so it is also
worth examining it and compar it to the meteorological
analysis which was used as first guess. Hence the Root
Mean Square (RMS meteo) error between the retrieved intial
state and the meteorological arui'ysis is also evaluated.
Mathematically those RMS are computed as follows:

RMS obs = sqrt (S2,! V801(Ij) - Vobs(ij) J2 / Z B [
Vobs(ti)l2)

7
2

RMS meteo = sqrt (S2,! V50, (O) - Vmeteo(0) J / Z^l
VmeteoO)]2)

P(I=T) = O

The adjoint equation should be integrated backward in time.
The discretisation and integration scheme is the same for
the direct and the adjoint model. Therefore an algorithm can
be carried out.
4.6 Assimilation algorithm: The gradient of Fcost
corresponding to some initial state Ij(O) can be explicitly
obtained by performing the following operations :
- Starting from some 4(0), integrate the basic equations (1)
from O to T and evaluate the cost function, store the values
computed for each value of l which will be necessary to
make up the adjoint equation.
- Starling from P(T) = O. integrate the adjoint equation (5)
backwards in time from T to O.
The final result at time O will give the gradient of Fcost
with respect to C(O) which will allow to apply a descent
minimizing procedure (steepest gradient, conjugate
gradient).
4.7 Remark on backward integration: Information is
inserted in the model every time an observation is
available, this information is propagated by the direct
model from the insertion instant to the final time of the
integration. Hence in classical sequential estimation, only
the information contained in the assimilated observation
before time t resides in the model solution at t. When
integrating backward information is then propagated from
the final instant to the initial instant. Since all the
inibrmalion is contained at the final instant, all the
information is then redriven to the initial time and the
initial conditions retrieved by the minimization procedure
also contains the information brought by the future
observations.
5. NUMERICAL RESULTS
Variational assimilation of the SASS data described in
section 2 is implemented, the cost function is minimized
using the steepest gradient procedure which are far from
being the more computationally efficient but immediatly
implementable when no software librairy is available. As
in conventional assimilation procedure, meteoroligical
analysis at t = O is used as first guess, that is to say is, the
meleorolgical analysis (Fig. 2) is used to start up the
minimization procedure. The cost function minimum is
obtained after 30 iteration of the descent procedure (graph
1) which lakes two hours on a limited power computer (S
MIPS).
Five wind speed fields are produced by the procedure
resulting of the assimilation of observations issued from
the satellite passages at Oh 32. 2h 09. 3h 47, 1Oh OS and
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Their values are given in table 1. The retrieved initial state
is shown on Fig. 4.
A Similar assimilation has been previously performed
using the Kalman Filtering (see Ghil & al in Réf. 4 for
practical implementation) and the analysis fields obtained
at t = 2h 09 by each procedure are compared, they are
presented on Fig. 5 for varitional assimilation and Fig. 6
for Kalman filtering. As the observations available at t =
3h 47 seems to be erroneous, namely they are locating the
vortex too north and too low in intensity, we have
exhibided them in Fig.7 and the corresponding part of the
fields obtained after their assimilation Fig. 8.
6. COMMENTS
Influence of observations can be recognised in the retrieved
initial state on Fig 4. The backward integration has
effectively reversely propagated information brought by
sucessive observations to the initial time. It is more
obvious, when comparing analysised fields obtained at t =
2h 09 produced by variational assimilation and sequential
estimation (resp. Fig. 5 and Fig. 6). With the sequential
analysed fields, the influence of the two first passages of
the satellite can be noticed whereas in the variationallv
analysed fields the later observations (3, 10 and llh) have
already influenced the evolution of the vortex. This is
important, since the storm is better described in the !attest
passages. To asses relative importance of the model and the
observations in the assimilating scheme, we can examine
the part of the analysed field obtained after the assimilation
at t = 3h 47 which geographically corresponds to the
observations made by the satellite at that time (Fig. 7 and
Fig. 8). The satellite observations seem to be erroneous, as
they represent the vortex to much north and as they are loo
low in intensity. After the assimilation of them, wind speed
vectors which are geographically at the location of the
observations are much more intense, which is more
realistic and better located relatively to the storm. The
model has effectively corrected the observations while
assimilating them. The value of the Root Mean Square error
(Tab. 1) between the analysed field and observations
indicate an eror of 200 % instead of 80 % with other
observations. This confirms the strong contradiction
between the observations and the model. We can also
notice the increase of the the Root Mean Square error
between the retrieved initial state and the meteorological
analysed fields from 87% at t = O and 106 % at t = 12h. This
is certainly due to the simplicty of our model which does
not filter noise and unrealistic features. Furthermore some
important spurious boundary effects can be seen in the
results of the model after 6 hours of integration.
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7.CONCLUSK)N
The benefit on the quality of analysed sea wind vector fields
performed with a variational procedure is shown on an
assimilation of SASS data on a twelve hours periods.
However Kalman filtering is much more easier to
implement and requires less computing time.

9. Thackcr W. C. and R. B. Long, 1986.Fitting Dynamics
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10. Wentz F J & Mattox A, 1986, New algorithms for
microwave measurements of ocean winds: Application to
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Graph 1 : Cost function versus iteration number of the
gradient descent
Date
= OOhOO
= 00h32
= 02h 29
= 03h 47
= 1Oh 05
= llh55
= 12hOO

RMS obs in %
0.875
0.705
0.862
2.088
0.561
0.675
1.064

Tab 1: Relative Root Mean Square error between analysis
and observations at each assimilating time step. For t = O
and t =12h RMS is computed with respect to the
meteorological analysis.
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UTILIZATION OF REMOTE SENSING DATA AT THE DEUTSCHER WETTERDIENST

W. Benesch

Deutscher Wetterdienst, Offenbach am Main

The Deutscher Wetterdienst (DWD) has been making use of
satellite images for more than 25 years for weather monitoring and very short range forecasts. Quantitative parameters
derived from satellite data at specific centers are used in
operational numerical weather prediction. Cooperation
activities are performed with research institutes in order to
improve the quality of derived parameters, to assign quality
flags to each parameter and to adopt new processing methods. Satellite data will be used in agrometeorological and
climatological studies, and have become an indispensable
tool for the legal tasks of the meteorological service. Hence
a METEOSAT Second Generation is needed with improved
performances and meteorological data from polar orbiting
satellites are required from the morning and the afternoon
orbit.

In 1991 we started with the transmission of digital satellite
data, received and processed at the Central Office in Offenbach, to a workstation at the Marine Meteorological Office
in Hamburg by means of a digital data link. All 7 regional
meteorological centers will be linked to this digital system in
the near future. An advantage of this system is that the same
methods for weather monitoring and forecasting as described
in chapter 2 can be applied to the satellite data at the regional centers.
All systems mentioned so far relate to facilities for direct
reception of satellite data. However, we may not forget the
Global Telecommunication System (GTS) of the World
Meteorological Organization (WMO), on which a number of
products derived from satellite data are being distributed to
the national meteorological services. The DWD is making
use of these data to a far extent in numerical weather prediction.

Keywords: satellite meteorology.
2. SATELLITE DATA FOR WEATHER MONITORING
AND VERY SHORT RANGE FORECASTS

1. SATELLITE DATA AVAILABILITY AT THE
DEUTSCHER WETTERDIENST
A first satellite data receiving system was installed at the
Deutscher Wetterdienst (DWD) more than 25 years ago in
1965, nearly at the same time when operational weather
satellites had become available.
Nowadays systems for reception and processing of digital
satellite data are operated at the Central Office of the DWD
in Offenbach and at the regional center of the DWD in Potsdam. Both systems consist of a Primary Data Users Station
(PDUS) for digital high resolution METEOSAT data and of
a High Resolution Picture Transmission system (HRPT) for
digital data from the polar orbiting meteorological satellites.
The system in Offenbach was replaced by a new one in the
year 1989; a description of it is given by Benesch et al (Réf.
1), information on the system in Potsdam is published by
Stiehler et al (Réf. 2). In addition, all regional meteorological offices and all aerodrome meteorological offices have
their own Secondary Data Users Stations (SDUS) for direct
reception of analog METEOSAT images. The total number
of SDUS at the DWD amounts to 28.

Satellite data are very important for weather monitoring and
very short range forecasting as they are available very
frequently (e.g. METEOSAT every 30 minutes) and as they
provide earth observation data without any gaps. The latter
point is extremely important for areas from where no or only
very few other observational data exist, e.g. the oceans
where most of the important weather systems are developing.
However, best information content can be derived from the
satellite when they are evaluated not only by themselves but
in combination with other data, as e.g. conventional observation data, radar data or numerical analyses or forecast fields.
The Interactive Graphical System (IGS) at the Central Office
in Offenbach, which will be available at all regional meteorological centers in the near future, supports a very easily
accessible simultaneous display of satellite data with radar
data, conventional surface and upper air data and output
from different numerical weather forecast models. Precipitation data are available from the German radar network as
well as from the European radar network.
A combination of satellite data and numerical analyses and
forecast data is applied in methods for diagnosing the actual
state of the atmosphere and concluding from the results on
the weather activity within the next few hours. For example
we have to find out whether the atmosphere is in a lifting or
descending process.
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The results of such a diagnosis allows to conclude on the
further development or decay of cloud systems. Examples on
the utilization of satellite images in combination with conventional data are given e.g. by Benesch et al (Réf. 3).
Trajectories from numerical forecast models are used to
estimate the future position of existing cloud systems which
are seen in satellite images. When making use of forecasted
parameters from numerical forecast models as e.g. trajectories or vertical air motion as mentioned above, we have to
be sure, however, that the numerical simulation of the
present and future state of the atmosphere is correct. Checking the correctness of forecast models can be performed very
easily by comparing satellite data with output from numerical
models. For example, cloud systems in satellite images
should correspond with areas of more than 70 percent of
relative humidity in numerically simulated humidity fields.
3. SATELLITE DATA FOR NUMERICAL
WEATHER FORECASTS

The DWD operates on a routine basis a global model and a
nested meso-scale numerical forecast model. Both models
need quantitative satellite data in order to close the gaps in
the conventional observation network. Only very few radiosonde measurements exists from areas over the northern
Atlantic and Pacific and nearly no upper air data are available from the southern hemisphere. Aircraft measurements
have the disadvantage to be available only from specific
tracks and only at single levels - numerical models, however,
need vertical profiles.
For numerical weather forecasting, the DWD makes use of
parameters which are derived from satellite data at specific
centers and which are disseminated on the international
meteorological communication network (GTS). Most important parameters are vertical temperature profiles, which are
derived at NOAA/NESDIS for the whole globe from the
TOVS data (TOVS= Tiros Operational Vertical Sounder)
and wind vectors which are calculated at several centers, e.g.
ESA/ESOC, from the displacement of clouds. Furthermore,
the DWD makes use of sea surface temperatures which are
derived from polar orbiting and geostationary satellites and
which are running on the GTS as well as of vertical atmospheric humidity profiles, derived from TOVS data.
Jn addition, the DWD includes some other products in
numerical weather prediction which are derived at the European Space Operations Center (ESOC) from METEOSAT
data: Upper Tropospheric Humidity (UTH) and Cloud
Analysis (CA), which provide data on the atmospheric
humidity.
In addition, so-called bogus data are made available to the
numerical analysis scheme: specific humidity profiles are
determined by means of an interactive classification of cloud
systems in METEOSAT images (Réf. 4).
All these products are used operationally.
4. DEVELOPMENT IN FUTURE USE
OF SATELLITE DATA
4.1

TOVS data processing

From the HRPT station, direct read-out TOVS data are
available at the DWD in full resolution. They are processed
in Offenbach regulary by means of a software package, the
ITPP-3, provided by the University of Wisconsin. Improve-

ments by P. SCHLUSSEL (Hamburg University) are added
to the algorithms, resulting in more accurate land and sea
surface temperatures and in the detection of inversions in the
vertical temperature profiles.
A cooperation is existing with the University of Karlsruhe
(F. OLESEN, H. FISCHER) to further improve the TOVS
data processing: the AVHRR (= Advanced Very High
Resolution Radiometer) data (the imaging instrument on
board the NOAA satellites) shall be used for a better assessment of the influence of clouds in the TOVS data retrieval
scheme, and in order to determine and assign quality flags to
each derived temperature profile.
In addition, studies are being performed with different firstguess temperatuiw profiles in the retrieval scheme, especially
with profiles from numerical forecast models.
Furthermore, investigations are performed on the value of
TOVS data and derived parameters as e.g. thermal vorticity
advection or instability indices for very short range weather
forecasting purposes.
4.2

Humidity Parameters

A cooperation is performed with the Kiel University (E.
RUPRECHT et. al) in order to develop algorithms for
determining different humidity parameters from microwave
instruments. Studies will be performed on the possibilities of
a combination of semi-statistical processing methods with
physical radiative transfer schemes as regards computing
time, accuracy of derived parameters and assignment of
quality flags to each derived product. Purpose of this cooperation is to prepare for the operational availability of the
Advanced Microwave Sounding Units (AMSUs) from 1994/
95 onwards.
Development activities being performed at the meteorological
observatory of the DWD at Potsdam deal with the determination of the 3-dimensional atmospheric humidity field by
cloud classification from AVHRR images in combination
with conventional surface and upper air data. A cooperation
has been initiated with DLR (T. KRIEBEL) in order to
transform the so-called APOLLO software - a scheme for an
objective evaluation of the multispectral AVHRR image data,
first developed at the University of Oxford - to the purposes
and the computational environment of the DWD.

4.3

Satellite Data for Climatological and Agrometeorolopical Purposes

The DWD has been operating on a routine basis a method
for mapping the solar irradiance available at ground level
from METEOSAT data since 1986. This method was developed by MOSER & RASCHKE (University of Cologne); the
results are used for Climatological purposes, e.g. estimates of
available solar energy at the ground.
The DWD operates the Global Precipitation Climatology
Center (GPCC) which is part of the Global Precipitation
Programme. Precipitation estimates derived from satellite
data are essential in this project as only satellites can provide
information on precipitation intensity from areas over the
oceans. The precipitation values are derived from satellite
data at international centres, the GPCC performs quality
control, statistical evaluation and mapping and archives the
data. Information on the GPCC is given by RUDOLF (Réf.
5).
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Development activities presently performed at the DWD
deal with precipitation estimates from (he bispectral evaluation of METEOSAT and NOAA-AVHRR data. Visible and
infrared data are used and the results are very encouraging.
They can be used for weather monitoring and very short
range forecasting, for verification of numerical forecast
models, for climatological and agrometeorological purposes.
It is planned to utilize satellite data in the near future in a
variety of agrometeorological studies. Especially AVHRR
data and derived parameters as e.g. land surface temperatures or a vegetation index are planned to be included in
evaporation models, in studies on plant health, in mapping of
areas with frost risk, etc. The results can and will be used
even in enviromental monitoring.

S. CONCLUSIONS AND REQUIREMENTS ON
FUTURE SATELLITE SYSTEMS
The satellite data have become an indispensable tool for the
DWD.
Thus the long-term continuity of meteorological
satellite observation from the geostationary and the polar
orbit has to be assured.
Improvements in the future METEOSAT system are necessary. For example, the present METEOSAT system does not
allow the monitoring of fog during night. More frequent
images, multispectral data and a better horizontal resolution
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than at present are a requirement concerning the Meteosat
Second Generation (MSG). The operation of the MSG system and the extraction of meteorological products shall be
performe ' in one centralized facility. The experience with
ESOC proves that one central facility guarantees utmost
reliability in the performance of the total system and the best
quality of the products.
As concerns polar orbiting satellites, a continuation of satellites in the morning and the afternoon orbit is required.
Instruments for operational meteorological purposes must be
the same as planned for NOAA-K, L, M. However, in order
to satisfy the requirements of the numerical weather prediction, a significant improvement in the vertical resolution and
radiometric accuracy of the IR temperature and humidity
sounding data is urgently needed. Hence an interferometer or
spectrometer for sounding purposes shall be included in the
operational meteorological package as soon as possible after
experimental test demonstration. Even the ground segment
for the operational meteorological instruments on board of
European polar orbiting satellites shall be concentrated in
one central facility as far as possible, and in order to perform coprocessing with MSG data the ground segment shall
be colocated with the MSG ground segment.
Instruments of interest for meteorological services with a
long-term development phase are a medium resolution microwave imaging radiometer, a doppler wind lidar and a backscatter lidar.
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It should be kept in mind that synergy of data of meteorological satellites is high and that other disciplines than meteorology benefit from this systems, e.g. oceanography, hydrology, climatology, environmental sciences, glaceology, forestry, agriculture or geography. In the future the greatest
additional benefit of data from meteorological satellites will
become effective in monitoring of climate trends, as long
time continuity of instruments can be regarded to be assured
and as diffent parts of the earth are monitored with the same
sensors.
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OPERATIONAL CLOUD CLASSIFICATION WITH METEOSAT DATA.

B. Bailee, A. Brisson, P. Le Borgne, A. Marsouin
METEO FRANCE, Centre de Météorologie Spatiale, 22302 Lannion, France

ABSTRACT
An operational cloud classification method based
on the use of the cluster technique earlier established
by Oesbois and Sèze has been developed for
application to METEOSAT data. A first experiment on a
test data set representative of various seasons over
France allowed to define the principles of an operational
application of the method. The operational scheme has
been applied on an experimental basis, over France in
March and April 1991. The results of the automatic
cloud classification have been validated by experienced
nephanalysts. They are overall satisfactory, however
low or medium clouds are not as well defined as
surface, cirriform and high thick clouds. The main
problem is a possible confusion at night between
surface and low stratiform clouds.
Keywords: cloud classification, METEOSAT.

!.INTRODUCTION
Surface studies, such as surface temperature or
albedo calculations from satellite data,
require a
precise identification of clear and cloudy scenes.
Radiative transfer calculations, for example downward
longwave irradiance retrieval using cloud type related
contribution coefficients (Réf. 1), require also a
description of the cloudiness. The most appropriate
solution to process METEOSAT data on a hourly basis
during a long period is the use of an automatic cloud
classification scheme.
The classification algorithm we adopted is a
clustering technique developed by Oesbois and Sèze
(Rets. 2, 3) which has been validated (Réf. 4) and
largely applied in research context. It had never been
adapted, however, to operational conditions. This paper
will present the problems raised by such an objective.

2. CLUSTERING TECHNIQUE
The chosen algorithm, which uses the Dynamic
Clusters method of Diday and Simon (Réf. 5), has been
fully described in Refs 2, 3 and can be summarized as
follows.
The method is applied to time series of visible and
infrared METEOSAT radiance fields taken each day at

the same UT time and for the same geographical
location. Each pixel of a daily image segment is
represented by four parameters: two spectral ones
(visible and infrared radiance values) and two spatial
ones (local standard deviation computed from the eight
neighbours in the visible and infrared images). For each
daily image segment a four dimensional histogram is
built. Then these daily histograms are cumulated over
the period.
The central concept of the method is that every
surface or cloud type in the image segments is
represented in this cumulated histogram by a compact
subdomain of the histogram (or cluster). The clustering
technique permits the partitionning of the resulting time
cumulated histogram into classes representative of
surface or cloud types, defined by their center of gravity
and variances. The method does not require any a
priori knowledge of the classes, but only a maximum
number of classes. To partition the histogram, the
method uses an iterative process starting from
randomly chosen clusters. After each iteration, a
criterion decreases and a new partition is defined. The
final partition is obtained when the iterations give always
almost the same partition. Finally, each pixel of each
daily image is projected on the four dimensional
histogram and is attributed to the classes to which it is
the nea ist.
One of the main limitations of this kind of
technique (Réf. 5), is that the final partition is not
unique, because the criterion converges towards a local
optimum. The choice of the initial clusters has, then, an
influence on the final partitions. Therefore, several
random choices of the initial clusters must be made.
The partitions obtained are generally similar, and the
one which seems the best according to the criterion
value, the number of classes left and the values of the
centers of gravity is chosen.
Applying the method on an operational mode
implies two main constraints: first, the method must be
fully automatic and secondly, computer time must be
low. These constraints require to suppress the random
choice of the initial kernels and to develop an automatic
identification of the classes as cloud types. To acquire a
practical knowledge of the cloud properties over France,
the method has been applied on a test data set,
representative of most of the conditions encountered
over this region. This has allowed to deduce an
operational scheme which has been applied over
France, in real time.
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3. EXPERIMENT ON A TEST SET
The main problem is the identification of the
classes issued from the clustering as cloud types using
their spectral and spatial characteristics. The principle
adopted was first to establish empirical relations
between the relative values of the coordinates of the
gravity centers of the classes and the cloud types on a
learning file and then to assess their reliability on a
validation file. Therefore, the data file has been split up
into a learning file and a validation file.
3.1 Data
Our data set is made of four periods of 30 days
representative of the various seasons (in May, July and
October 87 and January 88). The learning set contains
the first 15 days of each of the four periods and the
validation set contains the last 15 days of these periods.
The geographical location of the data corresponds
to the two trench meteorological stations having reliable
routine measures of the downward longwave flux for the
considered periods. These stations: Brest, located
along the Atlantic coast and Carpentras, in the Rhône
valley, are representative of two different climatic
conditions. METEOSAT 2 visible and infra-red data
have been archived on a hourly basis on an area of
about 40 * 40 pixels (corresponding to 240 kms * 320
kms) centered on the station.
3.2 Processing of the test set
For each data set corresponding to a 15 days
sequence, a station and one UT time during the day,
the dynamic cluster method has been applied on four
dimensional histograms using IR count (IR), local
standard deviation of the IR count (IR Isd), VIS count

and local standard deviation of the VIS count (VIS Isd).
For the nighttime images, the dynamic cluster method
has been applied on two dimensional histograms using
IR and IR Isd.
For the learning data sets several partitions have
been calculated from randomly chosen initial kernels.
Many of them have been carefully examined on the
interactive console by experienced nephanalysts to
choose the best partition and to identify the classes in
terms of cloud types. By this way, 8 main cloud types
valid for all hours and seasons have been identified; for
each studied UT time a correspondance has been
established between these types and the gravity center
coordinates.
For the validation data sets, the dynamic cluster
method has been initialized with kernel gravity centers
derived from those obtained for the corresponding day
or night sets of the learning file (same month and
station, all hours). The cloud types have been identified
from the gravity centers coordinates of the final classes.
The nephanalysts have controlled the results of the
identification using the interactive console.
3.3 Cloud types definition and problems encountered
The 8 main cloud types identified throughout the
data set and the relations between the cloud classes
gravity centers coordinates and the cloud types are as
follows (figures 1 and 2):
- surface (clear sky): the lowest count in IR (the
warmest), in VIS (the darkest) and often in IR Isd.
- cloud edges, very small cumulus, very thin cirrus: may
be close to the surface when considering IR or VIS
count but clearly separated from the surface by the IR
Isd.
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Figure 1: VIS and IR coordinates of the centers of
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daytime hours on the validation file (visible counts have
been corrected in order to correspond to 12h solar
zenith angle)
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Figure 2: IR and IR Isd coordinates of the centers of
gravity of the classes identified for Brest, October
nighttime hours on the validation file.
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- thin cirrus: very high IR Isd and low (dark) VIS count.
- thick cirrus: medium to high (cold) IR count with a
relatively low (dark) VIS count.
- high thick cloud i.e. thick clouds associated with the
fronts of a perturbation or cumulonimbus: highest IR
(coldest) count and often highest VIS (brightest) count,
low IR Isd.
- low cumulifomn cloud: low IR (warm) count and
relatively high VIS (bright) count, medium to high local
IR Isd.
- low stratiform cloud: low IR (warm) count and
relatively high VIS (bright) count, low local IR Isd.
- medium cloud: medium value for IR and VIS counts,
all possible values for the local IR Isd.
For the daytime cases, the visual examination of
the images has shown that the cloud types identification
performed on the validation file was correct. For the
nighttime cases, specific problems appeared:
- medium clouds, which have high VIS counts during
the day can be confused during the night with the thick
cirrus type.
- the thin cirrus and low cumuliform clouds which are
clearly separated by the VIS count during the day can
be confused at night.
- low stratiform clouds can be confused with the
surface. This is not obvious when considering the
gravity center coordinates and was only detected by the
visual examination of the images.

4. OPERATIONAL SCHEME
The results obtained on the test file lead us to
define the operational scheme which is presented
hereafter.
>W*'
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V
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4.1 Processing principles
1. To save computer time and considering the
limited additional information brought by the VIS Isd,
three parameters only (IR1 VIS, and IR Isd) are used for
daytime images. IR and IR Isd are used for nighttime
images.
2. In order to avoid the problems related to
changes in the calibration of METEOSAT radiometers,
the VIS or IR counts of the images were converted into
"normalized" counts, i.e. the counts which would have
been produced by METEOSAT 2 as it was in 1987.
Moreover, all visible counts are corrected in order to
correspond to the 12h solar zenith angle of the day at
the center of the image.
3. A real time classification is needed, the scene
to be classified is thus associated with those of the
fourteen proceeding days at the same hour in order to
constitute a sample representative of various cloud
types. The classification is therefore made on samples
corresponding to a 15 days rolling period.
4. To improve the identification of clear sky cases,
the METEOSAT window corresponding to France has
been divided into 7 homogeneous surface zones of
about 5000 pixels each (Atlantic, Mediterranean, North-

West, North-East, South, Northern Spain, Mountains).
Calculation time saving considerations led to a sampling
of the images (every second point and line) and to a
gathering of the scenes for two successive hours. The
clustering is finally made on samples of about 37500
pixels corresponding to one zone, two successive hours
(the variability in gravity center coordinates is not
significant between two consecutive hours) and 15
successive days.
5. The initialization of the clustering Is made, for
each month and each zone, by a kernel library (see
below).
6. The resulting classes are assigned to the
various cloud types according to the position of their
center of gravity inside a month and zone dependent
identification grid. These grids are built in the VIS, IR or
in the IR Isd, IR plans after the position of the initial
kernel centers of gravity.
7. Each pixel in the scene is then classified
according to the cloud types determined on the sample.
4.2 Determination of a kernel library
This library includes, for each month and each
zone, a set of kernels defined by 3 or 4 parameters: the
IR, IR Isd (nighttime cases) or IR, VIS, IR Isd (daytime
cases) coordinates of the center of gravity and a
variance.
It has been derived from the results obtained on
the test file. First, the results obtained for the various
hours have been synthetized to produce average
kernels (i.e, average gravity center coordinates) for
each station (Brest and Carpentras), for each test
month and for day and night. To cover the largest range
of possible classes, several kernels have been defined
for some of the basic types presented in section 3. In
particular, the low stratiform clouds have been
separated into two types, stratus and stratocumulus
according to the value of the IR Isd.
Then, the kernels of Brest have been used for the
northern zones and those of Carpentras for the
southern zones. However, the marine zone surface
kernels coordinates have been deduced from a Sea
Surface Temperature climatology (IR), and from the
values of the radiance counts usually observed over
the sea (VIS); the coordinates of the kernels
corresponding to low or semi-transparent clouds have
been also slightly corrected. Finally an interpolation has
been made to produce the monthly values of the
kernels parameters.
This kernel library is expected to evolve, in the
future, towards a monthly climatology of the main
clouds types characteristics.
4.3 Identification of the classes
The classes found by the cluster technique remain
to be identified as cloud types. This task, which must be
fully automatic, is made according to the position of the
center of gravity of these classes, through a three level
processing:
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1. Determination of the main cloud categories:
It is made by the partition of the VfS, IR plan
(daytime) or IR lsd, IR plan (nighttime) by lines or
segments built on 3 key points (daytime, see figure 3)
or 5 key points (nighttime, see figure 4). The
coordinates of the key points are derived from those of
the initial kernel centers of gravity corresponding to the
month and the zone. At this stage, 5 main cloud
categories are identified: surface, cirrus, low clouds,
medium clouds, high thick clouds (daytime cases) and
surface, thin cirrus, thick cirrus high thick clouds,
medium-low clouds (nighttime).

I*idieims2 X

z .,

Z. Determination of the cloud types:
Thresholds on IR or IR lsd derived from the initial
kernel center of gravity coordinates are used to
discriminate the clouds types inside the main clouds
categories.
3. Complementary tests: two distinct kinds of tests
are made at this level.
The first ones are dedicated to identify some
types according to the relative rank of one of its
coordinates: sorting by increasing IR counts to separate
two types of thick cirrus and, for daytime cases, sorting
by increasing VIS counts to separate three types of
cumulus.
The second ones aim to eliminate obvious errors
made by the previous tests of the identification scheme,
due to slight errors in the definition of boundaries
between cloud types. When no surface type or no cloud
edge type or no high thick cloud type have been found,
these tests refine the identification of the neighbouring
types (stratus in case of surface, cumulus in the case of
cloud edges, medium or thick cirrus in the case of high
thick clouds) to detect a possible confusion.
This processing allows the identification of a
maximum of 15 types for daytime images and of 11
types for nighttime images.

5. FIRST RESULTS OVER FRANCE
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Figure 3: Initial kernel centers of gravity and partition of
the VIS, IR plan into 5 main cloud categories:
1: surface + cloud edges, 2: cirrus, 3: high thick clouds,
4: low clouds, 5: medium clouds.
This case corresponds to Atlantic, July, daytime.

IRLSD

Figure 4: Initial kernel centers of gravity and partition of
the IR lsd, IR plan into 5 main cloud categories:
1 : surface + cloud edges, 2: thin cirrus, 3: thick cirrus,
4: high thick clouds, 5: low and medium clouds.
This case corresponds to South, January, nighttime.
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The first experiment for validating this
classification has been organised in March and April
1991. 17 daytime and 15 nighttime situations have
been analysed by the nephanalysts on an image
processing system and for each situation, each zone
and each type of clouds the following informations have
been recorded: the presence of the type, and in case of
misidentification, the type(s) which would have been
attributed to the clouds by the nephanalysts.
This qualitative examination has been then
quantified by counting the number of cases (a case
corresponds to the analysis of one zone for one
situation) when an observation has been made, without
accounting for the number of pixels concerned. In
consequence the same weight is given to marginal or
extended errors; on the other hand, this guarantees that
all kind of errors have been investigated. A summary of
the results obtained for daytime and for nighttime
situations is presented respectively in tables 1 and 2,
for all zones except mountains. Each observation of a
type may correspond to a complete success
(nephanalysts interpretation and classification results
fully agree), a complete failure or a partial success (the
type resulting from the classification has been observed
together with other cloud types).
For both daytime and nighttime cases, cloud types
can be divided into three groups according to their
success rates (column 2 in tables 1 and 2):
• high success rates, over 75 or 80 %: for surface,
cloud edges, thin and thick cirrus.
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- medium success rate. from 55 to 70% for high thick
cloud and, for daytime cases, cumulus.
- Low success rate, less than 30% or 40% for low and
medium clouds.
cloud types
surface
cloud edges 1
cloud edges 2

full
partial
nbof
cases success success failure
1
89
99
O
11
3
95
86

thick cirrus 1
thick cirrus 2

45

96
98

high thick clouds

50

70

O
10
1
O
10

thin cirrus

1
63
70

100

84

O

6
3
2
20

cumulus 1

73

67

16

16

cumulus 2

48

58

15

cumulus 3

19

58

5

27
37

stratus

51

18

20

63

stratocumulus
medium clouds 1

25
23

24

32

44

30

43

medium clouds 2

46

20

26
35

medium clouds 3

38

11

50

39

46

Table 1. Results of the validation experiment for
daytime cases (all zones except mountains). The
number of cases effectively observed is given in column
1 (102 cases have been processed). The figures given
in the following columns correspond to % of this number
of cases.
cloud types
surface
cloud edges 1

partial
full
nbof
cases success success failure
87
95
3
3
87
10
3
88

cloud edges 2

83

97

3

O

thin cirrus

79

76

7

17

thick cirrus 1

70

2
O

5

thick cirrus 2

2

94
100

high thick clouds

61

55

36

9

cumulus 1
stratus

74
48

24
23

15
26

61

stratocumulus

8

50

O

50

medium clouds 1

73

39

30

30

O

51

Table 2: Results of the validation experiment for
nighttime cases. Same as table 1 but the total case
number is 90.
A detailed examination of the types identified by
the nephanalysts in case of partial success or complete
failure lead us to the conclusions presented hereafter.
Four broad categories: surface, low, medium and
high clouds (where "high" means cloud with a high top)
are well identified both for daytime and nighttime cases.
A fifth ambiguous category which contains cloud edges,
very thin cirrus and small cumulus, appears more

extended than expected (because of the ambiguous
definition of the type cloud edges, confusion with
neighbouring types is not recorded as erroneous, and
this problem does not appear on the result tables).
The classification errors can be listed decreasingly
as follows:
- confusion between surface and clouds: the most
significant error of this type is the confusion between
surface and stratus at night. The second one is
probably the overextension of the type cloud edges
which leads to an underestimation of the clear sky
coverage when compared with the nephanalysts
estimation. Finally, in the zone Mountains, snow is
systematically confused with low or medium clouds.
- confusion between broad cloud categories: the limits
between these categories are not very well defined,
therefore medium clouds can be confused on one hand,
with high thick clouds and on the other hand, with low
clouds, both for daytime and nighttime cases. For
nighttime cases, cumulus and thin cirrus are often
confused, which is an error already identified on the test
file.
- confusion of types within a category: (1) the various
clouds of the category "high", thin cirrus, thick cirrus
and high thick clouds are well identified despite of a
small confusion between the two last ones, inducing an
overestimation of the high thick cloud mean coverage.
(2) As far as low clouds are concerned, the
discrimination between cumuliform and stratiform
clouds made by IR Isd is not as efficient as expected.
(3) It appears that the discrimination between stratus
and stratocumulus based on the IR Isd is not
successful, which is the main cause of the low success
rates observed for these two types. (4) The ambiguous
cloud type called cloud edges is due to the classification
failure to separate very thin cirrus and small cumulus
which are very well discriminated by the nephanalysts.

6. POSSIBLE IMPROVEMENT OF THE METHOD
Some of the deficiencies presented in the
previous section can be solved:
- The main problem observed for nighttime cases (i.e.
the identification of low stratiform clouds) justifies an
additional research effort. Various approaches may be
explored: the use of the time evolution of the surface
characteristics (temperature, thermal features) or a
combined use of METEOSAT and AVHRR.
- Other errors observed for daytime cases in the
identification of cloud types could be solved: the VIS Isd
may improve (at the risk of increasing the computer
time) the distinction between small cumulus and thin
cirrus, between cumulus, stratocumulus and stratus;
better initial kernels resulting in more efficient partitions
of the IR-VIS plan would improve the discrimination
between low and medium clouds.
On the contrary, the deficiencies observed in case
of snow or, for nighttime cases, such as confusion
between cirrus and cumulus, or between medium
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clouds and thick cirrus, seem hardly avoidable at the
moment.
Another characteristic of the method is its
computer time cost, basically due to the iterations
performed by the clustering and the size of the samples
needed to represent the various cloud cases. On a
CCUR 3280 computer (memory: 32 M1 12 MIPS), it
takes an average 30 minutes to classify the 7 zones of
France for daytime cases (3 channels) and 20 minutes
for the nighttime ones (2 channels). Two solutions are
possible : to reduce the size of the processed samples
or to replace the full clustering scheme by a faster one.
Initialized with the library kernels, the clustering
stage is aimed at defining new kernels and cloud
classes well adapted to the real time situation.
However, if the library is in good agreement with the
climatology (which will be ultimately the case), the use
of 15 days to adjust a class distribution to a particular
situation is questionable. It introduces indeed some
inertia in the processing and, for instance, a fast cooling
or warming of the surface can be misinterpreted. A
solution could be the use of parameters predicted by
forecast models (such as surface temperature and
humidity, air mass type ...) to adjust the library kernels
to the processed situation. The classification would be
then applied on the current image alone without
iteration.

7. CONCLUSION
An automatic cloud classification scheme has
been defined based on the use of the cluster technique
earlier established by Oesbois and Sèze. Preliminary
tests on limited areas over north-west and south-east of
France allowed to determine the various steps of the
scheme.
An operational scheme has been implemented. It
works without the VIS Isd, on 15 days of data, and on
limited zones (preferably homogeneous). In this
operational scheme two consecutive hours are handled
at the same time.
A first validation experiment under operational
conditions took place in March and April 1991 over
France. The main results of this experiment are
satisfying. However the confusion between surface and
low clouds at night could lead to not neglectable errors
for operational meteorology as well as for radiative flux
calculations.
An one year test is undergoing. This one year
experiment will allow evaluation of the method for
different seasons and diurnal cycles. The results will be
compared with those of the operational AVHRR cloud
classification which is performed routinely at CMS. It will
allow also a minor reorganization of questionable cloud
types and the settling of a well assessed kernel library
over France. It must be noticed that the kernel library
plays a key role in such a method, applying this
classification technique to a different area implies
therefore the definition of an accurate kernel library as a

preliminary stage. This can be considered as a weak
point of the method.
Specific experiments should be organised to
investigate the cost versus performance question raised
by the use of VIS Isd, to test the various solutions
aiming to reduce the computer time, and to improve the
identification of stratiform clouds at night.
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QUALITATIVE AND QUANTITATIVE DIAGNOSIS OF CLOUD IMAGES FOR USE IN
WEATHEB FORECAST
Zwatz-Meise and J. Stockinger
Central I n s t i t u t e Tor Meteorology and Geodynamics, Vienna
I n s t i t u t e of Meteorology, University Vienna

ABSTRACT
S a t e l l i t e images nre an i m p o r t a i t tool
for an operational weather service. In
t h i s paper some ideas about their integration into the analysis seen from a
weather service l i k e the Central Instit u t e of Meteorology and Geodynamics in
V i e n n a are discussed: the diagnosis of
cloud configurations w i t h the help of
relevant m e t e o r o l o g i c a l parameters and
the
q u a n t i t a t i v e evaluation of
grey
shades
in
respect
to
precipitation
informations. Examples for both ways of
analvses are shown.

1

1 .- INTRODUCTION
There are two principally different ways
of incorporating s a t e l l i t e images into
weather analysis: 1.) the diagnosis of
cloud configurations and structures in
respect to the physical state of the
atmosphere which leads to this kind of
cloud systems; this is nowadays s t i l l a
more subjective, q u a l i t a t i v e task; 2.)
the
q u a n t i t a t i v e evaluation
of
the
grey-shade contents of the images which
leads
mostly
to
informations
about
p r e c i p i t a t i o n . Both ways are necessary
and have to be combined
(Refs.1-3)Figure 1 shows the course of deriving
information from satellite images and
other
relevant
parameters.
Numerical
parameters
on
isobaric surfaces
are
mostly available operationally in the
w e a t h e r services, but often they are not
enough to get an idea about the physical
processes
developing and forming the
cloud structures. Especially relative
streamlines on isobaric and on isentropic surfaces are a good means for the
diagnosis
of
cloud
configurations
( Refs . U . rit . Mostly the latter material
is not a v a i l a b l e o p e r a t i o n a l l y , therefore conceptual models of the physical
state have to be developed which can be

applied
if certain
"key
parameters"
indicate their existence; one important
key parameter are the cloud structures
in satellite images. This will be demonstrated in the next chapters.
2. QUALITATIVE EVALUATIONS OF SATELLITE
IMAGES
2. 1

Satellite images and parameters on
isobaric surfaces

Figure 2a,b shows the satellite images
of a case study demonstrating the application of conceptual
models
together
w i t h key parameters (Refs.1,5). The IRand
VIS-images
show
a
meridionally
oriented frontal cloud band; the interesting area is the areal and vertically
increased
cloudiness between the dots
which is in figure 2c the shaded area
derived from the g'reyshade values in
the images. Two conceptual models are
able to explain such configurations: 1.)
wave
development
in connection
with
secondary cyclogenesis or 2.) superposition of frontal and jet streak circulation in the exit region. Key parameters
for the first are (amongst others not
shown
here)
thickness
and vorticity
advection (figure 2d.f). In this case
thickness advection does not sustain the
concept of secondary cyclogenesis because a pronounced center of warm air
advection which is characteristic for a
wave
development
is missing
in the
relevant region. But all key parameters
speak for the second possible conceptual
model. Isotachs in 300 hPa (figure 2e)
cross the frontal zone and there is a
pronounced maximum of positive vorticity
advection (PVA) in the left e x i t region
superimposed on the front exactly in the
region of increased
cloudiness.
High
values of PVA exist also on the anticyclonic side but the stronger values can
be found on the cyclonic side. Comparing
with the relevant m a x i m a of shear and
curvature vorticity (not shown here) one
can see that in the area of increased
cloudiness north of the Alps the propagation of both, trough and jet streak is
responsible for the high PVA values.
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Figure 1. Block diagram of basic synoptic m a t e r i a l and its
nation and integration into operational diagnosis.
while south of the Alps only the propagation of the trough is relevant.
In this case it was relatively easy to
get ideas about the physical situation
leading to the typical cloud structure
with help of operationally available
numerical
parameters. But there are
cases where this is not possible.
.2

Satellite images and parameters on
isentropic surfaces

Especially relative streamlines on isentropic surfaces have shown to be useful
for explaining some typical cloud configurations. These are streams relative to
the propagation
of the whole cloud
systems; mostly they originate in very
different
regions
and transport air
with very different qualities like for
instance humidity. Therefore they form
the cloud boundaries in the areas where
different
relative streams
approach.
Figure 3 shows an example (Refs. 1 I 1 S)Satellite images (figure ^a, b) show a
very intensive development of a cloudband (B) from single high cloud fibres
(F) 6 hours before. Numerical isobaric
parameters reveal that the band exists
within a baroclinic zone between front
and jet axis (figure 3c) but n° indica-

combi-

tion can be found for the development in
this very area from other parameters
like for instance PVA (figure 3d). In
this situation analyses of isentropes
can give additional explanations. Figure
^a shows a vertical cross section of
equivalent potential temperature across
the baroclinic zone and the cloud band;
relative streams on an isentropic surface on top of the frontal zone (figure
1
Ib) reveal clearly a confluence of two
different streams exactly in the' area of
the cloud band which develops within the
rising part of the relative stream from
southeast and is bounded to the north by
a dry stream from northwest. Looking at
appropriate isobaric levels (figure 3gh)
the difference
between absolute and
relative streams is impressive, too.
Nowadays this m a t e r i a l mostly does not
exist
operationally
in
the
weather
services. Therefore affords should be
made to introduce these analyses and/or
to use relevant conceptual models.
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3.QUANTITATIVE E V A L U A T I O N S OF SATELLITE
IMAGES
One i m p o r t a n t a p p l i c a t i o n for weather
a n a l y s i s and forecast is the d e r i v a t i o n
of p r e c i p i t a t i o n events and amounts i't'om
s a t e l l i t e images. A common method is the
derivation of precipitation thresholds
from a combination of VIS-IH signals
(Kefs.b.3). The basic idea is that the
thicker cloudiness, the more probable is
p r e c i p i t a t i o n . Figure 5 shows grey shade
thresholds for precipitation probabilities higher than 60% for a sampIe of
spring
and a u t u m n cases, The upper
panels show results for the gridpoints
over the c o m p l e t e land area, the lower
ones selected areas for w h i c h the method
should be more appropriate: in this case
areas where PVA maxima are superimposed
on the cloudiness r e s p e c t i v e l y are a
basic
reason
for
cloud
development
(Réf.7). The selection of those areas
results from the diagnoses described in
2.1.. Investigations have shown that the
VIS-IR thresholds are approx the same
but t h a t the relative frequencies are
higher. From data samples distributed
over the whole year a curve for VIS and
IR thresholds can be derived.
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precipitation region can be computed but
the areas with pronounced dynamic activity which are of special interest for
the
synopticians.
There
is
another
advantage to this method because numerical parameters
like those mentioned
above can be looked up and followed in
the forecast charts. Therefore a path of
these areas can be determined and prognostic precipitation values along this
path can be checked.

ItI

Figure 6. Relative frequencies for
precipitation events from a combination of IR signals and ECMWF
parameters. Line symbols same as
in fig.5; 6a: vertical motion (UJ)
in 700 hPa; 6b: vorticity advection in 500 hPa; 6c: relative
humidity in 700 hPa.
Such a method is only possible during
sunlight, but a forecaster needs also
information during night. The use of IR
thresholds alone is not senseful for
there are much more cold clouds than
precipitation areas (Réf.8). Therefore
one way has been chosen to replace the
missing VIS images by a relevant numerical parameter, which should be in a
direct
relation to cloud formation.
Investigations so far have shown that
useful parameter fields do exist leading
to exceptable precipitation probabilities. Figure 6 shows thresholds for IR
signals and vertical motion in 700 hPa,
vorticity
advection in 500 hPa and
relative humidity in 700 hPa from a data
sample distributed over the whole year.
With this method mostly not the whole

Figure 7a,b shows the VIS and IR satellite images of 21 November 1990. A broad
cloud band typical for a frontal system
streches from Spain across Middle Europe
northeastward. From a quick glance on
the cloud configurations one can say
that over north-Spain and the Gulf of
Biscay there is a wave-like bulge and
over
central
Europe
(approx
around
50N/10E) cloudiness exists only in high
levels. This first optical impression
has to be confirmed and supplemented by
the diagnosis of the physical state of
the atmosphere in the region of cloudiness and with quantitative values of
grey shades and precipitation.
The diagnosis (not shown here) reveals
a distinct baroclinic zone consisting of
high gradients in the thickness charts
but a less distinct distribution of
temperature advection. There are centers
of CAA at the rear of the front over
Spain and over Poland and the CSFR but
WAA is indistinct indicating the more
stationary character of the front over
middle Europe. Only in the area of the
wave-like cloud bulge there is small WAA
superimposed on the cloud band. In the
same area there is a low center near the
ground and a PVA maximum representing
the propagation of both, an intensive
upper level trough over Spain and maximal cyclonic shear over the Gulf of
Biscay.
Figure
8
contains
the quantitative
evaluations of the images, actual precipitation events analysed according to
intensity t.nd a vertical cross section
of equivalent-potential temperature from
radiosonde data. The latter reveals a
distinct frontal zone inclined from 300
hPa over Denmark down to the surface
over South Austria. The highest VIS
values are on the southern half of the
cloud band being in accordance with the
high h u m i d i t y values on top of the
frontal
surface
there; the southern
boundary is in agreement with the frontline. This is also the area of actual
precipitation. The highest IR signals
are situated in the northern half of the
cloud band bounded by the zeroline of
shear vorticity in 300 hPa (jet axis);
they are in agreement with the high
humidity values on top of the frontal
surface in the cross section over North
Germany while sinking dry air just under
the frontal surface has already reached
the CSFR. PVA maxima superimposed on the
cloud band in this area (big deviation
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9a

Figure 9. Comparison of actual precipitation events (solid lines)
and precipitation from VIS»IR, respectively IR+ECMWF thresholds;
9a: squares from VISfIR (VIS:104 counts,IR ; 156 counts); 9b:
squares from IR + PVA 50OhPa (IR:156 counts, PVA: 1.5»10' '* s' -' ) ,
circles from IR + Omega 70OhPa (IR:156, Omega: -10hPa/hr), crosses from IR + rel.humidity 700 hPa (IR:156, rel.H:
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BISPECTRAL CLOUD ANALYSIS FOR THE ATLANTIC-EUROPEAN
REGION USING DIGITAL METEOSAT IMAGES

E. Fejes & J. Kerényi

Hungarian Meteorological Service
Satellite Research Laboratory

ABSTRACT

The aim of this paper is to present an objective
analysis which was applied to the satellite
cloudiness field at our institute.
The applied method is based on bispectral cloud
analyses developed by Liljas and Tanczer. These
models separate the different types of cloudiness
from the brightness values of the visible and the
infrared images using threshold values. The latter
author also took into account the standard
deviation allowing the selection of the structure
of stratus and cumulus clouds. Because of the
dependence of the threshold values, on solar
elevation and seasonal change, these parameters
also corporated into the model as a further
development. The model can be applied not only to
the original satellite images but also the pictures
are transformed to different projection.
The evaluation was made by examining several
different weather situations.

1. INTRODUCTION
The accurate knowledge of the cloudiness field is
essential both in the weather forecast
and
investigation of climate. But the conventional
synoptic
observations
provide
insufficient
information to describe the cloudiness of the
largescale and mesoscale weather systems. The
presence of the satellite images gives a good
chance to describe appearance, stage of development
and dissipation of weather systems or phenomena.
The cloud types, the cloud configurations and their
evaluation are some of the best indicators of the
atmospheric processes. One of the main roles of the
meteorological satellites is to provide this
information in picture form. Of course the
classified satellite images are not only the single
suitable tools for the forecasters, because there
are many other calculated meteorological parameters
which are absolutely necessary in the daily routine
of the weather forecasting (e.g. conventional
fields of geopotential, air temperature, wind
analyses etc.).
Over the past decade there has been a cansiderable
number of theoretical studies
about
the
investigation of the cloudiness field which can be
divided three main groups.
The first group is presented by schemes included
the climate profiles. The second one centaines
those schemes which are based on the discriminant
functions. The multispectral cloud analyses written

by Liljas and Tanczer can be included in this
section, which was examining and applying in our
paper. The non-parametric classification based on
shape identification method is the third class
described the cloudiness field. The base of much of
these works is the separation of the classical
cloud types. In addition to these methods we have
to mention the cluster technique which includes
selection of the clusters with the help of the
three-dimensional histograms.
2. METHOD TO DETERMINE OF THE CLOUDINESS FIELD
USING DIGITAL SATELLITE IMAGES
2.1 The multispectral cloud analysis
In the recent years numerous works were published
in this field of the
meteorology.
Our
investigations were based on the method constructed
by E. Liljas (Réf. 1). His multispectral cloud
classification technique was carried out by using
the high resolution AVHRR digital data. Three
spectral bands - visible, near infrared and
infrared - of the TIROS-N polar orbiting satellite
were used to determine the different cloud types.
Brightness threshold values were defined for each
channel to separate different clouds over land and
water surface. Productions of these threshold
values were identified on the basis of histogram nf
the signal intensity. Six main cloud configurations
have been separated, automatically. Because the
measured reflected radiance in visible and near
infrared spectral bands depends significantly on
changing of solar elevation, the brightness v;iliii>:;
must have been normalized to a standard solar
elevation. The calculated threshold values were
applied to many weather situations in the sumnif!r
season.
In the study by Tanczer (Réf. 2), classification of
the cloudiness was produced by using high
resolution digital images too. The method was
constructed by the author who applied the theory of
the bispectral analyses using visible and infrared
spectral bands of the MOS-I Japanese meteorological
satellite. The threshold values for the separation
of different cloud types and terrestrial background
were produced similarly as E. Liljas (Réf. 1). In
this work the author carried out a procedure to
separate the cumulus and the stratus clouds. These
two main cloud categories could be divided by the
help of the variance calculated from the reflected
radiance of infrared images. The variances were
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determined for the subgrid surrounding the current
pixel. On the visible images the calculation of
standard deviation could not be used because of the
shadow effect
of
the
cloudiness.
This
classification technique was
suitable
for
description of eleven main cloud patterns and
surfaces instead of water surface.

phenomenon. Thus we have identified a similar grid
as before but its spatial resolution was much
larger.

2.2 The bispectral cloud analysis method using
METEOSAT images
The operational receiving of digital METEOSAT
images has started at our institute in the middle
of the last year. There was a chance to introduce
•nd continue the method described above. Data were
used from two channels: visible and infrared.
Zxaminations have been carried out not only for one
moment but during the whole the life of the weather
systems. Consequently, varying of the cloud types
caused by changing of weather situation could be
described well. In order to realize it some
corrections must have been applied to the
classification method. One of the most important
correction is connected with the changing of the
sun elevation. Contrasting the previous works the
brightness values of the visible images normalized
not only for the sun elevation were of 45 . A few
intervals of sun elevation were defined and the
angles belonging to the current pixel have been
substituted for the nearest end-point of the
interval. But this approach is not too correct
because there is
considerable
atmospheric
backscattering at low sun elevation angles which
could not be eliminated. The other problem is that
the examined area was not situated under the
subsatellite point. Error caused by thatis
significant in the calculations since the reflected
radiances can be seen below different angles
depending on the geographical coordinates. The
calculated values have been taken from the sine of
satellite elevation multiplied by brightness value.
Because of the problem mentioned above further
territorial distortion occured which can not be
neglected. Considering every correction it was
possible to separate ten different cloud types,fog,
cumuluscongestus,
stratus,
cumulus
stratocumulus, altocumulus, altostratus, cirrus,
cumulonimbus -land and water surface. Some types of
clouds have been examined on the bases of thickness
and development: Stratus- thin St, thick St;
Cumulonimbus- edge of CB, growing Cb developed Cb.
3. DETERMINATION OF THE CLOUDINESS FIELD OF
COLD FRONT CONNECTION WITH A THUNDERSTORM-SYSTEM
3.1 Data-base and preprocessing of the satellite
imagée
Because of the successive images of geostacionary
orbiting meteorological satellites provide much
more information to describe the changes of the
shape of clauds and their life than conventional
data. Before the analysis of the cloudiness field
the original METEOSAT images must have been
transformed into the same projection because the
spatial resolution of the visible and infrared
satellite images is different. According to the
meteorological practice we have chosen the
polarstereographic projection. The different cloud
types of the frontal zone have been determined on a
grid which is consists of 2500 gridpoints covering
the Atlantic-European region as it can be seen in
Fig. 1. In this case the spatial resolution of the
grid is 30 kilometeres which is satisfactory in the
case of largescale motions since the southern part
of the front system where the thunderstorm
developed the grid distance was redused to 15
kilometres was to describe the featueres of this

Figure 1. A: 50x50 grid on polarstereographycal
projection (dimension 1:10000000), B: 50x50 grid on
polarstereographycal
projection
(dimension
1:2500000)
3.2 Case study
With the help of the METEOSAT digital images one
can follow the development, the movement and the
dissipation of the frontal systems step by step.
The atmospheric fronts are recognizeable by the
accompanying few
hundred
kilometres
long
multicrusted cloud band. The major weather changes
are connected with the cold fronts and/or the
thunderstorms which may be individual or embedded
manifestation. One can observe that the sharp
changes are not only in the meteorological
parameters but in the cloudiness field of the cold
fronts too. The cloudiness of these kind of
occurences consists especially of nimbostratus and
cumulonimbus in the summer period, but there is
usually a cloudless narrow lane behind that because
of descending branch of the frontal circulation. If
we take the observations from the ground-base into
account this phenomenon appeares usually without
significant precedents in the cloud field.
The selection of an appropriate weather situtation
has been based on the following criteria: it must
be fast-moving in order to have high wind speeds,
it must have a sharp temperature contrast and moist
air mass which increase the probability of the
occurance of the thunderstorm. It was also required
that the phenomenon should exist for a long time.
The chosen cold front system included a cellular
thunderstorm-system.
The weather situation on 18 August 1991. satisfied
the above mentioned conditions well. The synoptic
situation was the following: according to the
surface analysis for OO UTC on 18 August, a cyclon
developed having a low pressure centre over the
Baltic. The cold front of this system moved very
fast during the first twelve hours and remarkably
cold air flowed above the continent behind it. The
cellular thunderstorm-system was developed by the
side of the lead edge of the frontal zone when it
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reached the Alps.
The classification analyses have been completed for
<.ijr;c;cssive satellite images concerning to this
period. We have chosen three significant times when
the formation, improving of the multicell
thunderstorm-system can be investigated well,
fUnfortunately we had to reduce the colours of the
classified
images because of the printing
possibilities, and therefore few types of the
clouds also had to be omitted.)

These areas have been marked with Arabic numerals.
Fig. 2-3-4 present different cloud types identified
in the satellite images: !.land surface; 2.water
surface; 3.cumulus; 4.stratucumulus; 5.stratus;
6.altocumulus; 7. altostratus;
8.nimbostratus;
9.cirrus; 10.cumulonimbus; 11.error.
The features of this cold front described above can
be found in all classified images. The 1«?ad edge of
the front has been separated from the terrestrial
background on the basis of the unbroken stratus
cloud. This cloud type formed above the Charpathian
Mountains too, while the area of Charpathian Basin
was cloudless. Unfortunately we did not have any
synoptical data from the region of the mountains.
Connected nimbostratus with embedded convection
cells is observable in the main; cloud bands of the
cold front. Scattered cumului and stratocumului can
be found in the rear side of the frontal zone.

I iijuro 2a. The cloudiness field at 11.30 UTC on IB.
August 1991. on the A grid.

Figure 3a. The cloudiness field at 13 UTC on
August 1991. on the A grid.

IB.

Figure 2b. The cloudiness field at 11.30 UTC on 18.
August 1991. on the B grid.
F i g . 2.a.b'i shows the classified METEDSAT colour
images reproduced in black and white at 11.30. UTC
on 18 August. ;Fig 2b presents tne indicated part
of the Fig. 2a.. where mare detailed cloudiness
field can be observed.: Because the different cloud
Upos can hardl\ be illustrated in black and white.

Figure 3b. The cloudiness field at 13 UTC on IB.
August 1991. nn the B grid.
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f ig. )(a,t>) presents the weather situation at
13 UTC on 18 August. In this classified imagery
significant changing can be observed in the frontal
cloudiness and the southern edge of the frontal
system where cumului are seen growing into
cumulonimbus.

SUMMARY

The following results of the examination described
in this paper can be summarized.
1. Normalized brightness values have been got by
applying few intervals of sun elevation in the
algorithm. We did not have to give different set of
threshold values for every sun elevation.
Considering changing of the brightness temperature
and albedo of clouds and surfaces (land, water)
threshold values have to modify according to the
seasonal changes.
2. With increasing of the spatial resolution the
structure of the cloudiness field became more
detailed, so stage of development of the meso-scale
phenomenon - namely thunderstrom - could be
described better using satellite images without
ground-base observation.
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figure 4a. The cloudiness field at 14 UTC
August 1991. on the A grid.
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Figure 4b. The cloudiness field at 14 UTC
August 1991. on the B grid.

on

IB.

Fig. 4(a,b) presents the weather situation at 14
UTC on 18 August. The thunderstorm-system decaying
on the southern part of the frontal zone is
characterized by the high-level anvil outflow.
Significant cloud types of this sharp front
connected with the mesnscale thunderstorm-system
determined with the help of the classified analyses
were noticable in all synoptical data from the
ground stations. But the stratus cloud above the
Carpathian Mountains could not be verified instead
of land surface data.
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DETERMINATION OF LONGWAVE RADIATION REACHING THE SURFACE
FROM METEOSAT IMAGES AND RADIATION MODEL CALCULATIONS

A.Rimôczi-Paàl
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Satellite Research Laboratory

2. RAUIATIVE MODEL AND CLOUD PARAMETERIZATION

ABSTRACT
The downward longwawe radiation at the surface is
one of the most important components of the
radiation balance because the changes of the
longwave radiation reaching the surface affect
significantly on the surface temperature. The
direct observations of the downward longwave
radiation at the surface occur only in a few dozen
meteorological stations thus applying of the
satellite measurements gives a new possibility in
the mapping of this component of the radiation
balance. Our purpose was to develop a simple method
for estimation of the longwave radiation using
satellite images. In this method the radiative
fluxes are calculated with a radiative transfer
model. The input parameters are radiosonde and
satellite measurements. Applying this method the
radiation maps are more detailed than the ones
constructed only from surface measurements.

1

Keywords: downward longwave radiation,
images, radiative transfer model.

satellite

1. INTRODUCTION
The continuous mapping of the components of the
radiation balance at the surface is very important
in climatology, the economical utilization of the
solar energy and the monitoring of the essential
climatic changes. The variations of the components
of the radiation balance are suitable to indicate
the possible climatic changes. The geostacionary
satellites give new possibility in this theme
because of their good temporal resolution. Except
the investigations demanding very high territorial
resolutions the digital images of the METEOSAT-4
satellite are very suitable for radiation balance
calculations.
Physical models as well as empirical formulae are
applied for estimation of longwave radiation
reaching the surface (Réf. 1 and 2).
From the previous investigations it seems (Réf. 3),
that it would be very useful to apply radiative
model calculations and satellite images together:
the input cloud parameters for the model would be
obtained from images of satellites. Our method has
been developed on .the basis of the
previous
sentences. The temperature and the humidity
profiles are taken from radiosonde observations,
while the level and coverage of the cloudiness are
determined from visible images of the METEOSAT
satellite.

2.1 Radiative model
The radiative model calculating the longwave fluxes
is a 16 level model from 1000 HPa to 0.64 hPa with
17 spectral interval. The model has been developed
in University of Leningrad, adapted by Prâger and
Kovâcs (Réf. 4) at the Hungarian Meteorological
Service. The temperature and the humidity profiles
were taken from radiosonde observations. The carbon
dioxid the Ozone, Nitrogen-dioxide, Metan, Freon 11
and 12 and aerosol profiles were taken in form of
standard profiles according to continents of middle
latitude.
Specification of the applied radiation calculations
can be abstracted as follows. Broad-band approximation (Réf. 5) based on empirical transmission
functions is applied for 17 spectral interval.
Long-wave empirical transmission functions are
adapted from Rozanov et. al. (Ref 6). The optical
thickness of cloud is homogenous within the cloud
layer as a function of the cloud amount and layerdependent prescribed
values related to the
comletely cloudy case. The cloud amounts for the
different layers are taken from METEOSAT images,
allowing only high (H), medium (M) and low (L)
levels.

1

The radiative transfer model needs the following
cloud parameters: the cloud coverage and the
knowledge of the atmospheric layer, where the
clouds appear.
2.2 Cloud parameterization
In previous works (Réf. 7) the relative brightness,
B was introduced to characterize the cloudiness:
F - F min
max" min

where F

(I)

is the reflected flux over the investigated region

F .

is the reflected flux over the
investigated region in cloudfree
situation

F

is the reflected flux over the
investigated region in totally cloudy
case
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!he reflected flux, F can be approached by the
formula
F(z) = Tf- R(z)

(2)

R(z) = R(O)-COS Z

(3)

where 7 is the solar zenith angle
R is the intensity of the reflected flux
From Er)s. 1-3 it seems that the relative brightness
does not depend on the solar zenith angle, thus on
the illumination conditions, it depends only on the
albedo of the surface and clouds as well as the
transmittance. The maximum and minimum reference
values are calculated from brightness values of
cloudless continental areas and totally cloudy
areas by corrections for the solar zenith angles.
Ihe computer program chooses automatically the
cloudless pixels over the continental area and the
largest brightness values belong to the clouds of
hirjh albedo by hystogram from the whole
Atlantic-European region on METEOSAT-4 digital
visual images, and it transforms the values to
ignorjraphical position of the investigated area.
Hit; relative brightness was applied to estimate the
c 1 uiirt coverage. To determine the level including
the clouri layers the cloud albedo A was estimated
Irnm the surface albedo and the relative
bnrjhtness.
A

4.Q.B

- A

projection around the Carpathian Basin (44.5 - 50 N
and 12 - 26 E). After determining the maximum and
minimum reference brightness from the whole
Atlantic-European region the average brightness
values were calculated at the grid points by
averaging from 4x4 pixels surrounding the grid
point. The temperature and the humidity profiles
were taken fiom radiosonde observations of Budapest
station. The profiles at atmospheric gases and
aerosol were taken as average climatological
profiles over continental mid-latitute region. The
values calculated for the grid point containing
Budapest were compared to the downward longwave
radiation measured at Budapest station. The
measured values are drawn as functions of
calculated values in Fig. 1.

. (teas
»,„2

(4)

max

where Rr,min
.
R max
A
A_
B

Fig. 1: Calculated downward longwave radiation as
function of measured values at Budapest station

.is. the
. minimum
.
.surface
. , , brightness

is
is
is
is

the
the
the
the

maximum brightness.
cloud albedo
surface albedo
relative brightness.

the surface albedo was calculated from the minimum
brirjhtnens of the continental areas by dividing
with a constanst determined from known surface
albedo values.The levels of the cloud layers were
drtetmincrt by Table 1.

From Fig. 1. it seems, that there is significant
underestimation in calculated values. Since the
instrument of Budapest station is calibrated
according to the WMD prescriptions,
and the
measured values are in good agreement with data of
world radiation set, it could be concluded, that

Table 1: The cloud coverage and the cloud levels.
A : cloud albedo, L: low level, M: middle level,
H: high level. B: relative brightness
Low

0.50
0.40-0.50
0.30-0.40
0.24-0.30
0.24

B/2
B/3

Middle
B/2
B/3
B
B/2

* •

High
B/3
B/?

B\ this cloud parameterization sufficiently correct
input parameters were obtained tor the radiative
transfer model.

,4

3. APPLICATIQM OF THE METHOD
3.1 Comparison of the model calculations with the
measurements
In this investigation the second half of September
and October as well as the first ten days of
December 1991 were studied. The digital visual
images of METEOSAT-4 satellite received at 12 or 11
GMT were transformed into polar stereographic

'5O

7f,o

rm

mn

vm

inn

)in

Fig. 2: Downward longwave radiation as function of
the surface temperature
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the radiative transfer model applied in this study
does not give quantitatively good results, but the
influence of the clouds is simulated quite well.
The large differences are caused by the systematic
underestimations in cloudfree conditions. To
correct the model results a magnification factor of
1.2 was applied in the next investigations.
3.2 Verification and application of the method
Furthermore the verification of our results has
been carried out. In Fig. 2 the downward longwave
radiation at the surface estimated by our method is
illustrated as function of the surface temperature
comparing to the model calculations of other
authors (Réf. 3). The continuous lines are drawn
from model calculations applying five different
model atmospheres: subartic winter, mid-latitude
winter, subartic summer, mid-latitude summer and
tropical. From Fig. 2 it seems that there is a good
agreement with the different model calculations at
high surface temperature,
but
a
little
overestimation could be found at low surface
temperatures.

the maximum and minimum brightness values were
transformed to the geographical position of the
investigated region by
solar
zenith-angle
correction. The computer program calculated the
relative brightness values for every grid point
(25x16 points) from the surrounding 4x4 pixels, and
the levels of the cloud layers were estimated using
Table 1. while the relative brightness values were
considered as cloud amounts. The humidity and
temperature profiles were taken from radiosonde
observations of Budapest station for the radiative
model. Carriying out the radiative transfer
calculations the longwave radiations reaching the
surface have been determined for every grid points.
Then the isolines have been drawn by using the
other computer program. Construction of a longwave
radiation map for the grid applied in this
investigation demands bess than 3 minuter, in the
BASF computer after receiving the satellite images.
As illustration in Fig.3 and 4 concrete maps of the
relative brightness and the downward longwave
radiation are shown on 17 September.

1

V*^'

Figure 3. Relative brightness 17. Sept. 1951

3.3 Construction of downward longwave radiation
maps
In the investigated period - in second half of
September and October and in the first days of
December 1991 - visual digital images of METEOSAT 4
satellite at 11 or 12 GMT have been stored in
reduced BIVW format in form 1024x1024 pixels from
begin line IBOO and
begin
pixel
1200
(Atlantic-European region). The minimum brightness
over the continental area and the maximum
brightness have been chosen by the computer program
with hystograms from the whole Atlantic-European
region. Further on the geometric transformation has
been carried out into polar stereographic
projection around the Carpathian Basin producing a
grid of 30 kilometer territorial resolution. Then

In Fig.3 the relative brightness values give the
cloud coverage in tenths, while in Fig.4 the
isolines show the downward longwave radiation
values in W/m . The influence of the cloudiness can
be seen well in the longwave radiation map. Since
measurements of the downward longwave radiation
occur only in one radiation station in the
investigated region the applied method gives much
more precise picture about the radiation field.
In Table 2 the humidity and temperature profiles
are shown from radiosonde measurements of Budapest
station.
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Figure 4. Longwave radiation 17. Sept. 1991

Table 2: Radiosonde observation 17 September
Budapest.
Pressure
hPa

1000
925
850
700
500
400
300
250
200
150
100
70
50
30
20
10

Temperature
K

1991,

Relative humidity

297.1
289.3
288.3
273.3
259.0
247.8
231.4
221.2
214.6
218.2
215.2
216.6
217.0
219.8
223.4
231.6

50
75
89
59
50
78
52
42
-999
-999
-999
-999
-999
-999
-999
-999

4. CONCLUSIONS
Method has been developed for calculation of the
downward longwave radiation from satellite image
and radiative transfer model.
The relative brightness is a good parameter for
characterization of the cloud coverage and
transmittance. It can easily be determined from
digital visual satellite images.
Application of radiative transfer model using
actual humidity and temperature profiles from
radisonde observations as well as cloud parameters
from satellite images makes it possible to
construct maps of downward longwave radiation with
good accuracy.

v (•
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COMPARATIVE STUDY ON ESTIMATION OF PARTIAL COULD COVERAGE
WITHIN A PIXEL
- PROPOSED ADAPTIVE LEAST SQUARE METHOD WITH CONSTRAINTS K.Aral, Y.Ueda and Y.Terayama
Department of Information Science, Saga Univers!cy
1 Honjo, Saga-city, Saga 840 Japan

Abstract

A comparative study on estimation of
partial cloud cover within a pixel has been
conducted in order for use of the pixels
partially contaminated with cloud in a sea
surface temperature estimation.
From the experimental results with the
simulation data generated with observation
noise, it was found a relationship among an
observation noise, mixing ratio and estimation
accuracy in case for the variance of cloud was
greater than that of the ocean. In such case
estimation accuracy decreases in accordance with
increasing of cloud cover and observation noise.
Adaptive Least Square Method is then proposed in
this paper. It shows a good estimation accuracy
compared to the other methods. In particular in
case for the number of classes which designated
for proportion estimation (in this case two
classes, cloud and the ocean) is greater than
the number of channels, or dimensionality of the
observation vector, the proposed method is
superior to the other methods based on the best
linear estimation and other least square
methods.
1.Introduction
Not so many papers dealt with estimation of
partial cloud cover within a pixel has been
published for use of the pixels partially
contaminated with cloud in sea
surface
temperature estimation. There are a number of
papers dealt with category decomposition or
proportion estimation within a pixel in the
image classification and the spectroscopic data
analysis. There are a few papers dealt with the
method for estimation of partial cloud coverage
within a pixel based on the methods for category
decomposition or proportion estimât ion(Horwitz,
et al 1971. Inamura. M., 1987 and Rikimaru, et
al 1988). In general, variability of spectral
characteristics of clouds is large which implies
large variance results in poor estimation
accuracy of cloud coverage. Further least square
method.
generally.
shows poor estimation
accuracy in case that the number of channels Is
smaller than that of class categories(under
determine). In this paper adaptive least square
method with constraints is proposed in order to
overcome such the defects.
First, four methods will be introduced for
estimation of partial cloud coverage within a
pixel followed by experimental results with
NOAA/AVHRR and MOS-I/VTIR data. Then remarks
from a simulation study will be described.

2. Sea Surface Temperature(SST) estimation of
the pixels which are suffered from cloud cover
If radiation from the atmosphere is
corrected
completely.
then the
observed
brightness temperature Tb from an instantaneous
field of view is expressed as follows.
Tb = Rc Ec B(Tc) + (1 - Rc) Eo B(To)

(1)

where Ec and Eo are emissivities of cloud and
the ocean. Tc and To are cloud and sea surface
temperatures. Rc denotes cloud coverage within
the pixel of interest and B(*) denotes Plankian
equation(Arai,K. 1991). If Ec B(Tc) and Rc is
estimated then Eo B(To) is estimated results in
estimation of sea surface temperature under the
assumption of adequate emissivity of the ocean.
Ec B(Tc) might be estimates from neighboring
pixels suffered from cloud. Therefore if cloud
coverage within a pixel is estimated then sea
surface temperature is estimated with equation
(1). Also the well known .-adiative transfer
'unction.
taking into account
atmospheric
radiation and its reflection and the reflection
of other down-welling radiations such as
extraterrestrial radiation. is
applicable
instead of equation (1). This implies that we
can use such that pixels partially contaminated
with cloud
in sea surface
temperature
estimation.
3. The methods for estimation of partial cloud_
coverage within a pixel
Let an observed vector or feature vector be
I with the dimensionality m. mixing ratio or
proportion vector be B with the number of
classes n and the matrix representing
the
spectral response of all classes be A.
I = A B

I = (11. 12
All. A12

(2)

t
Im)
AIn

(3)

(4)

A21

Ami, Am2

B = (Bl. B2

Ann

t
Bn)

(5)

Namely
this
assumes
a
single
representative(characteristic) vector for each
class, ignoring clustering spread/variance.
Since I is a given vector, if A is
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determined from training samples, then B is
estimated under the constraints that minimizing
squaie of estimation error of observed vector Ki
(Arai. K. et al 1990),

m
S

E = (I - A B)

(6)

under the boundary conditions for B,

4. Experiments with a simulated data

t
u B = 1, B V= O.
t -1 t
B = (A A) A I +

(7)

t t -1 t
1 - u (A A) A 1

t -1
(A A) U (8)

t t -1
u (A A) u
where

t.

-1

denote

transpose
t

and

inverse

matrices and u = (1.1,... 1). This method is
referred to Least Square Method with constraint
for observation vector(LSQ). Meanwhile the
method with the first term of equation (8) is
referod
to
Gcnralized
Inverse
Matrix
Method (GIM).
In addition to the equation (7), minimizing
square of estimation error of mixing ratios, the
best linear estimation is def incdd to, T. et al
1987).

4.2 Simulation data

Mixed pixels(MIXELs) were generated. to
simulate the pixels suffered from cloud cover,
according to the aforementioned
training
samples. MIXELs with 10. 50 and 80% of cloud
coverage within a pixel were simulated
considering an additive observation noise of
standard deviation of 0.2, 1.0, 3.0. 5.0 and
10.0 by using normal random number generator. 64
MlXELs were generated for each noise level.

This method is referred to Minimizing Proportion
Eslimition lirror(MIP).
Assuming E is the difference between true
AO and estimated A. true mixing ratio vector is
IiO. that from I.SQ is Bl and that from MlP is B2,
A = AO + K

(11)

5.Experiments with MOS-1/MESSR and VTlR data

I = AO BO = (A - E)BO

(12)

5. 1 Data used
As a truth data for cloud coverage, MOS1/MESSR (Marine
Observation
Salellite1/Multispeclral
Electronic
Self
Scanning
Radiometer) band 4(Near Infrared) data with IFOV
of
50 m were used. MOS-I
also
carries
VTIR(Visible and Thermal Infrared Radiometer)
with IFOV of 2.7 km so that 54 x 54 pixels of
MESSR data corresponds one pixel of VTIR data.
First
cloud coverage within a
pixel
was
estimated with MESSR band 4 data then estimation
accuracies on cloud coverage within a pixel for
the aforementioned four methods(GIM, MIP, LSQ
and ALS) were assessed by comparing the cloud
coverage derived from MESSR with that from VTIR.
In the VTlR image, 100 x 100 pixels including
clouds
were
extracted
for
test
area.
Simuttaneouly acquired VTlR and MESSR data used
;
n the experiments were taken over pass of the
Japanese vecinity on April 11 1989. A portion of
VTIR image is shown in Fig. 4.

t
min., u B = 1

(9)

t -1 t
I t -1 t
2
Ii =(A A) A I + (1 - u (A A) A Du / IuI

1

4.1 Data used
NOAA-11/AVHRR data of Japanese vicinity
which was taken on 25 April 1989 was used. From
the data. 100 pixels were extracted as the
training samples for the closes of clouds and
the ocean. Table 1 shows ' ,a mean and variance
of the samples.

4.3 Results
Fig. 1. 2 and 3 show cloud cover estimation
accuracies in terms of RMS error for GlM, MIP.
LSQ and ALS. respectively. The proposed method.
ALS
is
superior
to GlM,
LSQ
and
MIP
comparatively.
GIM. LSQ. ALS and MIP. in principle. are
least
square methods so that
they
show
relatively large RMS errors for large additive
noise. MIP and LSQ is taken into account square
error of mixing ratios so that RMS error is
independent to mixing ratios while that of GIM
highly depends on the ratios.

I --I t
ill - (A A) A l l

>w*

Namely, if Rk is greater than 1. then estimation
error of the LSQ is larger than that of the MIP.
Rk is calculated if A is geven so that LSQ and
MIP are used adaptively depending upon Rk. This
method is refered to Adaptive Least Square
Method(ALS). The estimation accuracy of ALS is
always superior to the methods of both LSQ and
MIP.

(10)

then the estimation errors for LSQ and MlP are
assessed.
t +
+
u A E BO t -1
IBl - BOl = I-A E BO +
(A A) u|(13)
t t -1
u (A A) u

+
IB2 - ROl = I-A E BO +

t +
u A E BO
(14)

ul

2
IuI

Let me consider the ratio of the 2nd term
equation (13) to that of equation (14).

of

N

£ w
ki

(k=l,2

Rk

1

N

N)

(15)

N

Table 2 shows the mean and variance of the
training samples i'or both clouds and the ocean.

— 2 2w
N

i=l j=l

ij

where + denotes generalized inverse natrix and

t -1
] = (A A) . (i = l. 2. ...N,

[W
ij

J = I. 2. ...N)

(16)

5.2 Results
Estimation accuracy of cloud coverage
within a pixel in terms of RMS error for three
methods are shown in Table 3.
In the table, mean and variance of the cloud
coverage estimation error are also shown.
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Further
the confidence
interval at the
confidence level of 95(X) is indicated.
From the table. H was found that there was
no significant statistical difference
among
three methods in terms of estimation accuracy of
around
9<%)(the differences
are in the
confidence intervals). ALS is superior to the
other from the view point from mean estimation
error while the variance is larger than the
others.
The relationship between cloud coverage
within a pixel and estimation error are shown in
Fig. 5. For the three methods show the same
tendency of which in accordance with increasing
cloud coverage, estimation error
increases.
F.st imat ion error, in general, depends on the
variance of data used. !n this case,
the
variance of the cloud is much larger than that
of the ocean. This implies the aforementioned
tendency.
6. 3 Adaptive Least Square Method
For AVHRR data. IRlI =0.23 and IR2I = 2.33
results in LSQ is superior to MIP while for VTIR
data. IRlI = 4.01 and |R2| = 2.01 so that MIP is
superior to LSQ. The proposed adaptive least
square method allows us to select whether LSQ or
MIP depending upon IRkI so that the best
estimation accuracy can be obtained with this
method.
6. Conclusions

From
the experimental results
with
simulated data, it was found a relationship
among an observation noise, mixing ratio and
estimation accuracy in case for the variance of
cloud was greater than that of the ocean. In
such case estimation accuracy decreases in
accordance with increasing of cloud cover and
observation noise. The proposed method, the
proposed adaptive least square method shows a
good estimation accuracy compared to the other
methods.
It was also found that there was no
significant
difference
among
estimation
accuracies for four methods for the real data
used from the point of view of confidence
interval at the confidence level of 95(%).
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Fig. 4 A portion of VTIR band !(Visible channel) image used.
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Fig. 5 Relationship between cloud coverage within a pixel and
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Table 1 Mean and variance of the training samples

1

2

4

Cloud
Ocean

254. 30
53.03

241. 84
42.92

2.86
73.05

Variance Cloud
Ocean

7.87
11.05

165.77
8.75

28.30
17.43

Band no.
Mean

Table 2 The mean and variance of the training samples for both
clouds and the ocean
VTIR Band

1

Cloud 27.5
Ocean 11.7
Variance Cloud 76.74
Ocean 0.42
Mean

2

3

28.8
28.3
0.19
0.69

114.0
116.8
2.50
0.98

4
111.8
115.2
2.19
1.42

Table 3 SMS error of cloud coverage estimation with VTlR data
(Truth data for cloud coverage are estimated with 54 x 54
pixels data of MESSR corresponding to one pixel of VTIR)
RMS error(%)

Mean

Generalized Inverse Matrix 8.99+/-0.077
Non-1 inear Maximum Likelihood 9.17+/-0.084
Minimizing proportion error 9.16+/-0.078

4.63
3.59
4.73

Variance
59.36
71.17
61.46
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ABSTRACT
For the developement of a passive remote-sensing
method to retrieve the altitude of clouds from satellite airborne measurements of the backscattered sunlight
from clouds were made. Measurements of the upwelling
radiance within the A-absorption band of oxygen in the
spectral range from 750 to 782nm were performed with
a spectral resolution of AA = 0.42nm.
A principal component analysis of the recorded spectra
results in three independent parameters.
Model calculations of the radiative transfer in a cloudy
atmosphere to simulate the measured spectra are in process. The Matrix-Operator-Method is used. First analyses show the same features of both the measured and
modelled spectra and result in three principal components as well.

In order to obtain more information about processes affecting the Oj-A band measurement! were made
within the framework of the European Lidar Airborne
Campaign 1990, ELAC'90. ELAC'90 took place in October 1990 and was a campaign financed and partly
organized by the European Sapce Agency, ESA, and
carried out and partly organized by the Deutsche
Forschungsanstalt fur Luft- und Raumfahrt, DLR, for
the purpose to improve the measurements of the TOVS
and to get measurements which are helpful for studies
about future spaceborne LIDARs. It was a good possibility to participate in this campaign with a passive,
high resolution radiometer to investigate the absorption
within the Oj-A band for various types of clouds.
2. MEASUREMENTS
2.1 The Instrument

Keywords: Remote-sensing, Clouds, Oxygen-A Absorption Band
1. INTRODUCTION
Clouds play an important role in the radiation budget
of the Earth's atmosphere. Especially the geometrical
and optical thickness as well as the height of the cloudtop are variables of great effect on the radiative transfer processes. The height of the cloud-top, for instance,
and therefore its temperature, determines the amount of
longwave radiative flux into space. Hence, it is an important input parameter of climate and weather prediction
models.
The investigations presented here continue first attempts to develop an algorithm for remotely sensing
the cloud-top height from space by using the absorption within the A-absorption band of atmospheric oxygen
(Refs. 5, 7-9). Recently, Fischer et al. (Refs. 2, 3) found
an empirical equation which allows the remote sensing
of the cloud-top height of simple clouds, namely stratus,
with a good accuracy. This method uses only two radiances, one outside the absorption band, the other at maximum absorbtion and fails for more complex cloud types.
The open question is whether there are more physical
processes resulting in a spectral signature of the Os-A
absorption band apart from the absorption and if yes,
how many they are and what is their effect.

The apparatus used to measure the spectral radiance within the Û2-A absorption band is an array spectrometer Optical Multichannel Analyser, OMA
(EGJcG1USA), with a so called Micro Cannel Plate,
MCP, in front of the diode array which amplifies the
number of photoelectrons. In front of the entrance slit
with the size of 25pmx0.46mm a telelense of focal length
f=300mm and focal ratio B=4 was mounted. A mirror grating of type Echellette with 1200rules/mm (blazewavelength 600nm) disperses the light passing the entrance slit and generates a spectrum with a linear dispersion of 4.5nm/mm in the focal plane of the focussing
mirror. From all 1024 photodiodes detecting the spectrum, 320 of them, covering the Qa band, were selected.
These channels correspond to the wavelength range from
750 to 782nm.
The entire instrument was installed in an aircraft (Falcon) of the DLR together with a LIDAR which measured the distance between cloud-top and aircraft (i.e.
the cloud-top height if the flight altitude is known).
Both instruments were mounted nadir-looking.
2.2 The Campaign
Clouds of various types were overflown during six missions on different days and locations. Stratus, itratocumulus, altostxatus, altocumulus and cirrus clouds could
be measured. Each flight consisted of a flight pattern
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with a size of approx. lOOxlOOkm2. Synchronous to the
missions the NOAA-Il satellite was passing the experiment area.
During the flights the LIDAR1 which was operated by
DLR, recorded the distance between cloud-top and aircraft while the OMA measured the spectra of the reflected upwelling radiance backscattered from the clouds
within the Oj-A absorption band, from geometrical
optics together with the velocity of the aircraft (~150
- 20Om/*) the footprintsize of the DMA-measurements
turns out to be ~10x20ma assuming a flight altitude of
5km and an exposure time of 100ms.

the useful spectral lines emitted by the spectral lamp on
the wavelength scale.

wavelength calibration

a

Ar

b
3. MODEL CALCULATIONS

>W
1

The simulation of the radiative transfer processes is in
process. It is, and will be, perfomed for the purpose to
understand the phenomena found within the measured
spectra of the Oa-A-absorption band.
It was decided to use the Matrix Operator Method
(MOM). This theory has been successfully used in former
studies (Rets. 1, 4) and is especially able to handle optically thick media with multiple scattering (i.e. clouds).
Furthermore, the computing time is almost independent
on the optical thickness. However, it is restricted to onedimensional variations of the optical properties. Descriptions of this method can be found in Refe. 2, 4. The
database of the oxygen absorption lines and their characteristics, the HITRAN database, 1986 edition, is described in Réf. 6.
To adopt the model to the special requirements which
appear when simulating the spectra measured during
ELAC'90 it had to be slightly modificated. The atmosphere is divided by 49 levels where 47 layers nearly have
the same absorber mass, i.e. their 'thickness' is IThPa.
The remaining uppermost layer reaches from 12.4km to
55.3km.
From all 320 channels of the OMA to be simulated,
an interval of 214 was found to contain significant information by an estimation of the absorption to be expected. The first channel of the calculations is located
at 755-Onm, the last one at 777.1nm. To get the best fit
of the wavelength-dependent sensitivity of the OMA, the
transmission of the atmospheric oxygen is averaged over
a Gaussian filter function. This profile has been found to
represent the OMA's sensitivity best.
One model run for the describted division of wavelength- and geometrical scales demands approx. 45min
computing time on an IBM Risc-6000 workstation.
4. DATA ANALYSIS
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Fig. 1. a) The spectral lines of a Cs-spectral
lamp which can be used to calibrate a radiometer measuring within the range of the
Oj-A band, b) Fraunhofer lines fo the solar
spectrum which are useable for the same purpose.
Unfortunately the use of the spectral lamp was no
longer workable because of the discovery of a defect hidden in the measured data. A systematic shift of the spectra on the channel number scale during the flight missions
probably due to a variable temperature-gradient within
the spectrograph had to be faced.
Hence, the location of each spectrum had to be corrected. It was shifted on the channel-number scale until
the correlation to a defined 'standard'-spectrum reached
a maximum.
After that, the calibration of the wavelength scale succeeded by means of Fraunhofer lines, which were found
to be components of the solar photosphere spectrum. In
fig. 1 the used Fraunhofer lines are marked in the upper
paît of the diagram. A fit of a quadratic function,

A = ai + 6/ + c

(1)

where A is the wavelength a, b, c are constants to be determined and 1 is the channel number, leads to a sufficient
accuracy of a mean absolut deviation per point less than
O.OlSnm.
Only to determine the wavelength resolution of the
OMA the spectra of the spectral lamp could be used.
The resolution is defined here as the full width of half
maximum of the Gaussian filter function fitted to one
representative spectral line. It yields
AA = 0.42nm.

(2)

4.1 Calibration of the OMA
4.2 PCA of All Measured Spectra
A radiance standard was used to calibrate the sensitivity of the OMA.
The calibration concerning the wavelength was
planned to be performed by means of a caesium spectral lamp (Cs/10, Osram). Additional to one emission
line of caesium, lines of argon, potassium and rubidium
can be found in the spectrum of that lamp and have been
used as wavelength standards in the range of the Oj-A
band. Fig. 1 show», beside othei detail», the locations ol

Before an analysis of the spectra was made, they were
normalized in the following manner. The mean radiance
ZV (T = real measured) for the intervals 750 - 758nm
and 774 - 782nm (nearly no O3 absorbtion) was calculated. Dividing the signal of all channels by ZV yields
unity for the average of the mentioned interval? In that
way, the processes with no effect on Ot absorption were
sepixited.
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After normalization a correction of the wavelength
shift of the spectra was carried out as described in the
previous chapter 4.1.

function of the OMA seems to be justified.

mean of all spectra

The normalized, corrected spectra were post-analysed
by means of a Principal Component Analysis, PCA. A
spectrum is assumed to be a jV-dimensional vector 5. The
signals of the channels 5,, i = 1,..,N (i.e. the normalized
radiance) constitute the vector-components:
(3)

The PCA allows the determination of the number of independent parameters, having an effect on the spectral
signature. The parameters correspond to 'eigenvectors'
which express the correlation of the channels contributing to the variances found in the spectra. After the PCA,
every spectrum can be reconstructed by linearcombinating the mean of all spectra J and the eigenvectors e'1':

0.0'

(4)

c, are coefficients describing an individual spectrum.
~165000 measurements were analysed (i.e. 8h 35min
time of measurements according to 5600km flight tracks).

.s 1.0

,

-a
£

4.3 PCA of Some ModeUed Spectra
Only a few model runs, compared to the number of
measurements, have been performed yet.

1

One type of cloud (a stratus with mean droplet radius F =6.87^m and effective radius r e // =11.2/im) has
been varied in optical thickness (i.e. liquid-water content, when droplet size distribution is fixed), geometrical
thickness and height. All other parameters were fixed, for
example the stratification of temperature, pressure and
water vapor, (which was taken from radiosonde data from
the first day of ELAC'90 (measurements over ocean)), the
aerosol (maritime, optical thickness 0.34) and the surface
(ocean, wind speed Im/s}.
For a solar zenith angle of 35° the modelled spectra at
Top-Of-Atmosphere, TOA, were treated exactly just as
the measured spectra: first a normalisation was made to
get L1 (s = simulated), second a PCA was performed.
Of course, the wavelength correction was not neccessary.
100 model runs have been analysed until now.

3. RESULTS

Table 1 and figs. 2, 3 and 5 illustrate the results of
both the analysis of the Treasured spectra and the analysis of the modelled spectra.
The agreement of the mean normalized spectra is very
good, proving that the model works well and the database
of the Oj absorption lines is good (figs. 2a-b). Also the
choice of a Gaussian filter function representing the filter

b)
0.5 -

model calculations -

00L_

.I

754 O

7COO

7GCO

772.0

77S.O

wavelength V.m]
Fig. 2 a) Mean of all during ELAC'90 measured spectra b) Mean of modelled spectra
The appearance of the Fraunhofer lines is missing, due
to the poor resolution of the solar constant database on
which the model calculations are based (AA = 2.0nm.).
In both cases the eigenvalues indicate that two principal components are detected, see table 1.
Number of
eigenvalue
1
2
3
4
5

Measurements
1.0
2.49- IQ- 2
3.32-1Q-*
3. 31-10-*
2.86-1Q-4

Model
1.0
2.23-10-2
1.39aO~3
1.02-10"3
5.63-10-*

Table 1 : The five biggest normalized eigenvalues found by means of a PCA of all measured
spectra and all modelled spectra.
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this second eigenvector of the measurements is not a defect or an artefact.

first eigenvector
«
0.18
Q

spectrum

a = a ± c, e(1)

measurements '.
O
D

I 0.1

0.0-

-0.06
wavelength [nm]

g 0 ' 18
model calculations

I a.

b)

0.0 r

-0.06
754.0

760.0

766.0

772.0
778.0
wavelength [nm]

Fig. 3. Fiist eigenvector of the PCA of the a)
measured spectra, b) modelled spectra

In figs. 3a-b the shape of the first eigenvector representing one of the physical processes is shown for both
the measurements and model calculations.
There U a good agreement between model and measurements too. An interpretation of the feature leads to
the effect* of variable absorber masses; different distributions of this first eigenvector to a spectrum calculated
according to equation (4) cause different band strenghts.
Both spectra shown in fig. 4 are results of (4) with Cj=O,
ci =+1.0 (fig. 4a) and ci=-1.0 (fig. 4b) for £, e(1) and e<3>
of the measured spectra. The changing band strength is
obvious.
The variations in spectral signature expressed by the
second eigenvector (fig. 5a-b for measured and modelled spectra) are much smaller according to the smaller
eigenvalues. A principal agreement of the features of the
eigenvectors can be found here as well, which proves that

Fig. 4. Linearkombination of mean of all
spectra and different diitributions of the first
eigenvector.
The characteristics of the eigenvectors of the modelled
spectra is not as pronounced as the eigenvectors of the
measurements due to the big difference in the numbers
of spectra analysed.
One of the most important properties of the second
eigenvector is that it nearly does not change the band
strength. The linearcombination (4) with J3 ef1) and e(3'
taken from the measurements and with Ci=O, cj=-0.2
(fig. 6a) and C3=+0.2 (fig. 6b) clearly show this characteristic. Under the assumption, only the absorber mass,
the pressure, and the temperature affect the line shapes
and strengths a relation between the second eigenvector
and temperature seems to be probable. Only the temperature is able to cause a decrease in line strength in
one branch of the band accompanied by an increase in
linestrength within the other branch. This statement has
to be proven in the future.
To summarize the results found, it can be said that
two processes affecting the spectral signature of the normalized Os-A absorption band were detected. This is a
result of both, the measurements and the model calculations.
Together with the radiance T at wavelengths with no
Oj absorption close to the Oj-A band, three independent parameters could be found. Remote sensing methods that use the absorption band have therefore to consider this. Hence, radiometers to be designed for that
purpose have to have three channels in the wavelentgh
range of the Oj-A band, one outside and two inside the
band.

6. OUTLOOK
First more model calculations have to be performed to
find relations between input parameters (cloud opticaland geometrical thickness as well as cloud height) and
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the thtee variables found having an effect on the Oa-A
band.

measurements of the LIDAR during ELAC'90.
spectrum

a. = i ± c, c(2)

Second the iemote sensing method has to be developed. For that reason foi a set of cloud types and vertical
distributions (as many as possible)

second eigenvector
a °'25
! 0.20

measurements

•3
g O.
1
0.0

wavelength [nm]
Fig. 6. Linearkombination of mean of all spectra and different distributions of the second
eigenvector.

-0.1

-0.20 -
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CLEOPATRA - A step towards GEWEX on the regional scale
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Abstract/Resume:
From May 11 to July 31, 1992 the field programme
CLEOPATRA - cloud and cloud transports experiment
Oberpfaffenhofen will be performed. The scientific goals,
partly contributing to GEWEX, the overall strategy combining ground based measurements with coordinated
aircraft missions and satellite observations are described.
The observation systems, ground based and airborne,
are summerized.
Deep convection, water cycle, mesoscale cloud dynamics, remote sensing, scavening.

1

1. Introduction
Steps implementating the Global Energy and Water Cycle
Experiment (GEWEX) were discussed by the Joint
Scientific Committee of the World Climate Research
Programme recently. One conclusion was that multi-region cloud system studies are needed in order to provide
a basis for improvement of the representation of cloud
and precipitation processes in larger-scale atmospheric
models. It was affirmed that "better knowledge is needed
of the mesoscale phenomena responsible for heavier
rainfall as well as of other important dynamical processes
such as transports of heat, moisture and momentum in
convective clouds and slantwise ascent, interaction of
clouds with boundary layer fluxes, cloud-radiation feedback, and orographie forcing', (WMO 1991).

(2) A "cloud-scale sub-programme based on very fine
mesh numerical models with a 1 Km grid (covering a domain of 10,000 km2 ), and intensive observations of cloud
system dynamics and microphysics from aircraft (with
Doppler radar, radiometers and in situ probes) supplemented by surface-based facilities (radars, etc) in order
to develop archetypal cloud models of convective systems in low and high latitudes, over oceans and continents."
DLR, together with groups from different universities has
planned the CLoud Experiment OberPfaffenhofen And
TRAnsports (CLEOPATRA) to be conducted summer
1992 in Southern Germany. DLR (Deutsche Forschungsanstalt fur Luft- und Raumfahrt) is the German
Aero Space Research Establishment. One of its research
centers is located near Oberpfaffenhofen about 25 km
south-west of Munich. This site about 50 km north of the
Alpine foothills forms the center of the experiment. The
area north to the Alps is known to have enhanced thunderstorm activity.
The goal of this field project is to quantify elements of the
hydrological cycle on a regional scale. The water exchange between soil, vegetation and atmosphere will be
investigated in dependence on dedicated precipitation
events and vegetation status over the growing season.
Mass and momentum transports by deep convection as
well as the precipitation formation itself are topics of interest. Also the understanding of the formation of broken
boundary layer cloudiness needs further investigations.
Further, trace gas transports and scavening by clouds
and precipitation will be investigated for selected situations. Last but not least the experiment will give an opportunity for intercomparing different remote sensing methods with in situ and ground truth measurements and to
quantify the impact of weather elements on satellite
communication links. CLEOPATRA will be a national
contribution to GEWEX.

Programmes combining observation and modeling studies were suggested and a two-scale approach considered:
(1) A mesoscale sub-programme
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2. Objectives

Understanding transports, modifications of air pollutants and their scavenging by clouds.

The objectives of the experiment are:

The removal of pollutants from the atmosphere is intimately linked to cloud and precipitation processes (Pruppacher 1986). The precipitation forms by interaction of a
broad variety of cloud particles within the dynamical framework of a cloud. Aerosol particles are removed from
the air by nucleation of cloud particles. This aerosol particle mass will be redistributed during the growth of precipitation and further aerosol particles will be taken up by
falling precipitation particles.

A more quantitative description of deep convective
systems in southern Germany, their formation and
organisation in dependence on synoptic conditions,
the associated vertical mass transports, the precipitation formation process and interactions with the
environment.
3-D numerical studies of convective storms have shown,
that some basic dynamical mechanisms determining
storm type can be explained in terms of environmental
stability and wind shear (Weisman and Klemp 1982). It
could be shown, that a Richardson-number formulation
was able to distinguish between supercells and multicell
storms.
The proposed single cell - multicell - supercell categories
probably only mark arbitrary points on a more or less
continuous scale of thunderstorm types. The feeder cell
mechanism and the graupel process as dynamical and
microphysical mechanisms for hail embryo growth were
found to be essential for precipitation formation in multicell hailstorms. But, according to the different types of
storms, hail embryos may grow in different locations in
the cloud.
Radar and satellite observations show, that thunderstorms often are organized on the larger mesoscale and
occur in cluster or line-like formations. Here boundary
layer or other types of forcing like waves, orography, local
heat sources or convergence lines can be important
(Meischner et at. 1991).

t

Observations have shown that gravity waves which were
excited elsewhere might travel over distances of the order
of several hundred kilometers without significant dissipation. If the associated vertical lifting of air masses is
strong enough to release convective instability, thunderstorms might be initiated. This trigger mechanism is
usually related to wavelengths of 50 km or more (Koch
and Golus 1988). Shallow convection excites gravity waves (referred to as convection waves) with typical wavelength of 10-15 km (Hauf and Clark 1989). They too might
trigger deep convection. On the other side, thunderstorms
themselves initiate gravity waves in the troposphere.
The hypotheses to be investigated are
•

The depth of unstable stratification together with
wind strength and shear up to that height determine
the mesoscale organisation of the cloud systems.

•

Thunderstorms generate gravity waves and gravity
waves may trigger thunderstorms.

•

Mass and energy transports to the upper atmosphere
can be estimated for the different storm types.

•

Heavy precipitation is formed via graupel acting as
hail embryos.

ReId observations and model calculations performed so
far give rise to the following hypothesis:
•

The scavenging efficiency of a cloud is closely related to its precipitation efficiency.

•

The nucleation scavenging is the most effective uptake mechanism; about 30 % of aerosol material in
the rain on ground comes from scavenging below
cloud base.

•

The main scavenged aerosol mass is connected with
the main mass of condensate.

•

In deep convective, precipitating cold clouds the
main scavenged aerosol mass is connected with
graupel.

Determination of the conditions for the formation of
broken stratocumulus cloud layers at the top of the
boundary layer.
The properties of the boundary layer vary considerably
when an initially solid stratus layer at top of the convective boundary layer breaks up into a broken stratocumulus
layer. In particular a broken cloud layer differs from a
solid cloud layer in the radiation and entrainment properties. Over land, a cloudy layer often gets quickly dissipated once the cloud layer breaks up.
In recent years several investigations considered the
cloud-top entrainment process. It has been suggested
that the cloud-top entrainment instability (CTEI) condition
decides about the transition from a solid to a broken
layer. The classical CTEI condition is formulated as a
jump condition in the equivalent potential temperature
and total water content (Deardorff 1980; Randall 1980;
Kuo and Schubert 1988; Mac Vean and Mason 1990).
However, there are other reasons for such a transition.
Basically, one has to expect a transition when the cloud
layer gets thin and turbulence gets strong enough to
cause a separation between clouded updrafts and nonclouded downdrafts. The cloud layer gets thin when the
boundary layer gets dried. The drying, in terms of relative
humidity reduction, may be caused by heating of the layer
at constant water content or by reduction of the total water content. Both processes may have various reasons,
including surface heating, internal radiation heating, subsidence, entrainment of warm and dry air from above or
precipiation to the surface. The turbulent motion of updrafts and downdrafts within the convectively driven
boundary layer plays an important role in these processes (Mpeng and Schumann 1991), but the details are still
to be investigated. Previous experimental observations
(e.g. Finger and Wendling 1990; Paluch and Lenschow
1991) concentrated on the marine boundary layer. Much
less information is available on clouds over land surface,
where the drying by surface heating might be the most
essential process.
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The objectives of the CLEOPATRA experiment are to investigate the transition from a solid to a broken cloud
layer at top of the boundary layer over land by means of
observations and modelling.

Remote sensing of the cloud free atmosphere by lidar
and by microwave radiometers are of importance for detection and monitoring of water vapor structures. Humidity
structures at ground and vegetation indexing need combined use of remote optical as well as microwave measurements.

Quantification of water vapour transports from soil
and vegetation to the atmosphere in dependence on
precipitation events and the state of vegetation for a
given test area.

Remote sensing methods for the atmosphere and land
surface need cross calibration and in situ validation in
order to proceed to operational applications. PRIRODA1
a MIR module for earth observations, scheduled for
launch early 1993 will have a complementing package of
active and passive optical and radar instrumentation (IHE
AS USSR, 1991). CLEOPATRA will be an opportunity for
testing PRIRODA instrumentation and evaluation me
thods.

The global energy and water cycle is one of the most
important but still only qualitatively known climatic processes which needs more attention. The transportation
of water from precipitation into the soil structure, from
ground into the vegetation and from vegetation to the atmosphere needs to be known in dependence on meteorological conditions as precipitation events and precipitation - free episodes as well as on the state of the vegetation itself. Measurements are needed in order to calibrate models of the water transportation within the complex and highly variable soil (Engmann 1989; Schàdler
1990; Eagleson 1978) and the evapotranspiration. These
different models describing soil water fluxes and the
evapotranspiration by the vegetation have been coupled
by Sellers 1987 and Mauser (1992). The planetary
boundary layer further links the water exchange with the
free atmosphere.
The hypothesis to be proved are
•

The energy fluxes from a test area can be estimated
in dependence on precipitation events, on the duration of precipitation free episodes and on the state
of vegetation, soil moisture and soil type.

•

The in situ measurements, remote sensing data
(both microwave and optical) from aircrafts and space-borne remote sensing data can be used for upscaling and the development of models which can
cover larger areas.

Improvement and intercomparison of remote sensing
methods from ground, aircraft and space for observing elements of the nydrological cycle.
One important step in radar remote sensing of hydrometeors has been done during the last years by the installation of advanced polarimetric radar techniques (Bringi
and Hendry 1990; Schroth et al. 1986). Different radar
polarimetric parameters as reflectivity, differential reflectivity, linear and circular depolarization ratios mostly in
combination are appropriate to distinguish between hydrometeor classes as cloud and rain droplets, heavy rain,
graupel, and ice particles. (Aydin and Seliga 1984; Meischner et al. 1991; Bringi et al. 1991).
More recently time series data evaluation allows to estimate parameters as the differential propagation phase,
the specific differential phase and the crosscorrelation
coefficient. They make particle classifications more reliable and are used for correcting for propagation effects
(Bringi et al. 1991; Bebbington et al. 1987; Sachidananda
and Zrnic 1989, Schroth et al. 1990).
Lidar depolarization for cloud particle characterization is
a developing branch (Sassen and Petrilla 1986; Werner
etal. 1992).

The goals are
•

Quantification of hydrometeor detection by radar polarimetry, lidar polarization and in situ measurements
and estimation of propagation effects.

•

Cross calibration of in situ and remote sensing methods from ground, aircraft and satellites detecting
hydrometeors, water vapor fluxes, soil moisture and
vegetation index.

Quantify the impact of weather elements on satellite
communication links.
Satellite communication links, operating at frequency
bands above 20 GHz, are seriously affected due to scattering by atmospheric hydrometeors. These effects have
to be taken into acount for link estimations in the planning
and design stages as well as under operational conditions.
Future aircraft radar guidance for traffic control, detection
and discrimination of targets under adverse weather
conditions requires knowledge of dispersive polarimetric
signatures of atmosphere precipitations.
Objectives are
•

Provide correlations between degradations of satellite communication signals above 20 GHz and characteristic precipitation events.

•

Development of atmospheric high frequency models
for satellite communication system planing and design.
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A PIPER CHIEFTAIN (Center for Environmental Research, Frankfurt)
equipped with standard meteorological instrumentation, cloud physics instrumentation, cloud water
sampling device, aerosol sampling, particle sampling
by filter enrichment and trace gas sampling
(SO2. NO1, O3, H2 O2, SO2, H - CHO).

3. Strategy
The site of measurements is the Oberpfaffenhofen area,
Fig. 1. The ground observations network will be opera'.'onal during the period May 11 until July 31 The aircrafts
operate from Oberpfaffenhofen. We wili have two periods
of special observations' May 18 - June 5 and July 13 JuIi 31 During '.hese periods mostly all observation systems will be operational.

A DO-228 (DLR)
equipped with standard meteorological instrumentation and trace gas sampling devices (or
SO2, NO,, Ozone, particle sampling. CCN counter.
This aircraft further will be equipped with upward
(0.8; 1.35 cm) and downward (21; 27 cm> looking
microwave radiometers from the Institute of Radio
Engineering and Electronics, Moscow.

16 flight missions coordinated with ground based and remote observations depending on weather conditions have
been oefined
Examples are flights with three aircraft staggered in altitude to trace chemical reactions and scavening processes in stratiform and convective clouds Precipitation
sampling on ground for later chemical analysis is coordinated with these flights. Flight missions for determination
of cloud dynamical processes as mass budgets, mixing
with environmental air and cloud dissipation are complemented by radar Doppler and polarization measurements
Flights for airborne ,emote sensing of soil moisture, vege.ation index and humidity transports to the atmosphere
links the ground based in situ measurements to satellite
observations These flights will be performed regularly for
a special test site within the overall site cover.ng the
growing season They further will be coordinated with
ERS-1 overflights and tuned to precipitation events.

A DO-228 (DLR)
equipped mainly with SAR for vegetation and soil
moisture mapping. Alternative instrumentation is an
optical scanner.
A DO 128 (Technical University Braunschweig) The
measurements include standard meteorological parameters wind, water vapor mixing ratio and collection of cloud water.
A CESSNA 207(DLR)
will be used for profiling and chaff release for altitudes up to about 4000 m AGL.

Another cdtegory of flight measurements is dedicated to
improve radar polarimetric and lidar polarization measurements of hydrometeors by comparison with in s:tu cloud
physical measurements
For the coordination of measurements and for flight
planning an operation center will be established during
CLEOPATRA at the DLR Institute of Atmospheric Physics
Oberpfafteiihofen Weather forecast will be provided on
the basis of actuc,.' informations from Deutscher Wetterdienst. METFOSAT and NOAA data received at DLR and
own radar observations The radar observations further
support in-flight decisions Missions planning for the following day is performed on the basis of weather forecast
and systems status by a mis ins steering group
A data exchange agreerr >r ensures the availab'lity of
quality controlled data up to end of October 1992.

4. Instrumentation
T

he observational equipment includes

Nine research aircraft
•

The two eng'ne jet FALCON (DLR) equipped with
alternative instrumentation packages They include
standard meteorological equipment, a 5 hole probe
tor turbulence measurements, cloud physics mstrun entation including 2 D-PMS probes and a particle
•mpactor probe, a polarization diversity m;i;rolir': ' a
Daedalus scanner, a DIAL system for water vapour
and ozone, radiation measurement probes, in situ
ozone probe humidity measurement device for low
humidities and a chaff release facility.

THREE POWERED GLIDERS (DLR)
provide meteorological standard pa.ameters and
turbulence parameters for flux measurements.
Four radar systems
•

A C-band polarization Doppler radar Oberpfaffenhofen (DLR)

•

A C-band Doppler radar Hohenpeissenberg (Deut«cher Wetterdienst)

•

A vertical looking X-band Doppler radar (ETH Zurich)

•

A vertical looking ',23 GHz FM-CW Doppler radar
(University Hamburg)

The ground observations network includes
15 micrometeorological stations including one sounding system (University Munich)
The observational network from Deutscher Wetterdienst including soundings and precipitation measurements
A special mobile sounding and ramsamplmg system
trom Deutscher Wetterdienst
Precipitation measurement networks from different
local agencies
Different microwave radiometers (DLR. University
Munich. IRE Moskow)
Radiomfc.dr/beacon receiver station (DLR)
Ramgauges and dibdrometers (DLR, Universities)
Soil moisture and vegetation indexing instrumentation (University Munich)
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Operational stations

•

DWD « GeoPhys • upper air Stations

llr GTS

p Meteorolog. Tower

Special observing stations Univ. Munich

T I
® -®

Special precipitation measurements
Test area humidity transport
•§
as part of the test area soil moisture
Vertical looking Doppler radars, Sodar
Gravity waves ; wind lidar, optical and microwave
radiometers
Main aircraft operation area

Figura 1. ObMrvatton area and ground based nwasuramtnto for CLEOPATRA
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•

Gravity wave measurement system (DLR)

•

Acustic sounding systems (University Oldenburg)

•

Doppfer Wind LIDAR (DLR)

Koch, S.E., R.E. Golus, 1988: A mesoscale gravity wave
event observed during CCOPE. Part I: Multiscale Statistical Analysis of Wave Charakteristics. Mon. Wea. Rev
116,2527-2544.

•

Mobile stations for micrometeorological, precipitation, analytical and radiation budget measurements
(different universities)

Kuo, H. and W. H. Schubert, 1990: Stability of cloud-topped boundary layers. Quart. J. Roy. Meteor. Soc., 114,
887-916.

These systems are located west from Oberpfaffenhofen,
such, that coordinated aircraft operations can be performed within a 100 km distance from the radars, see
Fig. 1. Satellites

MacVean, M. K. and P. J. Mason, 1990: Cloud-top entrainment instability through small-scale mixing and its
parametrization in numerical models. J. Atmos. Sci., 47,
1012-1030.

Data for scientific applications and missions planing are
used from

Mauser, W., 1992: The integration of remote sensing data
in a GIS to model spatial evapotranspiration and soil
moisture distribution. Proc. ESIS 92, Munich 1992,
1140-1149. Meischner, P., V.N. Bringi, D. Heimann, H.
Holler 1991: A squall line in Southern Germany: Kinematics and precipitation formation as deduced by advanced polarimetric and Doppler radar measurements. Mon.
Wea. Rev. 119, No. 3, 678-701.

•

METEOSAT

•

NOAA-11

•

LANDSAT-5

•

MOS-1

•

OLYMPUS, KOPERNIKUS

•

ALMAS, if still in operation.

Moeng, C.-H. and U. Schumann, 1990: Composite structure of plumes in stratus-topped boundary layers. J. Atmos. Sci., 48, 2280-2291.
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SST MONITORING OF THE EUROPEAN SEAS WITH AVHRR DATA
M.Derrien, O.Gaillard, P.Le Borgne, C.Lc Goas, A.Marsouin
METCO FRANCE/ SCEM/Centre de Météorologie Spaliale BP 147,22302 LANNION Cedex, FRANCE

ABSTRACT
An analysis of fine scale AVHRR derived Sea
Surface Temperature (SST) fields (space resolution: 2km) is
made daily at CMS to provide the French Navy,
oceanographers and some fishing activities with real time or
climatological information concerning the sea surface
temperatures over the European seas. A split window
technique including a satellite zenith angie correction term is
at present in use at CMS, and the accuracy of the satellite
estimates is checked regularly by comparison with in situ
measurements. A processing suite has been built, based on
the use of an interactive image processing system. Various
studies or products are based on this suite, ranging from
daily, weekly (etc..) charts to the making of an SST Atlas
over Europe.

Keywords: fine scale Sea Surface Temperature, AVHRR,
operational monitoring.
XW*
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!.INTRODUCTION
The first Advanced Very High Resolution
Radiometer (AVHRR) was launched on board TIROS-N in
1978. Since then, it has been regularly flown on board the
NOAA (National Océanographie and Admospheric
Administration) series of satellites. With a space resolution
of 1 km and 5 channels including 2 in the 11 urn
atmospheric window (channels 4 and 5), it is well adapted to
the mapping of Sea Surface Temperature (SST) at fine scale.
A systematic analysis of the sea surface thermal
structures, based on the use of AVHRR infrared data, has
been made at CMS (Centre de Météorologie Spatiale) since
1979. This activity has three main objectives:
1. to provide the French Navy with surface thermal
structure maps,
2. to provide oceanographers with the basic
documents for preparing or analysing a campaign; a near real
time assistance can be also provided, for optimizing the ship
routing according to the surface thermal structure evolution,
3. to give assistance to tuna fishing campaigns.

This activity has been already described in
several papers: Refs. 1-4. It needs an accurate calculation of
SST from AVHRR data and a set of tools able to
discriminate sea from clouds, to identify significant surface
thermal structures, and to produce the adequate images or
charts. Most of this work was done manually from laser
printed films up to 1988. The use of an interactive system is
now fully operational (since July 1988) and allows the daily
mapping of SST fields and thermal structures over Europe.
Fine scale AVHRR data are analysed, every day, on the
image processing system. The two main tasks of this
analysis are to correct the automatic cloud mask previously
made on the main computer and to interpret and draw the sea
surface frontal systems. This has still to be done by an
analyst since:
-the cloud mask may classify as cloudy the most
intense surface fronts,
-cloud edges may be classified as clear,
-a front may be considered as representative and
retained according to its shape, location, and time stability;
this also depends on the needs of the final users of the front
maps.
The automatization of these tasks is however under
development at CMS.
This paper will first review the basic problems
raised by the SST retrieval, and the solutions adopted at
CMS. It will then briefly describe the use of the interactive
system, and the products resulting from this activity.
2. BASIC PROBLEMS IN SST RETRIEVAL
2.1. Sea-cloud discrimination
The sea-cloud discrimination is done automatically
on NOAA nighttime orbit data. The CMS algorithm (Réf. 5)
is based on the use of successive thresholds briefly described
here below:
-Channel 3 - channel S test: detection of semitransparent clouds,
-Channel 4 - channel 3 test: low cloud detection,
-Spatial coherence test: It is based on the value of
the mean absolute difference between the channel 4 radiative
temperature of the pixel and that of its four nearest
neighbours. A high value of this parameter indicates a local
heterogeneity, and possibly the presence of cloud edges or
scattered cloudiness. This test may mask large SST gradient

Proceedings of the Central Symposium of the 'International Space Year' Conference, Held in Munich. Germany. 30 March-4 April 1992
(ESA SP-341. July 1992).
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areas; in consequence, Iwo thresholds are applied on the
local slandait deviation: a high value (0.5) for the cloud
mask used for thermal structure analysis, a lower value (0.2)
for the cloud mask dedicated to other applications. A few
problems result from this compromise: in spile of the high
value of the spatial coherence threshold, some very intense
fronts (eastern Iceland front, for instance) may remain
masked as cloudy; on the contrary, cloud edges may remain
unmasked. These problems require an interactive correction
of the mask, which allows also the elimination of other
artefacts such as stratus, Saharian sand clouds, etc...
-Channel 4 test: this test eliminates (as cloudy) the
pixels whose channel 4 temperature is lower than a local
threshold derived from a climatology of SST (Atlas) which
is made at CMS ,
-Channel 4 - channel 5 test: detection of the
remaining semi-transparent clouds.

of the calculated SST, increasing with the local satellite
zenith angle O . They are basically related to the assumptions
leading to the split window technique, either concerning the
surface emissivity (Réf. 10) or the atmospheric transmittance
(Réf. 11).
A satisfying solution to the temperature dependent
bias has been found by using a locally adjusted (on the
validation file) Cross Product Sea Surface Temperature
(CPSST) algorithm (Réf. 8). Following the formalism
adopted by Walton, this algorithm, which will be referred Io
as CPCMS, can lake the form:

2.2. SST retrievai

where

SST fields have been calculated, up Io 08/02/1991.
with the following "split window" formula (SWCMS),
optimised for European seas (Réf. 6):

+2'(T 1 , -T 12 )+0.5

(D

N
.0.35

Tc = -

(2)

D

N = 0.112* T 12 -28.85

(3)

and
D = 0.112 * T12 - 0.109 * Tn + 0.51

(4)

where Ts, Tj j and T12 are the SST. AVHRR channel 4 and

and where T5, T11 and T12 are (he SST. channel 4 and 5

5 radiative temperatures.
The precision of this algorithm has then been
checked regularly at CMS with quality-controlled in situ
measurements. The bias and the standard deviation observed
remain about +/- 0.10C and 0.60C, respectively, which was
considered as acceptable (Réf. 4). However, more detailed
studies (Ref.7) have been made through two experiments: an
examination of the errors calculated on a validation Tile and
an analysis of the temperatures of oceanic cloud free areas
seen under two distinct satellite zenith angles (8) for
consecutive nighttime orbits. The validation file gathers in
situ measurements of SST (Tm), and the corresponding

radiative temperatures expressed in K. However this type of
algorithm presents an enhanced error in 8.
For our area of interest (European seas), the best
approximations of the 8 related errors (and, conversely, of
correction terms) are given by (Réf. 7):

NOAA-Il AVHRR data (Tn, T12, 6) collected routinely
since 1989. The selected in situ measurements are those
made by buoys (55% of the cases), océanographie vessels
(21%) and reliable merchant, Pishing or Navy ships (24%).
The AVHRR data include the median value of T11 and T12
calculated on 11*11 pixel targets centered on the ship
position and the satellite zenith angle. The navigation of the
AVHRR image has been done with ARGOS elements (Réf.
8), with a precision of 5 lines, 1 pixel. An automatic
adjustment based on reference coastal landmarks has been
operationally since May 1990 (Réf. 9). When this adjustment
is successful! (86% of the cases fro May to November 1990),
the precision of the navigation is improved Io 1 line.
Nighttime orbits only have been processed and the satellite
pass had to be within 4 hours from the in situ measurements.
Within a target, the difference between the coldest and
warmest calculated SST had not to exceed 1.50C, whereas
the standard deviation of the SSTs and (he cloud coverage
had not to exceed 0.350C, and 60% of the pixels,
respectively. By the end of 1990 this file included 344 cases.
The detailed studies described in Réf. 7 pointed out
two problems: a temperature-dependent error, and a deficit

CORSW = 0.97 (sec(e)-l)2 - 0.24 (sec(6)-l) - 0.15

(5)

when the SST is calculated by the usual CMS algorithm
(SWCMS), and by:
CORCP= 0.78 (sec(8)-l)2 + 0.44 (sec(6)-l) - 0.15

(6)

when the SST is calculated by CPCMS.
The accuracy of these expressions, calculated on
the validation file, are presented in table 1.

Table 1: Mean values and standart deviations of the
difference between satellite and in situ SST calculated on a
validation file (344 cases in 1989 and 1990: european seas).

SWCMS
CPCMS
SWCMS + CORSW
CPCMS + CORCP

mean error°C
0.10
-0.02
0.00
0.00

st. dev.
0.569
0.534
0.552
0.448

Since the coefficients of CPCMS have been
determined on the validation file, its results remain to be
confirmed on an independent set of data. Further studies will
be made in this way. As a provisional solution, SWCMS +
CORSW has been introduced in the operational processing
suite since 08/02/1991.
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3. THERMAL STRUCTURE ANALYSIS
This analysis is aimed Io draw surface thermal
structures which have a significant vertical extension. In
consequence, nighttime orbits only are used; during the day
indeed, and when wind speed is lower than a few m/s, solar
heating may produce warm patches of several tens of km,
which mask the permanent thermal structures.
Thermal fronts are defined by a local gradient
equal or greater than 1°C/S km. This rather arbitrary
definition corresponds to the thermal signature of most of
the mesoscale phenomena (a few tens to hundreds km,
several days to months) which arc observed in the European
seas.
The linear combination of two images increases the
noise on the resulting one. The choice between studying the
sea surface thermal structures on channel 4 images or on
SST calibrated images is not straightforward (see a
discussion of this point in Réf. 12. Since a precise
delineation of the front is looked for, while its intensity is
not needed with a high precision, it has been decided to
calculate the surface gradients on channel 4 images, then to
correct this gradient of the average atmospheric
transmittance (0.7). The drawing of the front charts from the
channel 4 gradient images remains to be manually done by a
specialist, since it needs an appreciation of the spatial
continuity of the gradients, their temporal stability, a
knowledge of the oceanographical and meteorological
situations, and a knowledge of the use which will be done of
the charts. It seems however that some automatization could
be introduced in this drawing by using edge-detection
algorithms (Réf. 13)
3.PROCESSING SUITE AND PRODUCTS

VX^'
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Six zones (2000*2000 km) have been defined
inside the CMS acquisition circle: North Sea, Biscay, Canary
Islands, Western Mediterranean, Eastern Mediterranean,
Norwegian Sea. (figure 1). Each zone corresponds, after
sampling and mapping onto a stereopolar grid to a
1024*1024 pixel image adapted to our image processing
system (PERICOLOR 2001 by MSII).
3.1 Daily processing.
The successive processing steps are the following:
-On the main computer:
-acquisition and calibration of the AVHRR data,
-calculation of a cloud mask (dedicated to marine
applications),
-sampling (every 2 points and 2 ''-."^), mapping
onto a stereopolar projection,
-division into 6 zones,
-linear combination of channels 4 and 5
-On the image processing system:
-calculation of the gradients on channel 4 images,
-validation of the cloud mask,
-drawing of the fronts,
-specific analysis (assistance to campaigns)
The validation of the rloud mask is done by
comparing the mask with the original channel 4 image. The
mask may be locally eliminated or extended.
The front drawing is made with a track ball directly
on the screen from channel 4 gradient images. The charts are

archived under numerical form. The real time assistance to
campaigns is often achieved by sending charts by fax. These
documents are made on the screen and they are ready about
12 hours after the satellite measurements (see an exemple on
figure 2).

Figure 1. The CMS processing zones:
1: Norwegian Sea; 2: Bay of Biscay; 3 Canary Islands;
4 and 5: Western and Eastern Mediterranean; 6: North Sea.
3.2 Weekly and monthly processing
On the main computer:
-calculation of the averaged SST charts,
-graphic outputs for a monthly bulletin : SATMER
(METEO-FRANCE, 77 rue de Sèvres, 92104 BoulogneBillancourt, FRANCE),
-renewal of the Atlas.
The weekly SST charts are made with the median
value of the successive daily fields (figure 3a). The median
has been prefered to a mean to eliminate erroneous daily
values. Cloudiness, when persisting, may leave blank space
in the averaged fields. It may also introduce heterogeneity in
the averaged fields in case of rapidly varying SST.
These synthesis are used for the renewal of a IS
km resolution Atlas including 9 years of data over the
Atlantic and 5 years over the Mediterranean. This Atlas is
renewed on a weekly basis, by visually controlled SST fields
in order to avoid cloudiness related errors to persist, since in
turn this Atlas is used for making the cloud mask. To give a
new SST information the appropriate weight when updating
the Atlas, it is neccessary to monitor the number of renewals
which can differ from a point to an other due to the cloud
cover.
On tlte image processing system:
-Synthesis of the daily fronts (figure 3b)
A front is defined by its location, its intensity and
ils sense (cold and warm sides). It may be observed one day,
and not observed the succeeding ones, because of a normal
disparition, or because of cloudiness. It may move and warp.
Two fronts may be close with the opposite sense (e.g.: the
cold Atlantic water vein entering the Alboran Sea) or close
with the same sense (e.g.: the successive fronts often
observed in the Norwegian Sea). Under such conditions the
synthesis remains interactively done on the screen.
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Figure 2. Exemple of real time transmitted charts (assistance for the Commissariat à l'Energie Atomique)
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Figure 3. Example of a weekly SST map (a), and the corresponding front synthesis (b) from 26 July 1991 to Ol August 1991
Such maps are published regularly for the 6 zones described in figure 2 in the monthly bulletin SATMER. On the isotherm maps,
the hatched zones (northern Adriatic sea) represents the remaining cloudiness. On the front charts, the front intensity is expressed
in °C/5 km, and the warm side is indicated by a dash. These thermal structures correspond in general to well identified
phenomena. These maps present for instance some typical features of the Western Mediterranean in summer: amicyclonic eddy in
the Alboran Sea, upwellings associated to the Algerian Current, Mistral induced cold waters in the Gulf of Lion, upweUings south
of Sardinia and Sicily, warm waters of Kerkenah off Tunisia.
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4. CONCLUSION

I .
• 1

A processing suite aimed to the restitution of small
scale SST and sea surface thermal structures has been
implemented at CMS. It is centered on the use of an
interactive image processing system, since the intervention
of the analysis remains important (validation of the cloud
mask, drawing of the front, drawing of the front
synthesis,...). It allows the daily restitution of SST fields and
thermal structures charts from Cape North to Canary Islands.
The reliability of the system is based on a systematic control
of the sea-cloud discrimination and a routine validation of
the calculated SST with in situ measurements.
The future developments in this field will concern:
-the improvement of the SST retrieval algorithm,
-the automatization of some manual drawing,
-the improvement of the climatology resolution,
since 15 km is well adapted to sea cloud discrimination
algorithms, but not to fine scale studies which are sometimes
asked for, particularly over coastal areas.
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MAPPING OF SATELLITE-DERIVED SEA SURFACE TEMPERATURES
AT HIGH RESOLUTION IN CLOUDY REGIONS

Ian S Robinson and Paul Smith
Department of Oceanography, University of Southampton, U.K.

ABSTRACT
The difficulties and errors associated with mapping the sea
surface temperature at high spatial resolution from satellite
infra-red scanning radiometers are examined in relation to sea
areas which are regularly cloudy, with particular emphasis on
the North Sea.
Errors in the absolute calibration and
atmospheric correction of infra-red images cause problems in
constructing a composite map. The criteria for selecting the
temporal and spatial sampling characteristics of the composite
image are examined in the context of the natural variability of
the SST, the characteristic cloud patch statistics and the
inherent accuracy of SST recovery.
The criteria are
illustrated by application to a year's North Sea AVHRR data
for 1989. If more than one overpass is used to generate a
map the spatial resolution must be degraded if artifacts of the
compositing process are not to dominate the result.
Keywords: Sea surface temperature, infra-red radiomstry,
composite maps, cloud removal, spatial variability, North Sea.
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1. INTRODUCTION

Vi^

1.1

The océanographie importance of sea surface
temperature maps
Sea surface temperature (SST) maps are frequently used in a
variety of océanographie studies. At the regional and local
scales with which this paper is concerned, SST is used to
reveal the presence of fronts; for example, between different
water masses or between stratified and unstratified water in
shelf seas. SST is often a good tracer of river plumes and the
coastal boundary layer of river-influenced water. A sequence
of SST maps can provide a good indication of seasonal
heating, cooling and heat transport processes in shallow seas,
particularly if the water is uniformly mixed from surface to
sea-bed. They are also useful for revealing other dynamical
properties of coastal flows such as tidal eddies. The potential
applications of SST maps include the monitoring of water
movement and pollution, input for local and regional weather
forecasting, information for bathing beaches and background
data for comprehensive hydrographie and water quality
surveys.
Oceanographers have for many years monitored SST using
measurements from ships and buoys. Typically a single ship
is used to survey a wide region with relatively coarse spatial
and temporal sampling intervals. The resulting maps of SST
have been considered satisfactory for océanographie purposes,

but of necessity they lack spatial detail or evidence of rapid
tun variations of the temperature field.
However, in coastal areas such as the North Sea which is used
here as an example, the thermal structure is sufficiently
detailed to require a resolution as small as 1 km. Such maps
can be produced from the analysis of infra-red image data
from medium resolution, wide swath, scanning sensors such
as the Advanced Very-High Resolution Radiometer (AVHRR)
on the NOAA polar orbiting satellites. For this reason, maps
of North Sea surface temperature were produced in support of
a year-long observational programme by the UK Natural
Environment Research Council. They were derived entirely
from AVHRR data received at the University of Dundee
Satellite Receiving Station. The requirement to generate such
maps brought to light the problems inherent in using remote
sensing methods to produce specific océanographie products
and forced us to address the more general question of what
sampling frequencies and spatial resolution are appropriate for
detailed SST mapping of tidally fluctuating seas in cloudy
regions.
1.2

Factors affecting the specification of SST maps

The global and basin-scale mapping of SST using satellites has
been quite widely studied (Refs. 1-3). In that situation the
selection of time and space sampling intervals is
straightforward. The global extent of the product, and its
application to global scale problems, dictates coarse sampling
in space and time, so that the satellite generally provides
considerable spatial and temporal oversampling. In contrast,
at the local and regional scales we are considering here, the
aim is to obtain as detailed and frequently updated a map of
SST as possible in order to study coastal and shelf seas
dynamical phenomena.
This might suggest that mapping should correspond to the
highest spatial resolution possible from the sensor being used.
Whilst such maps undoubtedly have value, they are not
necessarily the most useful product for the oceanographerwho
requires a regular time series of SST maps depicting
intelligible changes in temperature distribution. The problem
can be expressed in the following way. The highest resolution
images typically occur so infrequently that there is little
correspondence between the patterns on successive images.
A time sequence of such maps can be confusing and
misleading because the short-lived detailed structures hide the
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underlying patten» which change over slow, possibly seasonal
time scales. The satellite is therefore seen to be ovcrsampling
in space but undenampling in time. It is desirable that a time
sequence of maps should be presented at * spatial resolution
which is matched to the scale of phenomena resolved in time
by the available sampling frequency. This may result in a
much coarser image than can occasionally be obtained, but
should produce a sequence of maps which is intelligible. In
addition, if spatial resolution is being sacrificed it may also be
possible to improve the temporal resolution by merging
several images to create a smoothed composite SST field.
In selecting the optimum sampling strategy there is thus a
complex interplay between a number of factors:
• the sensor spatial resolution;
• the overpassrevisitcycle;
• the cloud cover statistics;
• the natural scales of mid-frequency variability in SST which
are to be detected from a relatively smooth sequence of maps;
• the natural scales of high frequency variability in SST
which may be aliased by the satellite sampling.
Some of these factors are dependent upon the local
oceanography. For example, the problem of aliasing by high
frequency variability may be less severe in a sea with no tides
than a region where thermal patterns are advected backwards
and forwards 10 to 20 km within a 12.42 h tidal cycle. It is
the purpose of the rest of this paper to examine this problem
using the North Sea as a particular illustration, and to draw
general conclusions about a strategy which may be more
widely applicable.

2.

AVIIRR DATA PROCESSING

The SST image fields used in this work were derived from
channels 4 and S of the Advanced Very-High Resolution
Radiometer (AVHRR) carried on the NOAA-9 and -11 polar
orbiting satellites. The data were acquired through the
Dundee University Satellite Receiving station, and processed
at the University of Southampton using a PC-based software
suite to generate SST maps. The software performs the
following operations:
• Geometric correction. Geolocation within 2 km is achieved
by optimising the choice of satellite orbital elements to obtain
a best fit of a number (typically 8-10) of ground control points
located interactively on the image.
• Radiometric calibration. The internal sensor calibration
data derived from the satellite is used to smoothly update the
brightness temperature look-up tables every SO scan lines.
• Atmospheric correction. The split-window algorithm
developed by the Rutherford Appleton Laboratory (Réf. 4) is
used to recover estimates of SST from channels 4 and S. This
algorithm uses coefficients which vary with viewing angle and
is the same for day and night passes.
• Cloud flagging. A simple threshold method was used to
flag cloudy pixels if the temperature was below zero, and for
daytime images channel 2 albedo can also be used. A spatial
coherency method was not applied in this case because,
although it is effective at removing the partially cloudcontaminated pixels missed by the threshold methods, it also
eliminates cloud-free pixels where the temperature gradients
are strong. Such thermal fronts are an important part of the
océanographie signal we are seeking to monitor.
• Resampling. After the calibration and atmospheric
correction algorithms have been applied, the data are
resampled onto a regular latitude - longitude grid with a pixel

Figure 1. SST image of Southern North Sea derived from the
AVHRR overpass of May 22, 1989, near midday. Warmer
water appears lighter on this greytone image.

sizeof l'lat.x 1.5'long. (scale 1)or2'lat.X 3'long. (scale2).
This corresponds to an approximately square pixel of side 1
or 2 km. Scale 1 therefore slightly oversamples the
uncorrectod image which has a pixel size of 1.1 km at nadir.
Figure 1 is an example of a scale 1 image of the Southern
Bight of the North Sea.

3. SAMPLING CONSTRAINTS OF SATELLITE DATA
Although the potential limitations of the sampling
characteristics of AVHRR-derivcd SST data can be considered
theoretically, in practice the actual capabilities for a particular
location must be derived from inspection of the data.
3.1

Frequency of cloud-free images

The underlying sampling constraint of the AVHRR is the
overpass frequency. At the latitude of the North Sea this is
two daytime and two nighttime passes in 24 hours for a single
satellite. Although NOAA 10 data were available, they were
not included in this study because they lack channel S for
atmospheric correction. Consequently data were available
only from a single satellite with two daytime overpasses
spaced about 90 minutes apart in the early afternoon, and two
night overpasses about 02.00 - 03.00. With the object of
using infra-red data at as high a spatial resolution as possible,
only the closest to overhead of each pair of North Sea
overpasses was normally used, the more oblique view being
rejected. This constraint of the satellite orbit immediately
eliminates the possibility of monitoring tidal movements of the
SST patterns, and sets a minimum sampling interval of half a
day.
However, for many parts of the world such a constraint is
eclipsed by the far more severe limitation imposed by cloud
cover.
Its extent, and its geographical and seasonal
variability, is demonstrated by the results of an analysis of
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Figure 2. Bar chart showing cloud cover in eighths on each
daytime AVHRR overpass during May - June 1989, over (a)
southern North Sea, and (b) North Atlantic south of Iceland.

clouds on AVHRR images of the N W European Shelf Seas
and N.E.Atlantic for the year 1989.
For one daytime
(midday) overpass each day, the cloud cover over the sea was
estimated in eighths by visual inspection. Figure 2 shows an
example of the results for the two-month period May/June
1989 for (a) the southern North Sea south of 550N and (b) the
sea area south of Iceland (10"-2O0W1 60'-650N). The figure
can be interpreted using the subjective judgement that if the
cloud cover is greater than 5/8 the image is virtually worthless
for yielding data useful for mapping of SST because breaks in
the cloud are sparse, and probably contaminated by sub-pixel
clouds. Cloud cover less than 3/8 normally yields areas of
cloud-free sea surface which are large enough to contribute a
substantial part of an image at the full sensor resolution (1-2
km), whilst images containing between 3/8 and 5/8 will
normally have sufficient cloud free pixels to contribute to a
coarse ( > 10 km) resolution composite image. May/June was
the clearest period of 1989 in the North Sea and there are
evidently many days when the sea was visible from space,
whereas south of Iceland there were only four days in two
months when the cloud cover over the Atlantic was less than
5/8, a reminder of the significant variation of cloudiness
within quite a short distance.
Figure 3 shows the number of days when cloud was <3/8 in
each 30 day period, plotted over the year for each of the
areas. It must be concluded that regular mapping of the N.
Atlantic SST at high resolution is impossible from space
although occasional isolated clear views of the thermal
structure are available, and there are further opportunities for
contributing to a coarse resolution SST database. The
situation is far more promising in the S.North Sea where 100
days through the year have cover of 3/8 or less. However,
these are not evenly distributed. Not only is there a peak in
May 1989, but even in the sparse months typically two or
three clear days cluster together. The days with £3/8 cloud
in the S.North Sea have also been plotted in figure 4(c) as the
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Figure 3. Number of days in each 30 for which the cloud
cover was <3/8 over (a) S.North Sea, and (b) Atlantic Ocean
south of Iceland, (c) is (a) expressed as the number of days in
each 15.

number within 15 day periods. We may draw the conclusion
that It should be possible to construct a SST map once a
month with reasonable confidence, but only at certain times of
thi; year can it be remapped once every two weeks.
It has to be admitted that this analysis was based only on a
single daytime overpass per day, for one year only. It is not
intended as a precise statement of cloud climatology in the
region, but as an illustrative case study of the operational
limitations of using satellite images in an actual situation. The
results could have been very different in another year. Its
purpose here is to demonstrate the extent to which cloud cover
completely dominates the time sampling capability in a cloudy
region. There would be value in a more thorough and
automated analysis of AVHRR data to determine how
measurements such as these would vary geographically,
seasonally and from year to year.
3.2

Characteristics of the radiometricallv-measured SST
field

Another factor which must be considered when mapping SST
from space is that the radiometrically measured SST is not the
same as the "bulk" SST normally recorded by in situ
observations.
This may be due to the thermal skin
temperature deviation (Réf. 5) although the magnitude of this
effect is probably no more than a few tenths of a degree C
(Réf. 6). Because it is smaller than other uncertainties in the
SST measurements, it can be neglected unless it is spatially
inhomogeneous. At present there are insufficient direct
observations of the thermal skin effect to know what are its
spatial variability characteristics.

A phenomenon which is more evidently a problem for satellite
mapping of SST is the diurnal thermocline which develops
during days when solar heating warms the surface layer of
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(Réf. 7), coastal boundary fronts or river plumes. This is
very evident in figure 1 where warm zones are found around
major estuaries, the Thames and the Wash. These may be the
very phenomena which we wish to map, but if they move
distances of several kilometres, in a few hours due to tides, or
in a few days due to residual circulation, they will have a
distorting effect on maps which seek to represent average
conditions over, say, two weeks.
The way to view such time variable phenomena is to use
single cloud-free "snapshot" images. If composites are
constructed using several images it is no longer appropriate to
capture such features. Ideally there should be sufficient
images available- to perform a valid averaging of many
images, but in practice there will be only a very few cloudfree views of a particular area. Thus it is necessary to impose
strong smoothing \rith loss of spatial resolution in composite

Figure 4. SST image of 28 May 1989, 1202 hrs showing a
typical "hot zone" due to diumal warming in the centre of the
North Sea.

water but wind or tidal stirring is insufficient to mix the heat
through the water column. The less the stirring, the thinner
and warmer the surface layer becomes, so that the afternoon
SST is several degrees wanner than the previous early
morning. Such a thin warm layer is destroyed at night as the
surface cools, loses buoyancy and overturns causing mixing.
This affects the construction of a SST map in two ways.
Firstly, if a composite is based on the mean of several images,
the presence of a diumal thcrmoclinc will tend to bias the
temperature higher than the bulk SST.
Since for
océanographie purposes in shelf seas, it is generally the bulk
SST which is required as a complement to ship measurements,
the afternoon satellite data may contribute "errors" of one or
two degrees C. Secondly, the diurnal thermocline is often
spatially inhomogeneous. Figure 4 illustrates this very
clearly. A broad expanse of water 2-5 degC warmer than its
surroundings stretches from East Anglia in the S.W towards
the N.E. The shape of this patch is probably determined by
a region of low winds, but may also be influenced by the
magnitude of tidal streams. Such patches can only be
confidently interpreted as diumal events by comparing with
the previous or successive night image.
There is as yet no satisfactory model to recover the "bulk"
SST by correcting for a diumal thermocline, and it is
therefore necessary to discard images which are suspected to
be contaminated in this way. Otherwise the strong spatial
inhomogeneities of the diumal warming can give rise to
spurious patterns of the SST contours in a composite of
several overpasses.
3.3

Figure 5. Zoomed view of thermal structure over the Norfolk
Banks showing the interleaving of warm and cool bands over
the linear bathymétrie features.
images to minimise the distorting contribution of strong but
rapidly varying features. Other small scale features may be
permanent features, perhaps related to topography, and ideally
a composite map should not lose these. Fig. 5 illustrates a
phenomenon of this type in which asymmetric tidal flow over
sandbanks in the presence of a thermal gradient leads to
persistent bands of warm and cool water over the banks.

4.
4.1

SAMPLING STRATEGY FOR SST MAPS
The southern North Sea. 1988-89
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The natural inhomogeneitv of the SST
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Even in the absence of the surface effects discussed above, the
SST distribution in shelf seas may still be variable with strong
gradients due to seasonal thermocline / tidal mixing fronts
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Figure 6. Distribution of AVHRR images used for mapping
SST throughout the period Sep 88- Sep 89.
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maps. The North Sea dataset illustrates the factors to be
considered. Figure 7 describes the variation cf temperature
from image to image throughout the year Scp'88 - Sep'89.
The satellite-derived SST was read from each processed image
at (a) I0E, 51030'N in the Thames Estuary, (b) 2°20'E,
Sl0SO1N in the Southern Bight and (c) 2*20'E, 53«30'N
north-east of the Norfolk Banks. At each point the general
seasonal cysk a apparent. Note that the amplitude (about 12
degC is greater for the inshore point (a) which in winter is
colder than the deeper offshore water and in summer is
wanner. Poi:it (c) is generally about 1 degC cooler than (b).
It is these general trends which should be preserved in the
monthly composite images.

103 imagei of the iouthem North So were processed, from
62 days during the year Sep 88 - Aug 89 (Fig. 6). These
included some day/night pairs and on some days two daytime
overpasses. Not all the images with £3/8 cloud included in
fig. 3 turned out to be suitable for mapping SST. Some had
sea fog which had not been apparent on the quick-look image
from which the cloud estimates were made. Others had
insufficient cloud-free landmarks to permit accurate geometric
correction. The distribution through the year of the 62 days
when cloud was sufficiently sparse pointed to monthly
composites being an appropriate frequency, apart from
December 1988 when there were no suitable images and May
to July when there were sufficient clear images to generate
composites twice per month.

2Oj

A composite based on typically two to four images spaced
randomly within a month is not able to generate a true
monthly mean of SST. It is inevitably biased towards
conditions on the few cloud-free days. It is therefore
important to screen the input images to remove any which
appear to have unrepresentative features such as patchy
diurnal thermoclines. Daytime summer images are especially
suspect, although such is the scarcity of data that it may be
counterproductive to eliminate all daytime images. At a
sampling frequency of once or twice per month, there is little
benefit in preserving the high resolution SST patterns, when
what is best detected at this frequency is the gradual seasonal
changes of SST. A spatial resolution of 1-2 km is thus not
necessary, and smoothing can be applied to result in a
resolution of at best S km. although the pixel size can be
maintained at 1 km to preserve the detail of the land-sea
boundary. Such an approach should generate a smoothly
varying sequence of SST maps which reveals the general
seasonal trends, although it loses most detailed local features.
4.2

A general strategy

Drawing from the experience of handling the North Sea data,
a more widely applicable approach can be outlined for tackling
the problem of mapping SST from infra-red satellite sensors
in moderately cloudy regions. To generate a smoothly
varying seasonal cycle, the approach is as follows:
• Examine cloudiness statistics
• Identify frequency of cloud-sparse images
• Eliminate images corrupted by diurnal warming
Choose frequency of SST maps
• Examine the naturally occurring SST features
• Determine the length and time scales of these features
• Decide which features can be tracked at the mapping
frequency and which will distort the SST maps by aliasing
Choose spatial resolution
Such an approach is very constrained by the data availability
but leads to a SST map sequence which is at least as useful as
the coarse SST maps based on in situ measurements, and
which can be generated routinely. However, if the object is
to observe the thermal structure of particular features in detail,
the compositing procedure is not appropriate and there is no
alternative to using every available cloud-free image in an
irregular time sequence.
5.

DATA MERGING

Having selected the images to contribute towards a map, there
are various methods by which to merge them into composite
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Figure 7. Temperature variation with time from Sep 1988 at
(a) I 0 E, 51°30'N, (b) 2"20'E, 51"30'N, (c) 2°20'E, 53'30'N
However, overlaid on this cycle is a higher frequency
variability. It appears to be greatest in the summer months,
May to August, when differences of up to 8 degC can be
noted within a few days. The anomalously high values are all
found in daytime images and can be attributed to diurnal
warming events. The less extreme variations of about 2
degC, particularly at (c) are explained, from inspection of the
individual images, as being due to small north-south
excursions of the tidal mixing front. As the warm front
moves south the temperature can rise by up to 2 degC,
irrespective of whether the data were from day or night
overpasses. In addition, examination of the images sometimes
revealed that one dataset overall was about 1 degC warmer or
colder than others on the same or an adjacent day, suggesting
that the atmospheric correction is at fault.
These points are representative of what is occurring at all
points in the area, and characterise the factors to be
accommodated in merging data from several images to create
a composite. In practice the following procedure was
adopted:
• A set of images were grouped by date to contribute to a
single composite map.
• The images were inter-compared by displaying each in turn
and any which were anomalously warm, or which had hot
zones of diurnal wanning, were eliminated.
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towards higher temperatures. Figures 8 and 9 illustrate the
result for a composite of data from February, and from the
second half of May, respectively.
These are almost
completely cloud free, and clearly demonstrate the difference
between the winter and early summer thermal structure of the
North Sea. However, because of the relatively small number
of images on which they were based (three and six
respectively) there remains the likelihood that they do not
represent truly average conditions, but reflect the particular
structures present on the cloud-free days.
6.

Figure 8 Wannest pixel composite SST map based on images
from February 1989.

• The remaining datascts were put through a warmest pixel
selection programme.
• The resulting image was smoothed.
If a certain thermal structure on the composite could be
associated with a cloud edge on a particular image, further
filtering was applied to smooth the gradients which in this case
would be assumed to be an artefact of the procedure and not
a true sea surface phenomenon.
The above procedure should result in an image which
represents the overall SST distribution in the area. However,
where thermal structures are moving during the period
covered by the composite, a warm patch of water will "paint"
the pixels warm wherever it goes, leading to an overall bias

CONCLUSIONS

This case study of the North Sea has demonstrated that it is
possible to generate a sequence of monthly composite maps of
SST from AVHRR data in a region which is often cloud
covered. Such maps will faithfully represent the general
seasonal variations in temperature structure but should not be
considered to be true monthly means. The study of the
evolution of detailed thermal structures cannot be mapped in
this way, but must rely on a sequence of individual images
during a fortuitously cloud-free period.
The experience of this work suggests that the unsuperviscd
application of warmest pixel data merging programmes can
lead to temperatures appearing which are several degrees in
excess of typical monthly mean values, because of diumal
wanning. It is concluded that if satellite derived SST maps of
N.W.European Shelf Seas are to enjoy the confidence of
océanographie users, they must be generated with sufficient
interactive supervision to eliminate the anomalies discussed in
this paper.

7.
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MODELLING THE SKIN-BULK TEMPERATURE DIFFERENCE

NEAR THE SEA-ATMOSPHERE INTERFACE
FOR REMOTE SENSING APPLICATIONS
W. EIFLER
CEC, Joint Research Centre, Institute for Safety Technology, Ispra, Italy

ABSTRACT
From the turbulence characteristics of the double atmospheric-oceanic boundary layer an analytic model is derived
which describes the skin-bulk temperature difference in function of the skin friction and skin heat fluxes. The only free
parameter of the model is the (average) length of the momentum, heat an mass transfer governing wave (spectrum).
Here the assumption is assessed, that the young waves with
a length of a few centimeters are the relevant transfer waves.
Using independently from the wind speed a constant wave
length of 3 ± 1 cm satisfactory agreement is obtained with
sea truth observations.

Fig. 1 shows such a typical computed thermal structure
in the mixed layer and in the thermocline below. During
daytime the mixed layer (and part of the thermocline) is
heated up by short wave radiation. Between 6am and 6pm
the radiation intensity at the sea surface is assumed to vary
following a 'sine to the third power" law with a maximum at
noon, for the vertical absorption function that of Schmidt
(Réf. 1) for clear water is used. The integral heat imput is
transmitted back to the atmosphere as constant surface heat
flux during the whole day, simulating the combined effect of
long wave radiation and of sensible and latent heat fluxes.
In this manner a day-night-cycle, without net heating of

Keywords: turbulence, atmospheric boundary layer, oceanic
boundary layer, skin effect, momentum-heat-mass transfer,
waves, modelling.

1. INTRODUCTION
The thermal structure of the upper ocean layer is quite complex, especially due to the time variability of two parameters:
wind stress and heat fluxes.
The wind induces advection and turbulence in the upper
layer (called the "mixed" layer), the depth of which results
from the equilibrium between the advection depending Coriolis force and the wind stress depending turbulent momentum flux. Varying heat fluxes at the sea surface (long wave
radiation, sensible and latent heat) and absorption of short
wave radiation in the near surface layer lead to short-term
and diurnal variations of the temperature within the mixed
layer and to seasonal variations of the thermocline structure
below the mixed layer. The vertical temperature variations
within the mixed layer are in general small with the exception of a very thin interface adjacent layer, where - due to
poor heat transfer conditions - a sharp temperature gradient may occur. In fact the sea surface or "skin" temperature may be up to one degree K - in exceptional cases even
more - different from the bulk temperature a few centimeters below, which in general is representative for the mixed
layer as a whole. Since this bulk temperature is the relevant
océanographie parameter, the skin-bulk temperature difference appears as an "error" - which needs to be corrected
by modelling - in algorithms for the determination of sea
temperatures by remote sensing from space.
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Fig. I: Computed temperature field in the mixed layer and
thermocline for a specific day-night cycle
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the water column is obtained. The (constant) wind speed
is in the order of 8 m/s. The resulting turbulent transport
properties are computed by solving the differential equation
for the turbulent kinetic energy and by formulating a suitable
assumption for the mixing length vartiation in the vertical.
This procedure is however not applied for the mesh points
nearest to the surface. There the skin model, subject of this
presentation, is used for computing both the temperature
and the velocity variation.
Fig. 2 illustrates the boundary layer structure near the
ocean-atmosphere interface, observing the system from a reference position moving with the interface velocity Uj. The
wind generates two boundary layer flows in opposite directions with respect to the reference position. The model for
the related skin effect is based on experimental evidence described in chapter 2, concerning boundary layer flow in general and concerning specifically the double boundary layer
caused by the wind.

(see Prandtl, Réf. 2, or Schlichting, Réf. 3). Prandtl attributes to a wall adjacent layer of thickness yu*/i/ = 5
molecular transport properties and laminar flow behaviour
(y = wall distance, u* = friction velocity, v = kinematic
velocity). In the fifties-sixties new measuring techniques became available and Prandtl's assumptions could be verified
experimentally. Fig. 3 demonstrates that they are wrong. In
this figure measured instantaneous velocities in the dimensionless form u/u* are represented as function of y+. There
is obviously no limit towards the wall for quite violent velocity fluctuations. Essential new insight into the structure
of turbulent boundary layers was mainly due to S.J. Kline
and his colleagues at the XJS Stanford University (Willmarth,
Réf. 6). In fig. 4 a qualitative picture of the so-called viscous
(and no more laminiar) sublayer from Kline and Runstadler
(Réf. 7) is shown. Along the flow axis continuously laminar
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Fig. 4: Schematic picture of the viscous sublayer structure
(after Kline and Runstadler, Réf. 7)

Observer moving with velocity u,Fig. 2: Illustration of the double boundary layer structure
near the sea-atmosphere interface
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2. TURHULENT BOUNDARY LAYER CHARACTERISTICS
2.1 Boundary layer flow near a rigid flat wall
To everybody involved in fluid mechanics the classical picture of the near wall conditions of turbulent flow is known

boundary layers of a limited spanwise extent built up and
breakdown again after reaching a critical length of growing.
The breakdown phase is characterised by first a quite violent
ejection of fluid from the sublayer, followed by a return of a
more quiescent flow towards the wall (Kline et al, Réf. 8, and
Kim et al, Réf. 9). These processes are called now in the
literature "burst" and "sweep". The ejected fluid packets
retain their identity up to quite large wall distances and are
slowly dissolved by internal friction in the main flow. Typical length scales related to this three-dimensional structure
are the following (Cantwell, Réf. 10):
- spanwise scale : Ii • u* Jv ~ 100

murm iMMinmmji KUIU

, ""'"/-^'

LWSSf* •«•«• " ",go

- scale in flow direction : 100 < I3 • u'/v < 2000
(best value about 1000)
- wall distance scale : 20 < hu'/v < 50
(best value about 30).
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2.2 The atmospheric boundary layer near the sea surface

7

>.-/•:

Fig. 3: Measured instantaneous velocities near a rigid wall
(from Fowles (Réf. 4) comparison with data from Neddermann (Réf. 5))

Triggered by the progress in research on wall turbulence,
since the seventies-eighties an increasing number of experimental studies on the generation of wind waves and on the
boundary layers near moving wavy surfaces have been published. Substantial contributions were especially those of Y.
Toba and his colleagues at the Japanese Tohoku University
in Sendai.
Kawamura and Toba (Réf. 11) performed laboratory measurements on the "ordered motion in the turbulent boundary
layers over (young) wind waves". With respect to the dy-
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namics of turbulence they revealed an excellent agreement
with the observations referring to the wall boundary layer.
Fig. 5 shows the fluid packets ejected by the burst processes as observed during the visualisation studies. The authors demonstrated the (also visible) strong correlation of
the burst and sweep phenomena with the wave length. This
means, that here the scale in flow direction is prescribed by
the wave lenght. An additional effect with respect to the flat
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Fig. 5: Fluid packets structure due to burst-sweep phenomena triggered by wind waves (from Kawamura and Toba,
Réf. 11)
wall is the flow separation occuring for steep waves behind
the wave crest. This phenomenon should be interpreted as
a strong burst-sweep sequence, reinforced by the continuous repetition at the same flow position, whereas near a flat
wall the burst-sweep processes are continuously shifting in
flow direction, in a different manner for every spanwise flow
section.

Fig. 7: Development of a viscous boundary layer on the
waterside along the surface of the wind waves (from Okuda,
Kawai and Toba, Réf. 12)
concerning the flow structure represented in fig. 7. In this
figure the development of a viscous boundary layer iu function of the phase is shown. The boundary layer is growing
against wind direction, i.e. in direction of the water flow
with respect to the interface velocity (see fig. 2).

2.3 The oceanic boundary laver near the sea surface
Instructive water-side measurements have been performed in
a wind wave tunnel by Okuda, Kawai and Toba (Réf. 12).
They measured the skin friction distribution along the surface of wind waves, represented in fig. 6. It is seen, that
the local shear stress increases rapidly towards a steep maximum near the crest, where it drops towards zero for nearly
the whole downward wave surface. The authors show that
the average value is in the order of that determined from the
wind profile. They conclude that the by far overwhelming
process governing momentum transfer across the air-water
interface, is the skin friction, and that therefore pressure
drag can only contribute a quite small fraction. Okunda,
Kawai and Toba discovered also another important feature
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3. THE SKIN MODEL
3.1 The typical momentum, heat and mass transfer wave
The limited time available for this presentation does not allow the discussion of further details of boundary layer flows.
However, the selected features described in chapter 2 should
provide sufficient support for the "transfer-" wave picture
shown in fig. 8. The indicated condition of u; ~ c at the
wave crest (c is the wave phase velocity) means that "young"
wind waves corresponding to those discussed in chapter 2 are
intended, with wave lengths up to the order of 10 cm and
with phase velocities (i.e. maximum interface velocities) in
the order of the wind friction velocity. While waves age and
grow in length, height and phase speed continuously new,
young waves are generated, creating "the complex form of a
sea with wave traînes of many ages superimposed" ( Kinsman, Réf. 13, pages 4-5). The basic assumption underlying
fig. 8 is therefore, that, independent of the wind speed and
of the presence of old long waves, the superimposed young,

.w/ ....;..•
PhOM

Fig. 6: Shear stress distribution along the surface of wind
waves measured from the waterside (from Okuda, Kawai and
Toba, Réf. 12)
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•it the wave crest: H; a c

Fig. 8: Schematic representation of the typical momentum,
heat and mass transfer wave

\

338
short waves are those governing momentum, heat and mass
transfer.
The atmospheric and oceanic boundary layers in fig. 8 show
some different, but supplementary features.
From the wave trough the airflow starts to accelerate due
to external shear and to the negative pressure gradient built
up during the burst-sweep period (see Oltuda, Réf. 14) as
driving forces. A corresponding laminar boundary layer develops along the ascending wave surface characterised by an
increasing interface shear stress. Near the wave crest the
atmospheric boundary layer lifts up and bursts at the beginning descending wave surface. At the same time the shear
stress on the interface drops abruptly towards zero. The
burst is followed by a sweep.
The interface velocity Uj is accelerated by the increasing
shear stress from a relative low value in the wave trough
corresponding to about the bulk water velocity below, and
reaches about phase velocity at the wave crest. By the
abrupt drop of the shear stress, the interface velocity drops
again towards the bulk water velocity along the descending
wave surface.
The nearly stepwise change of the interface velocity near
the crest acts on the water below the crest, like a sudden
acceleration of the bulk with respect to the interface. A
decelerating boundary layer starts to develop against wind
direction towards the wave trough. This boundary layer is
characterised by decreasing interface shear, which is in correspondence with the (in wind direction increasing) interface
shear of the accelerating atmospheric boundary layer, as requires the continuity condition. Near the wave trough the
water boundary layer lifts up, bursts, and new water sweeps
in.
From this qualitative description it follows that along the
ascending wave surface, momentum - and by analogy heat
and mass - is exchanged between the air and water, and that
along the descending wave surface - where no exchange between air and water occurs - momentum, heat and mass is
exchanged within the fluids themselves, providing momentum, heat and mass transport between the near interface
region and the bulk region respectively of the air and water
flow.
3.2 The boundary layer growth-breakdown (GB-) model
Coming back for a moment to wall boundary layers, in this
paragraph the boundary growth-breakdown model of Nijsing (Réf. 15) is shortly described, which was successfully
applied for predicting momentum, heat and mass transfer
in turbulent channel flow. In view of the boundary layer
characteristics described in 2.1, Nijsing considered the situ-

ation schematically shown in fig. 9. Due to the burst and
sweep processes at x = O a uniform velocity distribution U0
up to the wall (y = O) is assumed. From the origin a laminar
boundary layer develops, which breaks down after reaching
a critical dimension. Burst and sweep occur instantaneously
at the critical distance X0. From Eckert and Drake (Réf. 16)
originates the following approximate solution for this problem:
2
u/Uo =

\ 3/2

0.323

(1)
(2)

T1 = 0.323pul

" \
U0X/

(3)

T is the kinematic viscosity, and Tx is the local shear stress.
By averaging of eqs. (1) and (3) in flow direction between
o < x < X0, Nijsing obtains the following relations for the dimensionless velocity distribution and for the critical distance

(4)

(-*?)-

0.417«+3

(5)

The maximum boundary layer thickness (i.e. yc for ze = X0,
eq. (2)) is ' :i?n
= 3-

(6)

U+ is the velocity divided by the friction velocity u*. Nijsing
determines the only unknown parameter u+ by applying as
criterion for the breakdown, the critical Reynolds number
for transition from laminar to turbulent flow. He obtains an
excellent agreement between the theoretical near-wall velocity distribution from eq. (4) and corresponding experimental
data. There exists a similar solution for the related temperature distribution T + (U + ), provided the Prandtl number (Pr)
is greater/equals unity. With qw the wall heat flux, cp the
specific heat, p the density, Tw and T respecitively the wall
and fluid temperature, the solution is given by

+0.039
with

a+ Pry

_ (r« - T)cppu'

(7)

(8)

4»
T+ = « + Pr 2 / 3
(9)
Obviously the temperature distribution is known if U+ is
known.
3.3 The skin model: an application of the GB model

U1=O

Fig. 9: Illustration of the growth-breakdown model equations

The water side boundary layer behaves in quite a similar way
to the wall boundary layer: in 3.1 it is described as a decelerating boundary layer characterised by a decreasing shear
stress and an increasing thickness in flow direction. From"
the description in 3.1 a difference also results: the interface
velocity ut is varying within the wave length. In the GB
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It turns out, that the crucial point is the assumption about
the wave length to be used in eq. (14). In 3.1 it has been outlined, that the continuously generated young waves should
be the typical momentum, heat and mass transfer waves. In
the following last paragraph the most obvious and simplest
assumption is examined, namely that the relevant young
waves have a constant average wave length independent of
the wind speed.
3.4 Comparision with experimental results

Fig. 10: Definition of the skin effect contributions
equations u, should appear as the "outer flow" velocity U0,
if the system is formulated in terms of (u — Uj). Therefore,
applying the GB equations to the water-side boundary layer
implies the interpretation of U0 as average velocity along the
wave surface. Fig. 10 defines the skin effect contributions
introducing a specific reference depth hrff. The major part
of the skin-reference temperature difference is the temperature difference AT1BL attributed to the viscous layer of the
(dimensionless) thickness y£, which is given by

The following experimental studies include a systematic evaluation of the wind dependence of A: Grassl (Réf. 19),
Paulson and Simpson (Réf. 20) and Schluessel et al (Réf.
21). They differ mainly in one feature: the reference depth
for computing the skin-bulk temperature difference. Grassl
measured the reference temperature at 5 cm depth, Paulson
and Simpson at 1 m depth, and Schluessel et al between 2
and 7 m depth. As already outlined the logarithmic correction (11) becomes more and more doubtful with increasing
reference depth, especially because, with fast changing wind
intensity, there is in view of the system inertia no heat trans10
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Model results with average wind wave length:
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qi is the interface heat flux.
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Between y0 and kref an additional temperature drop occurs,
which here is estimated by a logarithmic law:
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with K v.Karman's constant (K = 0.407, Eifler, Réf. 17). It
is obvious that the logarithmic correction is only applicable
if the wind effect is already penetrated down to fe«/ in the
moment in which the correction is applied. This means, hrej
should not be too large for rapidly changing winds. Writing
the sum of the two contributions in the form proposed by
Saunders (Réf. 18), the total skin effect with respect to a
prescribed reference depth reads

6
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k is the thermal conductivity. The expression between brackets corresponds to Saunders constant A.
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As outlined in 3.2, the parameter U0 has been determined for
the wall boundary by applying a critical Reynolds number
for laminar boundary layer transition. Here the situation
is different, because the boundary layer length is prescribed
and equals the length L of the relevant wind wave, from
equation (5) the following relation for u* is obtained:
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which leads, together with eq. (6), to the following relation
for the parameter A:
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Fig. 11: Comparison of the model results with data of (a)
Grassl (Réf. 19), (b) Paulson and Simpson (Réf. 20)
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fer equilibrium between the near surface and the deeper waters. Therefore the most reliable data for judging the real
skin effect are those of Grass!, whereas those of Schluessel et
al may not be used for this comparison.
Fig. 11 shows the comparison* between the model and observational results, choosing for the application of eq. (14)
different values of the wave length L.
Grassl's data are taken from table I of his publication, in
which A is given as function of the wind speed. For transforming the windstress in eq. (14) into the wind speed Ui0
the drag coefficient relation used by Grassl is applied.
It is seen that the wind dependence of A is well reproduced
with the assumption of a constant wave lenght in eq. (14).
Considering the whole range of wind velocities, an average
wavelength in the order of 3 cm provides a good agreement
between observed and computed data.
For the comparison with the data of Paulson and Simpson,
again the same wave length values are used for computing
the model results. The theoretical curves are here shifted to
higher values because of the higher contribution of the logarithmic correction term. Whereas for the comparison with
Grassl's data the correction was in the order of 25%, here it
amounts to about 50% of the boundary layer temperature
drop. The observed data and related indications are taken
from fig. 8 of the publication of Paulson and Simpson, where
A is represented as function of the friction velocity.
The vertical bars represent the 90% confidence limits, the
numbers refer to the number of points averaged. The u'
scaling is chosen in a manner, that the corresponding U10
values coincide approximately with those of fig. lia. The
agreement between observed and model data is not as good
as that stated for the comparison with Grassl's data. However, in view of the large uncertainty of the experimental
data, the agreement is still quite satisfactory.
CONCLUSIONS
The concluding observation is allowed, that the proposed
skin model provides realistic results for a large range of wind
speeds, if for the average length of the typical momentum,
heat and mass transfer wave a value in the order of 3 cm is
assumed. The characteristics of the proposed model confirm
the need to know heat and momentum flux at the sea surface for the determination of bulk water temperatures from
remote sensed sea surface temperatures. It is worth noting
that the reliable prediction of the temperature skin effect
as one specific aspect of the ongoing heat transfer process,
includes automatically the prediction of momentum, heat
and mass transfer properties across the oceanic boundary
layer. A similar model for the atmospheric boundary layer
will supplement this aspect and allow in future more reliable computations of heat and mass transfer between the
atmosphere and the ocean.
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ABSTRACT
Global maps of satellite-measured surface skin temperature (SMSST), multi-channel sea surface temperature
(MCSST) and cross-product sea surface temperature
(CPSST) are computd from imagery of the Advanced
Very High Resolution Radiometer (AVHRR) for five fortnights in 1984/85. They demonstrate systematic latitudinal variations and regional extremes of the differences with greatest RMS values of 0.7 K between MCSST and SMSST found at low latitudes. Mean differences range from 0.1 IT between CPSST and SMSST to
0.45 K between MCSST and SMSST. A part of the differences might be attributed to the skin cooling at sthe sea
surface. A parameterization of the bulk-skin temperature difference is derived from in-situ field measurements.
This can be used to find a relation between satellite measured bulk and skin temperatures.

sentative for the upper decimetres or metres of the ocean,
although the satellite infrared measurements observe the
upper, micrometre thick skin, of the ocean. To account fox
this fact another family of split-window algorithms has
been developed in order to derive at satellite measured
surface skin temperatures (SMSST). These are based on
radiative transfer calculations for ocean-atmosphere situations rather than on buoy-satellite match-ups (Refs. 4,
5). The millimetre thick molecular sublayer adjacent to
the sea surface inhibits a temperature difference of the
order of several tenths of a degree that maintains the
energy flux through the air-sea interface. This sublayer
is in part responsible for the bulk versus skin temperature difference as seen in the results from the various
satellite-derived SST maps. The objective of this study
is to analyse the regional and seasonal differences between the MCSST, OPSST and SMSST products and to
summarize most recent results on the skin effect as measured in field campaigns.

Keywords: AVHRR, remote sensing, sea surface temperature, skin effect.
2. DATA AND ITS PROCESSING
1. INTRODUCTION
Satellite-derived sea surface temperature (SST) from infrared imagery is one of the most useful products obtained from operational weather satellites. The Advanced Very High Resolution Radiometer (AVHRR)
flown on the polar orbiting NOAA (National Océanographie and Atmospheric Administration) satellites measures radiation in five spectral channels of which three are
of direct importance for the SST retrieval. The use of two
infrared channels situated at approximately 11 and 12 /im
allows the application of the so-called "split-window technique" to derive an atmospheric correction, mainly to account for water-vapour absorption and aerosol extinction,
for the satellite measurements giving SSTs with accuracies of about 0.5 to 1 K. For AVHRR data this technique became the Multi-Channel SST or MCSST (Réf.
1, 2), being the operational SST product of NOAA. Recently, the algorithm has been modified to account for
the scan-angle dependency and the non-linearity in the
atmospheric correction (Réf. 3). The new operational algorithms are called Cross-Product SST (CPSST). While
the MCSST and CPSST algorithms are developed by a
match-up between SSTs as measured from drifting buoys
and co-located AVHRR measurements they are automatically tuned to give bulk-water temperatures being repre-

For t'àe analysis of satellite data we have acquired global
sets of AVHRR data of the Global Area Coverage (GAC)
which has a reduced horizontal resolution of about 4 km
when compared to the original AVHRR measurements
having a 1fcmresolution at nadir view. We select data
from five months representing seasons from March 1984
to March 1985. The data stem from the NOAA-7 and
NOAA-9 orbiters.
Calibration and Earth location of the data have been performed following the instructions given by NOAA (Réf.
6). The data are then cleared for clouds, ice and land areas and subsequently mapped to global grid with a mesh
width of 0.25 degrees in latitude and longitude. Until
this step no differences encountered in the data processing leading to the different SST products. More details
of the processing are given in (Réf. 7).
Finally, the split-window coefficients and the nonlinear cross-product algorithm are applied to the gridded
brightness temperatures and the derived SST fields aie
averaged over the first fortnight of each month under consideration. These are March, Jane, September, December 1984, and March 1985.
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Figure 1. Map of SMSST for the first fortnight of March 1984.

3. COMPARISON OF GLOBAL SST FIELDS
A global map of SMSST for March 1984 is show in figure
1. The well known patterns like the Gulf Stream, the
Kuroshio, and the Cape-Hoorn Stream are identified in
the otherwise zonally stratified distribution of the surface
temperature. Areas with sea ice are indicated in white.
The same patterns can be seen in the SST fields as derived from the MCSST and CPSST algorithms, they are
not shown here. The differences are rather small, typically in a range of ±1.0 K, but they are essential because
their distribution is systematic and exceeds the accuracy
that is needed for SST fields in climate studies or in airsea heat exchange computations. In order to study these
important differences their spatial and seasonal distribution is extracted.
Sections of MCSST versus SMSST temperature differences AT in the Atlantic Ocean along 2O0W and in the
Pacific Ocean along 15O0W are shown in figure 2. The
differences range from -1.0 K to 1.5 K with greatest values in the subtropical area of the northern hemispere.
Lowest differences are seen in the Inner Tropical Convergence Zone (ITCZ). These differences might in part
be attributed to the skin cooling that is enhanced in dry
atmospheres with low cloud cover (Réf. 8). Other areas

show similar differences which vary also seasonally with
the latitudinal migration of the global atmospheric and
oceanic circulation patterns as shown in the frequency
distributions of AT in figure 3. Extreme differences of
AT > 1.5 K occur in the northern Arabian Sea as well
as in the Red Ses. and the Persian GuU during all seasons. The mean difference between MCSST and SMSST
is 0.45 K.
The MCSST algorithm does not account for the scanangle dependency of the water-vapour correction that
is necessary for an accurate SST determination. This
dependency is included in the CPSST and also in the
SMSST algorithms. The mean difference between SSTs
as derived from the latter two is only 0.1 K. The corresponding frequency distribution is shown in figure 4 for
March 1984.
4. PARAMETERIZATION OF BULK-SKIN
TEMPERATURE DIFFERENCES
With the advent of new and more accurate infrared techniques and corresponding retrieval methods with envisaged higher accuracy in the SST products the bulk-skip
temperature difference becomes even more important.
Temperature fields as measured with the Along Track
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Figure 2. Sections of MCSST versus SMSST temperature differences in the Atlantic Ocean along 2O0VT (above) and in
the Pacific Ocean along 15O0W (below) in June 1964.

Scanning Radiometer that is flown since July 1991 on
board the ERS-I satellite are expected to be as accurate
as 0.5 K and this accuaracy is of the same order as the
bulk-skin temperature difference in many cases. Field experiments have been carried out to radiometrically measure skin temperatures together with bulk-water temperatures and other meteorological parameters in order to
find adequate easy to use parameterizations fot the skin
effect that is is otherwise not available from routine meteorological observations.
Field measurements in the Northeast Atlantic Ocean
have shown that the bulk-skin temperature differences
ATs range from —1K to 1 K with mean values of 0.1 K
to 0.2 K depending on wind and surface heat flux conditions (Réf. 8). Simple parameterizations have been proposed for the use with satellite observables like surface
wind speed and cloud cover. These allow an estimate of
ATs with an accuracy of about 0.15 A". Unfortunately,
the experiment is restricted to a small region only and
cannot give global conclusions about the bulk-skin temperature difference.

V

I-

In February and March 1991 another field experiment
has been carried out in the North Atlantic for the same
task. Surface skin temperatures have been measured
with a KT-4 radiometer equipped with a 10 — 12 pm
bandpass filter together with bulk water measurements
at a depth of five metres and other meteorological and
océanographie measurements that are necessary to find
parameterizations for
Figure 5 shows the frequency distribution of one minute
means of the temperature differences as obtained during
three weeks from February 24 through March 16, 1991
in the Norwegian and Iceland Seas. The distributions
of AT? in this area look different from those found in
subtropical and midlatitude areas of the Atlantic Ocean
as described by (Réf. 8). Especially the daytime values
are far less affected by the diurnal thermocline because of
the low solar radiative flux in the subarctic winter regime.
Mean values found are ATs = 0.28 K during night and
AT? = 0.26 K during day with standard deviations of
0.19 K and 0.25 K respectively. These can be applied w
a simple correction to the SMSST maps in order to find
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Figure 3. Frequency distribution of MCSST versus SMSST temperature differences in 1984: March (upper left), June
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20
a better relation with the MCSST or CPSST maps. A
refinement of ATs is possible with additional knowledge
about cloud cover and surface wind speed values. This
is shown in table 1 where ATs is stratified with respect
to daytime, cloud cover (U), and wind speed (u). The
tabulated values differ from those reported eatliei (Réf.
8) and demonstrate the need for more field experiments
in other regions of the World Ocean.
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Table 1. Dependence of ATs on cloud cover, wind speed
and daytime.
N
octas
0-5
6-8
0-5
6-8

U

Day

Night

m/s
<5
<5
>S
>5

0.23
0.29
0.24
0.31

0.19
0.29
0.23
0.33

-2

-1

AT(K)
Figure 4. Frequency distribution of CPSST versus
SMSST temperature difference» in March 1984.
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Figure 5. Frequency distribution of bulk-skin temperature differences as obtained from a field experiment in the Norwegian Sea in February and March 1991.
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5. CONCLUSIONS
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A part of the differences found from the different SST
retrievals can be assigned to the bulk-skin temperature
difference. This difference is studied in ship-borne field
experiments and shows mean values of about 0.3 K and
variations within the range ±1K.
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SEASONAL SST AND UPWELLING INDICES ALONG THE NORTHWEST AFRICAN COAST
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ABSTRACT
3400 NOAA GAC satellite images covering the Northwest
African upwelling area have been processed to sea surface
temperature (SST) maps. An SST upwelling index has been
computed and is analysed for seasonal and spatial variabilities. An Eknian upwelling index has been computed from
the large scale wind filed and the two indices are compared.
The analysis shows a consistent agreement at the large scale,
but complicated and often diverse relationship at mesoscale.

Keywords: Coastal upwelling, sea surface temperature, seasonal variability. Northwest Africa, wind

1. INTRODUCTION
The Northwest African upwelling area is one of the major
coastal upwelling regions in the world. Like other major
upwelling areas off California, Peru and South Africa the
vigorous equatorwards trade winds are expected to play a
dominant role in determining the strength and duration of
upwelling events. The subsurface waters ascending to the
surface under the influence of the winds have physical and
chemical properties that are distinct from the usual surface
waters. The upwelled waters are, for instance, colder and
richer in nutrients than the surface waters. The lowering of
sea surface temperature following coastal upwelling may be
as large as 6-8° C and the sea surface temperature is therefore often used as an indicator of coastal upwelling. This
make satellite data particularly useful for studying the
large scale and synoptic distribution of coastal upwelling
since (he sea surface temperature is one of the ocean surface
parameters that is relatively easy to obtain from satellite
data. So far, existing knowledge about the large scale variability of coastal upwelling in the Northwest African
upwelling area has been inferred from the large scale wind
field or the atmospheric pressure field. The inference is
based on classical Ekman theory. Only a few studies have
Figure 1. Study area with geographical name» and isobaths
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shown a persistent use of in-situ data which in paît is due to
the large number of stations to be sampled to arrive to a consistent picture of spatial and temporal variability. Océanographie observations in the Northwest African upwelling area
have been carried out since the beginning of this century
with the majority of recent observations originating from the
Cooperative Investigation of the Northern Part of the Eastern
Central Atlantic (CINECA) programme. In the CINECA period from 1970 to 1977 almost 100 océanographie cruises
were carried out in the area. With the advancement of remote sensing techniques it is now possible to observe the
ocean at regular intervals which may be able to improve the
understanding of the large scale surface patterns in particular
of tea surface temperature The aim of this paper is to show
how upwelling indices calculated from satellite data relate to
upwelling indices calculated from meteorological data, and
to update existing knowledge of seasonal variability of
coastal upwelling.

2. SEASONAL VARIABILITY
Most of the knowledge of seasonal variability of coastal
upwelling at large scale in the Northwest African upwelling
area is derived from large scale observations of the wind
field or the atmospheric pressure field. Various atlases or climatological data sets of atmospheric pressure and winds
comprise mean situations derived from historical data sets,
refs. 1,2. In general, the large scale trade wind patterns migrate northward during spring and summer to reach its most
northerly position in August followed by a southward displacement until the most southern position is reached in Feb-

ruary, (see figure 1 for a geographical position of the study
area). This migration pattern introduces a strong seasonal dependency of coûtai upwelling, réf. 3. South of about 2O0N
upwelling occurs primarily during winter, between 2O0N and
250N upwelling is persistent throughout the year with maximum intensity during spring and autumn while norm of
2S0N upwelling is expected during summer and autumn. The
seasonally is most pronounced in the southern part where
trade winds are dominant in winter and spring and are replaced by the opposite blowing monsoon winds during summer and autumn. Furthermore the monsoon winds advect
warm, (>27°C) water towards north as far as Cape Blanc at
ZO0N resulting in a very large yearly temperature variation.
North of 330N seasonality vanishes along the African coast
and appears only north of 370N along the Portuguese coast
where upwelling season occurs betweeen July and September, réf. 4. Only a few studies have described seasonal variability of coastal upwelling along Northwest Africa using insitu sea surface temperature measurements. Wooster et al.,
réf. 3 collected merchant ship observations for the period
1850 to 1970 summarized in one-degree squares along the
eastern shores of the Atlantic Ocean between 70N and 440N
and compared coastal temperatures to mid-ocean temperature averages derived from réf. 5. The zonal temperature differences were compared to alongshore wind stresses as derived from climatic data sets. Réf. 6 summarized merchant
ship observations from March 1968 to December 1976 by
one-degree square and examined the zonal difference of sea
surface temperature at latitudes from 1O0N to 33°N. The results of the two references analysis of zonal temperature differences and alongshore wind stress are shown in figure 2.

25"N:

JAN

APR

JUL

a

OCT

JAN

APR

JUL

OCT

C

Figure 2. a) Mean temperarture differences between coastal areas and mid-ocean (K) for the period 1969-1976. Negative values
indicate coastal temperature lower than mid-ocean. From réf. 6. b). as 2a from réf. 3. The figures have been redrawn to the same
scale for easy comparison. Notice that the authojs for figs 2a and Zb used opposite signs for the temperature differences, c)
Monthly variation of offshore Ekman transport (m s" per meter of coastline) computed from longshore component of wind stress.
From réf. 3.
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lated for these selected stations. The upwelling index will be
referred to ai the Ekman upwelling index.
3. DATA USED
3. !Satellite data
The satellite data used in this study are from the NOAA series carrying the Advanced Very High Resolution Radiometer(AVHRR). Only the low resolution data known as Global
Area Coverage (GAC) having a resolution of 4 km are used
since this is Ae only possibility of having a longer time series available. The full resolution data at 1 km aie only systematically available after 1986 for the study area. A total of
3400 satellite images have been processed into maps of sea
surface temperatures (SST) covering the period from July
1980 to August 1989.
The processed images include data acquired from NOAA-7,
NOAA-9 and NOAA-11. Only daytime images are available.
Thus all images are midday or late afternoon observations.
Satellite data calibration and calculation of brightness temperatures has been done following refs. 7,8. The SST is calculated using a split window algorithm as described in réf.
10. The algorithm has not been developed particularly for
this study area but the inaccuracies this may cause are not
supposed to be significant since only temperature differences
are examined here and not absolute values. In fact in would
probably have been sufficient to use brightness temperatures
and avoid the application of a split window algorithm. To
eliminate the influence of clouds the approach of "maximum
value compositing" has been adapted here. Over a given
time period all images are stacked on top of each other and a
new image is created which for each location retains the
warmest value found at the same location in all the images
over the time period. This technique which will be referred
to as Maximum Value Compositing (MVC) has for instance
been used for studying diurnal warming in the Sargasso Sea,
réf. 9, and is frequently used for land applications for producing composites of normalized difference vegetation indices. Different test carried out using periods of 5 days, 10
days and 1 month revealed that 10 days was a sufficient period for achieving full geographical coverage with an acceptable minimum influence of clouds.
An SST upwelling index has been derived from the 10-day
MVC's. The index is calculated as the zonal temperature difference between midshelf temperature and the temperature
SOO km further offshore at the same latitude. The SST
upwelling index is derived from 4O0N to 4°N throughout the
time period where satellite data is available.
3.2 Wind data
Wind data have been made available from the European
Center for Medium Range Weather Forecasting, UK. The
wind field is derived by means of an analysis of meteorological observations and a 6-hour forecast obtained with a
numerical model. The winds used in this study are given at
12 UTC for each day in the period from September 1982 to
June 1991. The winds are given at 10 m height on a spatial
grid of 1.875 degrees latitude and longitude before May
1985 and 1.125 degrees after May 1985. The wind data are
used for calculating an upwelling index defined as being the
Ekman transport perpendicular to the midshelf line. Stations
along the coast are selected from the wind field, interpolated
to the resolution of the satellite images primarily for easier
comparison to satellite data and the upwelling index calcu-

4. RESULTS
4.1 Mean annual upwelling indices
Mean annual SST upwelling index and Ekman upwelling index are shown in figure 3 and figure 4. The patterns shown
in figure 3 are in good agreement with the patten» shown in
figure 2a and 2b. The absolute values «re however not in
agreement, since the satellite index displays much lower dynamic range than the in-silu measurements.. This difference
may be due to different measurement techniques and the
processing applied to the satellite data i.e. the maximum
value over 10 days as compared to instantaneous thermometer readings. Furthermore there are differences in geographic
positions from which the coastal and offshore temperatures
are calculated. TJI particular, the index shown in figure 2b
used offshore temperatures in the mid-Atlantic, while the
SST upwelling index is calculated as a difference between
midshelf temperatures and temperatures SOO km further offshore. The large scale agreement between the SST upwelling
index and the indices in figure 2a and 2b depicts the major
seasonal variability as described previously. South of 2O0N a
strong seasonal signal is dominant with upwelling occurring
during winter. Between 2O0N and 260N upwelling is persistent throughout the year with maximum intensities during
May and June and between September and December. Further north between 3O0N and 320N upwelling is strongest in
summer between August and September. North of 320N
upwelling is not evident along the African coast but the Portuguese summer upwelling north of 370N can be identified.
A major discrepancy between SST upwelling index and insitu temperature upwelling index is found between 260N
and 280N during August and September where upwelling is
strong in the satellite index but absent in the in-situ based index. A plausible explanation could be that the latter is based
on merchant ship measurements and the main shipping
routes at 26°N-28°N pass by the Canary Islands and not
along the coast, hence no data would be available. A second
major discrepancy is found at 120N where figure 2a shows
strong upwelling in March and April which is absent in the
satellite index.
Figures 4 and 2c are showing the same Ekman upwelling index but calculated from two different wind data sets. The
overall agreement is very consistent, in both pattern and
magnitude. The discrepancies just south of Cape Blanc at
190N are more likely due to differences in data processing
than actual differences in wind fields. At large scale the Ekman upwelling index also compares well with the SST
upwelling index in figure 3. The seasonality south of Cape
Blanc is consistent in both indices, but north of Cape Blanc
up to 2S0N there are major differences. The SST index demonstrates strong upwelling througout the year with two major peaks in May/June and October/November. The same
double peak cannot be found in the Ekman index. Further
north at the location of major capes along the coast the SST
index is high, for instance at Cape Yubi at 270N and Cape
GhLr at 310N. Not unexpectedly the intensification of coastal
upwelling in the vicinity of capes cannot be explaned by
simple Ekman theory.
5,CONCLUSION
Satellite data have been collected and processed for monitoring temporal and spatial variabilities in coastal upwelling.
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Figure 3. Mean annual SST upwelling index (K)

Figure 4. Mean annual Ekman upwelling index (m s
meter coastline)

The SST index reveals new information about the seasonalily of upwelling. mainly because the spatial resolution of satellite data is higher than the resolution of data sets used in
previous studies. A comparison to an Ekman upwelling index derived from classical Ekman theory and using a large
scale wind field as data set reveals a large scale consistency
in upwelling indices.

2. Hellerman S. and Rosenstein R.. 1983. Normal monthly
wind stress over the world ocean with error estimates. Journal of Physical Oceanography. 13,1093-1104.

6. ACKNOWLEDGMENTS

4. Mittelstaedt E., 1986, Upwelling Regions, LandoltBornstein, New Series. Group V. vol. 3Ic, Oceanography.
(Siindermann J., éd.). Springer Verlag, Berlin.

The wind data were provided by the European Center for
Medium Range Weather Forecasts, Reading, UK. Trevor
Barker, CSC, UK developed significant pieces of the software for analysis of the data.

per

3. Wooster W.S.. Bakun A. and McLain D.R., 1976, The
seasonal upwelling cycle along the Eastern Boundary of the
North Atlantic, Journal of 'Marine Research. 34,131-141.

7. REFERENCES

5. Bohnecke G., 1936, Das Beobactungsmaterial und seine
Aufbereitung, Wissenschaftliche Ergebnisse der Deuischen
Atlantischen Expedition aufdem Forschunge- undMessungsschiff "Meteor" 1925-1927, v. 5. part 1: pp 1-186.

1. DHI, 1967, Monatskarten fur den Nordatlantischen Ozean.
Deutsches Hydrographisches Institut, Hamburg, 2420, SO pp.

6. Speth P. and Detlefsen H.. 1982, Meteorological influences on upwelling off Northwest Africa, The Canary Cur-

351

rent: studies .of an upwelling system, (Hempel G., éd.),
R*pp. P.-v. Reun. Con*. Lit. Explor. Mer, vol. 180.
7. Lauritson, Levin, Nelson, Guy J., Porto F.W., 1979, Data
extraction and calibration of TTROS-N/NOAA radiometers,
NOAA Technical memorandum NESS 107,73 pp.
8. NOAA, 1986. NOAA Polar Orbiter Data Users Guide,
(Kidwell K.B., éd.), NOAA, NESDlS, National Climatic
Data Center, Satellite Data Services Division, rev. January
1988 and December 1988.
9. Comillon P. and Stramma L., 1985, The distribution of
diurnal surface wanning events in the Western Sargasso Sea,
Journal of Geophysical Research, vol. 90, C6, pp. 1181111815.
10. Castagne N.. Le Borgne P., Le Vourch J. and Olry J.-P.,
1986, Operational measurements of sea surface temperatures
at CMS Lannion from NOAA-7 AVHRR data. Int. J. of Remote Sensing, vol. 7. no. 8, pp. 953-984.

1

t

ï

4?
t

Ff.

353

\
SURFACE CIRCULATION IN THE ADRIATIC SEA AS OBSERVED BY AVHRR

G. BorzellK+), S. Marallof+), R. LigiW, P.E. LaViolette(')

(-f)Telespazio, Rom Italia, (^Mississippi State University, MS USA

Abstract

1

The surface summer circulation in the Adriatic
Sea was studied using a time series of 122 NOAA
pass covering a period from July 8th to September
72th 1991. Because no interest was focused on
temperature absolute value, and because split
window techniques may often mask weak thermal
patterns, atmospheric corrections were avoided.
Satellite data clearly revealed the very turbulent
structure of the circulation in middle Adriatic
and the violent evolution of coastal jets along
both Italian and Yugoslavian sides. The observed
instabilities often evolve into eddies that fill the
North and Middle Adriatic Sea. The apparent
absence of winds such to justify those structures
opens a very interesting and intriguing problem
about energy sources for the generation of the
eddies and for their stability.
1. Introduction
As has been pointed out by several authors
(Buljan, Zore-Armanda 1976) the Adriatic may
be described as a continental sea because of its
land-locked shape as well as for its shallow deep.
This basin has the shape of a long rectangle (850
km long and 200 km wide) that communicates
with the east Mediterranean sea through the
channel of Otranto at its southern boundary. In
its northern part, the Adriatic Sea is entirely
constituted by the continental shelf (50 - 100 m)
while the main troughs are present in the middle
Adriatic (Yabuka pit 20Om) and in the south
Adriatic (South adriatic trough 1200 m). The

first descriptions of the Adriatic general
circulation are due to Wolf and Luksch (Wolf
and Luksch 1877, Wolf and Luksch 1881) and
to Wolf, Luksch and Kottstorfer (Wolf, Luksch
and Kottstorfer 1877). At the beginning of this
century data collected during the cruises Najade
and Ciclope (1911-1914) were analyzed by De
Marchi (1911) and by Feruglio (1920). More
recently a phenomenological description was
given by Zorè-Armanda (19S6; 1963; 1968),
Mosetti and Lavenia (1969), Rizzoli (1970),
Buljan and Zorè-Armanda (1976) and Franco et
Al.(1982).
From these studies it results that three layer of
water can be identified: a surface layer, that is
constituted by water of northern origin that
mainly flows southward along the Italian side,
an intermediate layer, of Levantine origin, that
flows northward and a bottom layer, constituted
by dense water formed during winter in the
northern part by the effect of particularly strong
and dry winds (Bura) that flows at the bottom
southward.
The circulation in the Adriatic Sea is cyclonic
in all seasons. The water entering in the basin
through the channel of Otranto flows northward
along the Yugoslavian side while a return flow
is present along the Italian side. During Winter
time, a cold and intense jet is present along the
Italian side while a warmer and broader flow
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interests the Yugoslavian side. In Summer the
situation is reversed and a warmer and broader
jet flows southward along the Italian side.
In this paper we intend to give a contribution
to the knowledge of the Summer circulation in
the Adriatic Sea. The present work is based on
the analysis of a time série of 122 thermal
infrared images supplied by the sensor
AVHRR/2 mounted on board of NOAA satellites
in the period between July 8™ to September
10T« 1991.
As stated by several authors (Miljenko and
Zore-Armanda 1976; Franco et AI. 1982) the
thermoaline structure of the Adriatic sea is
essentially given by changes in the horizontal
salinity distributions. However, a proper
interpretation of thermal patterns in satellite
imagery, may be used as a tracer of the surface
circulation (La Violette, 1984; Arnone and La
Violette, 1986).
In section 2 we give a brief description of satellite
data processing and, in section 3, we describe
dynamical structures observed along the whole
period. In section 4, discussion and conclusion,
we try to outline the possible scopes of future
researches and make some hypothesis on the
forcing fields underling the observed dynamics.
processing
Thermal gradient in the Mediterranean sea
are generally weak (La Violette and Holyer,
1988). This implies that noise introduced by split
window techniques (Probhakon et Al. 1974, Mc
Clain et Al. 1985) may often mask thermal fronts.
When the interest of the research is pointed on
thermal front shapes and positions rather then
on temperature absolute values, atmospheric
corrections may be avoided. Brightness
temperatures supplied by channel four of
AVHRR radiometer seem to be more useful and
CPU time is saved. On the basis of these
considerations it was decided to use only channel
four of AVHRR radiometer even if this implies
that images obtained reveal relative temperatures
rather then absolute value. A schematic
description of processing steps involved in
satellite imageries is given in fig.l . Every NOAA
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10 and 11 satellites pass over the Adriatic sea
was read into the computer (ingest pass, step 1).
Because no absolute value of surface temperature
were of interest, no corrections for atmospheric
attenuation either for Limb darkening
(Cornillon, and Stramma, 1983) were done.
Successively, images were mapped on an
equirectangular geographical map projection
(step 2) and land pixels were eliminated by
masking off land areas on images (step 3).

ingest pass

projection on geographical coordinates

masking off land pixels
fig.l) Description of data processing steps.
3. Data analysis
The total amount of data collected along the
whole campaign was 122 AVHRR imageries
provided by NOAA 10 and NOAA 11 satellites
from the 8™ of July to the 12™ of September
1991. About 2 passes per day were collected
(night-time pass and day-time pass). Satellite
data were processed as described in the previous
section and, image series, covering different time
scales, were examinated to derive displacement
and the evolution of surface features. In order
to observe different time scales motions, time
lags between successive images were chosen so
as to detect different frequencies in water flows.
Due to the fact that the minimum time lag
between two successive images is 12 hours, the
maximum frequency detectable is:
(1)

/max-l/(2-A/)»0.042cyc/es/h

355

1

The period between the 11™ of July to the
19™ of the same month is characterized by an
eastward flowing current, probably due to the
Po river plume, which, in this period seem to
be oriented southward, departing from Ancona
directed towards the Yugoslavian coast.
Furthermore, satellite imagery clearly reveal a
narrow but very intense current (apparently 40
cm/s) directed southward along the Yugoslavian
coast from the Quarnaro Gulf up to Jabuka pit.
This flow, together with a current directed
northward coming from Otranto along the
Yugoslavian coast, as well as the effect of
bathymetry, probably induces an anticyclonic
gyro present off-shore in the middle Adriatic.
The frequency of this eddy is estimated as 0.0052
cycles per hour and its radius is about 14.8 Km.
Satellite data displays that the current field
in the period between the 5™ and the 18™ of
August is evolved into a different configuration:
while the eastward flows from Ancona towards
the Yugoslavian
coast
are completely
desappeared, a very complex eddy structure is
present in the middle Adriatic: the above
described eddy anticyclonic structure is still
observable but other two eddies, one cyclonic
(f=0.0032 cycles/h and R= 19.8 Km) and the other
anticyclonic (f=0.0032 and R= 19.6 Km),
probably related to the bathymentry, are
detectable. Moreover, in this period, the
circulation in the middle Adriatic seem to be
coupled to the flows in the southern Adriatic by
a clear flow line departing from the southern
anticyclonic eddy up to the Gargano peninsula.
In fig.2 are shown dynamic flows in the
Adriatic sea between the 30™ of August up to
the 8™ of September. The Northern Adriatic is
characterized by a double eddy regime: the first
eddy stays in the gulf of Venice while the other
one, of anticyclonic type, stays just off-shore
the Istrian Coastline and slowly translates
southward. Its frequency is estimated as 0.003
cycles/h and its radius about 15.3 Km. The
middle Adriatic circulation, in this period, is
still characterized by two eddies: the first one
(f-0.004 cycle/h), which is the biggest (33.6 Km)
(see fig.2), with its centre located just in front
of Ancona on the Adriatic mid-line, rotates

anticyclonically and the second (f-0.003
cycles/h), smaller and
souther, rotates
cyclonically. The southern circulation is
characterized by a rather intense current flowing
northward along the Yugoslavian coastline. Part
of this water, following the bathymétrie lines,
deviates towards the Gargano peninsula, and
immediately flow out the Adriatic sea along the
Italian coastline; the rest of the water flows
northward parallel to the Yugoslavian littoral and
alimentâtes the cyclonic eddy in the middle
Adriatic (fig. 3a and 3b).

AUG.30-MRI

fig.2) schematic description of surface flows
between August 30th up to September 8th
4. Discussion and conclusion
The dynamics described in the previous
sections is quite interesting and unusual for the
Adriatic basin. Most amazing thing is that, for
the whole observation period (two months),
turbulent structures, that often evolve into
apparently stable eddies, have been revealed and
not obvious sources of energy have been
identified.
Extremely interesting are the eddy regimes
observed in the middle Adriatic, in-fact no large
scale winds such to justify those structures were
observed.
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The period between the 11™ of July to the
19™ of the same month is characterized by an
eastward flowing current, probably due to the
Po river plume, which, in this period seem to
be oriented southward, departing from Ancona
directed towards the Yugoslavian coast.
Furthermore, satellite imagery clearly reveal a
narrow but very intense current (apparently 40
cm/s) directed southward along the Yugoslavian
coast from the Quarnaro Gulf up to Jabuka pit.
This flow, together with a current directed
northward coming from Otranto along the
Yugoslavian coast, as well as the effect of
bathymetry, probably induces an anticyclonic
gyro present off-shore in the middle Adriatic.
The frequency of this eddy is estimated as 0.0052
cycles per hour and its radius is about 14.8 Km.
Satellite data displays that the current field
in the period between the 5™ and the 18™ of
August is evolved into a different configuration:
while the eastward flows from Ancona towards
the Yugoslavian coast are completely
desappeâred, a very complex eddy structure is
present in the middle Adriatic: the above
described eddy anticyclonic structure is still
observable but other two eddies, one cyclonic
(f »0.0032 cycles/h and R* 19.8 Km) and the other
anticyclonic (f-0.0032 and R= 19.6 Km),
probably related to the bathymentry, are
detectable. Moreover, in this period, the
circulation in the middle Adriatic seem to be
coupled to the flows in the southern Adriatic by
a clear flow line departing from the southern
anticyclonic eddy up to the Gargano peninsula.
In fig.2 are shown dynamic flows in the
Adriatic sea between the 30TH of August up to
the 8TH of September. The Northern Adriatic is
characterized by a double eddy regime: the first
eddy stays in the gulf of Venice while the other
one, of anticyclonic type, stays just off-shore
the Istrian Coastline and slowly translates
southward. Its frequency is estimated as 0.003
cycles/h and its radius about 15.3 Km. The
middle Adriatic circulation, in this period, is
still characterized by two eddies: the first one
(f-0.004 cycle/h), which is the biggest (33.6 Km)
(see fig.2), with its centre located just in front
of Ancona on the Adriatic mid-line, rotates
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anticyclonically and the second (f-0.003
cycles/h), smaller and
souther, rotates
cyclonically. The southern circulation is
characterized by a rather intense current flowing
northward along the Yugoslavian coastline. Part
of this water, following the bathymétrie lines,
deviates towards the Gargano peninsula, and
immediately flow out the Adriatic sea along the
Italian coastline; the rest of the water flows
northward parallel to the Yugoslavian littoral and
alimentâtes the cyclonic eddy in the middle
Adriatic (fig. 3a and 3b).
AUG. N-MRC

fig.2) schematic description of surface flows
between August 30th up to September 8th
4. Discussion and conclusion
The dynamics described in the previous
sections is quite interesting and unusual for the
Adriatic basin. Most amazing thing is that, for
the whole observation period (two months),
turbulent structures, that often evolve into
apparently stable eddies, have been revealed and
not obvious sources of energy have been
identified.
Extremely interesting are the eddy regimes
observed in the middle Adriatic, in-fact no large
scale winds such to justify those structures were
observed.
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Fig.3a) Satellite data, NOAA 11, Channel 4, September 1ST 1991. White lines are bathymétrie lines.

Fig.3a) Satellite data, NOAA 11, Channel 4, September 4™ 1991. White lines are bathymétrie lines.
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Two possible mechanism for the formation of
those eddies have been identified. The first one
may be described as follow: large scale winds,
blowing westward from the Yugoslavian towards
the Italian coast, channel off between Pag island
and the land, as a result appear local winds having
vorticity of opposite sign in opposite directions
respect to the channel. Those local winds
communicate their vorticity to the sea. The
second driving mechanism may be described in
the following way: as has been mentioned in the
previous section a fast flow directed southward
from the Quarnaro Gulf along the Yugoslavian
coast has been observed; this flow hits against
the climatological flow coming from Otranto
channel, this cause a return flow towards the
Italian side, which, forced by the bathimetry,
give rise to the observed eddies.
Unfortunately, no quantitative data are
available to confirm either to deny the above
hypothesis. Moreover both the hypothesis are
criticable. In-fact, the first one is weak when
watched in the context of energy balance, while
the second one does not explain the anticyclonic
northest eddy observed in the first decade of
September in the middle Adriatic.
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A STUDY OF THE THERMAL BAR IN LAKE LADOGA USING NOAA-AVHRR DATA

Lennart Jonsson and Joakim Malm

Department of Water Resources Engineering, University of Lund,
Box 118, S-22100 Lund, Sweden

Abstract

During spring and autumn a special thermo-hydrodynamic
phenomenon, called thermal bar, can be observed in dimictic lakes.
The thermal bar is a zone of mixing that separates waters with
temperatures above and below 4 0 C. Its practical importance is due
to the possibility that it might isolate the nearshore region from the
offshore region (as seen from the thermal bar), which may cause
a serious pollution problem along the beach.
This paper presents a study of the thermal bar and its
temporal behavior in Lake Ladoga, Russia, using NOAA-AVHRR
CH4/CH5 data. The satellite-derived water surface temperature
distributions, calibrated with some in-situ temperature data, show
that the thermal bar progresses from the southern shallow region
to the deep northern part of the lake. The thermal bar progression
during spring, obtained from sequences of satellite images, is also
compared with predictions from a simple theoretical model. The
comparison shows a good agreement between satellite-derived and
model predicted thermal bar locations.

Introduction
The thermal bar is a vertical barrier of descending water
that can occur in dimictic lakes during spring-early summer and
autumn-early winter. The phenomenon arises from the fact that
freshwaier has its highest density at 4°C. During spring, just after
the ice cover has vanished, the temperature of the lake is below
40C everywhere. As spring heating proceeds the convective mixing
leads to a faster increase of water temperatures in the shallow
regions than in deeper parts of the lake. When the temperature
exceeds 4 0 C in the nearshore region a stable stratification is developed. Between this region and the deeper part, where vertical
convective water movements still occur and with temperatures
below 4°C, a zone of descending water with the temperature of
maximum density exists, see Figure 1. This zone, called a thermal
bar. moves towards the deeper parts of the lake as spring heating
proceeds.
One of the most important features of the thermal bar is
that it to a large extent isolates the water between the shore and the
bar from the rest of the basin. This may cause a serious pollution
problem along the shore. Investigations of the phenomenon have
primarily been concentrated to very large lakes. This is probably
due to the fact that the thermal bar can exist in such lakes for a
month or more. Some examples of very large lakes, where the
thermal bar have been observed are Lake Ontario (Rodgers, 1966),
Lake Superior (Hubbard and Spain, 1973) and Lake Michigan
(Beer, 1971 ) in the Great Lakes district in North America and Lake
Ladoga (Tikhomirov, 1963) and Lake Onega (Tikhomirov. 1973)

in the USSR.
Although several field investigations have been carried out
of the thermal bar in field experiments, much knowledge about its
features still remains to be gained. To increase the knowledge,
more data need to be collected. In-situ field studies are, however,
expensive and it is difficult to get a good synoptic coverage. It is
also difficult to follow the thermal bar movement with time, as data
just can be collected at a few occasions in the field from practical
and economical reasons. The use of satellite data, for instance
NOAA-AVHRR CH4/CH5 data, representing the surface water
temperature in combination with image processing techniques
would be an excellent help in getting large-scale information on the
water surface temperatures in large lakes. As the thermal bar is
associated with a characteristic surface temperature pattern (with
relatively sharp temperature gradients and large temperature
differences from the shore to the bar zone and thereafter much
weaker gradients, an almost homogeneous temperature distribution
in the deeper parts of the lake), it should be easy to obtain strong
indications of the existence of a thermal bar. Furthermore,
sequences of satellite images can provide a good means for
determining the temporal behavior of the bar and the duration of
its existence.
The purpose of this paper is to show how satellite data in
conjunction with some in-situ temperature data are used to detect
the existence of the thermal bar in Lake Ladoga, Russia, and to
estimate its temporal development. Water surface, temperatures
were derived using the split-window technique on CH4/CH5,
NOAA-AVHRR data. The satellite-derived thermal bar dynamics
will also be compared with the results from a simple theoretical
model based on the net energy flux to the cold (<4°C) parts of the
lake, on vertical mixing and homogenization in these parts and on
the assumption of no horizontal heat fluxes due to advection or
diffusion.

Lake Ladoga
Lake Ladoga is the largest freshwater lake in Europe and
is located north-east of St Petersburg, close to the Finnish border.
The areal extent of the lake is about 18000 km 2 with a length of
about 190 km and a width of about 130 km. Due to the characteristics of thé bottom topography, with a shallow southern part with
mild bottom slopes and a deep northern part, the temperature
development during spring in Lake Ladoga is rather special. The
spring heating leads to a fast increase in water temperatures at the
southern part, while the vertical convective mixing in the northern
part gives a very low rate of the temperature changes.
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Temperature distribution in a section of Lake Ladoga during the time of thermal bar existence
(after Malm et al. 1991).
Surface water temperature data from satellite images

A simple theoretical model of the thermal bar movement
with time
The simplest description of the temporal behavior of a
thermal bar and the duration of its existence was based on studies
in a small laboratory lake model (Elliot and Elliot, 1970; Elliot,
1971). The lake is divided into two regimes during the spring
warming; one nearshore region with a temperature above 4°C,
which has a stable temperature stratification in the vertical, and one
"deepwater" region with a temperature below or equal to 40C,
which experiences intense convective water movements, leading to
almost isothermal conditions in the vertical. This means that the
heat entering a water column remains within the column. By using
this assumption and the assumptions of depth-constant temperatures
and a thermally insulated lake bottom, the temperature change with
time in an arbitrary water column can be expressed as.
1

40

ffT
dt

U)

where T is the temperature of the water column; t is time; Q(t) is
the surface heat flux per surface unit area on a long term (say one
or more days) average basis: p is the density of water; cp is the
specific heat of water; D(X) is the lake depth at a distance x from
the shore. This equation can easily be solved assuming a constant
surface heat flux in time and initially a constant water temperature
in the lake:
T = T0 (<Tm-4°C)

at M).

(2)

It can also be shown (Malm and Jônsson, 1992) that the
position of the bar at a certain time t can be related to a certain
depth, D:

D =

Qt

(3)

Knowledge of the depth distribution in a lake together with
an assumed constant initial temperature of the lake at the time of
thermal bar initiation and the surface heat flux, makes it possible
to predict the thermal bar position during the time of its existence
using Eq 3. If the heat flux changes with time. Eq 1 has to be
integrated and thus the simple dynamics of Eq 3 do not apply.

In order to get large-scale information on the surface
temperatures NOAA-AVHRR data were used. Data from the period
end of April until end of June/beginning of July was of interest as
it is known that the bar normally exists during this period. Data
from 19 satellite passes from three years - 1982 (NOAA-7), 1984
(NOAA-7), 1986 (NOAA-9) - was used as some in-situ measurements on surface water temperatures were performed in these
years. In order to make the detectional conditions as comparable as
possible for the different occasions satellite passes from approximately the same time during each day - around noon GMT - were
chosen. This choice also implied that only NOAA-satellites with
two channels (CH4/CH5) were used.
Geometrical corrections of the lake were first done based
on the identification of up to eight ground control points on the
monitor image. Resampling was then performed using the cubic
convolution method.
The temperature determination was based on the calibration
coefficients in the satellite data and the split-window technique
using both CH4 and CH5 radiance values for correction for
atmospheric effects. The satellite-derived surface water temperature
was then determined according to.
Twater = T4 + 2-(T4-T5) + 0.5° ( 0 K),
where T4, T5 = 10 bit-based temperatures of CH4 and CH5
respectively.
In-situ surface temperature data from 1982,1984 and 1986
obtained from a research vessel has been used in order to calibrate
the absolute temperatures obtained from the satellite data. In 1982
two field surveys were made during the period of the thermal bar
existence: the first between 28/5-2/6 and the second between 19/621/6. The satellite data to be compared with the observations from
these surveys was obtained on June 2 and June 20. In 1984 surface
temperature data was measured during one survey between 31/52/6 and the corresponding satellite data was obtained on June 3. In
all three surveys, water surface temperatures were measured in 115
points evenly distributed across the lake. The field survey performed during 1986 was made between 28/5-1/6, while the satellite
data was registered on May 31. At this survey, surface temperature
measurements were made at 63 points.
The comparison between measured surface temperatures
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and surface temperatures obtained from satellite data at a number
ot locations in the deep water region for the four occasions is
presented m table 1 As can be seen from the table the absolute
temperatures obtained from satellite data are overestimated for all
lour occasions. The spread in the data is quite small for each
survey as shown by the standard deviations. As an average, the
temperature obtained from the NOAA-7 data in Lake Ladoga are
probably overestimated by 1.5-2°C. This is also supported by
satellite-derived water temperatures from a day with some remnants
of melting ice - assuming a water temperature of 0°C. In the
following, all NOAA-7 data that is presented is decreased with
1 5 C in order to compensate for the observed overestimation.

Table I

Measurement

82-1

Difference between in situ measured surface temperatures and surface temperatures obtained from
satellite data for four occasions.
Number of
comparison
points

Average
temperature
difference
( 0 C)

Standard
deviation
("C)

46

2.1

0.2

Figure 3

82-2

34

1.4

0.3

84-1

47

2.2

0.1

86-1

23

0.5

0.2

The comparison between observed field data and the
NOAA-9 data collected during 1986 in table 1 shows that the
absolute temperatures calculated from the satellite data are
overestimated with 0.5"C. This is also indicated by satellite data
extracted from 6/5-1986. At this occasion a part in the northern
legion of the lake was still ice-covered. Therefore, the absolute
temperatures obtained from the NOAA-9 data are decreased with
0.5T in order to compensate for the overestimation.
An example of the development of the surface temperature
structure in Lake Ladoga during the time of thermal bar existence,
as obtained from the NOAA-7 data during 1984. is shown in
Hgures 2.3.

Photo showing the surface temperature distribution
3/6 1984 in Lake Ladoga.

As can be seen from Figures 2.3 the 4°C isotherm is quite
distinct in both cases. Furthermore, the movement of the 40C
isotherm follows the concept discussed in the introduction quite
well, where the movement proceeds from the shallow region to the
deeper parts during spring heating. Also the surface temperature
distribution seems to be in good agreement with the general ideas
of the temperature distribution associated with the thermal bar. The
deep-water region (<4°C) experiences almost homogeneous
surface temperatures over large areas, where the temperature
gradients are very weak. In the vicinity of the 4 0 C isotherm (on the
shore side), the horizontal surface temperature gradient is very
large at the later stages of thermal bar existence.

Thermal bar dynamics

1
The most complete series of NOAA data during the
existence of the thermal bar was obtained during 1984 and 1986.
These two series have been used in the analysis of the thermal bar
dynamics in Lake Ladoga. On the basis of satellite data the time of
thermal bar initiation is estimated to be April 25 for both years and
the initial temperature to be O 0 C throughout the lake. No registration of the surface heal flux was made during 1984 and 1986.
However, data on daily average surface heat flux (received from
the Institute of Limnology, St Petersburg) calculated from meteorological data during spring 1988 was available and assumed to be
representative for 1984 and 1986.
The parameterization of the surface heat flux expressed in
mathematical terms gives.

<?(() = 7.36( * 177
W) = -4.641 * 416

Figure 2

Photo showing the surface temperature distribution
12/5 1984 in Lake Ladoga.

(£20
20<ïs90

(4)

where Q(t) is the surface heat flux (W/m2) and t is the time in days
(I=O corresponds to April 25). As the surface heat flux is not
constant in time, Eq 3 for the thermal bar movement is not valid.
Instead trie surface heat flux according to Eq 4, is inserted into Eq
1, which is integrated with respect to time. In Figure 4 the location
of the 4°C isotherm is shown at several occasions during the spring
of 1984. as extracted from the satellite data and as predicted from
the model.
The general similarity between observed positions of the
thermal bar, using the satellite data, and the ones predicted by the
simple model is striking. As the predicted positions also correspond
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1984-06-14
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1964-06-21
IS16 GMT

1984-07-06
IS32 GMT

t
Figure 4

Thermal bar positions during spring 1984. Solid lines correspond to positions determined from the
satellite data and the broken lines are the predicted locations, using the theoretical model.

to a constant depth curve, it seems as if the thermal bar is following the depth contours quite well. This indicates that the heat
that enters a water column in the region colder than 4°C to z. large
extent remains within the water column and that adveciive heat
transport is of secondary importance.
DiscutskMi
The visual inspection of Figure 4 showed a remarkable
agreement between the satellite-derived and model-derived
dynamics of the thermal bar in spite of the simplicity of the model,
uncertainties as to certain inputs to the model and to the limited
accuracy of the determination of absolute temperatures by remote
sensing. In the latter case one could notice that the satellite-derived
temperatures were consistently 1.4-2.2*C loo high judging from
reported values from three of the survey cases. As the same
discrepancy was found for water adjacent to melting ice conditions
it seems as if the satellite data overestimated the real surface water
temperature.

The model of the thermal bar dynamics is based on a
number of simplifying assumptions the validity of which should be
studied in more detail. The model output is also sensitive to
uncertainties as to the input variable Q(t) (heat flux) and initial
temperature T0 at the beginning of the thermal bar generation. The
distribution in time during spring of the heat flux would of course
also influence the bar dynamics - however this effect is assumed to
be small. Ladoga being a very large lake also brings forward the
problem of possible variations in the spatial distribution of CKt).
The model results are rather sensitive to the initial temperature T0 as Eq 1 integrated with respect to time contains the term
T111-T0 which is of the order of 4°C. Thus a change in T0 might
significantly change the value of T1n-T0. This fact points to the
need of knowing the initial average heat conditions in the lake. It
might also be possible that T0 is spatially dependent. This fact
could easily be considered in the simple model.

If
^r

365

Conclusions
The water surface temperature distribution in Lake Ladoga
as obtained from NOAA-AVHRR CH4/CHS data during the time
of the thermal bar existence, seems to be in good agreement with
the general ideas of the temperature regime associated with the
thermal bar. The temperature changes from the shore to the bar
were generally relatively large, while the deeper parts of the lake
experienced weak temperature gradients, with almost homogeneous
temperatures over large areas. The absolute surface water temperatures calculated from the satellite data seems to be overestimated
(for NOAA-7 data with approximately l.S-2°C and for NOAA-9
data with about 0.5°) as compared to in-situ measurements. In
Lake Ladoga the thermal bar is initiated at the shallow southern
pan during late April/beginning of May, moves successively
towards the deep northern region to finally disappear in late
June/beginning of July. A comparison between thermal bar
locations during spring/early summer obtained from satellite data
with predicted ones using a simple theoretical model shows a food
agreement although there are some uncertainties in the input to the
model. As the model assumes no horizontal heat fluxes in the cold
region (<4°C) of the lake it seems like these fluxes are not of
primary importance.
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ABSTRACT

As part of the geophysical validation campaign of
the Along Track Scanning Radiometer lèverai ship
cruises have been undertaken in the Coral Sea off
the north-east coast of Australia. Ship- mounted infrared radiometers have been used to measure the
skin temperature of the ocean surface while more
conventional means have supplied estimates of the
bulk temperature.
In this paper a single case study comparison between AVHRR, ATSR and ship measurements will
be presented. A preliminary assessment of the ATSR
performance suggests that the instrument will meet
its design goal of a global SST accuracy of 0.3K.
Keywords: Satellite derived sea surface temperature, Along Track Scanning Radiometer, Infrared radiometers, SST validation.

1. INTRODUCTION
Sea surface temperature (SST) is one of the most
important parameters in climate studies. The energy balance at the air-sea interface and the input
of energy into the atmospheric system are both controlled by the surface temperature. Also it has been
suggested that careful monitoring of SST patterns in
the tropical oceans will lead to reliable forecasting of
climate anomalies such as the El Nino phenomenon.
SST is also a useful parameter in many other fields
including oceanography, the fishing industry, pollution monitoring and weather forecasting.
For many years now the Advanced Very High Resolution Radiometers (AVHRR) on the NOAA series of operational meteorological satellites have produced data that have enabled the determination of
global sea surface temperatures (SST) with an accuracy of around 1 degree. These estimates are obtained using a differential absorption technique in
the thermal infrared region of the spectrum.
During 1991 an improved infrared radiometer was
launched on the European Space Agency's first remote sensing satellite ERS-L This instrument, the
Along Track Scanning Radiometer (ATSR), has been
specifically designed to measure SST with an accuracy that will allow the data to be useful in climate research. This accuracy of 0.3K has been set

by the international Tropical Oceans Global Atmosphere (TOGA) program.
The ATSR is now supplying SST products on a
regular basis and validation campaigns are showing
that the products have the accuracy required for climate research.

2. THE SATELLITE RADIOMETERS
2.1 The AVHRR
Details of the AVHRR are given by Lauritson et al.
(Réf. 1) in their operational handbook. The AVHRR
is a five channel radiometer operating in the visible
and thermal infrared regions of the spectrum. The
infrared channels (Nos. 3, 4 and 5) operate at wavelengths of 3.7,11 and 12 /un. The spatial resolution
on the earth's surface is 1 km and the swath width
is near 3000 km.
2.2 The ATSR
The ATSR is a new generation instrument that incorporates improved technology in the determination
of the upwelling infrared radiance at the top of the
atmosphere. Table 1 shows a comparison between
the AVHRR and the ATSR. Further information on
the ATSR is reported by Delderfield et al. (Réf. 2).

3. SHIP DATA AND ANALYSIS
The ship data used in this comparison have been collected on the "RV FRANKLIN" during a cruise off
the east coast of Australia. This was one of several
cruises undertaken in the Australian region during
the commissioning phase of the ATSR. Many coincidences of ship and satellite measurements were obtained under clear sky conditions and a detailed analysis of the performance of the ATSR and AVHRR
instruments is continuing.
The measurements on the FRANKLIN included
infrared radiometer measurements of the upwelling
radiance from the sea surface, the bulk sea surface temperature using a well calibrated thermosalinograph, radiosonde measurements of the vertical structure of the atmosphere above the ship, and
the standard meteorological measurements.

Proceedings of the Central Symposium of the 'International Space Year' Conference. Held in Munich. Germany. 30 March-4 April 1992
<ESA SP 341. July 1992}

\

368

Table 1: ATSR and AVHRR specifications.
ATSR
Infrared
S.7 10.8
bands (M m)
11.9
1.6
VU.Nffi band* (M m)
Surface view*
Double
Calibration black
bodies
2
Space riewf
O
Aperture (cm)
10
Integration time ( MC)
80
Detector temp. (K)
80
Digitisation (bite)
12
Detector NEAT (K)
0.025
Passive microwave
channel*
Yes
500
Surface swath (km)
Pixel «iie (km)
1.1

AVHRR/2
3.7 10.8
li.9
0.6 0.9
Single

1
1
20
20
105
10
0.010
No
3000
1.1

4. THE COMPARISON
4.1 The satellite data
From the large number of coincidences available we
have selected data taken on November 19, 1991 for
our comparison. The main reasons for selection are
detailed below. The satellite images showed a distinctive SST pattern that would assist in the collocation of the two images used in the intercomparison of
the two satellite instruments. The ship records state
that the sky was completely clear of clouds and these
are supported by the satellite images which also show
large areas of clear sky. The satellite images were obtained at 0945Z (NOAA-12) and 1219Z (ERS-I) and
both were ascending passes allowing easier identification and matching of surface features. The area
used for the comparison was near the centre of the
NOAA-12 swath so that the satellite senith angles in
the two images were similar.
The NOAA-12 data from orbit No. 02681 were
obtained at 0945Z. The full swath satellite image using the 11 /<m channel (No. 4) is shown in Figure
1. This figure also shows the location of the ATSR
image from the following ERS-I pass. The image
shows a strong warm East Australian Current running down the coast line with eddies breaking away
from the main current.
Figure 2 shows the ATSR 11 /un image obtained
at 1219Z on the same day. This image is from the
nadir scan, has been corrected for the conical scan
of the ATSR, and is presented as a 512x512 km3 image with the elements being distance along the subsatellite track and the distance from the track. The
features in the SST pattern have been used to match
this image to that obtained with the AVHRR. Figure 3 shows the corresponding AVHRR image which
is also boxed in Figure 1. Because the satellite data
were obtained within a three hour period, and because they were both ascending passes, the two images match quite well.
Two different transects were chosen for the com-

I

i

AVHRR Il

Figure 1: The full AVHRR pass over the east coast
of Australia from NOAA-12 AVHRR.
parison of the data. First the transects labelled ABC
on Figure 6 were chosen. "A" is located in the main
arm of the warm East Australian Current and the
section AB crosses the boundary of the current. The
section BC crosses an eddy in its northern half and
then covers a colder area of water before terminating
at "C" in the south of the image. This transect has a
range of near four degrees in brightness temperature
and contains significant features for easy identification of water bodies.
The second transect, labelled "SHIP", is along a
track of the FRANKLIN between 074OZ and 160OZ
on the same day.
4.2 Brightness temperature comparison
The brightness temperature for the 11 /Jm channels on the two radiometers measured along the transect ABC is shown in Figure 4. The two plots show
the effect of the improved noise temperature in the
ATSR data (ATSR has a noise temperature near
0.04K compared to the AVHRR of 0.12K). This effect is more obvious in Figure 5 where a small section
of the BC transect is plotted on a finer scale.
Near "A" the AVHRR temperature is greater than
that for the ATSR by about 0.3K. This effect could
be due to the slightly shorter atmospheric path (and
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Figure 2: The 11 /im image from the ATSR over the
study area.
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Figure 4: The 11 pm brightness temperatures for the
transect ABC on Figure 6. (a) AVHRR. (b) ATSR.

Figure 3: The 11 pm image from the AVHRR for the
same area as Figure 2. The temperature scale is the
same as for Figure 2.
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hence less atmospheric absorption) for the AVHRR
case. For the BC section there is quite good agreement between the two sets of data, even though the
ATSR now bas the shorter path. For the 12 /un
channels (no diagram is given) the data show good
agreement at location "A", but the ATSR is warmer
than the AVHRR by 0.4K over the section BC. This
agreement in the brightness temperatures in the two
completely independent satellites is most gratifying
for users of both ATSR and AVHRR data. The small
differences may be due to the slightly different spectral responses of the radiometers'filters, and is of the
same order as the calibration accuracies expected for
AVHRR.
When comparing these data it must be remembered that there is a time difference of two and a
half hours between the AVHRR and ATSR measurements: Also the different scanning characteristic» of
the instruments, and the different orbits, can lead to
difficulties in perfectly matching the transects on a
pixel-by-line basis.
The ATSR data show some small cloud contamination near pixel No. 110.
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4.3 SST intercoroparison
The AVHRR data were used to derive the SST over
the scene. The operational algorithm developed by
NOAA-NESDIS for the AVHRR on NOA A-12 was
used, vu.,
SST

= -275.72+1.0086Tii+ 2.4526(T11-T13)
+ 0.82399(T11 - Tia)(*ecV> - 1)

20.6

£ 20.4

I
8- 20.2

where i/> is the satellite ienith angle when viewed
from the surface.
The ATSR data were converted to SST using prelaunch algorithms that depend on the distance from
the sub-satellite track. In this case the mid-latitude
algorithm using the 11 and 12 /un channels in the
nadir scan only was used. For the section BC this
algorithm is
S5T = -275.12 + 1.0069T11 - 2.6741(T11 - Tia)

\W*

t

For both instruments the algorithms compute SST
in degrees Celsius with the brightness temperatures
being in degrees Kelvin. The ATSR SST image is
given in Figure 6.
The SSTs calculated along the transect ABC are
shown in Figure 7. This comparison shows one of the
main differences between the SST derived from the
ATSR and that from the AVHRR. In the latter case
the SST algorithm has been derived from a regression
analysis of satellite data against drifting buoy measurements. Thus the AVHRR algorithms are tuned
to deliver the bulk temperature of the ocean. In contrast the ATSR algorithms have been derived theoretically and are developed to give the surface "radiative" or skin temperature. This extremely thin
layer on the sea surface is due to evaporative heat
loss, amongst other things, and is usually found to
be 0.2 to 0.5 degrees cooler than the bulk temperature just below the surface. This comparison shows
the skin-bulk surface temperature difference. The
other important feature to note is the "noise" on
the SST plots. ATSR, with its improved noise temperatures and its 12-bit digitisation, shows a much
clei-.oer temperature trace than the AVHRR. This is
clearly shown in Figure 8 where the pixels near the
southern end of the BC section are shown on an expanded scale.

20.0
220

240
Pixel number

20.6

(b)

£ 20.4

+*
S

I 20.2
ft

20.0
220

240

Pixel number
Figure 5: The 11 /tm brightness temperatures for a
section of the transect BC. (a) AVHRR. (b) ATSR.

4.4 Ship-satellite data comparison
The ship track is shown on Figure 6. Table 2
gives the ship location and the associated temperature measurements between 074OZ and 160OZ. During this time the ship was taking CTD casts and the
speed between the extremities of the track was quite
irregular.
The temperatures measured by the radiometer
must be corrected for the non-unity emissivity of the
sea water and for the reflection of the downwelling

Figure 6: SST image derived from the ATSR data.
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Figure 7: SST values for the transect ABC. (a)
AVHRR. (b) ATSR.

460 480 500
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Figure 8: SST values for the last 70 pixels on transect
BC. (a) AVHRR. (b) ATSR
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Figure 9: Ship and satellite measurements of SST. The full line is from the AVHRR data and the dashed
line is from ATSR. The + represents thermosalinograph measurements of bulk SST while the * represents the
corrected radiometer estimates.
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Table 2: Details of the ihip measurements.
Se» Suif. Temp. ("C)
ThennoTime Lat.
IUd.
Rid.
Long.
(• S)
CB) •alinogimph 11 itm con.
(Z)
0740
0945
1219
1500
1600

30.25
30.25
30.25
30.25
30.25

154.75
155.21
155.18
155.48
155.70

22.0
22.0
21.7
21.5
22.9

21.2
21.1
20.9
20.7
22.1

21.8
21.7
21.5
21.3
22.7

sky radiation. For this particular case the correction was 0.6K. The ship measurements also show the
skin-bulk temperature difference described! above.
The satellite-derived SSTs for both the ATSR and
the AVHRR are shown in Figure 9. The skin-bulk
temperature difference can be seen as well as the
good agreement with the ship measured temperatures. The figure also shows the considerable fluctuations in the AVHRR temperatures when compared
to those from the ATSR.

5. CONCLUSIONS
The results presented here show that the ATSR is
able to supply an estimate of the SST which has a
smaller rms fluctuation than that supplied by the
AVHRR. Also, on the basis of only a few coincidences, the ATSR appears to have an absolute accuracy that is within the design specifications; i.e.
0.3 degrees. However, many more satellite-ship coincidences over a larger range of latitudes are required
before this fact can be fully verified.
The data analysed here also highlight the difference between the AVHRR and ATSR products. The
ATSR measures the radiative temperature of the surface layer of the ocean, while the AVHRR algorithms
have been tuned to give the bulk temperature of the
water just below the surface. To fully use the more
accurate ATSR SST values will require a better understanding of the air-sea interface dynamics.

Perhaps much will be learned on this subject during
the forthcoming TOGA/COARE experiment in the
tropical west Pacific Ocean.
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GENERATION AND DISTRIBUTION OF REMOTELY-SENSED
SEA SURFACE TEMPERATURE IMAGES
A. C. Dilley, C. C. Elsum, M. Edwards and I. J. Barton
CSIRO Division of Atmospheric Research
Private Bag 1, Mordialloc, Victoria 3195, Australia
ABSTRACT
For the past six years, the CSIRO Division of Atmospheric Research (DAR) has provided satellitebased sea-surface temperature charts to research organizations and fishing interests around Australia.
The charts are generated on the basis of measurements made by the Advanced Very High Resolution
Radiometer (AVHRR) carried on the NOAA series
of polar orbiting satellites. Data from this 5-band
scanning radiometer are received at DAR and processed to produce images of Sea Surface Temperature
(SST) quantized in 12 x 0.5 0 C levels. SST image
files can be downloaded to remotely located PCs using standard telephone services and thence written
as maps on a rolour plotter. The processing is fully
automated and operates at speeds which allow users
to view a sea-surface chart within 30 minutes of a
satellite overflight. One important application is the
use of charts by fishermen to identify areas in which
several species of pelagic fish are known to aggregate
in commercial numbers.

1 ••

Keywords: Sea surface temperatures, distribution of
images.
1. SATELLITE MEASUREMENTS
The National Oceanic and Atmospheric Administration (NOAA) of the U.S. Department of Commerce maintains two operational satellites in sunsynchronous polar orbits arranged to give complementary views of the Earth at 7.30 am and 2.30 pm
local time with corresponding orbits at night. The
satellites carry, among other instruments, a scanning
radiometer known as the Advanced Very High Resolution Radiometer (AVHRR). This instrument scans
perpendicular to the satellite's direction of travel to
provide a continuous coverage of a 3,000 km swath
of the Earth's surface in 5 spectral bands (1 visible
band, 1 near infra-red and 3 thermal bands) with
a spatial resolution of 1 km at the surface directly
beneath the satellite. Measurements are combined
into a data stream which is broadcast in an S-band
phase-modulated transmission.
A representation of the satellite in space is shown
in Fig 1.

Figure 1: NOAA meteorological satellite.
2. RECEPTION AND ANALYSIS FACILITY
The CSIRO Division of Atmospheric Research
maintains a NOAA satellite data reception and analysis facility at its laboratories in Aspendale (a suburb
of Melbourne). A diagram depicting the facility is
shown in Fig. 2. The reception component comprises
a tracking dish antenna, & receiver with a phaselocked loop PSK demodulator, a formatter and a
supervising Sun engineering workstation. The formatter builds from the generated bit-stream, words
and lines in a format which facilitates subsequent
analysis. An Ethernet local area network connects
the reception component to each of the several additional Sun engineering workstations which make up
the analysis component of the facility.
The system is used to acquire up to 6 overpasses
per day. All data are written to an Exabyte 8 mm
data tape unit for archival and subsequent off-line
processing. However some data of immediate interest (for example that used to generate Sea Surface
Temperature (SST) charts) are analysed on completion of reception.
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Figure 2: Ground reception and data analysis facility.
3. SEA SURFACE TEMPERATURE ANALYSIS
CSIRO has provided satellite-based SST charts
to research organizations and fishing interests since
November 1986. Processing employs the MCSST
methodology of NOAA to derive sea-surface temperatures using the brightness temperatures corresponding to two or three thermal bands. The processing
algorithm typically takes the form

tralian continent. The box encloses a typical small
area of interest for detailed SST analysis.
Fig. 4 shows the end product after applying the
processing described above to the small area marked
in Fig. 3. The delineation of quantization levels by
contour lines has been shown to be of considerable
benefit to users in interpretting the image.

4. DISTRIBUTION
SST = 0 + 6* T 4 + c* T5

where T4 and Ts are brightness temperatures derived from bands 4 and 5 and a, b and c are satellitespecific parameters which include the zenith angle of
the satellite view.
Images of the product are passed succesively
through processes which smooth the data, quantize
the values into 12 x 0.5 0 C levels centred on the median temperature value, draw contours between levels and append headings, date and time and an annotated legend. The final product is held as a 640 x
350 x 4 bit-per-pixel image file on disk. Additional
processes print the image file as a colour plot.
Data from a typical overpass are shown in Fig 3.
The recorded data from the visible and near infrared bands have been sub-sampled and scaled to give
a full-swath representation in quasi-realistic colours
of the satellite's view of the eastern part of the Aus-

Fig. 5 shows the data flow from satellite to end-user.
Remote stations can access image files via a Bulletin
Board service. Compressed-data versions of the image files are maintained in user-specific areas of a PCbased file system. Users have dial-in access to a limited subset of areas. They may copy files from these
areas to their own disk storage and then uncompress
the data, display the image in colour and generate
their own hard-copy colour chart. The processing
is fully automated and operates at speeds which allow users to view a sea-surface chart within 30 minutes of a satellite overflight. The timely generation
of an operational SST product at remote locations
has been exploited by fishermen who use the charts
to identify regions of strong horizontal temperature
gradient - regions in which several species of pelagic
fish are known to aggregate in commercial numbers.
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Figure 3: AVHRR swath.

Figure 4: Small area SST image.
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Figure 5: Data transmission to users.
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ABSTRACT
A number of hindcast experiments with the third-generation
wave model 3G-WAM have been carried out during the SEASAT period to lest the mutual consistency of wind and wave
data provided by SEASAT scatterometer, altimeter and SAR
sensors. Generally the wave model data are reasonably consistent with altimeter wave heights. In order to reduce occasional regional deviations between observed wave information
and simulated spectral wave energy density an assimilation
method is developed to locate and estimate the wind corrections responsible for the wave data deviations. The assimilation system is tested under various situations and is currently
being prepared for application to the ERS-I SAR wave data.
Keywords: Assimilation, wave model 3G-WAM
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1. Introduction
The motivation for the development of an data assimilation
scheme using satellite data derived from active microwave sensors (radar altimeter, synthetic aperture radar (SAR) and
scatterometer) is to make optimal use of these globally received ocean surface data for climate studies and weather and
wave forecasting. Assimilating wind and wave data into atmospheric and surface gravity wave models will improve the
prediction of the sea state, which is particularly desirable in
strong storm situations. Conversely, reliable knowledge of the
sea state is needed to convert remotely sensed signals into
geophysical quantities.
The global third generation wave model 3G-WAM provides a
valuable base for an operational assimilation system (WAMDIG, 198; ). The wave model calculates the evolution of the
two-dimensional spectral wave energy density directly from
the energy balance equation without prior restrictions on the
spectral shape. As the significant wave height of a fully developed sea state is approximately proportional to the square of
the friction velocity, the wave model wave heights represent a
sensitive indicator of errors in the wind stress fields.

The quality of the satellite wind and wave data obtained from
SEASAT (July to October 1978), and GEOSAT (1985 to
1989) had been assessed by comparison with ground truth observations and model data (e.g. Atlas et al., 1987; Woiceshyn
et al., 1987; Fedor and Brown, 1982; Hasselmann et al., 1988;
Hasselmann and Hasselmann, 1991; Romeiser, 1992). The
mutual consistency of remotely sensed wind and wave data
for wave forecasting has been investigated in a hindcast study
using the SEASAT data (Bauer et al., 1992). The WAM
model was driven by differently analysed gridded wind fields
with and without assimilated scalterometer winds. The computed wave heights were validated against the altimeter wave
heights. Some systematic differences in wave heights could be
attributed to various shortcomings in the wind fields. Previous findings were confirmed that low winds were underestimated and high winds overestimated by the scatterometei
algorithm.
For a preliminary assimilation experiment a hindcast situation was chosen in which the modeled wave heights were underestimated up to 30%, in the southern hemisphere due to
poorly determined wind stress fields. SEASAT altimeter wave
heights were continuously inserted during the wave model integration, improving the model prediction where observations
were available. From the altimeter wave heights correction
factors were determined and applied to the two-dimensional
energy spectra in a region of influence around the measurement position. However, the relaxation time of the error
correction was relatively short (about five days) since the incorrect wind fields which created the errors was not modified.
The assimilation scheme should therefore be extended to include a correction not only of the wave field but also of the
wind field.
2. Assimilation using an impulse response function
approach
The most general data assimilation apprcach is the adjoint
method. The cost function expressing the deviation between
the model and the data is minimized in an iterative procedure involving alternate integrations of the model equations
forwards and the adjoint model equations backwards (Thackei
and Long. 1988). However this method appears computationally too expensive for operational applications. In the following, we propose an alternative simpler assimilation method.
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\Ve define (he cost function as the distance between observational data I)0 and the corresponding model counterpart D
weighted by the error covariance matrix M of the data including a penally term, with an appropriate weighting matrix
S for the differences between the initial wind data it and the
corrected wind data u:

./ = (/) - D)T '.\r'(D - D) + (U -Uf S-1 (u- U)

The problem is reduced to the computation of the impact
functions Wp(k) and W p ( k ) given in Eq. 4 and of the wave
age r(k). Wp (k) and Wf (k) are obtained by integration of
the wave transport equation for small spectral perturbât!-

(1)

The control variables for the minimization are the model
friction velocities. For simplicity it is assumed that the error
values of the different data are uncorrelated. The cost function is then normalized with the standard deviation of observational errors, yielding to a straightforward least squares
problem:

(2)

J =

of the wind field perturbation on the spectral component
fp(k). The influence point of each spectral component is
determined by the wave age r(k).

(6)
(7)

The forcing terms on the right-hand sides 0"(Jc) and /J"(fc)
express the impact due to changes of the friction velocity on
the spectral energy close to the spectral peak, whereas the
term A(A) represents a damping of the perturbations due to
dissipation and nonlinear transfer.

where J)1, denote the observed data at positions p, df the
modification of the model data, 0° the model first-guess
and (H,, i',) the corrections of the friction velocity vector at
specified influence locations q.

The wave age r ( k ) describes the time at which the wave
component last received a significant impact by the wind
forcing. It is small for short wind generated waves and larger
for swell.

The hindcast studies have demonstrated that the mean model wave heights are close to the observations. In an assimilation system in which the wave field is updated continuously it can be expected that the local first-guess energy
density will not deviate too far from the true state. A small
deviation of the model data dp can be linearly related to
a small deviation of the wave energy ff(k) as function of
wavenumber k by the transfer function

The relation between the control variables («,(£), «,(?)) and
the model data dp is obtained from Eqs. 3 and 4:

where

*;(*) =

(3)

Changes of the spectral wave energy due to a wind modification can formally be represented by an impulse response
function which depends however, on the sea state field. In
this case the nnpact of changes of the friction velocity components ( H , ( k ) , vq(k)) on the wave spectrum fp(k) can be
given by a linear relation:

(9)

B;(k) =

A(k)Wp(k)

and is substituted into the cost function Eq. 2. The i
mum of the cost function is given by the solution of:

8J

— =0

1

(Ii)

dJ

(12)

Ov1(S)
which yields:

(13)

Thus the cost function can be expressed as a quadratic function of the linearized spectral perturbations fp(k).
In general, a modification of the wave spectrum f ( k ; x, t) at
a position ? and a time t can be described as the response
of the system due to the eifect of a friction velocity forcing
(K(J', /'), v(i\ t)) acting at position x' and time t':

f(k;!.l) =

di',dt'[G"(k;x.t,x',t')u(x',t')

(5)

where G", G" are impulse response (Green) functions of the
linearized system. It can be shown that to an acceptable
approximation G", G" can be represented as ^-functions in
space and time, so that Eq. 5 reduces to Eq. 4. The index
p refers to the position x~p and time tp of the observation,
while q denotes the point and time of maximal influence

v

) = RfB f(k)(Dp

- 0°)

(14)

where
(15)

The assimilation method was tested in various twin experiments using synthetic wind fields with one containing errors.
As example, Fig. ( 1 ) shows the correct friction velocity field
of an idealized cyclone and Fig. (2) the friction velocity deviations (ss 20% underestimation), while Fig. (3) and (4)
show a true spectrum and a spectral deviation respectively,
at an exemplary measurement point. The wind stress errors
inferred by the assimilation of 12 correct spectra at measurement points typical of two ERS-I SAR wave mode passes
are presented in Fig. (5).
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Figure 5: Inferred correction of friction velocity through the
assimilation of 12 spectra from locations marked by o.

3. Conclusions

Intercomparison studies of 3G-WAM wave model hindcasts
were generally reasonable consistent with observed altimeter
wave heights. Regional discrepancies in the wave fields could
be related in most cases to shortcomings in the analysed friction velocity fields. The proposed assimilation scheme yields
non-local friction velocity corrections at the positions of maximal influence on the observed wave data. In various test
cases the assimilation procedure was able to correct wind errors of the order of '20% reasonably well from non-local wave
measurements.
ITAK
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Figure 3: Correct energy density spectrum as function of
frequency and direction in a logarithmic scale
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GLOBAL VALIDATION OF THE WAVE MODEL WAM USING GEOSAT WAVE HEIGHT DATA

Roland Romeiser

Institut fiir Meereskunde, Unlversitat Hamburg, Germany

ABSTRACT

The high quality of wave fields simulated by the third
generation wave model WAM has already been demonstrated in
various validation studies using in-situ measurements as well as
satellite data. However, due to (he limited extent of the
validation data sets the previous studies were restricted to
relatively small regions or short time periods. In this first global
verification study of the WAM model over a full one-year
period, the significant wave heights hindcast for 1988 are
compared with measurements obtained by the GEOSAT radar
altimeter. Global maps of monthly averaged wave heights
derived from the WAM model and GEOSAT data are compared
with each other. The intcrcomparison is complemented by a
statistical analysis. Although a very good correlation is found in
general, significant regional and seasonal differences are
evident, which can also be seen nicely in a video animation of
daily wave height maps.
Keywords: WAM model, GEOSAT wave heights.
1. INTRODUCTION

Since 1957 [Celci et al., 1957], wind-driven numerical wave
prediction models have been formulated in terms of a transport
equation for the .two-dimensional wave spectrum (surface
variance spectrum). The general structure of the source function
of the transport equation was given by Hasselmann [I960]. It
consists of a superposition of terms describing the energy input
by wind [Miles, 1957; Phillips, 1957], the nonlinear transfer due
to resonant wave-wave interaction, and the dissipation due to
white capping and turbulence.
However, the integration of this basic transport equation without
any additional constraints on the spectral shape requires an
explicit prescription of the three components of the source
function, which was realized for the first time in the third
generation wave model WAM [WAMDI Group, 1988]. A global
version of the WAM model is implemented in a quasioperational setup at the European Centre for Medium Range
Weather Forecasts (ECMWF). The analyzed wind fields from
the high resolution atmospheric model running at ECMWF are
used as input for the simulation of global hindcast wave fields as
well as a 24-hour wave forecast. Hindcast significant wave
heights from the global WAM model are verified in this paper.
The data are compared with measurements obtained by the radar
altimeter aboard the U.S. Navy satellite GEOSAT.
Previous validation studies of the WAM model were restricted
to relatively small regions or short time periods for which
adequate data were available. For example, in a study by
Francis et al. [1985; see also WAMDI Group, 1988], a shallowwater version of WAM was applied to six typical storm cases in
the North Atlantic and the North Sea. Hindcast wave spectra
were compared with corresponding data measured at 11 stations.
The WAM model performed well in general, bul in some cases
the peak wave heights were found to be underestimated

considerably. A similar analysis was carried out for three
hurricane events in the Gulf of Mexico [WAMDI Group, 1988],
showing good agreement of the hindcast wave spectra with
measurements.
The global WAM model was validated by Zambresky [1989]
using buoy data measured in the Gulf of Alaska, in the Pacific
Ocean around Hawaii, off the east coast of the USA, and in the
North Atlantic. Again, a slight underestimation of the peak wave
heights by the model was observed in some storm cases.
A verification study with global satellite data was carried out by
Bauer et al. [1991]. Significant wave heights measured by the
radar altimeter aboard the American satellite SEASAT [Fedor
and Brown, 1982] were used as reference. Unfortunately
SEASAT was in operation only from July through October
1978, thus the intercomparison was limited to a period of three
months. However, a significant underestimation of the wave
heights hindcast by WAM for the southern hemisphere was
found. It could be attributed mainly to insufficiencies of the
wind stress fields driving the model. Test runs using wind fields
from different sources demonstrated that the WAM model was
very sensitive to inconsistencies in the input wind stress data.
In this paper, the hindcast significant wave heights from the
global WAM model are compared with data obtained by the
GEpSAT radar altimeter for the entire year 1988. Ii is the first
validation of the WAM model with global reference data over
such a long period.
The paper is structured as follows. The preparation of the data
sets from WAM and GEOSAT for the intercomparison is
described in section 2. In section 3, the global performance of
the WAM model is discussed in general. A more detailed
statistical analysis is presented in section 4. A summary of
interesting features which were revealed by an animation video
of daily wave height maps is given in section S. Finally, the
conclusions are summarized in section 6.
2. PREPARATION OF THE DATA SET

The GEOdetic SATellite GEOSAT, launched in March 1985 by
the U.S. Navy, carried a radar altimeter [MacAnhur et al., 1987]
similar to the one flown on SEASAT in 1978 [Fedor and
Brown, 1982]. In addition to precise measurements of the
distance between the satellite and the sea surface, the significant
wave height (SWH) was derived from the shape of the leading
edge of the returning radar pulses [cf. Kufenach and Alpers,
1978]. The accuracy of the significant wave heights measured
by GEOSAT was specified as IO percent of the SWH or 0.5 m,
whichever is greater. It was shown in several validation studies
[e.g., Dobson et al, 1987; Shuhy et al., 1987] and other
applications of the GEOSAT data that these goals were met. At
the end of 1986, GEOSAT was manoeuvred into a 17-day repeat
orbit (altitude = approx. SOO km, inclination = 108') optimized
for océanographie measurements. The Exact Repeat Mission
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(ERM) [Bom et al., 1987; Douglas and Cheney, 1990) started
on November 8,1986, and ended at the end of September 1989.
The Geophysical Data Records (GDRs) from this period contain
approx. one data point per second along the satellite's groundtrack, which corresponds to a mean spacing of about 7 km
between two data points.
(n contrast to this, the WAM wave heights considered here were
given every six hours as global fields on a spherical 3°x3° grid
ranging from 63°S to 72°N. In order to obtain a set of
comparable wave height pairs from WAM and GEOSAT, the
data of both sources had to be pre-processed. The algorithm
developed for the WAM vs. SEASAT study by Bauer el al.
11991 ] was adopted for this purpose.
The high spatial resolution of the GEOSAT data along the
ground-track was reduced by averaging over ensembles of
approx. 30 data points (200 km), yielding new data points with a
spacing comparable to the grid spacing of the WAM model. In
the same procedure data points of low quality were eliminated.
Approximately 1300 averaged data points per day were
obtained.
Finally, the WAM wave heights at the averaged GEOSAT
positions were calculated by linear interpolation between the
surrounding WAM grid points in space and time, resulting in a
set of pairs of wave heights from WAM and GEOSAT along the
GEOSAT ground-track for the entire year 1988.
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3. MONTHLY AVERAGED WAVE HEIGHT MAPS
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In order to analyze the performance of the global WAM model
in general, monthly averaged wave height maps were generated
by sorting the combined WAM / GEOSAT data points for each
month back into a 3"x3° grid and averaging the wave heights
from both sources in each grid cell. Examples of the wave
height maps for January and July 1988 are shown in Figures 1
and 2, respectively.
The plots for January 1988 (Figure 1) show good agreement of
the mean wave heights from WAM and GEOSAT.
Disagreement in coastal areas and in the vicinity of groups of
small islands can be attributed to an inefficient resolution of the
WAM model in these areas. Remarkable differences are evident
only in the northern Indian Ocean, where the WAM wave
heights are overestimated by up to more than 50 percent. This
effect could be related to the fact that the unstable atmospheric
stratification during the north-east monsoon period is not taken
into account when computing the wind stress driving the WAM
model. However, the GEOSAT wave heights for the Monsoon
region are below 1 m, thus the absolute difference between the
WAM and GEOSAT wave heights is considerably small. In
addition, it will be shown in section 4 that the wave heights
below approx. 1.5 m are generally higher in the WAM data than
measured by GEOSAT.
Significant differences of the monthly averaged wave heights
hindcast by WAM and measured by GEOSAT are found in the
southern hemisphere, in particular in the region between 15°N
and 45°S, during May through September (cf. Figure 2).
In some regions, mainly in the Indian Ocean and in the Southcast Pacific, the wave heights are underestimated by the WAM
model by up to more than 30 percent during this period. The
area in which the WAM wave heights are clearly
underestimated reaches its maximum extent in July, covering
almost the entire southern hemisphere as well as the tropical
region. During January through March as well as during October
through December, underestimated wave heights occur in the
southern Indian Ocean only, while relatively good agreement
between WAM and GEOSAT is found in the South Pacific and
in the South Atlantic.
An opposite effect was observed in the northern Pacific, where
the WAM wave heights are overestimated by 10 to 40 percent
all over the year. The extension of the concerned region to the
South is varying in phase with the region of underestimated
wave heights in the South, i.e., pronounced overestimated wave
heights in the North Pacific occur simultaneously with the
underestimated wave heights in the southern Oceans. Thus, the
model results show a clear polarization between overestimated
wave heights in the North and underestimated wave heights in
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Figure I: Monthly averaged significant wave height maps
derived from GEOSAT data and the WAM model for January
1988. Grey scales indicated at bottom.
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the South (luring April through September, while they are
relatively well balanced during the rest of the year.
An underestimation of the wave heights in the southern
hemisphere by the global WAM model was found already by
Bauer ei al. (199I] when comparing model results with
SEASAT altimeter wave heights for the period July through
September. 1978. The strength of this effect was clearly
dependent on the wind stress field used as input for the WAM
model. A test with wind fields from different sources
demonstrated that the model was very sensitive to changes in the
input wind stress field. The best agreement between WAM and
GEOSAT data over the entire wave height range, i.e. also for the
high wave heights occurring in the southern hemisphere in
September, was obtained using ECMWF wind fields with
assimilated SEASAT scatterometer winds as input. The
analyzed wind fields of the ECMWF which were used as input
for the WAM model for this study did not include assimilated
scatterometer winds. Nevertheless, it is surprising that the
underestimation of wave heights for the southern hemisphere
persists so clearly in the WAM model results.
The problem could be related to simplifications in the procedure
of converting wind speeds into wind stress. The wind stress
driving the WAM model is calculated simply by multiplying the
wind speed at a height of IO m with a drag coefficient which is
only a function of wind speed. Other parameters, such as ihe
atmospheric stratification, are not taken into account. It is
possible that this causes a significant underestimation of the
wind stress under certain conditions.
The wave heights for the North Atlantic agree fairly well in the
WAM and GEOSAT data. This can very likely be attributed to
the high quality of the wind stress fields which are available for
this region. It gives additional evidence to the fact that wave
predictions of high quality can be obtained from the WAM
model where wind stress fields of high quality are available as
input data.
4. STATISTICAL ANALYSIS

1'

The intercomparison of monthly averaged wave height maps
was complemented by a statistical analysis. A linear regression
analysis was carried out in such a way that neither the GEOSAT
nor the WAM data were considered a priori as reference data
set. The definitions of the statistical quantities are consistent
with the ones used by Bauer et al. [1991], thus the results of
both studies can be compared directly.
Denoting the wave heights from GEOSAT and WAM as x and
y, respectively, a linear relationship of the form
y = ex
(1)
can be assumed. We are mainly interested in the mean factor
relating the two variables, the regression coefficient c. For a set
of pairs of variables (xi.yj), i=l,...,N, c can be defined as
<xy>

(2)

where
<...>

1 N
=- I .
N i=l

(3)

The index "y" indicates that c is determined in this case by
minimizing the average error <(y-cx)2> with respect to the y
coordinate. In an analogous way, minimizing the average error
<(x-y/c)2> with respect to the x coordinate would yield
<y2>
Cx = ---<xy>

(4)

The two regression coefficients cx and Cy satisfy the inequality
Cy < Cx, since
cv
<xy> 2
,
.y = ..
= r2 £ 1
(5)
i
cx
<x^><y >
where r is the correlation coefficient As mentioned above, none
of the coordinates x and y should be considered as reference
coordinate in this WAM vs. GEOSAT intercomparison. A
symmetrical regression coefficient c can be defined by

<y 2 >

(6)
cxxcyv = --S<x 2 >
The correlation coefficient r and the symmetrical regression
coefficient c as defined by the equations (S) and (6) are used in
the following.
The statistical quantities were calculated for each month of 1988
separately for the northern and the southern hemisphere and for
the tropics (22"S-22°N). The definition of these three latitudinal
regions was adopted from Bauer et al. [1991] in order to obtain
comparable results. For every month and each region, the
average wave heights <x> and <y> measured by the altimeter
and hindcast by the WAM model, respectively, were calculated
as well as the correlation and regression coefficients r and c.
The global mean correlation coefficient was found to be 0.975;
the mean symmetrical regression coefficients for the northern
and the southern hemisphere arc 1.010 and 0.929, respectively.
Again, the seasonally varying underestimation of wave heights
for the southern hemisphere in the WAM hindcast is evident.
The minimum value of the regression coefficient for the
southern hemisphere is 0.893 in May 1988, indicating an
underestimation of the wave heights by the WAM model by
more than 10 percent on average. The maximum value 0.995
was found in January 1988.
In order to get a better impression of the actual distribution of
the wave height pairs, scalier plots of the WAM wave heights
vs. the GEOSAT wave heights were generated. Because of the
high number of data points in each plot (7269 < N < 24330),
logarithmic contour plots of the density of data points were
generated instead of plots showing each single data point.
Examples for January and July 1988 are presented in Figures 3
and 4, respectively. They show clearly that the data points for
the southern hemisphere and the tropics are shifted below the
line y=x in July.
Figures 3 and 4 also show that wave heights below approx. 1.5
m are clearly higher in the WAM model results than in the
GEOSAT data. The wave heights below 1.5 m are found mainly
in the tropical region. However, the occurrence of low WAM
wave heights which are greater than the corresponding
GEOSAT data is not restricted to a certain region and can
therefore be considered as a general feature of the data set
considered here. A significant wave height of approx. 1 m must
be regarded as the minimum value which can be predicted and
measured correctly by the WAM model as well as by the
GEOSAT altimeter, respectively. Thus, it is not clear whether
the differences at very low wave heights must be attributed to
incorrect WAM or GEOSAT data.
Besides monthly mean values, which were considered mainly in
the previous sections, the dynamical capabilities of the wave
model were studied by looking at the corresponding standard
deviations. Maps of the annual r.m.s. variability of the wave
heights from WAM and GEOSAT were generated. It was found
that the wave height variability in the tropical region and parts
of the southern hemisphere, in particular in the region between
the equator and 30°S, was about 30 percent lower in the WAM
results than measured by GEOSAT, while simulated and
observed variabilities showed good agreement in the northern
hemisphere and at the southern boundary of the model grid,
where the highest absolute variations of approx. 1.5 m and more
were found. This indicates again that possibly the coupling
between ocean and atmosphere is not simulated correctly by the
WAM model in the tropical region.

S. ANIMATION OF DAILY WAVE HEIGHT MAPS

GEOSAT data from approx. three days are required for
obtaining a sufficiently dense coverage of the ocean surface for
generating a global wave height map. One pair of maps for each
day of 1988 was derived from the basic WAM / GEOSAT data
set by moving a three-day window in steps of one day through
the data. A video showing an animation of these quasi-daily
wave height maps was produced, which allowed a detailed
analysis of the evolution of the wave height fields from WAM
and GEOSAT over relatively short time scales.
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Figure 3: Scaner plots of significant wave heights from WAM andGEOSATfor the northern hemisphere, the tropics,
•ma the southern hemisphere, January 1988. Logarithmic contour lines indicate 2, 4, 8,... data points per bin.
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Figure 4: Same as Figure 3, but for July 1988.
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Generally, the animation shows good agreement of the wave
height fields derived from WAM and GEOSAT data. However,
in the centres of high wind speed areas (wind speeds greater
than approximately 18 m/s) the WAM wave heights are
sometimes slightly higher than the GEOSAT wave heights.
There is no obvious explanation for this fact.
Another discrepancy between the wave fields hindcast by WAM
and measured by GEOSAT was found in the beginning of
September 1988 in the South Pacific: A field of high waves
traveling across the southern borderline of the model grid into
the WAM area is not present in the model data, which can be
attributed to the closed boundary of the WAM model at 63°S.
Due to this boundary, waves which are generated in the region
below 63°S and then travel northward into the WAM area are
not present in the model. Obviously the impact of such waves on
the wave field in the South Pacific can sometimes be significant.
6. CONCLUSIONS

By comparing global significant wave height fields hindcast by
the third generation wave model WAM with significant wave
heights measured by the GEOSAT radar altimeter for the entire
year 1988, different features of the model results were revealed
by different analysis techniques:
- The correlation between the model results and the GEOSAT
wave heights is fairly good in general. The global mean value of
the correlation coefficient r, as defined by equation (5), for the
entire year 1988 is 0.975.

- The mean symmetrical regression coefficients c, as defined by
equation (6), are 1.001 and 0.934 for the northern and the
southern hemisphere, respectively. This indicates that on
average the WAM wave heights for the southern hemisphere are
slightly underestimated.
- The underestimation of WAM wave heights for the southern
hemisphere and the tropical region is varying with the season. In
large parts of this region the wave heights are underestimated by
up to about 30 percent during May through September, while
relatively good agreement with GEOSAT data is found for the
rest of the year. The mean symmetrical regression coefficients
for the southern hemisphere are 0.901 during May through
September and 0.958 during the rest of the lime.
- An apposite effect was observed in the North Pacific, where
the WAM wave heights are overestimated by 10 to 40 percent
simultaneously with the occurrence of the underestimated wave
heights in the South.
- The WAM wave heights for the northern Indian Ocean, which
is influenced by the Monsoon, are clearly overestimated during
the winter season.
- In the region between the equator and 30°S a significant
underestimation of the dynamic variability of the wave heights
by the WAM model was found. The annual r.m.s. variability of
the WAM wave heights for this region is on average about 30
percent lower than measured by GEOSAT.
The effect of underestimated wave heights in the southern
hemisphere and the tropical region was found already by Bauer
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étal. [1991] in a validation study with data from the SEASAT
altimeter. It was attributed to inadequate wind stress fields
driving the WAM model. However, the analyzed ECMWF wind
fields, which were used as input for the WAM model for the
1988 hindcast, must be considered as quite reliable. The
persisting differences between the WAM and GEOSAT wave
heights are very likely related to the remaining simplifications in
the algorithm for converting wind speed into wind stress fields.
The wind stress driving the WAM model was calculated simply
by multiplying the wind speed at a height of IO m with a drag
coefficient depending only on the wind speed. The actual
atmospheric stratification was not taken into account.
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SPACE RADAR ALTIMETRY DEVELOPMENT FROM
OCEAN MONITORINGTO LANDTOPOGRAPHY
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Alenia Spazio, Rome, Italy

ABSTRACT
The paper presents the evolution of radar
altimetry capability from monitoring of the
ocean state to global coverage missions
through ERS-I and RA-2 instruments.
ERS-I'has been launched from Kourou on July
17th, 1991. RA-2 is scheduled for the First
European Polar Mission in 1998.
Although innovative in concept, RA-2 exploits
many design features and some hardware units
from the ERS-I RA, thus achieving improved
performance over the oceans and measuring
land topography.

INTRODUCTION
The radar altimeter is a nadir looking radar
able to evaluate with a high accuracy: the
time delay between the transmitted signal
and the instant when the echo from the surface
returns back to the radar antenna; the echo
leading edge slope (which depends on the
height of the ocean waves) and the echo power
level
(which
depends
on
the
target
reflectivity, which in turn is determined by
the wind speed at the surface) . In this paper
the capabilities of monitoring the ocean
state by means of radar altimetry is
summarized making reference to the ERS-I RA
(launched on July 17th, 1991 from Kourou).
Alenia Spazio was responsible of ERS-I radar
altimeter design and development.
It will be shown what
are the major
improvements of the new generation radar
altimeter RA-2 which will fly on the European
Polar Platform (launch scheduled for 1998).
RA-2 has been designed
and is under
development by Alenia Spazio as instrument
prime contractor. As in ERS-I, Alenia Spazio
is also responsible for integration and
verification of the complete instrument, for
the design of the ground support equipment,
for the design and manifacturing of the
following subsystems: antenna, receiver,
instrument control unit, digital signal
processor.
The main mission requirement for RA-2 is
constituted by global coverage over all
surface types. Its operation is no more

restricted to the open ocean and ice covered
regions as per ERS-I and ERS-2, and other
previous altimeters.
In addition, RA-2 will have improved
performance over the ocean, namely: on board
capability of real time correction for the
propagation error due to the electron content
of the ionosphere; and better than 4 cm final
accuracy including also the antenna pointing
errors.
T1global coverage provided by RA-2 is
achieved by means of a novel tracking concept,
able to adjust the instrument operation to
the surface characteristics and by the on
board autonomous management of the best
resolution to be used over the different world
regions.

ERS-I DESIGN AND PERFORMANCE
The ERS-I RA [1] is composed by the following
subsystems:
antenna
RF/IF section
power supply
instrument control unit
digital signal processor
The ERS-I RA is a fully redunded instrument
with the exception of the antenna. The
scientific data gathered by ERS are: time
delay, sigma zero and waveheight over the
ocean surface; and tracking and retrieval of
echo waveforms over ice sheets and sea ice
regions.
The tracking over the ocean surface is
performed by means of the SMLE algorithm [2] .
The performance of the ERS-I RA has been
tested on ground by means of a dedicated
Return Signal Simulator (RSS), able to
simul-ate, in real time, various ocean/ice
scenarios.
The
L. flight performance,
evaluated with the collinear track pairs
technique along 8 months of continuous
operation in orbit, confirm the results of
the on ground test [3]. Fig. 1 summarizes
the ERS-l performance.
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The major objectives of the RA-2 instrument
are to provide continuity and denser sampling
of the ocean circulation and mesoscale
structures; to monitor changes in the ice
cap volume and sea ice extent; to provide
the best attainable land mapping with a
"simple" instrument.
The main requirements are:
a) global coverage (topography of emersed
lands in addition to ocean monitoring);
b) ionospheric correction of time delay
measurement by means of two frequencies
of operation;
c) accuracy of time delay measurement over
ocean shall be comprehensive of antenna
pointing errors.
In addition the RA-2 will have the capability
of recording individual waveforms, taken
before the waveform averaging process. The
accuracy in the datation of the scientific
measurements will be less than 10 ^s
(requirement: 100 us) .
The required measurements are: time delay,
sigma zero and sigma-s with improved
performance (over ocean), and time delay and
sigma zero over other surfaces. The latter
requires adaptivity of the instrument
resolution and capability to track waveforms
of unpredictable and quickly varying shape.
Over ocean, the echo to a pulse limited nadir
looking radar altimeter has a smooth, regular
behaviour (the so called Brown model, [4]).
Over non ocean surfaces the shape of the
radar echo depends on the characteristics of
the surface in terms of topography,
roughness,
surface
orientation
and
directivity,
microwave
backscattering
properties, etc. No well established radar
echo model exists for non ocean surfaces and
thus unpredictable and rapidly varying echo
shapes are likely to be received. This implies
the need of a "robust" tracking algorithm,
able to maintain lock of the leading edge of
the waveform.
The total electron content (TEC) of the
ionosphere modifies the delay of the e.m.
pulse transmitted by the radar and thus a
bias arises in the mesurement of the time
delay which depends on both TEC and
transmitted frequency. This bias can be
corrected for by repeating the measurement
of the time delay at a second auxiliary
frequency and combining the measurements
taken at the two frequencies. The second
frequency selected is 3.2 GHz.
The RA-2 will make use of five different
resolutions. The pulse length is fixed to 20
us for all chirp bandwidths, which are: 320
MHz, 160 MHz, 40 MHz, 10 MHz. In addition,
a 20 us non modulated pulse is used in
acquisition.

RA-2 DESIGN FEATURES

The functional block diagram of the RA-2 is
shown in fig. 2.
The antenna is an onset parabola with dual
frequency feed, derived from ERS-I, as the
transmitter
(traveling
wave
tube
technology) . The Ku band Front End
Electronics unit (Tx/Rx switch) is the same
ERS-I unit. The Frequency Generation and
Conversion Unit, the Receiver and the
Instrument Control Unit are derived from

ERS-I with minor modifications to accomodate
the S band operation. The Digital Signal
Processor is a new key element in the design.
It is based on a state-of-the-art technology
FFT device, more than ten time faster than
the ERS-I unit. This will allow to send to
ground waveforms of double length at
increased rate, maximizing the information
available, far beyond the capability of any
other spaceborne altimeter already flown or
under development. The accomodation of the
second frequency has a small impact on the
instrument mass and power budgets: only 4 Kg
and 9 additional watts are required.

Acquisition
The acquisition of the surface in an initial
uncertainty range 35 km wide is performed by
transmitting a non modulated 20 |is pulse at
13.8 GHz. It is divided into three phases:
a) noise power evaluation phase: the few
sweeps - before the echo from the first
transmitted pulse is received back - are
exploited to measure the thermal noise
power for the next phase (detection);
b) detection
phase:
480
consecutive
waveforms are accumulated and the leading
edge is detected by means of threshold
ccaparison. To avoid rain detection, the
receiving window is scanned backwards;
c) AGC setting phase: to initialize the AGC
loop registers for the tracking phase, the
powei of the detected pulse is measured.
The overall time from start of the acquisition
to operation in the highest resolution is
less than 1 sec with a probability of
detection
practically equal to 3 (and
PFfl=10~9) for values of sigma zero equal to
-2 dB. These performance greatly exceed the
requirements (1 sec for acquisition with 95%
•probability when o,p 6 dB, plus 3 sec to
achieve the highest resolution in tracking) .
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Operation concept
In parallel to main tracking operation, RA-2
performs a number of ancillary measurement
tasks, namely: Ku chain and S chain internal
calibration, measurement of the instrument
thermal noise floor, transmission to ground
of individual waveforms, calibration of the
receiver transfer function. A noteworthy
feature of the instrument design is that all
these ancillary measurements are performed
at a fixed rate, without interruption of the
tracking.
Calibration
Every two minutes, the instrument performs
the internal in flight calibration. This
operation does not1-disturb the reception of
scientific data. A the same time that the
pulse is transmitted, a fraction of the
transmitted power in injected into the
receiver where the instrument impulse
response function is measured. This is
performed for all four chirp bandwidths at
Ku band and for the S band also. In addition,
the transfer function of the receiver is
measured by frequency shifting of the
deramped pulse (fig. 3).
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RA-2 on board and on ground processing
The main requirement for the RA-2 range
tracker
is the robustness,
i.e. the
capability of tracking waveforms of various
shapes. Because of its indépendance from the
waveform shape, the tracking algorithm has
been given the name: Model Free Tracker (MFT) .
The MFT algorithm has beed developed by Alenia
Spazio [5] and has proved to have far superior
performance with respect to other candidate
algorithms [6,7,8].
The on board estimation of the engineering
parameters is not requested and therefore it
is done on ground by applying an improved
version of the SMLE (Suboptimal Maximum
Likelihood Estimator) designed for ERS-I.
Fig. 4 shows the flow diagram of the MFT.
The samples at the output of the FFT, after
squared modulus computation and accumulation
over 120 sweeps, are sent to the tracker.
The AGC loop controls the IF gain of the
receiver by means of the algorithm:

where P1 are the waveform samples.
The time delay tracker compares the waveform
samples with a threshold set above the noise
and then changes the sample value to either
"1" or "O" depending on the result of the
comparison. The centre of mass of the
resulting waveform (regarded as a collection
of points having masses P1) and the waveform
width are then computed. The leading edge
position of the waveform is computed
according to:

/r
where T1 are the waveform samples after the
threshold comparison.
The scheme of the on ground processor is
shown in fig. 5. The engineering parameters
over ocean are extracted, after calibration
correction
and
ionospheric
error
compensation. An improved version of the SMLE
algorithm is used to this purpose. The RA-2
performance are summarized in fig. 6.
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CONCLUSIONS

The paper has presented the evolution of radar
altimetry capability from monitoring of the
ocean state to global coverage missions
through ERS-I and RA-2 radar altimeters, both
designed and developed by Alenia Spazio.
ERS-I RA is operating well beyond the required
performance since the launch.
RA-2 will achieve the performance bounds of
the spaceborne pulse limited altimeter
concept and will also provide global coverage
topographic data. RA-2 is likely to be the
ultimate pulse limited altimeter of the ERS-I
class. Further developments are foreseen in
the areas of:
a) reduction of resources requirements with
similar performance;

b) wider swath with reduced performance.
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PRELIMINARY RESULTS OF ALTIMETER DATA ANALYSIS FOR
STUDYING THE WATER EXCHANGE BETWEEN THE ATLANTIC
OCEAN AND THE NORDIC SEAS
P. Samuel, J.A. Johannessen and O.M. Johannessen
Nansen Environmental and Remote Sensing Center, Bergen

ABSTRACT
Nearly 2 years of Geosat GEMT2-GDR's were analysed
to study the water exchange between the Atlantic Ocean
and the Nordic Seas. Tidal elevations from a regional
model were used to correct the altimetric heights and
crossover adjustment was used to reduce orbit errors before computing rms sea surface height anomalies. Mean
sea level from an ocean circulation model was used to
compute an approximation to the geoid and subsequently
absolute dynamic sea level was calculated from the altimetric heights. Geostrophic velocities were computed
and seasonal variations in the cirulation patterns were
examined.
Keywords: GEOSAT, altimeter, WOCE, Atlantic inflow,
dynamic sea level
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INTRODUCTION

While the general features of the exchange processes between the north-east Atlantic and the Greenland-IcelandNorwegian (GIN Sea or the Nordic seas) are known, reliable quantitative estimates of the transports and their
variability are still lacking. This is part of the motivation
behind the Nordic WOCE project, which aims to improve
our understanding of the exchange processes and their
significance for the climate of the high latitudes. One
specific goal in this respect is to narrow the uncertainty
in the transport estimates by combining in situ and remotely sensed data into a comprehensive océanographie
data base.
(Refs. 1, 2) give comprehensive overviews of the circulation in the Nordic seas. Topographic steering is seen
to be a major factor for the currents in this region. The
major bathymétrie features of the exchange zone, extending south-east from Greenland to Scotland, include a sequence of three continental ridges collectively known as
the Greenland-Scotland Ridge which is scoured by two
channels, namely, the Denmark Strait between Greenland and Iceland, and the Faeroe-Shetland Channel between the Fœroes and Shetland. The major part of the
upper layer flow of cold, fresh water into the Atlantic is
with the East Greenland Current through the Denmark
Strait (Réf. 3). The reverse flow of warmer, more saline
waters into the GIN Sea is mainly with the Norwegian Atlantic Current (NAC) through the Faeroe-Shetland Channel and partly over the north-western shelf of the Faeroes
in an easterly flow merging with the NAC in the Fa-roeShetland Channel. The major part of the overflow into
the Atlantic is through the Denmark Strait, with the
remainder passing between Iceland and Scotland along

three different paths.
One of the most promising satellite instruments for studies on upper layer circulation is the radar altimeter, which
measures the time taken by a radar pulse transmitted
vertically downwards from the satellite to return to the
antenna after reflection at the sea surface. Using appropriate theory and some auxiliary data, these data can
be related to the surface geostrophic velocity field. Several investigations have demonstrated the usefulness of
altimetry in the study of strong currents like the Gulf
Stream (Réf. 4) and the Agulhas (Réf. 5). In the present
study area, the altimetric signal is expected to be much
smaller, and consequently different processing methods
may be called for.
The radar altimeter onboard the U.S. Navy Geodetic
Satellite (Geosat) was operational during the period from
November, 1986 to October, 1989. It provided data at
approximately 7 km intervals along the satellite's ground
track, which formed a mesh of arcs going north-westwards
(ascending tracks) and south-westwards (descending tracks).
The track separation was about SO km at 64° JV and the
pattern repeated itself every 17.05 days (repeat period)
with deviations from the nominal track confined to less
than a few hundred metres. Thus, neglecting data gaps,
all data points along the g1 >-ind track had a sampling
frequency of at least once in »7 days while the points of
intersection (crossover points) between the ascending and
descending tracks were sampled twice during each 17 day
period. In practice, the data coverage varied from one repeat period to the next, owing to data gaps, which, in
the extreme case, resulted in some of the tracks being
absent altogether for some repeat periods.

2

METHODOLOGY

The altimeter measures the time taken for an electromagnetic pulse transmitted vertically downwards to return
to the antenna after reflection from the ocean surface.
Given independent information about the height of the
antenna above the earth ellipsoid and the velocity of light
in the intervening atmospheric column, the height of the
sea surface above the ellipsoid can be retrieved. This
idealised altimetric height may be represented as:
^ = fy») ~t~ h(3ih) +

fyerr)

(1)

where fc(9) is the time-invariant geoid reflecting the earth's
gravity field and A(^)1) is the total sea-surface height
component originating from the dynamic response of the
ocean to currents, tidal forces and atmospheric pressure
fluctuations and A(err) contains the errors in modelling
the satellite ephemerides and the properties of the atmospheric column through which the altimetric pulse trav-
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els. Independent models are used to remove the tidal elevations and the effect of pressure fluctuations with the
errors in these models adding to the total error term. A
major part of the orbit error is removed by a crossover
adjustment, thereby reducing its contribution to the total
residual error.
Geoid models of the necessary accuracy and resolution
are not currently available for the study area. However,
since the altimeter data points are sampled repeatedly, a
mean sea surface height can be computed from an appropriate number of measurements at each data point. This
mean sea surface is the sum of the geoid and the steady
part of the dynamic sea surface height.
We can now write
(2)

where h' is the crossover adjusted altimeter height corrected for the effects of tides and atmospheric pressure
fluctuations with its mean over a number of periods being referred to as the altimetric mean sea level (AMSL)
and A(ano) is the anomalous part of the sea surface elevation due to currents, which will be called sea surface
height anomalies. The root mean square of the height
anomalies is computed as an estimate of the variability
of the geostrophic currents.
Given independent estimates of the sea level component
due to the mean circulation, a synthetic geoid can be
formed by subtracting this from the AMSL. Subsequently
the total dynamic sea level can be computed as
(3)

where h(,yn) is the synthetic geoid, A,(<j yn )
the total
dynamic sea level and ft(5rr) now also contains the errors
in modelling the contribution of the mean circulation.
Geostrophic currents can be calculated from the dynamic
sea level using

1
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where ti and v are the velocity components in the x and y
directions respectively, g is the acceleration due to gravity
and / is the Coriolis parameter.
Geosat altimeter data were obtained from NOAA and
the new GEMT2-GDR's, incorporating improved orbits
and tidal and atmospheric corrections were used in the
study. Since the Schwiderski tide model elevations included in the GDR's are considered suspect in the region of the Greenland Scotland Ridge, tidal elevations
from the Proudman Océanographie Laboratory model
(POL model) (Réf. 6) were used to correct the altimetric heights. This modi i has a 1/3 degree latitude by 1/2
degree longitude grid and takes into consideration 8 principal tidal components. Tidal parameters from the model
were converted to elevations using a modified version of
a program provided by M. Foreman (Réf. 7).
The theory of the constrained sinusoidal crossover adjustment technique to reduce geographically uncorrelated orbit errors are given in (Refs. 8, 9). Typically, rms differences of the heights at the crossover points were reduced
from 0.5 m to 0.15 m for the repeat periods considered.
The mean dynamic sea level from the OPYC ocean model
(Réf. 10) as implemented at the Bergen Scientific Centre.
The model domain extends from 30° S to the North Pole

*
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and from 100° W to 50° E with cyclic boundary conditions in the Arctic Ocean. A variable grid spacing is used,
with a resolution of about 30-50 km in the GIN Sea. The
model is diabatic, with prognostic temperature and salinity fields and realistic bottom topography. The surface
boundary layer is parameterized by a detailed mixed layer
model. A sea ice model with theology is coupled to the
mixed layer. Thermal forcing, wind stress and surface
input of turbulent kinetic energy are determined from
monthly mean values of atmospheric quantities while the
surface salinity is prescribed as an annual mean. The
mean sea level used is from the cyclo-statiouary state
attained after integrating the model over 30 years.
A 30 km by 30 km grid was used for interpolation of the
data in the final stage of the processing. Absolute sea levels for a given 17-day repeat period were interpolated to
the middle of the period by using an exponential weighting function. Geostrophic velocities were computed at
the mid points of the grid boxes by considering the dynamic heights at the four surrounding grid nodes.

3

RESULTS

Figure 1 shows the rms differences between the tidal corrections from the two models. Over most of the Norwegian Sea, the differences are insignificant, with rms values
below 0.05 m. However, over a wide belt between Iceland
and Scotland, the differences are relatively large, with
rms values of upto 0.15 m. Thus a reliable tide model is
an essential prerequisite to any altimeter studies of the
exchange zone between the Nordic Seas and the Atlantic
Ocean.
The OPYC model mean dynamic sea level is shown in
figure 2. Geostrophic velocity vectors, as computed by
equation 4 are superimposed on the sea level contours.
The sea level varies from about 0.9 m in the interior of
the Norwegian Sea to about 1.5 m near Scotland and
the southern Norwegian coast. The geostrophic velocity
vectors give a good qualitative representation of the general circulation patterns in the area. The inflow through
the Faeroe-Shetland Channel and to the north-east of
the Fasroes is discernible, as also the Norwegian Costal
Current and a cyclonic circulation within the Norwegian
Sea. Speeds are generally under 0.1 m/s, except within
the Norwegian Coastal Current (NCC), around Scotland
and to the north-east of Iceland. Note in particular that
speeds of over 0.2 m/s are obtained near the Norwegian
coast at around 62° N.
Figure 3 shows the rms sea surface height anomalies computed from the GEOSAT data. The rms values are much
lower than have been obtained from altimeter studies of
high energy regimes like the Gulf Stream. However some
interesting patterns emerge. Rms values show a dramatic
increase toward the coasts. The NCC is a highly variable current and significant eddy activity has been documented along its boundary with the NAC (Réf. 11).
It is expected that it is this variability that is reflected
by the high rms values along the Norwegian coast. It
is also seen that rms values along the Norwegian coast
are especially high around 62° N where the geostrophic
velocities computed from the OPYC sea levels were also
high (see figure 2). This is also the case for the flow
around Scotland, where high rms values could be associated with the high current velocities indicated by the
model. The high velocity region to the north-west of Ice-
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Figure 1: Difference in GEOSAT rms sea. surface height anomalies obtained using the Schwiderski and POL tide models.
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Figure 2: Mean dynamic sea level in cm from the OPYC model. Gcostrophic velocity vectors computed on a 30 km by
30 km grid are superimposed at alternate grid points.
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land also Allows relatively high rms values. Rms values
are also high between Scotland and Norway. This could
be due Io the seasonal variability of the fluxes through
Kattegat and Skagerrak and due to the interaction of the
NCC with the southward flowing branch of the NAC. Increased, though not very high rms values are observed
also within the Faeroe-Shetland Channel. Between Iceland and the Faroes the rms values are slightly higher
than in the interior of the Norwegian Sea, but the differences are too small to draw any definite conclusion.
Seventeen-day mean sea levels for 3 different seasons are
shown in figures 4 to 6 The computed geostrophic velocity vectors are also superimposed. The most striking feature here is that even while preserving the general
flow pattern of the OPYC model, these figures present
a much more intricate picture of the geostrophic flow
pattern. High geostrophic velocities are more frequently
encountered and the flow direction changes more randomly. Seasonal variations are pronounced. Figure 4
which shows a period during autumn, shows greatest activity. The NAC is more intense, with speeds within the
Faeroe-Shetland Channel reaching 0.3 m/s. Significant
inflow of Atlantic water takes place to the west of the
Faeroes and near the Icelandic coast. There are surprisingly high speeds also in the interior of the Norwegian
sea. Unfortunately, there are large data gaps for nearly
all the repeat periods during this season. The winter picture is more organized. The Atlantic inflow is confined
to a narrow, intense stream through the Faeroe-Shetland
Channel and is minimal near the Icelandic coast and to
the west of the Faeroes. Activity within the interior of the
Norwegian sea is also greatly reduced. In the spring, the
inflow is very diffuse and weak, with the NAC seeming
to merge with the flow around Scotland before reaching
the Faeroe-Shetland Channel.

4

CONCLUSION

It is critical to have a reliable tidal model in order to use
satellite altimeter data for ocean circulation studies in
the exchange zone between the Atlantic Ocean and the
Nordic Seas where the altimeter rms in general is low.
Altimeter rms height anomalies reflect the variability in
the Norwegian coastal waters. Rms anomalies are lower
within the NAC. In the Iceland-Faeroe region, rms values
are higher than in the interior of the Norwegian Sea, but
nevertheless relatively low.
Absolute dynamic sea levels can be computed by using
independent estimates of the mean dynamic sea level.
Seasonal variations are observed in the sea levels thus
computed. There is a high level of activity in autumn
with the Atlantic water being transported in a wide band
across the Greenland-Scotland Ridge. In winter, the
inflow is confined to a narrow band within the FaeroeShetland Channel. In spring, the inflow is weakened and
diffuse, while it starts to pick up again in summer.
This study demonstrates one way in which the applicability of altimeter data can be broadened by combining
them with model results. It also indicates that in !ow
energy regimes like the present study area, methods to
fitter out noise from the signal is of utmost importance.
Further studies will be undertaken to develop better techniques for reducing errors, for objective interpolation of
the data and to understand the space-time correlations
between altimeter data and model results.
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Figure 4: Mean dynamic sea level in cm for the 17-day period centered around 1st September, 1987. Geostrophic velocity
vectors computed on a 30 km by 30 km grid are superimposed at alternate grid points.
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Figure 5: Same as figure 4, but for the period centered around 29th December, 1987.
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Figure 6: Same as figure 4, but for the period centered around 23rd March, 1988.
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