«?"•

"A^S^

* s » a>>™-i'"sssi5'*=-3jr'E

»\Jl'lSiM^L:LH£3 8U

1-2
, _

1

^

' O

•> ft-

W*i *,--

-,«,, .. ..-.. rt..

-

CONF-801064
Distribution Categories
UC-11, UC-41, UC-79p
PROCEEDINGS
SYMPOSIUM ON
INTERMEDIATE-RANGE
ATMOSPHERIC-TRANSPORT
PROCESSES
and
TECHNOLOGY ASSESSMENT
Gatlinburg, Tennessee
October 1-3, 1980

Program Committee
Charles W. Miller and Sherri J. Cotter
Health and Safety Research Division
Oak Ridge National Laboratory
Steven R. Hanna
Air Resources Atmospheric Turbulence
and Diffusion Laboratory
National Oceanic and
Atmospheric Administration

Date Published: October 1981

Sponsored by
THE U.S. DEPARTMENT OF ENERGY
THE NATIONAL OCEANIC AND
ATMOSPHERIC ADMINISTRATION
and
THE OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
Operated by
UNION CARBIDE CORPORATION
f o r the
DEPARTMENT OF ENERGY
Contract No. W-7405-eng-26

PREFACE
This Symposium on Intermediate Range Atmospheric Transport Processes
and Technology Assessment was designed to bring together experts concerned with observing and modeling atmospheric trar,sport processes 10
to 100 km downwind of point and area sources of pollution. The purpose
of this meeting was to assess the state of the art in this field, and to
identify areas for future effort. Further, it was hoped that this
interchange of information would result in recommendations concerning
the most appropriate methods to use in technology assessment activities
in the near future.
On behalf of the Program Committee, I would like to express particular thanks to a number of people. Primary financial support for this
meeting was supplied by the Office of Reactor Research and Technology,
U.S. Department of Energy (DOE). Special thanks rare extended to G. L.
Sherwood ov DOE and I. Van der Hoven of the Natio ~l Oceanic and Atmospheric Administration for their assistance in the planning of the Symposium. Special credit is due to the Sessions Chairmen for their often
thankless efforts at keeping the speakers on time and the follow-up
discussion relevent and ongoing. Their success at this effort was
evident in each session. Special thanks are also due the Keynote
Speakers for providing the framework in which much of the rest of the
meeting could fruitfully take place. The members of the panel are to
be congratulated for helping the attendees focus on the key points
brought out during the Symposium.
We are very grateful to B. S. Reesor and her staff in the Oak
Ridge National Laboratory (ORNL) Conference Office for their skillful
and tireless management of the many details associated with staging
a meeting such as this one. We also want to thank J. A. Goan, C. R.
McAmis, W. C. Minor, N. K. Slice, H. Tompkir.s, and G. Weaver of ORNL
for their flawless attention to the mechanics of producing the Symposium.
The preparation of letters, announcements, programs, proceedings,
and other materials associated with a meeting such as this requires a
great deal of skilled secretarial assistance. The competent and professional manner in which these monumental tasks were carried out by
N. K. Slice and W. C. Minor is gratefully acknowledged. We also want
to thank J. L. Vinson for her editorial assistance throughout the preparation of the Symposium materials and A. Richardson for her design
of the Symposium logo,
I would also like to thank my fellow Program Committee members,
S. J. Cotter and S. R. Hanna, for their efforts in making this Symposium a success. No one person could have possibly carried out all of
the responsibilities for a meeting of this size alone.

This manuscript was prepared from camera-ready photomasters supplied
by the individual authors. This has resulted in some nonuniformity in
format and type style between papers, but we feel this is more than offset by the increased speed of publication of the information. All papers
have been reviewed and cleared as necessary by the institutions with
which each author is a f f i l i a t e d . ORNL assumes no responsibility for the
content of any article by authors who are not affiliated with ORNL.
The chapters in these proceedings have been organized in the same
order in which the papers were presented orally in Gatlinburg. I t is
hoped that this organization w i l l help retain some of the flavor of the
meeting i t s e l f . Being associated with this Symposium has been an exciting
and rewarding effort. I Slope this proceedings can be of service to all
of those concerned with assessing the impact on man of pollutants in the
atmosphere located 10-100 km downwind from their source.
Charles W. Miller
Chairman
Program Committee
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WELCOMING REMARKS TO THE SYMPOSIUM ON INTERMEDIATE
RANGE ATMOSPHERIC TRANSPORT PROCESSES
AND TECHNOLOGY ASSESSMENT

S. V. Kaye
Director, Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830
I am very honored to be able to welcome you to this symposium on
Intermediate Range Atmospheric Transport Processes and Technology
Assessment. This symposium brings together leading individuals from
universities, research laboratories, private industries, and funding
agencies from the United States, Canada, and Europe, concerned with
observing and modeling atmospheric transport processes 10 to 100 km
downwind of point and area sources of pollution.
The Program Committee has been careful to combine the specialties
of atmospheric transport and technology assessment. Thp technology
assessment fixes and identifies the practical importance of atmospheric
dispersion observations and measurements, and emphasizes the role of
models which are developed to interpret and extend this information.
The combination of these two specialties is relatively recent. In my
own experience, I first became aware of the importance of such overall
predictive capabilities approximately 15 years ago when I became
associated with the bioenvironmentai feasibility study of constructing
a sea-level canal through the Isthmus of Panama or Colombia. That
activity was a part of the U.S. Atomic Energy Commission's (USAEC)
Plowshare Program. We evaluated the feasibility of using nuclear
explosives for this great task and calculations were done to estimate
the atmospheric radionuciide dispersion and deposition for close in,
for meso-scale distances, and for global distances. Although the new
canal was never constructed, that involvement lasted several years and
was a great experience for me and my colleagues. The project impressed
upon us the importance of having good estimates of dispersion and
deposition if we were to do a good job in estimating the radiation dose
and the health risks associated with the potential exposures.
When the National Environmental Policy Act (NEPA) was signed by
the President in January 1970, and later in 1971 when the USAEC decided
to respond positively to the Calvert Cliffs decision, many of the
radiological transport and assessment capabilities were at hand from
previous programs like Plowshare. However, the setting was different
from proposing a nuclear project in a foreign country; we were
proposing the construction and operation of large nuclear power
stations right here in the United States, close to our cities.

Antinuciear critics and lobby groups sprang up almost overnight to
challenge us, often on the technical basis of our predictions of
impacts. Much progress was made in the five years following NEPA in
which our ability to model routine and accidental releases improved and
a comprehensive methodology was developed to estimate individual and
population doses. Two weaknesses of the atmospheric transport
calculations of that era were the following: first, the models and the
parameters used in them were probably better suited to close in
distances instead of meso-scale distances where they were applied
extensively, and second, terrain roughness was ignored or inadequately
treated. Have we made progress?
The remainder of the 1970s was marked by the atmospheric transport
modeler applying his models to a whole host of chemical pollutants
regulated by a plethora of new environmental legislation. This
situation has provided primordial material for a new type of scientist
to be born and emerge as one of the dominant types of the late 1970s
and certainly for the present and the future. I am speaking of the
assessment scientist. His subject matter covers the spectrum of titles
of the papers listed in your programs. His interests include
observation and measurements of pollutant transport in the atmosphere,
models and simulations, and most of all, combination of this
information with biological and environmental information to assess
impacts from various technologies. By my way of thinking, you all fit
the definition of assessment scientists because your interests are so
broad and you are focusing your capabilities to answer questions about
the impact of various technology options on the environment and on the
health and safety of man. By your involvement in assessments, you
carry a lot of responsibility on your shoulders because others look to
you for guidance and recommendations. Your sense of responsibility in
this area is what has brought you here to this symposium to discuss the
tools you have developed, the achievements you have attained, the
problems that have held you back, and the perceptions you have for this
kind of work in the future.
I look forward to several exciting days here in Gatlinburg as we
explore our mutual interests in assessing the state of the art in the
field of atmospheric transport, and as we strive to identify areas for
future effort. We also hope that this exchange of information will
result in recommendations concerning the most appropriate methods to
use in technology assessment activities.
While you are here in the area, I hope you will take time to enjoy
the beautiful mountains, see some of the Tennessee Valley Authority
facilities in the area, and visit the facilities in Oak Ridge.
Again, on behalf cT the Oak Ridge National Laboratory, I welcome
you to the Symposium on Intermediate Range Atmospheric Transport
Processes and Technology Assessment.

INTRODUCTION TO THE SYMPOSIUM
Charles W. Miller
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830
This symposium is designed to bring together experts concerned with
observing and modeling atmospheric transport processes 10-100 km downwind
of point and area sources of pollution. This meeting is being sponsored
as part of the Fast Reactor Safety Program by the Office of Reactor Research
and Technology, U. S. Department of Energy. It is being cosponsored by the
National Oceanic and Atmospheric Administration Air Resources Laboratories,
and the Health and Safety Research Division of Oak Ridge National Laboratory (ORNL).
More specifically, the symposium is a major milestone of the CRNL
project entitled Model Evaluation of Breeder Reactor Radioactivity Releases.
Since its inception in 1976, this project has had as its objectives the
identification of models available for environmental assessments of breeder
reactor radionuclide releases; evaluation of model structure, simplifying
assumptions and data bases; estimation of their uncertainties; and, if
possible, recommendation of model? and parameters which are best suited
to particular assessment situations. When needs are identified, recommendations are also made for further environmental and biomedical research.
The models examined in this project to date include those developed for
the prediction of atmospheric and hydrologic transport and deposition*
terrestrial and aquatic fool-chain bioaccumulation, and internal and
external dosimetry [1].
Atmospheric dispersion in the range 10-iOO km downwir.d of the pollutant source has always been a concern in the model evaluation project.
Environmental radiological assessments routinely involve dose estimates
out to at least 80 km; namely, Miller et al. [2]. However, there are few
field data beyond 10 km which may be used to develop or validate atmospheric dispersion models in the 10-100 km range. Therefore, there is a
need to examine the validity of the environmental assessment procedures
currently being used in this rang'While the model evaluation project is concerned with breeder reactor
radiomiclide discharges, an examination of the program for this symposium
clearly indicates that the meeting has not been restricted to topics involving radionuclides. There are two basic reasons why nonnuclear pollutants were not excluded from the program. First of all, the basic processes
governing the movement of pollutants in the atmosphere are generally independent of the radiological nsture of the pollutant. For example, the
same Gaussian plume dispersion
parameters are used to estimate air concentrations from both S0 2 and 85 Kr releases. Also, there are large field

research programs for nonnuclear pollutants under way of which nuclear
assessors should be aware. Two such programs which are cited at this
meeting are STATE and METROMEX.
The organizers of this meeting have set three major goals. First,
the symposium should provide an assessment of the state of the art in
intermediate range atmospheric transport modeling. Secondly, the results
of this meeting should include the identification of relevant research
needs. Finally, it is hoped that the symposium participants will be able
to make recommendations concerning the best methods to use for technology
assessment activities in tha immediate future.
To work toward attaining these goals, the symposium has been organized into four different types of sessions. The meeting will begin with
a keynote session in which three noted speakers will provide background and
perspective for the problem of atmospheric dispersion in the 10-100 km
range as applied to technology assessment activities. Four oral presentation sessions and one poster session will f. en consume the bulk of the
remaining meeting time. Forty-four contributed papers will be presented
during these sessions. The symposium will conclude with a panel discussion
on recommendations concerning models and research needs for intermediate
range atmospheric transport processes in technology assessment.
panel discussion is a unique feature of this meeting. Such panels
are more commonly associated with workshops rather than symposia. The four
panel members will attempt to summarize the results of the meeting as they
relate to the three conference goals. It is hoped that every person in
attendance at the symposium will participate and contribute to the discussions that will follow short presentations by each of the panel members.
However, the panel members are not responsible for obtaining a corsens 1 ;
of opinion concerning any of the remarks they make or the conclusions they
draw. The contents of the written material ^n the proceedings pertaining
to the panel discussion are the sole responsibility of the panel members.
During the course of the symposium it should be noted that the research needs presented must be identified in some detail. The needs
themselves should be defined as specifically as possible. Also, all of
the needs presented should be prioritized so that both funding agencies
&r<<l researchers know which research needs are most urgent. In addition,
specific plans for research to meet the needs presented should be recommended whenever possible.
Also, the models recommended should be appropriate for technology
assessment activities. Models that represent the state of the art in
mode", development or which are appropriate for various research activities
are not necessarily useful in technology assessment applications. Some
statement about the accuracy of the results provided by the models recommended should be made if at all possible. These models should use readily

a v a i l a b l e i n p u t data. For example, a model t h a t r e q u i r e s a close-packed
network o f meteorological towers i s not very p r a c t i c a l f o r many assessment
purposes. I n a d d i t i o n , t h e recommended models should be p r a c t i c a l to implement on standard computers i f they are going to be r e a d i l y used by the
assessment community.
The organizers o f the symposium recognize t h a t the goals they have
drawn up are more e a s i l y s t a t e d tdan a t t a i n e d .
In f a c t , i t may be imposs i b l e t o reach completely a l l o f these goals during the m e e t i n g . However,
t h i s meetinq can be o f s i g n i f i c a n c e to the assessment community i f some
progress toward the goals o u t l i n e d above i s made.
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A METEOROLOGICAL PERSPECTIVE U.\ INTERMEDIA!F
RANCf ATMOSPHERIC :>ISPERSMW
Isaac Van dor Hoven
Air Resources Laboratories
National Oceanic and Atmospheric Administratior1
Silver ^priiu], Maryland 20910
As stated in the offici 1 announcement of this symposium, the intermediate range of atmospheric transport and diffusion is defined as those
dispersion processes which to e place at downwind distances of 10 to 100
kilometers from pollutant sour es. At first glanre this may seem to be a
rather arbitrary choice of distances. However, it does make sense froi:
a number of physical and practical considerations. Meteorologists often
define this range as the mesoscale. The Glossary of Meteorology 111 defines mesometeorology as being "concerned with the detection and analysis
of the state? of the atmosphere as it exists between meteorological stations, or at least well beyond the range of normal observation from a
single point." It is the range where atmospheric motions with periodicities on the order of hours, rather than seconds or minutes, begin to take
effect in dispersing pollutants. It is also the range of distances where
certain environmental assessments are of concern such as the determination of significant deteriorization of visibility, the effect of effluent
releases from tall stacks, the determination of sources of pollutants
causing increased acidity of fresh bodies of water, and the effect of
pollutant sources in rural settings upon the more distant urban centers.
The underlying assumptions in Fickian and statistical diffusion
theories are straight-line mean flow, and temporal and spatial uniformity
of diffusion conditions. These idealized conditions may be nearly realized for short times and distances but in the intermediate range spatial
and temporal inhomogeneity is the rule rather than the exception. As
the effluent plume grows in size, a number of physical processes become
more effective. These include wind speed and direction shear in the
vertical, mesoscale flows such as mountain-valley, and land-sea breeze
circulations, depth of the planetary boundary mixed layer, terrain effects, and diurnal stability changes.
As our ability to quantify temporal and spatial changes inherent in
the intermediate range increases, so our ability to make realistic adaptations to existing models also increases. For example., Start and Wendell
(2j combined a Gaussian puff diffusion model with an objective analysis
of a measured 80 by 130 km wind field \'n time and space to give a realistic plume trajectory as opposed to a simple straight line assumption.
Also included were time changes in rate of diffusion as well as an upper
level lid to vertical mixing.
Inherent in all atmospheric diffusion models are parameters and coefficients which need to be determined either by some hypothesis or,
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more realistically, by measurements. Richardson [3], a pioneer in atmospheric diffusion theory, using a Fickian-type diffusion model to obtain
eddy diffusivity coefficients [called K hence K-theory), determined values ranging from 10 3 to 10 8 cm^/sec over length scales from 10 meters to
50 kilometers. His data base consisted of measured wind profiles, separation distances of pilot balloons, clustering of manned and unmanned
ballast balloons, and the growth of a volcanic ash cloud. More recently,
Heffter 141 found K values of 10^ to 10 8 cm2/sec for a distance range
from 10 to 100 kilometers. It suffices to say that a constant eddy diffusivity value over the entire intermediate range is not appropriate.
Pasquill's 15] tentative estim^ces of vertical and lateral spread
were based on measured concentration data within a downwind distance of
1 kilometer. He further cautioned thai "estimates of diffusion at longer
distances have tended to be based on extrapolation of the short-range
data." In fact, Pasquill's famous and now widely-used set of curves were
originally shown as dashed lines (denoting extrapolation) in the range
from 1 to 100 kilometers for the stable and ^jery unstable conditions. As
we all know, these curves for the past two decades appear in countless
documents as solid lines to downwind distances of 100 kilometers.
Whether diffusion models are based wholly on theory or cr, empirical
data, or a combination of both, the fact still remains that the parameters
in the model must be realistically chosen or measured. Furthermore, ther.e
transport and diffusion model? should be tested against measured meteorological and concurrent effluent concentration data. Field experiments
whereby unique ae^osnl nr gaseous tracers are released in a controlled
fashion and are sampled r.o establish a concentration pattern have been
used quite successfully to validate models, especially at the shorter
distances to 10 kilometers. It should be added that the design of the
field experiments should take into account the requirements of the models
to be validated. Also, sufficient meteorological and terrain situations
should be tested so that progress towards generalization can be achieved.
Although in the intermediate range the number and quality of tracer
concentration measurements alon^with concurrent meteorological data does
not begin to compare with that L-X closer ranges, some data are available.
Crozier and Seeley [51 reported on instantaneous aircraft sampling of a
fluorescent aerosol to distances of 35 km. Barad and Fuquay [7J described
conti^sious 30-rnin surface sampling of fluorescent aerosol to distances of
25 km. While at the same site (Hanford, WA) Nickola [8] reported on a
similar series of 25 tests measuring concentrations along a 13 km downwind arc. More recently Clements [9] described a multitracer atmospheric
field experiment at the Idaho National engineering Laboratory in which
6 unique tracers were released over a 3-hour period and sampled to a distance of 90 km for time periods from 5 minutes to 3 hours. Using a
Krypton-85 quasi-continuous source from the Savannah River Laboratory,
Telegadas et al M 0 j compared seasonal and annual calculated versus.
r.;easured concentrations from 13 ground sampling locations at distances
of 30 to 130 km from the source. In another interesting field experiment,
Peterson [11] tracked the Argon-41 plume emitted from a 350-ft stack at
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the Brookhaven National Laboratory using a gamma-ray spectrometer aboard
an aircraft. The plume centerline was followed out to 250 km over the
Atlantic Ocean and showed mesoscale p riodicities of tens of kilometers.
From this recitation of intermediate range tracer diffusion experiments, it would seem that the time is right for a more thorough and coordinated effort in measuring plume concentrations along with meteorological variables to distances of at least 1U0 km. Heffter [12] reports
on a planned field test of a perfluorocarbon tracer system using improved
ground-based sequential samplers and real-time, airborne continuous
monitoring to distances of 600 km from the release point. It is hoped
that this type of tracer-sampler system will be the forerunner of a series
of tracer experiments under various meteorological and terrain conditions.
Another facet of effluent diffusion in the intermediate distance
range is the depletion of the airborne plume through mechanisms of dry
deposition and wet removal. A reverse mechanism is the resuspension of
deposited material from the surface. Depletion from dry deposition occurs
more-or-less continuously whereas wet deposition occurs sporadically depending on the place and time of rainfall. Hosker [131, in a treatise on
deposition, literally lists dozens of deposition mechanisms under headings
of micrometeorological variables, material characteristics, and surface
variables. Except for pollutant concentration in the air near the surface, these factors do not seem to be a function of distance. Slinn [14]
suggests that these mechanisms can be parameterized as a characteristic
deposition velocity or as a decay rate analogous to radioactive decay.
However, he cautions that for gases and submicron particles the use of
thi^sp nararnptpri 7prl va"lnp<; viplrR

unrprtai n t i pq nf at lpa<;t an nrdor nf

magnitude. On this rather pessimistic note we can only encourage, as
does Slinn, that further theoretical and experimental depletion studies
be conducted on all scales of distance, including the intermediate range.
In summary, atmospheric diffusion theory ir. based on steady state
conditions and spatial homogeniety. Because of the complex nature of the
atmosphere, especially, at the intermediate distances, progress can only
be made if the models take into account the inhomogenieties which exist.
This means techniques must be developed to measure these inhomogenieties,
models must be devised or old models adapted to account for the complexities, and a data base consisting of appropriate measured meteorological
parameters concurrent with tracer gas concentrations should be collected.
Several mesoscale diffusion-trajectory models already exist. Specialized
meteorological measurement techniques such as acoustic radar and lidar
now give greater detail of the vertical structure of the atmosphere and
there are techniques to measure or estimate trajectories. What is left
then is a meteorological project on the scale of SESAME (NOAA's Severe
Environmental Storms and Mesoscalec Experiment) combined with a series of
tracer experiments to distances o. at least 100 km. I realize that this
ii asking for a costly experiment. We have reaciied a point where the
models and equipment are available but very little data exist to exercise
and validate the diffusion models appropriate to the intermediate range.
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INTERMEDIATE RANCH TRANSPORT MODELING OF
NON-NUCLEAR POLLUTANTS FOR REGULATORY
AND POLICY APPLICATIONS-^ VIEW FROM THE TRENCHES
Arthur buss
Air Quality Center
[Environmental Research & Technology, Inc.
Concord, Massachusetts 01742
Browsing through the current literature on intermediate- and
longer-range transport models, one is quickly struck by their
variety. Much skill and energy is being expended to develop and
refine these models. Yet, why are very few of these models ever
likely to be used to answer the kinds of questions that regulators
and policy makers are now asking?
I want to talk to you today about some of the important nontechnical considerations that arise from the situational or "political"
contexts surrounding the use (or nonuse) of intermediate range transport
modeling.
It is helpful to begin by reviewing the regulatory needs during
the 1970s for intermediate-range and long-range transport modeling
of non-nuclear sources. I'll try to give a brief (if somewhat colored)
account of how intermediate range transport modeling came to its present
status in the regulatory environment, and in particular why these models
'"icve not been pursued more aggressively for regulatory applications. It
is important, too, to face up squarely to what we, as model developers
and model users, can do to improve the "climate" for using these models
in practical decision making. We must also deal directly with the educational problems confronting us when we argue for wider use of these
techniques.
In the early 1970s, the requirements to model non-nuclear major
sources of air pollution were driven by the need to maintain or to
attain National Ambient Air Quality Standards. Air quality models
were used, for example, in the design of monitoring networks to identify possible violations of NAAQS, in the revision of State Implementation Plans and in the evaluation of emission control strategies. And,
of course, air quality models figured prominently in the preparation
of Environmental Impact Statements. Yet nearly all of these modeling
studies dealt with the air quality effects of a source (or with the
combined effect of several sources) only at short ranges—that is, at
transport differences of a few kilometers.
Why were air quality modeling assessments needed only at short
ranges? Because before the PSD increments were set forth in the
mid-70s (and subsequently enacted in the 1977 Clean Air Act Amendments),
there was little regulatory incentive to develop models for intermediate
17
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and longer-range transport of non-nuclear major sources. The NAAQS
were "at risk" from major emitters of SO2 and TSP only within a few
kilometers to s at most, a few tens of kilometers. As a result,
conventional short-range Gaussian plume models—such as CDM (for annual
average concentrations), or CRSTER (for maximum short-term concentrations)
were virtually the only models applied by regulatory agencies to nonreactive pollutants when issues of intermediate-range transport arose.
Even when it became necessary to describe plume transport under conditions
of strongly varying meteorology, conventional models were used--or more
frequently, misused.
Without the goad of regulatory requirements, little progress was
made in developing intermediate-range transport models for regulatory
and policy applications. So, when in the mid-70s the EPA was suddenly
confronted with the need to assess how the proposed PSD increments
might constrain the siting of power plants and other major industrial
sources, it used familiar Gaussian plume models — the CRSTER model for
flat or moderate terrain and the Valley model for high terrain - even
in assessing Class I increment consumption at trar.cport distances of
100 kilometers or so. The EPA even used these models occasionally for
transport situations in which uniform, persistent mesoscale wind fields
and turbulence levels were unlikely or impossible for the distances
and travel times assumed. But in using the results of these models to
recommend PSD increments, EPA did try to deal more realistically with
issues of plume transport on mesoscales, by making ad hoc assumptions
about the persistence of uniform winds and stability regimes over long
transport periods. They knew, of course, that the estimates they
obtained were very crude, and a shaky basis for decisionmaking about
PSD increment consumption.
Yet let's not be too hasty to criticize; in fairness to EPA's
modelers, what practical alternatives did they then have? At that
time, Congress was applying heavy pressure to provide modeling
estimates quickly. As far as I can tell, the only intermediate range
and long-range transport models that might have been available for the
EPA to use were:
0

numerical area source models whose grid cell geometry could
not adequately resolve the air quality impacts of single
point sources over scales of a few tens of kilometers, or
could not do so economically with realistic computer
resources; or

0

research-oriented point source models that, in principle at
least, had adequate resolution and seemed to include more
realistic physics, but which were unfamiliar to nonspecialists,
awkward to use, and poorly suited or irrelevant to regulatory
questions abort maximum short-term concentrations.
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So, when it became urgent to do intermediate- and long-range
transport modeling in setting forth the proposed PSD increments and
assessing their implications, the EPA regulators were largely
unprepared. What could they do? They did what most of us would do
in the same circumstances, I suspect - they used the models closest
at hand. It would surely have been in the interest of all parties -that is, prospective source applicants, legislators, regulators, and
the general public -- if EPA had available for its use models of
known reliability and accuracy for intermediate- and long-range
transport. And, as surely, the need continue to grew.
Regional-scale air quality modeling will continue to figure
prominently in policy and planning studies on regional and national
scales. These studies should develop vigorously in the 1980s,
spurred by critical policy decisions to be made about fuel use and
energy resource development. Both government and industry are using
the regional air quality models now available to explore different
scenarios for growth in regional electrical power demand; for use of
alternative fuels (such as coal conversion) or for better use of
present fuels (such as cogeneration); and to analyse the degradation
in air quality which would accompany the expansion of synfuels production and other fossil energy resource development.
In the 1980s we can expect new requirements to arise for
intermediate- and longer-range modeling. These will most likely
"include: mesoscale dispersion models embedded in emergency monitoring and prediction systems for toxics, radionuclides, and other
hazardous releases to the atmosphere: single- and multiple-source
mesoscale models for "air quality-related values" such as visibility
impairment; models for the formation and transport of fine particulates; and certainly regional models for acid precipitation effects.
There already exists, it is safe to say, an urgent need for
reliable intermediate range transport models. Yet not until very
recently (only within the last year or two) have intermediate range
models been pursued for permitting and other regulatory applications.
Why?-because, I think, there have been (and there remain) major
impediments to using these modeTs for regulatory decision making.
One of these impediments is reflected in the 1978 EPA Modeling
Guideline and again in the October 1980 proposed revisions to the
Guideline. Both state that due to the uncertainties in estimates
for large downwind distances, the air quality modeling analysis
should generally he liminted to downwind distance of 50 kilometers
from the source. As an exception, if a large source may constitute
a threat to NAAQS or to PSD increments in a Class 1 area, that source
should be considered on a "case-by-case basis" with available techniques
Yet the (draft) revised Guideline also states, in much the same breath,
there is only limited experience in using the techniques available for
long-range transport (that is, beyond 50 kilometers).
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Although, I am sure, the authors of the Guidelines did not intend
to "limit" further experience with these models, they may well have
done so inadvertently with the further recommendation (in the draft
revised Guideline) that simple Gaussian models may be used as
screening techniques for transport beyond 50 kilometers and that
"mor refined models that are designed to simulate long range transport should be considered on a case-by-case basis."
What are these more refined techniques? The draft Guideline
doesn't say—instead, it references a review paper prepared in March
1980 for the AMS/EPA Cooperative Agreement. The Guideline does not
offer any guidance to a source applicant or to a federal or state
regulator about how to choose among these techniques. Nor, moreover,
does the report of the National Commission on Air Quality's Atmospheric Dispersion Modeling Panel which was released in March 1980.
The NCAQ's report merely lists, without further comment, some of the
same models referenced in the review paper; but again the report
offers no guidance in helping the prospective user to distinguish
among these models for practical application.
If neither the federal EPA nor the expert panel assembled by the
NCAQ feel comfortable now about making concrete recommendations for the
regulatory use of intermediate range transport models, what are state
agencies and source applicants to do? Industry can turn for help to
modeling specialists in the consulting groups; but what are the state
agencies to do? In reality, as those of us in industry routinely
discover in preparing and defending PSD permit applications, most
stale regulatory agencies are largely or entirely unfamiliar with
these more "refined" approaches and in practice are falling back upon
the -onventional Gaussian plume models (like CRSTER) that they know
well, even for application to intermediate-rangs and long-range
transport. To my knowledge, thus far only one state air quality
permitting agency is entertaining-very cautiously-the use uf mesoscale
models in Class I PSO permitting applications.
Why are most intermediate- and long-range transport models
unsuitable for PSD issues? Because, in the majority of new source
air quality permitting situations, the most constraining ambient
air quality standards at mesoscale transport ranges are the 3-hour
or 24-hour average PSD increments. Yet most models for intermediateand long-range transport can predict only longer term averages-weekly,
monthly, or longer-and hence are useless in the context of PSD
regulations.
Another major impediment to the wider regulatory acceptance of
these models is their unfamiliarity. We haven't done a very good job
of "selling" these techniques to the prospective users who need them
but know little, if anything, about mesoscale modeling issues. To
help encourage the wider use of these intermediate range transport
models, we should show whenever we Cc.n how a new model can be related
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to older, more familiar models. There is an obvious technical benefit
in doing so: if a more complex model (whi^ "ould comprise a simpler
model as a special case) cannot recreate ess
ally the same result
as the simpler model when driven with the saim. inputs under the same
assumptions, something is very wrong-and you'd best discover it
sooner than later.
There is also an excellent political reason for doing so-if, that
is, we want our models to gain currency among regulatory users. "Who
cares?" one might ask. I think we all should care-because if we don't
care enough to promote better models, regulators and other decision
makers will use only what they have now. Inexorable, further advances
in intermediate range rxleVing technology will be frozen out, ignored,
in the regulatory proc .>-. Support for further model development may
well dwindle. Ours is, after all, a discipline driven by, and funded
by, the need to provide ever more accurate answers to environmental
questions of great national importance. As Paul Rohwer underscored in
his opening remarks, policy makers need ar, yers to questions-now. If
our models are viewed by decision makers as unacceptable or irrelevant,
then ethers (perhaps people who know less than we do about mesoscale
modeling issues) will surely provide their own modeling tools and
answers" We might not be very happy with what they are likely to offer
to policy makers.
This leads me to a topic that I would like us to think about
during the next few days: how can we encourage decision makers to
make responsible use of model estimates? To start with, when we
present the results of our models, we should also show, as often as we
can, the confidence intervals for the model estimates. In addition,
we can certainly do a better job of describing model performance by
using a common set (or sets) of model attributes and performance
measures. Most of us know that several groups are wrestling right now
with the problems of setting performance measures and standards for
air quality models. Sutdies of these problems are being sponsored by
the EPA, by EPRI, by the AMS/EPA Cooperative Agreement, and undoubtedly
by other groups. They may in time lead to generally acceptable protocols for model evaluation and comparison. However, a consensus is not
likely to emerge soon, at least not one that would embrace all kinds
of models and all end uses of rnodel results. It would thus be a big
step forward if, during this Symposium, we were to make a strong
attempt to articulate the performance measures and, more critically,
the performance standards that we believe are most relevant to models
for intermediate scale transport.
Yet, (and I think this cannot be stressed too strongly) the
attributes and performance standards by which our models are to be
evaluated should not be chosen in a vacuum-that is, solely on narrowly
technical ground-without regard to the proposed end uses of the modeling results. Rather, the measures and standards should be suited tu
and should support the application objectives. For example, if a model
is intended to be used in critical decision making, the measure^ and

standards we use to evaluate the model should also take into account
the ability of the model to give estimates that car be usefully bounded.
Yet, what are the practicable bounds on model accuracy? And ho , do we
explain them to nonspecialists? We are indeed confronted with a major
task of education, one m a t we share with all environmental modelers.
We need to explain clearly-to regulators, to interveners, and to the
L,^ieral public-what our models can do, what they cannot do, and why
they may be indispensable for decision making even though we can't be
sure they are "right."
This problem was echoed very clearly in a recent talk (1) by
Steven Jellinek, EPA's Assistant Administrator for Pesticide and Toxic
Materials. He described as follows the dilemma that regulators face
in dealing witM uncertainty:
"A regulator's every action-or inaction—represents a decision of
some kind. Postponing action until there is better information
is a decision; taking precautionary action in the meantime is a
decision; anr4 delaying action because of limited resources or
other priorities is also a decision. Whatever way they decide,
regulators run the risk of making the wrong decision in the midst
of pervasive uncertainty. The law of averages says they won't
be right every time."
"Therein lies," Jellinek concludes, "the inevitability of being
wrong." As modelers we too must accept the inevitability of being
wrong. But in our concern as scientists to be right and to be
thorough, aren't we sometimes shortchanging prospective users who might
benefit greatly from the technology that we have—even our last year's
models, now somewhat unfashionable or slightly obsolete—if only we
could get these models into their hands in a timely fashion? After all,
the regulatory acceptance of models seems to lag by at least five to
ten years (or even longer). The sooner we begin to introduce new models
into the decision makers' arsenal, the sooner (eventually, that is) they
will come around to using them.
Still another impediment to the wider use of intermediate range
transport models is, in many cases, their unwarranted complexity. For
example, some mesoscale models use layered vertical winds. Often one
hasn't a clue, really, as to the actual vertical wind structure on the
mesoscale, especially not in rough terrain areas. So why use a
layered model in such cases? Are complicated schemes necessarily
better than simpler ones, or are they simply different or more
fashionable?
Finally, a^ we continue to discuss the state of the art in
intermediate range transport modeling, it would be well to give some
thought to the 'oilowing ^jestions. What is the domain for application of a given model? Is it applicable only to research areas?
Is it germane to the questions being asked by decision makers?
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Do the modeling assumptions encourage, or restrict, the model's
practical applications? Does the model have evolutionary potential?
Is the input data good enough and do we understand the physical
processes well enough to justify a more complex model?
How uncertain are the model predictions? Can they be bounded?
Are the results transferable to other situations? Is the model
generalizable? How sensitiv are model results to nonrepresentative
input data?
Which model attributes, performance measures, and performance
standards are relevant to models for research and technique development? Which, for models to be used in source permitting? Which
are relevant to models for regional policy analyses and generic
technology assessments? Should models intended for one use be
evaluated in the same way as models intended for another use?
If together we begin to face these problems honestly, this
Symposium will surely have been a success.
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INTRODUCTION
Mathematical models have been used to assess potential impacts of
radioactivity releases during all phases of our country's development
of nuclear power. Models also are excellent tools for studying the
phenomenology of radionuclide transport processes and mechanisms,
exposure-dose relationships, and the ..ltimate risks to man. However,
an important part of the suite of models used in radiological assessments is the portion that calculates atmospheric dilution and dispersion [1,2,3]. Atmospheric dispersion models have been developed for
predicting fallout patterns from nuclear weapons testing and nave been
employed to determine the feasibility of proposed peaceful applications
of nuclear explosives, such as the PLOWSHARE program [4]. Atmospheric
dispersion models also Tiake up an essential part of the assessment
methodology employed to design, site, license, and regulate nuclear
power plants and related fuel cycle facilities [5,6,7,8].
Experience to date has shown that in terms of potential dose to
man, the most significant releases of radioactivity from nuclear fuel
cycle facilities are those to the atmosphere [9,10]. This significance
is related to the relatively short time interval between release and
human exposure as well as the number of pathways through which human
populations may be exposed once radionuclides are introduced into the
atmosphere (Fig. 1). External and internal exposures to contaminated
air, contaminated surfaces, and ingestion of contaminated agricultural
products are all directly influenced by the amount of atmospheric dispersion occurring subsequent to a release of radionuclides. Discharges
to the atmosphere have also received the most attention for the evaluation and mitigation of consequences from reactor accidents because of
the difficulties encountered in protecting populations from contaminated air [11].
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Our ability to predict atmospheric dispersion will, therefore,
ultimately affect our capability to understand and assess the significance of both routine and accidental discharges of radionuclides.
Assessment of potential radiological exposures from postulated routine
and accidental releases of radionuclides from the fast-breeder reactor
will require the use of atmospheric dispersion models, and the design,
siting, and licensing of breeder reactor fuel cycle facilities will be
influenced by the predictions made by th^se models.
THE NEED FOR INTERMEDIATE RANGE MODELS IN NUCLEAR ASSESSMENTS
For radiological assessments of facilities in the nuclear fuel
cycle, including fast-breeder reactors, most regulatory requirements
can be satisfied using models designed to predict exposures occurring
within 10 km of the point of release. The primary radiological protection standards of the International Commission of Radiological
Protection [12], the dose limits in the United States promulgated for
siting and design against the consequences of accidental releases
(10 CFR 100) [13], and the design objectives and dose limits for
routine operation (10 CFR 50, Appendix I, and 40 CFR 190) [14,15] are
oriented toward the assessment of dose to individuals or members of
"critical population groups" potentially subjected to the highest
exposure to a unit discharge of radioactivity. Typically, these maximum exposures occur within a few kilometers of the point of release;
thus, the need for intermediate range dispersion models has not been
obvious for calculations performed to demonstrate compliance with dose
limits. In fact, the only situation where intermediate range models
might be needed to assess compliance with dose limits is when several
facilities in a region each contribute significantly to the dose
received by single individuals or critical population groups. The
consideration of the dose received from multiple sources is included
within the requirements of the U. S. Environmental Protection Agency
under 40 CFR 190 for the uranium fuel cycle [15].
The primary incentive for the application of intermediate range
atmospheric models comes with increasing emphasis on estimating the
total health impact from both accidental and routine releases, and with
the need to compare environmental and socioeconomic risks from radioactivity released from nuclear facilities with releases of radioactive
and nonradioactive pollutants generated from alternative energy sources.
The need to assess the total environmental impact, above and beyond
demonstrating compliance with specific dose limits, is derived from
the National Environmental Policy Act [16], and subsequent litigations
under this Act. The Calvert Cliffs decision, for example, required
government agencies (with specific reference to the Atomic Energy
Commission) to conduct a thorough evaluation of impacts related to
specific and alternative projects and programs [17].
Estimates of the total detriment from releases of radionuclides
require assessment of exposures at distances greater than 10 km and
time periods in excess of one year. Large spatial and temporal scales
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must be considered because of the assumption that a linear relationship
exists between health effects occurring at high- and low-dose rates,
with an absence of a threshold dose below which no damage can occur [12].
Thus, for the purpose of radiological assessment, every amount of
released radioactivity, regardless of how small the quantity, entails
a finite probability of producing some harm. Therefore, it is of
interest to know the extent in the environment to which a radionuclide
is dispersed, the size of the population potentially exposed, and the
length of the exposure period. The total dose received by all members
of a population is referred to as the "collective dose." Estimates of
the collective dose received by a population can be readily converted
into estimates of detriment through the use of published risk factors
which relate health ejects to dose [12,18].
The estimated detriment can also be compared with costs required
to further limit emission rates to levels "as low as reasonably achievable," a cost-benefit process referred to as "optimization" by the
International Commission on Radiological Protection (ICRP) [12]. This
process is dependent on the use of regional and global scale transport
models to estimate the collective dose received by the population
potentially exposed to radionuclide releases. Tha ICRP recommends that,
optimization evaluations be performed prior to the determination of
compliance with dose limits. A form of release rate optimization is
currently required by the U. S. Nuclear Regulatory Commission in
10 CFR 50, Appendix I [14], whereby each man-rem received by the population residing within 80 km (50 miles) of a light-water power reactor
justifies the expenditure of $1,000 in additional measures to reduce
radionuclide discharges below levels that would otherwise meet design
objective dose limits. Similar requirements are likely for facilities
within the fast-breeder reactor fuel cycle.
Ultimately, the decisions based on environmental and health risks
of nuclear power vs other forms of producing power will be influenced
by predictions made with intermediate range models because a comparison
of impacts associated with various energy options must be conducted on
a reg onal scale, at the very least. The comparison of impacts among
various energy-producing technologies cannot be restricted to just
those impacts associated with maximally exposed individuals or critical
population groups. As emphasis increases on comparative risk analysis
in the decision-making process, a greater reliance on the predictive
capabilities of intermediate range models must be expected. Finally,
incentive for the use of intermediate range models is being provided
by increasing interest in the development and application of models
for real-time analysis during post-accident situations. For these
situations, model forecasts are used to guide environmental surveillance teams and assist in deciding the need to implement emergency
procedures. For example, intermediate range forecasts were made by
the Atmospheric Release Advisory Capability (ARAC) during the Three
Mils Island accident in 1979 [19].
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APPLICATION AND DEVELOPMENT OF INTERMEDIATE RANGE MODELS
FOR NUCLEAR ASSESSMENTS
The most frequently used atmospheric dispersion model for estimating a collective dose within 80 km of the release point is the Gaussian
plume model [2,5]. This model is widely used because [20]: 1) it
produces results similar to thosa produced by other models when comparisons are made to experimental data, 2) mathematical operations are
easily performed, 3) it is appealing conceptually, 4) it is consistent
with the random nature of turbulence, 5) it is a solution to the Fickian
diffusion equation for constant diffusion and wind speed, 6) other
so-called theoretical formulas also contain large amounts of empiricism
in their final stages, and 7) it is the model most often referred to
in government guidebooks, thus acquiring a "blessed" status, e.g. [8].
The Gaussian model is often applied when it theoretically should not
be, but this practice has been accepted when predicted impacts are so
small as to diminish the importance of potential errors.
Several special problems, however, must be considered in the
application of intermediate range transport models which are typically
of lesser importance for doses calculated to maximally exposed individuals or population groups. Beyond 10 km downwind, the consideration
of specific atmospheric processes becomes increasingly important with
the need to increase the accuracy of estimates of collective dose.
These processes include the following: a) spatial and temporal variations in the wind velocity during plume transport, b) spatial and
temporal variations in the upper limit to vertical mixing during plume
transport, c) changes in diffusion introduced by complex terrain or
meteorological conditions (e.g., land-sea breeze regimes), d) plume
depletion during transport due to wet- and dry-deposition processes;
e) chemical behavior of the pollutant in the plume during downwind
transport and, f) radioactive decay and daughter build up as the emitted
radionuclides are transported downwind. Because these processes are
often difficult to parameterize in the Gaussian plume model, other,
more complex models are under development for use in assessing the
impact of radionuclides released to the atmosphere.
More complex models are already receiving limited use in the
performance of nuclear assessments. For example, the ARAC system,
which was employed during the Three Mile Island accident, includes the
three-dimensional particle-in-cel1 code ADPIC [21]. The trajectory
model developed by the National Oceanic and Atmospheric Administration
is specifically designed for estimating transport and diffusion beyond
a few tens of kilometers [22], and has been used to assess the collective dose to the U. S. population due to releases of Rn and Rn
daughters from uranium mining and milling operations [23].
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THE NEED TO QUANTIFY ERRORS ASSOCIATED WITH MODEL PREDICTIONS
In the process of developing and applying intermediate range transport models for use in nuclear assessments, the potential errors
associated with model predictions should always be kept in mind. The
direction and extent of future model development and the type of intermediate range models to be employed should be related to the errors
associated with model predictions and the level of accuracy required
by a given problem. For example, less sophisticated model's may be
acceptable for the assessment of risk associated with low-level routine
releases, because extensive averaging may compensate for spatial and
temporal complexities. However, ignoring specific complexities may
not be acceptable for the assessment of risk associated with accident
releases, a problem requiring higher levels of predictive accuracy.
Predictive accuracy is more difficult to achieve for acute releases and
estimates of dose to specific individuals and locations than for prolonged releases and estimates of collective doses to large populations
of general regions.
Model Validation
Meaningful derisions concerning proper interpretation of the
results predicted by intermediate range models can only be made if the
uncertainty associated with the predictions is known. For example, a
model that predicts a dose that is two times less than a standard is
not very useful if the error associated with its prediction exceeds
one order of magnitude. Quantification of uncertainty requires validation of model predictions through comparison with independent sets of
observations [24,25,26]. Unfortunately, attempts to quantify uncertainties through model validation can be enormously expensive, as validation
requires many comparisons and tests against data representing the range
of conditions in which the model is intended for use.
Ideally, validation should include simultaneous measurements of
each model parameter in addition to measurements of the release and
downwind air concentrations, because such comprehensive testing should
enable identification of the sources of predictive error; i.e., the
selection of improper parameter values or bias in the model structure.
In practice, however, validation is performed by comparing only predicted and observed concentrations for a given set of releases. Even
in their simplest form, validation results are wanting, not only for
intermediate range transport models, but for all models used in radiological assessments [24,26,27].
Model Imprecision
In the absence of model validation, an approach which attempts to
account for the uncertainty in model predictions on the basis of th-=>
known variability in all model parameters is useful. This approach
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has been referred to as an "imprecision analysis" because the error
about a predicted or expected quantity is estimated without knowing
the deviation of the expected value from a true value [28]. Imprecision
analyses have been performed for limited food-chain transport and
internal dosimetry models [24,26,29,30], but we are not aware of applications that have been performed for intermediate transport models of
the type typically used for nuclear assessments. However, for situations in which model validation studies are nearly impossible to conduct, imprecision analyses wi 1 "i be the only alternative for estimating
predictive error.
Quantifying predictive uncertainty through analysis of parameter
variability is appropriate when it can be assumed that the model structure is correct and the distribution of parameter values is relevant
to the assessment situation. In our experience, the validity of these
assumptions is extremely difficult to confirm. Furthermore, data available for many parameters are so sparse as to limit confidence in the
specification of parameter variability. At best, when the quantity
and quality of available parameter data are less than satisfactory,
judgment must be exercised to specify potential maximum ranges of
parameter variability. In this manner, the estimated range of predicted
doses should include the true range of doses occurring subsequent to a
release of radionuclides. Thus, even an estimate of predictive uncertainty based on conservative judgment will be of value to decisions
prompted by the results of model calculations.
Limited Validation Results
For intermediate range transport models, some information on
predictive uncertainty can be gained from limited validation studies
that have been performed thus far. For example, Table 1 shows the
results of an analysis of the accuracy of the Gaussian plume model
under a variety of conditions based on a limited number of validation
experiments [26]. As expected, the Gaussian model is seen to be more
accurate for long-term chronic releases than for short-term acute
releases. It is also more accurate for flat terrain than for situations
involving complex terrain or complex meteorology, such as land-sea
breeze conditions. This model also appears to be more accurate near
the source than at longer downwind distances. An even smaller validation data base indicates that similar conclusions can be drawn for
other types of intermediate range dispersion models as well [26].
Selection of the "Best" Model
For assessment purposes, knowledge of predictive uncertainty is
important because selection of the "best" intermediate range atmospheric
transport model will depend upon the degree of user practicality
attained within an acceptable range of predictive uncertainty. In the
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Table 1. Summary of the estimated uncertainty associated with
predictions from Guassian plume atmospheric dispersion
model [26]
Conditions

Ra^ge of the ratio
Predicted
Observed

Highly instrumented site; ground-level
centerline concentration within 10 km of
a continuous point source

0.8 - 1.2

Specific hour and receptor point, flat
terrain, steady meteorological conditions;
within 10 km of release point

0.1 - 10

Ensemble average (e.g., monthly, seasonal,
or annual averages) for a specific point;
flat terrain, within 10 km of release point

0.5 - 2

Monthly and seasonal averages, f l a t t e r r a i n ,
10-100 km downwind

0.25 - 4

Complex terrain or meteorology (e.g., sea
breeze regimes)

0.01 - 300

Low wind speed, inversion conditions
Smooth, unforested terrain
Flat, forested terrain
Hilly, forested terrain

20 - 40
50 - 500

32
absence of information quantifying predictive error, it is tempting to
choose a model on the basis of its complexity. The assumption is made
that the more physical processes that are included in a model, the more
realistic the model's output will be. However, this assumption is not
always true. Complex models may actually have a larger imprecision
associated with their output Lhan simple models [31]. In addition,
complex models often are not user oriented. They may require input
data and/or computing facilities that are not practical to obtain. It
has been our experience that many complex models are better suited for
research activities designed to study phenomenological processes and
mechanisms than for use in routine radiological assessments.
The acceptable range of uncertainty associated with a model's
output will depend on the magnitude of the impact being assessed. If
the predicted impact of a given radionuclide release is large or is
approaching a limit which could result in some kind of action being
taken, e.g., shutting down the facility or evacuating nearby persons,
ttie acceptable uncertainty in the prediction must be small. If the
true dccuracy of the calculation is unknown, as it often is, the calculation is generally biased through a set of conservative assumptions
in order to provide reasonable assurance that actual impacts will
not exceed predicted impacts. Because routine radionuclide releases
from operating nuclear facilities tend to be small, with collective
doses being only a fraction of that received from natural background,
the uncertainty problem will generally be less than for large accidental
releases. Nevertheless, without validation to quantify uncertainty in
model predictions, the selection of the "best" intermediate range
transport model for use in nuclear assessments will be entirely a
matter of personal or institutional judgment.
Uncertainties External to Intermediate Range Models
Although our capability to predict intermediate range atmospheric
dispersion will directly influence our ability to assess collective
dose and total detriment resulting from releases of radionuclides, the
level of predictive accuracy required for these calculations may well
be determined by the level of uncertainty associated with assessment
parameters which are external to the atmospheric dispersion model.
For example, a factor of three to five uncertainty may be associated
with the portion of radiological assessmenf parameters that calculate
internal dosimetry for individual members of the population [29,30].
Much of this uncertainty, however, is due to natural variability among
individuals, and a substantial increase in predictive precision can be
expected for the assessment of collective dose. Additional uncertainty
is inherent within parameters used to calculate the transfer of radionuclides in food chains. Site-specific information is seldom available fcr these parameters and the variability associated with typically
assumed generic default values may well span an order of magnitude or
more [26,29]. Therefore, where the uncertainty associated with foodchain and dosimetry parameters is greater than the uncertainties
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associated with intermediate range transport, models, little will be
gained by improving the accuracy in atmospheric dispersion predictions.
However, as with atmospheric dispersion, more uncertainty is expected
in the prediction of food-chain transport and internal dosimetry for
specific locations and release events than when averaging over large
regions and prolonged release conditions to obtain estimates of collective dose from routine operations.
MODEL PREDICTIONS AND DECISIONS
Although meaningful decisions based on model predictions will
require some estimate of uncertainty, the absence of quantified uncertainties for intermediate range transport models will not prevent
decisions from being made. These decisions will affect the fastbreeder reactors as well as any other facilities being planned to help
satisfy the country's energy needs. This perhaps may be one reason
why more complex models seem to be preferred for those assessment
situations in which very few relevant data are available and where
testing through validation is practically impossible [27]. Because of
a lack of information, complex models will appear more realistic to an
individual faced with making a decision than will simple models.
Untested models, however, can only be relied upon for a gross indication
of the outcome of a given practice or activity. The chance for erroneous results is large. Decisions for the siting, licensing, operation,
and regulation of nuclear facilities, including fast-breeder reactors
should only be based on untested "best estimate" predictions when
in-plant and off-site procedures for mitigating the impact of radionuclide releases can be readily implemented, or when the maximum conceivable consequence of dose misprediction is sufficiently small. When
the consequences associated with misprediction are not small, intentional bias in the model structure and in the selection of parameter
values pay be warranted to decrease the likelihood of underestimating
potentially unacceptable impacts. However, even for models that have
been tested for numerous assessment situations, there will always be a
potential for misprediction as soon as the model is applied to a new
problem. Thus, when decisions are based on model predictions, operational environmental monitoring will always be necessary to detect concentrations of radionuclides in air, water, soil, and foods to ensure
that unacceptable conditions unforeseen by the model do not occur.
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ABSTRACT
Several Oak Ridge National Laboratory Divisions have
oeen involved in an extended program to estimate the o f f s i t e radiological r i s k s associated w i t h introduction of
hypothetical breeder reactor fuel cycles. This paper
focuses on thorium fuel cycle f a c i l i t i e s .
Fuel reprocessing
and r e f a b r i c a t i c n f a c i l i t y dose commitments associated with
an annual fuel throughput s u f f i c i e n t to generate 50 GW(e)year of e l e c t r i c i t y have been estimated. The procedures
used f o r the above estimates have also been adapted to
estimate o f f - s i t e doses associated w i t h a thorium mining and
m i l l i n g f a c i l i t y producing 2200 metric tons of ThO. annually.
The computerized methodology used to represent atmospheric
dispersion was based on the Gaussian plume model. Dose
commitments calculated f o r the various fuel cycle components
were compared to e x i s t i n g standards; control technology was
e'.amined to determine whether reduction in release rates warfeasible.

RADIOLOGICAL ASSESSMENT OF AN ALTERNATE BREEDER REACTOR FUEL CYCLE
INTRODUCTION
Nuclear fuel cycles involving the use of large • 1 2 Th reserves
e x i s t i n g i n the United States may be compared to •' ty U cycles in terms of
r i s k s associated with r o u t i n e operations of hypothetical f a c i l i t i e s .
This paper focuses on two components of the thorium c y c l e :
thorium ore
mining and m i l l i n g , and fuel reprocessing. These components of a t y p i c a l
closed nuclear cycle ( i n v o l v i n g reprocessing and high level waste management) are anticipated to dominate population exposure from a l l aspects of
the fuel cycle [ 1 ] .
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METHODOLOGY
To facilitate intercomparison of program results, a relatively
standardized design and assessment procedure has been developed. A
typical analysis of potential doses involves: (a) application of an
isotope generation and depletion code to predict an equilibrium radioisotope inventory to be reprocessed; (b) an engineering analysis to
establish element-specific atmospheric release fractions from a hypothetical facility; and (c) a computerized methodology to estimate atmospheric transport and diffusion processes, food-chain transport, and
radiological dose to human populations. This basic procedure has been
used to predict fuel reprocessing facility doses associated with an
annual fuel throughput sufficient to generate 50 GW(e)-year (50 >• 10 9
W-year) of electricity. The procedure has also been adapted to estimate
off-site doses associated with a representative thorium mining and
milling facility producing 2200 metric tons of ThOr annually. The
computerized methodology used to represent atmospheric dispersion is
based on the Gaussian plume model and is contained in the AIRDOS code
series [2]. Also contained within the code are subroutines accounting
for such phenomena as wet and dry deposition from the atmosphere, uptake
by food crops and animals, intake and exposure levels for human populations and individuals residing within the SO-km radius of interest, and
calculation of 50-year dose commitments to these populations and individuals. Data required to be input to the card-based code include detailed
meteorological summaries, agricultural details, demographic data, and
listings of dose conversion factors to be employed in converting radionuclide intakes into 50-year dose commitments.
The meteorological data employed in estimating atmospheric dispersion was in all cases based on measurements recorded at U.S. weather
stations. Because the fuel reprocessing and refabrication plant studies
were for hypothetical facilities not located at any specific site, an
IS-station average U.S. meteorology data set was employed. This data
set parallels that used in the Liquid Metal Fast Breeder Reactor Program
Environmental Statement [3], allowing comparison of our results with
this earlier study. Joint frequency distributions of wind speed, stability category, and wind direction were compiled for the 16 principal
compass directions. In the case of the thorium mining and milling
facility, production of large quantities of ore would be likely to occur
at a specific site in the northwestern United States, the Lemhi Pass
(located on the Idaho/Montana border) (Fig. 1). The use of site-specific
data was therefore appropriate, although the nearest weather stations
for which long-term data were available were located 150 km (Butte,
Montana) and 340 km (Mullan Pass, Idaho) from the site. Dose commitments
to hypothetical maximally exposed residents (living at the 1 km millsite
boundary), and to the population residing within 80 km, were calculated
for both sets of meteorology in this latter case. Table 1 summarizes
aspects of the meteorological data sets employed for the Lemhi Pass
study. The significance of the evident differences in the sets of
atmospheric stability class data may be estimated by examining corresponding differences in predicted radiation dose commitments to persons
residing near the facility.
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Table 1.

1.

U.S. thorium deposits.

Meteorological Summary — Lemhi Pass Region
Atmospheric S t a b i l i t y Class

Data Source
A

B

Overall

D

Wind Speed Averages by Stability Class (m/s)
Butte, Montana

1.0

1.4 3.0

5.0

3.5

1.2

2,56

Mullan Pass, Idaho

1.1

2.0 3.4

5.2

3.9

1.6

2.85

Time Within Stability Class (%)
Butte, Montana

1.4 12.0 10.1 44.4 8.4 22.3

Mullan Pass, Idaho

1.1

7.2 9.9 59.1 10.5 12.3

The Lemhi Pass region contains a significant fraction of identified
U.S. thorium reserves, as well as other mineral resources. Tables 2
and 3 provide estimates of the size of the U.S. thorium resource base
and the annual quantities of ThO2~equivalent necessary to support 1 GW(e)
(10° W electric) reactor power output per year. Figure 2 provides an
indication of the topography associated with the thorium mine site, at
an altitude of 2.3 km above sea level. Details regarding the thorium
mine/millsite are available [4], and Tennery et al. [5] provide descriptions of the data and assumptions associated with the thorium fuel
reprocessing facility.
To calculate the impacts associated with the release of an array of
radionuclides from the facilities under analysis, it is necessary to
consider several modes of exposure. Radionuclides released to the
atmosphere from a reprocessing plant stack, a thorium mine's extraction
operations, or a thorium mill/refinery facility's ore storage pile,
grinding operations, or stacks will disperse according to prevailing
meteorological conditions, eventually depusiting on ground surfaces or
food crops. Inhalation of airborne radionuclides, followed by long-term
residence in the lung or translocation to other both organs, is typically
a principal contributor to total dose associated with a facility.

ORNL-PHOTO 8319-80

Fig. 2. Prospect trenches near the Lemhi Pass.
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Table 2. The U.S. Thorium Resource Base
MT ThO2 Equivalent

Region

Description

Reference

Lemhi Pass,
Idaho/Montana

100 x 10 33
43 x 10 3
36 x 10

Reasonably Assured
Reserves
Reserves

[6]
[7:
[8]

United States

3
129 x 10 3
96 x 10

>0.U ThO 2
<0.]% ThO 2

[9]
[9]

270 X 10 3

Resources

[10]

60 x 10 33
350 x 10

Reserves
Estimated Additional

[8,11]
[8,11]

600 x 10 3

4 - $10/lb,1969 $'s

[12]

400 x 10 33
1125 x 10

Reserves
Estimated Additional

[8]
[8]

World

Table 3. Estimated Thorium Requirements, by Reactor
Reactor Type

MT ThO2/GW(e)-year

Reference

25-70 Prebreeder (without recycle)
71-93 Breeder

[6]

High-Temperature
Gas-Cooled Reactor
(HTGR)

9

[7]

Thorium Cycle
Pressurized Water
Reactor

18

[7]

Gas-Cooled Fast
Reactor (GCFR)

65-92 (without recycle)

[13]

CANDU Heavy Water
Reactor

56-58

[8]

Light Water Breeder

Reactor (LWBR)
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Inqestion of nuclides deposited on food crops, or taken in by foodproducing animals, is also a significant exposure mode. When radionuclides emitting energetic gamma or x rays are released from a facility,
direct exposure of humans to ground-surface deposited nuclides can
contribute from 15-35% of the dose to total body. Other modes, including
direct exposure to nuclide concentrations in the atmosphere and exposure
to water-suspended nuclides while swimming, rarely contribute more than
1% to dose [3,4].
DOSE COMMITMENTS
Table 4 presents 50-year dose commitments estimated for one year's
operation of the large-scale thorium fuel reprocessing 6 facility, assuming a uniformly dispersed surrounding population of 10 individuals and
food crop and animal production facilities sufficient to support the
population. Tritium was generally found to be the principal contributor
to dose.

Table 4. Fifty-Year Dose Commitments from One Year's
Reprocessing Plant Operation
Receptor
Maximum Individual
(mrem)
General Population
(man-rem)

Total Body
3. 1
39

GI Tract

Bone

Thyroid

Lung

4.6

4.1

6.8

3.3

51

48

60

40

It is reasonable to assume that standards similar to the U.S.
Environmental Protection Agency (EPA) 40 CFR 190 standards for the
uranium fuel cycle [14] would be enacted for the thorium fuel cycle prior
to the cycle's large-scale implementation. The EPA standard requires
"reasonable assurance" that the annual dose equivalent to an individual
does not exceed 25 mrem to the whole body and other organs except thyroid
(thyroid is limited to 75 mrem). Doses from radon and its daughters are
excepted from the regulations, as are mining, waste disposal, and transportation operations. No equivalent standard exists for population dose
estimates.
Table 5 presents a similar set of do^e commitments for a thorium
mine/mill facility as described. These estimates are essentially identical
for the two sets of meteorological data, given the level of error associated with the input information and the assessment methodology. If
regulations similar to the EPA's 40 CFR 190 uranium fuel cycle standards
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Table 5. Fifty-Year Dose Commitments from One Year's
Mine/Mill Operation
Meteorology Data Set

Total Body

GI Tract

Bone

Thyroid

Lung

Receptor: Maximum Individual (mrem)
Butte, Montana

2.4

4.1

9.5

2.4

35

Mullan Pass, Idaho

2.4

3.7

9.4

2.4

32

Receptor: General Population (man-rem)
Butte, Montana

0.05

0.03

0.1

0.05

0.7

Mullan Pass, Idaho

0.05

0.03

0.1

0.05

0.8

were applied to the thorium mine/mill facility, 2 2 0 Rn daughter impacts
would be excluded, and the Table 5 dose estimates to the maximum individual's total body, bone, and lungs would be reduced to 1.0, 3.3, and
0.7 mrem, respectively. Under the same conditions, Table 5 population
doses to total body, bone, and lungs would reduce to 0.017, 0.036, and
0.014 man-rem, respectively.
APPLICATIONS
At least two principal applications are apparent with respect to
engineering-based radiological assessments of the type described here:
(a) An initial determination can be made as to the general off-sita
hazard associated with a facility in very early stages of development.
Evaluation of the need for revised radionuclide control technologies, in
the light of estimated facility impacts, can be performed prior to
construction of hardware, (b) Identification of needs for additional
research into control technologies, facility operating parameters, or
the dose assessment methodology itself is possible. Key research programs could be initiated and completed in time to permit reevaluation
and possible redesign of a nuclear fuel cycle facility, prior to
construction.
The assessment work described in this paper was performed in an
iterative fashion; identification of a specific process or radionuclide
as a dominant contributor to estimated dose was often cause for redesign
of the process itself, or modification or incorporation of filters or
other effluent control devices. For example, identification of the
thorium mill ore storage pile as a potentially large source of radon gas
and radioactive dust resulted in design of a partial enclosure for the
pile, supplemented by application of chemicals for dust control [4]. A
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number of key research needs were identified during the assessment program as well. As a result, an analysis of LMFBR-tritium generation rates
is currently being performed by ORNL in cooperation with the General
Atomics Corporation [15], i two-year subcontract was let to Colorado
State University to define and model radon and dust release from an ore
storage pile (research in progress), and a cooperative agreement among
the U.S. Department of Energy, ORNL, and the National Oceanic and Atmospheric Administration was initiated to collect meteorological data &t the
Lemhi Pass thorium resource site.
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THE AIRDOS-EPA COMPUTER CODE
AND ITS APPLICATION
TO INTERMEDIATE RANGE TRANSPORT
OF 85 Kr FROM THE SAVANNAH RIVER PLANT
D. E. Fields
C. W. Miller
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Health and Safety Research Division
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Oak Ridge, Tennessee 37830

ABSTRACT
The AIRDOS-EPA computer code is a methodology that
estimates radiation doses to man from airborne releases of
radionuclides. A modified Gaussian plume equation is used
to estimate air concentrations resulting from the release of
as many as 36 radionuclides. Radionuclide concentrations in
food products are estimated using the output of the atmospheric transport model. Doses to man at each distance and
direction specified are estimated for up to eleven organs
and five exposure modes. One year of weekly average 5 s Kr
concentrations observed at 13 sampling stations located 30
to 150 km distant from a quasi-continuous point source at
the Savannah River Plant has been used in a validation study
of the atmospheric transport portion of AIRDOS-EPA. The
predicted annual average concentration at each station exceeded the observed value in every case. The average overprediction factor was 2.4 and Pearson's correlation between
pairs of logarithms of observed and predicted values was
r = 0.93.
INTRODUCTION
The AIRDOS-EPA computer code [1] has been developed at Oak Ridge
National Laboratory (ORNL) to be used by the U. S. Environmental Protection Agency as part of a methodology to evaluate health risks to man
from atmospheric radionuclide releases. The cede is a modified version
of AIRDOS-II [2], which has been used at ORNL for several years to
assess radiological impacts of routine operations of nuclear facilities.
One or both of the AIRDOS codes are also implemented at a number of
othet installations in the United States.
The best way to determine the accuracy of calculational procedures
such as AIRDOS-EPA is to compare predictions from the procedure with
field measurements taken under release conditions similar to those
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assumed by the model, a process commonly referred to as model validation. We know of no single existing data set that can be used to validate all aspects of the AIRDOS-EPA methodology. However, a data set has
recently become available from the Savannah River Plant (SRP) at Aiken,
South Carolina, that makes it possible to perform a validation study of
the atmospheric transport portion of codes such as AIRDOS-EPA out to a
distance of 144 Km [3,4]. The purpose of this paper is to discuss the
AIRDOS-EPA code and to present the results of a validation study using
the SRP data base.
AIRDOS-EPA
The AIRDOS-EPA computer code is a methodology, designed for use on
IBM-360 computers, that estimates radionuclide concentrations in air,
rates of deposition on ground surfaces; ground-surface concentrations;
intake rates via inhalation of air and inyestion of meat, milk, and
fresh vegetables; and radiation doses to man from airborne releases of
radionuc^ides. A modified Gaussian plume equation [5] is used to estimate dispersion of the released radionuclides. The equation for the
22.5° sector-averaged ground-level concentration in air is given by.

*

=

0.16n x o i i

eXp

ft)'

(1)

where
X=
Q =
u =
o =
H =

concentration in air at x meters downwind (Bq/m 3 ),
uniform emission rate from stack (Bq/s),
mean wind speed (m/s),
vertical dispersion coefficient (m),
effective stack height (m).

Values Q and u" are input parameters for AIRDOS-EPA. Values of H may be
input or calculated within AIRDOS-EPA from other input variables. The
values of a contained in AIRDOS-EPA are those recommended by Briggs [6].
While the Briggs dispersion parameters, as well as others, are generally
Lased on data for downwind distances less than or equal to 10 km, they
are routinely extrapolated to much greater distances.
Equation (1) assumes that there is no upper limit to vertical dispersion. In the atmosphere, however, such a limit or "lid" often
affects the dispersion of a plume, eventually resulting in a uniform
radionuclide concentration between the ground and the lid. When this
occurs, Eq. (1) becomes:
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0.40 x Lu
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where L = height of the lid (m). An average value of L for the time
period being considered is part of the input for AIRDOS-EPA.
As many as 36 radionucTides released from one to six stacks or area
sources can be handled in a single computer run. Meteorological data
for the area surrounding a nuclear facility may be supplied as input to
the code, which then estimates air and ground concentrations and intake
rates by man for each radionuclide at various distances and directions
from the release point or the center of an area source. Radionuclide
concentrations in meat, milk, and fresh produce consumed by man are
estimated by coupling the output of the atmospheric transport models
with the terrestrial food-chain models found in L). S. Nuclear Regulatory
Commission Regulatory Guide 1.109 [7]. From these values, doses to man
at each distance and direction specified are estimated for total body,
red marrow, lungs, endosteal cells, stomach wall, lower large intestine
wall, thyroid, liver, kidneys, testes, and ovaries through each of five
exposure modes. These modes are (1) immersion in air containing radionuclides, (2) exposure to ground surfaces contaminated by deposited
radionuclides, (3) immersion in contaminated water, (4) inhalation of
radionuclides in air, and (5) ingestion of food produced in the area.
The dose calculations are made with the use of dose conversion factors
supplied as input data for each rauionuclide, exposure mode, and reference organ or tissue.
At the option of the user, the area surrounding the source may be
subdivided either with a circular or a square grid. For the circular
option, as many as 20 distances may be specified for each of 16 compass
directions. Each distance represents the midpoint of a sector. The
square option employs a 20 by 20 grid with the source at the center.
The grid size is specified by the user.
The code may be run to estimate either the highest annual individual dose in the area or the annual population dose. For either of these
options, tables are provided as output which summarize doses in several
ways—by nuclide, exposure mode, and organ. Also, for either option
selected, ground concentrations of radionuclides and intake rates by man
are tabulated for each specified environmental location. In addition,
working level exposures may be calculated and tabulated for inhalation
of 2 2 2 R n and its short-lived progeny.
THE SRP DATA BASE
The SRP is a major production facility owned by the U. S. Department
of Energy. Located on a 770-km2 site south of Aiken, South Carolina,
SRP is surrounded by gently rolling terrain. The site itself is covered
with forests of mixed hardwoods and pines; the surrounding area is equally
divided between mixed forests and cleared farm land [3].

52

The SRP facilities include two fuel reprocessing plants loc-Led near
the center- of the site. Fission product 8flKr is released as a nonbuoyant plume at a height of 62 m during dissolution of irradiated fuel.
Since 8 5 Kr is an inert gas with a long radioactive half-life (10.76 y ) ,
it can serve as a tracer of atmospheric dispersion processes without the
complicating effects of wet deposition, dry deposition, and chemical
transformations.
Beginning in March 1975 and continuing through September 1977,
weekly 8 5 Kr air concentrations were measured at 13 stations surrounding
SRP. Thuse stations are shown in Fig. 1 [4]. Cryogenic air samplers
were used to collect the 8 5 K r for laboratory processing and counting.
The sampling stations ranged in distance from 28 to 144 km from the
source of 8 5 Kr.
Concurrent to the 8 5 K r sampling program, meteorological data was
gathered from eight instrumented towers on or near the SRP site, also
shown in Fig. 1. One of the towers u:5ed was the WJBF television tower,
located approximately 21 km from the 8 5 Kr source. Stability wind-rose
statistics for the period March 1975 through August 1976 have been compiled
from 15-minute-averaged data taken from the 62 m height on this tower [3].
Also, average monthly mixing depths (equivalent numerically to lid height)
for this same period of time have been calculated from acoustic sounder
data gathered at the SRP site [3].
METHODOLOGY
Separate AIRDOS-EPA simulations of 8 s Kr transport were performed for
each study period of the year September 1975 through August 1976 from the
SRP data base [3]. These calculations of ground-level 8 5 Kr concentrations
were performed using Eqs. (lj and (2).
Study periods of interest were four seasons and one annual value.
Model parameters were chosen appropriate to release conditions at the
SRP. Arithmetic average air temperature, lid height, and release rate
values rfere computed from the SRP data base for each period. The source
term was assumed a steady atmospheric release from a single point source
(stack). Values of simulated ground-level 8 5 Kr concentrations were
computed for each of 13 locations corresponding to the monitoring stations
specified in the SRP data base.
Observed SRP data weekly concentration values were examined for each
of the 13 monitoring stations to ascertain if they could be considered to
have either a normal or a lognormal frequency distribution. The number of
values available for each station ranged from 37 to 53. Depending on the
sample size, either the Shapiro-Wilt W test (for 50 or fewer values) or
the KoImogorov-Smirnov one-sample D test (for greater than 50 values)
was applied to compute the level for acceptance or rejection of the null
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hypothesis. The Statistical Analysis System (SAS)* was used to perform
this portion of the analysis.
From the results of this investigation, observed weekly concentration values appeared to be distributed more lognormally than normally;
thus, values appropriate for longer study periods were generated by computing the "log means" of the appropriate weekly values. For example,
annual values were obtained by taking the anti-logarithm of the mean of
the logarithms of the included weekly values. Seasonal observed values
were computed in an analogous manner.
Comparison of observed and predicted 8 5 Kr concentration values for
each study period was performed by several methods: First, the tendency
of AIROOS-EPA to either overpredict or underpredict was evaluated by
computing the mean logarithm of the ratio of predicted to observed
values. Second, Pearson's correlation was computed for the j.3 station
value pairs of log-predicted and log-observed concentrations. Finally,
a linear plot of log-predicted vs log-observed values was d^awn, again
using the SAS software.
RESULTS
Results of the examination of the distribution of weekly observed
Kr ground-level concentration values are summarized in Table 1. For
no station did the weekly values appear normally distributed (p < 0.01).
For 9 of the 13 stations, the null hypothesis for a lognormal distribution was accepted at greater than the a - 0.01 level, indicating that
the frequency distribution of the ground-level concentrations may be
considered closer to lognormal than normal in these cases.
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A plot of log-annual predicted vs log-annual observed ground-level
Kr concentrations is given in Fig. 2. The annual predicted groundlevel 8 5 Kr concentration exceeded the observed value for each of the 13
stations. The predicted to observed concentration ratio was less than
2 in five of the 13 cases. The mean logarithm of this ratio was 0.82,
which corresponds to an overprediction factor of 2.27. The logarithms
of predicted and observed values were well correlated (r = 0.93).
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Values of log-predicted vs log-observed ground-level 8 5 Kr seasonal
average concentrations were plotted for each of the monitoring stations.
Predicted concentrations exceed observed values in all but two cases.
Spring values (Fig. 3) exhibited the lowest seasonal correlation (r =
0.79). Only five predicted values were within a factor of 2 of the
observed values. Summer values (Fig. 4 ) , although better correlated
(r = 0.84), wen? overpredicted by greater than a factor of 2 for all
but one station. Fall values (r = 0.85) and winter values (r = 0.88)
shown in Figs. J> and 6, respectively, were the best correlated seasonal

*Proprietary software distributed by SAS Institute, Inc., of Raleigh,
North Carolina.
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values and exhibited smaller overprediction factors. Six of the fall
and 11 of the winter predicted values differed from the observed concentrations by less than a factor of 2.
DISCUSSION
The comparisons presented here assume that 8 5 Kr is emitted by SRP
in a continuous manner when, in fact, it is emitted interim"ttantly.
These results also assume no significant problems with the cryogenic
85
Kr sampling system or with the meteorological data aquisition system.
Because of the relatively long averaging times considered in this study,
these assumptions should not be critical to the conclusions of the study.
A more critical problem is the selection of a value for the limit
to vertical mixing, or lid height. Simulated ground-level air-concentration values at mesoscale distances are quite dependent on this parameter.
For distances at which Eq. (2) is used, an increase in lid
height by some factor will lead to a corresponding decrease in concentration by the same factor. Further, the effective limit to vertical
mixing may be much higher than the classical lid height. For example,
corrective activity may serve to remove material from the lower layers
of the troposphere. The presence of such activity may help explain some
of the large overprediction associated with the results for tha spring
and summer quarters [8].
CONCLUSIONS
These comparisons of observed and simulated ground-level 8 5 Kr concentration values have verified the operation of certain capabilities of
the AIRDOS-EPA computer program, subject to the following limitations:
The use of 8 5 Kr data does not allow complete validation of the plume
deposition alogrithms, nor does it permit testing of all exposure/dose
mode computations. Annual and seasonal values simulated using AIRDOS-EPA
were usually overpredictions. The overprediction factor was typically
about a factor of 2. Simulated and observed time-averaged ground-level
concentration values are well correlated for the study periods considered.
These conclusions are specifically for the SRP site, and applicability of AIRDOS-EPA to meteorologically different regions is not necessarily implied.
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Table 1. Results of testing the null hypotheses that the weekly SRP
data are from a normal or lognormal probability distribution

Station

2
3
4
5
6
7
8
9
10
11
12
13
14

Number of
observations

48
52
48
52
50
44
48
49
50
37
41
49
53

Nul 1 hypothesis rejected
at a ~ 0.01 level
Lognormal
Normal
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
No
No
Yes
Yes
No

Yes
No

Yes

No
No
Yes
No

Yes

No

Yes
Yes
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Figure 1 . Krypton-85 cryogenic a i r sampling stations, meteorological
towers and surface weather stations w i t h i n 200 km of the SRP source.
From Telegadas, et a l . , 1980.
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Figure 2.

Comparison of log predicted and log observed annual
Krypton-85 ground-level concentrations at SRP
monitoring stations.
observation = Prediction; — observation = 2 x Prediction)
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Figure 3. Co'.nparison of log predicted and log observed spring
Krypton-85 ground-level concentrations at SRP
monitoring stations.
(
observation = Prediction; — observation = 2 x Prediction)
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Figure 4. Comparison of log predicted and log observed summer
Krypton-85 ground-level concentrations at SRP
monitoring stations.
(
observation = Prediction; — observation = 2 x Prediction)
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Figure 5. Comparison of log predicted and log observed fall
Krypton-85 ground-level concentrations at SRP
monitoring stations.
(
observation = Prediction; — observation = 2 x Prediction)
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Figure 6. Comparison of log predicted and log observed winter
Krypton-85 ground-level concentrations at SRP
monitoring stations.
(
observation = Prediction; — observation = 2 x Prediction)

STATUS REPORT ON DOE-SPONSORED METEOROLOGICAL
MODEL VALIDATION PROGRAM
C. E. Bailey and D. W. Pepper
E. I. duPont de Nemours & Co.
Savannah River Laboratory
Aiken, South Carolina 29808
INTRODUCTION
The Department of Energy (DOE) is sponsoring a program to evaluate
existing and newly developed mesoscale meteorological models. The
program is being conducted by the Savannah River Laboratory (SRL), with
participation of nine DOE-funded laboratories. The program will culminate in a workshop on November 19-21, 1980, at which the participants
will review calculations made at each of the laboratories. Representatives from both government and private organizations are expected to
attend the workshop.
The program is sponsored at this time because of the availability
of extensive 8 5 Kr integrated air concentration measurements and meteorology data obtained in the vicinity of the Savannah River Plant (SRP)
during 1975-1977 [1], These data are being used for all calculations.
The Savannah River Plant (SRP), located near Augusta, Georgia, is
the major nuclear material production facility for the Department of
Energy (DOE). The plant is located on a 300-square-mile site as shown
in Figure 1. Two chemical separations plants, about 4 km apart near
the center of the site, are operated
to dissolve irradiated nuclear fuel.
Each plant routinely releases 85 Kr in a nonbuoyant plume from 62-m stacks.
Krypton-85 is an inert gas with a half-life of 10.76 years. Its air
concentration in the vicinity of the source is essentially unaffected
by chemical reaction, deposition, and radioactive decay. Thus, 85 Kr air
concentration measurements in the vicinity of SRP along with meteorological
data are ideally suited for testing and validating air transport and
dispersion models.
DATA BASE
From 1975 to 1977, Air Resources Laboratories (ARL), the Savannah
River Laboratory,85 and Argonne National Laboratory (ANL) measured weekly
and twice-daily Kr surface air concentrations within 150 km of SRP [1].
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The program was designed to:
(1) Provide weekly average air concentrations for model
verification at distances from about 25 km to 150
km from a quasi-continuous point source.
(2) Provide verification of estimates of long-term air
concentrations and dose-to-man from routine Savannah
River Plant (SRP) emissions.
(3) Conduct several periods of intensive short-term
sampling (twice-daily) to provide more-detailed
data for model development and verification.
(4) Test the adequacy of standard stability-wind rose
techniques for estimating monthly, seasonal, and
annual air concentrations out to 150 km from a
continuous source.
The integrated 85 Kr air concentration measurements were possible
because of the availability of 13 cryogenic air samplers used by ARL
in a 1974 dispersion experiment [2]. The experimental details of the
sample collection program are given in Reference 1, 85
along with a
detailed description of the meteorological data and Kr air concentration data.
Throughout the entire sample collection period, meteorological
data were taken at a height of 62 meters from seven towers located
on the SRP site, at three heights (10, 91, and 243 meters) from the
WJBF-TV tower about 21 km from the 85 Kr source, and at seven utility
company power plant towers in the general area. In addition, National
Weather Service (NWS) data from surface and rawinsonde stations in the
Southeast U.S. were also obtained.
The rate of release of 85 Kr from the separations
plant stacks is
not measured directly. The hourly release rate of 85 Kr was calculated
using a mathematical model based on studies of the reaction kinetics
of the dissolving process [3]. Production data for each dissolving
cycle are used to calculate release rates.
The meteorological data, the 85 Kr hourly release rate, and measured
air concentration data collected during the 24-month period from August
1975 through July 1977 were provided on four magnetic tapes to each of
the participating laboratories.
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CALCULATIONAL GRID, CALCULATION TIME PERIODS, AND FORMAT FOR RESULTS
Each laboratory participating in this program will send results of
its calculations to SRL for analysis. To standardize the information
transmitted, a grid on which to report calculational results, a detailed
format to be used to put the results on magnetic tape for transmittal,
and a ranking of time periods to be covered by calculations were defined
and sent to each participating laboratory.
The grid specified is a 33-by-33 square grid with a 5-km spacing
between grid points. The gridded results will allow effects of wind
speed and direction to be estimated. The 5-km spacing was chosen as a
reasonable compromise between the desire to cover a large area and the
desire to have a small grid spacing. The overall grid is 160 km on a
side, and its location is shown on Figure 2. It includes 8 of the 13
sampler locations.
It was recognized that each participating laboratory would not make
calculations for the entire
24-month time period with each model. In
addition, only times when 8 5 Kr was being released and collected during
the four months when 10-hour samples were being <.ol'lected are of interest.
For these reasons, 15 time periods during which 10-hour samples were being
collected, ranging from one to six days in length, were defined and
ranked in their order of importance; 17 time periods durinq which weekly
samples were being collected, ranging from four to six weeks in length,
were likewise defined and ranked in order of importance.
ANALYSIS OF RESULTS
Standard statistical techniques will be used to analyze the results
of the calculations with each model by each of the participating laboratories. The results of the analyses will be distributed to the participants before the workshop. Intensive study of the performance of the
various models is anticipated. The proceedings of the workshop will be
published in 1981.
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Figure 1. Location of the Savannah River Plant
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Figure 2.

Krypton-85 cryogenic air sampling stations,
meteorological towers, and surface weather
stations within about 200 km of the SRP
source. Dashed circles indicate earlier
sampling locations.

THE MODELING RESULTS OF A MULTI-SOURCE CRSTEE EFFORT
FOR ASSESSING THE AIR QUALITY IMPACT
OF A MEW SOURCE IN THE BATON ROUGE, LOUISIANA, AREA
F. E. Courtney
Courtney Consultants, Inc.
Atlanta, Georgia
ABSTRACT
A multi-source CRSTER model was used to model a large number
of emission sources within a radius of 50 km of the Baton
Rouge, Louisiana, area. The results were tabulated for
sulphur dioxide and total suspended particulates. All
source data was derived from NEDS computer data on file
in government emission inventories. Meteorological data
for 1976 was used and was demonstrated to be representative
through comparison with Baton Rouge data. Alexandria was
used for surface data and Lake Charles for upper air.
(Baton Rouge surface weather data did not exist in hourly
format for the modeling effort.) The results indicated
a few surprises, which, however, could be explained when
crosschecked against actual plant emissions. Ambient
measurements were compared with modeling results and found
to be reasonably close.
INTRODUCTION
Recently Courtney Consultants, Inc., was asked to complete an
investigation of the potential impact that a minor new source would have
on the greater Baton Rouge, Louisiana, area. The investigation was to
be carried out for the impacts of sulphur dioxide and particulate
loading in the atmosphere.
DATA SEARCH AND PREPARATION
The Baton Rouge, Louisiana, area is an elongated complex of
sources oriented mainly along the Mississippi River. A search for
source information was made through the latest official National
Emission Data System (April 1980) records. These data were supplied by
the local cognizant EPA Region. Supplemental data were also procured
from the State of Louisiana, Air Quality Division.
After all data searches were completed, we found we had 24 sources
in East Baton Rouge Parish (the parish where our new source was to be
located) and 12 additional sources in peripheral parishes within 12
kilometers of the new plant location.
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We were able to eliminate other more distant sources from
participation in the exercise by calculating that their impact would be
below dejninimis at the new plant site, and would therefore probably not
influence the concentrations at and near the new site.
Although we had limited our study now to 36 potential sources, each
source was made up of many individual stacks and emission rates. In
order to simplify the process of the ultimate calculations, we determined
the average stack height at each site and put all the emissions through
that stack height at the corrected mean exit velocity and temperature.
We then determined that we could also eliminate sources close-in
that had very low emission rates. In all, we ended up with 23 sources,
which were in turn actually made up of an average of 17 stacks per
source. For the sake of modeling, we assumed that each source was
located at a given UTM coordinate gridpoint location. The tabulation of
stacks, sources, etc., required a major effort—probably the largest
assembly time of any preparation for modeling wa have ever done.
MODELING
We had determined previously that we would use the computer model
known as MPTER. Pioneer versions of MPTER (multi-CRSTER) have been
available from large firms such as ERT or Dames & Moore for several
years. Reference i states in the preface that "MPTER is an adaptation of
the point source portion of RAMR, using Gaussian point source modeling
techniques. The model {MPTER) acronym means Multiple Point source
algorithm with TERrain adjustments." Much like CRSTER, all meteorological
data input stem from NOAA preprocessed federal weather station hourly data.
In cur case, we were asked by EPA to seek late-year meteorological
data (i.e., later than 1970) so that we could attempt to use
meteorological data from years which would be close to, if not exactly
the same as, those years for which monitoring network data would be
available.
One of the setbacks was that when we set out to do this, we found
that hourly weather data for Baton Rouge, Louisiana, were available on
computer tape for earlier years but not for the later years. Surprisingly,
hourly weather data were available on computer tape for Alexandria,
Louisiana, for 1976.
Comparative Pasquill Class frequencies were available through STAR
Tabulations H2 and 3] for Baton Rouge and Alexandria, Louisiana. Table 1
indicates excellent agreement between the two stations.
We were also able to correlate wind direction frequencies for both
Baton Rouge and Alexandria, Louisiana. The results are shown in Table 2.
Essentially, the summer month winds show the poorest correlation. We
alsj found, upon review of the printout of the preprocessed weather
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information, that frequent prolonged calms existed in the Alexandria
data base. Our experience with the handling of calms, and the model
default process for treating calms, told us we could anticipate some
days when unrealistic high concentrations, due to the method of
treatment of calms, would become evident.
RESULTS OF MODELING
Table 3 indicates the results of the MPTER modeling for Alexandria
for the year 1976. A grid array of 64 points spaced at 1 km intervals
was used, since gross concentration features only were sought. The new
source was approximately at the center of the grid. The concentrations
shown in Table 3 are those which were the highest calculated
concentration at any grid point in the array. The column on the left in
Table 3 indicates the concentrations calculated including all days with
calms in them. The column on the right shows those highest 24-hour
concentrations calculated anywhere on the grid on days without calms.
The highest concentration at the proposed new source location was
195 ugm/m3 with calms, and 74 ugmln? without 3 calms. Average TSP
background concentrations are 3 about 52 ugm/m at this location, with
readings as high as 100 ugm/m having occurred.
CONCLUSIONS
Data input to the MPTER model can be misleading if applied without
regard to careful examination of all data first, and an estimate of what
the results of anomalies will produce in the end.
Although many 150-300 mile inland federal weather stations along
the Gulf coastal area record many hours of calms per year, the wind is
actually blowing slowly a very large percentage of the time. For example,
several years of highly sensitive wind data accumulated at the Port
Gibson nuclear facility in Mississippi, at low altitude, have shown that
2-5 calm hours per year are typical.
We recommend carerul use and consideration of the weather data
before use in tne model. When coupled with reasonable logic as to how
the results should be considered, the MPTER model proved to be a very
useful tool for assessing the overall potential for TSP air quality
standard violations.
In this case, with such a large number of sources present
continuously, one also has difficulty in reconciling the "true"
background concentration. Perhaps this type of problem solution will
encourage others to solve the problem of assessment of background in
heavily industrialized source complex areas, enabling a more accurate
"real-world" assessment of the true air quality burden.
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Table 1. Comparative Frequency of Pasquill Classes
at Baton Rouge and Alexandria, Louisiana
(Pasquill Class Annual Data)

PASQUILL
CLASS

BTRa
1960-64

AEX*
1970-74

BTRC
1970-74

A

.016599

.011644

.011033

B

.071076

.081027

.079290

C

.125714

.107534

.111637

L

.212864

.203219

.195655

E

.195740

.194110

.212925

F

.378008

.402466

.389460

I

+ .996

• '— + .997

'

.995-

Cowe lation

BTR = Baton Rouge,
ASX ~ Alexandria,

Coefficients

Louisiana
Louisiana

a = STAR Tabulation

if 13970 Baton Rouge, La.

b = STAR Tabulation

#5.1266 Alexandria/Esler,

c - STAR Tabulation

§13970

Baton Rouge, La.

6001-6412
La.

7001-7412

7001-7412
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Table 2. Correlation Coefficients Relating Daytime
Wind Directions at Baton Rouge with Alexandria

SEASON

BTR-AEX CORRELATIONS
(1970-74)

Winter

+ .871

Spring

+ .934

Summer

+ .603

Fall

+ .710

Annual

+ .778

BTR = Baton Rouge, Louisiana
AEX = Alexandria, Louisiana
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Table 3. Comparison of Maximum TSP 24-Hr x
Calculated With and Without Calm Inclusions in the Array
X (with calms)

X (without calms)

403.4

149.4 t

318.0

139.2 t

306.2

122.9

305.7

115.4

272.4

100.3

251.3

98.8

195.5

88.0

182.7

86.0

172.6

84.3

1.57.8

81.6

167.0
164.5
164.3
161.5
158.8
158.7
154.8
150.0
1 A c\ n

i^y .y

149,4 f
145.0
142.8
141.5

139.2 t
135.6
129.4
126.6

t Same day (worst without
calms)
% Same day (second highest
without calms)
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Noniidn R. Ricks
Roberta Lewis
Nicholas J. Lordi
Khanh Tran
Ronald C. Henry
Environmental Analysis Division
Environmental Research & Technology, Inc.
2625 Townsgate Road, Suite 360
Westlake Village, California 91361
ABSTRACT
An assessment was made of potential a i r quality and
v i s i b i l i t y impacts from coal development and transpo
tion in the Kaiparowits region of Utah. Three separate
coal development scenarios were examined. The potential
sourcp:> included the mine lease areas, a network of transportation corridors, and associated urban growth. Local
modeling ( ^ 2 0 km) u t i l i z e d a sector-averaged Gaussian
plume model with t e r r a i n - s p e c i f i c annual and worst-case
short term meteorology for each of 25 sites in the study
area. A mesoscale puff dispersion model was used to
assess the regional (up to 160 km) impact of the combined
sources for a 72 hour period in each season. A separate
wind f i e l d model was used to incorporate t e r r a i n effects
in the interpolation of available sequential winds data.
A visual range and discoloration model was used to calculate the projected v i s i b i l i t y impairment w i t h i n the study
region based on calculated regional concentration f i e l d s .

INTRODUCTION
In recent years, the s p i r a l l i n g cost of imported o i l has encouraged
development of the vast coal resources of the Western United States.
The high production mining made possible by the extensive western coal
fields has, however, caused considerable concern over the potential a i r
quality impact of mining a c t i v i t i e s and induced population growth in
underdeveloped rural areas. In addition, throughout the west, a large
number of p r i s t i n e areas have been identified where a i r quality must be
protected from detrimental impacts.
The potential a i r quality impacts which might result from coal
development in Southern Utah were examined in a generic regional modeling study. Three mine lease areas and eighteen coal transportation
corridors formed the basis of the potential development in the study
region; this is shown in Figure 1. In a d d i t i o n , three levels of
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annual regional coal production were assessed: low level at 5.5 million
metric tons per year (tpy) of coal (5 million tpy English units), medium
level at 59 million metric tpy of coal (54 million tpy), and high level
at 92 million metric tpy of coal (84 million
tpy). The primary objective
of this study was to prepare a "cookbook^1 method of roughly evaluating
the regional air quality impacts of proposed development still in the
early stages of being planned.
The choice of a modeling approach is made more difficult by such
factors as:
(1) the rough terrain setting and broad geographical area covered
by the study region;
(2) the diversity of source types (ground level fugitive dust,
elevated point sources and mobile sources);
(3) the time-varying nature of many of the sources;
(4) the sparsity of available air quality and meteorological data;
(5) the close proximity of coal fields to several air-qualitysensitive Class I areas; and
(6) the consideration of seven pollutants (total suspended particulate, fine particulate, sulfur dioxide, nitrogen oxides,
hydrocarbons, carbon monoxide and lead).
The purpose of this paper is to present an overview of the modeling
approach selected.
ASSUMPTIONS AND AVAILABLE DATA

Since this study was generic in nature and lacked a well-defined
proposed action, the impact analysis was necessarily based on many
assumptions. Some of these were given as part of the study plan including the specific coal lease areas, the transportation corridors, some of
the potential development activities and the coal production levels.
However, many best engineering estimates and assumptions concerning the
mining and transportation activities and the associated population
increase were developed during the analysis. The results obtained by
the generic analysis are, of course, closely tied to the various assumptions made, but the effect of each is completely traceable. Thus, in
the future, when actual development actions are proposed and the generic
assumptions are discovered to be unrealistic, the new conditions can be
assessed simply by tracing backwards and modifying tha results accordingly.
Existing data for the study region covered climate, meteorology,
terrain features, air quality, visibility, and regional emissions. Since
the objective of the study was not to perform an all encompassing analysis
of coal development activities, and the available data indicated that
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regional a i r pollution problems are episodic rath3r than continuous,
only Viorst case impacts were chosen to be considered.
DESIRED RESULTS
In order to be a useful a i r quality planning t o o l , the generic
assessment of a i r quality impacts from coal development should answer
the following questions:
(1)

At what point in the development schedule (construction phase,
surface/underground mining operations, or reclamation) w i l l
pollutant emissions be greatest?

(2)

What are the r e l a t i v e impacts of d i f f e r e n t types of sources
( i . e . , population related town emissions vs. mining emissions)?

(3)

What are the r e l a t i v e impacts of individual sources ( i . e . ,
truck/shovel operations vs. a dragline)?

(4)

What mitigation techniques w i l l be most effective?

(5)

What are the r e l a t i v e impacts of various pollutants?

(6)

What is the cumulative impact of a l l regional sources as
opposed to the local impacts?

(7)

What are the v i s i b i l i t y impacts w i t h i n the study region
including reduction in visual range, loss of contrast detail
and aesthetic considerations?
AVAILABLE TOOLS

Many models are available which would provide one or more of the
desired results based on the existing and projected data. These include:
(1)

Local scale models which cover a l i m i t e d area (approximately
5-10 kilometers on a side). Most common are the Gaussian
plume models which can vary with regard to dispersion parameters, terrain considerations, meteorological conditions,
and source number and type.

(2)

Mesoscale models which address long range transport of p o l l u tants across a region; and are e i t h e r Gaussian or numerical.

(3)

V i s i b i l i t y models which are based on standard atmospheric
radiative transfer equations.
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TRI-LEVEL MODELING APPROACH
To assess the impact of coal development in Southern Utah, a trilevel modeling approach encompassing all three types of models was
chosen. The study methodology is presented in figure 2.
Local Modeling
On the local scale, individual emission sources representative of
mining opeartions, coal transport, and induced urban growth for each
lease area were to bd modeled to assess local impacts and to quantify
the need for individual mitigation measures to meet, air quality standards.
The model selected for the local scale modeling was the ERT Air
Quality (ERTAQ) model. ERTAQ is a multiple-source, flat-terrain Gaussian
model with the capability of incorporating a particle deposition function
for large-sized, airborne dust particles.
The choice of the local-scale model was largely determined by the
nature of the pollutant sources found in the study area. The Kaiparowits
region is primarily rural, characterized by an abundance of activities
emitting large soil particles. In the projected scenerios, mining
operations are also major sources of fugitive dust. The rapid fallout
of these large particles, with 2 to 5 kilometers from the dust plume, is
the most significant factor affecting downwind particulate concentrations
on the local scale. This situation made it imperative to choose a model
which included the effect of particle deposition.
On the local scale, however, terrain is less of a major factor.
Since most of the pollutant sources in the study area emit close to the
earth's surface, the pollutant plumes essentially follow the terrain,
and maximum impacts occur close to the source.
Existing climatic data in the form of NCC STAR wind roses for three
stations in the study region were used to derive annual average and
worst case meteorology for each of the 25 selected local study sites.
Local terrain features were considered in the determination of prevailing
wind directions and frequency of stability classes.
Specific scenario assumptions for each production level and source
type were combined with emission factors from the available literature
to calculate projected emissions. The resulting emissions were then
normalized for use in the model (by production level for mining activities
and coal transportation, and by population for towns and cities).
Mesoscale Modeling
The goal of the mesoscale modeling was to assess the cumulative
impacts of all of the sources in the study area. The time-varying
regional meteorology and the spatial interrelationships of the sources
and terrain all had to be considered in the model calculation.
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The model selected for regional scale modeling was the ERT MESOPUFF
model. MESOPUFF is a variable-trajectory, multiple-point source Gaussian
puff model. This model accounts for individual trajectories ar.'i dispersion patterns in rough terrain by a regional Lagrangian wind field.
MESOPUFF is ppivodic raiher than climatic, calculating only short-term
concentration values.
The wind field simulation model which was used to generate horizontal
wind fields tor selected worst-case study days, employed available
surface and upper air data. Worst case days for each season were chosen
on the ba^is of pollutant levels measured throughout the study region;
that is, days on which pollutant concentrations reached a maximum reqionwide. Although MLSOPUFF is c flat-terrain model, terrain influences are
taken into account by the wind field simulation model. In the wind
field model, air is constrained to flow around obstacles not through
them and thus, creates a wind flow pattern consistent with the major
terrain features.
Visibility Modeling
The ERT visibility model VI RAO (Visual Range and Discoloration) was
used to calculate the potential reduction in visual range along seven
lines of sight under worst case conditions. Pollutant concentrations
along the lines of sight were obtained from the results of the mesoscale
modeling. Comparison of calculated visual ranges for conditions with
and without regional coal development provides the potential change in
visibility.
CONCLUSIONS
Although tnis st• dy attempted to define impacts from potential
development a c t i v i t i e s for which no d e f i n i t e action has been proposed,
i t s generic nature w i l l make i t a useful a i r quality planning tool in
assessing specific development plans when they appear. The t r i - l e v e l
approach makes i t applicable to a variety of possible development
scenarios while representing worst case conditions.
A summary of potential a i r quality an v i s i b i l i t y impacts for each
coal development l e v e l , is given in Table 1: low production level at
5.0 m i l l i o n metric tpy, medium production level at 59 m i l l i o n metric
tpy, and high production level at 92 m i l l i o n metric tpy. As shown, with
m i t i g a t i o n , s i g n i f i r a n t amounts of coal could be mined in Southern Utah
without compromising the nearby pristine areas. Further information can
be found i n both the study summary report (ERT 1980) and the separate
a i r quality technical report (Collins, e t . a l . 1980).
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TABLE 1.

Surmiary Comparison of Impacts for Stu-

Low Production Level
Truck Haulage

In stagnant, worst case situations
unmitigated Alton TSP emissions are
projected to exceed PSD Class I and II
annual increments by 2 to 5 times.
Mitigation ol 88% would reduce TSP
values and avoid violating any Federal
or State air quality standards. Truck
transport coal blow-off is expected to
approach 90% of PSD limiting values at
Bryce Canyon (Ulan 12) and east ol
Kanab (U.S. 89) when unmitigated.
No impact Irom non-TSP pollutants
projected.

Scena ios
High Production Level
Slurry Pipeline & Railroads

Medium Production Level
Slurry Pipelines & Railroad

Air Ouality
Unmitigated TSP mine emissions in all
Unmitigated TSP mine emissions in all
lease areas would exceed Class I
lease areas would exceed Class I
increments locally by as much as 20
increments locally by as much as 20
limes and NAAQS by 2 to 5 times.
times and NAAOS by 2 to 3 times
Unmitigated rail coal blow-oil would
Mitigation ol 88% would be sufficient
exceed Class II increment al levels
lo meet air quality standards at North
exceeding "0 MTY coal hauled.
Kaiparowits, but additional mitigation
would be required lor South KaiparoRegional 24-hr TSP concentrations
wils (96%) and Alton (94%) to reduce
exceeding 100/Ag/m3 would occur up
emissions to a level that would not
to 10 mi NE of all lease areas.
violate Class I or II increments.
Mitigation of 88% would be suflicient
to meet air quality standards at North
Kaiparcwits, but additional mitigation
would be required for South
Kaiparowits (91%) and Alton (94%) to
reduce emissions to a level that would
not violate Class I or II increments.
No Impact from non-TSP pollutants Is
projected.
Visibility

No projected visual range reduciion (or
either mitigated or unmitgated cases
for any year.

Increase in TSP concentrations under
unmitigated conditions would reduce
the visual range lor the Br'ce Point to
Navajo Mountain Vista Iron 200 to 109
km (124 to 68 mi). With 88% mitigation,
visual range would be reduced to 177
km (110 mi) which represents a 12%
reduction. Navajo Mouniair would be
visible 50% of the time as compared to
75-85% of the t'me at present.
No effect on other vislas In She sludy
area.

Increase In TSP concentrations under
unmitigated conditions would reduce
the visual range for the Bryce Point to
Navap Mounlain Vista Irom 200 to 49
km (124 to 30 mi). With 88% mitigation,
visual range would be reduced lo 177
km (110 mi) as was described for the
medium scenario.
No effect on other vistas in the study
area.
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AIR QUALITY CONSIDERATIONS IN CONVERSIONS TO COAL
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ABSTRACT
A major concern over the conversion of a largi number of
oil-fired facilities in the northeastern U.S. is the regional
air quality impact. Although the contributions of any single
unit on the regional pollutant levels are small, the total
effects of these conversions are potentially important.
Forty-two power plants are included in this study. The
impacts of the conversion of these facilities at various
emission levels on the entire northeastern U.S. are analyzed.
Intra-state, inter-state, and international transport and
deposition of S02> sulfate particles, and fly ash are examined.
A preliminary analysis of atmospheric motions is used to define the study area. The actual levels of S0 2 , sulfates, and
particulate matter are under study for inclusion in an
Environmental Impact Statement. This paper examines the
effects of the program on the S02 levels in the New York
City area.
INTRODUCTION
Implementation of the Powerplant and Industrial Fuel Use Act of
1978 (FUA) will result in replacing oil with coal or other fuels in
utility facilities (Public Law 95-620). Due to the number of facilities
in the northeastern U.S., a subregional environmental impact statement
is being prepared by the U.S. Department of Energy. The air quality
effects of this program on the northeastern U.S. are examined on a
regional basis and on smaller, 100 km x 100 km grids. These analyses
form the analytical basis for the regulatory decisions.
METHODS
The subregional air quality impacts of the proposed action are
predicted using available air quality dispersion models. The subregions, shown in Figure 1, are of a size suitable for analysis using
the RAM -,odel, developed for the USEPA (EPA, 1978). The RAM model
utilizes meteorological data from a single location within the subregion, emission source information from each individual facility, and
predicts hourly, 3-hr., 24-hr., and annual average concentrations of
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gaseous pollutants and small particulate matter. Because a large number
of sources are analyzed in each subregion, and because a large number of
receptors are incorporated in these analyses, the RAM model is the most
applicable model available to the staff. The RAM model does not include
the effects of terrain, which reduces accuracy. The use of a single
source of meteorological data also affects the accuracy of the results,
but is unavoidable with dispersion models presently available. The
results are not anticipated to predict pollutant concentrations with
great accuracy, but should reliably forecast trends in pollutant levels.
In all cases, any assumptions made are conservative, and this strategy
should overpredict the air quality impacts of the proposed action.
Fuel emission scenarios are analyzed to determine potential air
quality impacts resulting from conversions to non-petroleum fuels. Four
basic emission scenarios are studied. First, the facilities are limited
after conversion to pre-conversion emission limitations. The emissions,
calculated in pounds of sulfur dioxide (SO?) per million Btu's of input,
are those defined in the applicable State Implementation Plan (SIP) for
each unit burning oil. (EEI Report to Congress). Any increases in S0 2
emissions under this scenario result from changes in plant capacity
factor. Second, the facilities are limited after conversion to SIP
limitations for coal combustion (EEI Report to Congress). These SIP
limitations for coal vary widely, and are under numerous requests for
revisions. This study assumes that those emission limitations presented
to Congress are the appropriate SIP limitations. A third 6scenario
assumes that all facilities convert at a set 1.2 1b S0 2 /10 Btu emission
rate. This emission rate is derived from the lowest sulfur-content coal
routinely available at a reasonable price on the East Coast, and is
identical to the emission limitations set by the EPA from 1971-1977
(NSPS, CFR, 1977). A fourth scenario, ERA-5, designed to address
comments receiving during the regional public scoping meetings held by
DOE the week of July 14, 1980, is included. The fourth scenario includes
the conversion scenarios proposed for particular facilities, and is
listed in Table 1. As all of these proposed emissions are at least as
high as the SIP's for coal, this fourth scenario represents a reasonable
high emission scenario.
To conservatively predict the emissions of each facility, two
modeling analyses are run for each emission scenario, for each subregion. To determine short-term (up to 24-hr.) impacts, each subregion
is modeled for every hour of the worst meteorological year (determined
from the five most recent meteorological years available) with e^/ery
conversion candidate operating at full plant capacity. This analysis is
also run on each subregion with all facilities operating at full
capacity under present emission regulations. From these analyses, both
the absolute and increases over baseline short-term pollutant concentrations are extracted. To determine annual average impacts, each
subregion is modeled during the same worst meteorological year at projected plant capacity factors. Present facility emissions at the latest
available (1978) c-.pacity are modeled in an identical manner. From
these analyses, both the absolute and incremental annual average pollutant
concentrations are extracted.
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The Advanced Statistical Trajectory Regional Air Pollution
(ASTRAP) model developed at Argonne National Laboratory (Sheih, 1977)
will be used to assess potential regional impacts on S0 2 and sulfate
models. Additionally, an analytical technique developed at Oak Ridge
National Laboratory (ORNL) will use ASTRAP's predicted regional
sulfate changes to quantify the effect on precipitation acidity.
Power plant design and operating data required by RAM will also be
used for ASTRAP.
RESULTS
Cumulative air quality impacts resulting from the conversion of
existing utility facilities are examined. At present, only results from
the facilities near New York City are available. Results from other
subregions, and the effect of the proposed conversions on the regional
air quality of the northeastern U.S. will be presented in an Environmental Impact Statement.
Using the RAM model, incremental increases in ground-level SO2
concentrations are calculated at receptors throughout the subregion.
The predicted short-term increases due to conversions at the present
coal regulations are presented in Figure 1. The largest concentration
increases are predicted to be in Manhattan, where ambient S0 2 levels are
presently near or above standards (New York, 1979). These increases are
due to interactions between facilities located in northern New Jersey
and New York City. No other areas are predicted to approach standards,
and interaction between other facilities is limited.
The predicted short-term increases due to conversions at the
utility proposal scenario are presented in Figure 2. Once again, the
Manhattan area is the most heavily affected location. Other areas
remain within applicable standards, and interaction is limited between
facilities not located in metropolitan New York City.
CONCLUSIONS
Increases in ground-level concentrations of SO2 are predicted to
occur following conversions of existing utility facilities from oil to
coal. These increases are largest in the area of Manhattan, and are due
to the interaction of a number of facilities. To best implement the
Fuel Use Act, regulatory agencies will examine these analyses to
determine those facilities that can be converted from oil to coal and
still maintain acceptable air quality.
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Table 1. SCL Emission Rates ( i n pounds of SCL per m i l l i o n Btu's of
input) for Coal Conversion Candidate F a c i l i t i e s .
Conversion Candidate
(units)

OH SIP

Coal SIP

1.2 1b

ERA-5

Connecticut
Bridgeport Harbor (3)
Devon (7, 8)
Norwalk Harbor (1,2)
Montville (5)
Hiddleton (1-3)

0.55
0.55
0.55
0.55
0.55

0.83
0.83
0.83
0.55
0.55

1.2
1.2
1.2
1.2
1.2

0.83
0.83
0.83
0.55
0.55

New Jersey
Deepwater (7-9)
Sayrevil le (5)
Bergen (1,2)
Kearny (7, 8)
Sewaren (1-4)
Hudson (1)
Burlington (7)

1.05
0.32
0.32
0.32
0.32
0.32
1.07

1.66
1.66
1.66
2.20
2.20
1.66
1.66

1.2
1.2
1.2
1.2
1.2
1.2
1.2

1.66
1.66
1.66
2.20
2.20
1.66
1.66

1.07
0.32
0.32
0.40
3.06
0.80
0.32
0.40
3.00
2.14
2.14
0.40

3.80
0.40
0.40
0.40
1.20
1.20
0.40
0.40
3.00
3.80
2.20
0.40

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

3.80
1.66
1.66
1.83
3.17
1.20
0.40
0.40
3.00
3.80
2.20
2.50

New York
Danskammer (1-4)
Arthur Kill (2, 3)
Ravenswood (3)
Barrett (1, 2)
Northport (1-3)
Northport (4)
Far Rockaway (4)
Glenwood (4, 5)
Port Jefferson (1-4)
Albany (1-4)
Oswego (3, 4)
Lovett (3-5)

ORNL-DWG 81-17693
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Figure 1. Short-term incremental increases in S0 2 (yg/m3) resulting from conversions to coal at present
coal emission regulations. 1 = 50 yg/m3 S0 2 .
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Figure 2. Short-term incremental increases in3 SO2 (ug/m 3 ) resulting from conversions to coal at utility
proposed emission regulations. 1 = 50 yg/m S02-
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MODELING OF INTERMEDIATE RANGE TRANSPORT AND DISPERSION OF POLLUTANTS-A CASE STUDY FOR ASSESSING AIR QUALITY IMPACTS UPON PSD CLASS I AREAS
George Y. Lou and Kenneth J. Richmond
Dames & Moore
Seattle, Washington 98125
ABSTRACT
In recent years air quality impact predictions of proposed
industrial f a c i l i t i e s upon Class I areas have become increasingly important in the permitting process in North Dakota.
Compliance with the Class I PSD increments, especially the
24-hour SO^ l e v e l , has in some cases l i m i t e d the development of coal resources w i t h i n a few hundred kilometers of
Class I areas.
Dispersion modeling techniques used in the
impact assessment have historically been based on EPA model RAM
or i t s equivalent which is a straight-line trajectory Gaussian
dispersion model. However, t h i s type of model is not an
acceptable method for source-receptor distances beyond approximately 50 kilometers because of variable plume trajectories,
plume depletion, and inadequate parameterization of diffusion.
In order to more realistically assess the impact of a major
emission source upon air quality in Class I areas which are
65 to 115 kilometers away, variable trajectory long-range
transport models have been developed and employed.

INTRODUCTION
There are three Class I areas in North Dakota: Theodore Roosevelt
National Park (TRNP) North and South u n i t s , and Lostwood National
Wilderness Area (LNWA). In recent years the a i r quality impact of
industrial development upon these areas has become a limiting factor to
exploitation of extensive deposits of lignite and of oil and natural gas
in central and western North Dakota. Reserves of lignite and of oil
and gas are estimated to be 16 b i l l i o n tons and 700 million barrels,
respectively.
Strip mines, l i g n i t e - f i r e d electric generating plants,
plants to convert lignite to synthetic fuels such as gas and methanol,
and plants for treating the natural gas to remove hydrogen sulfide are
examples of the types of industrial activities operating, permitted, or
planned that exploit these energy resources and affect air quality in
Class I areas.
Dispersion modeling techniques used in the assessment of North
Dakota's air q u a l i t y have h i s t o r i c a l l y been based on the EPA model
RAM (or its equivalent), which is a straight-line trajectory Gaussian
dispersion model. However, the Environmental Protection Agency does not
recommend its use for source-receptor distances beyond approximately
50 kilometers because of variable plume trajectories, plume depletion,
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and inadequate parameterization of diffusion [ 1 ] .
In order to more
realistically assess the impact of a proposed coal-to-methanol pl*:«c upon
air quality in the Class I areas of the north and south unics of TRNP
and INWA, located 65, 70, and 115 kilometers from the proposed site,
respectively, variable-trajectory, long-range transport models have been
applied.
The rationale for employing long-range transport models to analyze
and estimate the effects of the coal-to-methanol plant emissions on the
a i r q u a l i t y of affected Class I areas i s clear. The long distance
of the proposed f a c i l i t y and other major sources in relation to Class I
areas (see Fig. 1) requires a considerable amount of time for plumes to
travel from source to receptor locations.
As travel times increase,
spatial and temporal variations of meteorological conditions would
alter a plume's trajectory and dispersive characteristics.
Similarly,
for these plumes, removal and transformation mechanisms would become
increasingly important.
To simulate the effects of these atmospheric
phenomena, dispersion models used in this study utilized a heterogenous
meteorological data base incorporating a three-dimensional wind f i e l d , a
two-dimensional mixing height array, and a spatially varying surface
stability g r i d . Dry deposition of S02 and a simple linear conversion
of SOg to S0| were also simulated in the modeling analyses.
Compliance with the Class I increments was resolved via two
dispersion models. The f i r s t model, DMSTRAM, was used to identify
possible meteorological scenarios which could foster s i g n i f i c a n t

Fig. 1. Locations of Class I areas and emissio sources.
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consumption of the increments.
I f such scenarios e x i s t e d w i t h i n the
meteorological data base, d i s p e r s i o n estimates were r e f i n e d d u r i n g these
p e r i o d s w i t h a s e c o n d , more r i g o r o u s m o d e l , RADM. The c o u p l i n g o f
t h e two models a l l o w e d a l a r g e d a t a s e t t o be screened w i t h o u t an
unnecessary e x p e n d i t u r e of r e s o u r c e s .
DESCRIPTION OF MODELS
DMSTRAM
DMSTRAM i s a m o d i f i e d v e r s i o n of STRAM, a s o u r c e - t r a n s p o r t - r e c e p t o r
a n a l y s i s model [ 2 ] .
The major f e a t u r e s of the STRAM model i n c l u d e :
a Gaussian segmented plume, wet and dry removal processes, n o n l i n e a r

chemical transformation mechanisms, multiple source and p o l l u t a n t
capabilities, and a constant level two-dimensional wind f i e l d . Modifications to this code were made to enable more streamlined operation and
to improve the transport and dispersion algorithms. The more important
revisions are a multi-layer wind grid and transport system, removal of
the nonlinear chemistry scheme, incorporation of analytical first-order
reactions, spatially and temporally varying s t a b i l ' * / and mixing height
grids, and a more realistic treatment of the upper boundary condition. A
general description of DMSTRAM with emphasis on the modifications is
given below.
General Methodology. The DMSTRAM model approximates a continuous
effluent release by a series of line segments constituting the centerline
of the plume. The concentration profile associated with each segment
is assumed to have a Gaussian distribution about the plume axis, subject
to upper and lower boundary constraints. Each plume increment is transported and dispersed dependent on associated meteorological parameters at
any given time or spatial position, thus allowing spatial and temporal
inhomogeneities in all variables.
The horizontal concentration distribution is assumed to be Gaussian,
but the vertical distribution is dependent on the vertical constraint of
the mixed layer height. The ground level concentration profile of an
individual plume increment is given by the following equation:
C = (Qgi/2iroyu) sxp (-y2/2oy2)

(1)

where C is the ground level concentration of the plume increment,
Q the virtual source strength, y the distance perpendicular to the plume
axis, u the average velocity of the plume increment,
91 =

r(l/A72 a z) exp (-h e 2 /2a z 2 )

for az </2AT L

(2)

C

foroz>/277L

(3)

l/L

where L is the height of the v e r t i c a l l i d , h e the effective stack
height determined by Briggs' formulae [ 3 ] , and cy a n ( j a z a r e , respect i v e l y , the horizontal and vertical dispersion parameters.
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Eq. (2) and (3) represent the asymptotic limits of the Gaussian
equation between a reflecting l i d and the surface.
Wet and Dry Removal Processes.
All removal algorithms employ a
source depletion techhique, where the virtual source strength in Eq. (1)
is modified along the plume increment's t r a j e c t o r y . The depletion
correction from dry deposition and p r e c i p i t a t i o n scavenging can be
approximated by [ 4 ] ;
-AQ/u - (/27irQVd/3Zu) exp (-h e 2 /2o z 2 )

for oz </th

-AQ/u - QVd/uL

for oz >/zJVl

L (4)
(5)

where V<j i s the deposition velocity, A. the washout-coefficient, and x the
distance along the plume axis.
Dispersion Parameters. Parameterization of dispersion at distances
up to 100 kilometers'is based on the best f i t s of the dispersion curves
iven by Turner [5] (Eq. 6 ) , while the method given by Heffter et a l .
6] is employed for distances over 100 kilometers (Eq. 7).

?

o y (x,S) = a(S) x 0-9;
<Ty(t) = 0.5 t ;

oz(t)

az(x,S) =

(6)

6(S)XY(S)

= 2Kzt

(7)

where a , 8 , and Y are coefficients for dispersion parameters, S the
Pasquill stability class, and Kz the vertical eddy diffusivity.
Because the time history of individual plume increments includes
spatial and temporal variations of s t a b i l i t y , the value of o y and a z
cannot be determined from the discrete functions in Eq. (6) and (7).
These values instead are estimated in a stepwise fashion according to the
general form:
o(x) + [(x-105)do/dx(x+Ax/2Ux
+ da/dt (t+At/?)At]/10 5
for x<105
(8)
a(x+Ax) =
' o(x) + do/dt (t+At/2)At

for x>105

(y)

where dcr/dx(x+Ax/2) is the derivative of Eq. (6) and da/dt(t+At/2) is
the derivative of Eq. (7), both evaluated on the half interval.
Plume Increment Transport. The trajectory calculations utilized in
DMSTRAM require knowledge of "the wind f i e l d at any given time or position
on the advection grid. This is accomplishtd via a linear interpolation
in time and a bilinear interpolation in the horizontal. I f ( 1 , j ) ,
( i + l , j ) , ( i , j + D , and ( i + l , j + l ) are the indices in an arbitrary array, A,
of the four points surrounding a plume segment at (X a , Ya) on the
advection g r i d , then the value of the variable is approximated by:
A(Xa,Ya) = A(i,j)U-AX a m-Y a ) + A(i+l,j)U-AY a )AX a
+A(i,j+l)(l-AX a )AY a + A(i+l,j+l)AX a AY a
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where A(X a ,Y a ) is the interpolated value of variable A at ( X a , Y a ) , and
(AX a ,AY a ) are the respective distances along the X and Y advection
grid axis from point (X a ,Y a ), to the coordinate of the variable A ( i , j ) .
The temporal v a r i a t i o n between meteorological data input arrays is
accounted for via:
A(X a ,Y a ,t+At a ) = U-Ata/Atw) A(X a ,Y a ,t)
A(X a ,Y a ,t+At a )
where A t a is the advection time step and A ^ is the time between data
input sets of variable A.
The temporal and spatial interpolation routines are applied to obtain
estimates of a l l meteorological parameters from the input data grids.
DMSTRAM accepts multiple layer wind input comprised of surface
winds and up to nine levels of upper air wind data. An individual plume
increment can extend over several vertical levels and therefore the mean
advection of the increment will be a layer average of these winds over
the extent of the plume. The averaging operator used in DMSTRAM is:
(Ai+Ai-i) ( Z j - Z j - i )

(12)

j
where A~ is the layer average of variable A within the layer extending
from 1\ to Z|(, Aj an individual value of variable A at height 1\, and
k the number of values of A within the layer.
In DMSTRAM the layer thickness for a plume increment is defined as:
k = n e + ° z a n d z l = ma.x ( h e - a Z ' °)« Tne . operator defined by Eq. (12)
is then applied to the interpolated wind field and the mean velocity of
the plume increment determined from the following:

z

Uinc = m

Cos e;

V i n c = |V| Sin e

(13)

where |V| is the layer average of the quantity (Ui 2 + V ^ 2 ) 1 / 2 , G is the
layer-averaged wind direction ( = t a n - l ( V / t f ) ) , 1J and V a r e , respect i v e l y , the layer average of velocity components along the advection
g r i d ' s X and Y axes, and \i\nc and V$ nc are, respectively, the mean
velocity components of the increment along the advection grid's X and Y
axes.
Trajectory Calculation.
The trajectories of plume increments are
calculated using a method of successive approximations. The technique
can be classified as a "predictor- corrector" method and in one dimension
as the modified Euler formula [ 7 ] .
Using the algorithms discussed in
plume increment transport, the f i r s t estimate of the change in increment
position i s :
= At a U i n c ( X a , Y a , t ) / D a ;

AYI = At a V i n c ( X a , Y a , t ) / D a

(14)
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where AX^, AYj, are the f i r s t estimates of the change in p o s i t i o n ,
0 a the conversion factor relating advection grid units to distance as a
function of latitude, and Ui n c (X a ,Y a ,t) and Vi n c (X a ,Y a ,t) are the average velocity components of the increment at coordinate lXa,Ya) at time t.
A second application of time t+At a gives a second estimate of the
change in position, such that:
AX2 = At a Ui nc (Xa+AXi,Ya+AYi,t+Ata)/Da

(15)

AY2 » AtaVinc (Xa+AXi,Ya+AYi,t+Ata)/Da

(16)

The final steps in the calculation average the estimates and generate
a corrected change in position.
Xa(t+Ata) = Xa(t)+O.5(AXi+AX2)
(17)
Ya(t+Ata) = Ya(t)+O.5(AY!+AY2)

(18)

This procedure could be iterated to achieve better estimates of increment
advection, but the method outlined above has been shown to be sufficient
for most applications [8, 9 ] .
RAOM
RADM (for Random-Walk Atmospheric Dispersion Model) i s a sophisticated, Lagrangian atmospheric transport model based upon the concept of
advection with the superimposition of a suitably selected random-walk to
simulate atmospheric turbulence. Effluent plumes are represented by the
release of a series of particles which are transported and dispersed
independently. The concept i s free of any inherent spatial grid,
numerical stability, or numerical diffusion commonly experienced with
finite-difference methods. The model treats both point and area sources
in a natural manner by releasing a number of particles proportional to
the mass emission from each source during the time interval of interest.
The random motion of a particle is considered on a probabilistic basis
according to K-theory. Pollutant concentrations are computed as mass of
particles per unit volume. RADM was developed by Dames & Moore and has
been validated [10] and applied to several case studies [11, 12]. A
complete description of the theoretical basis of the model is provided by
Runchal, Bealer, and Segal [ 1 3 ] . Model validation i s the topic of
another paper presented at this symposium [ 1 4 ] .
MODEL INPUT

The emission input parameters used in DMSTRAM and RADM are presented
in Table 1. Locations of the 12 sources modeled are shown in Fig. 1.
The meteorological input data to DMSTRAM and RADM were prepared
identically.
The cdta base consisted of surface winds and Pasquill
stabilities from five stations and upper air data containing mixing
heights and winds from three stations. The locations of the upper
air and surface data network are plotted in Fig. 2.
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Table 1. Emission Input Parameters for DHSTRAM and RADM

Facility
Proposed Source
Proposed Source
Coal Creek
Coyote
ANG

AN(i
Antelope Valley
Warren Petroleum
Western Gas

Kerr McGee
Perry-Petrol ane
Shell Oil

Lati tude
(deq rees)

Longitude
(degrees)

Stack
Height
(ra)

47 .31

102.54
102.54
101.22
101.79
101.83
101.82
101.82
103.06
103.20
103.66
104.05
104.07

Ib2.4
35.7
201.U
152.U
100.6
27.b
161.6
5y.4
30.b
61.0
54.9
61.0

47 .31
47 .38
47 .24
47 .36
47 .36
47 .38
47 .27
47 .U3
47 .64
47 .67
47 .68

Diameter
(m)
U.2

u.a

6.7
7.2
4.9
3.2
7.0
1.8
O.b
U.2
0.1
U.2

Temperature
Exit
Velocity
(m/s)

Emission Rates (g/s)
2

no

NO

12.2
24.0
27.2
17.b
19.1

394
311

327.6

556.9

0

0

404

4.9

1,366

23.2

356
866
866

1 ,598.0
673.0
300.4
46. b
484.5
33.9
28.4
55.3

3.2

19.a
43.7
y9.4
56.2

338
466

1,000
1,000
1,000

7.9

44.8

931.4
492.7
168.0
6.0

TSP

14.1
15,0
32.0
56.1
39.0
0

621.2

53.0

0
0
0
0
0

0
0
0
0
0

Annual wind roses for three of the five stations are contrasted in
Fig. 3.
As indicated in this figure, there is considerable spatial
variance in the wind and s t a b i l i t y d i s t r i b u t i o n s .
The use of any one
particular s t a t i o n ' s data for dispersion estimates on a regional scale
could be misleading.
The f i r s t level of the three-dimensional wind arrays was constructed
by applying o b j e c t i v e a n a l y s i s techniques t o the winds at the f i v e
surface stations.
The outline of the steps involved in the wind f i e l d
construction algorithm is as follows: (1) winds during periods observed
as calm are randomly distributed according to the frequency of occurrence
of wind direction within tne lowest wind speed class; (2) the wind speed
at a given surface station i s adjusted to the mean height of the lowest
layer with a simple power law; (3) the orthogonal components of wind
velocity r e l a t i v e to the NMC coordinate system are determined; (4) the
wind velocity components are then interpolated onto the advection grid
with an inverse square weighting scheme [ 1 5 ] ; and (5) the resulting
two-dimensional, horizontal surface wind f i e l d i s then rendered massconsistent using an i t e r a t i v e procedure which reduces anomalous
divergence in the f i e l d but at the same time holds the measured station
values fixed [ 1 6 ] .
Annual wind roses at three vertical levels derived from the upper
a i r stations are presented in Fig. 3.
As indicated in t h i s f i g u r e ,
upper-level winds at a l l three stations contained considerable shear
i n wind direction and magnitude. During times of pronounced wind shear,
the layer averaging used in constant layer transport models can lead
to erroneous trajectory estimates and misleading dispersion estimates
[ 9 , 17].
To resolve some of the observed wind shear, the upper level winds
were approximated by 9 layers extending v e r t i c a l l y from 100-150, 150-200,
200-300, 300-420, 420-600, 600-85Q, 850-1,200, 1,200-1,750, and 1,7502,500 meters, r e s p e c t i v e l y .
At each s t a t i o n , w i t h i n each l a y e r ,
the average winds were determined by applying the averaging operator
described previously. Similar to the formation of the surface wind g r i d ,
the layer average values were decomposed i n t o components orthogonal to
the NMC coordinate system, interpolated onto the advection g r i d , and
rendered mass-consistent with the algorithm of Liu and Goodin [ 1 6 ] .
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Fig.

«6MA«CK .NQ«TH DAKOtA

2.

HAPID CITY, SOUTH DAKOTA

The region of interest with
meteorological stations and
area over which transport
was calculated.

GLASGOW, MONTANA

Fig. 3. Surface and upper air wind roses for Bismarck,
Rapid City, and Glasgow (9/1/75 - 8/31/76).
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The oxidation rate of SOg t o SO4 i s t y p i c a l l y 1.0 to 10.0 percent
per hour [ 1 8 ] . However, i t i s apparent that the wide variety of convers i o n rates observed t o date cannot be c o r r e l a t e d i n any simple o r
straightforward manner. A recommended overall value of 2.0 percent per
hour from Hales, Powell, and Fox [ 2 ] was used i n t h i s study. S i m i l a r l y ,
the SO2 dry deposition velocity has been observed t o range between 0.1
to 5 cm/sec depending i n part upon the surface cover. An average value
of 1.3 cm/sec was determined from the survey given i n McMahon and Denison
[19].
P r e c i p i t a t i o n scavenging of SOg and removal mechanisms f o r a l l
other pollutants were not considered i n the analysis, therefore the
associated dispersion estimates can be considered t o be conservative i n
t h i s respect.
RESULTS
DMSTRAM model simulations indicated a t o t a l of 16 days during the
year with possible v i o l a t i o n s of the 24-hour increment i n a l l three Class
I areas and the 3-hour value i n the northern u n i t of TRNP. The highest,
second-highest concentrations were predicted to be 10 and 34 yg/m 3 f o r
24- and 3-hour averaging p e r i o d s , r e s p e c t i v e l y . The corresponding
maximum a l l o w a b l e PSD Class 1 increments are 5 and 25 y g / m * . The
m a j o r i t y o f t h e h i g h e r c o n c e n t r a t i o n s estimates were caused by t h e
e f f l u e n t plumes from sources east o f the proposed coal-to-methanol plant
s i t e fumigating t o the s u r f a c e . A t y p i c a l m e t e o r o l o g i c a l s c e n a r i o
entailed releases i n t o the stable layer during the l a t e evening and then
mixing toward the surface during the following day.
The Lagrangian dispersion model RADM was used to simulate those
meteorological scenarios i d e n t i f i e d by DMSTRAM.
The type and format
of the meteorological and emission data input to the models were cons i s t e n t , and predictions of 3- and 24-hour SO2 concentrations were made
a t identical receptor locations.
A l l modeling runs were i n i t i a t e d 24
hours prior t o the c r i t i c a l averaging period, t o accommodate the long
t r a v e l times associated with the more distant release points.
The results o f the RADM assessment showed t h a t the highest secondhighest 24-hour SO2 concentration i n the Class I areas was 3.7 yg/rn^,
which i s well below the maximum allowable PSD increment of 5 yg/rn^.
There was no exceedance with regard t o 3-hour concentration.
CONCLUSIONS
The extremely small PSD increments allowed i n Class I areas sometimes mandate the employment of a sophisticated dispersion modeling
approach. The study presented i n t h i s paper has c l e a r l y demonstrated
such a case. Results of the two-level specification of modeling approach
showed compliance with a l l requirements specified i n PSD regulations.
These results would not be achievable i f a s t r a i g h t - l i n e t r a j e c t o r y
Gaussian dispersion model were employed.
The differences between DMSTRAM and RADM concentration estimates
can be attributed to the more representative treatment of effluent

102

dispersion and transport in RADM. Inherent in DMSTRAM is the integral
nature of the plume, namely the assumed Gaussian profile. This assumption becomes increasingly tenuous with downwind distance. As the plume
spreads vertically and horizontally i t is increasingly subject to wind
shear which deforms the pi time from i t s assumed Gaussian p r o f i l e .
Within the context of RADM, particles are diffused and transported
independently, and therefore the effect of wind shear and the vertical
variation of eddy diffusivity are more appropriately simulated. This
is particularly evident under stable atmospheric conditions when the
vertical shear of the pertinent meteorological parameters are the most
extreme.
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ABSTRACT
A common d i f f i c u l t y i n t h e evaluation o f q u a n t i t a t i v e
air quality in coastal areas i s the scarcity of available
meteorological data of sufficiently high spatial and temporal
resolution. Consequently, one of the most attractive
applications of numerical mesoscale meteorological models
l i e s in using their predictions as an input for detailed air
pollution advection-diffusion models. The three dimensional
version of the University of Virginia mesoscale numerical
model, using a 10 km horizontal grid, has been applied to
the greater Chesapeake Bay area for a summer day case study
(July 21, 1978). Generally, i t s predictions are shown to
be in reasonable agreerasnt with the observed data. An air
pollution fin** mesh model, based on the three dissensions!
solution of the advection-dif fusion equation, was then
integrated using data interpolated from the predicted
mesoscale meteorological output. CO concentrations due to
surface level emissions over the Tidewater, Virginia,
have been evaluated for the case study day.

INTRODUCTION
In the r e c e n t decade three dimensional numerical a d v e c t i o n - d i f f u s i o n
models f o r use i n t h e q u a n t i t a t i v e assessment o f a i r q u a l i t y have
become widely s p r e a d , e . g . ( 1 ) , (2) and ( 3 ) . These t y p e s o f models have
enabled effective studies of pollutant dispersion from areal sources,
while providing the potential to include mesoscale spatial and temporal
variations in the meteorological fields of significant relevance to the
evaluation of pollutant concentration patterns. The common approach in
the <ncorporatioi. of meteorological data into these models i s either
subjective estimations based on the available data, or when the number of
observations in the simulated domain i s sufficient, an objective analysis,
possibly with some constraints based on atmospheric physical law (4).
Usually, however, the available observational data i s insufficient for
achieving a highly accurate spatial and temporal resolution. This shortcoming i s most pronounced when simulating pollutant dispersion at
coastal areas where the mesoscale induced meteorological patterns are
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often q'lite complex.
In the present study an alternative approach for the estimation of
pollutant dispersion at coastal regions is suggested using a numerical
meteorological model to provide the input to the dispersion model. The
three dimensional version of the University of Virginia mesoscale model
(5) including i t s most recent modification as reported by (6) has been
applied to the greater Chesapeake Bay area for a summer day case study
(21 July 1978) using a 10 km horizontal grid interval (7). I t s predictions
are shown to be generally in reasonable agreement with the available
observed data. An a i r pollution fine mesh model (1 km grid interval)
based on three dimensional solution of the advection-diffusion equation,
w?.s then integrated using data interpolated from the predicted
meteorological model output. CO concentration patterns, due to the daylight emissions o: ground level sources (mostly vehicles) over the
Tidewater region of Virginia, have beer, evaluated while the affect of the
sea breeze and the mixing layer on the CO fields over the area i s
illustrated and discussed.

THE METEOROLOGICAL MODEL
Only a b r i e f a n d s e l e c t i v e summary of t h e model i s g i v e n h e r e .

BOUNDARY LAYER

The calculations of the surface flux momentum heat and moisture are
based on the work of (G) . The exchcuiyt; coefficient in Lhe planetary
boundary layer (PBL) above the surface layer u t i l i z e s the functional form
discussed in (9). The PBL top is predicted as a function of location
according to Deardorff's prognostic equation (10). The roughness
parameter over the land is prescribed, while over the water i t i s
calculated according to (11).

SURFACE HEAT BALANCE

The temperature at the soil-air interface; is calculated using a heat
balance equation for solar radiation, incoming and outgoing atmospheric
longwave radiation, and later . , sensible and soil heat fluxes.
RADIATION
The changes of a i r t e m p e r a t u r e due t o shortwave and longwave
r a d i a t i v e flux divergence a r e parameterized following the methods of (12).
Heating of t h e atmosphere by short-wave r a d i a t i o n i s confined t o w a t e r
vapor, while carbon dioxide and water vapor a r e considered i n t h e l o n g wave r a d i a t i o n h e a t i n g / c o o l i n g a l g o r i t h m .
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NUMERICAL ASPECTS
The governing hydrostatic equations of motion, heat, moisture and
mass are approximated in finite difference schemes using a 60s time step.
The vertical levels are divided into 13 levels: 0, 5, 15, 100, 300,
500, 7Q0, 900, 1200, 1500, 2000, 3000 anc L000 m, with the top at 7000 m.

THE DISPERSION MODEL

MODEL DESCRIPTION
The d i s p e r s i o n model c n s i s t s o f the a d v e c t i o n - d i f f u s i o n equation i n
i t s conservation form:
3(wC)
"

+

3 .
3C.
3z~ | K z 3z'

,
U

where C i s the c o n c e n t r a t i o n , K the heat exchange c o e f f i c i e n t s for the
v e r t i c a l eddy d i f f u s i o n and u, v and w are the components o f wind
v e l o c i t y . The h o r i z o n t a l d i f f u s i o n t e r n s have been omitted due t o the
dominancy of the advection in the h o r i z o n t a l d i r e c t i o n . T e n t a t i v e l y , i n
t h i s s t a g e of experiments, the Crowely second order scheme (13) has been
adopted for the h o r i z o n t a l flux divergence due t o a d v e c t i o n , while the
modification of the Crank-Nicholson scheme, as s u g g e s t e d by ( 1 4 ) , has been
used for the d i f f u s i o n term. The i n t r o d u c t i o n of m e t e o r o l o g i c a l data t o
the dispersion wodel g r i d i s i n v e r s e distance weighted according to the
f o l l o w i n g formula:
n
Z

4>

=

*K f i i k
(2)

n

where the index K runs over the meteorological model grid points, and
i,j indicate the dispersion model grid point where:
20 km

/

0

;

ir

- r. .1 > 20 km

.

r^ is a location of meteorological grid point, r. . is a location of a
dxspersion model grid point. The vertical grid~~re3olution is the same as
the meteorological model, and the time step is 90 s.

BOUNDARY CONDITIONS
The vertical boundary conditions are:

108
at z = 0; -K f°- = S(xfy)
Z

(4)

oZ

where S is the CO flux at the surface, and
at the model top C = 0 .

In the horizontal:

(5)

fjp^" = °

where N is in the normal direction to the boundary.

THE EMISSION DATA
The CO emission data are taken from the 1977 emission inventory for
southeastern Virginia (15). Only surfr^e level sources were regarded,
mostly contributed by vehicles. Emissions values reprerent a daily
average, hence no account is given here for the daily cycle of emissions.
As a result, the quantitative accuracy of the results of the model
predictions is dependent on the amount of the agreement between these
averaged values and the actual emissions on the specific case study day.

RESJLTS
Several selected patterns of the meteorological and CO concentration
fields are presented. In the horizontal representation, the southwestern
corner corresponds to coordinate 4064N, 378E in the UTM coordinate system.
N is the Naval Air Station in Norfolk, A is the Norfolk Municipal Airport
and O is the Naval Air Station in Oceana. The two CO monitoring stations
in the simulated region are at Norfolk (181-1) and at Chesapeake (176-A),
and are denoted by (*) and (x) in the figures, respectively.

METEOROLOGICAL FIELDS
The meteorological features induced by the forcing due to the
inhomogeneous land-water terrain cannot be reproduced by any mathematical
procedure of interpolation which lacks an accurate treatment of the
physics. Hence, the interpolated results are unable to accurately account for
circulations induced by terrain irregularities which are of a smaller
spatial scale than about four times the meteorological model grid interval.
Thj-fl lack of resolution, expected to be remedied in the future by the
implementation of a nested fine mesh within the meteorological model, has
to be considered when referring to the fine details of the 1 km interpolated
meteorological fields.
Figure 1 presents the surface wind pattern at 1001 LST. The coupling
of the large scale flow, which has a slight westerly component, with the
sea breeze at the coastal region creates a calm region there. Later in the
day, however, the sea breeze gradually penetrated inland sufficiently while
veering to the south, and has overcome the synoptic flow in most of the
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doiaain (Figure 2 ) . The simulated flow pattern at 1700 LST over the
meteorological model domain is illustrated in Figure 3 where the Tidewater
region is indicated. An arrow of two grid intervals in length in these
figures corresponds to a 10 m/sec wind speed.
The PBL height at 1301 LST, as shown in Figure 4, shows a gradual
increase inland. However, although the predicted PBL height over the
water area is relatively large, it cannot be necessarily interpreted that
it is associated with intensive mixing since the surface sensible heat
fluxes over water would be expected to be positive and small due to the relatively
cool surface temperature and because of the reduced surface roughness.
Figure 5 (which is a vertical crossection through grid point 16 on the
vertical axis in Figure 4) illustrates this effect where, although the
vertical exchange coefficients, K , are large over the land region of the
domain, they drop significantly over the small size water bodies. The
large values of K over the land area as shown for this middle domain
crossection indicate, however, high mixing potential around noon in lower
atmosphere in those locations.

CO FIELDS
The CO fields are evaluated at the hours from 0900 to 1700 LST.
Since no i n i t i a l concentration field is introduced, the simulated CO
levels are underestimated as compared with the expected real ones,
particularly in the beginning of the simulation. I t should be noted that
based on emission data given in areal units of 1 square km, the model
prediction represents an average concentration within this grid size, so
that smaller scale spatial vaiicttiuns, aoL simulated in the model, may
be large. These two points have to be considered while interpreting the
results.
Figure 6 presents the CO concentration field lh after the beginning
of the model integration at 10 m height (contour units are one hundredth
of mg/m ) . The plotted values at this time closely correspond to the
source intensity and distribution since no background concentration field
was assumed and the integration has only recently commenced. The
intensification of the sea breeze and i t s clockwise veering during the
simulated hours, however, has a major effect on the evolution of the
polluted area. The 1701 LST pattern (Figure 7) ,, affected by the southeasterly sea breeze, indicates on CO transport toward tht northwesterly
part of the domain. The intensive vertical mixing within the PBL over
land causes a gradual reduction of concentration within the PBL as shown
in Figurs 8.
During the simulated hours the Norfolk monitoring station (*) indicated
values of 0.9 - 1.5 mg/m3, while at the Chesapeake station (x) values were
0 - 0.34 mg/rn3. Because of the lack of observed source emissions as a
function of time, inadequate spatial resolution of observed pollution
patterns as well as the neglect of i n i t i a l background concentrations,
verification i s impossible.
Predicted values can therefore be "ither higher or lower thar. the

no
observed point measurements depending on where the monitoring s i t e s are
placed. For this particular simulation the predicted areal concentrations
are less than at the two monitoring s i t e s . Due to the high persistency of
these simulated synoptic conditions during the summer (7) , simulated results
can be used when considering the establishment of a monitoring network for CO in
the area,
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Fig. 3.

The meteorological model
flow prediction at 1700
LST for the Greater CheSapeake Bay area at 15m
height (grid interval is
10 km).
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Same as F i g . 1
except f o r the PBL
height at 1301 LST.
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kz (m2/sec) vertical
distribution at latitudinal cross section 4079N
(15 km north of the southern boundary grid point 16
along the left-hand axis
in Fig. 1-2), 1301 LST.
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ABSTRACT
The Random-Walk Advection and Dispersion Model is a sophisticated,
Lagrangian, parcel model which is appropriate for describing pollutant
transport on the scale of up to 200 km dow...*Lnd of multiple point and
area sources. This paper describes a number of applications of RADM.
These include the analysis of the impacts of SO control strategies
on SO /SO~ air quality in the San Francisco Bay Area of California;
the impacts on SO air quality of a proposed refinery and petrochemical
facility in Valdez, Alaska; and the impacts on SO air quality of a
proposed coal-to-methanol conversion facility in North Dakota.
The
first two analyses involve evaluation of the model performance, while
the third is a model application. In the first case, the correlation
coefficient between measured and computed values is 0.70 while the
second ia 0.88. These compare very favorably with reported values of
other complex air quality models.
INTRODUCTION
Stochastic techniques for describing atmospheric dispersion are
conceptually simple and attractive, but require a sophisticated data
base to provide the required level of input regarding the structure of
turbulence and dispersion processes. The stochastic approach is
typically formulated in terms of a probability distribution of certain
outcomes for a given system or set of fluid units. For applications of
practical concern, the fluid unit is defined to be orders of magnitude
larger than the mean free path of the fluid molecules, but small enough
to provide adequate resolution of the smallest length scale of interest. Such a fluid unit may be referred to as a fluid "parcel". The
interaction between these fluid parcels can be expressed in stochastic
terms from a knowledge of the structure of turbulence and dispersive
processes. In practical applications, the structure of these processes
is often inadequately known and phenomeno-logical descriptions are
employed to characterize the dispersive transport. Variations of this
approach to the analysis of transport and dispersion of scalar quantities have been employed by [1], [2], [3], [4], [5], and [6].
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This paper outlines the basic components, input data requirements,
and evaluation of the Random-Walk Advection and Dispersion Model
(RADM?. The mathematical formulation of RADM is independent of the
problem-specific input. As a result, the algorithms which calculate
the required input parameters, such as the wind fields and dispersion
coefficients required for atmospheric applications of the program,
determine the temporal and spatial scales of the problem.
RADM is
presently structured to utilize input data and compute atmospheric
pollutant concentrations on a spatial scale of 10 to 200 km.
BASIC MODEL COMPONENTS AND SPECIFICATION OF INPUTS
The problem of transport of parcels by advection and dispersion
can be represented simply as a series of random walks [7). Each of
these random walks is composed of a detenninisti" Mvection component
and a random dispersion component as shown in Equation (1):
1/2
«t - XQ = /

"t

U(x

, t')dt'

+ n
r

/

2K(x t ,,f )dt'

(1)

lr t

o
o
where x i s the i n i t i a l parcel location, U is a mean velocity vector
defined over a suitable time interval, K i s a diffusion coefficient
a l s o defined over a suitable time interval, and n i s a normally
distributed random number with a mean value of zero and a standard
deviation of unity*
For a rigorous application of the random-walk method, the net
parcel displacement must be calculated by integration of Equation
(1)*
However, with U and K as arbitrary functions of space and time,
i t i s not always possible to obtain a closed-form solution to this
equation.
For suitably small time steps, i t often proves adequate
to assume that the mean velocity and the random components can be
separately calculated and linearly superposed. This i s the assumption
that i s employed in the present version of the random-walk method.
In the application of RADM, both U and K are assumed to be
specified inputs.
These inputs may be obtained from f i e l d data,
laboratory studies, analytical solutions, numerical simulations, or
other such means*
RADM i s a completely Lagrangian model which continuously tracks the motion of a statistically large number (5,000 to
10,000) of arbitrarily released parcels; i t i s free of any imposed
grid. The specification of U and K, however, may be made on an appropriate grid and a technique specified to calculate inter-grid point
values.
The diffusion c o e f f i c i e n t s used in RADM are computed using a
technique described in fa1 . The technique relies on similarity theory,
employing local values of friction velocity, u # , mixing depth, Z. ,
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Nonin-Obukhov l e n g t h , L, surface roughness, Z , and atmospheric s t a b i l ity.
The v e l o c i t y v e c t o r s are computed using :\n analogous methodology
which i s described i n [ 9 ] .
EVALUATION AND APPLICATION
The RADM has been employed f o r simulating a number of problems
with known a n a l y t i c a l s o l u t i o n s a s w e l l as those u t i l i z i n g f i e l d data
[10] and [ 1 1 ] . The subsequent s e c t i o n s of t h i s paper b r i e f l y d e s c r i b e
two recent e v a l u a t i o n s t u d i e s which used f i e l d data ( i 1 2 ] and [ 1 3 ] ) and
one a p p l i c a t i o n o f t h e model [14.
Evaluation of RADM i n the San Francisco Bay Area
The purpose of the study was to understand the r e l a t i o n s h i p s
between SO emissions and SO /SO~ air quality in the Bay area
as well as to analyze the impacts of natural gas curtailment and
proposed SO emissions r e g u l a t i o n s .
The study area i s shown in
Figure 1. The majority of the SO sources are located in the Carquinez
Straits which are enclosed by a rectangular box in the figure.
Periods s u i t a b l e for modeling were s e l e c t e d with respect to
seasonal distribution and type of flow regime. Four modeling periods,
encompassing approximately 10 days of extreme air quality, were s e l e c t ed for study.
Two were northeasterly, winter flow regimes, one a
southeasterly, winter regime and one a westerly, summer flow regime.
Twenty-four-hour averaged emissions from each of the approximately
100 major sources (>12T/year) of SO in the Bay Area were provided
for each modeling period by the Bay Area Quality Management District
(BAAQMD) based on information supplied by each source owner.
The
smaller, distributed source emissions (small industry, home heating,
ships, etc.) were input as emissions per unit area.
Meteorological data required for the study were obtained from the
BAAQMD and also from the National Climatic Center, Asheville, North
Carolina. The required input data consisted of:
o
o
o
o
o
o
o

Cloud cover and insolationj
Deposition velocity for SO ;
Averge conversion rate of SO to S0~;
Hourly air temperature in the region of the major source*!;
Average surface roughness and topographic height specified on
the scale of 5 km;
Mixing depth on the scale of 5 km for each hour; and
A three-dimensional wind field (horizontal components only) on
the scale of 5 km for each hour.

Following calculation of concentrations resulting from source
"anissions for each modeling period, the sulfate background concentrations for that period were determined. This spatially variable

120
background coi-entration was calculated by RADM from concentrations
specified at the boundaries of the region which were then transported
into the region by the period-specific wind f i e l d s .
Figure 2 shows a p l o t of computed v e r s u s measured SO
concentrations for a l l four modeling periods.
The mean residual
concentration was -0.35**g/m
(0.01 pphm as SO 2 which indicates a
s l i g h t over prediction.
The mean measured Su~ concentration was
6.43 iig/m .
The computed correlation coefficient: was 0.70 and the
slope and intercept of the regression line were 0.71 and 2.06, respectively. The error bars t>n the observed concentrations were provided by
BAAOMD [15]. The other lines on the figure indicate the ideal f i t and
the +50 percent accuracy bounds corresponding to the worst-case limits
of uncertainty of model input data.
Evaluation of RADM in Port valdez, Alaska
The purpose of the study was to determine whether the region
was in compliance with the National Ambient Air Quality Standard
(MAAQS) for SO.
EPA's previous calculations using the VALLEY Model
had indicated that the region was exceeding those standards.
The
primary sources of SO ware emissions from the supertankers and
related land-based f a c i l i t i e s at Jackson Point. The region of interest
i s indicated in Figure 3.
Meteorological conditions which are conducive to pollutant
buildup in this region are: light winds in the eastern basin area, cool
drainage winds in the western basin area resulting from the glaciers,
and surface inversion or shallow mixed layers (approximately 200
meters) throughout the basin.
Selection of the individual episodes for model validation was
based on several criteria. These included: relatively high SO levels
at one or more monitoring locations, the availability of necessary
tanker information for emission estimates, and the extent of valid
surface measurements. Five days with high SO levels were eventually
selected for modeling.
The compilation of the emission inventory relied mainly on information provided by Alyeska Pipeline Service Co.
However, as many
sources of data as possible wore used in order to accurately portray
the SO, emissions during these periods.
Data used included tanker
size, berth number, amount and duration of debal lasting and cargo
loading, and time of the f i r s t start and the l a s t stop of deballasting.
For some tankers, the arrival and departure times, fuel sulfur content,
and/or amount of fuel used at berth were also available.
Bnissions
data for other sources including boilers, tugboats, waste gas incinerators, trash incinerators, and diesel generators were also included
is. the inventory.
The meteorological data requirements for this study were very
similar to those in the San Francisco Bay area. The major differences
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were that the conversion rate of SO to SQ~ and deposition
velocity were less important because the residence times of parcels in
the basin were shorter. The grid size for construction of the wind
fields, diffusivity fields and mixing depth fields was 1.6 km in this
study* It is also important to note that although less meteorological
data were available for this study than in the San Francisco Bay area
study,
the dimensions of the Port Valdez region were also smaller.
Figure 4 shows a plot of measured versus computed SO. concentrations for the five days in 1978 which were modeled. Multiple data
points at the same location on the graph are not shown. The slope of
the least-squares line was 0.78 with an intercept of 1.18. The correlation coefficient was 0.88.
The magnitudes of errors in the
measured data were not available.
The correlation coefficient was higher in this study than in
the previous study for a number of reasons. There were a number of
hours when no SO was measured or computed (origin of graph); the
pollutant of interest was emitted as a primary pollutant; the residence
times of air parcels in the region were short; and the receptors were
generally close tc the sources of SO .
Application of RADM in Western North Dakota
RADM was used to assess the impacts on the existing sulfur dioxide
air quality in North Dakota of a proposed coal-to-methanol conversion
facility. The relative distances of the proposed facility and other
sources to EPA Class I areas in North Dakota mandated modeling techniques capable of simulating long—range transport and diffusion. As
travel times increase, spatial and temporal variations of meteorological conditions considerably alter a plume's trajectory and dispersion characteristics.
Similarly for these plumes, removal and
transformation mechanisms become increasingly important. As a result,
the RADM was deemed very appropriate for an analysis of this type.
This project did not involve model validation because sulfur dioxide is
not routinely measured at the low levels which are permitted for the
Class I increment.
In order that the total impact on nearby Class I areas could be
assessed, all major SO emission sources within the state of North
Dakota and the eastern portion of Montana were included in the study.
This encompassed sources within about 180 km of the proposed facility.
The inventory used was compiled from data made available by the State
of North Dakota.
Since area sources were assumed to be small, they
were not included in the study.
An important aspect of the study was the construction of the
three-dimensional flow field. The data base consisted of surface winds
and Pasquill stabilities from five stations and upper air data containing mixing heights and winds from three stations.
The wind input
arrays included 10 vertical levels, the lower level derived from the
surface wind stations and upper levels computed from the 3 upper air
stations.
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The results of the RADM calculations indicated that the proposed
f a c i l i t y would comply with a l l Class I increments for SC>2.
It
should also be noted that the major part of increment consumption would
be due to other sources*
The meteorological conditions which led to
high 3-hour predictions were associated with transient fumigation.
The high 24-hour concentration values were due to persistent flow
aligned with the major sources upwind of the northern unit of Theodore
Roosevelt National Park*
SUMMARY AND CONCLUSIONS
The mathematical framework o f a s t o c h a s t i c , random-walk model h a s
been developed to simulate transport under conditions of complex
advection and dispersion.
The framework allows for inclusion of other
physical transport processes, such as chemical reaction, radioactive
decay, drag, s e t t l i n g , and deposition.
The mathematical mo«3el, called RADM, i s completely Lagrangian and
i s based upon the superposition of a random dispersive displacement on
a deterministic advective displacement.
It i s essentially free of
the physical and empirical input and other problem-specific features.
The model i s especially simple to apply and possesses a number of
advantages over the commonly employed grid-based models.
The studies described herein involved complex flow regimes:
a
weak, stagnating flow producing high sulfate l e v e l s ; a terrain-induced
flow; and a shearing flow aloft with the potential for causing impacts
on nearby Class I areas.
The RADM results, in a l l validation cases,
compared very favorably with th«? measured concentrations.
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PARTICIPATE SULFATE IN LEXINGTON, KENTUCKY AND ITS'
RELATION TO MAJOR SURROUNDING SO2 SOURCES
Azar M. Hazrati and Leonard K. Peters
Department of Chemical Engineering
U n i v e r s i t y o f Kentucky
L e x i n g t o n , Kentucky 40506

ABSTRACT

An experimental study was conducted during 1979 and 1980 to
establish the chemical composition and size distribution of the
atmospheric aerosol in Lexington, Kentucky. The sulfate, nitrate, metal, and acid contents of the total suspended particulate captured on Hi-Vol filters were measured. The daily
averaged particulate sulfate concentration was relatively
high (10-40 yg/m3), even though there are no substantial
sources of either SO2 or sulfate in the immediate Lexington
area. Eighty percent or more of the sulfate was contained
in particles having aerodynamic equivalent diameter less
than 1 ym. The results of air trajectory calculations were
empirically correlated to relate the measured sulfate to the
emissions from the twenty-three largest coal burning power
plants in Kentucky, distance and time of transport, and
relative humidity. The sulfate levels were almost linearly
proportional to the SO2 emissions from these sources, and
showed a strong inverse dependence on the plume travel^ distance.
These factors are consistent with the formation of SO4 in the
atmosphere during transport.
INTRODUCTION
The mechanisms and rate of formation of atmospheric particulate
sulfur compounds are not very well understood. Many investigators
[cf., 1, 2] have pointed out that the photo-oxidation of SO2 to SO3 is
influenced by many factors, including the presence of N0 x , hydrocarbons,
and NH3; and all can be important in the formation, nucleation, and
growth of particulate sulfate and/or sulfuric acid in air. It has also
been shown that meteorological conditions, such as humidity, temperature,
atmospheric stability, and wind speed, affect these phenomena. For
example, several studies [1, 3, 4, 5] have demonstrated that the conversion of SO? to sulfate is increased at relative humidities greater
than 75%.
Measured conversion rates of SO? in power plant plumes have varied
from 0.5% hr~' to 5% hr"1 [cf., 6, 7] and reportedly occur in the first
few kilometers of plume travel. These and other studies [8, 9 ] , when
compared with experimental results, indicate the likelihood of homogeneous
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pseudo-first order kinetics during daytime and heterogeneous reaction in
the presence of water vapor at nighttime.
Studies done in power plant plumes indicate that sulfates and nitrates
which are formed from emitted SO2 and N0 x may be transported hundreds of
kilometers causing air quality and visibility degradation far from the
sources. In the Lexington area, there have been reports indicating an
extension of fog periods and reduced visibility. Lexington has a population of approximately 200,000 with relatively little industry and relatively low levels of SO2 and N0 x emissions. However, there are numerous large
SO2 sources, primarily coal-burning power plants, at distances ranging
from 28 to 400 km surrounding Lexington (see Figure 1). Also, Rowe [10]
suggested that the rate of exposure of people to sulfur pollutants is
highest in east central United States which includes Kentucky. Thus,
Lexington is an ideal location to study the long range transport of SO2
since there are few major urban sources of these pollutants. The approach
used in this study was to monitor the aerosol at a fixed location and to
relate these to the sources via detailed trajectory analysis. This is
decidedly different from other studies where changes within an air parcel
are measured.
In this paper, we will first present some detailed results of the
chemical composition and the sulfate size spectra of the aerosol in the
Lexington area. This will be followed by a discussion of variations of
the sulfate and nitrate levels. Finally, the measured sulfate concentrations will be compared with a statistical-empirical correlation of predicted sulfate levels based on trajectory analyses.
SULFATE MASS DISTRIBUTION
Experiments were done to evaluate the mass of sulfate associated
with various sizes of the suspended particulate matter. The aerosol was
sampled with a five-stage cascade impactor for periods of four hours and
periods of ten minutes. One set of samples was taken from 8:00 am - 12:00
noon on June 1, 1979 when che weather was partly cloudy and hazy. The
average relative humidity was 85%, and the average temperature was 70°F.
A second set was obtained on the afternoon of the same day beginning at
12:00 noon. The average temperature was 75°F, and average relative
humidity was 65%.
The four-hour samples were analyzed by washing the impactor plates
in 40 ml of double-distilled water in an ultrasonic bath for two hours.
The extract from each stage was analyzed for sulfate and nitrate using
turbidimetric and ion-specific electrode techniques, respectively. The
error in the sulfate analysis was judged to be within +_ 12%, and the
error in the nitrate analysis was even less.
o The 10-minute samples were impacted on glass slides coated with a
400 A thick iron film. The thin metal technique described by Hazrati
[11] was used to identify the corrosive droplets. Figure 2 shows the
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reaction spots from the fourth stage of the cascade impactor at 1000 X
magnification with an optical microscope and at 28,000 X with a transmission electron microscope respectively. The data from thin film micrography were converted to a mass distribution by assuming each reaction
spot was caused by particulate acid-sulfate, and then converting the
number distribution to a mass distribution.
The mass distribution data are summarized in Figures 3 and 4 and
show excellent agreement between the two methods of analysis for particles
smaller than 2 urn. The deviation above 2 ym is essentially immaterial
since only 2-4% of the sulfate mass is contained in particles of those
sizes. The mass median diameter for the morning sample was 0.5 - 0.6 ym,
and that for the afternoon sample was 0.32 ym. These limited results
agree with those of Wagman et al. [12] and Ludwig et al. [13] and demonstrate a shift in the distribution toward larger particles when the
relative humidity is higher. In addition, the data agree with those of
Tanner et al. [14] who reported that 50% of the total sulfate in the
New York area is associated with particles smaller than 0.3 ym.
CHEMICAL COMPOSITION OF AEROSOL
General Analysis. High-volume samples were collected at five
different locations in Lexington by the Kentucky Air Pollution Control
Division. Portions of the filters were extracted in 100 ml of doubledistilled water. Detailed elemental analysis of these composite samples
from the five sites were done for three days of June, 1979.
Metals were analyzed using atomic absorption. Total carbon and
organic carbon were determined by the Photochemical Carbon Analyzer,
while the SO4 and NO3 analyses employed the turbidimetric method and
specific ion electrode methods, respectively. The results are summarized
in Table 1. The metals showed relatively little variation among the
three days and are shown as averaged values. They comprised a + relatively
small fraction of the total cationic species present. The NH4 and metal
analyses did not usually satisfy a perfect ionic balance, probably because
of the presence of some acid on these filters. Due to the low quantities
of metal ions present, the additional experiments concentrated on NH4 + ,
H+, S0|, and NO3.
Daily Variation of SO4 and NO3. Shurt-period sampling was done
for four days in January, three days in February, and three days in March
of 1980. Gelman Spectro-Grade Type A/E glass fiber+ filters
were used for
these experiments to obtain better analysis of NH4 and K + . The extraction procedure was revised to reduce the loss of NH4*. One half of each
filter sample was extracted overnight in an enclosea breaker using moderate + agitation [IS]. This extract was used for the analysis of NH4+
and H . The other half of the sample was extracted by boiling in doubledistilled water for thirty minutes, and this extract was used for the
analysis of SO4 and NO3 . The pH of blank filter samples was 7.2 - 7.5
when extracted using the same procedure.This lower filter pH minimized
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Table 1. General Chemical Analysis of Composite Hi-Vol Samples
Species

Concentration

Mg
Na. .
PbU)
Zn
Cd
Cu
Fe
C(inorganic)(b)
C(organic)
NH 4 +=
S04
NQ3-

0.46
0.71
0.79
0.03
0.06
0.08
0.76
< 0.01
1.86, 3.10,
9.64, 9.14,
23.1, 22.8,
10.9, 7.80,

^

3.65
10.0
23.2
5.70

was underestimated because of incomplete extraction from the
filter by the method used.
^Inorganic carben was below the limit of instrumental sensitivity.
the loss of ammonium ion as desorbed NH3, and also improved the H +
analysis using back titration to pH = 7 of the extracted falter/aerosol
samples. The ammonium ion was measured using the ion specific electrode.
The results are listed in Table 2 and show that the NH4 + and H +
ions account reasonably well for the ionic balance with SOI and NO3.
At most, it appears_that about 30-35? of the cationic species are not
accounted for if SO4 and NO3 are the predominant anions.
DAILY AVERAGED SULFATE AND NITRATE CONCENTRATIONS
Results of Measurements. Twenty-four hour Hi-Vol samples were
obtained for 26 days during the Spring and Summer of 1979. Gelman
Spectro-Grade Type A/E Glass Fiber 1 liters were employed as before.
The results are graphically shown in Figure 5 for SO4, NO?, and SO21
respectively. In addition, the average temperature and relative humidity
are ."-own. The SOg data were obtained from the Kentucky Air Pollution
Control Division.
One can observe_that there appears to be a weak inverse proportionality between the SO4 and NO3 at high concentrations, which has been
reported by other investigators. In addition, there appears to be little
correlation between the SO4 and SO2 concentrations which is indicative
of different source-receptor relationships.
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Table 2.

Ionic Balance f o r Short Term Hi-Vol Samples

Concentration (mmol/m3 x 10 6 )
Time

NQ3

SO4

NH 4 +

1/09/80
1/14/80
1/15/80
1/22/80
2/04/80
2/15/80
2/21/8Q
3/04/80
3/04/80

(4»8) pm
10am-2pm
10am-3pm
10 am-3pm
10am-4pm
(8-1l)am
(5-8) am
11:30am-2:30pm
(2:30-5:30) pm

73.6
61.3
119.
101.
35.5
75.3
115.
24.2
16.1

125.
191.
339.
476.
199.
203.
230.
381.
112.

294.
226.
481.
608.
431.
306.
205.
518.
219.

3/10/80

(12-2:55 pm)

19.4 160.

294.

Date

a

H+
34.3
104.
152.
184.
29.1
Void*.
188.(a)
190.
Not detectable
30.0

2[S0 4 = ] + [NO3"]

[NH4+] + [H+]
1.18
1.24
1.26
1.33
0.95
—
1.29
1.10
<1.07
1.05

This sample also gave a high reaction to the thin iron film procedure.

Trajectory Analyses . Since these data showed that a significant
fraction of the aerosol in Lexington is comprised of sulfate, trajectory
analyses were done for fifteen days in an attempt to relate the SO4
levels to the sources surrounding Lexington. Meteorological data from
National Weather Service stations at Lexington, Nashville, TN, and
Dayton, OH were used to establish the wind velocity and direction,
temperature, relative humidity, and mixing height data for the days
that were studied. Temperature profiles were available from the Nashv i l l e and Dayton stations. Although the temperatures were not always
the same, the inversion patterns were quite similar. Calculations of
the air trajectories provided estimates of the principal sources affecting the air quality in Lexington for a given day. The important parameters are emission source strengths, distance and time of travel, and
weather conditions.
Since the total SO4 that is collected jn a f i l t e r during twentyfour hours receives contributions from numerous source locations and
under different meteorological conditions, any empirical correlation
must be designed to reflect
this. Let MSQ4 represent the sum of sulfate
collected and MsQ4i &e that collected during a given short time period,
say three hours. Then,
S04

8
.1

M

S04 i

(1)

During any time period, it was apparent that M S Q . . depended on the SO2
emissions from a given source region, Qso2> the distance of travel, D,
and the time of travel, t, all factors being determined from backward

134
trajectory calculations. In addition, the relative humidity (RH) was
taken to be the important meteorological parameter describing the prevailing conditions. Other parameters were also considered, but these
four seemed to yield an adequate description.
The most satisfactory empirical correlation had the following form
for each time period.
exp(M S04 .) = A (QsO2i) a ^

(t

i)Y

(RH

i)n

(2)

Thus, by taking the logarithm of both sides and summing Eq. (2) over the
individual 3-hour time periods for the day
M

S04

=

8
In A + a x In Q S Q 2 .

8
+ s

z

ln

,
(jfr)

8
8
+ y I In t, + n -. In RH,

(3).

The air trajectory calculations were done for 23 major coal-burning power
plants in Kentucky.
For M$Q- in mg collected, Q s Q29 in 10^g emitted from the appropriate
emission source*, D-j in kmv and
t^ in hours, the correlation determined
from regression analysis [rc = 0.883) was
8
M s 0 4 = 0.425 + 0.955 E In Q S o 2 . + 0-516
+ 0.016

8
I In {jp)

8
8
E In t i + 0.195 I In RHi
i=l
i=l

(4).

I t is apparent that the dominant factors are emissions levels, travel
distance (inverse relationship), and the relative humidity. The empirical
correlation shows a weak dependence on travel time. That is explainable
since Di also partly accounts for the time available for conversion of
SO2 to sulfate. Elimination of t i from the correlation provided
8

8

= 0.b40 + 0.948 E In Qso, + 0.501 E In u[£-)
i=l
^
i=l
i
+ 0.190

8
Z In RHi
i=l

The correlation for Eq. (5) is also quite good (r^ = 0.

(5)
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These correlations show an approximate linear dependence on sO2i
which would be predicted from classical plume dispersion models where
a first order chemical conversion from SOg to SO4 is occurring. Furthermore, there is a strong inverse dependence on the plume travel distance
which is consistent with formation of S0| in the atmosphere during
transport. Figure 6 shows a graph of the predicted and measured amounts
of SO4 collected on the filters for each 24-hour period. The deviations
are generally less than 20%, except for days that had significant precipitation, strong winds, or persistent inversion conditions for several
days. In the cases of significant precipitation or persistent strong
winds, the predicted level was significantly greater than that measured
while the converse was true for extended periods of inversion. Both
conditions are consistent with expectations.
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Figure 1. Map of Kentucky showing major S0 2 sources in respect to Lexington. Sources are
numbered in decreasing S0 2 emissions level.
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Figure 2. Top: Reaction spots at 1000 X on the thin iron film from
particles collected on the fourth stage of the cascade
impactor; Bottom: Electron micrograph at 28,000 X of
aerosol particles.
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Size distribution of the sulfate aerosol determined
using the turbidimetric method.
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Figure 5. Daily-averaged concentrations of SO?, NOg, and S02for
twenty-six days in 1979. The hatched bars are results
of short period sampling (2 1/2 - 3 hours).
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LOCAL AND REGIONAL CLIMATIC IMPACTS OF HEAT EMISSION
H. 6= Fortak
Free University of Berlin
1OOO Berlin 33
Federal Republic of Germany
ABSTRACT
The impact of anthropogenic heat emission on properties
of the planetary boundary layer has been investigated experimentally by airborne meteorological measurements. These
investigations covered a wide range of scales of heat emission:
Individual stack plumes, cooling tower plumes, urban thermal
plumes, and plumes from area sources in highly industrialized
cities. Due to the very rapid dissipation of spatial temperature differences in the developing plumes, point sources of
heat emission hardly influence the atmosphere. A large number
of profile flights in the Upper Rhine area indicated that even
in the most industrialized parts of this region the natural
spatial variations of meteorological parameters are much larger
than the man-made ones. This is not true with respect to the
fields of vertical motions, however. The thermal plumes of
large industrialized cities are built up by a large number of
intense thermal plumes of small size. A simple one-dimensional
model for mean vertical velocity fields produced by local heat
emission was constructed. By comparison with vertical velocities
found in natural meteorological phenomena, estimates of man-made
heat impacts on the atmosphere and on climate are possible.
INTRODUCTION
A few years ago there was considerable concern among scientists and
decision makers about local and regional impacts of anthropogenic heat
emission on weather and climate. It is well known that urban and rural
climates differ from each other considerably if a town or a city reaches
some critical size. Under certain meteorological conditions, urban heat
islands extend to heights up to 300 meters. Thermal plumes originating
from such a heat island may extend horizontally downwind up to 30 kilometers for large cities. These plumes are detectable mainly by observations of visibility rather than by observations of temperature differences
between plume and surrounding air. Less information was available about
the impact of strong point sources, e.g., cooling towers. Behind the
intensive discussions on this topic, the problem of power parks played
the most important role.
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As airborne measurements should be sufficient for most model validation purposes, the author developed a measurement system consisting of a
powered glider and a modern system of sensitive meteorological sensors
including digital data recording systems. Due to the excellent aerodynamical behavior of the aircraft, the measurement of vertical motions of
the air can be obtained in a fairly simple manner from the vertical motions
of the aircraft. Measurements of temperature, humidity, vertical velocity
of the air, and of the aircraft's position in space as a function of time,
enables the investigator to measure this set of variables both in Eulerian
and in Lagrangian frames of reference.
Applications of the system to problems r>r thermal convection, to the
problem of plume rise of industrial stacks, to the problem of local climate
impacts of cooling towers, and to problems of regional climatology covered
the period of time between 1973 and 1979. Most of the applications were
associated with environmental problems, howaver, with respect to the temporal and spatial structure of thermal convection some basic results were
obtained.
THE RESEARCH AIRCRAFT AND STRATEGIES OF MEASUREMENTS
The aircraft chosen is a powered glider ASK 16. It has high maneuverability, excellent aerodynamic properties, very low stall speed, large
range of operating speeds (from 90 km/h to 180 km/h), good gliding performances, sufficient high rate of climb. The response time to a buoyant
plume of mean size is less than 1 s. The resolution of vertical velocities is approximately 25 m. The vertical motion of the air is obtained
by feeding all relevant flight data in a suitable computer program.
Meteorological instruments in operation are the following: Pressure:
Rosemount REC 831 A 10, REC 1241A-6B; true air temperature: Hartmann und
Braun PT 100 and Rosemount REC 102EBJ; humidity: Lyman Alpha and Vaisala
Humicap. In addition, acceleration, pitch and roll are stored together
with the other variables on magnetic tape as well as on a four-channel
recorder. Due to specific characteristics of the whole system the highest
horizontal resolution for most of the variables is 2.5 m, for some 5 m
(operating speed: 90 km/h).
The strategy of measurement depends on the meteorological system to
be investigated. The individual life history of a thermal was investigated
in a Lagrangian frame of reference. A soaring glider marked the thermal,
encircling the center of the thermal with constant rate of climb. The
powered glider flew horizontal traverses through the center of the thermal
with various headings. Statistical properties of horizontally distributed
thermals were obtained by flying traverses very frequently above a part of
the ground where thermal activity could be expected. With regard to thermal plumes, traverses were flown in many heights within a cross section
perpendicular to the direction of the mean wind vector. With regard to
problems of regional climatology, horizontal traverses were flown over
greater distances. During such campaigns an additonal instrumented
aircraft did the vertical soundings.
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LOCAL IMPACTS RESULTING FROM POINT SOURCES
The example given is a cross section measurement in a thermal plume
of a power station stack near Wilhelmshaven. The stack height is 275 m,
the power 700 MW, the exit temperature of the effluent gases 130 C. The
thermal plume was investigated in cross sections with source distances
between 600 m and 6000 m under various meteorological conditions (Fig. 1).
At the same time, sodar measurements of the plume covered the range between 100 m and 600 m source distance. Temperature as well as humidity
recordings show bifurcation of the plume in a height of 100 m above the
stack. The original temperature difference between effluent gases and
surrounding air (119 C) has decreased down to less than Z C. In source
distances -j.c?ter than 3 km, only tenths of a degree could be observed.
This way, a well-known plume rise formula of Briggs was verified.
Investigations since 1974 led to a fairly complete 3-D physical
picture of cooling tower plumes. Characteristics of almost all records
are the following: Temperature and humidity show a very steep gradient
within a distance of approximately 10 m from the boundary of the plume.
Near the center of the plume horizontal vorticity lines produce circulations within the vertical cross section that result in maximum downward
velocity near the regions of steepest gradients of temperature and humidity. In all cases, the temperature difference between the air within the
plume and the surrounding air is in the order of tenths of a degree„
Figure 2 summarizes the results of such flights: The upper part shows
the typical records of vertical velocity, temperature and humidity along a
selected traverse. The lower part shows the result of many measurements
within a cross section. The visible plume is found in the upper part of
the plume, the main entrainment is found at the bottom of the plume. This
indicates that below the plume always air from the surroundings was found.
The impact on the atmosphere by these types of anthropogenic heat emission
is very small.
REGIONAL IMPACTS
Increasing urbanization and industrialization in certain regions led
to considerable concern about regional impacts on climate resulting from
anthropogenic heat release. Especially the region of the Upper Rhine
Valley concentrated the interest of scientists and politicians most in
this respect. On the one hand this region does not have a favorable climate even if there would not be any anthropogenic activity, on the other
hand urbanization and industrialization develops yery rapidly especially
in this region. Therefore, a research project was sponsored by the
German "Umweltbundesamt" and started late in 1976. Based on a detailed
heat source inventory (2) a numerical model for the simulation of the
undisturbed climate as well as for the disturbed climate is expected to
give the answer to the question of the impact on climate of the anthropogenic heat emission. In addition, a program of field measurements, ground
based and airborne, was launched to investigate the present day climate of
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the region, and further to estimate the present day local impacts of area
sources.
Up to now, the author conducted six campaigns in this region. This
valley is about 300 km long and about 40 km wide with fairly high mountain
ridges on both sides - up to 1500 in the south. Traverses were made from
the western mountain ridge to the eastern one and along the valley, over
rural as wtil as industrialized areas, to investigate the natural influence
of the structure of the earth surface as well as the influence of urbanization.
Figure 3 shows typical records of temperature and humidity along
traverses at different heights. Within the planetary boundary layer
we find a thermal asymmetry between the east and the west side of the
valley. Humidity shows the expected opposite behavior. The temperature
difference may be 2 C and more. This happens at all times at which
thermal activity is possible in the region. An explanation for this
thermal asymmetry, which is found to be much more pronounced in the
southern part of the valley could be given as follows: During the
morning hours thermal convection starts much earlier at the eastward
sloping parts of the mountain ridges. Here, the morning inversion is
destroyed very early, whereas the inversion above the Rhine Valley
prevents convection for most of the morning hours.
Such situations are found during the year much more often in the
region as believed. As a matter of fact, a statistics of all results
of flights within the same cross section shows the thermal asymmetry
during the morning hours as Figure 4 depicts it. Here the deviations
of temperature from the mean value of a horizontal traverse are drawn.
Even in tne average, the atmosphere at the west side of the valley is
about 1 C warmer than at the east side. Each model for the simulation
of the climate of the region should be able to simulate thermal convection and its spatial and temporal distribution in order to simulate the
mentioned thermal asymmetry of the region. We will see later that manmade heating of the atmosphere is much smaller as this natural spatial
asymmetry.
The thermal asymmetry during the morning hours is not uniform at
the sides of the valley. The cities of the region, e.g., Karlsruhe
produce no thermal effect in the atmosphere in a height of 650 m above
the ground. Although it was a very cold day in the middle of March, we
did not expect anthropogenic thermal effects in such heights above the
ground. Interesting was, however, in this and other cases the large
spatial variability of temperature and humidity under natural conditions.
The onset of thermal convection at noon all over the region smooths
horizontal differences out. However, due to different properties of
the ground, even thermal convection shows a spatial distribution of its
intensity which may be so pronounced that even during the time around
noon spatial differences of temperature occur.
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Duri^n all camnaions conducted so far, it has been difficult to find
any antropoganic e.f^cts of heat emission within the atmosphere in the
region. Some flights in low levels approximately 300 m above the ground
during March 1978, however, indicated very clearly such effects produced
by comparatively small towns.
Similar flights crossed the highly industrialized cities of Manneheim
and Ludwigshafen. During the same period of cold but sunny days in March
natural thermal convection was enhanced drastically around noon. Although
the field of vertical motion was influenced this way, the fields of temperature and of humidity were not. Therefore, heat emission resulted in
a buildup of an intense field of vertical motion that may lead to the
buildup of a secondary cloud formation during other periods of the year.
ESTIMATES OF IMPACT BY ANALOGY WITH NATURAL PHENOMENA
Mainly with regard to the problem of energy centers and their impact
on local and regional climate, a simple one-dimensional model was developed that should be able to predict - among others - vertical motions
within the atmosphere induced by heat release near the ground. The impact
of heat release on the atmosphere then could be estimated simply by comparing man-made fields of vertical motion with those found in connection
with typical atmospheric phenomena. With respect to EC's the question
arises: At what power densities and spacing of cooling towers EC's
become undesirable from a meteorological/climatological point of view.
In what follows, we compare the state of the unperturbed atmosphere
with the state to which heat and water vapor has been added. The thermal
power P (MW) of waste heat induces a vertical flux of heated air in a
vertical column of radius r. The emitted heat is continuously transported
vertically through this cylinder. The entrainment/detrainment i.echanism
is not taken into account, the most unfavorable case of a windless weather
situation is assumed.
The theory will not be outlined here, but the results are given. A
diagram was constructed shown in Fig. 5. There the radius r 0 and the
area Fo of the vertical air column are plotted on the abscissa, and the
vertical heat emission P (MWth) is plottedon the ordinate. The slanting
broken lines give the vertical velocities W of the rising air. The
slanting 2 solid lines give the specific vertical heat flux densities S =
P/F (W/m ). The spacing of cooling towers is depicted in the upper left
corner of the figure.
It can be seen that EC's of 101* to 10 5 MWth and vertical velocities
of 6 to lo m/s have characteristics that fall close to regions in the
diagram where the effects of very intense natural phenomena are located
in the diagram. In order to avoid the effects of these phenomena it is
clear that the larger the EC's the greater the spacing between the cooling
towers must be. From a meteorological point of view, large EC's are undesirable.
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THE TECHNICAL DATA MANAGEMENT CENTER
A FOCAL POINT FOR
METEOROLOGICAL AND OTHER ENVIRONMENTAL TRANSPORT COMPUTING TECHNOLOGY*
Betty McGill, Betty F. Maskewitz, and D. K. Trubey
Oak Ridge National Laboratory
Oak Ridge, Tennessee, U.S.A.
ABSTRACT
The Technical Data Management Center, collecting, packaging,
analyzing, and distributing information, computer technology and data which includes meteorological and other
environmental transport work is located at the Oak Ridge
National Laboratory, within the Engineering Physics Division. Major activities include maintaining a collection
of computing technology and associated literature citations
to provide capabilities for meteorological and environmental
work. Details of the activities on behalf of TDMC's sponsoring agency, the U. S. Nuclear Regulatory Commission, are
described.
INTRODUCTION
The ORNL Engineering Physics Information Centers (EPIC), the umbrella organization under which Radiation Shielding Information Center
(RSIC) functions, has established a center for extending the RSIC "open
code/data package" concept to the Technical Data Management Center
(TDMC) where meteorological and other environmental transport computing
technology is collected, analyzed, packaged, documented and disseminated.
TDMC is a national technology resource sponsored by the U.S. Nuclear
Regulatory Commission (NRC).
"Open" Package Concept
"Open" codes and data libraries are those which become well-documented, closely scrutinized by the industry at large, widely used and
frequently modified, i.e. open to the same critical examination given to
any valid scientific information. The concept is realized when the
developer, the center, and the user collaborate to assess and improve
the state of the art. Positive feedback and this close interrelationship
*Work funded by the U.S. Nuclear Regulatory Commission, under Interagency Agreement (DOE No. 40-548-75, SOEW No. 40-80-004, NRC B&R No.
48 20 25 60 6) with Oak Ridge National Laboratory, operated by Union
Carbide Corporation under contract W-7405-eng-26 for the U.S. Department
of Energy.
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results in changes that are reflected in the "open code/data package" as
updated versions. Dissemination of the packages with a training and
consultant service promotes wider usage with consequent feedback to the
Center. The concept serves to promote standardized methods with consequent quality assurance.
TDMC tests the various computer codes and data by running sample
problems, packages them for transportability; disseminates, and assists
in their implementation as needed; follows their use, and collects
useful feedback; and, in interacting with the users and developers, will
reflect into the "open code or data package" any resulting corrections,
extensions, or other improvements.
In an effort to promote standardization and improve portability,
TDMC selects specific computing technology, under NRC direction, enhances, standardizes, improves, and documents it in order to place it in
the public domain. The resulting product then receives the "open" code
package treatment as described above.
Purposes and Scope
The Center's purposes are to avoid duplication of effort, advance
the state of the art, and make widely available standardized methods,
including computing technology and computer-readable data.
The scope of the current collection of TDMC environmental transport
codes includes: atmospheric, wet and dry deposition, surface and ground
water and terrestrial foods calculations. Also included are external
dosimetry codes for inhalation and ingestion calculations.
The TDMC scope, its information products, and services will be
displayed in a poster session. An effort will be made to give an
indication of the state of the art of methodology in current usage as
reflected in computing technology in the public domain. Conference
attendees will be invited to become participants in the TDMC experiment
through the sharing of their information and technology. A directory of
those interested is in compilation and a newsletter will begin publication in the near future.

SESSION I I : INTERMEDIATE RANGE TRANSPORT
MODELS AND METHODOLOGY
Chairman
Steven R. Hanna
A i r Resources Atmospheric Turbulence
and D i f f u s i o n Laboratory
National Oceanic and Atmospheric
Administration
Oak Ridge, Tennessee 37830
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A REVIEW OF PHYSICAL ASSUMPTIONS IN INTERMEDIATE
RANGE TRANSPORT AND DIFFUSION MODELS

Steven R. Hanna
Air Resources
Atmospheric Turbulence and Diffusion Laboratory
National Oceanic and Atmospheric Administration
Oak Ridge, Tennessee 37830

ABSTRACT
Several intermediate range transport and
diffusion models are briefly reviewed. The basic
physical assumptions in each are summarized and
compared, including horizonal and vertical diffusion, specification of the wind field, interpolation from the wind field to a point, dry and
wet deposition, and chemical transformations.
Results of model comparisons for inert tracers
are presented showing that a good knowledge of
the wind field (speed and direction at plume
height) is essential for making accurate calculations for both short term episodes and long term
averages.

INTRODUCTION
Intermediate range transport and diffusion calculations
have been important for the nuclear industry since the 1940's
because of the dangers of bomb tests. But during the past
decade, the problems of intermediate range transport of sulfur
and nitrogen compounds from power plants and smog from urban
areas have become increasingly important. It is difficult
and expensive to monitor the physical characteristics of
transport and diffusion on these scales, although there are
a few large programs underway by OECD in Europe and DOE, EPA
and EPRI in the United States. Several recent review papers
exist on this subject, including those by Bass (1) and Eiiaseen
(2).
There are numerous models available and some of these will
be described in this review, but as yet there is no definitive
model for intermediate range transport and diffusion. There are
simply too many missing pieces of information, such as a or K
coefficients at these scales. Since the Pasquiil-Giffor^-Turn^r
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u .inci u curves art' defined only U> downwind distances of about
10 km, we shall define "intermediate-range" as any distances
between about 10 km and about 1000 km. At these distances, wind
speed and direction shears and time and space variation in wind
veloiity became important.
MODELING CONCEPTS
I ii practice, \ inds are always averaged over a certain period,
such as and hour. Turbulent ditfusion is then defined as the diftus' H I contributed by turbulent eddies with time scali'r, less than
tin' averaging time, in tliu. c.ii" roughly one hour. In the dift us i on eijuat i on ,
dr.
+ u
at
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ttie turbulence contribution appears on the right hand side. As the
average wind I .eld changes I rum hour Lo hour. The effect is felt
in the advert ion terms iiii"/c)x and vflC/Sy on the left hand side,
which also contribute to time variations in concentration C. If
we assume an averaging period of one day rather than one hour for
the wind speed, then hour-to-hour variations :n winds would be
parameterized as turbulence on th right side of equation
(.1). Thus turbulent di f f us iv i t ies K , K , and Kr , or dispersion
parameters O , a and a art ; I K rcisin^ functions of averaging time.
So-called "puff" models claim to handle both small-scale diffusion and large-scale meander (5, A, S, b), A drawing of how a plume
is represented by a series of puffs is given in figure 1. Puff release frequency is adjusted so that there is roughly the amount of
putt overlap shown on the figure. A wind field is needed, based
on ruiiusonde i lations (.spacing -- J00 k m ) , surface stations (spacing
^ SO k m ) , or a mesoscale research grid (spacing ~ 20 kni) of
meteorological towers. In models such as Sherman's ( 7 ) , the
continuity equation is used to adjust the wind field so that it
is mass-consistent. The mixing depth must also be known, since
all models confine the pollutants to the mixed layer. Transport
«iiid velocity seems to be defined differently by each model;
e.g., it equals 75 times the 850 mb wind in the model by
Johns n et al (.5), and equals the concentration-weighted wind in
the model by Heffter ( 3 ) . The observed winds must«be interpolated
into other regions, generally using a 1/(distance) weighting,
although some models use an additional weighting factor involving wind direction. This situation is depected schematically
in Figure 2.
Diffusion of the puff is handled quite crudely. The first
tenuous assumption is that puff diffusion is similar to plume
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Figure 1:

Simulation of a plume by a series of puffs,
released at equal time intervals. It is
assumed that o <* t.
ORNL-DWG 80-14870

Figure 2: Example of wind vectors observed at eight
surface stations, which must be used to estimate
the wind vector at point P. Most models weigh
each observation by 1/d^. Draxler's (11) and
Heffter's (3) models in addition weight each
observation by 1-0.5 | sin <j> | .
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d i t Iu s to n, w h i c h i s known t o b e w r o n g t l i e o r e t i ( a 11y , b u t i s s t i l l
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On the other hand, removal is quite important, since the
halt lives tor dry deposition, wet deposition, and chemical transformations ot chemicals such as SO arr typically on the order of a
tew days. But here again, crude assumptions are made by most authors,
The deposition speed v tor SO.., is assumed to be 1 cm/s by Sheih
(.10) and Wendell et al'(6), an3 0.8 cm/s by Johnson et al (5) and
Smith and Hunt (12). The deposition speed v for SO is assumed
to be 0.1 cm/s by Sheih (10) and Wendell et. al ( 6 ) , and 0.2 cm/s
by Johnson et a I (S). The conversion of SO., to sulfate is
generally assumed to take place at a rate of about 1%/hr (5,12).
Wet removal rate is assumed to be proportional to rainfall rate
raised to some power; e.g., Siy^th and Hunt (12) use A (fraction
removed per second) = 10
R ' ~, where R is rainfall rate in mm/hr.
l-'ur a moderate rain of 4 mm/hr, wet removal takes place at a rate
ot 72%/hr. A slightly different formula is used by,Johnson et al
{'•>), with A (fraction removed per second) = 0.6x10 R. When it is
raining wet removal is ijuite effective, but over a long time period
wet and dry removal are equally effective. With so many uncertain
adjustable parameters, it becomes quite easy to match predicted
and observed concentration patterns. But in these applications,
the model is not truly validated, since validation requires
testing of the model with an independent data set.

APPLICATION TO AN INERT TRACER
Some of the problems encountered with long range transport
and diffusion models for sulfur are due to uncertainties in dry
deposition, wet deposition, and chemical transformations. It is
useful to test models using inert tracers such as Kr , a gas
that is released routinely from nuclear installations, or man-made
inert tracers such as SF or heavy methanes. For these
tracers, the observed cc cfrntration patterns are due solely
to winds and turbulence. Draxler (11) describes an application
of the Air Resources Laboratory model to the Savannah River
Laboratory (SRL) area, where the locations of rawinsonde stations,
surface stations, towers, release site, and a 90 km sampling
arc are given in Figure 3. In addition to routine
releases of Kr , two tracers, SF, and heavy methane,
CH,,
were released from a 62 m stack over a four hour period.
Ine model simulates the pollutant plume by a series of
puffs, whose trajectories are computed by hourly advection
segments. First the rawinsonde profile from the station
nearest the segment starting point is used to estimate the
average layer wind, V., weighted by Lhe concentration:

V A = (f C. V. )/!C.

(2)

where n is the number of levels up to the mixing height.
Mixing height is determined by following the maximum surface
temperature up dry adiabatically until it intercepts the
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Figure 3:

The Savannah River experiment
sampling arc and meteorological
data locations (11).

Figure 4:

Observations and predicted
SF 6 concentration on the 90 km
sampling arc at Savannah River
(11).
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1200 GMT sounding. The relations between the magnitude and
direction of the surface wind, V , and the average layer
wind, V , are determined, and are arbitrarily assumed to
apply to all stations on the network. For example, this
analysis may show that V / V. = 0.5 and that the direction
S
of V is 20° to the left"of the direction of V . Next a
surface wind at the segment starting point is calculated
using a d
distance weighting and a direction weighting
a given by
s
a = 1 - 0 . 5 |sin $ \ ,
(3)
s

s

where (j> is the angle between the wind direction and the
line from the station to the segment starting point. Only
angles with magnitudes 90° or less are considered. Finally
a transport wind is determined using the calculated surface
wind and the relations developed at the rawinsonde station.
Vertical diffusion is calculated from the one dimensional
diffusion equation using the vertical diffusivities in Table 1.
Horizontal diffusion is given by a(m) = 0.5 t (sec). Concentration contributions from each puff that passes a receptor during
the sampling period are summed and an average concentratation
calculated.
Observed and predicted SF, concentrations on. the 90 km
sampling arc are plotted on Figure 4. Draxler has "adjusted"
K to a value of 30 m /s so that the maximum predicted concentration agrees with the observation. Neutral stability conditions
(Pasquill class D) prevailed during this experiment, suggesting
that K should be 7 m /s, but this value produced much too high
a peak concentration. The figure shows that the predicted
plume is displaced about 20 km from the observed peak, indicating
a wind direction error of about 10 to 15°. This error is not
surprising, since the input wind observation are given only to
the nearest 10°. However, the net result is a poor correlation
between observed and predicted concentrations at fixed points.
We can conclude that the model did fairly well on estimating
the cross-wind concentration distribution, but erred slightly
in estimating plume direction.
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METHODS FOR CALCULATING THE "REPRESENTATIVENESS" OF DATA
Thomas J, Lockhart
Meteorology Research, Inc.
Altadenaf California 91001
John S. Irwin*
Meteorology and Assessment Division
Environmental Protection Agency
Research Triangle Park, NC 27711
ABSTRACT
Successful modeling of atmospheric transport in the range
of 10 to 100 km requires knowledge of the relevant wind field.
Several methods can extrapolate a three-dimensional wind field
from measurements points, but no standard method exists for
testing how far away from a measurement point one might assume
that point to be "representative." Furthermore, there is no
standard definition for "representativeness." Three types of
representativeness will be defined and discussed. An example of
one type is presented using RAMS data as 300 possible pairs of
wind measurements with separation distances from 3 km to 93 km.
NTRODUCTION
It is traditional in a world with meager data to allow the data which
does exist to represent a considerable area, often halfway to the next data
point. Transport and diffusion models can simulate the atmospheric processes with fidelity only if the input data represents with equal fidelity
the area (or volume) in which the processes operate. While this is understood by modelers it is too easily ignored. Regulatory agencies recognize
the need for representative data from representative sites but fail to define the terms sufficiently for objective testing.
For the purpose of this discussion the noun representativeness will
mean that data taken at point "a" will be used to describe point "b". Since
this can be done in a number of ways, an adjective will be used to define
each type of representativeness. Types also will be described in terms of
the mathematics used to transfer the data from "a" to "b" in time and space.
Since data at point "b" can be both estimated from point "a" data and independently measured at point "b", the difference can be used to give a quantative value for representativeness.
*0n assignment from National Oceanic and Atmospheric Administration,
U. S. Department of Commerce
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SPECIFICATIONS
The first specification for any type of representativeness is averaging
time. For this discussion consider an averaging time of 20 minutes which is
long enough to average out random surface effects and short enough to minimize the impact of change from diurnal cycle variation. Any time period
above about five minutes will include the bulk of the energy peak centered
at about one minute [1]. An hourly average has 24 values per day of which
two or eight percent are likely to be influenced by diurnal changes.
The second specification is the type of average or method of averaging.
Take wind for example, specifically wind speed. The averaging method should
be compatible with the application of the average in the model- The instrument description may belong here if the sampling includes some conditioning
or transformation of the data.
arithmetic mean

transDort
-i

harmonic mean

* • ffl

dilution
1/2

quadratic mean

resultant vector mean

engineering

- C(u2)

1/3

)]

transport

The third specification describes in part the instrument performance.
The functional precision [2] is the root mean square of differences between two sensors mounted without influencing one another at the same
height and as close to each other as practical within 10 m. The functional
precision includes both the random variability of the atmosphere and the
bias of one instrument with respect to the other.

where

[

-,1/3
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N
Pf
B
s

is
is
is
is
is
is

speed at site "a"
speed at site "b"
number of samples
functional precision
the bias term
the random variable
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Additional information such as the dynamic performance specifications
of the sensor, site characteristics, mounting characteristics and data
handling specifications are important and should be documented. The use of
this method, however, only requires functional precision and the selected
representativeness test.
TYPES OF REPRESENTATIVENESS
Primative representativeness (Rp) assumes equivalent time synchronous
data everywhere. The flow field assumption might be called a frozen plane
where every point in the plane changes in the manner point "a" changes at
the time it changes. The value for R p would be the range of the difference expected at point "b" with a 95 percent confidence level using point
"a" data and the assumption above.
"u"b = ^a

and

®"b

=

®a

Displaced representativeness (Rj) is based on the assumption that
everywhere along a line perpendicular to the average flow the data will be
the same, like a frozen line. The displacement time is a function of the
flow field and the distance between points. This time is found by accumulating consecutive samples of speed and direction or N-S and E-W components by vector sum method until the resultant vector is longer than the
distance between points "a" and "b" when measured on a projection parallel
to the resultant vector direction.
"b = "a(t Q ± At)

an d

%

= ^a{tQ ± t)

Climatological representativeness (Rc) is based on the shape of the
distribution over a period of time which is large compared to the displacement time (weeks or longer). This type is otherwise independent of time.
The assumptions that the distribution of average values at point "b" is
represented by the distribution (mean, mode, standard deviation, skewness,
kurtosis, etc.) at point "a" may provide a test method.
Other types of representativeness may be considered but for the purpose of this discussion of technique, these three are sufficient. There
is a different but valid use of the word representativeness which should be
mentioned [3]. It might be called instrumental representativeness and
would include consideration of such things as: coupling to the atmosphere,
mounting bias, fidelity of response, degradation by the measurement system,
precision, and accuracy. Some of these are automatically included in
functional precision. This type could answer the questions how well does
the measurement represent the true value at the measurement point?
Another general type might be called applicational representativeness.
This would answer the question how well does the measurement represent the
part of the atmosphere which is affecting the source transport and diffusion? Or, do we really care how well point "b" is represented by point
"a" since the transport is taking place through point "c"?
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AN EXAMPLE OF PRIMATIVE REPRESENTATIVENESS (Rp)
The data base used as an example for calculations of Rp is the RAMS
monitoring sites 101-125 in the St. Louis region. The hourly wind speed
and direction data at each station are the vector sum of 1-minute samples.
The system is described by Shreffler [4] and his references. The 1976
period was chosen because of a good recovery record. Each station was
compared to each other station (300 possible pairs per hour) for the year.
If both speed (cup) and direction (vane) were present at both stations of
a pair a common pair hour was counted. The average pair data recovery was
about 96 percent with the worst of the 300 being 90 percent (109-121) and
the best being 98 percent (112-115). Eight of the stations were at a 10 m
height while the other 17 were at a 30 m height. All stations are treated
the same in this example.
The specifications in summary are:
Averaging Time
- 60 minutes
Averaging Type
- resultant vector mean (uv and 9 V )
Functional Precision - not determined
The frequency of occurrence of wind direction (10 degree sectors) and
wind spe?d (1 m/s range steps) was listed for each of the 25 stations. The
mean for all stations was calculated for each range bin. Figure 1 is a plot
of this data to describe the general dynamic range of this data year.
The difference between each pair of stations was taken for each hour
for both speed and direction. This results in something like 8,000 values
with sign for each pair for each variable. The annual mean of the differences of wind speed and direction was calculated for each pair of stations
by the method used for the bias term (B) shown above. To estimate the bias
specific to each station, the 24 pairs were listed with respect to the
common station using the sign which would result from subtracting from the
common station (common station is site "a"). The mean and standard deviations of these subsets were calculated and are shown in Figure 2. The
cause of bias may be either instrumental (calibraton for speed and orientation for direction) or real (terrain features, roughness length, sensor
height, siting obstacles, etc.). The bias has at least potential for being
reduced.
The variance was also calculated for each possible pair of stations
for each hourly difference during the year by
N-l
The square root was taken to get the standard deviation and the pairs were
identified by the separation distance between the stations. Figure 3 shows
these values for both speed and direction along with the best-fit line by
linear regression of the standard deviation and the natural logarithm of
the separation distance. The coefficients of determination (r ) are shown
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on each part of Figure 3, They are significant at 99.9 percent for direction and 90 percent for speed by a t test.
The value for R p by this method is calculated or estimated in a way
equivalent to that for functional precision (Pf). Figures 2 and 3 shown the
bias (B) and random variable (s) for all station pairs. One could calculate
R n for any pair by
,1/3

It is more interesting in this example to describe the whole data set.
What would R p be for any station selected as it is used to represent wind
speed and direction to a radius of 10 km or 50 km at a 95 percent confidence level? The matrix below provides the the answers. If one assume
that the bias could be halved by some method and if one asked what is the
Rp which would be exceeded with a 95 percent confidence level, then Rp
(min) is the answer.
Variable

Radius

Bias

Sigma

Rpr

Si gnu

1.3
1.7
36

1.6
2 .0
37

45

46

0.7
1.1
20
29

(km)
Wind Speed
(ms)
Wind direction
(degrees)

10
50
10
50

1
1
10
10

(min)

Rp

(min)
0.9
1.2
21
29

One might summarize by saying if in the St. Louis area one intends to use a
single station to represent a 50 km radius in a model using hourly data and
a frozen plane wind field assumption, the wind speed will be within ±2 m/s
and the wind direction will be within ±46°.
CONCLUSION
The purpose of this paper is fulfilled if more consideration is given
to objectively defining representativeness in terms of the application of
the data. More sophisticated methods should be examined, particularly
climatological representativeness. This subject was considered at a workshop [5] sponsored by EPA and will be in the workshop report when it is
published.
Of course the method of objectively determining representativeness is
only half the problem. Modelers need to define what uncertainties can be
tolerated within the declared predictive accuracy of the model. Only then
can cost-effective decisions be made concerning the density of a particular
measurement network.
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A NEW TRAJECTORY MODEL FOR INTERMEDIATE RANGE
TRANSPORT UNDER CHANGING ''JEATHER CONDITIONS
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ABSTRACT
In the majority of the relevant countries the guidelines
for the assessment of the environmental impact of the atmosphe ric releases from nuclear installations in normal operation a ..'
under accident conditions stipulate the application of the
Gaussian diffusion equation. For environmental impact calculations within the scope of licensing procedures the conventional
Gaussian formula, which is valid for constant wind direction,
wind velocity and diffusion category, may be safely used without restrictions, since changes in weather conditions are usually irrelevant for the short transport distance to the most unfavourable point of impact which, as a rule, lies within a
range of 1 km. In the case of major releases, i.e. within the
scope of accident and risk analyses, however, environmental impacts extending to more distant ranges must be taken into account. For this reason we have developed a so-called volumesource model, as an extension of the conventional Gaussian diffusion model. This advanced model takes account of changing
wind direction, wind velocity and diffusion category during
the process of dispersion. The paper deals with the development and application of the volume-source model and the comparison with the results obtained by the conventional Gaussian
model.

INTRODUCTION
The Gaussian puff and plume models for straight-line steady-state
dispersion may in general be safely used for applications in the local
environment of nuclear and non-nuclear sources. In fact, the conventional Gaussian modal is stipulated by a number of national regulations,
e.g. in the Federal Republic of Germany, for the purpose of environmental
impact analyses. The Gaussian model, which is valid only under constant
diffusion conditions (wind direction, wind velocity and diffusion category) , can be used within the scope of licensing procedures for sources in
flat terrain, particularly for the case of normal operation, without any
restrictions, because the most unfavorable point of impact as a rule lies

177

178
within the range of 1 km source distance and the effect of changing weather conditions need not be considered for these short transport distances.
Therefore, in the local range more complicated diffusion models, e.g.
based on the K-theory ,are in general not really required and with a view
to the following restrictions do not constitute an alternative for most
practical applications:
- The experimental calibration is insufficient (the use of diffusion parameters obtained from tracer experiments is not possible);
- the meteorological input parameters required are difficult to collect;
- suitable statistics on diffusion and weather march are not available;
- the time and cost required for computation are not bearable for many
applications.
For accident and risk analyses, i.e, in the event of major releases,
environmental impacts extending to more distant ranges must be taken into
account. In this case, allowance should be made for changes in the meteorological conditions to be expected for longer transport times.
For this reason, we have developed an extension of the conventional
Gaussian diffusion model for application to varying weather conditions. The
advanced model is based on the assumption that the weather conditions (wind
direction, wind velocity and diffusion category) are known and may be assumed constant in consecutive time intervals (e.g. hourly or 10-minute intervals) . Theoretically, this requirement may always be fulfilled by subdivision of the intervals.

PUFF MODEL
In the first time interval, a puff released at the time t=0 will diffuse according to the conventional Gaussian equation (1)(2):

X(x,y,t) =

37§
(2TT)-" a

exp {x

a

y

a

z

2a

x
(1)

r
, (z-H) ,
, (z+H) , ,
x {exp (- - — • — ) + exp (- - — ^ — ) }
2a
2a
z
z
a.=
H =
Q =
u =
t =

diffusion parameters, i=x,y,z
release height
source strength
average wind velocity
travel time

The basic idea of our "volume-source model" is to regard the volume
elements of the concentration distribution at the end of the first interval
as point sources for the diffusion calculation in the next time interval.
The superimposed contributions of all these point sources will then result
again in a three-dimensional Gaussian distribution of activity concentra-
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tion in the second interval. As to the complicated derivation of these results we have to refer to a previous publication (3).
In the first step of the iroplementation of this model, only the wind
velocity and diffusion category are varied, while keeping the wind direction constant. In the second step, the originally straight diffusion axis
is projected onto the trajectory as illustrated in Fig. 1.
In (3) it has been shown in detail that a diffusion factor of the
puff (time integral of activity cor-rr.i-ration divided by the source
strength)

v (x.y.z) =

2a
__
*^I

2a

2TT

.,
^ ^
a
__ a
._ u
y,eff z,eff n

2a

is obtained, which corresponds to the conventional diffusion factor for the
plume, except for the fact that
a) the constant wind velocity u is replaced by the wind velocity in the n
time interval u n
b) the diffusion parameters a. are replaced by so-called "effective" diffusion parameters Cf^,eff' which will be discussed later.
c) The azimuthal distance is represented by the new coordinate
n-1
n-1

nn = —u {ux,n LJr
[y- I uy,k
, (tk-t.
,)]- uy , n [xZ ux,k. (tk -t,
.)]}
L
k-1 J
k-1 J
n
JC*~ x
ic~~ x

(3)

(r| =0 is the conditional equation for the trajectory).
In (4) it has been shown that the error caused - according to the model - by rotation of the activity concentration into the new wind direction, can be neglected.

PLUME MODEL
After having dealt with the puff, the plume will now be examined. When
varying first of all only the wind velocity and diffusion category, while
keeping the wind direction constant, there is no difference between the
diffusion factors for the puff and for the plume in the case of equal
source strengths. This can be explained by the fact that each plume may be
simulated by a sequence of individual puffs. In the event of the wind direction changes, however, it is evident that the individual puffs constituting the plume do not longer follow the first puff. In that case, each
individual puff will rather follow its own trajectory as shown in Fig. 2.
Consequently, the diffusion of plumes in connection with variable wind directions may be described by a superposition of the diffusion of individual
puffs (5). Releases involving variable release rates may be treated accordingly as a sequence of puffs with different source strengths.
This model comprises the simpler model .-^Iculating the plume transport
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alongside the trajectory as a special case. As can be seen from Fig. 2,
however, the latter gives a rather inadequate description of the closerange environmental impact, at least for major changes in wind direction.
At larger distances, trie differences are less pronounced.

DIFFUSION PARAMETERS
Regarding the parameterization of the effective diffusion parameters
a few statements should be made. According to (4), the a\ e £f values in
the n t n interval are obtained from the sum of dispersions (variances) 0?^
in the individual time intervals:

a

i,eff - j x °2i,k < i = y ' z )

(4)

With the additional assumption, that the Lagrangian autocorrelation
function, corresponding to the time interval Atk, disappears
R(At R )=0

(5)

it can be shown, that our model satisfies the conditions of a Wiener's
process (5). Therefore we get as increment of the dispersion in the k-th
time interval

As the Lagrangian autocorrelation function

can be approximated by

"Atk/fcL
R(At k ) = e

(7)

and the Lagrangian time scale t in the atmosphere is in the order of 100 s
(2), the condition eq. (5) is fullfilled for the time intervals of our m o del (e.g. 1 hr or 10 m i n ) .
On the other hand it is known that eq. (5) is not applicable for short
range turbulent diffusion. That means that neither the concentration profiles are necessarily Gaussian, nor the 0 values are in a strict sense
standard deviations.
Introducing the diffusion parameters resulting from tracer experiments which usually are power functions of the source distance (6)(7)
g
q
i
i
a± = p,.x = p i (ut)

we obtain the following parameterization of the dispersion
2

?

2q

2q

(8)
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where x -x

is the trajectory length in the k-th time interval.

It has to be considered that the vertical diffusion parameter a z is
limited by the height of the mixing layer. It can be shown that the reflexion of the puff at the upper level of the mixing height according to
(2) does not constitute problems for the applicability of the volume source
model.

EXAMPLES
The influence of hourly changing weather conditions on the distribution of pollutants released during the first time interval is illustrated
in Fig. 3 for a selected weather march (i.e. sequence of diffusion conditions) beginning with the diffusion category F and a wind velocity of 1 m/s
in the first time interval. This Figure compares the diffusion parameters
and diffusion factors below the diffusion axis or trajectory, which result
according to the volume-source model and according to the conventional
Gaussian diffusion equation (index c ) . To facilitate interpretation, the
seque~-e of diffusion categories and wind velocities during the specific
weather march is indicated on the upper edge. In the examples under consideration it was found that, for major distances, the application of the
conventional model would lead to an overestimation of the time-integrated
concentration and, thus, of the dose by more than one order of magnitude,
because the increase of turbulence and wind velocity after the first time
interval is left out of account.
Two peaks on the "realistic" curve are attracting attention:
- the peak at the beginning of the second time interval results from a fumigation effect, since the plume reaches the ground more quickly due to
an increase in turbulence;
- the second peak in the sixth hour results from a reduction in wind velocity involving a longer impact time of the passing plume.
It has been shown that, when using the conventional model, the more
correct diffusion factors calculated according to the volume-source model
- are underestimated, if the weather march begins with an instable diffusion category and
- overestimated, if the weather march begins with a stable diffusion category.
The discrepancies of the two models become even greater if the spatial
distribution of the diffusion factor according to the changing wind direction is considered. These differences are demonstrated in Fig. 4 for a special sequence of weather conditions. While the isopleths resulting from the
straight-line Gaussian model correspond to a dispersion in the original
wind direction (according to the diffusion category and the wind velocity
in the first time interval), the more realistic isopleths related to the
volume-source model do not only follow the bent trajectory (originating in
the center of the diagram) but also reflect the changes in diffusion category and wind velocity. It is evident that the isopleths of the conventional diffusion factor do not even give an approximation of the real contamination field i.r the intermediate range, as changes of the weather condi-
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tions occur always during intermediate transport, though not necessarily
to the extreme degree connected with the present example.

CONCLUSION
A "volume source model" for the simulation of puff and plume dispersion has been developed as an extension of the conventional Gaussian
straight- line steady-state model. In the case of momentaneous releases this
approach leads to a trajectory model, where the diffusion of the puff
alongside the trajectory is computed by a modification of the Gaussian diffusion equation, accounting for changing wind velocity and diffusion category. Continuous releases may be simulated by a sequence of consecutive
puffs, each of them following its own trajectory. For low wind direction
changes and for major source distances the plume may be approximated by a
puff, which contains the pollutants released in the first time interval and
is dispersed alongside the trajectory of its center of gravity. In areas of
low orographic influence for intermediate source distances (up to 100 km)
the trajectories may well be based on hourly on-site or near-site meteorological observations. For long-range computations the model should be adapted for the use of wind field data.
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Figure 1. Scheme of transition from the straight-line Gaussian model to the volume
source model.

Figure 2. Scheme of diffusion for a plume, simulated by a finite number of puffs,
in case of changing wind direction.
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INTERMEDIATE RANGE ATMOSPHERIC DIFFUSION:
A LAGRANGIAN DYNAMICAL-STATISTICAL THEORY
F. A. Gifford
P. 0. Box 3185
Oak Ridge, Tennessee 37830
ABSTRACT
An equation for Oy, the horizontal plume or cloud diffusion width, is derived from a form of Langevin's equation.
Short-, intermediate-, and long-range asymptotes are indicated, and the formula is compared with atmospheric diffusion
data and with parameterizations currently used in
models. For
values of the Lagrangian time scale eaual to 10 4 sees and
eddy-diffusivity, K, of 5 x lOw-sec" , agreement is very good
with the experimental data; but presently-used parameterizations tend to underestimate horizontal cloud spreading at intermediate ranges, by up to an order of magnitude, and to overestimate it at long ranges.
INTRODUCTION
Richardson [1] first noticed the remarkable fact that-the horizontal spreading of particle clouds in the atmosphere occurs at an accelerating rate. Summaries of cloud spreading data by Heffter |_2], Hage
[3], Crawford [4], and Gifford [5], among others, have amply confirmed
Richardson's observation. Theories of instantaneous, or relative diffusion of puffs and plumes confirm the accelerating nature of atmospheric diffusion. But these mainly make use of inertial-range similarity
theory and so are only applicable in the surface boundary layer and at
short ranges. They clearly do not describe the observed intermediate to
long-range cloud spreading, which necessarily reflects effects of quasi horizontal atmospheric turbulent motions.
A STATISTICAL-DYNAMICAL THEORY
Gifford [6] recently suggested the applicability to this problem of
a statistical-dynamical theory of particle motions based on Langevin's
equation. A form of this equation suited to atmospheric applications follows directly from the simple, autoregressive equation for the velocity,
v, of a diffusing air "particle,"
v(t + s) = v(t)R(s) + n(t)
proposed by F. B. Smith [ 7 ] . This equation relates the
at a future time, t + s, to that at present by dividing
a correlated part, v(t)R(s), and a purely random part,
grangian time correlation, and n is a random velocity,
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(1)
particle velocity
the velocity into
n ( t ) ; R i s the Launcorrelated with
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v n i ' 1 h . r . i . i g .'(;>!> >::'..', i i . . I.-. L t r i s i v e c o m p a r i s o n s w i t h b o u n d a r y l a y e r t u r ' u i i i i n -I ; •
i . i t i r i ' I i-1 - . h o w Lli.jV ( 1 ) i s w i d e l y a p p l i c a b l e i n t h e a t n i " < , Ut'..'I

•

i\u,,viui.i (iiuLGb'.Lj JLIV.II a: ( I ) i m p l y t h e f o l l o w i n g d y n a m i c a l ( L a n y e v i n )
> •. • ' t i o n ;
dv/dt + v(L)(l - R U ) ) ! - " 1

= a(t)

(.')

if), a ( t ) is a random acceleration, a = ti/L, and L is a value of s for
ne sufficiently small that (1 - R)/s reaches a limit.
Essentially,
- R ( L ) ) = tL is a Lagrangian turbuler.te time-scale. Equation (c),
•jchastic-dynamical equation for v, can b e integrated twice to yield
nean -squared displacement of the particle, Gy", since v = d y / d t . lhis
oe expressed in the followMiq convenient non-dimensional izeu form;
<r y z /Vd = "I - (1 - e ' T ) - (c/2)(l - e ~ T ) 2 .
• • • oci.-;i imf.iisiona 1 c i o u d <W ..'lump
•n '. '} fo ."! ' . i n q l e d linens i u n l e s s
!, , M I-'', , j n d I • L / t j
Iho
• u ^ i v " 1 , , and v 0 i1- the i n i t i a l

(•<)

h o r i z o n t a l v a r i a n c e , Gy /2a, i s r e l r i t parameter c -: 1 - b / a , where b c o n s t a n t , K, i s t h e l a r g e s c a l e ed'.ly
p a r t i c l e v e l o c i t y a t the s o u r c e .

•"~ • l a r g e 1 , Equation ( 3 ) has the l i m i t , CTy^ = 2Kt i n agreement w i t h
;
; i:1 T a y l o r ' s [ 9 j s t a t i s t i c a l t h e o r y o f average plume d i s p e r s i o n
v•••;•. k.o \r •*l i r e l a t i v e ( i n s t a n t a n e o u s ) d i f f u s i o n t h e o r y .
At i n t e r m e d i .-va !;.•••: l a r g e enough f o r the i n f l u e n c e o f v 0 t o have become n e q l i :
'"\ T y' :
(t'/3)(.v>T/tL)t.
T h i s e q u a t i o n i s o f t h e same form as t h e
'i • • t la ! - \-<«.)Q r t : i a t i v e - ( ! i i'1'usion r e s u l t from s i m i l a r i t y t h e o r y , b u t i n "
tt'( .'innerical c u m ' u n L .
Smith [ 7 ] a l s o d e r i v e d t h i s f o r m u l a , by
•<•;.,: an c/.nonent ia i form for R. At small T - v a l u e s . dy 2 = V o t ^ . I f
;
is averaged o v ^ r a l l v a l u e s o f V Q , SO t h a t v 0 = y^_, t h e s m a l l - t i m e
, iMii o f T a y l o r ' s s t a t i s t i c a l t h e o r y [ 9 ] i s o b t a i n e d , vr" being t h e meanSM:"'c?d t u r b u l e n t v e l o c i t y ut the f l o w . S i m i l a r l y by a v e r a g i n g Equation
( •• which d e s c r i b e s i n s t a n t a n e o u s cloud s p r e a d i n g , over a l l v 0 we o b t a i n
0 - ^ / 2 a - T - (1 - e~ T )

(4)

i

.rin-_e, if v 0 = v , b/a - 1 and c - U. Equation^)is the equation for
t tie ,\\>^-M\e L-J:-L ii..le dispersion that Taylor obtained by assuming an exponential form for the correlation R. For further details and references,
••-. e [ 6 ] .

DATA COMPARISONS
Equation (3) was compared, in [ 6 ] with the standard h c r i z o n t a l d i f fusion data summary by Crawford [ 4 ] mentioned above. For Crawford's data,
w i t h -.tratospheric observations removed ( c f . [ 5 ] ) , an excellent f i t was
obtained using K = 5 x 104m2 s e c " 1 , t = 104 sec, and v0 = .15 m s e c " 1 ; v 0
is of course t o be i n t e r p r e t e d in such a comparison as an e f f e c t i v e i n i t i a l v e l o c i t y t h a t generally characterizes cJy near the source, r a t h e r than
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as an actual, constant velocity. In Figure 1, Equations (J) n.
compared with a further set of tropospheric relative diffusion o, i
piled by Gifford [ 5 ] . This includes some more recent experiment. .«
as earlier data that had been omitted by the previous compiler.. ; u
range from the very small scale of Edinger's soap-bubble expcruin i.
few seconds) to the long-range diffusion of a 180-km long ^lumc o b . n
by Skylab-2 (cf. [ 5 ] ) . For the same choice of parameter values tli.-'•••'
of equation (3) is seen to be quite good. Equation ( 4 ) , ;h- v<
dispersion, or Taylor limit of ( 3 ) , is equally good al ieng • ••
of course misses the accelerating, intermediate range.
In Figure 2 the same data are compared with a represent; .<
tion of Oy-pflranieteriza.tions that are commonly used in .'i tin J spin > • <
port and diffusion models. Heffter [2] proposed curve (,.>), in win :i
Q-y = t / 2 , as a reasonable fit to the medium-to-large scale cli I fir. t>vCurve (b) is the PG-curve for C conditions, from Turner's widely u.
Workbook. Curve (c) is from' an application of the ADPIC roth' ("inn • '
by Lange [10]. Curve (d) is the curve for Pasquill type L . ue,.r - u •••'
conditions proposed by Briggs (cf. [11]). All theso curve inv.tv
trapolations to large scales of diffusion parameters th.it art •• ' e • :
applicable to short-range diffusion, averaged over perio-i- ii ,
utes. Hence it is not perhaps too surprising that, generally \|.'\ii••HI.
they each have the appearance of "fighting the data." These :k-.\.<.\ •>'< <;•.
volve instantaneous cloud spreading, i.e. relative diffusion, t> !..*•<••
scales. The curves on the contrary were all chosen to agree v;i >
sion data averaged over a few minutes,out to travel times (;oL:n •
tances) of like amount. Comparing them with the Equation 3 ... fure 1, it is seen that curves (a) - (d) all are higher for travel ; i,n .
less than a few hundred seconds. This is to be expected given ;i>r '•
eraged nature; but notice that they all lie below Equation (•'')
'•'• i
well known that the usual experimental averaging-time of -i fov< liM 1
does not include all the horizontal atmospheric variability," L'.IU••••••• • <•
tion estimates
must be corrected for longer-period t ,it\Hin;u ••<
Beyond this, into the intermediate range, all curves lie below :. ;, '
(3) by amounts ranging up to nearly an order of magnitude. At : ' '• :
er ranges, for travel times greater than about a week, curves . i
begin to exceed Equation ( 3 ) , and the data, once again.
Space is not adequate here to permit illustrating the c o m p H i r u ,
of dependence of Equation (3) on its parameters. However, a", shown :•-..
the asymptotic formulas, the eddy-diffusivity, K, defines the i.ircji • \ .\
long travel-time limit of ( 3 ) . The data of Figures 1 and 2, as well • •
Crawford's summary;. are consistent witb a quite reasonable range c\' ;-.
values, between K = 1 0 ^ and K = 1 0 5 , iriZsec"', approximately. The l<>w."
end of this range is defined by Peterson's and Hanna's data sets, win-.•;-,
were for over-water and stable-nocturnal conditions respectively. Hi
behavior of (3) for small times, much less than t[_, is controlled i.-v
ditions at the source; the effective v o -values implied by the data u>
Figures 1 and 2 range from about .05 to .5 m sec" 1 . Note that the avei-.
diffusion limit, Equation (4), corresponds to v 0 - (K/t[_)
. The Let
grangian time-scale t|_ controls the point at which the accelerating inb
mediate-scale of diffusion gives way to the constant-K regime. These
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data suggest that t|_ ranges between 2 x 10 3 and 2 x 1Q 4 seconds.3 Such
values are rather larger than values, in the range of 10' to 10 seconds,
frequently reported in the literature. The latter are as a rule all derived by various experimental techniques and theories related to inertialrange turbulence and short-range diffusion. In terms of the whole range
of turbulence fluctuations that can affect diffusion at intermediate scales,
these larger values of tL seem to be in much better agreement with the data.
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DEVELOPMENT OF A NUMERICAL MODEL TO SIMULATE THE MESOSCALE TRANSPORT OF
AIR POLLUTANTS (Status Report)
Bonnenberg + Drescher
Ingenieurgesellschaft mbH
IndustriestraBe
D - 5173 Alderihoven
Federal Republic of Germany
ABSTRACT
A meteorological simulation nodel was developed, which
allows an investigation of transport and dispersion of waste
heat and air pollutants in the meso-scale range (10-100 km).
The model regards an air volume of about 100 km x 100 km x 5
km above the area to be investigated. The volume is subuivided into a 3-D grid of some 10.000 nodes, which are distributed more densely near the ground to allow a better resolution in this section. The topographical structure as well
as natural heat sources often modified by human activities
and waste heat are considered. The model is called FITNAH II
(Flow over Irregular Terrain with Natural and Anthropogenic
Heat Sources). As the 3-D model requires long CPU-times
Tabout 6h), a 2-D vertical integrated model (CPU-time only
several minutes) was developed especially to calculate trajectories for pollutants (for instance radioactive emissions)
during weather conditions with a strong temperature inversion,
when air currents near the ground are strongly deviated by
the topographical structure.
THE MODEL
A rectangular volume of 100 km square by 5 km high is specified, the
lower boundary formed by the irregular land surface. Prevailing macroscale weather determines the temperature and mass of air flowing into the
control volume. Wind velocity and temperature values are adjusted to take
account of effects of the local topography as well as effects of natural
and anthropogenic (man-made) heat sources. Solution of the resultant system of equations is accomplished with the code FITNAH II.
In the future, the model will be refined to account for humidity in
addition to those terms already considered. A summary of the input and
available output parameters is given below.
Input Parameters
t*
vg

Synoptic Parameters,
date and time to calculate the altitude of the sun
vector of geostrophic wind (macro-scale wind)
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rf_
~

potential temperature at the top of the boundary layer
(macro-scale, undisturbed temperature)

C(x,y)

specification of upper-level, mid-level and lower-level c'lnu<

1

(according to the synoptic code)

N-(x,y)

cloud coverage ( i n 1/8 according to the synoptic code)

e n (x,y)

watervapor pressure at a height of 2 m

T cn(x>y)

temperature of the s o i l 50 cm below surface

Local Parameters.
h(x,y)
height above MSL (according to topographic structure of
the landsurface)

vh(x .y)

slope of the terrain and orientation of the slope

a(x,y)

albedo

.y)

roughness length

y)

factor of turbidity according to Linke

B0(x >y)

Bowen-Ratio

x(x,y)

coefficient to heat conduction of the soil

Qn(x»y)

waste heat

Output Parameters
Qc;(x,y)

net short wave radiation at the ground

QiC x,y)

net long wave radiation at the ground

Qg(x,y)

heat flux into or out of the soil

Qu(x,y,z)

turbulent flux of latent heat

u(x,y,z)
horizontal components of the wind
w(x,y,z)

vertical component of the wind

?(x,y,z)

potential temperature

p(x,y,z)

pressure deviation (deviation from macro-scale pressure)
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.;i i fl.-i tit).] n t S o l u t i t . a

•'i.i.ii it'U .ire required to allow calculation of solutions for
e n a b l e s a, >,', w,,*5 , and p.
ii i.i.'ins for- flow
imli.iuitv equation
,-i. l .u-> tvf Thi.-rmodyn.nines

(momentum conservation),
(mass conservation), and
(energy conservation).

i...i lurmulus dve available for the solution of Q$ and Q| , which
it the lower boundary with the topsoil. T h e simple equation
iiw- ih'.if transfer is employed to solve for Q D . The term Qn is
;
thl of the closing hypothesis; the term Qy is coupled to Q^
n

Bawfii Kdl.iu.

,,:.
.' ' . i , ' i n i.i pas r i a l d i f f e r e n t i a l e q u a t i o n s is l a r g e l y non,,-.t.ii i n.a i s o l u t i o n i s r e q u i r e d .
The volume i s s u b d i v i d e d by
in.
i n . 000 nodes.
Spacing o f h o r i z o n t a l nodes (AX - Ay)
. . . . . i , r."» t :,.ii hundred m e t e r s to s e v e r a l t h o u s a n d ; v e r t i c a l l y
t i t iiifj m i ' 1 he v a r i e d from 10 m to s e v e r a l hundred meters and
... ,
.!-.-,i-.el'.- in Mi the f o p s o i l to s u i t c o n d i t i o n s t h e r e .
ii

-i

the Model

,ii

I.I i i " niipi i L u i l d e c i s i o n i n t h e development o f t h e model was
,i . !i d t s i s t , i t ic. or n o n - h y d r o s t a t i c v e r s i o n , o f which t h i iw i
. i MI i f lL.mf i y h i g h e r CPU-times.
F i g u r e 1 shows t h e
i . i t i i t h e g i v e n a p p r o x i m a t i o n s are a d m i s s i b l e ( w h i t e f i e l d s ) ,
t . i t i i model w i l l be n e c e s s a r y when t h e d y n a m i c a l changes
II {•• a.-f no longer n e g l i g i b l e , e . g . , c o n s i d e r i n g I low over
I.I . I n ' reqa.-ding . o a l e o n l y the a n e l a s t i c a p p r o x i m a t i o n

. i iiii.; i j i v i d u a l development o f the m o d e l , t h e i n i t i a l v e r s i o n
.i'luii.'.l w i t h the s i m p l e " S h a l l o w Water E q u a t i o n s " (FITNAH 1 ) .
'i
! i• IJ v e r s i o n nf the n o n - h y d r o s t a t i c model was d e v e l o p e d .
• .,'i.i i i :.,i I. i••.:"! o f the h o r i z o n t a l inhomogenei t i e s due t o a d v e c t i o n
. i . ! " n - d , t h i s v e r s i o n gave very s t r o n g l y d i f f e r e n t i a t e d f i e l d ' .
in i i ' ; 1 I I " e r . i o n ( x - z p l a n e ) , which was developed t h e n ,
. HI. H..:;i . u l i n e d , t h e t r a n s i t i o n s s m o o t h e r .
The model
i.i i,i-i
l-.iuled to t h r e e d i m e n s i o n s .
I n t e r m i t t e n t i.ondi
tl' . ii.-pi:.r'nt .ind d i . s i p a t i o n of t e m p e r a t u r e i n v e r s i o n s ,
i
a.i I» nun i.i t e d .
Siiu.o the 3-D v e r s i o n r e q u i r e s a g i v a f
• >'• ' nil- '.niiiwi. n n ) . ,i ['••[) v e r t i c a l l y i n t e g r a t e d n o n - h y d r o s t a I i
1
.i- I i ' . i ' I ' d on . . j r i i r i t y e q u a t i o n s has been d e v e l o p e d .
•mi.'
M i . i n - i . t . i . i . v e r s i o n are on t h e o r d e r of s e w c i . i l
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Boundary Conditions
Through the application of macro-scale weather characteristics,
certain topographically undisturbed conditions are assumed regarding
quantities entering the control volume. On leaving the control volume,
values are generated according to Langrangian boundary conditions. A
free surface is established at the upper boundary where all disturbances are dissipated. Lower boundary conditions at the ground level
are especially complicated while the overall radiative system (and
thereby natural heat sources), the orography and the anthropogenic
heat sources apply directly to this set of boundary conditions. As
an example the 1-D version of FITNAH I! was applied to the central
part of the upper Rhine valley. This has been done in connection with
last year's MESO-KLIP experiment to collect data in this region for
the verification of meso-scale models. The entire area, including
populated areas and topography of the land surface, is shown in
Figure 2. The flow of sensible heat (Figure 3) shows the influence of
various surfaces; heavily populated regions with extensive heat emissions
are easily recognized.
Various Results
The combined effects of heat emissions and orography are shown in
Figure 4. While the temperature is constant over the entire land surface the wind approaching from the left flows over the mountains with
little disturbance. If the weather side of the mountain is heated 1°
by solar radiation and the leeward side grows 1° cooler than the surroundings, then a rotor develops in the lee of the mountain characterized by a strong return current toward the land surface.
Figure 5 shows the northern section of the upper Rhine valley.
Taking an existing nuclear power plant as a reference point, trajectories for stationary situations have been calculated with the
vertically integrated model. This model is nevertheless applicable
only to specific weather conditions such as temperature inversions
lower than mountain peaks, a not uncommon occurence in winter (Figure
5b). The layer between the land surface and the inversion is thus
isolated from the free atmosphere. Whthin the inversion layer there
is only limited turbulence due to the extremely stable stratification;
thus an emission from the nuclear power plant would hardly diffuse at
all, but would rather drift away slowly with the weak air current.
Under these conditions the calculated trajectories represent a good
approximation of the actual path of radioactive emissions. Since
this particular weather situation yields the highest exposure doses,
the modei is of more significance than the first apparent.
Figure 6 shows the diffusion trajectories for 16 different wind
directions (i.e., every 22.5° of the compass) assuming a macro-scale
wind velocity of 2 m/s for the Biblis nuclear site. A trajectory due
to an ESE wind without considering the topographical structure under
the inversion was also calculated. It is deviated more to the north
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and i n equal times n e a r l y equal d i s t a n c e s are t r a v e l l e d c o n s i d e r i n g
topography, the c u r r e n t i s slowed down very much d u r i n g the f i r s t
hours i n f r o n t o f t h e mountains but over the mountains i s g r e a t l y
accelerated.
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ORNl-DWG 81-17547

LUDWIGSHAFEN

CITY
SURBURBAN AREA
J RURAL AREA
FOREST
Figure 2.

Soil characteristics of the upper Rhine valley
including the boundary mountains (contours in
50 m grading) — region of Mannheim/Ludiwgshafen,
Heidelberg, Karlsruhe, F.R.G.
red
- city
yellow - surburban area
white - rural area
green - forest
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Flux of sensible heat in the central part
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A NEW PUFF MODEL FOR AN ACCURATE NON-STATIONARY
PLUME DESCRIPTION IN BOTH TRANSPORT AND CALM CONDITIONS
Paolo Zannetti
Simulation Modeling Division
AeroVironment Inc.
145 Vista Avenue
Pasadena, California 91107
ABSTRACT
A new puff scheme is presented which allows the Gaussian
formula (as well as other methods using non-Gaussian concentration distributions) to be applied when non-homogeneous,
non-stationary effects, typical of multi-hour simulations
required for intermediate range dispersion phenomena, strongly
affect the diffusion process. The proposed method improves
the accuracy in the representation of the non-stationary plume
for short-tern! average i:oncentr\ition computation and, in
particular, allows the treatment of both transport and calm
conditions, and the transition troni one case to the other.
INTRODUCTION
The most common modeling approach in air pollution dispersion simulation is the Gaussian model. The relative simplicity of the Gaussian
approach and, especially, its elevition to the quantitative decisioncontrolling level by the EPA, have stimulated research aimed at removing
the limitations of this theory, which basically requires the main
assumptions of 1) spatial homogeneity, 2) stationary conditions, and 3)
flat terrain. To this end, methods have been developed which break up
the plume into a series of independent elements (segments [l] or puffs
[ 2 ] ) that evolve in time as a function of temporally and spatially
varying meteorological conditions.
This paper will not deal with the important problem of the detcTHnation of the diffusion parameters in such complex conditions. On the
contrary, by assuming a fairly good knowledge of meteorology and dispersion conditions in the three-dimensional domain, a new computational
algorithm will be de.\.1oped for a more accurate, and computationally
more efficient, simulation of plume characteristics by a series of puffs
in both transport and calm conditions.
Recent improvements of the puff model have been developed for
taking into account wind shear effect [3] , dynamic plume rise [ 3 ] ,
and determining the correct time increment for puff advection and diffusion 13 3 [ 4 i . Especially the latter problem ( A t determination) is
very important, since a too large time step produces inaccuracy in the
plume description, while a too small A t causes serious problems of
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computer storage and CPU running time. The solutions proposed for this
problem consist of a puff merqing algorithm (Ludwiq et al. method
[ 4 ] ) , and the incorporation of the mean-wind advection into the
strearnwise dispersion coefficient (Sheih method 1 3 ] ). However, both
methods work only in nearly steady-state conditions, since a sudden
change of wind direction can cause over-estimation and/or underestimation
i.i some receptors, as illustrated in Fig. 1. Fully non-stationary simulations with such puff models can then require a computationally
prohibitive a t of a few seconds for a correct dispersion simulation at
receptors near the sources.
THE A V P P M ^ METHOD
A more detailed description of this method is contained [ 5 ] in an
article recently submitted by the author for publication in an international journal. In the present paper the main features of such an
algorithm are summarized and, in particular, the handling of puffs and
the calm condition treatment are discussed.
Handling of Puffs
The algorithm handles general non-stationary conditions without
creating serious computer storage and CPU time-consumption problems,
since A t , the time increment chosen, is sufficiently large (e.g., 5 to
20 minutes for intermediate range simulations). All the mass emitted
from a source in the interval [ U , t Q + A t 1 is concentrated in the
puff generated at the source at t Q . However, since a large A t is used,
the plume description has a poor resolution.
Therefore, in this
algorithm, a string of consecutive puffs from the same source gives only
the geometry of the plume pvolution, and the puff masses cannot be
directly used for computation of the contribution at the receptors.
At each time step (say, t + -At), all information about the status
of the present puffs (at time t + A t ) and previous puffs (at time t)
must be available and an array "chain" is used for relating each puff to
its original source according to its age.
If a given source has generated a plume which is described by n
puffs in the domain at time t (and, therefore, n + 1 puffs at time
t + A t ) , it can be seen in Fig. 2 that n three-dimensional quadrilaterals can be defined, where the vertices of each quadrilateral are
determined by the positions of two consecutive puffs at times t and
t + A t . The quadrilaterals need not lay on a plane and way be degenerate. Each of the n quadrilaterals must be analyzed for the computation
of its contribution to each receptor, and the entire method must be
repeated for all sources at every time step.

1*1
v

'AeroVironment Puff Plume Model

207
This computation first requires an analysis to see if the quadrilateral gives a non-zero contribution at a receptor. To this end, the
closest point in the quadrilateral to the receptor is found. If the
distance of this point from the receptor is more than, say 4 or 5 a's,
the contribution is zero. Otherwise
(see Fig. 3 ) , the mass of th° puff
at A, which has been moved to A1 (but could have lost mass due to
deposition or chemical decay), must be redistributed in the quadrilateral according to the real physics of the non-stationary dispersion.
To this end, a spl > -ir.g technique is applied to the quadrilateral, with
artificial generation of a sufficient number of puffs in its area so that
sufficient resolution .- obtained^ '. This can be done, for example, as
illustrated in Fig. 3 U'ing the more critical upwind puffs which have
smaller a's).
The first downwind quadrilateral contains the source. Some information on initial spread of the plume (e.g., as a function of the exit
diameter of the source and/or the plume rise) can be used for supplying a
values at the source point to allow the interpolation computation in this
first quadrilateral.
It must be noted that this splitting technique will be applied only
when required for a particular receptor. In this way, we solve our
computer storage and time problems without losing the accuracy of the
computation.
Treatment of Calm Conditions
This problem has been solved by allowing the puffs to grow as a
function of time (more exactly, their age) instead of downwind distance.
For example, let us assume the common power law for the puff
a's as a function of the downwind distance, d
a = a db

.

(1)

Then, if t -t Q is the age of the puff, Equation (1) is equivalent in some
way to

a = a [u(t - t Q )] b = aub(t - t Q ) b = a'(t - t Q ) b ,

(2)

where u is the average wind speed, and a' = a u .

* 'It has been shown [4] that a string of puffs is a good approximation
of a Gaussian plume if the separation between two consecutive puffs is
less than the streamwise standard deviation of their concentration
distribution. This criterion can then be used for generating a sufficient number of artificial puffs in the quadrilateral.
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For wind speed lrss than a fixed value u ^ ( s . g . , the instrument
minimum significant value), a1 is kept fixed to the value a ' m i n , where
a

'min

= a u

min »

(3)

which allows Equation (2), with a1 = a'in, to work for calm conditions
as a function of the age of the puff.
The above methodology is not restricted to the or function of
Equation (1) and similar considerations can be developed fur virtually
any a function.
Virtual Distances and Ages
It has been recognized that in non-stationary simulations the size
of each puff at time t depends upon the many different past diffusion
conditions encountered during its entire life [ t Q> t ] since generation
at tn. For this reason, the computation of the growth of the puff sigmas
between t and t + A t has required [ 4 ] the computation of the puff
virtual distance, defined as the downwind distance that the same puff, to
have the same sigmas, would have had to travel from the source if the
turbulence state had always been the present one (at t) during its entire
life [t Q , t l .
In the AVPPM method, the horizontal turbulence state is allowed to
differ from the vertical turbulence state^ ', then requiring the
computation of horizontal and vertical virtual distances, respectively,
for the horizontal and vertical standard deviations of the puff.
Moreover, due to the possibility of a puff growing as a function of its
age, the corresponding computation requires the definition of equivalent
horizontal and vertical virtual ages.
For example, assuming Equation (1) for transport conditions, and
Equation (2) with a1 * a1 • for calm conditions, the virtual distance
of a puff at time t is
1/b*

(4)

where cr(t) is the current / s i z e " *of the puff (horizontal or vertical
standard deviations) and a and b are the coefficients of (1) for the
current (at time t ) turbulent state j * computed at puff center location.
In a similar way,, the virtual age is

tv - [er(t)/a'*] 1/b*

(5)

with a ' * . a*u m . n .

**'Stable plume transport with light wind is a typical important intermediate range dispersion case where vertical and horizontal diffusion
cannot be characterized by the same turbulence state. In fact, while
vertical turbulence is generally low, horizontal wind meander can
produce a considerable horizontal spread of the average plume.
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The method can easily be extended to segment, area, and volume
sources by describing each vertex of the quadrilateral (Fig. 2) with 2,
4, or 8 puffs, respectively.
Deposition and chemical decay are
considered by exponentially decreasing the mass of e^ch puff. Ground and
inversion reflections are easily computed and, 1f the suitable input
data are available, the entire method can work properly in complex
terrain situations.
As a final Important remark on the method, it must be pointed out
that neither the use of the sigma power law (1) nor the Gaussian
distribution hypothesis are essential for the algorithm; they only
simplify the analytical computation. Any other law can be assumed even
though, with formulae more complex than (1), the computation of virtual
distances and ages is not straightforward as in (4) and (5) and, consequently, an iterative algorithm may be required.
The Computer Package
The puff method discussed above has been codified Into a computer
package. The current version of this programming code (AVPPM/2A)
requires suitable input data on wind, turbulence, and emission
characteristics, and allows the computation of the concentration values
at the required receptor points, according to the methodology discussed
above.
Various options allow use of different a parameters, plume rise
functions, ground and inversion reflection parameters, etc. Moreover,
for complex terrain situations, the elevation over the ground of the
center of each puff is forced, from one time step to the next, to remain
within a pre-fixed range in order to better take into account terrain
irregularities.
The package is relatively fast. The CPU requirement is strongly
dependent upon the number of puffs to be generated by splitting into each
quadrilateral, and then on the number and position of sources and
receptors used in the numerical simulation.
CONCLUSIONS
Experimental data are expected to validate this approach,
especially the algorithm which allows the treatment of calm conditions.
Data are also expected to suggest puff concentration distributions
different from the Gaussian one and easily incorporable into the method.
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Figure 1. A sudden change of wind direction at time t
can produce underestimation at receptor 1
and overestimation at receptor 2 during the
interval [ t , t + At]. The circles indicate
one standard deviation from the center of
each puff.
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• plums Qi lima

segment AB
-plumo at tima t

Figure 2. In the AVPPM method all mass emitted from S and
located at time t In the segment
AB Is concentrated in A, which moves to A1 in the time interval
[t, t + At]. Actually, this mass has affected the
quadrilateral ABB'A' during the interval [t, t + At].
The circles have the same meaning as in Fig. 1.
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Figure 3. Analysis of one quadrilateral (the circles have
the same meaning as Fig. 1). The contribution
to receptor 2 is zero while, for computation at
receptor 1, n^x n 5 puffs are generated (splitting technique with CT'S interpolation) in the
quadrilateral ABB'A' and are indicated by asterisks (ns = 5, n^ = 2 ) . The characteristics of
each new puff (center position and a's) are
obtained by interpolation among the known
characteristics of the four puffs, A, B, B 1 , A 1 .

METEOROLOGICAL ASPECTS OF THE REACTOR SAFETY STUDY
REQUIRING FURTHER STUDY

W. G. N. Slinn
Atmospheric Sciences Department
Pacific Northwest Laboratory
Richland, Washington 99352
ABSTRACT

Simple and approximate methods are used in a search for
meteorological features that dominate estimates of reactoraccident consequences, and that require more accurate descriptions if consequence estimates are to be more realistic. By
considering variations in the source term, it is seen that
accidents involving containment-vessel failure dominate both
the mean and variance of the distribution of consequences,
although this conclusion is subject to uncertainties about
plume rise. Research is recommended on the behavior of horizontal, sonic jets, with heat transfer to the ground, and
especially during stable atmospheric conditions. Diffusion
with fumigation and lofting require further study, use of Ktheory and National Weather Service data should be vigorously
pursued. The use of a single dry deposition velocity should
be abandoned; tentatively recommended values are described.
Conditional upon an accident occurrin.gj precipitation scavenging appears to dominate the variance of the consequences.
INTRODUCTION
The goal of this short study was to review meteorological aspects
of the Reactor Safety Study, WASH-1400 [1], in an attempt to identify
topics whose improved descriptions might lead to more realistic assessments of reactor-accident consequences. The method was to perform a
few, simple, "back-of-the-envelope" calculations in an attempt to identify what can be called "stochastic dominating" features [2]. As a minimum, the goal was to identify those features that dominate the mean and
variance of the distributions of radionuclide concentrations in air and
on exposed surfaces.
There are a number of inadequacies of this simple analysis. One
is derived from assumptions, generally, of negligible correlations among
the relevant random variables. These assumptions fail in some cases,
but even when they do, informative results are obtained. A second inadequacy is derived from the emphasis on radionuclide concentrations,
rather than doses, and therefore the important influence of threshold
dose values (e.g., to differentiate between acute fatalities and latent
cancers) is not revealed. In spite of these inadequacies, however, the
simple analysis does provide revealing results that, as a minimum, can
guide future, more-accurate studies.
215
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Here, because of space limitations, results will be emphasized first for averages, and then for variances. Discussions leading to these
results can be found in the complete report, which is now being prepared
for distribution.
FEATURES DOMINATING AVERAGES
The Source Term
The exposure from radionuclide i released during accident j, E--,
J
is proportional to the amount of i released, Q.... Thus,
(1)
where Aij symbolizes a host of atmospheric factors. If it were acceptable to ignore correlations between release type and atmospheric behavior
of radionuclide i (see later comments about plume rise), then the average
exposure from radionuclide i, where the average is over all acident types,

where Pj is the probability of occurrence of accident j. Throuqh use of
the probabilities and source strengths listed in WASH-1400, the following
conclusions were reached:
•

If credit cannot be taken for substantial additional plume rise, then
to improve estimates of average consequences of reactor accidents,
it is most important to improve descriptions for cases of overpressurizat^on and failure of reactor-containment vessels (e.g., PWR-Z accidents). Put more forcefully, until the consequences of a PWR-2 accident can be estimated to within about 10 percent accuracy, then for
average estimates there is little point in considering the other 8
PWR accidents listed in WASH-1400.

• Needed improvements to description of containment-failure accidents
include: estimates for the probabilities for failures to occur at
different locations on the vessel, the size of the fracture, gas temperature and pressure, amounts of ablated material, chemical speciation of the radionuclides, etc.
• The actual plume rise of a (presumably), near-sonic jet, exiting
horizontally, and transferring heat to the earth's surface, is probably substantially different from available descriptions [3]. Field
studies should be conducted, especially during stable atmospheric
conditions, to develop descriptions of sonic jets (e.g., from a jetengine exhaust) out to distances of 1 to 10 km.
•

It may be possible to reduce reactor-accident risks by incorporating
pressure-relief valves at the top of containment vessels [3].
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Transport and Diffusion
For a specific release, Q-jj, the exposure av^.. aged over all possible
meteorological conditions k can be written schematically as

where pi, is the probability of meteorological condition k. From an
examination of this average, the following conclusions were reached:
•

Radionuclide concentrations in air, and therefore prompt fatalities,
are substantially higher for cases of low mixed-layer height or
stable atmospheric conditions (common during clear nights). Therefore, it is most important that these cases be described most accurately. If a modified Gaussian plume model is used, then modifications to describe plume lofting and fumigation should be incorporated. Also, Holrworth's single-value, mixed-layer heights should
be abandoned in favor of a model that describes time-dependent
behavior of the mixed layer.

•

Improvements to the statistical sampling protocol should be sought;
the emphasis should be on accurately identifying worst-case conditions, describing plume behavior for these conditions, and defining
their frequency of occurrenca. Singe-tower meteorological data as
used in WASH-1400 should be abandoned in favor of National Weather
Service data. Progress toward these objectives will soon be reported in a Sandia Laboratories report by Ritchie et al.

•

Alternatives to Gaussian plume models, e.g., K-theory should be
vigorously pursued, if not for use in the consequence calculations,
then for replenishing the storehouse of knowledge, which must be
restocked for future applications.

Removal Processes
Wet removal's influence on average concentrations of radionuclides
in air, x (and on associated consequences), can probably be ignored
within about 100 km from a reactor accident because with worst-case air
concentrations (cases of poor ventilation), precipitation does not normally occur. However, even for cases of deep atmospheric mixing, precipitation scavenging can result in significant surface deposition of
radionuclides, because precipitation "integrates" over a plume's vertical
distribution. In other words, average consequences can probably be adequately estimated using expressions_that describe average wet removal.
Thus, for the average reduction in x by wet removal, use the following
formula (and for average wet deposition use its complement):
X = x o e x p |- t/xj

(3)

where xo is the air concentration in the absence of wet removal, and where
the annual-average, e-fold residence time, x w , is approximately 1 week for
all released radionuclides, except x w -* °° for noble gases. x w can be rationally varied by season in direct proportion to seasonal precipitation.
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On the other hand, dry deposition's influence on x can be significant because maximum deposition normally occurs for worst-case surface
x values. There are a number of aspects of dry deposition as treated
in WASH-1400 that should be improved. Some suggestions follow:
•

Use of a single value for the dry deposition velocity, v., and the
associated exponential decrease in x, should be abandoned; there
is as little justification for using a single v. as there is, for
example, for using a single wind speed or a single stability class.

•

Specifying realistic distributions of deposition velocities is
extremely difficult, and will require substantial further study.
Temporarily suggested improvements to present methods include:
(a) Distribute to released particles
a range of deposition velocities between 0.1 and 10 cm s- 1 ;
(b) Assign to inorganic iodine the following temporary values and
ranges:
(i) assume 10 to 50 percent of the released iodine is associated with the released particles, and has their v. values;
(ii) with increasing distance from the reactor, associate a continuously increasing fraction of the gaseous iodine with
ambient aerosol particles, with their
v. values, in the
range from about 0.01 to 1 cm s"1;
(iii) estimate the number of Io
molecules remaining in the
gaseous state, e.g., via1"
N = N Q - [S/(10~3 um) 2 ] a y o 2 r

(4)

where N o is the number of released I2 molecules, S is the
total surface area of ambient aerosol particles
per unit
2
volume (S is in the range of
about
10?
ym
m~3
for
rural
conditions to about 10^ ym 2 m-3 for urban conditions), and
Oy and o z are diffusion parameters at downwind distance r;
(iv) assign to gaseous Ig the deposition velocity v^ = C D u,
where C Q is the drag coefficient for appropriate surfaces
and all quantities are related to the same reference
height; and
(v) limit total deposition of the gaseous I2 to other than
natural water surfaces, to a value of about 100 Curies m" 2 .
These estimates are not accurate; further study is needed even to estimate
their accuracy; however, they are expected to be substantially more realistic than the single value for V(j used in WASH-1400.
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VARIANCE AND DISTRIBUTIONS
The accompanying table summarizes estimates for the coefficients
of deviation (standard deviations divided by mean values) resulting
from variations in the indicated quantities. From this investigation,
the following conclusions were reached:
•

Overwhelmingly, the dominant stochastic process is the accident,
itself; accident events can be odeled as Poisson processes; tne
variance is therefore approximately equal to the mean, and is
dominated by accidents involving containment-vessel failure.

•

Conditional upon an accident occurring, dominant variance of consequences appears to be caused by precipitation scavenging, which
also can be approximately described as a Poisson process. Therefore, a first estimate for the probability distribution of consequences is that they have a Poisson distribution with variance
equal to the mean value, which can be calculated as suggested in
the previous section.

•

At present, the major uncertainties in the consequence estimates
probably arise from uncertainties in the description of major
accidents, and in the stipulation of dry deposition velocities.
Table 1. Coefficients of Deviation (Standard Deviations
Divided by Mean Values) Resulting from Variations
in the Indicated Quantities and Processes

Variable

Coefficient of Deviation

Source Term

(xt)

J

^ 10

Wind Direction

<1

Wind Speed

^h

Mixed-Layer Height

^1

Dry Deposition

^1

Precipitation Scavenging

^ 3

if t = 1 d
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ABSTRACT
P a r t i c l e - i n - c e l 1 models r e q u i r e divergence-free windfields.
We argue that i n t e r p o i a t o r y - t y p e windfield models cannot be
made d i v e r g e n c e - f r e e in a pointwise sense. Procedures which
purport to generate d i v e r g e n c e - f r e e windfields p r i n c i p a l l y
serve to route the wind around obstacles and to make the f i e l d
d i v e r g e n c e - f r e e i n some average sense.
A consistent
f o r m u l a t i o n o f t h e v a r i a t i o n a l procedure i s g i v e n . A
procedure to improve the flow within a cell is described.

INTRODUCTION
A s i t u a t i o n of continuing i n t e r e s t involves the transport of d i l u t e
p o l l u t a n t s which do not i n f l u e n c e the advacting w i n d f i e l d . In such a
case the w i n d f i e l d may be determined f i r s t , neglecting the p o l l u t a n t s .
The time-dependent concentration C of each stable a i r p o l l u t a n t is then
described by the advection-diffusion equation

dC/dt = -div(U^a C) + div(K grad C) .

(1)

K r e p r e s e n t s the eddy d i f f u s i v i t y and jJ a the s p e c i f i e d advecting
w i n d f i e l d . Additional terms must be added i f the pollutant is reacting
or subject to decay or deposition or washout, or i f sources are present.
Conditions r e p r e s e n t i n g d e p o s i t i o n are applied at the boundary. The
s p e c i f i c a t i o n of a r e a l i s t i c advecting w i n d f i e l d is the p r i n c i p a l
subject of this presentation.
Under simple c o n d i t i o n s (uniform advective f i e l d , constant eddy
d i f f u s i v i t y , simple boundaries), an e x p l i c i t Green's f u n c t i o n f o r
Equation (1) can be found. This Green's function i s the basis of the
Gaussian Plume model. A great deal of work has gone into t w i s t i n g ,
bending, and squeezing t h i s plume to simulate the effects of complex
t e r r a i n boundaries and temporal and spatial variations of the w i n d f i e l d .
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Under less simple conditions a direct solution of Equation (1)
requires numerical methods. Two classical f i n i t e difference methods are
the Eulerian and Lagranqian methods. The Eulerian method is
conceptually simple and easy to implement. A limitation of the method
is that i t may introduce a false numerical dispersion which may dominate
the natural diffusion process being simulated.
In the Lagrangian method a discrete computational mesh moves with
the f l u i d . This avoids the numerical dispersion, but i f there is shear
or turbulence in the f l u i d , then after a time the mesh may become very
distorted leading to ill-conditioned computations and numerical error.
Periodic regridding may be necessary to avoid this situation.
The Particle-in-Cel1 (PIC) method is a variation of Lagrangian
techniques in that Lagrangian-1ike "pseudo particles" move with the
f l u i d . The mesh distortion problem does not arise because there are no
f i x e d connections between the points. Each p a r t i c l e represents a
quantity of material but may be visualized as a single particle. Each
p a r t i c l e can be tagged with a number of variables such £S composition;
mass or size category, creation time, or source.
The advecting field or f l u i d is described on an Eulerian mesh with
the Lagrangian particles imbedded in this mesh. Concentrations are
determined by adding the mass of all particles in a cell and assigning
t h a t mass to the c e l l . Concentration gradients are determined by
d i f f e r e n c i n g t h e c o n c e n t r a t i o n in a d j a c e n t c e l l s .
The
advection-diffusion equation can be transformed into an advection
equation by a simple step. We define a diffusive velocityJJj by
Ud = -(K qrad C)/C .

(2)

K qrad C = -Uj C ,

(3)

dC/dt = -div ((.Ua+U.d) C) = -div(Up C) .

(4)

Then
and

where now the p a r t i c l e v e l o c i t y Up is the sum of the advective and
diffusive velocities. A computational step consists of:
1) add up mass of particles in each cell to find concentrations,
2) compute diffusive velocities by differencing concentrations,
3) add advective velocity _Ua to get the particle velocity Up.
4) in time step dt move each particle a distance r_ = Up dt.
The velocity at each p a r t i c l e is determined by interpolation of the
velocities at corners of each c e l l .
An interesting variation of the PIC method involves tagging each
p a r t i c l e with i t s creation time or place. The particle can then
represent a Gaussian cloud or puff whose spatial dimensions are a
function of the time since or distance from its creation.
I t is appropriate to notice some limitations of the PIC method.
The number of particles should be large enough to get smooth behavior:
the concentration should not change drastically when a single particle
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passes from one c e l l t o another. A l s o , i f a number of p a r t i c l e s are
concentrated within a single c e l l , the diffusion may be underestimated.

MODEL WINDFIELD
The model w i n d f i e l d which moves the pollutant should have several
properties.
I t should reproduce the measured windspeed and d i r e c t i o n
where these measurements are available. At upper 'levels i t s d i r e c t i o n
should be c o n s i s t e n t w i t h the geostrophic wind. I t s v e r t i c a l p r o f i l e
should be c o n s i s t e n t with standard models. The surface flow should be
consistent with t e r r a i n features. The time-averaged flow should be free
of divergences.
The f a i l u r e o f a model t o s a t i s f y the l a t t e r c o n d i t i o n has
d i s t u r b i n g consequences. The advected pollutant is swept into regions
o f n e g a t i v e d i v e r g e n c e (convergence) producing u n n a t u r a l l y h i g h
c o n c e n t r a t i o n s t h e r e and swept out o f regions of positive divergence
p r o d u c i n g low c o n c e n t r a t i o n s at those p o i n t s . We s h a l l see t h a t ,
c o n t r a r y t o c l a i m s , one of the most commonly used windfield models i s
far from being divergence-free in a local sense.
Perhaps the most common way of specifying a complex f l o w f i e l d is t o
g i v e the v e l o c i t y values at points on a rectangular mesh. These points
form the corners of a set of rectangular boxes or c e l l s . Within a c e l l
the v e l o c i t y i s given by t r i l i n e a r interpolation of the values at the
c o r n e r s . I f the nodes or corner points of a c e l l be numbered, with the
v e l o c i t y at a corner n denoted by U n ; and p n (x,y,z) be a shape function
which i s the product of f a c t o r s piece-wise linear in the coordinates
( x , y , z ) such t h a t p n = l at the node n and pn=0 on a l l faces of the c e l l
not containing the node n, then inside the c e l l ,
U.(x,y,?) = S Up p n (x,y,z)

.

(5)

A simple computation shows t h a t the divergence d(x,y,z) of t h i s
windfield within the c e l l is given by
d(x,y,z) = S d n p n (x,y,z) ,
(6)
n
where d n i s the divergence at node n computed by d i f f e r e n c i n g t h e
v e l o c i t y components at the corners of the c e l l . For the divergence to
vanish, a l l d n must vanish. In general t h i s w i l l happen only f o r simple
flowfields.
The estimation of the wind velocities at the points on the mesh is
l i m i t e d by the sparsity of data from observations. There is seldom
enough data to drive dynamic models based on the primitive equations.
The most we can j u s t i f y is a f i e l d that reproduces such observations as
e x i s t , which models p r o f i l e s usually associated with existing weather
conditions, and is consistent with uerrain and conservation principles.
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Conservation principles are d i f f i c u l t to impose a p r i o r i ; but, once the
best estimate of the windfield has been made, these physical constraints
can be imposed using variational principles. The windfield is adjusted
minimally in a way that constraints are satisfied.
An important point to be recognized in the use of variational
procedures is they are not a panacea. If the i n i t i a l windfield is bad,
the final windfield will be also: "garbage in - garbage out."
Perhaps the most important post-condition to be imposed by a
variational procedure is that of mass conservation for reasons discussed
earlier. Sasaki [1] developed the theoretical basis for the model which
imposes the constraint that the divergence of the windfield vanish in
some sense while minimally adjusting the i n i t i a l l y prescribed values.
The specific functional to be varied is,
E(U,V,W, X) = / ( / [ a ^ (U-UO)2 + a ^ (V-V°)2 + a22 (
+ X(dU/dx + dV/dy + dW/dz)l dxdydz ,

(7)

where n, V, and W are the adjustpd windfield components, LlO, V^, and W^
are the i n i t i a l best estimates of the w i n d f i e l d , X is a Lagrange
parameter, and aj and a2 r e f l e c t the r e l a t i v e extent to which i t is
permissible to adjust the i n i t i a l windfield at a point in space. We
integrate by parts to transfer the cspatial derivatives from Ujx,y,z) to
\ ( x , y , z ) , generating an additional urface integral,
[&12 (U-UO)2 + a i 2 (V-V0)2 +

E(U,V,W, X) =f

- (U dA/dx + V dX/dy + W dX/dz)] dxdydz
+j f
s

XU.dS

a?2

(W.W0)2
(8)

.

We parameterize the windfield by introducing a mesh and specifying
v e l o c i t i e s at each point on the mesh. We use the shape functions
introduced earlier,
U(x,y,z) = £ Un p n (x,y,z) ,
n
U°'x,y,z) = I ljOn p n (x,y,z) ,
n

(9)

X(x,y,z) = Z Xn Pn(*,y,z)
Here the s u b s c r i p t n represents the t r i p l e t of indices ( i , j , k ) . We
introduce the matricies P, P x , py, P z , Qx, QY, and Qz whose elements are
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p

mn = fy

Rn(x.y.z) p n (x,y,z) dxdydz ,

px

mn =Jv Pm(x>y»z) dp n (x,y,z)/dx dxdydz ,

(10)

Qxmn =fs Pm(0,y,z) p n (0,y,z) dydz ,

We 1note that these matrix elements vanish if any pair of the indices
i.i j»j' or k,k' differ by more than unity.
The functional E of Equation (7) can be written as
E(U,V,W,X) = aj2 (U-U°)TP(U-ll0) + a ^ (V-vO)Tp(V+ a22

(W-W0) T P(W-W0) +

AT ( pxu

+ pyv

+ pzw

)

.

Differentiating with respect to each of the variables U n , Vn, W n , and
n and setting each result to zero yields the matrix equations:
2 a ^ p (U - l|0) - P * A = 0 ,
2 ai* P (V - V°) - p y A = 0 ,
2 a 2 2 P (W - WO) - pz^

(12)

= o,

px u + py v + pz W = 0 .

(13)

From these equations we find,
U = UO + (l/2ax2) P-l pxx ,
V = VO + (l/2aiZ) P-l p y \ ,

(14)

W = WO + (l/2a 2 2 ) P"1 PZX ,
where X satisfies the equation,
[(l/2ai2)pxp-lpx
+

(I/BO^)?^?-^

t

(i/2 a i 2)pyp-lpy
X = -(pxuO + pyV0 + pzW0)

f

(15)

and is subject to th>5 boundary conditions,

su n 2qx n m \m = o , svn J qynm x m = o , 6Wn I Q z n m x m = o , (16)
where
the elements of the Q's vanish for nodes not on the boundary and
5U
n» 5 v n . and 6Wn are ailowed variations in the windfield components on
the boundary.
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As we might suspect, the use of piecewise trilinear interpolation
functions (or any interpolation function for that matter) does not in
general lead to the pointwise vanishing of the divergence. This is
because we have r e s t r i c t e d the space over which we are seeking a
solution to that spanned by the set of functions pn .
While these equations may be solved d i r e c t l y , the usual f i n i t e
difference equations are obtained
by introducing approximations for the
matrix elements of P, P x , PV, and P z . In p a r t i c u l a r , Sherman's
windfield model MATHEW [21 sets most of the matrix elements to zero to
yield a 7-point f i n i t e difference equation for X .
Equation (13) expresses the vanishing of the divergence of the
w i n d f i e l d . When Equation (5) is used in the computation of the
divergence around a mesh p o i n t , the divergence is in general nonzero.
When the central difference approximation to the divergence vanishes,
the divergence in cells in diagonally opposite octants is equal in
magnitude but opposite in sign, effectively averaging to zero near the
point. This illustrates the vanishing on the average of the divergence
in the vicinity of each mesh point.
I t is easy to show that, using piecewise t r i l i n e a r approximations,
the only pointwise divergence-free windfield which can be supported is
one g l o b a l l y l i n e a r in the c o o r d i n a t e s .
Such a w i n d f i e l d is
incompatible with complex terrain and expected vertical profiles.
I t is possible for the divergence to be negative over a no-flow
face of a c e l l . We illustrate such an example in Figures 1 and 2. The
lower face is the no-flow boundary. The divergence is negative over the
lower face and positive over the upper face. The net divergence in the
c e l l is zero. Figure 1 shows the flow for this case, where t r i l i n e a r
shape functions have been used. The flow lines define flow tubes which
have constant area across the c e l l . Since the velocity decreases across
the bottom of the c e l l , i t is clear that material has been lost across
the bottom and gained across the top. For a PIC model the particles
l e f t behind when the f l u i d disappears produce an unnaturally high
concentration which increases the chance of inadvertent particle loss
through the surface.
What is needed in this example is a more flexible representation of
the flow. This can be done by introducing additional nodes at the
centers of the c e l l s or on the faces. If an additional node is placed
at the center of the unit cell and a shape function

U(x,y,z) = Uc x(l-x)y(l-y)z(l-z)

(17)

is used and jJ c is chosen such that the difference of the face-averaged
divergence across the c e l l is zero, then the flow in a vertical plane
through the center of the cell is as shown in Figure 2. In this example
such a choice makes the average divergence across each face of the cell
zero. This fnnction does not change the velocity on any face of the
c e l l nor the net divergence in the c e l l . I t simply redistributes the
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divergence.
The additional computational cost of Equation (17) is small but i t s
use approximately doubles the windfield storage. This is minimal
compared to the additional computational cost engendered by decreasing
the mesh size.
I f the node were placed on the lower surface of the unit c e l l , a
shape function such as

W(x.y.z) = Wfx2(l-x)2y2(l-y)2z(l-z)2

(18)

could be used with Wf chosen to make the average divergence over the
face vanish. A similar technique could be applied to the other faces.
A f u l l y consistent treatment would incorporate these new nodes in
Equations (7) - ( 9 ) . However, they can also be added to e x i s t i n g
t r i l i n e a r models in the manner just described with minimal change.
I t is possible to choose shape functions which are inherently
divergence-free within each cell as in the Boundary Element method for
solving partial differential equations. Divergences w i l l s t i l l exist at
the c e l l faces where the f i e l d is possibly discontinuous. No-flow
surfaces cannot be imposed on complex terrain boundaries.
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Figure 1 .

Steamlines for t r i l i n e a r interpolation with velocity
vectors at corners of unit cube.
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Figure 2. Streamlines through center of cell with eel 1-centered
node with velocity vectors at corners of unit cube.

WINDFIELD DRIVEN MESOSCALE TRAJECTORY MODEL
J. H. Cate
National Oceanic and Atmospheric Administration
Idaho Falls, Idaho
ABSTRACT
A model has been developed to describe mesoscale
transport of materials. The twenty-six station Idaho
National Engineering Laboratory (INEL) mesoscale wind
telemetry network (or other suitable wind data network),
serves as input for the trajectory model. The formation of
a regular cartesian wind field from the randomly located
telemetry wind stations is discussed. Trajectories are
introduced onto the grid from a selectable source point and
are advected via the time and space varying windfield.
Windfield streamline analysis can be performed by holding
time constant and introducing multiple source points at
desired locations through the field. Examples are shown.
Trajectory predictions can be made with the model and these
are discussed. A restart capability is also included for
use as additional data becomes available. The limitations
of the model are also discussed. Verification of the model
trajectory runs versus radar tracks of constant level
balloons are included. One current use of the model is
also described.
INTRODUCTION
During the past several years there has been increasing concern
over the movement of pollutants released into the atmosphere. Pollutants from one area may have an effect on an area some distance away.
This paper describes a simple model capable of determining the transport paths over distances of up to 50 to 100 miles. The model is
designed for use on mini-computers having a limited amount of memory.
The outputs of the model can be fed into a diffusion calculation algorithm for evaluating pollution impact.
METEOROLOGICAL DATA
A horizontal array of wind observations is used as input by the
model. The data could come from a single wind station but this limitation would negate one of the features of the model - incorporation
of the spacial variation of the wind. Presently the twenty-six
station Idaho National Engineering Laboratory (INEL) mesoscale wind
telemetry network provides the wind observations, however any mesoscale network sampled frequently enough can be used.
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The INEL network wind stations are located in the Upper Snake
River Plain at points representative of the valley flows and special
local behaviors such as canyon winds, drainage flows, etc. The wind
sensor heights are generally fifty feet. Sensors are scanned every
six minutes by radio telemetry; the wind direction and speed information are then recorded on magnetic tape along with several other
parameters. No other meteorological data are required to drive the
model,. Figure 1 shows the location of the wind stations along with
their call letters.
WIND-FIELD FORMATION
In order to advect a trajectory marker, the wind at the marker
location must be determined. The distance from each wind station to
the present marker position is calcuated. These distances to wind
observations are ordered so that the wind at the shortest distance is
first in the list. Wind values ire checked to see if they are valid
data. Good wind data are converted into the u and v components. The
estimated wind at the marker location is calculated using a weighting
of observations proportional to the inverse square of the distance
from the marker to the observation. Wind data from the nearest six
operational stations are used to form weighted average u and v components representing six minute time step advection. These components
are converted to grid displacement and the marker location is adjusted. All markers on the grid are adjusted in a similar manner.
The next six minute wind observation set is then entered and the
process is repeated.
TRAJECTORIES AND STREAMLINES
A desired starting date and time is entered and the windfield is
scanned until the desired time found. The first trajectory marker is
then entered onto the grid at the preselected location. An additional
marker enters the grid with each update of the wind observation set.
The model will run the trajectory markers f^r a selected number of
hours or until the end of the wind data is encountered. The sequence
of marker locations in time forms a trajectory. The trajectory information is available for plotting or use in another program, such as
diffusion cak ulations.
When the end of the wind data is encountered, an option allows
for wind observation forecasting and a continuation of the trajectories. If the option is selected the last wind observation data is
listed on the console. Any or all of the direction and speed values
can be changed to reflect anticipated meteorological events. The
trajectories are extended for a selected period of time, with this
forecast wind observation set. Process can be repeated as many times
as desired.
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Figure 2 shows a set of five trajectories run for 10.9 hours.
The variability of the winds with time and space becomes apparent from
this figure. The first two trajectories turn to the north then drift
eastward, while the last three completely turn and move off to the
south.
A variation of the model allows a windfield for a selected date
and time to be streamlined. Once the field has been found no more
wind data is entered into the model. Marked points are started from
several locations around the edge of tha windfield and are allowed to
trace the streamlines across the field from their starting locations.
Figure 3 is an example of such an analysis.
LIMITATIONS OF MODEL
The model is designed to develop ground or near ground-level
trajectories; one limitation on its use is the wind variation with
height, both in speed and direction. Wind speed variation is somewhat
compensated by multiplication by a height correction factor. The
value of the speed height correction factor may be estimated from
pibals or other wind sounding information. This factor is applied
uniformly to all wind speed data. To date, no direction correction
factor has been incorporated. No flow balance is attempted within the
model, i. e., the inflow can be different from the outflow and mass
balance within an arbitrary vertical layer is not required.
The model will not accurately move a particle when there are
significant wind direction differences in the vertical. When a
particle is in an upper layer which has wind directions different from
those directions observed by the tower network, the model will not
reproduce the particle movement.
COMPARISONS WITH OBSERVED TRAJECTORIES
Some of the model limitations along with its features can best be
shown by comparisons with tetroon trajectories, letroons are constant
level balloons which can be inflated to float at a constant density
level above the surface. These tetroons are tracked by radar to provide trajectory observtions. Figure 4 shows a tetroon and model
trajectories for a time earlier this spring. Both track's move in the
same initial direction then turn nearly at the same point and move
together in a different direction. Figure 5 is a plot of two additional comparison runs. The longer track pair is approximately 4
hours in duration. The mean separation distance for the run in figure
4 is .71 miles and for the figure 5 runs .18 and .64 miles
respectively. The tetroon for figure 4 flew at a mean flight level of
100 meters,, while those in figure 5 flew at 650 and 580 meters,
respectively.
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Figure 6 shows one limitation of the model when the tower level
winds do not reflect the wind at tetroon level. The tracks parallel
each other quite well. However, the modeled trajectory slows considerably as it passes ANL. This slowdown is due to light southerly
flow at tower levels in areas further south; at tetroon level the
northerly flow continues farther to the south as evidenced by the
tetroon movement. The tetroon was flying at a mean elevation of 380
meters above ground with tower sensors generally 16 meters.
PRESENT USAGE
The model currently forms part of the INEL emergency computer
code. It is used both for reconstruction of past history of plumes
and for predicting their future extent. It has been used to reconstruct a toxic chemical fire plume from an agri-chemical plant in Fort
Hall, Idaho and in real time during test exercises at the INEL.
CONCLUSION
The trajectory model decouples advection from other processes
such as deposition, removal, diffusion, etc. Thus it allows a modular
approach to plume behavior estimates. It is a useful tool for the
near ground portion of toxic plumes. The modules themselves are small
enough to execute rapidly in relatively small computers. The outputs
give stepwise detail of atmosphereic behavior.

CJ1
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Fig. 1. INEL mesonet map showing locations of mesowind stations. Stations are indicated by call letters.
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Figure 3. Streamline analysis of a windfield.
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Figure 4. Plot of model (M) and tetroon (T) trajectories.
Verification set number 1.

Figure 5. Plot of model (M) and tetroon (T) trajectories.
Verification set number 2.
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Figure 6. Plot of model (M) and tetroon (T) trajectories
illustrating limitation due to different winds
at different elevations.

A CONSISTENT TREATMENT OF GROUND DEPOSITION TOGETHER WITH
SPECIES GROWTH AND DECAY DURING ATMOSPHERIC TRANSPORT
B. D. Murphy*
C. B. Nelson**
S. Y. Ohr*
•Computer Sciences Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830
* * 0 f f i c e of Radiation Programs
U.S. Environmental Protection Agency
Washington, D.C. 20460
ABSTRACT

We discuss the adaptation of a trajectory model to an
initial pollutant species and a series of successor species
at mesoscale distances. The effect of source height is
discussed since it is important in determining close-in
ground level concentration, which influences plume depletion
due to dry deposition. A scheme is outlined which handles
deposition and species decay in a consistent manner and
which does so for an arbitrary number of successor pollutant
species. This scheme is discussed in terms of a Lagrangian
trajectory model which accounts for initial source height and
which calculates ground-level concentrations out to mesoscale
distances.
INTRODUCTION
Atmospheric transport processes are commonly modeled by following
plume trajectories and by assuming a Gaussian spreading of the plume as a
function of travel time or of distance. The concentration of material in
such plumes is also affected by ground deposition processes and by chemical
or radioactive decay of material together with the consequent ingrowth of
succeeding species which in turn may be affected by ground deposition
processes. This overall problem has not been addressed very satisfactorily
and a consistent formalism is needed which is both flexible and computationally efficient.
The decay and ingrowth of various species can in itself be treated
fairly easily by assuming first order chemical processes, for instance.
However, the difficulties arise when one needs to treat such processes in
conjunction with plume depletion due to dry deposition, particularly if the
sources are not at ground level and if one wants to deal with any arbitrary
functional relationship for a .
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PROBLEM DEFINITION
The Dry Deposition Process
In the Gaussian plume formulation, ground level concentration is
exp

where Q is the usual depleted source strength and u is the wind speed.
The cross wind direction will be y with x being the down wind direction.
Integrating out the y dependence we find that the deposition/unit time
between x and x+dx is
exp

where Vj is the dry deposition velocity. So, the source depletion can
be written as

Q(t) = Q Q

exp

Equation 1 depends on h (source height), the time, t, and o z which is a
function of time; it is difficult to handle analytically. One modeling
approacn which we have used is to choose a number of representative source
heights and for a given form of a z calculate the plume depletion at various
travel times by evaluating the integral numerically. These results are
then stored and need not be calculated each time the model is run. This,
of course, limits one to a given functional form for a?. However, such a
technique does solve part of the problem, i.e., the h dependence, when one
recognizes that h is never known very accurately and a representative set of
values will in many cases suffice.
For a ground level source and a commonly accepted form of a z one
obtains a rather simple expression for plume depletion. For h = 0 (ground
level source) and az - (2K z t)^ , then
Q(t) = Q Q exp

[

t*

]

(2)
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For simplicity, some long-range transport models have made this assumption
(e.g., Heffter [1]). In the mesoscale problem this is not a particularly
desirable simplification. If the deposition velocity is negligible, assuming a ground level source is acceptable (at least at large downwind distances) but in general such is not the case. It is certainly not acceptable for mesoscale distances even if deposition is negligible.

The Overall Decay Process
Even assuming a ground level source, however, a problem remains.

From

Equation 2 one sees that the deposition removal is of the form of e" °
whereas chemical or radioactive decays will be of the form of e
. In
this discussion we have been considering dry deposition, however wet deposition is generally considered to be a simple exponential process. In
light of these facts it would be desirable to be able to cast the dry deposition process in the form of a simple exponential. The approach which is
outlined below equates the dry deposition removal with an equivalent simple
exponential decay. This process is repeated periodically as wind trajectories are updated.

A CONSISTENT FORMALISM FOR SOLUTION
The present model operates by updating trajectories or wind fields at
certain specified points in time. Consequently we address the deposition
decay problem by solving for the removal over the appropriate time intervals and then replacing this removal by an equivalent exponential term.
Thus we obtain the correct solution each time the wind information is
updated.
In Figure 1 are shown the depletion of a source due to deposition
together with depletion by a simple exponential process. Since one updates
trajectories in time one therefore need only calculate plume strength at
various points on the curve. One can then fit the curve with the equivalent exponential decay. With this equivalent exponential removal term,
depositition can be treated in the same manner as first order chemical
transformation or radioactive decay. This allows treatment of the total
behavior of the plume with one consistent formalism.
It remains to calculate the effective removal rate constant for the
deposition part of the process. The deposition process can be approximated by a succession of simple exponential removals. In the limit this
becomes
Q.

_t.
-A(t)dt

(3)
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Assuming x(t) = at

it follows that

where
ln(X /X

x!? is now the removal rate constant due to deposition.
If b = 0 there is a separate solution.
t.

(6)
In practice, we have not encountered this case. So, the deposition removal
is expressible in terms of X and t at the limits of integration and can be
cast into the form of a removal constant. If the deposition removal constant is calculated for any time period for any one species then all species
in the plume can similarly be treated for that same time period. It can be
seen from Equation 1 that their removal constants differ only by a factor
VdFor a species having a deposition velocity of 0.01 m/s the above technique was used to calculate plume strength as a function of travel time.
In Fig. 2 the results for two source heights, 200 m and 500 m, are shown as
well as the result obtained by assuming a ground level source (Eq. 2). As
can be seen, the assumption of a ground level source will seriously deplete
the plume in the early stages of travel and such an assumption should not
be employed if the source, in fact, is not at ground level.

Species Decay and Growth
Putting together all removal process, the total removal rate constant
for nuclide i is described by
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where A r is the radiological decay constant and A., has been defined above.
Thus, for the first member of a chain

and for the second member of the chain
^ = s
at

Q 1 - A 2 Q
di. x
d d

(9)

2 1

where s 2 1 = r 2 1 xr. in which ^
to nuclide 2.

is the branching fraction from nuclide 1

In general,
dt

= s , , n Q , n - AA. .
°i,i-l ^i-l i*i

(10)

We have added all removal processes, dry deposition, wet deposition,
radioactive decay and chemical transformation and come up with a set of
decay and growth equations. These are well-known and solvable being possibly first solved by Bateman [2]. Alternatively one can use Laplace
transform techniques. The solution has also been recently discussed by
Skrable [3].
Starting with Q? at time zero, the solution for Q n at time t is:

where
n

n
n (A. - A.)
This solution can be applied to a decay chain of arbitrary length.
The equations show the solution for species number 1 being non-zero at
time zero and all other species having zero population. Therefore one
can repeat for each species which is present at the beginning of a time
interval.

(12)
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SUMMAPxY
In summary, we have outlined a technique which parameterizes deposition removal by an equivalent exponential decay. This technique is
applicable to any height source and is independent of the functional
form of a z . It can be applied conveniently to a model which operates
by estimating trajectory segments or wind fields at sequential points in
time. The equivalent exponential decay thus estimated can be combined
with other first order kinetic processes to calculate the ingrowth and
decay of sequentially related species. In principle it is applicable to
a chain of species having an arbitrary number of members.
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ABSTRACT
In the present investigation a prognostic mesoscale model coupled
with a surface energy balance is described which employs a profile
formulation (non-local) for exchange coefficients in the daytime convective boundary-layer and an exchange coefficient scheme based on a
local gradient Richardson number for the stable nocturnal boundary
layer. This diurnal boundary layer formulation is utilized to examine
boundary layer development over extensive sloping terrain such as the
Great Plains of the U.S. The results of the investigation show that
terrain induced thermal wind components contribute significantly to
nocturnal boundary layer development especially strong nocturnal jets.
Because the nocturnal jets over sloping terrain or any other diurnally
forced baroclinic zone can exceed synoptic geostrophic transport
speeds by a factor of two or more, significant errors in air mass trajectories and chemical reaction rates can be made if the jets are
ignored.
INTRODUCTION
In recent years, the stable nocturnal boundary layer has received
increased attention due to its importance in agricultural and air
pollution meteorology. Some of the more interesting features of the
stable boundary layer are low level wind maxima or jets which have
been documented observationally in diverse locations and intensively
studied. (For a review, see Wipperman [i]). The recent emphasis on
the long-range transport of pollutants or precursors of pollutants
intensifies the significance of such jets. For example, Ott and Lyons
[2j have shown that pollutants emitted into the boundary layer could
conceivably be transported over 1000 km overnight by these lew level
jets. This transport would be of particular importance for ozone
since the transport away from the urban production area would reduce
normal overnight scavenging by nitrogen oxides available in the urban
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area. On the other hand, the jets may provide a significant ventilation mechanism for reducing local pollutant concentrations whi h
would be overestimated in most air pollution models employing only
surface observations.
Although alternate hypotheses have been offered, the low-level
jets are generally recognized to be essentially a complex response of
the atmospheric boundary layer to the diurnal cycle of thermal
forcing. The thermal forcing can contribute to the jets' development
through two mechanisms: 1) time dependent variation in the effective
eddy viscosity in the boundary layer, and 2) production of a diurnal
thermal wind component over sloping terrain or other diurnally forced
baroclinic zone.
The first mechanism, introduced by Blackadar [3], relies on the
fact that as the boundary layer stabilizes at the surface at sunset
the frictional stress in the remaining daytime convective boundary
layer is reduced dramatically. Blackadar showed that the reduction in
stress leads to an acceleration in the velocity as the wind field
adjusts to a new balance with the existing pressure gradient. During
this adjustment to the geostrophic wind, an inertial oscillation develops in which the wind will become supergeostrophic. Because of the
general applicability of the physical processes involved, this mechanism probably explains the widespread and common existence of nocturnal jets in diverse locations.
Climatological studies of the low level jet, however, such as that
of Bonner [4J, have shown that certain areas, such as the (•eat Plains
area of the U.S., exhibit higher frequencies of occurrence and more
intense low level jets than at most other locations. Because of the
sloping terrain over the Great Plains, investigators (e.g. Hoiton
[5]) have suspected that diurnal wind oscillations due to the heating
and cooling of elevated terrain could be responsible for the strength
and persistence of the jets.
It is the purpose of this investigation to examine the diurnal
boundary layer development and thermal wind oscillations over sloping
terrain using a numerical model. Use of a numerical model allows
interaction between vertical mixing processes, and the evolving
terrain-induced pressure gradient in the convective and stable boundary layers. This fully integrated approach is shown to be important
because the phase and amplitude of the oscillating thermal wind component is dependent upon the boundary layer mixing processes while the
boundary layer structure itself is a function of the resulting
geostrophic velocities.
MODEL DESCRIPTION
The model employed in this investigation is a two-dimensional version of the hydrostatic, primitive equation mesoscale model originally
developed by Pielke [6] with additional modifications described by
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Mahrer and Pielke [7]. The boundary layer formulation in the model
for the growing convective boundary described by Pielke and Mahrer [8J
employs a cubic polynomial profile formulation for the exchange coefficients (O'Brien [9]). Boundary conditions for the cubic polynomial
are provided at the surface by the similarity functions proposed by
Businger [10] and at the top by a prognostic equation for the planetary boundary layer depth proposed by Deardorff [11]. Pielke and
Mahrer [12] previously showed that this simplified parameterization
realistically simulated the growing convective boundary layer for
Wangara Day 33 •
In the present investigation, the model is generalized to represent the stable boundary layer using a local exchange coefficient
scheme auggested by Blackadar [13]- Using second order closure as a
guide to approximations, Blackadar suggested that model exchange coefficients for the stable boundary layer above the surface could be
related to the local gradient Richardson number, Ri, by a simple
expression of the form
K m = K H = 1.1(Ric - Ri)l ? s/Ri c
=0

Ri < Ri c
Ri > Ri c

(1)

where Ri c is a critical Richardson number, 1 is a mixing length, and s
is the local shear. In the present investigation, the mixing length
is simply taken as a linear function of z near the surface and a
constant of 70 meters elsewhere, i.e.,
1 = .35 Z

1 < 200m

1 = 70m

1 > 200m.

(2)

MODEL APPLICATION
The mesoscale model employing this boundary layer formulation was
used to examine boundary layer development over sloping terrain.
The model case studied employs topography sloping from west to
east with a slope of .002 and having a lateral extent of 900 Km. This
configuration approximates the extensive gradual slopes of the Great
Plains. The model was initialized using the 0635 CST sounding at
O'Niell, Nebraska, taken on August 31, 1953, during the Sixth General
Observing Period (see Lettau and Davidson ^ ) .
To more clearly
depict the effect of the terrain, a constant large scale geostrophic
southerly component of 10 m/s was imposed throughout the integration
rather than the more complex observed geostrophic components. Soil
characteristics needed for the surface energy budget were also taken
from the O'Niell experiment. To avoid spurious accelerations in the
model initializationk a barotropic state was constructed by making
potential temperature lines parallel to geopotentigil levels.
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The model was run from the initial state for twenty-four hours,
beginning at sunrise. As the day progressed, surface heating produced
a nearly adiabatic Gonvective boundary layer extending to a maximum
depth of approximately 2.5 Km above the terrain. Figure 1 shows the
baroclinic zone that developed over the sloping terrain and the velocity maximum aloft in the boundary layer. Figure 2 gives profiles of
u and v at 1530 LST and shows the evolution of the geostrophic component and the decrease in Vgt with height.
The development of a strong nocturnal jet after sunset is directly
related to the growth of the mesoscale pressure gradient due to the
heating of the sloping terrain during the day. At sunset, as the
effective frictional stress is reduced in the dying convective boundary layer, the velocity accelerates as the velocity field begins to
adjust to the total pressure gradient (or Vgt) which includes a
mesoscale as well as an imposed synoptic component. The result of the
inertial overshoot is, therefore, extremely large "supergeostrophic"
velocities if the synoptic gradient is used as a baseline. Figure 3
shows the development of the strong nocturnal jet.
At night as the surface begins to cool, an opposite thermal wind
component develops as the baroclinicity reverses from that generated
during the day. Figure 3 shows the increase in the geostrophic wind
with height near the surface. This produces surface geostrophic winds
which are now less than the imposed synoptic geostrophic winds and
much less than the maximum geostrophic surface winds occurring in ths
late afternoon. Although Bonner and Paegle [15], Hoecker [i6j and
others have discussed this oscillation, it appears that its relationship to the nocturnal boundary layer growth and its limited height
have been neglected. Since the nocturnal boundary layer height can be
roughly defined as that height to which significant cooling occurs, it
appears that this should also be the limiting height for the reversal
in baroclinicity. The fact that the thermal wind oscillation is not
complete through the depth of the old convective boundary layer
(because the nightime boundary layer is shallower than the daytime
mixed layer) allows the nocturnal jei; to remain strong even though
surface geostrophic velocities decline. Figure 4 shows the core of
the nocturnal jet over the center of the sloping terrain.
IMPLICATIONS FOR POLLUTANT TRANSPORT
Although the strong nocturnal jets discussed above were produced
by the diurnal heating of sloping terrain, any diurnally forced
baroclinic zones such as a land/sea interfaces have the potential for
producing strong low level jets. Not only do these jets have the
capacity to transport pollutants great distances overnight; but, those
pollutants positioned near or above the nose of the jet would be
transported with little vertical mixing and would be isolated from
surface deposition processes.
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Since in many cases these jets are of limited spatial and temporal
extent, they may not be defined by standard synoptic networks. Thus,
in estimating transport times for pollutants considerable errors may
be made if only synoptic geostrophic winds are used. Such errors in
transport times are equivalent to errors in transformation rates for
reactive pollutants and the neglect of jets could lead to erroneous
conclusions on the source of pollutants. For example, if a sampled
air mass indicated a high SOg/SOij ratio, interpretation using
geostrophic transport times would point to a nearby source. If a
strong nocturnal jet were present, the same transformation rate coupled,
with the shorter transport time for the nocturnal jet would point to a
source two to three times more distant.
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ABSTRACT
The elimination of the ground based nocturnal inversion
during the morning hours may be associated with very high
surface pollutant concentrations, as elevated plumes fumigate
into the developing mixed layer. The common approach of
studying this phenomenon is based on the application of a
Gaussian plume model using prescribed meteorological data.
Such a methodology, however, i s inappropriate when the
meteorological fields are spatially and temporally nonhomogeneous. In the present study a more r e a l i s t i c approach
i s suggested. A three-dimensional numerical solution of
the advection-diffusion equation in a fine mesh grid has
been carried out for an elevated source. The dispersion
data i s provided by a numerical boundary layer meteorological
model. A simulated fumigation process is illustrated and
discussed.

INTRODUCTION

The elimination of the ground based nocturnal inversion, as the
planetary boundary layer* (PBL) with i t s turbulence develop following
sunrise, may be associated with a temporary increase of surface pollutant
concentrations as elevated concentrated plumes fumigate the growing PBL.
Although this phenomenon must be considered when evaluating a i r quality
patterns from t a l l stacks, relatively l i t t l e research attention has been
focused on i t compared with other plume dispersion topics. This re'Native
lack of study may be due to the difficulty of investigating unsteady
boundary layers as they grow rapidly during the early morning hours.
Accurate representations of fumigation, however, require a precise
description of the non-steady PBL, in addition to an a i r pollution model
with the capability to respond to changes in PBL structure.
Early t a l l stacks fumigation studies which are reviewed by (1), as
well as more recent ones such as the comprehensive experimental study of

*same as the so-called mixing layer
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(2), and (3), are based on the application of a Gaussian plume model in which
prescribed or measured meteorological data are used. The high variability
of the spatial and temporal dispersion conditions during such an episode,
however, are in disagreement with the vertical homogeneous structyr«
within the PBL and the steady s t a t e requirements of the Gaussian mode?i.s.
Our current status of understanding of a i r pollution dispersal (e.g.
as discussed in (4)) has indicated the need for much more theoretical and
experimental work regarding the accurate assessment of the fuiiigation
process. Besides the need for more physical understanding, high resolution
observed meteorological data i s also required for the accurate description
of this process. Such information i s generally lacking.
The present study involves a realistic and comprehensive approach to
this problem, where a three dimensional numerical solution of the advectiondiffusion equation on a fine mesh grid has been carried out for an
elevated source plume. The dispersion data is provided by a one
dimensional numerical mesoscale meteorological model with a relatively
sophisticated and accurate representation of the PBL structure. Based on
t h i s approach, simulated results illustrating the dispersion and ground
level concentration patterns while fumigation occurs during nocturnal
inversion break-up, are reported and discussed.

THE METEOROLOGICAL MODEL
The U n i v e r s i t y of V i r g i n i a numerical mesoscale model (5) w i t h i t s
l a s t p u b l i s h e d m o d i f i c a t i o n s r e p o r t e d by ( 6 ) , h a s been adopted f o r
p r o v i d i n g t h e d i s p e r s i o n d a t a . A b r i e f d e s c r i p t i o n of t h e model can be
found i n ( 7 ) . However, i t i s worth emphasizing t h a t , following ( 8 ) , a
more realistic approach to the determination of the vertical exchange
coefficient, k , during the nocturnal regime has been introduced. As
reported in that paper, a local derivation of k based on the Richardson
number, the c r i t i c a l Richardson number, the mixing length and the local
wind shear i s adopted when surface heat fluxes are positive ( i . e . while
the surface layer atmosphere i s stably s t r a t i f i e d ) . When heat fluxes
change sign after sunrise, k z calculations switch to the profile
formulation given in (9).
In the preliminary experiments reported here, the numerical
meteorological equations are integrated using ?. one dimensional version of
the model ( i . e . horizontal homogeneity of terrain and forcing functions
are assumed), while in the vertical 26 layers at 0, 10, 22.5, 40, 62.5,
87.5, 112.5, 137.5, 162.5, 187.5, 225, 275, 325, 375, 425, 475, 550, 650,
750, 850, 1050, 1350, 1750, 2500, 4000 and 5000 m are used. Starting at
2000 LST the model i s integrated for the next 12 hours using a 45s time
step. The predicted dispersion data, namely the vertical profiles of
velocity, diffusion coefficients and temperature have been used as an
input for the dispersion model simulation. The i n i t i a l profiles of the
temperature and humidity are typical to midsummer over central Israel where
the occasional merging of the nocturnal surface inversion and low based
upper layer inversion creates a deep stable layer. A geostrophic wind of
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2.8 m/s is used for the initialization of the flow.

THE DISPERSION MODEL

MODEL DESCRIPTION
The dispersion model is based on the three dimensional advective
diffusion equation:

3t

3x

9y

3x

x 3x

3y

y 3y

3z 3z

where C is concentration, K , K and k are the eddy diffusivity
coefficients and S is the source intensity. In the present stage of
simulations, only the u component of the horizontal wind has bean used for
the advection, although the veering of wind with height (even relatively
small changes of wind direction with height) will have some effect on the
concentration field. The diffusion term in the flow direct-Ion has been
omitted since it is small compared with the advection term. Hence, the
model in this study is composed of a unidirectional flow in the x~
direction associated with lateral, y, and vertical, z, diffusion.
The advection term is solved by using a cubic spline scheme which,
as reported by (10), is an accurate representation for the advection of
pollution. Their suggested horizontal filter with a coefficient of
5 = 0.01 has been used to eliminate aliasing associated with the numerical
representation of the nonlinear components of (1). A modification of the
Crank-Nicholson scheme suggested by (11) is adopted for the diffusion
terms.

BOUNDARY CONDITIONS
In the vertical:

k

C = 0 at the model top and

| £ = 0 at z = 0 .

(2)

These conditions assume negligible concentrations at the top and a
reflective surface with zero flux at the bottom.
When a limited l a t e r a l size of the domain i s used, care must be
given as to the choice of boundary condition on the l a t e r a l boundary in
order to avoid reflection or absorption relating to the diffusion term.
Based on the steady state solution of the advection-diffusion equation we
have approximated the diffusion fluxes on the lateral boundary as follows:
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in which y is the distance of the lateral boundary from the plume axis;
v
»
~ Va ~ Ay.where,Ay is the lateral grid interval. At the longitudinal
boundaries

H-o.
GENERAL ASPECTS
In order t o resolve the plume, a fine grid i s needed in the d i r e c t i o n
where diffusion i s dominant. Grid i n t e r v a l s of Ay = 50 were used in t h e y
d i r e c t i o n while i n t h e v e r t i c a l t h e meteorological model resolution i s
adopted. In the x d i r e c t i o n , c o n t r o l l e d by the advection only, a 1000 m
g r i d i n t e r v a l has been chosen. The model l a t e r a l and l o n g i t u d i n a l domain
s i t e s are 2000 m and 28000 m, r e s p e c t i v e l y . The i n t e g r a t i o n time s t e p i s
45S.
A continuous source has been located a t 325 m h e i g h t t o approximate
an e f f e c t i v e s t a c k h e i g h t of a medium u t i l i t y power p l a n t under t h e
prevalence of thermally s t a b l e c o n d i t i o n s . However, when the PBL exceeds
t h i s height during t h e morning h o u r s , the source e l e v a t i o n has been
i n c r e a s e d , correspondingly, in order t o adjust t h e e f f e c t i v e h e i g h t so as
t o be in agreement with the new thermal s t r a t i f i c a t i o n . In t h i s advectiondiffusion model, t h e v e r t i c a l exchange c o e f f i c i e n t s , k , are p r e d i c t e d by
the meteorological model, while the l a t e r a l exchange c o e f f i c i e n t s , k ,
a r e determined from the k_ values as a function of t h e thermal s t r a t i f i c a t i o n , as recommended by (12).
RESULTS

METEOROLOGICAL ASPECTS

At sunrise (0500 LST) the nocturnal surface temperature inversion i s
about 140 m deep, merging with an upper layer stable layer which is
capped aloft by a second inversion (Figure 1). At 0700 LST and 0730 LST
a well defined adiabatic layer is predicted from the surface to the source
elevation, indicating an intensive inversion break-up process. The
vertical profile of the u component i s presented in Figure 2. A low
altitude and slight nocturnal j e t at 0500 LST is converted to a constant
u profile above 150 m at 0700 LST, while some wind shear persists in the
lower 150 m surface layer. The changes in both profiles is controlled by
the magnitude of the exchange coefficients for heat and momentum as
illustrated as a function of time in Figure 3. (In this figure k i s that
Z
of heat, i t has also been used for the solution of (1)).
The determination of k within the PBL is
depth and i s altitude dependent with a maximum
PBL depth. The PBL depth growth rate which is
preceding i t s arrival to the level of the base

highly dependent on the PBL
at about one third of the
about 20 m per 600S
of the upper layer inversion
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(around 0700 LST) d e c e l e r a t e s somewhat following t h i s attachment

( F i g u r e 4)

SURFACE CONCENTRATION
The d i s p e r s i o n model has been i n i t i a l i z e d by t h e m e t e o r o l o g i c a l
p r e d i c t i o n s o b t a i n e d 1 h before s u n r i s e . The c a l c u l a t e d Richardson number
around t h e plurae e l e v a t i o n was l a r g e r than t h e c r i t i c a l Richardson number,
indicating a negligible eddy diffusion effect has predicted by the
meteorological model. As a result, a thin and longitudinal homogeneous
plume developed when i n i t i a l i z i n g the dispersion model. This homogeneous
structure is highly conserved during the fumigation process as i l l u s t r a t e d
in Figure 5. The peak of the surface concentration occurred at 0720 LST,
7 km from the stack, followed by only a slight reduction with distance.
The duration of the fumigation peak was about 600S.
While analyzing the results the following points have to be
considered:
1) Shear due to the wind veering with height is unrepresented by the plume
model. And
2) The adjustment of the source height to the changing thermal s t r a t i f i c a tion, while regarding i t s elevation as an effective stack height,
was estimated using a relatively crude representation.
Although further study is needed of these points, we have considered the
effects of thermal stratification and vertical shear of the horizontal
wind at the plume elevation as primary influences. These factors, since
they influence the Richardson number, will affect the degree of conic
spread of the plume during the nocturnal period, consequently affecting
the longitudinal concentration distribution when fumigation does occur.
To t e s t this effect we have used the meteorological model data as input;
however, the exchange coefficients have been limited to no lower than a
specified minimum value in order to examine the sensitivity of dispersion
to such factors as slight changes in the vertical gradient of potential
temperature or of increasing the wind shear. Figure 6 i l l u s t r a t e s the
plume development using k = 0 . 5 ir^s" 1 as a limiting value. With t h i s
change, at 0620 LST far enough downwind from the stack, the conic shaped
plume i s close enough to the ground to be entrained in and mixed downward
in the growing PBL, leading to increase in surface concentration there.
As the mixed layer develops further, the enhancement of eddy diffusivity
and i t s continued vertical penetration is accompanied by additional
increases of concentrations. The location of maximum surface pollution
also spread in the downwind direction (0700 LST). At 0730 when the PBL
i s already about 60 m above the elevated plume core, the high level of
eddy diffusivity intensity along with the length of time of mixing have
been sufficient to cause substantial fumigation with a peak value about
4.5 km from the stack. The duration of the high level concentration
(-18 units) was for about 600s. Subsequent increase in turbulence
intensity (affecting also the l a t e r a l spread of pollutants) as well as the
deepening of the PBL reduces the maximum values as they are shifted downwind due to the advection effect (0730 LST, 0750 LST).
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A series of sensitivity runs with lower limiting values (< 0.5 m /s)
have illustrated the gradual transfer from the longitudinal concentration
patterns as described in Figure 6 to these of Figure 5. This result
suggests the tentative conclusion that the vertical wind shear and
temperature gradients during the night hours (mostly at the plume
elevations) are critically important in the reduction of concentration
with distance during the fumigation. Peak values, however, are ,»xy
slightly affected.
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AN ASSESSMENT OF THE ADEQUACY OF THE SECTOR BOX
MODEL FOR PREDICTING THE ADDITIVE IMPACT OF S0 2
SOURCES ALONG HIGH DENSITY CORRIDORS
Werner Heck
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ABSTRACT
The Sector Box Model, as developed by North and Merkhofer,
was intended to relate sulfur dioxide (SO2) emissions to annual
average sulfur dioxide and sulfate (SO4) concentrations. However, in some applications the model has been used to predict
short-term SQ2 and SO4 concentrations resulting from the additive
impact of existing and proposed SO2 sources along high density
corridors in the Ohio River Basin and elsewhere. This paper
assesses the adequacy of the Sector Box Model for predicting the
additive impact of SO2 sources along high density corridors byexamining fundamental assumptions inherent in the model. The
Sector Box Model is sensitive to assumptions about sulfate conversion rate, sector width, mixing depth and wind speed, as well
as wet deposition velocity. The inadequacies of the model center on the sector width and associated meteorological conditions
input to the model, the constant sulfate conversion rates employed, and the failure to treat wet deposition velocities. Suggestions for model improvements are made.

INTRODUCTION
The U.S. Environmental Protection Agency (U.S. EPA) has funded studies
to assess the air quality impact and other impacts of electric power generation in the Ohio River Basin. The regulatory consequences of these studies
may be large and may be reflected both in State Implementation Plan (SIP)
revisions and in decisions on the issuance of construction permits for
planned new power plants.
One air quality prediction model employed in these studies [1], [2],
[3] has been the Sector Box Model [4]. The Sector Box Model, as developed
by North and Merkhofer, was intended to relate sulfur dioxide (SO2) emissions to annual average sulfur dioxide and sulfate (SO4) concentrations
[4]. However, in the studies cited [l], [2], [3], the model has been used
to predict short-term SO2 and SO4 concentrations resulting from the additive
impact of existing and proposed S0 2 sources along high density corridors.
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It is the purpose of this paper to assess the adequacy of the Sector
Box Model for predicting the additive impact of SO;? sources along high
density corridors by examining fundamental assumptions inherent in the
model as it has been applied in these previous studies. The assumptions
inherent in the Sector Box Model fall into two categories: (1) assumptions
concerning meteorology and plume dispersion, and (2) assumptions concerning
atmospheric chemistry. Separate discussions of the adequacy of these assumptions are presented along with a discussion of the sensitivity of the
Sector Box Model to these assumptions.
Table 1 summarizes the equations constituting the Sector Box Model.

ASSUMPTIONS CONCERNING METEOROLOGY AND DISPERSION
The most fundamental assumption concerning meteorology and dispersion in the Sector Box Model is that plume transport under persistent
wind conditions can be more simply described than transport under conditions requiring a more detailed knowledge of the wind field. Without
persistent winds, the Sector Box Model should not be applied. The
existence of persistent wind conditions, however, does not automatically
imply that the Sector Box Model is the most appropriate model for predicting plume transport.
The model assumes that emissions of SO2 and SO4 mix instantaneously
through the mixing layer. The emissions are uniformly distributed over
an arr of 22.5° constant angular width, so that the width of the plume
expands in direct proportion to the time since emission, or (with constant angular width, so that the width of the plume expands in direct
proportion to the time since emission, or (with constant velocity) in
direct proportion to the distance downwind. The emissions are assumed
to travel downwind uniformly distributed in a "box" whose height is
the mixing depth, and whose width is the distance perpendicular to the
wind direction subtended by an angle of constant size. Thus, the width
of the box grows in direct proportion to the transport time, and the
concentration of pollutants decreases inversely with time. The wind
direction is assumed constant for each hour of the modeling period.
Of the above assumptions, the 22.5° constant angular width is the
most tenuous assumption, not because the angular width is assumed constant, but rather because it is assumed constant at 22.5°. Justification
for the 22.5° constant angular width is contained in a paper by Bigg et al
[5] who compare the results of their field measurements of plume widths
with plume width measurements from field experiments conducted by other
investigators [6], [7], [8], [9], [10].
Bigg et al. found that plume widths up to 560 km from the source
were best fit by the expression
2Y = AX k

(3)
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Table I. Equations for Sector Box Model
SCX> Prediction Equation;

(') -^±1^1

'•'

2u ht tan 9/2
SO. Prediction Equation;
1.5a,
«•

2uhttan9/2

where:

t = *\me
q = emission rate
u = wind speed
h = mixing depth
9 = sector width of plume in degrees
a. = SO- to

SO^, conversion rate

a 2 = rate of loss of SO- due to dry deposition
a^ = rate of loss of

SO. due to dry deposition

Notes to Table 1:
a

a 2 is related to Vj by: a 2 = Vj/h, where Vj is the SO2 dry deposition velocity.
a 3 is related to v 2 by: a 3 = v 2 /h, where v 2 is the

50^ dry deposition velocity.
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where
2Y = plume width (km)
X = downwind distance (km)
A = 0.671
k = 0.884
The plume width (2Y) was taken to be the crosswind distance between points
at which the difference between in-plume and out-of-plume concentrations
fell to 1/10 of their maximum value.
Table 2 shows the plume width and angular plume spread computed from
Eq. (1) at three downwind distances: 50 km, 250 km, and 500 km. For
purposes of comparison the Gaussian plume width and angular plume spread,
based on the Pasquill-Gifford horizontal dispersion coefficients, are
shown as a function of stability also in Table 2. The Gaussian plume width
was defined similarly to the measured plume widths of Bigg et al., i.e.,
the plume width is twice the distance from the plume center!ine to the
point where the concentration is 1/10 of the centerline concentrations.
For a Gaussian plume the plume width is given by 4.30 6 y , where 6 y is the
Pasquill-Gifford horizontal dispersion coefficient.
A comparison of the measured plume width and the Pasquill-Gifford
Gaussian plume width in Table 2 shows the measured plume width corresponds closely to the Pasquill-Gifford stability class A and B plume
width at identical downwind distances. This is consistent with the unstable meteorological conditions under which some of the plume measurements were conducted. For example, Bigg et al. [5] conducted their
experiments under cloudless, convective conditions over flat terrain in
the tropics. Braham et al. [6] released tracer particles under convective conditions in the deserts of southern New Mexico. Smith and
Heffernman [7] released tracer particles from a mountain top 1300 m
above sea level (on an island southeast of Australia) under a range of
atmospheric stabilities. Of the remaining field experiments cited [8],
[9]» [10], the literature references did not permit determination of
the meteorological conditions under which the field experiments were
conducted.
The above analysis suggests certain limitations in the application
of the Sector Box Model.
First, the Sector Box Model was applied to periods of meteorological
persistence that were defined in terms of wind direction, wind speed, and
stability class obtained from National Weather Service (NWS) surface
meteorological observations.

Table 2. Comparison of Bigg et al. and Pasquill-Gifford Plume Width
and Angular Plume Spread as a Function of Downwind Distance

Downwind
Distance
(km)

Measured Plume
Angular
Width
Spread
(km)
(deg)

Stability
Class A
Width

~(km5

Angular
Spread
(deg)

Gaussian Plume Based on Pasquiil-Gifiord
Stability
Stability
Stability
Class B
Class C
Class D
Angular
Angular
Angular
Width
Width
Spread
Width
Spread
Spread
~{kmT
(degT
~*kmj
~5<mT
(deg)
idegT

50

22

24

25

29

20

23

15

17

10

11

250

88

20

90

21

73

17

57

13

38

9

500

163

19

148

17

124

14

101

12

67

8

ro
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In analyses where the Sector Box Model has been applied, persistent
winds have been defined as wind direction varying less than 22.5° during
a three hour period or longer (strict persistence), or wind direction
varying less than 45° during a six hour period or longer (relaxed persistence) [1], Using this definition of persistence, investigators identified episodes of persistent conditions leading to source intensification
where the individual plumes from several sources along a line will have
an additive impact and thereby intensify the concentration of SO2 and
sulfates at any fixed location downwind along this line of sources.
However, the angular sector width used to identify persistence should
have been chosen more judiciously. The sector width used should be related
to the change in wind direction that significantly reduces the concentration
from a plume at a fixed location. As Table 2 implies, under neutral stability conditions—the conditions occurring in the majority of all hours
through the year and in which persistence is most likely to occur e due to
the higher wind speeds under these conditions—an approximately 5 change
in wind direction reduces the predicted concentrations at a fixed location
(50 km downwind) by an order of magnitude based on the Pasquill-Gifford
horizontal dispersion coefficients used in the U.S. EPA prediction models.
Thus, for example, for SO2 sources aligned in the direction of the mean
wind, only a 5° change in direction of the mean wind would eliminate source
intensification, yet. the change in wind direction would still satisfy the
definition of stri persistence.
In view of this, use of 22.5° sector widths are not meaningful for
identifying strings of hours of persistent conditions in which concentrations from multiple sources along a line will be additive. Use of much
smaller sector widths would be a more useful guide for identifying such
persistent wind conditions to be applied as input to the Sector Box Model.
Second, although convective conditions (stability class A or B)
characterized the meteorology of two of the three field experiments that
formed the basis of plume width determinations in Table 2, convective
conditions are not typically associated with persistent winds, which occur
typically under higher wind speeds characteristic of neutral conditions
(stability class D) [11]. Thus, there appears to be a basic inconsistency
in the dispersion assumptions of the Sector Box Model and the input meteorological data assumptions on persistence. When a plume sector width of
22.5° results (under convectiye conditions), persistent winds are not
expected to occur. When persistent winds occur, the plume sector width
will be expected to be much narrower than 22.5°.

ASSUMPTIONS CONCERNING THE ATMOSPHERIC CHEMISTRY
Assumptions concerning the atmospheric chemistry involve assumptions
about the SO2 to SO4 conversion rate and the SO? and SO4 deposition velocities. A detailed literature review of this topic has been reported elsewhere [12] and for that reason will not be repeated here. Brief summaries,
however, are presented in the following sections.
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to Sulfate Conversion Rates
A review of recent literature of SOg to sulfate conversion rates
indicates that conversion rates within stack plumes (representative of
the larqe majority of SO2 emissions i., the Ohio River Basin area) vary
by abouc an order of magnitude between daytime and nighttime with overall
conversion rates in the range of less than 0.5% per hour up to about a 5%
per hour maximum conversion rate.
Early application of the Sector Box Model to sources of SO2 emissions
in the Ohio River Basin employed constant conversion rates as large as 10%
for periods of up to 72 hours [1], [2], [3]. More recent applications have
used constant conversion rates of about 1" [12].
Comparison of the conversion rates used in the Sector Box Model with
the SO? to sulfate conversion rates reported in the literature indicates
the following:
First, the conversion rate of 10% used in early applications of the
Sector Box Model or even conversion rates of 5% for an extended time period
substantially overstate the SO2 to sulfate conversion rate- reported in the
literature for stack plumes. These overestimates lead to higher predicted
sulfate concentrations, e.g., a change from a 10% to 1% conversion rate
leads to an 88% reduction in predicted sulfate concentrations with the
Sector Box Model.
These results are consistent with the results of another evaluation
[13] of the Sector Box Model, which noted that the maximum sulfate concentrations vary almost linearly with the assumed conversion rates.
Second, the conversion rates used in the Sector Box Model are invariant in time and space. Conversion rates, however, vary by about an order
of magnitude between daytime and nighttime [12]. Conversion rates also
vary b>- time of year in accordance with the intensity of solar radiation
and other environmental conditions. Thus, use of a constant conversion
rate for long periods of up to 72 hours in the Sector Box Model is at
variance with the observed SO2 to sulfate conversion rates.
Third, the SO? to sulfate conversion rate depends on a number of
factors not treated in the Sector Box Model including temperature, humidity, turbulent mixing, intensity of solar radiation, in-cloud residence
time, heights of the plume, catalytic heavy metal concentrations, suspended particulate concentrations, ozone free radicals (e.g., Oil, HO2),
hydrocarbons, and ammonia among others. The temporal and spatial variation of these factors influence the conversion rates in a complex way that
is not presently well quantified. Nevertheless, use in the Sector Box
Model of a conversion rate that is invariant in time and space is a simplification that is not supported in the scientific literature.
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Deposition Velocities
Comparison of the dry deposition velocity used in the Sector Box
Model with the average dry deposition velocity reported in the l i t e r a ture [12] indicates that they compare reasonably well (within a factor
of 2,0) both for SO2 and sulfates.
The l i t e r a t u r e also indicates that there is a marked diurnal variation in deposition velocity between daytime and nighttime variations of
up to an order of magnitude for S02 [12]. However, the insensitivity of
predicted sulfate concentrations to changes in deposition velocity, as
discussed in the next section, indicates that inclusion of this time
variation in deposition velocities would not be expected to make major
differences in the resulting predicted sulfate concentrations.
The most substantial l i m i t a t i o n in the deposition velocities used
i n applications of the Sector Box Model to date is i t s failure to account for wet deposition due to precipitation. The removal of S0£ by
wet deposition averages about 7.2% per hour beyond 30 kilometer transport
distances while removal of sul fates averages about 12.% per hour for simil a r transport distances [12]. Both of these estimates are subject to
ranges of uncertainties spanning close to two orders of magnitude. Wet
deposition, nevertheless, has a strong influence on the removal of SO2
and sulfates from the atmosphere. Consequently, f a i l u r e to account f o r
precipitation history during the persistence period used in the Sector
Box Model represents a potentially serious limitation of this model's
application.

SENSITIVITY ANALYSIS OF THE SECTOR BOX MODEL
Table 3 summarizes the s e n s i t i v i t y of the Sector Box Model to
changes in input parameter values.
These results, which are consistent with an independent s e n s i t i v i t y
analysis [13], are as follows: (1) the maximum sulfate concentration
shows an inverse square dependence upon the wind speed, (2) the maximum
sulfate concentration shows an inverse dependence on mixing depth, (3)
sulfate concentrations are insensitive to changes in the SO2 and SO4 dry
deposition v e l o c i t i e s , (4) the maximum sulfate concentration varies i n versely with sector width, and (5) the maximum sulfate concentration
varies linearly with conversion rate.

RECOMMENDED IMPROVEMENTS TO THE SECTOR BOX MODEL
The results suggest that the most beneficial improvements i n t h i s
model w i l l r e s u l t from: (1) r e l a t i n g the sector width i n t h i s model t o
the meteorological conditions under which much persistence occurs ( i . e . ,
sector widths more consistent w i t h P a s q u i l l - G i f f o r d class D c o n d i t i o n s ) ,

Table 3. Sensitivity Analysis Indicating Change in Predicted Sulfate
Concentration Resulting From Change in Parameter Values

Parameter

Change in Parameter Value

Percent Change
in Sulfate
Concentration
Due to This
Change in
Parameter Value

From

To

Conversion Rate

10%

1%

SO- Dry Deposition
Velocity

1 cm/sec
(4.5%/hr)

2 cm/sec
(9.0%/hr)

-9%

Sulfate Dry Deposition Velocity

0.1 cm/sec

0.2 cm/sec
(0.9%/hr)

-1%

(O.H5% /hr)

Mixing Depth

800 m

1600 m

-47%

W ind Speed

7.1 m/sec

14.2 m/sec

-71%

Sector Width

22.5°

45°

-59%

-88%

ro
^>

en

All predictions are at a base downwind distance of 120 km.
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(2) introducing a time variation in the sulfate conversion rates that is
a function of meteorology and other environmental conditions, and (3)
introducing wet deposition velocities that are functions of precipitation
duration and intensity.
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A COMPARISON BETWEEN SURFACE-CORRECTED AND SURFACE-DEPLETK
MODELS FOR ESTIMATING DEPOSITION OF POLLUTANTS
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ABSTRACT
A more general form of the Gaussian diffusion equation
for elevati-cl sources was derived. This surface-corrected
Gaussian model uses a continuous distribution of ground-level
sources to replace the single image source of the conventional
Gaussian rnation. For thp case of constant diffusitivity,
the two mix.els are identical. For application to the surfacedepletion approach of estimating the effects of deposition,
the surface-corrected model gives a more consistent treatment
of diffusion than the conventional Gaussian equation.
INTRODUCTION
Gases and fine particles are removed at the earth's surface by a
variety of mechanisms including adsorption, absorption, impaction,
Brownian motion and direct sedimentation. These processes, collectively known as dry deposition, are important if they can significantly
reduce the concentration of the contaminant or if the deposited materials pose a threat to human health, as could occur with radionuclides,
or to an aquatic or terrestrial ecosystem, as could occur with trace
metals and acidic materials. To assess the impacts of deposition,
models that provide realistic estimates of deposition are needed.
For point sources, the Gaussian diffusion equation is the most
widely utilized model because of its simplicity and relative accuracy
for many situations. In most applications, the Gaussian equation is
used with the conservative assumption that there is no deposition or
loss of contaminant at the ground. For elevated sources, this no flux
boundary condition is satisfied with the use of an image source. The
contribution of this image source is said to "reflect" the contaminant
back into the atmosphere.
The Gaussian diffusion equation has been modified to account for
t'ne dry deposition of gases and fine particles. The approach taken by
many investigators has been to adjust the strength of the real and image
sources or of only the image source to account for deposition. The
first of these source-dapletion models was developed by Chamberlain [1,
2]. Overcamp [3] propose] a source-depletion that is the easiest dry
deposition model to implement. Horst [4] modified Chamberlain's model
to account for variations in the contaminant's vertical distribution.
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Another approach is the surface-depletion model developed by Horst
[5]. This accounts for the deposition by a continuous, ground-level
distribution of sources of material deficit that decreases the downwind
concentration. Although this method can be used to obtain exact solutions to the convective-diffusion equation with the deposition boundary
condition, the surface-depletion model based on the conventional
Gaussian diffusion equation with empirical dispersion coefficients is
only an approximate solution to the deposition problem.
This paper examines the use of the conventional Gaussian diffusion
equation with particular emphasis on its application in the surfacedepletion model. A more general form of the Gaussian diffusion equation, consistent with the assumptions of the surface-depletion model, is
derived and applied in the surface-depletion model. These models are
compared to those based on the conventional Gaussian equation.
GAUSSIAN DIFFUSION MODELS
entional Gaussian Model
Without loss of generality, the results presented in this paper are
for the cross-wind integrated concentration, c, due to a continuous,
elevated point source. These results also apply the concentration due
to a continuous, elevated line source perpendicular to the wind's direction. The conventional Gaussian equation is given by
c(x,z) =
/2TT

ua.

exp

-(h-z)'
2a.2

+ exp

-(h+z)'
2a_

where Q is the source strength, u is the mean wind speed, oz is the
standard deviation of the vertical spread of the contaminant, x is the
downwind distance and z is the height of the receptor. To satisfy the
no flux boundary condition, this equation jalances the downwind flux of
the real source term with the upward flux from the image source term.
The conventional Gaussian equation satisfies the reciprocal theorem
that states the ground-level concentration due to a source at height h
is identical to the concentration at height h due to the same source at
ground-level. Since the conventional Gaussian equation is most frequently used with the Pasquill-Gifford a z curves that were developed
from data on ground-level releases, errors result if these a z curves do
not represent the rate of vertical spread from elevated sources.
Surface-Corrected Gaussian Model
In the conventional Gaussian model, the downward flux from the real
source is balanced at the ground by the contribution of the image
source. An alternate approach is to balance this downward flux with a
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continuous, ground-level distribution of sources with equivalent upward
flux.
The vertical flux of contaminant, F z , from the real source through
a horizontal plane is given by
3c
F

z

=

(2)

"

in which Kz is the vertical eddy d i f f u s i v i t y and c r is the concentration
due to the real source only. Using Taylor's expression, the diffusivity
can be expressed as

K

z

=

1
2

do

(3)

Using Eqs. (2) and (3), the downward flux at the ground due to the real
source term is
exp

z=o

(4)
2a.

The f i r s t term in Eq. (4) is the average speed of diffusion from the
plume's centerline which was introduced by Csanady [6] and used in
Ovtrcamp's dry deposition model [ 3 ] . The second term is the groundlevel concentration due only to the real source.
At any point on the ground, this downward flux can be balanced by a
ground-level source. The material emitted from this source will diffuse
downwind. The concentration at any point can be predicted by the real
source term and the sum of these ground-level sources:
c(x,z) =

exp -

(h-z)'
2a,

da
exp

exp

(5)

The surface-corrected Gaussian model, Eq. (5), is identical to the
conventional Gaussian equation, Eq. (1), for the case of constant
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vertical diffusivity when a z grows in proportion to x1*. For other o z
curves, the predictions of the two models differ and the surfacecorrected model does not satisfy the reciprocal theorem. In addition,
the surface-corrected model has the flexibility to use one o 2 curve for
the diffusion from the real source and another for the diffusion from
the ground-level sources in an ad hoc. attempt to account for the different rates of diffusion in the boundary layer.
Although it is not <xppnop>U.eute. to use conventional az curves in Eq.
(5), empirical curves for the Pasquill stability classes were used to
provide a comparison of the two methods. Figure 1 shows cu/Q versus
downwind distance for a release height of 100m and Pasquill classes A
and E. For class A, the surface-corrected model predicts higher maximum
concentration. For class E, the two models given similar predictions.
In general, the surface-corrected Gaussian model predicts higher concentrations
than the conventional Gaussian equation if oz grows faster than
x;2 and lower concentrations if o z grows more slowly than x*a. In reality, any differences may not be as great if az curves appropriate to the
surface-corrected model are used.
The surface-corrected Gaussian model has the drawbacks that it
requires a numerical integration of the integral and lacks the simplicity of the conventional Gaussian model.
DEPOSITION MODELS
Surface-Depletion Model
In the surface depletion model developed by Horst[5], sources of
material deficit are placed at ground-level to decrease the airborne
flux of contaminant. In the Gaussian form of the surface-depletion
model, the concentration, c, is given by the following integral equation
2
-z
c(x,z) = cQ(x,z) - / v H c ( 5 , z H ) \ - = _
exp
(6)
where C Q ( X , Z ) is the concentration for the equivalent problem without
deposition and v, is the deposition velocity. In the Gaussian form of
the surface-depletion model, Horst used the conventional Gaussian equation, Eq. (1), for CQ. With the choice of the conventional Gaussian
model for c in Eq. (o), there is an inconsistency in the model. As is
depicted by the solid lines in Figure 2a, contaminant reflected at the
ground appears to propagate from the image source at x=o rather than the
point at which reflection occurs. On the other hand, the material
deficit diffuses from the actual point at which deposition occurs as is
shown by the dashed lines.
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Surface-Corrected Deposition Model
This inconsistency can be overcome by the use of the surfacecorrected Gaussian model, Eq. (5), for c Q in Eq. (6). Then both the
reflected contaminant and the material deficit diffuse from the actual
point at which reflection or deposition occur as is shown in Figure 2b.
Figure 3 gives estimates of cu/Q for release height of 100m and a
ratio of v^/u of 0.01. The deposition reference height and the receptor
height were both 1m. The difference between estimates of the two models
are similar to those in the case of no deposition shown in Figure 1.
CONCLUSIONS
A more general form of the Gaussian diffusion equation for elevated
sources was derived that uses a continuous distribution of ground-level
sources to reflect the downward flux from the real source. These
sources replace the single image source of the conventional Gaussian
model. This surface-corrected Gaussian model is identical to the conventional Gaussian model for the case of constant eddy diffusivity. The
surface-corrected model applied to the surface-depletion method of
deposition model gives a consistent treatment to the diffusion of the
reflected contaminant and the material deficit that accounts for the
deposition
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Figure 1. Comparison of the surface-correction and conventional
Gaussian diffusion models.
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(a) Surface Depletion

(b) Surface Correction
Figure 2. Sketch of the contribution of the real, image and surface
sources for the surface-depletion and surface-corrected
models.
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Figure 3. Comparison of the surface-corrected and surface-depletion
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A STUDY OF ANALYTICAL MESOSCALE MODEL FOR
ATMOSPHERIC TRANSPORT, DIFFUSION AND REMOVAL OF POLLUTANTS
H. N. Lee
Department of Meteorology
University of Utah
Salt Lake C i t y , Utah 84112
ABSTRACT
An atmospheric transport, d i f f u s i o n and removal model for
modeling intermediate range atmospheric transport processes for
pollutants emitted from an elevaced continuous point source
over f l a t t e r r a i n i s developed. The models are obtained from
the analytical solutions of the steady-state three dimensional
atmospheric d i f f u s i o n equation associated with the primary poll u t a n t and the secondary pollutant due to the chemical conversion
from the primary p o l l u t a n t . The surface dry depositions of the
pollutants are taken i n t o account i n these models. The sensit i v i t i e s of p o l l u t a n t deposition to changes i n dry deposition
velocity and rate c o e f f i c i e n t are presented. I t was found from
the model results that the value of dry deposition velocity for
S02 was shown to have s i g n i f i c a n t e f f e c t upon increase of surface sulfate concentration i n the intermediate range. The
amount of increase i n surface s u l f a t e concentration mainly
depends on the values of rate coefficients we used.
INTRODUCTION
The objective of t h i s study i s to develop and examine analytical mesoscale models f o r the atmospheric transport, dispersion and removal of
primary pollutant and secondary p o l l u t a n t which i s converted chemically
from the primary p o l l u t a n t . Synoptic scale (long range) transport of a i r
p o l l u t a n t such as S02 and sulfate has been studied extensively since the
end of 1960. I t i s known that a substantial amount of secondary p o l l u t a n t
s u l f a t e i s produced over a large region as a result of long range transport
of primary pollutant S0 2 . But the intermediate range transport of SO2 and
s u l f a t e may have important influences on the sulfur budget. Many models
have been used successfully i n the study of long range transport ( e . g . ,
[1]» [ 2 ] ) within a well-mixed region of the atmospheric boundary layer.
They are of limited use f o r mesoscale transport where the v e r t i c a l concent r a t i o n d i s t r i b u t i o n affected by the source height, ground removal
parameters, etc. i s important. The transformation and removal processes
also have s i g n i f i c a n t effects on the various sulfur compounds, in these
respects, the model derived here provides an understanding of mesoscale
transport and removal mechanisms between SO2 and s u l f a t e .
In this work, the steady-state three dimensional atmospheric d i f f u s i o n
289
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equation is solved and analytical solutions are obtained for the atmospheric
dispersion of S02 and sulfate over f l a t t e r r a i n .
ANALYTICAL MESOSCALE MODEL
The steady-state three dimensional atmospheric d i f f u s i o n equation to
be solved for the primary pollutant Ci (such as S02) i s

(D
The boundary conditions which accompany Eq. (1) are
Ci(o,

(2a)

y, z ) = i ;

Ci(x, i » , z) = o

(2b)

Ci(x, y , «) = o

(2c)

K.
z 32

= v.

z=o

(2d)

Ci

z=o

where the mean wind u is aligned with the x-axis, KH and K are the horizontal and vertical eddy d i f f u s i v i t i e s , ix is the first-order rate coefficient
which takes into account processes of wet deposition and chemical conversion
of primary pollutant to secondary pollutant, h is a height of the elevated
continuous point source, Q is the source strength, and v £ j i is the dry
deposition velocity of the primary pollutant.
By analogy to Eq. (1)» we can write the steady-state diffusion equation for the secondary pollutant C2 (such as sulfate) as
6C

(3)

The boundary conditions for Eq. (3) are
C 2 (o, y, z) = o

(4a)

C2(x, ±», z) = o

(4b)

C 2 (x, y, °°) = o

(4c)

K
z

JZ

=

z=o

(4d)

v

z=o

where T 2 is the f i r s t order rate coefficient for removal of the secondary
pollutant due to wet deposition, T is a chemical conversion rate coefficient, 6 is the mass ratio of secondary pollutant formed per unit mass of
primary pollutant and v ^ is the dry deposition velocity of the secondary
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pollutant. For simplicity, i t is assumed that KH and Kz are taken as constants in Eq. (1) and Eq. (3).
For the purpose of illustration i t is convenient to express the model
results in terms of dimensionless variables which are defined as

n(y) = *
Kz

;

t(z) = f

i

&= j

;

^ "

'

L

Kz

^

i

<: = ^

;

(5)

o " Qh

With this new system of variables, the three-dimensional steady-state
distribution of concentration for primary pollutant Ci becomes

*i • % • 4 ^ T ^
where p(\) = >^2

^ ^

e

"'?r

Ce

+ e

~ ^

" ^

"

p(l0]

\ e c - A 2 + l ( c + 1 ) e r f c ( | ^ = + \/T)
T

(7)

equation (3) can be regarded as a nonhomogeneous equation in which the
concentration distribution of secondary pollutant is formed from a point
source of primary pollutant at x=o. As outlined in [3] for solving nonhomogeneous problems the three-dimensional concentration profile for
secondary pollutants C2 becomes

2 [P(y) - 2( Y -u)M(r. 2)C )]}

where H ^ c ) • f> { [ 4 = e" - f e - ^ .

u e

(8)

^ ' ' •<>«• • • . r t c ^ * . « ) ]

The numerical i n t e g r a t i o n was used f o r s o l v i n g i n t e g r a l form (Eq
i n order t o have a s o l u t i o n x 2 -

(9))
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MODEL RESULTS
In the model c a l c u l a t i o n , h i s assumed 300 m, K i s 5 m2/s and u i s
5 m/s. Making the assumption that KH=KZ for s i m p l i c i t y , the dimensionless
surface d i s t r i b u t i o n of concentration along the plume center-line i s given
by x ( C o, o). Graphs of xU> o, o) are presented i n Fig. 1 and F i g . 2
f o r the case 6=0.225, e=0.1125 which are obtained based on the values
T =8xlO"s, x 2 =1.6xl0 5 s and x Q =2.4xl0 5 s. In Fig. 1 i t i s seen that the
surface concentration of S0 2 (solid l i n e s ) i s greatest when a=o ( i . e . ,
vrf =o), and i t decreases when the dry deposition v e l o c i t y v d l of S02
increases. When Y = 0 . 0 5 ( i . e . , vd2BO.O8 cm/s) a t t r i b u t e d to s u l f a t e
(dashed l i n e s ) , i t was found that an increase i n the value of dry deposition
v e l o c i t y of S02 would produce decrease of sulfate concentration i n the short
range U<0.Z) and increase of surface sulfate concentration i n the i n t e r mediate range (0.2<£<10). As the values of a and y are equal to zeroes,
the surface concentration of s u l f a t e i s greatest when f<0.2 and i s smallest
when 0.2<£<10. Such a large increase i n surface s u l f a t e concentration i n
the intermediate range due to changes i n dry deposition velocity of S02
describes a phenomenon that the dry deposition v e l o c i t y may play an important role by control of S02 and s u l f a t e acid l e v e l s . For a t y p i c a l value
of a=0.5 ( i . e . , v dl >»0.8 cm/s) i n t h i s case that the surface s u l f a t e concentration i s decreased (Fig. 2) when y is increased is a d i r e c t r e s u l t of
surface deposition of s u l f a t e .
Figure 3 i s f o r the case 6=0.36, e=0.072 which are obtained based on
the values x ^ S x l O ^ s , x2= 2.5xl0 5 s and T = 3xl0 5 s. I t i s seen i n Fig. 3
t h a t changes i n dry deposition v e l o c i t y
of S02 produce a s l i g h t increase
i n surface s u l f a t e concentration i n the intermediate range.
Figure 4 i s f o r the case 6=0.72, e=0.072 which are obtained based on
the values x 1 =2.5xl0 1 *s, x,=2.5xl0 5 s and x c =2.8xl0 5 s. We found i n Fig. 4
that the dry deposition v e l o c i t y would not have s i g n i f i c a n t e f f e c t on the
surface sulfate concentration. From these model results shown i n Figs.
1 , 3 and 4 , we can immediately conclude that the amount of increase i n
surface sulfate concentration i n the intermediate range due to changes i n
dry deposition v e l o c i t y of S02 mainly depends on the values of x l 5 x 2 and
i r we used. In r e a l i t y , dry deposition v e l o c i t y , i1 and x , are dependent
of space and time [ 4 ] , [ 5 ] . Hence, the results of the combination effects
from such complicated variations of dry deposition velocity and rate coe f f i c i e n t s i n nature may e x p l a i n , i n part, why the sulfate levels have
remained nearly constant or s l i g h t l y increase [ 5 ] .
CONCLUSIONS
An atmospheric transport, d i f f u s i o n and removal model has been presented for pollutants emitted from an elevatsd continuous point source over
f l a t t e r r a i n . The model is a n a l y t i c a l and useful f o r the study of the
mesoscale transport and removal mechanisms f o r primary and secondary
p o l l u t a n t s . The model can be extended to include m u l t i p l e point sources.
This paper has demonstrated the s e n s i t i v i t i e s of pollutant deposition
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to changes i n dry deposition v e l o c i t y and rate c o e f f i c i e n t s . I t was found
from the model results t h a t the value of dry deposition v e l o c i t y for S02
was shown to have s i g n i f i c a n t e f f e c t upon increase of surface s u l f a t e
d i s t r i b u t i o n of concentration i n the intermediate range f o r c e r t a i n case
depending on the values of rate c o e f f i c i e n t s .
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center-line vs the dimensioniess downwind distance
at the surface for different values of deposition
velocity of S0 2 in the case 6=0.225, e=0.1125.
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the surface for different values of deposition velocity
of sulfate in the case 6=0.225, e=0.1125.
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5?

297

o
o
0.01

0.0

01

Figure 4. Same as Figure 1 except in the case 6=0.72, E=0.072.

INCLUSION OF ROUTINE WIND AND TURBULENCE FORECASTS IN THE
SAVANNAH RIVER PLANT'S EMERGENCY RESPONSE CAPABILITIES
M. M. Pendergast
E. I. du Pont de Nemours & Co.
Savannah River Laboratory
Aiken, SC 29808
D. B. Gilhousen
Techniques Development Laboratory
Systems Development Office
National Weather Service, NOAA
Silver Springs, MD 20910
ABSTRACT

The Savannah River Plant's emergency response computer
system was improved by the implementation of automatic forecasts
of wind and turbulence for periods up to 30 hours. The forecasts include wind direction, wind speed, and horizontal and
vertical turbulence intensity at 10, 91, and 243 m above ground
for the SRP area, and were obtained by using the Model Output
Statistics (MOS) technique.
A technique was developed and tested to use the 30-hour
MOS forecasts of wind and turbulence issued twice daily from
the National Weather Service at Suitland, Maryland, into SRP's
emergency response program. The technique for combining MOS
forecasts, persistence, and adjusted-MOS forecast is used to
generate good forecasts any time of day. Wind speed and turbulence forecasts have been shown to produce smaller root mean
square errors (RMSE) than forecasts of persistence for time
periods over about two hours. For wind direction, the
adjusted-MOS forecasts produce smaller RMSE than persistence
for times greater than four hours.
INTRODUCTION
An emergency response system called Weather Information and Display
(WIND) began operating at the Savannah River Plant (SRP) in 1975 [1, 2, 3].
The Wind system collects meteorological data from seven onsite towers
and the nearby 330-m WJBF-TV tower located at Beech Island, South
Carolina. The development of the computer system has allowed improved
assessments of routine atmospheric releases from the Department of Energy
facilities at SRP, Aiken, SC, and provided a basis for research in the
atmospheric sciences. Until recently, the computer codes that calculate
pollutant trajectories generally used the latest observed wind information
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to predict the future path of a pollutant. However, calculations based
on the assumption that meteorological conditions in the future will be
the same as the latest observations, i.e., a "persistence" forecast,
can be considerably in error when wind conditions are changing.
In July 1979, the WIND system capability was improved by inclusion
of automatic forecasts of wind and turbulence for periods up to 30 hours.
The wind forecasts originate at the National Weather Service in Suitland,
MD, and are transmitted to SRP on teletype twice daily. These forecasts
are based on Model Output Statistics (MOS), which is a forecast technique
that statistically relates the output of numerical weather prediction
models to the meteorology of a particular site. This technique was done
for SRP starting in 1977 in collaboration with the Techniques Development
Laboratory of the National Oceanic and Atmospheric Association by using
four years of data from the nearby 330-m WJBF-TV tower. The MOS system
provides 30-hour forecasts of wind direction, wind speed, and horizontal
and vertical turbulence intensity at 10, 91, and 243 m above ground for
the WOBF-TV tower twice daily starting at 0000 and 1200 GMT.
A complete description of the MOS forecasts for SRP is given by
Gilhousen and Pendergast [4]. Their conclusions show that MOS forecasts
of wind speed were better than persistence for both day and night. MOS
forecasts of wind direction were found to be only slightly better than
persistence. MOS forecasts of turbulence were clearly better than
persistence during the daytime, but only slightly better than persistence
during night.
This study describes the methodology used to implement the MOS forecasts into the SRP's emergency response program. Also presented is an
independent validation of the MOS predictions with the first six months
that MOS forecasts became operational (May through December 1979).
As noted previously, 30-hour MOS forecasts have a base time of
either 0000 or 1200 GMT. The times that these forecasts are transmitted
to SRP are 0430 and 1630 GMT, respectively. In the SRP application, a
forecast may be required to start at any hour of the day or night. For
this reason, a method was developed to use realtime validation of a
portion of the available MOS forecast to adjust the remainder of the MOS
forecasts. This validation showed that for some start times and predictands adjusted-MOS forecasts were found to provide lower Root Mean
Square Errors (RMSE) than the available MOS forecasts.
The following sections describe the results and methods used to
determine which combination of MOS forecast, adjusted-MOS forecast, and
persistence provides the best forecast for each predictand and start time.
PERSISTENCE FORECASTS
RMSE of MOS forecasts and persistence forecasts for each predictand
were determined from data for the period May through December 1979.
Figure 1 shows comparisons of the RMSE by using MOS forecasts and
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Fig. 1. RSME values of MOS forecasts and persistence for
different start times for wind direction (9), wind speed (u),
and standard deviation of wind azimuth (ere) for base times of
0000 and 1200 GMT.

302
persistence for different predictands and base times. The darkened
curves show the RMSE of the MOS forecasts as a function of time. Note
that the RMSE values are not directly proportional to the duration of
forecasts. The remaining curves in Figure 1 represent persistence forecasts starting at three-hour intervals. Most persistence curves intersect the corresponding MOS forecasts after a short elapsed time. This
elapsed time will be called the MOS persistence time and is shown to be
a function of the predictand, time of day, and base time of the MQS
forecast.
MOS persistence times for all predictands are presented in Table 1.
Note MOS persistence times do not show a consistent relationship with
the elapsed time from the base time. They do show a slight correlation
with time of day. For example, MOS persistence times for wind direction
(8) for 0000 GMT base times are largest at 1200 and 1500 GMT and smallest
at 0900 GMT. For 1200 GMT base times, MOS persistence times for wind
direction are largest at 0600 GMT and smallest at 0000 and 0300 GMT.
The persistence curves in Figure 1 exhibit a varying dependence upon
time of day. Many persistence curves show a rapid increase in the RMSE
and then approach a limiting value. The magnitude of the limiting value
varies from one start time to another. For other start times and other
predictands, the persistence curves show a steadily increasing value of
RMSE. A careful examination of the MOS forecast RMSE curves show that
they are well correlated with the magnitude of the limiting values of
each persistence curve. Thus, the RMSE of the MOS forecasts are smallest
fo valid times when persistence forecasts produce smallest RMSE.
Table 1 shows average MOS persistence times for all start times for
each predictand. Note the value of the average MOS persistence times
decreases from about seven hours for wind direction to about four hours
for wind speed and about two hours for o^ and o v
ADJUSTED-MOS FORECAST
A combination of persistence forecasts and MOS forecasts can be
used to provide reasonable predictions for each predictand at any start
time. The following describes a method used for adjusting the MOS forecast. The goal of the adjustment process is to produce a forecast which
produces a RMSE smaller than that of the MOS forecast or persistence.
Since persistence times for o 6 and o. are quite small, about two hours,
the itsethodology was tested by using wind direction and wind speed. The
adjustment procedure was evaluated for start times that were 18 hours
after base times.
The MOS forecasts, F, for each of the five predictands U, V, wind
speed, Og and cu can be represented by
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Table 1. MOS Persistence Times for 0000 and 1200 GMT MOS Forecasts for all
Predictands for the Period May-December 1979
Start
Time
(GMT)

Elapsed
Time
(hr)

u

0900

9

5

1

5

3

2

2

5

5

1

4

1200

12

2

2

2

2

1

1

11

1

l

3

1500

15

6

1

6

4

1

1

11

2

1

8

1800

18

4

1

3

4

4

1

8

4

3

4

2100

21

3

1

2

4

1

1

8

2

2

2

0000

24

6

1

-

5

-

-

-

4

-

-

4.3

1 .2

3.6

3.7

1.8

1. 2

8.6

3.3

1.6

4.2

Avg Persistence
Times

MOS Persistence Times for Base Time 0000 GMT
10 m
91 m
243 ni
u
••
u
,
* z
%

-V

Start
Time
(GMT)

Elapsed
Time
(hr)

u

2100

9

2

i

1

2

1

2

6

2

1

3

Q000

12

6

1

1

5

3

1

4

9

4

4

0300

15

3

1

6

4

1

2

7

1

5

0600

18

3

3

7

4

1

1

11

6

1

2

0900

21

4

1

4

3

4

2

9

4

2

4

1200

24

2

1

3

5

1

1

6

3

1

1

3.3

1 .3

3.7

3.8

1.8

1. 5

6.7

5.2

1.7

3.2

Avg Persistence
Times

10 m

MOS Persistence Times for Base Time 1200 GMT
91 m
243 m
a
u
u
~*
h
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i=l,N

(1)

where i represents the valid time of the forecasts starting at hour 1
and continuing to hour N. The observed value of each predictand is
represented by

i=l,M

(2)

for the times 1 to M. Forecasts are verified by determining the error
in the MOS forecast for each time interval given by
= Fi " 0i
i=l,M

(3)

and then determining the average error, T, defined by
M
1 = 1 W^i ,
(4)
where W-; is a weighting function. This average error becomes the basis
for adjusting MOS forecasts..
An adjusted forecast, F 1 , is calculated by using
F1.
i=M+l,N

(5)

for times beginning at M+l and continuing to time N.
function which may or may not be equal to Wj.

i, is a weighting

Three different weighting functions were used. They are termed
constant, linear, and nonlinear and are defined by
W-j = j

constant

J

linear
W-j = —

nonlinear

J

where j is the number of hours measured forward or backward from the
start time and i varies from 1 to j.

305
Table 2 shows a comparison of RMSE for adjusted-MQS forecasts from
different weighting functions compared with MOS forecasts and persistence forecasts for wind direction and wind speed at the 243-m height.
The start times were 18 hours beyond base times of 0000 GMT and 1200 GMT.
The adjusted-MOS forecasts were obtained by using i=3 hours for the
determination of the average error (Equation 4 and weighting function
W-j), and i=6 hours for the adjustment period (Equation 5 a>:d weighting
function Gi).
The adjusted-MOS forecast for wind speed (u) produced smaller RMSE
than p rsistencp frrecasts for elapsed times of 5 hours. The adjustedMOS forecasts
or u produced RMSE smaller than the RMSE of MOS forecasts
for all va.;d times. The lowest RMSE in adjusted-MOS forecasts resulted
when nonlinear weighting functions were used for both the determination
of average error and the adjustment period.
An adjusted-MOS forecast of direction produced smaller RMSE than
the RMSE of MOS forecasts for elapsed times of three hours. However,
none of the adjusted-MOS forecasts produced RMSE less than the RMSE of
persistence by using an adjustment period of six hours. Experiments
were conducted with different adjustment periods. It was found that
for wind direction, an adjustment period of 12 hours made a significant
improvement.
Since the nonlinear weighting function produced lowest RMSE values
for 18-hour adjusted-MOS forecast, it was used for the remaining sensitivity studies. The final phase of the MOS validation studies was to
compare RMSE of adjusted-MOS forecasts with both persistence and MOS
forecasts for all release times. Table 3 presents persistence times
determined from RMSE of persistence and adjusted-MOS forecasts. Note
the adjusted-MOS persistence times are less than MOS persistence times
shown in Table 1. The average adjusted-MOS persistence time for wind
speed for all levels and base times is 2.0 hours. This represents a
50% reduction from tha average MOS persistence time of 3.9 hours. The
average adjusted-MOS persistence time for OQ and a* is 1.3 hours, which
is about 43% less than the average MOS persistence time of 2.2 hours.
The average adjusted-MOS persistence time of 6,6 hours for direction
with an adjustment period of six hours represents an improvement of 14%
ox the average MOS persistence time of 7.7 hours. The use of a 12-hour
adjustment period produced an overall adjusted-MOS persistence time of
3.6 hours representing an improvement of nearly 53%.
Table 4 shows an example of the effectiveness of MOS forecasts by
comparing RMSE values of adjusted-MOS forecasts and persistence forecasts with RMSE values of MOS forecasts for a height of 243 m. The
RMSE values represent averages for all start times listed in Table 1
for both 0000 and 1200 GMT base times. Thy duration of the forecasts
compared are 3, 6, 9, and 12 hours. An adjustment period of 12 hours
was used for all predictands.
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Table 2. Adjusted-MOS Forecasts - Start Time 18 Hours from Base Time
RHSE Mind Direction 243 m
Elapsed
Time

Regular PersistMOS
ence

Wi-Linear
Gi=Linear

Nonlinear
Nonlinear

Constant
Constant

Linear
Nonlinear

NonlinearLinear

Constant
Linear

Constant

Nonlinear

0

42.56

0. 0

0.0

0.0

0.0

0.0

'.0

0.0

0.0

1

43.06

11. 42

55.84

26.51

42. 65

49.54

64.57

53.85

55.01

2

42.65

19.,12

52.86

45.77

44. 45

65.07

59.96

51.28

60.55

3

46.19

21. 54

51.52

63.70

44. 58

57.75

57.27

50.32

55.48

4

45.27

22..64

48.91

54.29

48.,07

49.73

52.57

48.17

48.84

5

43.81

31..94

44.02

43.96

50. 18

43.02

46.12

43.80

42.76

6

39.82

33 .75

39,82

39.82

39,,82

39.82

39.82

39.82

39.82

7

45.73

34 .74

35.82

39.82

45,.73

39.82

39.82

45.73

39.82

8

40.24

38 .18

39.82

39.82

40 .24

39.82

39.82

40.24

39.82

9

43.88

40 .57

39.82

39.82

43 .88

39.82

39.82

43.38

39.82

10

43.16

39 .16

39.82

39.82

43 16

J9.82

39.82

«2. 10

39.82

47.61

49 .64

39.82

39.82

47 .61

39.82

39.82

47.61

39.82

Nonlinear
Linear

Constant
Linear

Constant
Nonlinear

11

RNSE Wind Speed 243 m
Elapsed
Time

0

Regular PersistMOS
ence

Wj=Linear
Gj=Linear

Nonlinear
Nonlinear

Constant
Constant

Linear
Nonlinear

2.19

0.0

0.0

0.0

0.0

0.0

0.0

1.73

0.0

0.0
1.39

1

2.05

1.25

1.47

1.62

1.30

1.51

1.91

2

2.27

1.85

2.06

1.89

2.12

2.04

1.94

2.16

1.87

3

2.34

2.19

2.21

2.07

2.46

2.18

2.13

2.27

2.36

4

2.43

2.44

2.35

2.28

2.59

2.34

2.30

2.38

2.38

5

2.53

3.03

2.51

2.50

2.84

2.50

2.48

2.52

2.52

6

2.90

3.55

2.90

2.90

2.90

2.90

2.90

2.90

2.90

7

3.14

3.96

2.90

2.90

2.90

2.90

2.90

2.90

2.90

8

3.36

4.75

2.90

2.90

2.90

2.90

2.90

2.90

2.90

9

3.67

5.40

2.90

2.90

2.90

2.90

2.90

2.90

2.90

10

3.58

5.7J

2.90

2.90

2.90

Z.90

2.90

2.90

2.90

11

3.35

£.79

2.90

2.90

2.90

?.9O

2.90

2.90

2.90

307

Table 3.

Star:
Time
(Gffl)

Persistence Times f o r 0000 and 1200 GMT Adjusted MOS Forecasts f o r a l l
Predictands for the Period May-Decsmber 1979

Elapsed
Time
(hr)

Adjusted
10 m

MOS Persistence Times for Base Time 0000 GMT
u

u

91 m
o0

6

243 m
u

Q9Q0

9

5

5

1200

12

3

2

1500

15

11

1

1800

18

8

2

2000

21

8

1

0000

24

Avg Persistence
Times

1.7

1.0 1.7

1.7

1.7 1.0

4.0

7.0

Elapsed
Time
(hr)

u

2100

9

1

1

1

1

1

1

4

6

0000

12

1

2

1

5

1

1

1

0300

15

1

1

1

2

1

1

0600

18

1

2

1

1

1

0900

21

1

1

4

1

1200

24

1

1

1

1.0

1.3

1.5

2.5

Adjusted MOS Persistence Times for Base Time 1200
10 m
91 m
243 m
a
U
u
9-f
9
u
6
8
°f

f

1.0 1.6

GMT
°6

a

1

1

1

4

3

1

1

1

1

3

1

2

1

2

11

6

1

1

1

1

8

9

4

1

1

1

2

1

-

6

2

1

1

1.8

1.2

1.0

3.2

6.2

3.2

1.0

1.2

°*

* Denotes wind direction forecasts adjusted using 12-hour adjustment period.

I

(p

4

Start
Time
(GMT)

Avg Persistence
Times

D

<t>

r
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Table 4. A Comparison of RMSE of Adjusted-MOS and Persistence Forecasts with
MOS Forecasts at a Height of 243 m
(AM represents RMSE Adjusted-MOS/RMSE-MOS;
P represents RMSE Persistence/RMSE-MOS;
Both are expressed as a percentage)

Predictand

3 hr
AM(%) P(%)

Hours from Base Time
6 hr
9 hr
AM(%) P(%)
AM(«) P(% )

Direction

66.,1

61. 5

93. 2

90 .9

97.6

114 .2

99. 9

136 .0

Speed

67.,7

74. 1

89.,1

129 .9

96.8

171 .2

99.,9

182 .2

°e

96..0

127.4

95.,9

157 .6

97.9

161 .4

99.,9

159 .3

OA

69,.8

85. 2

83,.7

131 .2

92.7

125 .1

99,.7

90 .7

12 hr
AM(%) P(% )

i I
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For the three-hour forecasts, the adjusted-MOS forecasts provided
about a 30% improvement over MOS forecasts of wind speed and direction.
For wind turbulence, the adjusted-MOS forecasts provide about a 10%
improvement. For six-hour forecasts, adjusted-MOS forecasts show about
a 10% improvement over MOS forecasts for all predictands. For 9- and
12-hour forecasts adjusted-MOS forecasts are only slightly better then
MOS forecasts. Persistence forecasts show RMSE values much larger than
MOS forecast for all predictands and elapsed times except for three- and
six-hour forecasts of direction. For these times, the persistence forecasts show a relative improvement in the MOS forecasts comparable to that
archived by the adjusted-MOS forecasts.
CONCLUSIONS
A technique was developed and tested to use the 30-hour MOS forecasts of wind and turbulence issued twice daily into SRP's emergency
response program. This study showed the technique for combining MOS
forecasts, persistence, and an adjusted-MOS forecast (by using a nonlinear weighting function) can be used to generate good forecasts at any
time of day. Wind speed and turbulence forecasts have been shown to
produce smaller RMSE than forecasts of persistence for time periods over
about two hours. For wind direction the adjusted-MOS forecasts produce
smaller RMSE than persistence for times greater than four hours. The
adjusted-MOS forecast technique is fully implemented into the SRP
emergency response program.
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MASS-CONSISTENT, INTERPOLATED W?MD FIELDS FOR COMPLEX TERRAIN
Ronald L. Drake
Chester H. Huang
Atmospheric Sciences Department
Pacific Northwest Laboratory
Richland, Washington 99352
ABSTRACT
Ma? .-consistent modeling is an attempt to derive "snapshots"
of the mean wind field over a section of terrain from given sets
of measured wind fields. The modeling scheme presented in this
paper is based on the assumption that the best mass-conserving
wind field is a strong function of the interpolation technique for
the measured winds and a weak function of the mass conservation
scheme. The proposed scheme includes the following special features:
a terrain-following coordinate system, an arbitrarily defined upper
boundary, and a provision for density stratification. The accuracy
and utility of the scheme was tested against an analytically derived
wind field flowing over an analytically defined terrain.
INTRODUCTION
The proper performance of an air quality model over complex terrain
requires, among other elements, a good description of the mean wind field.
Hence, the purpose of this paper is to derive a technique for calculating
mass-consistent, interpolated wind fields having the following features:
terrain-following coordinate system; density stratification; an arbitrary
undulating upper surface for the domain of computation; and horizontal
winds interpolated by a set of basis functions that satisfy mass-consistency when the transformed vertical wind is zero. An analytically derived
wind field over an analytically defined terrain is used to test the scheme.
DOMAIN OF COMPUTATION
Figure 1 shows a Cartesian grid (x, y, z) fixed over a section of
terrain, where
^ s (x, y) = elevation of the terrain referred to sea level (m),
H"(x, y) = upper surface of the domain (m), and
L y and L = horizontal dimensions of the domain (m).
The upper surface may be the base of an inversion layer, the tropopause,
an "imaginary" horizontal surface, or some other prescribed surface or
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THE CARTESIAN GRID

Lx & Ly » h
Figure 1. A Cartesian Grid Over a Section
of Complex Terrain
layer. Usually, we assume that
L and L » K(x, y) =ff(x,y) - z (x, y ) .

(1)

MASS-CONSISTENT MODELING
Mass-consistent modeling i s an attempt to derive "snapshots" of the
mean velocity f i e l d at a discrete set of times t , t-,, . . . t . The
usual s t a r t i n g point of mass-consistent modeling is a discrete p set of
spatial and temporal wind measurements taken at various points i n and
around the domain in Figure 1 . This set of quantities may also be derived
by large-scale model simulations. However, f o r measured winds, the v e r t i cal component i s rarely given. The next step i n the process is the a p p l i cation of a temporal-spatial, interpolation-extrapolation scheme to the
measured f i e l d s , resulting in a continuous v e l o c i t y f i e l d in space and a
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discrete f i e l d in time. Finally, the set of interpolated-extrapolated
fields are converted into mass-consistent flow fields for the times t Q ,
t , , . . . t . Mass consistency is guaranteed by having the converted
fields satisfy the continuity equation

<L%H+u

+v

+w

-0.

(2)

where
7 = (u> V, w) = mean flow f i e l d (m/s),
• *

->

p = p (x, y, z, t) = air density (kg/m ).
THE ANELASTIC ATMOSPHERE
The anelastic assumption of Oyura and Phillips [1] reduces the first
term in Equation (2) to

[In pfc,

{3)

where fT is only a function of z. This approximation eliminates the propogation of sound wavejs and is valid for mesoscale^ flow problems. I f the
depth of the domain h is less than about 3 km, p can be replaced by a constant. Combining Equations (2) and (3) gives the governing equation for
an incompressible, density-stratified flow:

For most mesoscale a i r quality applications, the atmosphere is a small
perturbation from a dry adiabatic atmosphere. Under this assumption, Drake
et al [2] showed that a 30% variation in atmospheric thermal structure at a
given level (from unstable conditions to stable conditions) w i l l result in
less than a 10% variation in density. Hence, for mas£-consistent modeling
on the mesoscale, the dry-adiabatic relationship for p is sufficient:
P(Z)

- P(o) [1 - / ]
a

,

where
c 9
Ha = height of the adiabatic atmosphere = - = — = 102.4 0 (m),
C = specific heat = 1004.5 (m2/sec2 - °K),
g = gravitational acceleration = 9.81 (m/sec ),
p(o) = air density at sea level = 353.1/0 (kg/m ),
G = potential temperature of the dry adiabate (°K).

(5)
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For usual values o f 6 , the height H i s approximately equal to 30 km (well
above the tropopause).
TERRAIN-FOLLOWING COORDINATE SYSTEM
To improve the i n t e r p r e t a t i o n and interpolation o f measured wind
f i e l d s , the Cartesian domain i n Figure 1 is transformed to a unit cube
defined by an ( a , 6, Y ) coordinate system:
x = Lx a ,

(6)

y • Ly

(7)

B.

z = z s + Yh = z s + Y h .

(8)

The "barred" parameters and dependent variables defined above transform to
"unbarred" quantities in the (a, 6. Y ) system. Equation (4) transforms to
U

+V
'a

+ W
'3

= AU + BV,

(9)

*Y

where
U = p u h,

(10)

L
V = T-^-P v h,
y
W = pL w -p z - p Y H,
x
s
z
A = {in p) - [In p) [ -%& + y[ln h) ] ,

(11)
(12)

B = Un P) >e - Un p ) j Y [ - p - + y{ln h ) ^ ] ,

(14)

(13)

The integral of Equation (9) with respect to Y is
Y

W = -f

[ U > a + V jB - AU

b
where W (a, 6, o) - 0.

- BU] d y.

(17)
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The quantities A and B in Equation (9) ?~Q identically zero for the
dry adiabatic density given in Equation (5),
~, greatly simplifying
B )

f
I
r

ijf thejsdi vergenceit o f

,

^

4

W: = £&fl| + -ft.

h

(18)

That is;, the wjjnds^are conformally controlled by the t e r r a i n (Figure 1) and
the upper surface H.
MASS-CONSERVING INTERPOLATION SCHEME
The "mass-conserving" interpolation scheme that we propose i s given by
n
(U, V) = 2 E M Y ) B. ( a , 3 ) . g,(Y) C ( a , 3 ) ] ,
(19)
i=o

where n + 1 represents the number of wind stations (locations of the
measured wind profiles) in and around the domain of computation. The basis
functions B- and C. are polynomials in a and 3 such that Equation (19) will
automatically satisfy the conservation of mass if the divergence of (U, V)
is zero. (Table 1 gives the first 30 functions). The amplitude functions
f. and g.. are obtained from the measured wind fields for a reasonable number of levels (values of y). Thus, the components (U, V) will coincide
with all measured data points, will automatically conserve mass if there
is no stratification, regional lifting or subsidence, and veering or backing of the wind, and will automatically give a vertical component w that is
produced by the forcing of the terrain and the upper surface H.
The formula for W in terms of Equation (19) is
n
W

-

r
(a, 3) 4 : [g t (Yl - f t (Y)3 d Y .

(20)

Finally, the wind f i e l d (IT, 7, w) over the original domain (Figure 1) is
obtained from the application of the coordinate transformation to (U, V, W).
AN ANALYTICALLY-DERIVED FLOW FIELD
The efficiency and accuracy of interpolation schemes and wind f i e l d
simulations can be effectively checked i f an analytically-derived wind
f i e l d i s given over an analytically-defined terrain. An example terrain
that has sufficient complexity is given by
z s (meters) = 2100 - 1200 a3 + 900 a exp [-2 (23 - a ) 2 ] +
600 erp [-2 (23 + a - 2 ) 2 ] + 2100 exp [-4 (23 - I ) 2 - 4(2a - I ) 2 ] , ( 2 1 )
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Table 1.

Examples of the Basis Functions Bi and
C.s and the Derivatives B. „
1

i

B

C

i

i

1 jCX

B

i,a

i
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where L = 400,000 m and L = 500,000 m. The value of 0 is assumed to be
300°K aftd H is given by y
H(meters) = 2000 + z% + 100 exp (a - R).

(22)

A test flow field over this terrain is given by
(U, V) = av 1/4 ea(cosB, - sinB) + a^ 1 / 4 be a ([l - Y ] COSB, YSinB) + ay 1/4 c6(a, B).

(23)

The corresponding formula for W is
W = [8/9 abeacos ] [ y 5 / 4 ] [ > - 9/10] +[4/5 acB][> 5 / 4 ],

(24)

where reasonable candidates for (a, b, c) are (a, b) = (15,000, 0),
(7,500, 1), (1,500, 10) and c = 0, +1/10. When b = c = 0, (U, V) is a
divergence-free f i e l d . The second term on the right of Equation (23)
(b t 0) simulates a turning velocity vector in the vertical, while the
third term (c f 0) simulates a slow l i f t i n g or sinking of the atmosphere
over the domain of computation.
Using 15 points over the domain of computation as "weather stations,"
we have checked, with f a i r success, the interpolation scheme given in
Equations (19) and (20) against the exact expressions for (U, V, W) given
in Equations (23) and (24). I f there are sufficient "weather stations" for
defining a f i e l d in the transformed system, the interpolation scheme and
the resultant values of W w i l l adequately describe the (U, V, W) field over
the entire domain. Applying the inverse transformation (inverse of Equations (6) to (8)) to (U, V, W) will give adequate values for (u, v, w) i f
the derivatives in Equations (15) and (16) are accurately approximated.
Thus, the "burden" of the present scheme, as well as any other mass-consistent modeling technique, is on the interpolation scheme, ana not on the
manner in which one attempts to conserve mass.
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ANALYSIS OF DISPERSION MODELS USED
FOR COMPLEX TERRAIN SIMULATION
A l l a n J . Fabrick
Peter J . Haas
Atmospheric Science D i v i s i o n
Radian Corporation
A u s t i n , Texas 78766

ABSTRACT

Gaussian and grid complex terrain dispersion models are used to
simulate the behavior of a point source plume as it travels over a
bell-shaped hill. The simulations are performed for neutral and
stable flows and for effective stack heights of 20% and 80% of the
hill height. Streamline displacement and plume impingement heights
predicted by the EPA VALLEY, COMPLEX I, and COMPLEX II Gaussian
models and by the IMPACT numerical grid model are compared with laboratory data obtained from wind tunnel and stably stratified towing
tank studies. Surface concentrations predicted by IMPACT are compared to the EPA Gaussian models. While failing to capture the details of the laboratory flow field the IMPACT, VALLEY, and COMPLEX I
models are in general agreement. The concentrations predicted by the
COMPLEX II model are an order of magnitude greater than those predicted by the other models.
INTRODUCTION
The importance of accurate complex terrain dispersion models has been
acknowledged for many years. Generally speaking there have been two modeling approaches. The most frequently used approach has been to modify the
basic Gaussian plume model to account for the effects of complex terrain
on the elevation of the plume center!ine and on plume dispersion. Prototypical of this approach are the Environmental Protection Agency models
VALLEY, COMPLEX I, and COMPLEX II. The other approach has been to employ
some form of finite difference solution algorithm to calculate a nondivergent wind field, to use an eddy diffusivity model to calculate atmospheric dispersion properties and then to use a numerical solution technique
to solve the conservation of mass equation. Many grid models designed for
complex terrain simulations have been restricted to research applications
because of computer resource requirements. The IMPACT model developed
for the California Air Resources Board is a typical application-oriented
grid model.
The focus of this paper is to compare these two modeling approaches
for a simple source-terrain configuration under neutral and stable flow.
Because of the lack of a comprehensive data base, particularly for stable
flow conditions, the results of a physical model study performed by the
Environmental Science Research Laboratory were utilized. Unfortunately,
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at this time only the data concerning flow structure has been published;
it was not possible to compare predicted pollutant concentrations with
laboratory results.
METHODS
Physical Model
The initial results of an EPA research program reported by Hunt et al.
[1] describes the flow structure observed over a bell-shaped hill (polynominal in cross section) in neutral wind tunnel and stably stratified
towing tank studies. Flow visualization techniques were used to obtain
both qualitative and quantitive information on the flow structure around
the hill. In particular, the location of the surface impingement height
from an upwind source and the displacement of streamlines above the hill
surface were identified for a range of source heights and density gradients.
A perspective view of the hill model used in the study is shown in Figure 1.
Two model sizes were used; a 23 cm hill was used for the wind tunnel and
large towing tank experiments and a 5 cm hill was used for the small towing
tank tests.
Gaussian Models
The EPA VALLEY model [2] and two alternative complex terrain screening
models COMPLEX I and COMPLEX I I [3] were used to simulate downwind surface
concentrations along the plume centerline. The VALLEY model characterizes
lateral dispersion by sector averaging and vertical dispersion using the
Pasquill-Gifford dispersion curves. For neutral and unstable conditions
the plume centerline remains at a constant height above the t e r r a i n ; for
stable conditions the plume centerline remains horizontal. After plume
terrain impingement an additional correction factor is used to account for
horizontal deflection. The VALLEY model is used with an assumption of F
s t a b i l i t y and a wind speed of 2.5 m/s to simulate worst-case 3-hour surface
concentrations.
The COMPLEX I model is almost identical to VALLEY but is designed to
use hourly meteorological data. For neutral and unstable conditions the
plume centerline follows one-half of the terrain height variation. The
COMPLEX I I model i s identical to COMPLEX I except that the lateral dispersion is given by the horizontal Pasquill-Gifford dispersion curves instead
of the sector averaged method used by VALLEY. For the COMPLEX I and COMPLEX I I simulations we assume that F s t a b i l i t y and a 2.5 m/s wind speed represent worst-case dispersion conditions.
IMPACT
The IMPACT model was designed to treat a general class of complex
source-meteorological situations [ 4 ] . To provide t h i s generality, the ,,iode l , which is based on a three-dimensional cartesian g r i d , is composed of
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several submodels. In this study an inert pollutant and a specified plume
height were used, thus focusing the study on the wind field, diffusivity
field and conservation of mass submodels.
The wind field submodel uses an objective analysis technique to produce stability and terrain dependent non-divergent wind fields consistent
with observed wind data. The stability dependence of the wind field is obtained by the use of empirical transparency coefficients which allow for
different corrections to local divergence in horizontal and vertical directions.
The diffusivity submodel used for this study was developed by T. B.
Smith [5] and adapted for IMPACT. The conservation of mass equation is
solved using an algorithm based on a flux corrected version of Crowley's
second-order advection method. The reader is referred to reference [4] for
additional information on the IMPACT model.
All simulations made by IMPACT in this study were performed using a
40 x 29 x 23 grid with a resolution of 100 meters x 100 meters x 30 meters.
RESULTS
The data obtained by the physical modeling study was scaled to a hill
size, h, of 400 meters by maintaining consistency of the Froude number, F.
Using the relationship between temperature gradient and atmospheric stability [6] and assuming an ambient temperature of 25°C and a wind speed of
2.5 m/s results in a Froude number for G stability of less than 0.15, for
F stability between 0.2 and 0.15 and for E stability a Froude number of
0.5 to 0.2. For D stability the Froude number would vary from 0.5 to
infinity.
_
The displacement of streamlines, n , above the hill surface plotted
against the upstream height, H , is shown in Figure 2 for the neutral flow
wind tunnel and towing tank studies, the IMPACT wind field simulation for
neutral flow and the plume centerline assumptions used in the Gaussian
models. Figure 3 presents the plume impingement height, z., plotted as a
function of source height, H , for stable flow as measured in the towing
tank test for Froude numbers from 0.2 to 0.8 and as predicted by the IMPACT
results for stability classes E, F, and G. The assumption of horizontal
plume trajectory used in the Gaussian models is represented by the diagonal
line in Figii e 3.
The surface concentrations along the plume centerline were calculated
for stability classes D and F for a point source located 2.25 km from the
hill mid point. Initial plume heights of 80 ana 320 meters (20% and 80%
of the hill height) were assumed. The results of the calculations for
neutral flow are shown in Figure 4 The predicted surface concentrations
for F stability and initial plume heights of 80 meters and 320 meters are
shown in Figures 5 and 6, respectively.
DISCUSSION
IMPACT results were in close agreement with the COMPLEX I and COMPLEX
II assumption that streamline displacements follow one-half of the terrain
height variation for neutral flow. These predicted vertical displacements
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are greater than those observed in the EPA study. In light of these results, the vertical displacements assumed by VALLEY in cases of neutral
stability seem to be unrealistically high. It should be noted that IMPACT
uses a free upper boundary condition for the flow field, in contrast to the
physical "lid" found in both tow tanks and wind tunnels. By setting the
w-component of the wind velocity equal to zero at the upper boundary,
correlation between IMPACT and laboratory results may be improved.
Under conditions of stable flow, it is apparent that neither IMPACT
nor the Gaussian models capture the complex flow phenomena observed in the
laboratory. Specifically, the models do not predict the upward and downward streamline displacements which occur near the top and base of the
hill, respectively. The models show essentially no streamline displacements, a situation that most closely approximates very stable flow (Froude
number <0.2). Since very stable flow is the "worst-case" condition usually
chosen for modeling pollutant dispersion, the difficulties encountered in
simulating the flow field may not detract from the models' usefulness in
air pollution control studies. By adjusting the transparency values in
IMPACT, making them functions of temperature gradient and not stability,
model performance may be improved. Another alternative would be to discard
empirical transparencies and solve the full set of Navier-Stokes equations.
This approach, however, would be an order of magnitude more costly than the
IMPACT technique.
Although no laboratory data has been published with which to compare
fie models, the model concentration predictions can be examined for consistency. In all cases, the COMPLEX II model predicted pollutant concentrations about an order of magnitude higher than those predicted by the other
three models. Under conditions of neutral flow, IMPACT predicted concentrations two to three times higher than those predicted by VALLEY. Under
stable conditions, however, IMPACT concentration predictions were only
about 30% greater than VALLEY values for the 80 meter stack and only 10%
greater for the 320 meter stack. Reasons for the discrepancies between the
two models could include the lack of resolution in the IMPACT grid (only
two cells below the 80 meter stack), and the diffusivity model used in
IMPACT (the diffusivity model used in this modeling exercise does not consider the variations with height of the characteristic length scale of atmospheric turbulence). A solution to this problem may be to use the diffusivity model developed by Myrup and Ranzieri, [7], which is an option
currently available in IMPACT.
The results of this paper are only valid for the particular configuration that we examined. Additional laboratory studies and computer simulations of stable and neutral flow for different obstacle shapes and sizes
vould be needed to generalize this discussion. Furthermore, the extrapolation of tow tank results to the atmospheric environ;,'.:5t is uncertain
n'nce, unlike the atmosphere, the tow tank experiments are characterized
by constant velocity profiles and low Reynolds number flows. The EPA is
currently sponsoring an effort to conduct tracer studies at an isolated
hill in Idaho in order to develop a comprehensive data base. The results
of this study, when available, will be invaluable in complex terrain model
development and validation efforts.
A final comparison between the Gaussian and grid model techniques is
their extension to dispersion modeling in realistic non-idealized terrain.
The grid model is clearly more general, since it can incorporate observed
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wind data at m u l t i p l e locations and is not r e s t r i c t e d (as are the VALLEY
and COMPLEX models) t o the windward side o f a h i l l under stable conditions.
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SPATIAL VARIABILITY OF RAIN WATER IMPURITIES IN MESOSCALE EVENTS
Donald F. Gatz
Daniel Q. Naiman
Atmospheric Sciences Section
Illinois Institute of Natural Resources
State Water Survey Division, Urbana, Illinois 61801
ABSTRACT
Information on spatial variability of rain water impurities
is important to assessing the accuracy of atmospheric deposition
estimates. The time period of deposition that is of interest
ranges from a single event to monthly or annual, depending on the
application. Of the few measurements of rain water impurity variability that exist, most are for monthly deposition over space
scales measured in hundreds of kilometers.
This paper reports variability of soluble Li, Na, Mg, K, Ca,
and Zn over 14 single events, measured by 80 collectors over
2000 km2 near St. Louis during summers, 1972-1974. Variability
is expressed in terms of the distance at which correlations drop
to 0.5 (the correlation distance). We observed correlation distances ranging from 0.9 to 3 km, for event deposition, in sharp
contrast to correlation distances of 100 km or more measured
previously for monthly concentration and deposition. Taking
account of these correlations results in decreases in the
confidence intervals about the network mean. For the impurities
measured, these improvements ranged from 19 to 46%, relative to
those obtained when correlations were ignored.
INTRODUCTION
Information on total rain volume over an area is useful to a
variety of scientists and engineers. The specific time period of the
rain accumulation that is of interest varies with the application of
the information. For example, engineers responsible for urban storm
water runoff are concerned with time periods measured in hours, while
those interested in crop yields may need weekly or monthly values.
Similarly, users of information on total deposition of the
impurities in rain will vary in their requirements for the time period
of the deposition measurements. Atmospheric scientists measuring the
deposition of tracer materials released into a thunderstorm or charting
deposition patterns of different impurities to learn more about
precipitation scavenging processes need measurements on the time scale
of individual storm duration. However, those concerned with long-term
trends in deposition, or with nutrient budgets in a watershed, may be
satisfied to know seasonal or annual inputs.
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Similarly, if rainfall varied, but rainfall constituent
concentrations were uniform over an area, we could estimate the
deposition of constituents from a single rain water collector (to
provide a sample for analysis) and multiple raingages. However, again,
concentrations vary spatially within rains, so multiple collectors are
required to estimate the mean or total deposition in an area.
Intuition tells us that the greater the variability of rainfall or
rain impurity deposition over an area, the greater the number of raingages or collectors that are required to reach a given accuracy in
estimating the area mean. Thus, several earlier studies have been
directed toward measuring variability of rainfall or deposition over
areas of varying size and over time periods of varying length. Some
of these have emphasized the sampling requirements for various purposes,
while others have been concerned with evaluating the accuracy achievable
for a given network size and instrument spacing.
The purposes of this paper are 1) to show the spatial correlation
structure of rainfall and rain water impurities in single convectivj
events, and 2) to show how taking account of spatial correlation
improves the accuracy of deposition measurements.
MODEL DEVELOPMENT
Our first step was to develop estimates of the mean rainfall, or
of the mean impurity deposition or concentration over some area, using
observed values at a number of discrete points within the area. The
usual estimator for this value is simply the sum of the observed values
divided by the number of observations.
It has been shown previously [1] that the variance of any linear
unbiased estimator (including the sample mean) is the product of the
point variance (i.e., the usual variance of the network observations)
and the variance reduction factor (VRF). The VRF depends only on the
correlation function (i.e., the variation of the correlation coefficient
with distance between samplers), and the geometry of the network (i.e.,
sampler density, number of samplers, and the shape and size of the
network).
The VRF that might be chosen by an analyst who does not take
account of the correlation between observations would be the reciprocal
of the number of observations. For our network of 80 collectors, this
VRF is 1/80, or 0.0125. The square root of the variance reduced in
this way is, of course, the standard error of the mean.
To take account of correlation between sampling points, we adopted
a model of the correlation function that is a smooth non-negative
function which decays monotonically to zero in any direction from the
origin. This expresses our belief that the correlation between samplers
should be near one when they are ^ery close, and decrease to zero as the
distance between the collector? increases.
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For the 1972-1974 METROMEX precipitation chemistry network, we
computed VRF's for the simple exponental correlation function
p(r) = e ' k r

[1]

where r is the distance between collectors. Results are shown in
Figure 1 for the VRF of the sample mean as a function of the observed
parameter k. The figure also shows (solid curve) the relative improvement over the standard error of the mean that results from taking
account of spatial correlation.
RESULTS
Our data base consisted of 14 events from 1972-1974 having
measurements of soluble L i , Na, Mg, K, Ca, and Zn. Figure 2 shows the
variation of correlation with sampler separation distance f o r r a i n f a l l ,
where the individual points are mean values f o r a l l combinations of
samplers i n a given separation interval and over a l l 14 events.
Standard error estimates of the correlations are also shown as a function
of sampler separation at the bottom of Figure 2. The s o l i d curve is
the maximum likelihood f i t to the data p o i n t s , using the exponential
function [ l ] above.
Similar results are given f o r Ca deposition in Figure 3. The
correlations for Ca concentration (not shown) decayed \/ery rapidly to
zero, indicating l i t t l e or no spatial c o r r e l a t i o n . Fur r a i n f a l l and
deposition (Figures 2 and 3) the estimated correlations were usually
negative f o r separations beyond about 20 km, so the family of functions
used f o r f i t t i n g was not i d e a l . However, t h i s probably had a minor
effect on the degree of variance reduction achieved since the short
distance correlations tend to be much larger than the more distant
correlations in terms of absolute value.
A summary of results f o r r a i n f a l l and the soluble portions of six
elements i s given i n Table 1. The results are summarized i n terms of the
parameter k in the exponential correlation function, the corresponding
separation distance, r o . 5 , at which the correlation becomes 0.5, the
VRF-. and the relative confidence interval ( i . e . , compared to the standard
error) on the network mean deposition when spatial c o r r e l a t i o n i s
accounted f o r .
The results show that the dropoff i n correlation was most rapid f o r
L i , which reached a correlation of 0.5 at a separation of only 0.87 km,
and least rapid f o r r a i n f a l l , f o r which rg.5 = 3.0 km. Soluble Zn had
the second most rapid decrease in c o r r e l a t i o n , while the remaining
elements were clustered at rg.s values only s l i g h t l y smaller than that
of the r a i n f a l l . The corresponding r e l a t i v e confidence i n t e r v a l s on tHe
areal mean deposition, taking account of spatial c o r r e l a t i o n , ranged from
0.54 to 0.81 of those that would be obtained otherwise. Thus, taking
account of spatial correlation gave improvements over the usual standard
error ranging from 19 to 46%. The e f f e c t that accounting f o r spatial
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Table 1. Summary of results for rainfall and soluble element
deposition for 14 events in 1972-1974 METROMEX
precipitation chemistry network
k

Rainfall

Li
Na
Mg
K
Ca
Zn

ro.5.
kn
3.0
0.87
2.8
2.4
2.8
2.8
1.5

i

km'1
0.234
0.795
0.244
0.291
0.250
0.247
0.451

VRF

^VRF/0.0125
0.54
0.81
0.54
0.58
0.55
0.54
0.68

0.0036
0.0082
0.0037
0.0042
0.0038
0.0037
0.0058

0.012
VRF (left scale)

O.O1O

1.0
0.8
/O.O125 (right scale)

q
d

0.6
0.4
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Figure 1.
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correlation has on the uncertainty of a measured network mean is
i l l u s t r a t e d for a typical event in Table 2.
Table 2. I l l u s t r a t i o n of the effect of taking account of
correlation on the uncertainty (95% confidence i n t e r v a l )
of the network mean deposition for a typical event

Units
Rainfall

Li
Na
Mg

K
Ca
Zn

cm
pg cm"^
ng cm"2
ng cm"^
ng cm"^
ng cm
ng cm"^

95% Confidence Interval
Accounting for
Sample Not accounting
correlation
for correlation
mean
± 0.23
± 0.13 ( 8%)
1.55
(10%)
240.
± 28.
± 23.
± 18.
( 7%)
274.
± 34.
± 21.8
± 12..6 (22%)
56. 9
±139
±253.
651.
(2*i«)
4830.
±690.
±370.
( 8%)
17. 1
± 5..0 (29%)
± 7.4

DISCUSSION AND CONCLUSIONS
This is a unique s e t of data on precipitation impurity v a r i a b i l i t y ,
since i t was collected in single events in summer, and over a r e l a t i v e l y
limited area (2000 km2) near a large urban center. I t shows a much more
rapid dropoff in the s p a t i a l correlation function than has been observed
in monthly samples, for example. In 14 summer events from 1972 to 1974,
the mean correlation function for r a i n f a l l dropped from 1.0 to 0.5 in
3.0 km. The correlation function for deposition of soluble impurities
dropped even more rapidly. Zinc, which i s known to have a number of
point sources in the a r e a , reached a correlation of 0.5 in only 1.5 km.
The dropoff for Li was even more rapid, but the reasons for t h i s behavior
are not clear. Perhaps, as we have suspected for some time, i t too has
point sources in the area. I t is also possible that the behavior of Li
may also be related to i t s use as a t r a c e r in a number of the events
analyzed.
This rapid decrease of the correlation function with distance for
events stands in contrast to previous r e s u l t s for monthly samples.
Karol and Myatch [2] observed that correlations of several elements or
ions reached 0.5 at distances ranging from 90 to 450 km in the USSR,
and Granat [3] obtained very similar r e s u l t s in Sweden.
For rainfall and the soil derived elements, which have rather
uniformly distributed sources, taking account of the s p a t i a l correlation
of deposition gives confidence intervals on the network mean that are
about half of those t h a t would otherwise be obtained. For elements
such as Zn, which have more localized sources, there i s s t i l l improvement,
but not as much; the improvement i s about 30%.
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I t should be noted that these resu'Us were obtained from sampling
during summer seasons, when convective rainfall is prevalent. Convective
rainfall is known to be more variable than that f a l l i n g from layered
clouds. In addition, the influence imposed by the city on both pollutant
source distributions and downwind rain fall may also contribute to
increased variability in this data set.
At this point in the research, and for the conditions sampled, i t
appears that between rainfall i t s e l f , deposition of impurities, and
concentration of impurities, rainfall has the most spatial correlation.
Deposition of elements having relatively uniform sources, such as Mg, Ca,
K, and Na from the earth's crust, has slightly less spatial correlation
on an event basis. Impurity concentrations have very l i t t l e spatial
correlation.
These results indicate that i t requires a relatively dense network
(on the order of 5 km spacing) of collectors to attain accuracies (95%
confidence limits) of ±10-30%, depending on the element measured, in
single convective storms. Such events are worst cases, however. Lesser
densities should give comparable accuracies in non-convective precipitat i o n , or over longer sampling periods.
These data can also be used to guide the design of new collection
networks. Network design is beyond the scope of this paper, however.
Future research on rain impurity variability should concentrate on
time periods between event and monthly, for which some data are now
available. Weekly data are now becoming available from the National
Atmospheric Deposition Program (NADP). Similar evaluations of NADP
weekly data, and their monthly, seasonal, and annual composites, should
be done soon to evaluate their usefulness for their intended purposes.
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CONCLUSION OF A UK WORKING GROUP UN A MODEL
FOR ATMOSPHERIC DISPERSION CALCULATIONS
3.A. Jones
National Radiological Protection Board
Harwell
Didcot
Qxon
England

ABSTRACT
In December 1977 a meeting of representatives of UK
Government departments, utilities and research organisations
uias held to discuss methods of calculation of atmospheric
dispersion for radioactive releases. Those present agreed on
the need for a review of recent developments in atmospheric
dispersion modelling and an expert Working Group was established
to carry out the review. The Working Group has confined its
attention primarily to models for application in the context
of authorisation and licensing in the UK.
The first report of the Group has recently been published.
It gives recommendations for the estimation of the dispersion
in the short and medium range (i.e. about 100m to a few tens
of kilometres from the source) of a material which does not
deposit from the atmosphere. The models recommended by the
Group are described.
INTRODUCTION
In December 1977 a meeting of representatives of UK Government
departments, utilities and research organisations was held to discuss
methods of calculation of atmospheric dispersion for radioactive
releases. Those present agreed on the need for a review of recent
developments in atmospheric dispersion modelling and an Expert Working
Group was established to carry out the review. The National Radiological Protection Board has provided the chairman and secretary of the
Working Group. The conclusions reached by the Working Group are being
published in the National Radiological Protection Board's normal report
series. The reports are intended to provide practical guidance on
estimating dispersion following radioactive releases to atmosphere and
do not have the same status as USNRC Regulatory Guides. The models are
intended primarily for use in authorising and licensing discharges from
nuclear sites.
The first report of the Working Group, which hes recently been
published [1], presents a model for dispersion in the short and medium
range from an isolated stack. It is restricted to neutrally buoyant
material which does not deposit either by dry or wet deposition.
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The present paper briefly reviews the same subject area as the first
report. The Working Group has made considerable progress towards
proposing extensions of its original modal to include building entrainment,
mat and dry deposition and long range dispersion (to about 1000 km from
the source) for both short duration and continuous releases.

REASONS FDR THE CHOICE OF DISPERSION MODEL
When considering which model to recommend the Group took account of
the needs expressed at the meeting at which it was established. Great
importance was put on the need for a model which can be simply applied
without the use of computers and for which meteorological data are
readily available. The Group also considered the accuracy required in
estimating dispersion processes and the relative accuracy of models of
different levels of complexity. As a result of these considerations the
Group recommended for short duration releases a Gaussian Plume Model and
for continuous releases a model which combines a vertical Gaussian
distribution of activity with a uniform horizontal distribution across
a sector.
Other models such as eddy-diffusivity models exist which represent
better the physical processes of turbulsnt diffusion in the atmosphere.
To date these have had only a limited application in estimating dispersion of radioactive releases. They generally require more computer
time than simple models and it is not easy for the non-specialist user
to relate the values of parameters involved to readily measurable
meteorological quantities. Furthermore, there seems to be little
evidence that the mere complex models give either sufficiently different
results or greater confidence in the results when compared with simple
Gaussian models to .justify the additional cost and complexity of their
use. This should not be too surprising as values for parameters used in
Gaussian plume models are frequently derived from results of calculations
using more complex models. The Group considered procedures currently
being developed which may enable the values of parameters in one diffusivity model to be related to easily measurable quantities [2]. However,
it sBemed unlikely that this scheme could be fully developed and validated
for several years. For these reasons the Group recommended a Gaussian
Plume Model.
THE RECOMMENDED MODEL
The model recommended in the first report is only applicable to a
neutrally buoyant, non-depositing radioactive material released from an
isolated source; giving results for dispersion over distances of up to a
few tens of kilometres following short (a few hours) and continuous
releases.
The model for short releases
The model for short releases assumes a Gaussian distribution of
activity in the horizontal direction and a Gaussian distribution,
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modified by the effects of reflection from the ground and the top of the
mixing layer, in the vertical direction. A uniform vertical distribution
of activity is assumed at distances where the vertical standard deviation,
a , is greater than the depth of the mixing layer.
In these two situations the activity concentration, C, is given by :-

/2TT U 1 0
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1
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Fz(h,z,z±)
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where x, y, z are rectilinear co-ordinate
U
1Q is the wind speed at 10m
Zi is the depth of the mixing layer
h
is the effective source height
and
a a are the standard deviations of the horizontal and
y vertical activity distributions.
The Group considered that, although both wind speed
standard deviation are functions of height above ground,
UGy is essentially independent of height. Therefore the
wind speed at 10m, readily available from meteorological
formulation of a applicable to low level sources.

and horizontal
the product
model uses the
data, and a

The model for continuous releases
Ilia model for continuous releases assumes the same vertical activity
distribution as that for short releases and also assumes that the horizontal distribution is uniform over a sector. The activity concentration
in any atmospheric stability category is therefore given by:-
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C(r,z)

=
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r,~ ,,
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X

J

indicates stability category
is the horizrntal distance from the source
is the height above ground
is the angular width of the sector
is the wind speed at source height
is the effective source height
(h,z,Zi) is given by equation (2) for category j .

The annual average concentration, C^, in any sector i is then given
by:C

(r,z)

iiihera

f^j

=

ZL f.,

C

(r,z)

is the fraction of the time for which the wind
blows into sector i in stability category j .

The <.,se of the windspeed at the source height in equation (3) is
considered to give the best prediction of ground level concentration.
THE CHOICE OF METEOROLOGICAL DISPERSION CATEGORY
The stability classification scheme most widely used up to now in
connection with radioactive releases in the UK is that due to Pasquill,
which is largely qualitative. The Group adopted the more quantitative
scheme proposed by Smith [3] which was developed from the original
Pasquill formulation. The stability category is derived from the vertical
sensible heat flux and wind speed at a height of 10m. The scheme includes
a nomogram to enable the sensible heat flux to be derived from the time
of day, date and the amount of cloud cover. The scheme extends Pasquill's
original system by including a very stable category, G.
THE CHOICE OF DISPERSION PARAMETERS
The Group, in its first report, stressed the importance of using
dispersion parameters which are, as far as possible, specific to the
site or the time of release. However, the Group recognised that in many
cases sufficient meteorological data to estimate all the parameters
would not be available. In this situation the recommended dispersion
parameters for each stability category are described below.
Mixing layer depth and windspeed
The actual mixing layer depth is unlikely to be known in the
majority of cases. The Group recommended the use of a nomogram produced
by Smith for estimating mixing layer depth during the daytime from the
time of day; date, the windspeed and the amount of cloud cover [4].
Typical values were also given for use when the data for this nomogram
are unavailable. These values are given in Table 1. The Group also
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recommended average values of the windspeed in each category for use
when the actual windspeed is unknown; the values are given in Table 1.
The vertical standard deviation of the plume a
The vertical standard deviation of the plume is a function of
downwind distance, atmospheric stability and ground roughness length.
The Group recommended the scheme derived by Smith [3] for estimating
Q
z in terms of these quantities.
The horizontal standard deviation of the plume a
The horizontal spread of a plume is the result of turbulence
processes and fluctuations in the wind direction. These two processes
can be considered to act independently. The formulation for Oy for
release durations greater than about 30 minutes chosen by the Group is
that due to Moore [5],

o2
y

= o*
yt

where
and
a

yw

+ c2
yw

(5)

a , i s the turbulent diffusion term
ay i s the component due to fluctuations in wind
yw direction; given by

= ax
0

or
where

and

9 is the standard deviation of the horizontal wind
direction when averaged over consecutive three
minute periods and sampled over the release
duration
T
is the release duration in hours.

The Group considered that the contribution due to turbulence can be
adequately represented by values for a y appropriate to a release of a
few minutes duration and recommended the Pasquill-Gifford formulation

[6].
This form of horizontal distribution is used for any release
duration greater than about 30 minutes provided the average wind
direction and stability category remain constant during the release.
Category and wind direction distributions f. .
The Group recommended that, in calculating average concentrations
ovsr periods of months or years, the values of f^j used in equation (4)
should be based, as far as possible, on site-specific data. The
Meteorological Office in the UK can supply such data for a large number
of sites and data for the nearest available site should be used in the
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absence of site-specific data.
30° sectors.

The distributions are typically given for

CONCLUSIONS
This paper has briefly described the methods proposed by a Working
Group on Atmospheric Dispersion modelling primarily for use in
authorisation and licensing in the UK. The model as recommended is
applicable to non-depositing, neutrally-buoyant radioactive material.
The Group is currently considering models to extend these recommendations
to include models for uiet and dry deposition, long range dispersion and
entrainment.
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Table 1. Typical values of wind speed and depth of
mixing layer for use when measured values are not available

Stability
category

L

Typical
wind speed
at 10 m
(m/s)

Typical mixing
layer depth

(m)

A

1

13Q0

6

2

900

C

5

850

D

5

aoo

E

3

400

F

2

100

G

1

100

fGAUSSIAN MODEL PREDICTIONS OF ELEVATED PARTICLE RELEASES
G. P%pjo
Hanford Engineering Dej^opm|nt Laboratory
Richland, W^stirVglcin 99352
ABSTRACT

Comparisons are made of predicted and observed normalized
air concefttrafetons for elevated releases of fluorescein and
zinc sulfide particles from measurements taken at Hanford [1],
A Gaussian model with Pasquill-Gifford parameters is used
with the additional features of particle deposition by source
depletion and cloud center lowering by gravitational settling
(tilted plume). The particle deposition feature improves the
comparison of predicted and observed air concentrations at
distances greater than 2000 meters.
Deposition requires an additional parameter, deposition
velocity, and the tilted plume model requires the additonal
parameters of particle radius and density. The best agreement
is made when more than one particle size is used.
INTRODUCTION
A Gaussian model which does not have deposition effects and tilted
plume effects over-predicts measured air concentrations from elevaled
releases at far-out distances and under-predicts by several orders of
magnitude at close-in distances [2]. It is commonly known that deposition effects, modeled by the source depletion model [3], predict little
effect on the air concentration near elevated sources [4].
The chief purpose of this paper is to show how effective the tilted
plume model (cloud center lowering by gravitational settling) [3] is
near elevated sources, and the importance of the source depletion model
at far-out distances. Also, the common practice of using one radius
size to simulate an entire particle size distribution is questioned
when gravitational settling (Stoke1s velocity) is used.
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THEORY
The normalized air concentration which is used for comparing the
theory with experimental observations is defined as follows:
DEP(V d ,x, u)
1 . h-V x/u
u x (x,y=o,z=o) = «o (x).3 ( x) exp [
y
z
°z v X )

for h>Vg x/u
DEP(V d .x,

u)

(l)

for h<V x/u

TTO ( X ) o ( x)

where
x(x,o,o) = time averaged
center-line air concentration
(g.s/m3) at downwind distance x (m)
u = average wind speed (m/s)
Q == total amount of material
materia released (g)
h = initial release height
oy (x),c (x) = standard deviation (m) of the cloud distribution
in the horizontal (y) and vortical (z) directions
respectively
x/u
h-V t
1/2 x/u
2 1/2
DEP(Vd,x,u) = exp [-Vd (|) f
f
exp [-.5 ( - - ^^ )2]dt]
Jr.

r, tut)

Z

for h>V t
- exp [-Vd (|) / * X " - §vt ) ]
for h<Vt
3
Jo
z '
= deposition function (fraction of cloud
remaining airborne)
V\ = deposition velocity (m/sec)
V = Stoko's settling velocity (m/sec)
= 1.171E-4 P r 2
r = particle radius (ym)
p = particle mass density (g/cm3)

(2)

(3)
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Deposition by source depletion requires the additional parameter,
deposition velocity. The tilted plume feature requires another additional
parameter, Stoke's settling velocity, which, for a given particle density,
is only a function uf the particle radius (see Equation 3). It is
expected that agreement between theory and experiment would be better
with these additional parameters included in the model. It should also
be noted that these two additional parameters are physically derived
and not just a parameterization improvement.
If the representation of experimental data by parameterization were
the only goal, then the two parameters Oy(x) and o z (x) would no doubt be
sufficient [5]. The major goal of this study is to use empirically
determined sets of Oy(x} and o z (x) as a function of downwind distance
and atmospheric stability, based on limited circumstances, and to extend
the model to more general circumstances using the same empirically
determined o v and o z .
This work uses Pasquill-Gifford (PG) parameters which are based on
the work of Pasquill [6] as modified by Gifford [7] and empirically
determined for wind speeds greater than 2 m/sec, non-buoyant plumes,
flow over open country, downwind distances of only a few kilometers,
ground-level releases, and short release times of about 3 minutes [8]The deposition model is expected to result in better predictions for
larger distances using the PG curves, and the tilted plume model is
expected to result in better predictions for elevated releases, especially
at close-in distances.
EXPERIMENTAL DATA
The experimental data used in this paper came from the Hanford
data set [1]. Distances ranged from 400 meters to 12,800 meters, and
the wind speeds ranged from 3.7 m/sec to 8.2 m/sec. The climav? is
semiarid with the natural vegetation being 1- to 2-m high sagebrush
interspersed with steppe grasses. Nine releases of fluorescein particles
from a release-height of 56 m and nine releases of zinc sulfide particles
from a release-height of 26 m were considered for study. The nine
releases were chosen on the basis of weather stability as all have the
same Pasquill classification "E" rising og as the criterion for categorizing stability [2]. The duration of the releases was 30 minutes
except for tests U72 and U73 (20 minutes). The mass median radius
and
density of the fluorescein particles was 9.3 urn, and 1.53 g/cm3 and the
zinc sulfide particles have a mass mean radius of 2.05 pm and a density
of 4.1 g/cm3. There was no evidence of agglomeration of the particles
in the atmosphere.
The nine releases are labeled U72, U73, U76, U77, U79 S U82, U85,
U86, and U92 in reference [1].
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COMPARISONS
Separate comparisons were made between the Hanford measured values
of Xu/Q for the fluorescein particles released at 56 m and the values
of Xu/Q predicted using the Gaussian model with 1} no deposition and
no tilted plume - Case One, ?.) deposition (Vd = .01 m/sec) but no
tilted plume - Case Two, 3) deposition (V^ = .01 m/sec) and a tilted
plume (r = 9.3 pm) - Casfc Three, 4) deposition (Vj = .01 m/sec) and
a tilted plume (r = 50 pm) - Case Four, 5) deposition (VJ = .01 m/sec)
and a composite tilted plume using two radii (r = 9.3 ym for 98.3> of
the particles, and r = 50.0 um for 1.5% of the particles) - Case Five,
6) deposition (Vj = .1 m/sec) and a composite tilted plume as in
previous case - Case Six.
The average values of the ratios of predicted over measured
normalized air concentrations are given in Table 1 for each case at
nine distances. The value at each distance is averaged over all the
wind speeds for which data was measured.

Table 1. Average Ratios of Predicted to Measured
Normalized Air Concentrations at Each Downwind
Distance for the Fluorescein Particles Released
at 56 m.
Downwind
Case
Distance, m One
400
800
1,200
1,600
2,200
3,200
5,000
7,000
12,800

.0002
.20
.72
.68
1.61
1.15
2.18
2.28
3.46

Case
Two

Case
Three

Case
Four

Case
Five

Case
Six

.0002
.20
.72
.68
1.59
1.12
2.04
2.06
2.81

.00036
.29
.94
.85
1.95
1.35
2.46
2.47
3.45

25.4
12.6
6.3
2.8
3.94
1.95
2.80
2,50
3.20

.38
.47
1.02
.88
1.98
1.36
2.46
2.47
3.45

.70
.43
.96
.81
1.71
1.02
1.38
1.00
.59
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Separate comparisons were also made between measured and predicted
xu/Q's for the zinc sulfide particles released at 26 m elevation. The
predictions were based on the Gaussian model with 1) no deposition and
no tilted plume - Case Seven, 2) deposition (Vj = .03 m/sec) but no
tilted plume - Case Eight, 3) deposition (Vj = .03 m/sec) and a tilted
plume (r = 2,05 urn) - Case Nine, 4) deposition (Vj = .06 m/sec) but no
tilted plume - Case Ten.
The average values of the ratios of predicted over measured
normalized air concentrations are given in Table 2 for each case at
nine distances.

Table 2. Average Ratios of Predicted to Measured
Normalized Air Concentrations at Each Downwind
Distance for the Zinc Sulfide Particles Released
at 26 m.
Downwind
Distance, m
400
800
1,200
1,600
2,200
3,200
5,000
7,000
12,800

Case
Seven

Case
Eight

Case
Nine

Case
Ten

1.27
1.65
1.92
1.29
2.39
1.67
2.84
2.37
3.95

1.27
1.61
1.80
1.17
2.05
1.33
1.99
1.47
1.79

1.31
1.64
1.82
1.18
2.07
1.34
2.00
1.48
1.81

1.27
1.57
1.69
1.05
1.75
1.05
1.54
.91
.82
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CONCLUSIONS
The simple Gaussian model greatly under-predicts observed
concentrations, (four orders of magnitude) at distances near an
elevated release if the release height is high (around 56 m ) , but
more closely predicts (within a factor of 2) if the release height is
lower (around 26 m ) . The addition of deposition by source depletion
with a constant deposition velocity has negligible effect at close-in
distances less than 1,000 m, but can have substantial effect at
distances around 10,000 m. The addition of the tilted plume feature
improves the predictions at close-in distances for high release heights
around 56 m by several orders of magnitude at 400 m and 800 m. This
feature has negligible effect for low release heights (less than 26 m ) .
Predictions are very sensitive to the particle radius if the
tilted plume feature is used. Results show that predictions using two
particle sizes rather than one particle size were better over the
affected close-in distances. Ideally, the entire particle size
frequency distribution should be used. For these reasons, this
distribution should be known. Furthermore, it is suggested that the
deposition velocity, V ., should also be a function of the particle
radius size.
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VALLEY WIND SYSTEMS UNDER TEMPERATURE
INVERSION CONDITIONS
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ABSTRACT
Observations of atmospheric structure in deep mountain valleys of
western Colorado have identified five distinct wind systems that may
affect pollutant transport in the valley environment during the breakup
of nocturnal temperature inversions. The wind systems are identified
with layers in the vertical temperature structure. After sunrise, the
development of convective boundary layers over the valley floor and
sidewalls, and over the large-scale inclined western slope of the Rocky
Mountains produces three wind systems that blow up the valley, up the
sidewalls, and up the incline. Winds in the inversion layer in the core
of the valley atmosphere, the fourth system, often continue to blow
down the valley until the inversion is destroyed. The gradient winds
in the free atmosphere above constitute the fifth wind system. The
wind systems and their evolutions are illustrated with data and new
findings are emphasized.
INTRODUCTION
A recent meteorological field program [1] investigated the breakup of
nocturnal temperature inversions in seven deep mountain valleys of western
Colorado. Tethered balloon data collection systems [2] were used, allowing
the collection of concurrent vertical temperature and wind structure data.
Analysis of the data has revealed information on temperature-wind structure
interrelationships and wind system development that may be important for the
transport of atmospheric pollutants into and out of the mountain-valley
region.
In the experimental program vertical sounding data were collected under
clear, undisturbed weather conditions at approximately one hour intervals
from sunrise to the time of inversion breakup (usually about noon). In this
paper, data on the evolution of the temperature structure are summarized.
Data on the evolution of the wind circulations and their relationship to
layers in the temperature structure are then presented and discussed in
detail.
TEMPERATURE STRUCTURE EVOLUTION
Potential temperature structure in the valleys generally evolves [1]
as shown in Figure 1. At sunrise (t.) a potential temperature inversion
extends to about the height of the surrounding ridgetops. At this height
there is usually an abrupt change to a less stable profile that prevails
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above the valleys. After sunrise the potential temperature profiles
evolve as shown in the figure. The main features of the evolution are:
(1) the upward growth from the valley floor of a convective
boundary layer (CBJL) in which potential temperature is nearly
constant with height. A shallow superadiabatic sublayer is
typically present at the base of the CBL. Similar CBLs are
observed to grow over the siiewalls.
(2) the maintenance of a potential temperature inversion in midlevels of the valley. This inversion layer sinks and warms
but maintains its potential temperature gradient as mass is
removed from its base and is carried up the CBLs over the sidewalls. The result of the subsidence is a warming of the inversion layer and a descent of its top. The inversion layer, in
three dimensions, has the appearance of a core that extends
down and across the longitudinal axis of the valley. For this
reason the layer of potential temperature inversion will be
referred to as the "stable core" of the valley.
(3) the development ofa neutral or constant potential temperature
layer that extends downward into the upper levels of the valley
following the descent of the top of the inversion. The upper
limit of this neutral layer was not observed with the tethered
balloon equipment, but was observed on several occasions with
upper air sounding equipment. Above the top of the neutral
layer, which grows with time during the day, is the "free
atmosphere."

POTENTIAL TEMPERATURE

Figure 1. General evolution of valley potential temperature structure
observed from the valley center from the time of sunrise (t^
to inversion destruction ( t Q ) .
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j n e eventual destruction of the inversion occurs at time tp when the ascending CBL meets the descending top of the stable core (i.e., the base of the
neutral layer). In the valleys studied, the destruction generally is complete within three and one-half to five hours after sunrise.
A thermodynamic model able to simulate the observed temperature
structure evolution has been previously presented [1,3]. The evolution
of the temperature structure is much more consistent from day to day in a
valley (and from valley to valley) than the wind structure. Nevertheless,
some important wind relationships were noted in the experimental data, and
will be summarized below.
WIND SYSTEM DEVELOPMENT DURING INVERSION DESTRUCTION
In the valleys studied, nighttime winds usually blow down the valleys.
The speed of these down-valley flows varies greatly from valley to valley.
After sunrise, upslope winds develop in the CBLs that grow over the sidewalls and up-floor* winds develop in the CBL that grows over the vailey
floor. The down valley winds that were present at sunrise within the
valley inversion persist in the stable core of the valley atmosphere
during the inversion destruction period. The neutral layer above the
stable core appears to be a convective boundary layer that forms over the
inclined mesoscale western slope of the Rocky Mountains (i.e., a CBL which
forms over the elevated terrain into which the valley has been eroded).
Winds in this layer tend to blow up the inclined western slope of the
Rockies, but winds in the lower part of the layer may be channeled along
the axis of the valley, especially late in the inversion breakup period
when the base of the neutral layer has extended downward into the valley.
At the top of the neutral layer is the boundary between the neutral layer
and the overlying free atmosphere. Winds in the free atmosphere are
forced by pressure gradients on a scale extending beyond the mountainous
area and are relatively unaffected by the topography below.
The dynamic, or changing nature of the developing wind systems is to
be emphasized. After sunrise, upward heat flux results in growing convective boundary layers. The CBLs form over the inclined slo^s of the mountain range, the valley sidewalls, and the valley floor. The volume of the
stable core, containing down-valley winds, continuously decreases from
sunrise until inversion destruction. Once the stable core is destroyed,
a deep convective boundary layer will be present over all the mountain and
valley terrain, and the individual up-floor, up-valley, and up-slope flows
are difficult to differentiate. At a time midway through the inversion
breakup cycle the typical wind system patterns are as shown in Figure 2.
The wind system terminology in this paper emphasizes the essentially
bi-directional nature of the local wind systems and their relationship
to the underlying terrain features. An "up-floor wind" blows up the
valley floor toward the head of a valley in a shallow layer above the
floor. An "up-incline wind" blows up the inclined western slope of the
Rocky Mountains. The terms "up- and down-valley winds" and "up- and
down-slope winds" have their usual meanings.
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UP-FLOOR
A. DOWN-VALLEY

Figure 2. Typical wind system development at mid-morning during inversion
breakup.

Figure 3 shows idealized temperature structure-wind system relationships
for this same time in terms of vertical soundings taken from the valley
floor. Not shown in the figure is the up-slope wind system that develops
within CBLs that form over the valley sidewalls.
The slow upward growth of the along-floor wind system, the persistence
of the down-valley flow in the middle reaches of the valley, and the development and descent into the valley of the up-incline wind system are all features of wind system evolution in Colorado valleys that were not anticipated
in early conceptual models of wind system evolution [4,5] in ideal valleys.
The well-mix^d neutral layer, inwhich up-incline winds prevail, is a particularly intriguing observation with potential implications for long and
intermediate range transport and dispersion of pollutants. Additionally,
the observations of the four local wind systems give us a picture of
valley wind system evolution that is considerably more complicated than
generally expected. These initial observations point out several significant
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Figure 3. Typical correspondence between temperature and wind structure
during valley inversion destruction.
features of valley wind systems. First, with weak upper level winds, the
local valley wind systems are forced thermodynamically rather than being
forced by momentum transport from aloft. Secondly, sounding data indicate
that the simple concept of winds shifting to up-valley through the valley
depth shortly after sunrise is erroneous in the valleys investigated.
Wind observations from anemometers on the valley floor would have supported
this erroneous view, since winds in the shallow CBL that develops over the
valley floor reverse to up-valley shortly after direct sunlight reaches the
floor. Finally, the four wind systems are similar in that they develop in
boundary layers that form over inclined topographic surfaces.
DATA
Data taken in the 600-m deep east-west-oriented Eagle Valley near
Edwards, Colorado, on the western slope of the Rocky Mountains illustrate
the local wind systems. A large quantity of tethered balloon data were
collected near Edwards in different seasons [1] along with other upper air
and support data. Valley characteristics include: valley floor width,
1450-m; slope of S-facing sidewall, 10°;
slope of N-facing siriewail, 21°;
inclination of valley bottom, 7 x 10~ 3 ; distance ridge-to-riuge, 9.2-km.
Wind Structure Data
Within-Valley Structures. A time-height cross section analysis of
along-valley wind components on October 13, 1977 is presented in Figure 4
as an example of wind structure evolution during inversion destruction.
At the experimental site, strong down-valley winds usually prevailed in
the mid-levels of the valley all night with occasional lulls in windspeeds,
On October 13 an apparent lull occurred around 0700 MDT. The data
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AUONG-VAUEY WIND COMPONENT, m/sac.

0700

Figure 4.
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TIME. MDT
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1200

Time-height analysis of along-valley wind components (m sec' 1 )
as determined from tethersonde profiles taken from the floor
of the Eagle Valley on October 13, 1977. Negative components
blow down the valley. Positive components blow up the valley.

illustrate several of the features previously described, including the upward growth from the valley floor after sunrise (sunrise, 0718 MDT; sunrise
at site» 0737 MDT) of the up-floor wind regime, the descent into the valley
of channeled up-incline winds, and the persistence of down-valley winds in
the stable core during inversion destruction. The persistence of downvalley winds in the stable core for three or four hours after sunrise is
a usual feature of the meteorology of this valley. The strength of the
down-valley flow, however, usually decreases steadily during this time
until, when the stable core becomes thin, a wind reversal occurs and upvalley winds increase in strength.
Neutral Layer Structure. Due to the limited vertical range of the
tethered balloon data collection systems, it was necessary to use upper
air sounding equipment to investigate the vertical structure of the neutral layer. The analysis of neutral layer structure must be considered
preliminary, given the small number of such observations available. Observations of neutral layer development are given in Figure 5, which combines
three observations taken on the morning of October 14, 1978 with a single
observation taken in the late afternoon of the previous day. No major air
mass changes occurred during the two days, and cloud cover was similar, so
the four soundings may be considered representative of the evolution of
the valley and mountain atmospheric structure on a single day.
The first sounding of the morning, taken shortly after sunrise, shows
a strong inversion extending from the surface to about ridge top level. A
300-m deep isothermal transition layer is present between ridge top level
and the 3100-m MSL base of a neutral layer. The neutral layer base is at
about the level of the general topography surrounding the valley. The top
of the neutral layer is capped by a strong stability layer that grades into
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CONCLUSIONS
Observations of vertical-wind structure on clear undisturbed weather
days during the time of temperature inversion breakup in the valleys of
western Colorado have" revealed a more complicated structure than expected.
The evolving structure is related to layers in the vertical potential temperature profiles and to topographic slopes of different scales in the mountain valley environment. The evolution begins at sunrise, with the main
feature, being the development of wind systems blowing up CBLs that grow
over topographic slopes. Observations of wind speed and direction at the
valley floor are not representative of the wind structure above. The breaking of the valley inversion results in a coupling of the valley atmosphere
to the up-incline wind system above, rather than directly with the gradient
wind system in the free atmosphere above the mountains. Due to the complexity of the wind systems and their interrelationships, and the lack of comprehensive observations, further research is necessary before general questions about pollution transport and diffusion in this mountainous region
can be answered.
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Figure 5, Upper air soundings taken from the floor of Eagle Valley during
October 1978. Soundings 1-3 were taken October 14; sounding 4
was taken October 13. layers in temperature and wind structure
are identified.

the free atmosphere above. The evolution of the individual temperature
structure layers is apparent in the figure and, except for the transition
layer, occurs as described above. The temperature structure layers are
closely related to wind structure layers, as shewn in the figure.
Some important conclusions can be drawn from this set of data by
focusing on the neutral layer growth. One interpretation of the data is
as follows. After sunrise, surface heat flux from the elevated western
slope of the Rockies causes a neutral CBL containing up-incline winds to
form over it. Heat flux from the valley surfaces is used to destroy the
powerful valley inversion. Only when the valley inversion is destroyed
can the valley atmosphere become
fully coupled with the neutral layer that
has grown above it. At this t;me the CBLs over the valley floor and siclewalls, and the stable core (and the transition layer noted in the figure)
are no longer distinguishable as separate layers, and the valley atmosphere
and the mountain atmosphere abov° me^ge into a single CBL or neutral layer
containing up-incline winds. These winds may be channeled into the valleys
as up-valley winds. An important conclusion, given this scenario, is that
the coupling of the valley atmosphere to the free atmosphere involves the
development of an intermediate layer.
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A NOTE OF THE FUNDAMENTAL ACCURACY
0" AIR POLLUTION MODELS
Carmen J. Nappo
Air Resources
Atmospheric Turbulence and Diffusion Laboratory
National Oceanic and Atmospheric Administration
Oak Ridge, Tennessee 37830
ABSTRACT
The measure of accuracy of air pollution models is becoming a subject of increasing concern. These measures are
almost always based on a comparison of model predictions
with observations; however, because models must necessarily
parameterize some physical processes (e.g. turbulence, deposition, or diffusion) and make some limiting assumptions,
(e.g. steady-state, isotropic, or homogeneous meteorological
conditions), model predictions, in fact, represent averages
of ensembles of observations made over those atmospheric
conditions which have been assumed and parameterized. The
variance of these ensemble averages will increase with the
extent of model parameterizations so that the difference
between a single element of an ensemble, i.e. an observation, and the ensemble average, i.e. a model prediction,
can be quite large. The variances of these ensemble averages of observations define the fundamental accuracy of an
air pollution model, i.e. the error bars on the model predictions.
This paper examines the fundamental accuracy of air
pollution models by forming ensemble averages of air pollution observations for meteorological conditions assumed
and physical parameterizations made by these models. These
calculations are made on the urban scale (-25 km) using the
St. Louis Regional Air Pollution Study data, and on the
regional scale (-100 km) using krypton-85 surface concentrations observations made around the Savannah River Plant.
A result of this study is the range of accuracy of various
air pollution models for differing meteorological conditions,
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1.

INTRODUCTION

A single observation of e\r pollution concentration when compared
with an air pollution model prediction may not be statistically significant because, as Venkatram (1979) points out, a model prediction is the
average of all concentrations measured at a receptor under a given set
of source and meteorological conditions. A single observation taken
from this ensemble may be quite different from the ensemble mean. Model
validations based on comparisons of predicted with observed concentrations without taking into account the natural variability of the observations may not be meaningful.
The error involved in using single observations rather than ensemble
means in model validation can be estimated in the following way. The
mean-standard-error (Brier 1975) often used in model validation is
defined by

N
(1)
1 =1

where 0- is the i'th observation, P. the i'th prediction, and N the
number of predictions at a particular receptor. If the ensemble average
(indicated by brackets, <>) under the i'th set of source and meteorological conditions is used in (1) instead of individual observations,
0., then the new mean-standard-error, MSE' S is

MSE' = 1 J (<0>i - P.)2

(2)

The d i f f e r e n c e between these measures of e r r o r , E2 i s

iPi

+2<0>.P.

-<0>?

(3)
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In the case of truly accurate predictions such that Pi - <0> i , (3)
reduces to

In the case where the source and meteorological conditions do not vary
over the N trials, E 2 is the variance of the observed concentrations.
This suggests that the measured accuracy of an air pollution model based
on single observations is difficult to interpret because of the natural
variability of the observations.
In this note, ensemble averages and standard deviations of air
pollution concentri-ions are made for two wind conditions: Case 1, when
the prevailing wi* at the source points within ±11,25° of the receptor,
and Case 2, for a wind vectors. Observations gathered under Case 1
correspond to an application of the Gaussian plume sector model, and
those for Case 2 correspond to an application of the puff trajectory
model.
2. THE DATA
The natural variability of observed air pollution concentrations
can be estimated by forming ensemble averages and standard deviations
using the Regional Air Pollution Study (RAPS) data base (Schiermeier,
1978) and the K**ypton-85 data base gathered at the Savannah River
Laboratory (SRL), (Telegadas et al., 1980). The RAPS data include
hourly averages of CO and S0 2 air concentrations and meteorological
variables at 25 stations in and around St. Louis (see Figure 1). These
data extend over the year 1976. Area source strengths
for CO and S0 2
in urban St. Louis are about 1000 tons/year/km2 and about 10 tons/year/km2
respectively. Hourly stability conditions are obtained from the EPA's
UNAMAP'S RAMMET program using surface data from Lambent Field. This
allows for the effects of stability to be taken into account.
The SRL data include weekly concentrations of krypton-85 released
from two 64m stacks and measured at 13 sampling stations (see Figure 2 ) .
Hourly values of wind speed and direction are obtained at 18 ground
stations surrounding the plant. The SRL data extend over the period
March 1975 to September 1977. Krypton-85 emissions varied considerably
from hour to hour, and there were periods of zero emissions. The
average weekly emission is about 12,000 Ci.
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Figure 1. The RAPS region and air
quality sampling stations.

Figure 2. Krypton-85 air sampling stations,
meteorological towers and surface
weather stations.
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3. THE RESULTS
Using the SRL data, ensemble averages and standard deviations of
weekly concentrations are formed at each observation station for Case I anu
Case 2 wind conditions. Because of the limited number of observations,
concentrations are not grouped in differing classes of wind speed,
source strength or weekly averaged stability. Because of the long
sampling time, it is expected that diurnal behavior will be masked and
thus contribute little to the variance. Weekly changes in source
strength will have an effect, but for now this is 'not taken into account.
The resulting averages and standard deviations are listed in Table I.
Concentration averages and standard deviations are generally higher for
the Gaussian plume case, Case I, than for the trajectory case, Case 2;
however, differences in standard deviations
between the two cases range
from 1 for station 10 to 43 (Pci/m3) for station 9. Maximum and minimum
standard deviations occur at stations 14 and 5 respectively for both
cases.
This experiment is repeated using the RAPS, CO and S0 2 concentration
data. Because the emission sources are distributed, the following
method is used in forming groups of data corresponding to the sector
model, i.e., Case 1. At each receptor, 16 groups of CO and S0 2 measurements are formed; each group corresponds to a 22.5° wind sector with the
first sector centered on north. The wind direction used at each receptor
is not the local wind direction but the resultant wind-vector direction
formed using the wind data from all 25 stations. Of the 16 ensembles,
the one with the maximum concentration is selected for Case 1, i.e., wind
blowing from source to receptor.
Ensemble averages and standard deviations for Cases 1 and 2 are
calculated for stable, neutral, and unstable conditions. These results
for a typical rural (station 122) and urban (station 113) receptor are
listed in Tables 2 and 3 respectively. For S0 2 at both stations, Case 1
concentrations and standard deviations are generally two times greater
than for Case 2; both cases show minimum average concentrations during
neutral conditions and maximum concentrations during unstable conditions;
and Case 1 averages and standard deviations vary more with changes in
stability than Case 2. A more complicated behavior is seen for CO. At
the rural station, standard deviations for Case 2 are about twice as
great as for Case 1, while Case 2 averages are about half as great as
for Case 1. At the urban station, however, averages and standard
deviations are similar for both cases. Maximum standard deviation for
each case occurs during neutral conditions at the rural station and
during stable conditions at the urban station. Case 1 and Case 2 results
vary about equally with changes in stability at both stations.

366

4.

CONCLUSION

This note suggests that model validations based on comparisons of
model predictions w i t h single observations may not be a true test of
model accuracy because the natural variances have not bean taken i n t o
account. Examinations of point and area source a i r pollution data show
that these variances can be as much as four times the average concentrations.
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Table 1. Concentration averages and standard deviations for ensembles
including only those data when the wind direction was within ±11.25°
of the line from source to receptor (Case 1), and all data (Case 2 ) . 3
Krypton-85 data from the SRL network are used. Concentrations in Pci/m .
Standard deviations

Average
Station

Case 1

Case 2

Case 1

Case 2

2

14.1

15.4

7.6

39.4

3

14.4

11.0

12.3

21.7

4

55.8

12.3

56.7

24.4

5

1.3

5.1

2.7

9.0

6

6.6

8.3

7.4

17.8

7

35.3

17.8

36.3

29.2

8

91.6

36.6

98.7

57.9

9

94.1

25.3

85.3

42.0

10

106.3

57.3

79.6

79.1

11

55.3

16.4

26.6

22.8

12

10.0

9.5

7.3

18.4

13

31.3

10.6

17.9

19.7

H

123.1

67.3

149.4

177.1
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Table 2. Ensemble averages and standard deviations of CO and SO2 for
ensembles including only those data when the wind direction was within
±11.25° of the line from source to receptor (Case 1), and all wind
directions (Case 2 ) , measured at rural station 122 in St. Louis during
stablet neutral and unstable conditions. Concentrations in yg/m3.
S02
Standard deviation

Average

Stable
Neutral
Unstable

Case 1

Case 2

Case 1

Case 2

.020
.019
.023

.006
.007
.010

.027
.022
.020

.012
.013
.016

CO
Standard deviation

Average

Stable
Neutral
Unstable

Case 1I

Case 2

Case 1

Case 2

.277
.218
.263

.161
.142
.195

.226
.453
.268

.746
.787
.564
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Table 3. Same as Table 2 but for urban station 113
S02
Standard

Average

Stable
Neutral
Unstable

deviation

Case 1

Case 2

Case 1

Co-e 2

.029

.011

.030

.017

.020

.009

.027

.017

.038

.014

.038

.020

CO
Standard deviation

Average

Stable
Neutral
Unstable

Case 1

Case 2

Case 1

Case 2

1.697

1.093

2.043

1.826

.948

.596

1.000

.777

.897

.608

.706

.506
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MEASUREMENTS AND ANALYSES OF SF6 PLUMES
FROM THE CUMBERLAND STEAM PLANT
Neil F. Hukari and G. E. Start
Air Resources Laboratories
National Oceanic and Atmospheric Administration
Idaho Falls, Idaho
ABSTRACT
SF6 tracer releases were made from the 305m chimnevs
of the Cumberland Steam Plant during the STATE Project of
August 1978. Releases of SFs were for durations of one to
three hours.
The SF5 was sampled at distances up to 400 km
downwind using aircraft and surface platforms. Ground
samples were collected using vans operated on roads in the
vicinity of the plume. Samples were analyzed by electron
capture gas chromatography to determine tracer concentrations. Concentrations were normalized by source strength
and an average wind speed. Various diffusion parameters
were calculated for each traverse.
Greater initial spreading but slower than expected
increases in sigma-y with distance (relative to
Pasquill/Gifford curves) are evident for both aerial and
ground samples; sigma-y values for ground sampled plumes are
somewhat greater than sigma-y values from aerial sampling.
Comparisons made with Pasquill/Gifford curves of sigma-z and
axial concentrations show some agreement on the average but
with considerable variation for individual values. Observed
peak concentrations are calculated relatively accurately
using observed sigma-y values, crosswind integrated
concentrations, and wind speeds.
INTRODUCTION
Concern regarding observed high sulfate concentrations in the
northeastern United States led the Environmental Protection Agency to
establish a program to determine the impact of distant source
pollutants (and the transformation products) upon local air quality.
The tracer plume data discussed herein are a part of the EPA sponsored
program termed STATE (Sulfur Transport And Transformation in the
Environment). A more complete program description is given by
Schiermeier et al., [1].
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One to three hour releases of SFs gaseous tracer were made into
gas flues of the 305m chimneys of the Cumberland Steam Plant and
emitted along with the usual plumes. Aerial and ground-level sequential, short time-integrated samples were collected by moving platforms. Sequential aerial tracer samplers were usually collected at
several altitudes for a given downwind distance. Ground-level and
some aerial plume samplings were collected using syringes; these
samples were analyzed and reported by Sasaki and Shai"- [2], [3].
Other air samples were collected by NOAA and analyzed by electron
capture gas chromatography; details are available from Start et al.,
[4].
CALCJLATED DIFFUSION PARAMETERS
Sampled tracer concentrations were examined in the context of the
Gaussian diffusion equation for a continuous point source.
Crosswind-integrated concentrations, sigma-y, sigma-z, 1st and 2nd
moments of lateral tracer concentration distributions, and various
peak and average tracer concentrations were determined in the usual
manners from forms of the Gaussian equation (e.g. Start, et al., [4]).
Diffusion parameters were calculated for each aircraft pass
(which usually was along a straight line at a constant altitude). The
apparent centerline position of the plume was considered to be at the
sampling position with the greatest concentration. Some airplane
traverses were made over the same locations but at different
altitudes. Where this occurred, the traverse with the greatest
crosswind integrated
concentration was selected for further analysis.
Traverses wi J U three or less samples were removed from the data set of
this study, b.rfusion parameters were also calculated for ground
traverses made by the CALTECH van. For each traverse an average
distance from the plant for all the samples was calculated. Each
sample was assumed to be on an arc with a radius of this average
distance and retained its original bearing from the plant.
Aerial and ground-level values of sigma-y for sampling versus
downwind distance are plotted in fig. 1. Also shown are two
regression lines. The slopes of the regression lines are similar but
sigma-y values for the ground samples appear somewhat larger than
values for the aerial samples. No distinctions for stability
categories were made in this plot.
Values of peak normalized concentration, sigma-y, and sigma-z
were compared to values presented by Pasquill [5] and Gifford [6]
(denoted P/G henceforth) for flat, open terrain. A value of 400m was
estimated for the average plume height for treatment of ground sampled
data. For aerial sampling the plume was assumed to be at the height
of the aircraft passes. A stability class of C was assumed for the
comparisons. The estimates for P/G sigma-z were limited to <1600m
since the mixing depths of the atmosphere were assumed <2000m.
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Using these limited values of sigma-z and the observed values of
siyma-y and axial normalized concentrations three different ratio
types were formed with the corresponding P/G values. P/G values of
axial concentration were divided by observed values to determine one
type of ratio. The remaining two ratio types were calculated by
dividing the observed values of sigma-y and sigma-z by corresponding
P/G values. Plots of these ratios vs. distance are given for aerial
and ground-level samples in fig. 2 and 3. A first order regression
line is included in each scatter diagram. The concentration ratios
may decrease with distance; the ratios average about unity at smaller
distances and less than unity at greater distances. The concentration
ratios show a large amount of scatter.
The ratios for sigma-y show a decrease with distance for both the
ground and aerial data. The amount of scatter is relatively small for
both sigma-y data types. A greater initial dilution and a slower than
expected (for P/G sifjma-y) rate of growth seems to have occurred.
There appears to be very little tendency for the sigma-z ratios
to change with distance for both data types. The average sigma-z
ratio for both levels is near unity but considerable scatter exists.
The entire set of sigma-z values seem to correspond (on the average)
to the P/G expected values for stability class C. Aircraft sampling
data at various altitudes within the same cross-section revealed only
small differences in concentration versus height of traverse.
A value of peak concentration can be estimated for each traverse
from the measured values of sigma-y and crosswind integrated
concentration (implied sigma-z). These estimated values are plotted
versus the actual measured concentrations for ground and aerial data
in fig. 4. A first order regression line is also plotted for the
ground and aerial data, along with a line of one-to-one
correspondence. The estimated values of peak concentration appear to
be very close to the actual measured values for both data sets. The
estimates for the ground data are consistantly smaller but only by a
small amount.
CONCLUSIONS
Horizontal spreading of SF5 plumes, as indicated by sigma-y,
increase at about the same rate with distance for both aerial and
ground sampled data; sigma-y tends to be greater for ground
samples.The rate of growth of sigma-y was (on the average)
proportional to the square root of distance.
Values of sigma-z have substantial scattering but average close
to the P/G value for stability class C. Peak concentrations appear to
be well described versus downwind distance if the calculated sigma-y
value and the crosswind integrated concentation (implied sigma-z) are
used.
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Values for sigma y had the most significant deviations from P/G
estimates. Values of sigma-y increase slower with either distance or
travel time than data from other studies at similar distances (e.g.
Heffter, [7]). P/G estimates of concentrations divided by the observed
concentrations tend to decrease with distance. These factors suggest
that the STATE SFg plumes experienced greater initial dilution than
normally expected, diluted somewhat more slowly with downwind distance
than expected from P/G extrapolations, and were reasonably
approximated as a well-mixed plume with a vertical diffusion statistic
similar to the values expected for P/G stability class C.
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Figure 1

Sigma-y values (m) determined from aerial sampled
SF5 tracer (a.) and from CALTECH van samples (b.)
versus distance downwind (m). A first order linear
regression line is plotted. No distinction is made
for varied stability categories.
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Figure 2. Ratios of diffusion statistics derived from aerial
sampling of SFg versus distance. Pasquill-Gifford
(P/G) expected values of sigma-y (a.), sigma-z (b.),
and normalized concentrations (c.)> for stability
class C. Observed sigma-y and sigma-z values are
divided by observed concentrations. A linear firstorder regression line is plotted on each scatter
diagram.

377
3B

• •

mij

* *

©-.

J

*

n

*
O
•

"5 • r

cr
ri

-

*
•w

#

cu
i

10s
D1STRNCE (M)

,3

105
D1STRNCE (Ml

DISTRNCE CM)

Figure 3.

Ratios of diffusion statistics derived from ground
sampling of the SF6 tracer plume. Pasquill-Gifford
(P/G) expected values of sigma-y (a.), sigma-z (b.),
and normalized concentrations ( c ) , for s t a b i l i t y
class C. Observed sigma-y and sigma-z values are
divided ty corresponding (P/G) values. (P/G) concentrations are divided by observed concentrations.
A linear first-order regression line is plotted on
each scatter diagram.
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THE USE OF T E T R O O N J TO ESTIMATE INTERMEDIATE RANGE ATMOSPHERIC TRANSPORT
J. F. Sagendorf
National Oceanic and Atmospheric Administration
Idaho F a l l s , Idaho
ABSTRACT

For many years NOAA's Air Resources Laboratory has used
radar tracked tetroons to aid in intermediate range transport
and diffusion studies. These tetroons can be inflated to fly
at a desired level and tracked by radar to give estimates of
air parcel trajectories.
In the spring of 1977 a test was conducted at the Idaho
National Engineering Laboratory (INEL) in which a number of
gaseous tracers were released and sampled by aircraft and ground
samplers out to a range of about 90 km from the release point.
During this test period tetroons were used to estimate the
plume path.
Trajectories based on both the tetroon flights and tower
wind data are compared with the measured tracer concentration
data in order to evaluate the performance of the tetroons as a
method of estimating the path of the plume.
Recent advances in the technology of tracking tetroons,
such as the use of mini-computers in the radar to take and
process the 'Mta are discussed.
INTRODUCTION
An excellent method of determining intermediate range atmospheric
transport is through the use of tetroons tracked by radar. Tetroons
are superpressured balloons designed to fly at a constant density
level (fig. 1 ) . They can be ballasted to fly at a desired density altitude (1) and when carrying a transponder they can be tracked by
radar for distances up to 180 km.
Tetroons have had a number of applications in atmospheric
research (2, 3, 4 ) , but in recent years they have been frequently used
to determine intermediate range atmospheric transport. They have been
successfully used at the INEL in a number of studies and in Tennessee,
Kentucky and Indiana during the STATE Project of 1978; in California
at the Carquinez Straits Study of 1979, and in Ohio and Kentucky during the PEPE study of 1980.

379

380
Data collected during an intermediate range multi-tracer study
conducted at the INEL in April of 1977 (5) allows us to compare
tetroon and wind station derived trajectories with the gaseous plume
as measured by ground samplers at arcs located about 47 and 90 km
downwind.
TEST CONDITIONS
The test was conducted in the upper Snake River Plain of
Southeastern Idaho on April 19, 1977. Multi-gaseous tracers were
released at ground- -level for a three hour period beginning at 1240
MST. The sampling arcs of concern were arc C located about 47 km
downwind with samplers spaced about every 1 1/2 km, and arc D located
about 90 km downwind with samplers spaced about every 3 km. The
sampling arcs were turned on before the tracers arrived and allowed to
run until the tracers had cleared the arcs. Winds were from the
southwest at moderate speeds. The atmosphere was unstable during the
three hours of tracer release but it changed to slightly stable before
all the tracer had cleared arc D.
COMPARISONS
A total of eight tetroons were released during the test day. The
last five were released during the three hours of tracer release. The
release times of tetroon no. 4 and tetroon no. 8 corresponded to the
start and finish of the gaseous tracer release. Hypothetical trajectories based on sir.gle station winds from the 15.2 meter wind stations
at CFA and DUN have been computed to correspond to the five tetroon
release times. Figure 2 shows the trajectory for tetroon no. 4 and
the corresponding trajectories for the CFA and DUN stations. The CFA
and DUN locations are also noted in the figure.
There were five sequential samplers located on arc C. These
samplers indicated the gaseous tracers reached that arc between 1446
and 1451 MST. This compares very well with the time tetroon 4 crossed
the arc. The hypothetical trajectory from the DUN station was about
an hour slow and that from the CFA station about 1 1/2 hours slow.
The tetroon flight levels were between about 600 and 800 m above the
surface while the tower instrument levels were at 15.2 meters. The
wind tower sensors were apparently not high enough to measure the
effective speed of plume travel.
It is interesting to note the difference in the two hypothetical
trajectories. At arc C they are separated by about 15 km. At arc D
the separation is about 25 km. The winds were very steady on this
day. In figure 3 we can see how tightly packed the calculated
trajectories from the two towers were. Figure 3 also shows all five
tetroon trajectories and it indicates the plume boundaries as measured
by the samplers.'
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CONCLUSIONS
Tetroon 8 was a very short flight and didn't reach even arc C.
Even so, the remaining four tetroons do a rather nice job describing
the gaseous plume dimensions at arc C. Tetroon 4, the first tetroon,
also crossed the arc at about the same time as the sequential samplers
indicated the tracer plumes were reaching the arc. Only two of the
tetroons were actually tracked across arc D but they were both in the
plume area as defined by the ground samplers. If one were to
extrapolate the paths of the remaining tetroons to arc D, it would
appear that they also would cross the arc in reasonable positions.
The calculated trajectories from the two wind stations cross the arcs
within the dimensions of the plume but they do not describe either the
speed or the width of the tracer plume. This is not surprising since
a single wind station cannot be expected to represent the wind flow in
an area large enough to describe intermediate range atmospheric
transport.
ADVANCES
In recent years the mobility of two M-33 radars has been greatly
increased. The radars have been reduced in size and mounted on 5-ton
trucks (fig. 4 ) . The tracking dishes for these two radars are carried
along, preassembled and are lifted into place on the radar by a
hydraulic crane. These radars are also equipped with hydraulic
leveling jacks and a gyro system that allows the radar to be corrected
to a level position.
These two radars have been equipped with minicomputers. Each
time a reading is taken on a tetroon, the information is flashed on
the terminal screen as the example in table 1 indicates.
Table 1. Example of Computer Terminal Readout.
TARGET

TIME

ELEVATION

AZIMUTH

RANGE

3

4700

25352

1

171000

GRID X

GRID Y

HGT MSL

DIR

45.9

67.5

4813

6

SPEED
3.7

STATUS CODES:
0 = GOOD DATA - SAVE IT
1 = DATA NOT CONSISTANT WITH TARGET NUMBER
2 = SCRUB IT.
INPUT CODE (II)...

U
-0.4

V
-3.7

W
0.1
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As can be seen, the calculations of the tetroon's position and
speed are immediately available to the operator. If the information
is good he can save it. Occasionally, when tracking more than one
tetroon, a reading is taken and assigned to the wrong target. When
this occurs, the information on the screen makes it obvious and the
operator then has the option to reasign the data to the proper target
number. If the reading really is bad, the operator can discard it and
take a new reading.
This application not only speeds up the data reduction process
but it also increases the quality of the data. Human error in reading
the dials is eliminated and the operators can edit the data as they
take it. The near instant feedback in data quality also encourages
the radar operators to use more skill in the operation of the radar.
The computer code will give predicted positions for any target
being tracked, which is of considerable assistance when tracking
multiple tetrooris. Other features of the code allow x vs y or time vs
height scope plots of any target.
The two mobile radars make it possible to increase the tracking
range. It is now feasible to track a tetroon with one radar while
moving the second radar into a downwind position to continue the track.
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Figure 1. Inflated tetroon with transponder.
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DUN TOWER TRAJECTORY
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TOWER TRAJECTORY

•TETROON 4
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TRACER RELEASE
•SAMPLER POSITION

IDAHO
FALLS

20 KM

Figure 2. Trajectory of tetroon 4 and the two tower wind-calculated
trajectories. Locations of the CFA and DUN towers are
noted. Start time and the times the trajectories crossed
the arcs are also indicated.
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ARC D

RELEASE

Figure 3. Trajectories of tetroons 4 through 8. The dotted lines
contain the envelopes of the corresponding calculated
trajectories from the two tower winds. The tracer boundaries contain all the samplers impacted by the tracer gas.
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Figure 4. Mobile M33 radar mounted on 5-ton truck.
The dish is lowered to the platform on
the back when transported.

VERIFICATION OF A THREE-DIMENSIONAL TRANSPORT
MODEL USING TETROON DATA FROM PROJECT STATE
Thomas T. Warner
Department of Meteorology
The Pennsylvania State University
University Park, PA 16802

ABSTRACT
During August 1978, The Environmental Protection Agency
(EPA) conducted a major field study at the Cumberland Steam
Plant of the Tennessee Valley Authority. This study, known as
the Tennessee Plume Study, was conducted as part of the EPA
Sulfur Transport and Transformation in the Environment (STATE)
Project. The field experiments included the release and
tracking of tetioons from Cumberland during numerous intervals within the period of the study. On 15 August, 10
tetroons were released, traveling distances ranging from
less than 25 km to in excess of 200 km. The tetroon position
data were compared with three-dimensional (3-D) kinematic
trajectory predictions from a 3-D regional-scale dynamic
model. The average directional error was 7° where the maximum
error was 14° and an error of less than 2° prevailed for 2
trajectories. The average displacement error was 9% of the
observed path of the tetroon, with the maximum being 22%.

INTRODUCTION
No general procedure is available for calculation of parcel trajectories that demonstrates consistent accuracy over.a broad range of conditions. Many techniques exist (Pack et al., 1978;^1' Hoecker, 1977;^)
Peterson, 1 9 6 6 ^ ) , but most have limitations such as being site-specific,
being applicable under only certain meteorological conditions or times
of day, relying on the synoptic-scale rawinsonde network for wind data
or being applicable to only specific levels in the atmosphere. Peterson
(1966) provides particularly interesting comparisons of trajectories
calculated using a number of standard diagnostic techniques. A procedure
that might be relatively successful in some situations may provide poor
trajectory estimates in other situations. Tt is difficult to determine
a priori which procedure will be best in a given case. Thus, there is
a need for a general and reliable technique for atmospheric transport
computations.
The idea of using a 3-D dynamic model to provide transport winds or
to provide general meteorological input to an air quality model is not
new. McNider and Pielke (1979)(*' calculated parcel trajectories for seabreeze flow over the Florida Peninsula as well as for a mountain-valley
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circulation using winds computed by the University of Virginia mesoscale
model. While the utility of such a procedure for air pollution transport
calculations was discussed, no direct verification of the model-predicted
trajectories was performed. The advantage of using a 3-D regionalscale dynamic model to provide meteorological data results from the fact
that regional-scale circulations, such as those induced by inhomogeneous
terrain, differential heating or differential roughness, can be simulated by the model even though they occur on scales too small to be
resolved by the standard upper-air observation network.
In order to evaluate the ability of a 3-D dynamic model to serve as
a reliable source of meteorological data for transport and air quality
studies, the Penu State, 3-D, regional-scale dynamic model is being
adapted for these purposes. Its predictive skill has been demonstrated
for a wide range of scales (Warner et al., 1978)^ ' and for a large number
of cases (Anthes and Keyser, 1979).^ ' As a preliminary test of a basic
version of the model, we have done transport simulations for a period
during August 1978 when the Environmental Protection Agency (EPA) conducted a major field study at the Cumberland Steam Plant of the Tennessee
Valley Authority. This study, known as the Tennessee Plume Study, was
conducted as part of the EPA Sulfur Transport and Transformation in the
Environment (STATE) Project. The field experiments included the release
and tracking of tetroons from Cumberland during numerous intervals within the period of the study. On 15 August, 10 tetroons were released,
traveling distances ranging from less than 25 km to in excess of 200 km.
These tetroon position data were compared with 3-D kinematic trajectory
predictions from the 3-D regional-scale dynamic model. The 3-D model
produced forecasts of horizontal and vertical velocities for periods
where tetroon trajectory data were available for model verification. The
predicted winds, available at each model time step, were th<;n used to
produce 3-D kinematic trajectories. Given a starting point in space and
time for the model trajectory, corresponding to the observed tetroon
position after it has reached its balasted level, a prediction of the
tetroon path was produced. This 3-D kinematic trajectory was Lhen compared to the observed tetroon displacement. No attempt was made to
constrain the vertical position of the kinematic trajectory to equal the
observed vertical position of the tetroon. This procedure verifies the
ability of the model to predict the horizontal component of atmospheric
transport. The vertical component of the transport *.s also extremely
important in many cases in determining the actual trajectories of air
parcels. Tetroons, of course, do not realistically depict atmospheric
vertical motions and cannot be used for verifying the vertical transport
prediction of the model.

THE THREE-DIMENSIONAL PROGNOSTIC DYNAMIC MODEL
The 3-D dynamic model is described in detail by Anthes and Warner
(1978)^ ' and will only be summarized here. It is based on the primitive
equations oZ atmospheric motion and is applicable over a wide range of
scales. Calculation of convective and nonconvective precipitation is
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optional. Either a bulk planetary boundary layer (PBL) parameterization
or a high vertical resolution treatment of the PBL can be used. In the
former, the lowest model layer represents the PBL, where in the latter,
the moisture, temperature and winu structure of the PBL can be resolved
by many model layers (Anthes and Warner, 1978). Surface heating, which
must be modeled correctly if thermally forced circulations such as
coastal breezes or mountain-valley circulations are to be properly Sivulated, is computed using a technique developed by Blackadar (1976).^ ' It
involves calculation of a ground temperature from a surface energy equation. This requires the specification of the surface characteristics as
well as the time of day and the date. The model's vertical coordinate
is o which represents the local pressure normalized by the surface pressure. It has the advantage of being well-suited for applications over
complex terrain. The specific characteristics of the version of the Penn
State model used for these transport calculations are provided in Table 1.

Table 1
Characteristic

Description

Number of vertical levels

6

Horizontal mesh size

31x31

Grid increment

25 km

Initialization

Balance equation

Planetary boundary layer

Bulk formulation (Anthes and
Warner, 1978)

Surface heating

None

TRANSPORT CALCULATIONS USING THE THREE-DIMENSIONAL MODEL
Two twelve-hour forecasts (12 GMT 15 AUG to 00 GMT 16 AUG and 00 GMT
16 AUG to 12 GMT 16 AUG) were performed to provide wind data during the
flight periods of the 10 tetroons. Each of these forecasts required
approximately three minutes of time on a CRAY1 computer. The data analyses and model initializations were performed on a 49x49, 25 km mesh so
that more National Weather Service (NWS) rawinsonde stations could be
incorporated and a more faithful analysis produced near the boundary of
the forecast domain. Fig. 1 shows the locations of the forecast and
initialization domains. Initialization data used in this preliminary
simulation were the NWS synoptic analyses at the standard levels as well
as surface temperature and sea-level pressure. Observed terrain was used
as the lower boundary condition on geopotential.
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NITlAUZATlON DOMAIN
(49 x 49)

FORECAST DOMAIN
(31*31) I

Figure 1.

Locations of the initialization and forecast
domains for the STATE, Tennessee Plume Study
calculations of 15-16 August 1978.
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The synoptic analysis for the period of study showed a cold front
extending from a low pressure area in the Dakotas through the central
plains. Southwesterly flow near the surface prevailed in the region of
the study ahead of the front. The flow gradually strengthened as the
front approached. Sky conditions in the vicinity of the tetroon flights
varied from mostly clear to overcast. No precipitation occurred locally,
however thunderstorms were reported in the eastern part of Tennessee.
Fig. 2 shows the ten observed tetroon trajectories and the ten
model-predicted trajectories. Two of the tetroons descended rapidly
after launch and were not considered suitable for verification of the
model-predicted transport. Table 2 summarizes some characteristics of
the eight remaining tetroon flights and the model-predicted trajectories.
The directional error of the prediction is represented by the angle defined by the initial point and the final points of the observed and computed trajectories. The distance error is the ratio of the difference
between the observed and computed displacements divided by the observed
displacement. This fractional error is then converted to a percentage
error by multiplying by 100. The average direction error was 7" and the
average displacement error was 9%.

Table 2

Flight No.

33
34
35
36
37
38
39
42
Average

Observed
Horizontal
Displacement
(km)

Observed
Mean
Elevation
(km)

268.2
297.5
194.5
247.0
194.7
243.8
65.4
188.8
212.5

0.87
1.02
0.72
1.29
1.00
1.90
0.64
1.78
1.15

Direction
Error of
Prediction
(degrees)

4.2
10.6

0.5
1.1
13.7

6.8
6.3
12.8

7.0

Displacement
Error of
Prediction
(percent)

5
11
8
3
0
5
22
20
9

SUMMARY
Even though these trajectories reflect an absence of any mesoscale
forcing at these levels and the model version used was not especially
well adapted for this sort of calculation with its coarse vertical resolution and bulk PBL parameterization, this preliminary exercise does
illustrate how the model can be used to predict transport and be validated using tetroon data.
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(a).

N.,
(6) .
Figure 2.

Ensembles of observed (a) and computed (b)
trajectories for the period 15-16 August
1978. Observed trajectories were of tetroons
launched from the Cumberland Steam Plant of
the Tennessee Valley Authority as pare of the
STATE, Tennessee Plume Study.
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Data sets for other intensive study periods, where tetroon verification data are available, are being prepared for use. The data set for
the period discussed above within the Tennessee Plume Study can be further
developed using auxiliary PIBAL and sounding data as well as more data
in the lower atmosphere. Other periods within the Tennessee Plume Study,
also containing tetroon flights, can be analyzed. In addition, the
Northeast Regional Cxidant Study (NEROS), which was begun in August 1979
and continued during the summer of 1980, has already provided good
quality data from medium-range tetroon flights. We have begun a preliminary analysis of the meteorological conditions accompanying flights
from August 1979.
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ABSTRACT
The airborne downlooking lidar provides a cost-effective
mechanism for rapidly characterizing the transport, diffusion,
and transformation of air pollutants over wide areas. The
U. S. Environmental Protection Agency has been using both
single- and dual-frequency lidars for this purpose between
about 10 and 100 km downwind of point and area sources of
pollution. In this paper, we describe the single-frequency
ruby and dye systems and dual-frequency Yag system. Pertinent
results from major field programs are presented to demonstrate
the capabilities ot these lidar systems. Our descriptions
will include details of 1) urban atmospheric boundary layer
structure and urban plume characterization and transport,
2) large single-source diffusion and transport in both rolling
and complex terrain, and 3) regional air mass characterization.
INTRODUCTION
Tha U. S. Environmental Protection Agency's (EPA) Environmental
Monitoring Systems Laboratory in Las Vegas, Nevada (EMSL-LV) has
pioneered the development and application of airborne downlooking lidar
systems. These systems are capable of providing rapid, area-wide and
hence cost-effective information on the backscatter from aerosols
between near aircraft altitute and the surface of the Earth. They have
been used by EMSL-LV to study intermediate range atmospheric transport,
diffusion, and transformation processes.
AIRBORNE LIDAR DEVELOPMENT AND APPLICATION
A prototype airborne downlookinq lidar system was constructed and
tested by EMSL-LV in the fall of 1973. The first generation system
was essentially a prototype device using a ruby laser. It was used in
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EPA's Regional A i r Pollution Study (RAPS) in 1974-75 to y i e l d information
on mixing layer thickness, aerosol l a y e r i n g , and transport and diffusion
of urban and power plant plumes.
The second generation l i d a r developed at EMSL-LV was a flash!amppumped dye system. This unit was used during EPA's Visual Impairment
due t o Sulfur Transport and Transformation in the Atmosphere (VISTTA)
in the Southwestern United States in 1978-79 and Sulfur Transport and
Transformation Experiment (STATE) in western Kentucky and Tennessee in
1978 to ascertain the transport and diffusion of emissions from large
point pollutant sources and mixing layer thickness.
The t h i r d generation l i d a r , a dual-frequency neodymium-Yag system,
was completed in late 1979. I t was f i r s t used in EPA's Persistent
Elevated Pollutant Episode (PEPE) and the Northeast Regional Oxidant
Study (NEROS) in the midwest and northeast U.S. corridor in July-August
1980 t o characterize the structure of regional polluted a i r masses, to
map regional scale transport of urban plume/point source plume complexes,
and ( i n conjunction with other measurement platforms) to determine the
r e l a t i o n of vertical heat and moisture fluxes to mixing layer thickness
variations.
AIRBORNE LIDAR SYSTEMS
The system and operational parameters of the single-frequency ruby,
single-frequency dye, and dual-frequency neodymium-Yag l i d a r s are showi
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LIDAR RESULTS ILLUSTRATING INTERMEDIATE RANGE PROCESSES
Boundary Layer Structure
Aerosol backscatter signatures f o r individual l i d a r shots during
along-wind f l i g h t s across the St. Louis metropolitan area during RAPS
are shown in Figures la and 3b. The signatories f o r thn wdd:^ f l i g h t in
Figure la indicate that the boundary iayer neight or mixing layer t h i c k ness is somewhat higher over St. Louis/East St. Louis (shaded area) than
over the surrounding rural environs. This doming of the mixing layer
presumably r e s u l t s from enhanced convective a c t i v i t y over the c i t y owing
t o differences in the thermal properties of i t s surface and those of th?
surfaces in the surrounding areas. The signatures f o r the early morning
f l i g h t shortly a f t e r sunrise in Figure lb indicate the existence of a
shallow mixing layer only over the heavily b u i l t - u p areas of St. Louis/
East St. Louis (shaded area). A definable boundary or mixing layer
apparently had not begun to develop over the l i g h t residential and rural
areas. The shaded region probably represents the nocturnal urban boundary
layer which formed the previous evening owing to convective a c t i v i t y from
the release of stored heat from the urban surface and/or enhanced mechanical turbulence over the rougher urban surface elements.
Figure 2 presents a gray scale representation of aerosol backscatter
i n t e n s i t y (at 0.53 ym wavelength) f o r the last 240 km of a midafternoon
f l i g h t of the dual-frequency system from N a ' f w i l l e , Tennessee to
Indianapolis, Indiana during PEPE/NEROS. The areas of missing data are
owing to a malfunction of the data recorder. In the f i g u r e , the heavy
l i n e near the bottom is the ground surface, and the region of high
scattering is the mixing layer. Notice how the thickness of the mixing
layer decreases from about 1.7 km at 100 km south of Indianapolis t o
about 0.9 km near Indianapolis. At the time of t h i s f l i g h t , which took
s l i g h t l y over an hour to complete, the Indianapolis area was near the
northern edge of the back side of an eastwardly moving high pressure
area.
Variations in boundary layer height or mixing layer thickness across
a large urban area or over a region as is readily obtained by airborne
l i d a r (Figures 1 and 2) are p a r t i c u l a r l y important regarding regional
transport of pollutants and the formation of secondary pollutants such as
oxidants and sulfates on the regional scale.
Point Source Pollutant Dispersion
A gray scale representation of aerosol backscatter intensity f o r
an afternoon f l i g h t over southern Arizona during VISTTA i s given in
Figure 3. In t h i s f i g u r e , the plume from the San Manuel Smelter i s
shown fumigating to the ground within the boundary layer over complex

terrain.
A similar plot (at 0.53 urn wavelength) for a test flight of the
dual-frequency system near Page, Arizona for PEPE/NEROS is presented
in Figure 4. Note the dowiwind transport of the plume from the Navajo
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Power Plant to over 25 km from the source in extremely complex t e r r a i n .
The plu.-ie was not v i s i b l e from a i r c r a f t a l t i t u d e so a zig zag searching
f l i g h t f a t t e n i was flowi as indicated by variations in intensity of
the sigr ^1 return. As show in these f i g u r e s , a remote sensor such
as a lic'ar is capable of obtaining detailed information on pollutant
transport and diffusion in the v i c i n i t y of complex t e r r a i n , to which
an in s i t u measurement platform would not have ready access.
Figure 5 shows plots of the standard deviation of plume spread in
the crosswind (Qy) and in the vertical (^z) versus downwind distance
from l i d a r overflights of the effluent from the Cumberland Power Plant
in Western Tennessee during STATE 78. To provide a frame of referencethe Pasqui11 •Gifford (P-G) diffusion curves which are applicable to
about a three-minute averaging time are superimposed. The ^"y values
have_been adjusted for t h i s averaging time '.sing a power law relation
o f t ' y with averaging time ( 1 ) . The "raw" l i d a r data depict nearly an
"instantaneous" plume since the a i r c r a f t t y p i c a l l y traverses a plume in
a few tens of seconds. The situations sampled by the l i d a r during STATL
were generally at night or when the plume was above the top of the
mixing layer during the day. Note that dato were sometimes obtained
to over 100 km from the source. Plume spread in the crosswind was
one-to-two s t a b i l i t y classes higher than that in the v e r t i c a l in
comparison with P-G f o r these cases. Plume spread in both the crosswind and vertical as a function of dov/iwind distance, however, increased
at a slower rate than P-G. I t is l i k e l y t h a t , owing to i n i t i a l plume
buoyancy, mixing provided enhanced i n i t i a l spreading and that the crosswind
spread resulted from trie combined effects uf difTusiuM and the shear of
the horizontal wind with height and downwind distance.
Urban Plume/Regional Air Mass Transport
Figure 6 presents a plot of iso-contours °f aerosol backscatter i n tensity for a midday f l i g h t about 70 km downwind and to the west of downtown St. Louis during RAPS. The area of high scattering on the right is
the plume from a local power plant while that on the l e f t is the "urban"
plume from the St. Louis/Granite City industrial complex. Note that
these plumes have apparently not yet begun to merge.
A situation demonstrating the merging of a point source plume into
a regional polluted a i r mass is shown in Figure 7. This gray scale
representation of aerosol backscatter intensity (at Q.b2j*m wavelength)
is for a portion of a l a t e evening f l i g h t between an area just east of
Cincinnati, Ohio to an area northwest of Columbus during PEPE/NEROS.
The large, complex region of high scatter is probably comprised
of the Columbus urban plume over i00 km from the source and plumes from
several industrial sources in south ct^ntral Ohio. The plume shown
entering the polluted a i r mass is from a power plant near Cincinnati.
Figure 8 contains cross sections of gray scale depiction of aerosol
backscattfr intensity (at 1.06/um wavelength) near the downwind edge and
3t about 20 km downwind of Columbus, Ohio during a late evening f l i g h t in
PEPE/NIROS. In this f i g u r e , the small areas of very intense scattering
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are clouds. The elevated l a y e r of high s c a t t e r i n g in the center of each
of the p l o t s i s d i r e c t l y dowiwind of the c i t y of Columbus. This l a y e r ,
w'ich i s higher and t h i c k e r than the elevated layer surrounding i t , is
the Columbus urban plume. Notice that the l a y e r also increases s l i g h t l y
with downwind distance i n d i c a t i n g the existence of the nocturnal urban
heat plume from Columbus ( 2 ) .

FUTURE PROSPECTS
During DEPE/NERQS the dual-frequency airborne l i d a r overflew other
a i r c r a f t and surface-based platforms that obtained measurements of aerosol mass, s i z e , and composition. We hope to develop q u a n t i t a t i v e l i d a r
information through r e l a t i n g r a t i o s of the i n t e n s i t y of aerosol backscatter from the two frequencies with p a r t i c l e size d i s t r i b u t i o n s or in
some cases with p a r t i c l e composition as measured by the other platforms.
Success in t h i s research venture w i l l y i e l d an improved c a p a b i l i t y f o r
studying atmospheric processes such as the formation of secondary p o l l u tants or deposition of aerosols, p a r t i c u l a r l y for rapid reactions or reactions encompassing wide areas.
The c u r r a i t airborne l i d a r systems r e q u i r e a small, twin-engine a i r c r a f t . With recent improvements in laser technology and in m i n i a t u r i z a t i o n of hardware and software f o r data c o l l e c t i o n / p r o c e s s i n g , i t i s l i k e l y that a compact l i d a r system can oe constructed to f i t i n t o a small
single-engine a i r c r a f t . We ^re presently conducting a f e a s i b i l i t y study
f o r such a system.
Because of i t s ; aser f i r i n g rate of 10 pulses per second, our
dual-frequency Yag system (Table 1) can be used in a f a s t e r a i r c r a f t
such as a small j e t and s t i l l y i e l d d e t a i l e d a e r i a l coverage, but in
a shorter period of time. A l t e r n a t i v e l y , w i t h t h i s f i r i n g r a t e , a
scanning l i d a r might be developed. The scanning l i d a r would provide
increased wide-area coverage over a given time i n t e r v a l and a b e t t e r
d e f i n i t i o n of r a p i d l y varying features or features d i f f i c u l t t o map
such as the plume from an elevated point source.
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Figure 1. Aerosol backscatter signatures for individual
lidar shots for flights over the St. Louis
metropolitan area.
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Figure 2. Gray scale presentation of aerosol backscatter intensity
(at 0.53 vim) for the last 240 km of a f l i g h t between
tashviile, Tennessee and Indianapolis, Indiana, 1500 LST,
July 18, 1980. Gaps in data due to data recorder malfunction.
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Figure 3.

Gray scale preservation of aerosol backscatter
intensity f o r f l i g h t over southern Arizona,
1700 LST, September 25, 1978, showing fumigation of San Manual Smelter plume.
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Gray scale presentation of aerosol backscatter i n t e n s i t y
at (0.53 urn) for f l i g h t near Page, Arizona, 0930 LST,
May 13, 1980 showing Navajo Power Plant plume.
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Figure 7. Gray scale presentation of aerosol backscatter
intensity (at 0.53 ym) for flight over south
central Ohio, 0000 LST, July 25, 1980.
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MEASUREMFNTS OF URBAN PLUME POLLUTANTS UP TO 100 KM DOWNWIND
D. S. McDougal
G. L. Gregory
Langley Research Center
Hampton, VA 23665
ABSTRACT
As part of the 1979 Southeastern Virginia Urban Plume
Study (SEV-UPS), an urban plume experiment was performed
that focused on the downwind transport, aging, and
transformation of ozone and ^ts precursors from an
urban complex. The field program consisted of a combination of surface, aircraft, sonde, and balloon air
quality (O3, NO/NOX, CH4/THC, and CO) and meteorology
(T, Tdp, winds, MLH, and solar radiation) measurements.
Aircraft flights were flown to measure the temporal and
spatial evolution of an urban plume progressively downwind
of the Norfolk metropolitan area.
On August 24, 1979, under blue skies, moderately high
temperatures, and moderate winds, the urban plume was
observed at 7, 20, and 100 km downwind distances corresponding to 0.5, 1.5, and 5 hours downwind aging times. The peak
ozone values at 300 m altitude increased from 52 ppb
upwind to 95, 120, and 135 ppb downwind, respectively.
The plume widths increased from 12 to 18, and possibly
40 km downwind. The center-lines of the plumes were
aligned generally along the Chesapeake Bay and were in
fair agreement with a vertically-averaged path trajectory
based on Norfolk and Wallops vertical wind data.
INTRODUCTION
The Southeastern Virginia Urban Plume Study (SfiV-UPS) is a
long-range program to evaluate unproven but maturing NASA
remote sensors for monitoring of air quality phenomena [1].
The evaluation process includes direct comparison of remote
iensor data with in situ correlative measurements and particcipation of the remote sensor in a typical urban/ regional
scale air quality experiment [2]. The NASA sensors to be
evaluated by the program were the Laser Absorption Spectrometer
(LAS) airborne ozone (O3) remote sensor [3,4] and Ultraviolet
Dial Lidar (UV-DIAL) airborne O3 and aerosol remote sensor
[5] prior to their participation in EPA's summer 1980 Persistent
E W a t e d Pollution Episode/Northeast Oxidant Regional Study
(PLPE/NEROS) field program.
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In 1979, the SEV-UPS field program focused on the
characterization of the downwind aging, transformation, and
transport of the photochemical oxidant system (03/NOx/HC/UV)
emanating from an urban area [6]. The experiment was
designed to measure the transformation of the primary
precursors nitrogen oxides (NOx) and non-methane hydrocarbons
(NMHC) into the secondary pollutant O3 within an urban plume.
Emphasis was placed on measuring the same urban air mass at
various distances up to 100 km downwind.
This paper will describe the results from such an experiment
performed on August 24, 1979, in the southeastern Virginia
area. On this day and under good photochemical production
conditions, the urban plume was successfully measured as it
emerged downwind from the Norfolk, Virginia metropolitan
complex. As the LAS experienced aircraft problems on this
day and the UV-DIAL did not participate in this year
s program,
no remote sensor data was available for analysis fv ^m this
experiment.
URBAN PLUME EXPERIMENT
The metropolitan area of Norfolk of southeastern Virginia
was selected as a test site for the urban plume experiment based
on the area's climatology, geographical isolation from other major
urban sources, and proximity to the NASA field centers, Langley
Research Center (LaRC) and Wallops Flight Center (WFC) [6].
The urban plume experiment was Jesigned to measure ozone
and precursor transport from an individual urban area at
various downwind aging times. The field program consisted of a
combination of surface, airborne, sonde, and balloon air quality
and meteorology measurements. Morning aircraft flights were flown
that concentrated on characterizing the distribution of pollutant
species upwind of and over the Hampton Roads metropolitan area. As
the day progressed, flight plans were designed to measure the
temporal and spatial evolution of an urban plume progressively downwind of the urban complex. The timing and prescribed locations of
constant altitude horizontal traverses were intended to produce a
data base that followed a single cress section of air as it was
transported downwind by the mean wind spead. The aircraft performed
spirals up to 1500 m at the midpoint of each upwind and downwind
traverse. The spirals provided for the vertical distribution of
various air quality and meteorology parameters. The experiment was
performed whenever the meteorological scenario (steady SW winds,
clear skies, and moderate to high temperatures) were conducive for
photochemical production processes.
INSTRUMENTATION
A number of surface, sonde, balloon, and aircraft
platforms were used to measure the various air quality (O3, NOx/
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Aircraft Measurements
Since O3 near the st'^face is greatly affected by variable
vertical dynamics with,!! Lne mixing layer, O3 measured at the
surface is usually quite different than O3 aloft. For example,
figure 3 shows three vertical measurements of O3 and temperature/
dewpoint from aircraft spirals. At 0725 EDT over the upwind
site at NCC, the aircraft measured a low surface inversion
layer and a severe graHient in O3 from 65 ppb aloft to 25 ppb
at the surface. By IV 'l EDT, also over NCC, the surface
inversion had dissipat d allowing mixing throughout the MLH.
O3 from aloft has begun to fill in the 03-deficit layer even
though there is still a small lag near the surface. By midafternoon the O3 should approach a uniform distribution
throughout the mixing layer. For contrast, a spiral was made
at 1330 EDT over Cape Charles (CC), which is located about
40 km downwind and over water from the urban area. The spiral
was made in the center of the urban plume. The temperature
profile shows a low maritime inversion layer and a secondary
MLH at about 530 m. O3 is uniform above this layer (70 ppb),
but within the secondary nixing layer there is a pronounced
bulge of urban-produced O3. Photochemical production dominates
within this region sifice destruction by surface scavenging is
prohibited by the maritime surface layer below.
The aircraft flight patterns (figure 1) were designed to measure
similar air masses as they advected downwind at various aging
times. However, since no dynamic tracking system such as
tetroons was used, the design is highly dependent on the
actual mean wind direction and speed. To determine the period
when each measured traverse air mass had passed over the
urban area, the traverses were backtracked to the center of
the urban area using the vertically-averaged winds. From
among the several sets of traverses that represented similar
air masses, the urban air mass at 1130 EDT was found to be
successfully measured at a location over 5 hours downwind.
Ozone Measurements. The O3 measurements from the set of traverses
that measured the air mass that had passed .over the urban area at
1130 EDT are shown in figure 4. The dashed line is an apparent
wind trajectory based on the vertically-averaged winds within
the MLH measured at the three sonde and balloon sites (solid
squares). Each of the traverse measurements were made within
30 minutes of the passage of the 1130 urban air mas. The
gaps in the traverses corresponds to locations where vertical
spirals were performed.
The upwind leg AB shows little variation in O3 across the
traverse, with an average of 52 ± 7 ppb. The consistency of this
data with other early morning flights indicate that the early
morning atmosphere above the measured inversion height of 200 m
was homogeneous.
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On the horizontal leg DC, the aircraft was forced off the
intended flight-path due to a high density of air traffic in
NO, CH4/NMHC, b scat, CO, SO2, and CCN) and meteorology
(T/dp, winds, soUr radiation, and MLH) parameters, The surface
sites were located upwind, within, and downwind of the Norfolk
metropolitan area (figure 1). The sites were oriented along an
axis from Norfolk to WFC to take advantage of the southwesterly
flow associated with the Bermuda high weather pattern, which
usually occurs during the summer months on the east coast.
In addition to surface measurements, vertical structure
measurements were made at three sites - upwind at the Naval
Communications center (NCC), within the urban area at the
Naval Air Station (NAS), and downwind at WFC. Three in
situ aircraft were used in the program to fly both spirals
(marked by crosses on figure 1) and constant altitude traverses
oriented perpendicular to the SW flow. A description
of the instrumentation and specific measurements performed
at each site is given by [6, 7, 8, and 9 ] .
A mid-mission audit of all of the surface and airborne
in situ air quality instruments was performed. The audit was
conducted by the Research Triangle Institute (RTI) usind a
mobile audit van that had been rigorously prepared using
appropriate EPA standards.
MEASUREMENTS AND DISCUSSION
The urban plume experiment was successfully performed on
August 24, 1979. The skies were mostly clear but with some
evidence of clouds around noontime and 1500 EDT. Moderately high
temperatures occurred over the day with a maximum temperature of
32 degrees C. The vertically-averaged winds at each of the three
sonde and balloon sites, obtained by averaging the vertical winds
over the mixing height, were essentially southwesterly throughout
the day.
Surface Measurements
The surface values of O3, as measured by upwind, urban,
and downwind stations, are shown in figure 2. The upwind
values show a typical diurnal variation (low at night, high
by mid-aftenioon). The urban values (an average of five
urban station) are slightly lower around 0800 EDT due to
short-term photochemical distruction by NO. They gradually
rise, until by 1600 EDT they o~* higher than the upwind
values as photochemical production processes transform the
primary precursors into O3. The downwind values (an average
of 3 downwind stations) are higher over the entire day than
either the upwind or urban measurements due to longer downwind
aging times for photochemical O3 production.
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the area at the time. The position of the aircraft was actually
7 km north of Norfolk at the point directly downwind of the city.
The measurements indicate a very young urban plume: the peak O3
value is observed to be 95 ppb; the width of the plume is approximately 12 km; and there were also increased concentrations of
nitrogen dioxide, sulfur dioxidet and b s c a t in the same location
as the ozone plume. These data indicate that at 30 minutes aging
time O3 synthesis had begun but the nitrogen and sulfur dioxide
had not yet had enough time to be depleted to background concentrations. Local photochemical destruction of O3 is evident in the
sharp drop in O3 on the eastern edge of the plume. Measurements
show that there is a large peak of N0 x concurrent with the O3 drop.
On leg EF, approximately 20 km downwind of Norfolk and after
90 minutes of aging time, the maximum ozone concentration had
reached levels approaching 120 ppb, and the ozone plume had widened
considerably to approximately 18 km.
On leg IJ, approximately 100 km downwind of Norfolk, the
maximum peak ozone had continued to increase to 130 ppb.
The plume had continued to widen such that the western
edge of the plume extended beyond the traverse. The eastern
half-width was measured to be 20 km. This plume had travelled
over 100 km after a 5 hour aging time.
Note that the center of the plumes are aligned with the center
of the Chesapeake Bay and are in fair agreement with the verticallyaveraged apparent wind trajectory. Since the trajectory is based on
measurements from three widely-separated locations, it is not
expected to be sensitive to localized sea breeze effects that occurs
along the Chesapeake Bay. The University of Virginia threedimensional mesoscale model has shown that, for SW synoptic flow
on a typical summer day with blue skies, the winds deflect to follow
the contours of the Chesapeake Bay [11].
Nitrogen Oxides. A consistent scenario of the urban plume is
portrayed by the simultaneous N0 x measurements, as shown in figure
5. The results show that the upwind air ii essentially uniformly
low; however the leg over the city shows a large N0 x plume over the
center of the traverse, coincident with the O3 decrease observed on
the eastern edge of the young O3 plume, and with a lesser plume
located over the Virginia Beach edge of the leg. An hour later, the
leg EF shows that the central N0 x plume is lesser in magnitude as
photochemical reactions occur; the eastern-edge plume is also lesser;
while on the western edge there is a large plume associated with an
oil-fired power plant immediately upwind. Lastly, the far downwind
leg downwind leg IJ shows that the N0 x has decreased to its background levels, having spent its O3 production potential.
Non-methane Hydrocarbons and Carbon Monoxide. The NMHC and
CO measurements were performed on the C-54 aircraft [12, 13].
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Unfortunately the NMHC/CO coverage of the 1130 EOT urban air
mass consisted of only the upwind leg AB and the intermediate
downwind leg EF. The F.F leg measurements of NMHC/CO are
compared with 03/N0 x measurements obtained 40 minutes earlier,
as shown in figure 6. The bottom three plots (solid lines)
are measurements of b s c a t, N0 x , and O3. The C-54, which flew
at a higher altitude of 500 m (slightly above the maritime MLH),
measured O3 (dashed line) to be some what less than the other
aircraft but with general agreement on plume variation. The CO
measurements are in excellent agreement with the O3 variations,
showing that CO is a good tracer of urban pollutants. While the
NMHC measurements approach the background levels of the upwind leg
AB (not shown), there is considerable variability across the traverse
with a hint of a small plume at the center.
SUMMARY
As part of the 1979 Southeastern Virginia Urban Plume Study
(SEV-UPS), an urban plume experiment was performed that
focused on the downwind transport, aging, and transformation
of ozone and its precursors from ^.n urban complex. The field
program consisted of a combination of surface, aircraft,
sonde, and balloon air quality (O3, NO/NO X , CH4, THC, and CO)
and meteorology (T, Tdp, winds, MLH, and solar radiation)
measurements. Morning aircraft flights were flown that concentrated on characterizing the distribution of pollutants
species upwind of and over the Norfolk, VA metropolitan area.
As the day progressed, flights measured the temporal and
spatial evolution of an urban olume progressively downwind of
the urban complex. The timing and prescribed locations of
constant altitude horizontal traverses produced a data base that
followed a single cross section of air as it was transported
downwind by the mean wind speed. The aircraft performed
spirals up to 1500 m at the midpoint of each upwind and downwind
traverse.
On August 24, 1979, under blue skies, moderately high
temperatures, and moderate winds, the urban plume was observed
at 7, 20, and 100 km downwind distances corresponding to 0.5,
and 5 hours downwind aging times. The peak ozone values at
300 m altitude increased from 52 ppb upwind to 95, 120, and
135 ppb downwind, respectively. The plume widths increased
from 12 to 18, and possibly 40 km downwind. The center-lines
of the plumes were aligned generally along the Chesapeake Bay
and were in fair agreement with a vertically-averaged path
trajectory based on Norfolk and Wallops vertical wind data.
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The data from August 24, 1979, has been incorpor
along with measurements obtained on August 25, 30, ana
1979, into a data base for future analysis by a photochemical box
model. This model has been successfully validated using the
St. Louis RAPS data base [14]. The emissions inventory for
the Norfolk metropolitan area has been completed [10]. The
model is also in the process of being modified to either an
eulerian/multibox or trajectory model for further analysis of
the downwind transformation of urban pollutants. Another
possible investigation involves the use of the University of
Virginia three-dimensional mesoscale model for the detailed
analysis of the wind flow in the Chesapeake Bay coastal
area.
ACKNOWLEDGEMENTS
We are pleased to acknowledge the Virginia State Air
Pollution Control Board, U.S. Navy, Virginia Electric and
Power Company, and Federal Aviation Administration for their
cooperation and assistance. We would like to thank the
many personnel from the Langley Research Center, Wallops
Flight Center, Jet Propulsion Laboratory, Research Triangle
Institute, RAM Aviation, and Old Dominion University for
their participation in the program.
REFERENCES
1. H. S. Wagner, G. L. Gregory, and J. J. Buglia, "The Southeastern Virginia Urban Plume, A Test Site for Remote Sensors,"
71st Air Pollution Control Association Annual Meeting, Houston.
Texas (June, 1978).
2. G. L. Gregory, D. S. McDougal, and H. S. Wagner, "An
Air Quality Program Designed to Evaluate Remote Sensors, "73rd
Air Pollution Control Association Conference, Montreal, Quebec,
Canada, (June, 1980).
3. R. T. Menzies and M. S. Shumate, "Tropospheric Ozone
Distributions Measured with an Airborne Laser Absorption Spectrometer," J. Geophys. Res., 83, p. 4039 (1978).
4. M. S. Shumate, R. T. Menzies, W. B. Grant, and D. S. McDougal,
"The Laser Absorption Spectrometer: Remote Measurement
of Ozone," Submitted to Applied Optics (1980).
5. E. V. Browell "Lidar Remote Sensing of Tropospheric
Pollutants and Trace Gases - Programs of Langley Resaarch
Center," Proceedings from 4th Joint Conference on
Sensing of Environmental Pollutants, American Chemical
Society, Washington, D.C. (1978).

412
6, D. S. McDougal and G. L. Gregory, "Southeastern Virginia
Urban Plume Study: Design Considerations and Measurement
Results," Proceedings 2nd Joint Conference on Applications
of Air Pollution Meteorology, AMS, Boston, MA (1980).
?

G. L Gregory, R. B. Lee, III, and J. J. Mathis, Jr.,
"Summary of 1979 Southeastern Virginia Urban Plume MeasurementData: Volume 1: Experiment Description and Summary of NASA
In Situ Aircraft Results, NASA TMX-8186G-1 M980).

8. G. L, Gregory, R. B. Lee, III, and J. J. Mathis, Jr.,
"Summary of 1979 Southeastern Virginia Urban Plume "easurement
Data: Volume 2: NASA In Situ Aircraft Data Listing," NASA
TMX-81860-2 (1980).
9. J. H. White, W. C. Eaton, M. L. Saeger, R. B. Strong, and
J, B. Tommerdahl, "1979 Southeastern Virginia Urban Plume
Study (SEV-UPS): Surface and Airborne Studies," NASA
CR-159233 (1980).
10. D. A. Brewer, E. E. Remsberg, G. E. Woodbury, and L. C. Quinn,
"1977 Emissions Inventory for Southeastern Virginia,"
NASA TM-80119 (1979).
11. M. D. Segal, D. S. McDougal, R. T. McNider, and R. A. Pielke,
"A Numerical Model Study of the Regional Air Pollution
Meteorology of the Great Chesapeake Bay Area Summer
Day Case Study," In preparation.
12. W. R. Cofer, "Development and Application of an Automated
Airborne Methane/Non-Methane Hydrocarbon Analyzer, "72nd Air
Pollution Control Association Conference, Cincinnati, OH,
(June, 1979).
13. G. W. Sachse, G. F. Hill, L. 0. Wade, and F. P. Condon,
"DACOM-A Rapid High Sensitivity Airborne Carbon Monoxide
Monitor, "Conference Proceedings of the 4th Joint Conference
on Sensing of Environmental Pollutants, American Chemical
Society (1978).
14. D. A. Brewer and E. E. Remsberg, "Air Quality Model
Studies with Applications for Southeastern Virginia," Second
Joint Conference on Applications of Air Pollution Meteorology,
AMS, Boston, MA (1980).

413

Dmataa lurlact «ttt

Figure 1. Southeastern Virginia f i e l d study.

Surface Stations
Upwind
- Urban
Downwind

isor
100
Ozone, ppb

SO

OttO

Figure 2.

0800

1200
Time. EOT

1600

2000

2400

Surface ozone measurements on August 24, 1979.

NCC 0725 EDI

NCC U20 EOT

2000r

60 90 15 20 25
Oj. ppb
Temp, °C

0

CC 1330 EOT
2000

3060~To
30*60
M 15 20 25 30
Oj. ppb
Temp. °c

. Temperature
Oewpoint

r

lGOOh

V

O 30 60 W 120 15 20 25 30
Oj. ppb
Temp. °C

Figure 3.

Surface vs airborne ozone on August 24, 1979.

415

4";

i
j

0800
Time. e.d.t.
Blue skies
Moderately high temperatures
Moderate winds

20 km
\

Apparent wind trajectory
i within MLH)
Vertical winds

Figure 4. Airborne ozone at 300 m of 1130 EDT
urban air mass on August 24, 1979.

416

20 km

Figure 5. Airborne N0 x at 300 m of 1130 ETD urban
air mass on August 24, 1979.

417

.5
NMHC. ppm .4
.3

Z =330 m: 1240 fJT
Z=500m;

500r
CO. ppm

U—>-—

*-,.

1320 EOT

-----

?mL

Figure 6. Comparison of NMHC and CO with O3, NO X , and b s c a +
for aircraft traverse at leg EF on August 24,
1979.
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ABSTRACT
A case study of continuous fumigation in a lake shore
environment is presented. It is shown that the data of the
study verify the continuous fumigation model of the author
(Misra, 1980 a) reasonably well.
INTRODUCTION
Dispersion of pollutants from tall stacks in a shoreline environment very often proceeds in the presence of a thermal internal boundary layer (TIBL). A TIBL is a convective boundary layer capped by a
stable layer. It is formed during Spring and Summer in temperate climate zones for onshore flows in a lake and sea shore environment.
Starting from a near zero value at the shoreline it grows with downwind distance until merger with tde general boundary layer which is
free of the lake or sea effects. On many occasions the shape of the
TIBL is found to be parabolic (Venkatram, 1977).
The ground level concentration (glc) downwind of a shoreline
when a TIBL forms, is a function of the TIBL height. Initially elevated coastal plumes travel in a stable layer, where dispersion is attributed mostly to plumes' internal turbulence. Further downwind the
plume intersects and is entrained into the TIBL causing high glc's.
This phenomenon is called continuous fumigation. Significant glc's
are found ^n the vicinity of the fumigation zone.
It is apparent that the location of the fumigation zone depends
on plume rise and TIBL height. On the shorelines of the Great Lakes
the TIBL heights are generally small.
Thus the fumigation zone
relative to a tall stack ( 200 m) at the shoreline is observed at
about 20-30 km from the shoreline on many occasions.
This paper presents the results of an experiment to characterise
the continuous fumigation of plumes from two tall stacks ( 200 m) on
the northern shore of Lake Erie. A fumigation model, developed by the
author (Misra, 1980 a) is verified with the data of this experiment.
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EXPERIMENTAL
The experiment was carried out at Nanticoke on the northern shore
of Lake Erie during May 28 to June 14, 1979. The plumes studied are
from t^.e stacks of Nanticoke Generating Station (NANTGS) of Ontario
Hydro. NANTGS is a coal fixed power plant with a capacity of 4000
MW. Generally, however, it operates at a load of about 2000 MW. The
exhaust gas is emitted through two 198 m- 1 stacks separated by 273 m.
At 2000 MW operation approximately 5 kgs of SO2 is emitted.
The experiment was comprised of the following. On a day with onshore flows the plume was sampled at two points downwind from the
stack by a helicopter instrumented for SOg. The near stack point was
about 1-2 km from the stack and was selected to sample the plume while
it was in the stable layer. The far field point was chosen to be
within the fumigation zone. The helicopter flew in an S pattern at
each location, starting at the lowest level and proceeding to the next
two levels. As many transects of the plume at each level were tried
as the fuel capacity of the helicopter would allow. A Sign-x analyser
was used to sample the plume for SO2.
On the ground the wind and temperature profiles were obtained by
two PIBL-MINISONDE units, one located at the shoreline and the other
at an inland point approximately 10 km from the shoreline. An acoustic sounder was used at about 5 km from the shoreline for a continuous
record of the mixed layer heights. A van fitted with a correlation
spectrometer and a Sign-x analyser monitored the plume inside the
fumigation zone at the ground level. Care was taken to locate the
correlation spectrometer van below the helicopter as closely as allowed by the roads in the area. An instrumented chemistry laboratory was
deployed into the fumigation zone to obtain 1/2 hr averaged glc's of
SO2.
The above data set was augmented by the data from a 85 m meteorological tower located at about 10 km from the shoreline. At the base
of this tower a temporary weather station was set up to monitor the
synoptic weather patterns and surface data such as pressure, temperature, dew point temperature, solar radiation etc. The SOg data was
augmented by the data from Ontario Hydro's fixed ground level monitoring network consisting of 16 Philips SO2 monitors.
RESULTS
We present here the results of 3 events of two days for which the
data set was complete for model verification purposes.
On June 13, 1979 the upper air pattern showed a moderate northwesterly flow over Southern Ontario with an embedded ridge over Lake
Huron moving to South of the lower Great Lakes by the end of the day.
At the surface, a ridge of high pressure over Lake Superior to central
Lake Erie remained stationary giving a west to northwest gradient with
mainly clear skies. A lake breeze developed at 1400 EDT. This
brought the plume over land where fumigation was observed to occur at
about 1700 EDT at a distance approximately 20 km downwind of the
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On June 14, 1979 the upper air pattern showed a ridge to the West
of the Great Lakes giving a light West to northwesterly flow aloft
over southern Ontario. The surface map showed a high pressure centre
in Pennsylvania moving to the Atlantic sea board.
Southwestern
Ontario remained in a Southerly flow under mainly clear skies. The
plume fumigation was observed to occur in a NE direction approximately
20 km from the shoreline.
Table 1 shows the input parameters to the fumigation model of
Misra (1980 a) for the above mentioned events. The reader is referred
to the original paper for a detailed description of the model. The
model is verified for different points in the crosswind direction at
three downwind locations corresponding to the three events.
To be consistent with the model we fitted a Gaussian profile to
the time averaged (averaged over all the helicopter passes at a fixed
level) concentration data collected in the stable layer near the
stack. It is noted that at a fixed downwind distance the logarithm of
time averaged concentration , C, is linearly related to y2, where y is
the crosswind distance. Thus from the best fit lines between logeC
and y2 at three arbitrary vertical levels we can solve for the unknowns, the plume height H, and the standard deviations oy and oz.
Table 2 shows the results of H, oy, and oz obtained by this method.
On most occasions the best fit between loggC and y2 was found to be
linear with reasonable degree of accuracy (r* a 0.8). This may be attributed to the fact that the data were collected close to the stack,
so that they were not significantly affected by wind shear.
The corresponding values computed from recommended formulas for
H, (Briggs, 1975) and oy and oz (Misra and McMillan, 1980) are also
shown in Table 2. The Brunt-Vaisala frequency, N .was obtained from
minisonde temperature profiles at the lake shore. Since two stacks
were in operation for these events, the maximum buoyancy parameter Fo
of the two stacks has been used to compute H, ay, and oz through formulas shown at the bottom of Table 2. The scatter in the data points
did not permit us to notice a significant difference in H, °y, &z using the sum of Fo versus maximum Fo.
A notable point in Table 2 is that the neutral plume rise formula
suggests a higher value of the entrainment constant than the recommended value of 0.67 by Briggs (1975). This may be attributed to the
ay values which were generally higher than oz suggesting
that the
equivalent plume radius is proportional to (oyaz) 1 / • If the plume
radius, R is assumed proportional to plume rise, where the proportionality constant is the entrainment constant, $, and R is assumed proportional to az, then we obtain 2 3 to be nearly equal to 0.67. Assuming R proportional to (oyaz)V . however, renders a higher value to
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The above method of computing H, oy and oz also yields values for
the source strength which is compared with the source strength obtained from station load. The agreement as shown in Table 2 is reasonable.
Fiqure 1 shows a comparison of computed glc's versus observed
glc's. It is noted that within the fumigation zone the model assumes
a uniform concentration distribution in the vertical. This is well
corroborated by the observed 300 ft level helicopter data and ground
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level mobile monitoring data. The 300 ft level was always below the
TIBL height for these events. The uniformity of concentration field
in the vertical is expected to be true sufficiently downwind of the
point of intersection of the plume centreline and the TIBL height.
The far field locations of the helicopter for the events under consideration were chosen to be within a zone with uniform vertical distribution so that we can relate the 300' level helicopter data to glc.
A parabolic shape of the TIBL height was assumed.
The
coefficient, A, of Table 1 in the relationship, L=AXV 2 . was obtained
from a best fit parabola to the measured TIBL heights.
The convective velocity scale, W*, was not measured. However,
net solar radiation was measured, which was related to the surface
heat flux Qq at a point away from the shoreline. Misra (1980 a) shows
that even though the surface heat flux is a decreasing function of
downwind distance, x, within the TIBL, W* remains nearly invariant
with x, since the TISL height,3 L, is an increasing function of x and
W* is proportional to (Q 0 L)V . Thus, W*, computed at a point for
which dL/dx is small, by obtaining Q o from solar radiation, can be
used at all points within the TIBL. The resulting error is not severe
as the model is not very sensitive to W* (Misra, 1980 b).
A linear regression between observed and computed glc's gives the
following:
C o b s = 28.83 + 0.65 C c o m p ,
with r^ = 0.85. The non-zero intercept on the ordinate and departure
of the slope from unity are attributed to the large uncertainty of the
measurements for very low concentration levels. The inherent uncertainties associated with errors in the input parameters, measurement
errors, and above all the sampling error do not permit us to obtain
exact verification between model output and observed concentrations.
It may be noted that a model predicts ensemble average concentrations. Our measurement procedure, such as 1/2 hour averaging or averaging over 3-4 helicopter passes, may not give us an ensemble average
(Venkatram, 1979). Thus, scatter of the data points about the one-one
correspondence line between observed and computed concentrations is
inevitable. It is encouraging to note the good agreement between observed and computed values in this study, as illustrated in Table 2
and Figure 1. This suggests that the set of measured concentration
values belong to the peak region of their probability density function.
We have assumed that the line joining the stack to the centre of
mass of the far field concentration profiles lies along a mean wind
direction. The mean wind direction and speed were assumed to be the
same as the 85 m level winds of the meteorological tower. This may
not necessarily be true as very often a pronounced wind shear exists
near a lakeshore attributed to the lake effects. To overcome this
problem it is suggested a two level wind field to be assumed, one
corresponding to the mean TIBL wind and the other to the plume level
wind. The model can easily be modified to allow for this change. We
are currently looking into this problem.
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CONCLUSIONS
We have demonstrated that for mesoscale flows in lake and land
configurations the continuous fumigation model of Misra (1980 a) predicts the glc's reasonably well. The success of the model may be attributed to two factors. First, the travel time of the plume in the
stable layer is short so that the effect of wind shear on the plume is
not very significant. This allows us to represent the stable layer
plume reasonably well by Gaussian vertical and crosswind distributions. Second, we make reasonable predictions of the dispersion parameters in the stable layer. It is noted that the spread of the plume
in the stable layer controls the glc's in the sense that the source
strength of the elevated area source (Misra, 1980 a) depends on this
spread.
Similar verification of the model was shown for two other data
sets (Misra, 1980 b, 1980 c ) .
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INPUT PARAMETERS TO THE MODEL

Case
No

Date

Time

1

June 13/79

1700 hrs

7.2

2

June 14/79

1400 hrs

7 .5

3

June 14/79

1600 hrs

m .IT

Hind

8 .61

U '/U

Brunt-Vaisala
Freq.
N s-1

600

Suf. He
Oo w "
240

0 .2

1 08 x 10-2

2.4

2.96 x 10 3

1078

420

0 25

1 35 x 10-2

5.69

3.8

x 103

C .20

2

5.23

3.8

x 103

Solar Rad
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317

1 .35 x ID"

AmV2

Source Strength
Q

TABLE 2

Date

Tine

Plant
Load

mw
May

31/79

1400-1430

June

6/79

1555-1630

961

June

7/79

1315-1340

June 14/79
June 14/79

JC-3

U

X
km

Observe*i
z
H
y
m
ID
m

A

(omputed
H*
m

m

q
m

Computed
gs" 1

Q estimate
from load
9!

4.52 X 103

3.7

4.0 380 375 145 9 .72

585

2.7

5.0

715 262

90 8.26 X lO-3

485

217

97

4.26 X 103

3.77 x 1O 3

960

585

2.4

10.0

322 232

55

332.7

100

45

3
4.67 X lO

3.77 x 1 0 3

1400-1420

964

585

2.7

8.0

393
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90 1.35 X 10-2 375

136

61

3.27 X 103

3.77 x 1 0 3
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5e5
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ABSTRACT
Extensive data has been niade available for the
meteorology and releases of Krypton-85 in Iho area of the
Savannah River Laboratory. The following study was
performed principally to determine the efficacy of
"straight-line" models to the estimation of diffusion
parameters at distances of the order cf 100 kilometers.
Material transported over such intermediate distance
scales may be expected to be influenced by noocsrous wind
vectors, sometimes diametrically opposed to one another.
This paper concerns itself primarily with the calculation
of optimum wind direction intervals for the particulardata set. The results are improved considerably if t
"power lav;" with distance is substituted for the nixing
depth and arc length.

THE DATA SET
Table I lists the distances and azimuthal bear'\-'GS of the
thirteen cryogenic sampling sites in the Savannah i iver
Laboratories area. Also listed are the concentrations, corrected
for background, of KR-85 for the two annual periods March 3, 1975 March 1, 1976 and March 1, 1976 - February 28, 1977, (Telecadas et
al., 1980)
The correlation between column (c), (75-76 data), and column
(d), (76-77 data is r = .9U with a regression equation of C = 0.63D
+ 3.4. In the period 1975-1976, some 7.4>:105 curies of KR-85 were
released compared to 9.6x10^ curies in the period 1976-1977. The
regression equation constant of 0.63 nay thus be compared with the
72% actual ratio of releases.
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A MINIMUM METEOROLOGY MODEL
At the distances given in Table (1), vertical diffusion of a
continuous plume usually ceases when the top of the boundary layer
is reached. If we assume random or continuous releases, and random
v/ind vectors, the resulting concentration for a Hininum Meteorology
I'.odel (KMK) would be

= Q/u (MD)2r r

(1)

where .. = concentration (Pico-curies/neter3), u = average wind
spc-od (nicters/occond), MD = average mixing depth (meters), r =
radius vector of the sampling site (neters).
Assuninc u = 3.5 neters/second and M U = 500 neters, the values
in Table II are obtained for the period 1 larch 1976 - February 1977.
V:ic correlation between the March 1976 - February 1977 data and
the table above is r = .87. The regression equation is -(76-77) = 0.33
(Table II) -7.4. Although the correlation seems satisfactory, the
intercept of the regression equation appears to have no empirical
justification. For the year (1975-1976), the correlation was lower (r
= .75) but the slope and intercepts of the regression equation were
izore realistic, being 0.'l8 and 0.32 respectively.
The meteorological values assumed in the HUM contributed nothing
to the actual correlations, the operating variable being the distance
fror. source to receptor. Ilov.ever, assigning a realistic wind speed and
nixing depth provides order of -.agnitude estimates of concentrations.
EMPLOYING HOURLY WIIJD AMD SOUCE DATA
hourly wind direction data (at 0.1° intervals), wind speed,
vertical and horizontal wind direction variation, nixing depth, and
source emissions were given. Although the data sets were extensive,
nissing data occurred in the nixing depth and v/ind field data over
extended periods. Accordingly, the nixing depth data was not used and
the other remaining data was used orTy for the period March 1, 1976
thru February 28, 1977.
VARIATIONS OF BASIC MODEL
Few transport nodels euploy all the data available to them. Most
create a data set eaploying 22.5° or 10° arcs along which material is
iicsunad tc disperse over an extended period of time, and wind speeds
are sir.ilariy classified into intervals. Vertical v/ind shear is
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usually ignored and the receptors in question are rarely directly
centered in the computational arc. For short distances, the many
assumptions and exclusions of the standard "Gaussian" model have not
hindered i t s application or acceptance, but vrhen airborne materiel
transport extends to distances of an order of 100 kilometers, the
basic aodel nust be re-examined.
The purpose of this exercise i s to determine, by varying the. wind
direction interval, and centering the arc about each reported
receptor, hou the parameters of wind data effect the correlation of
observed vs calculated concentrations.
Table I I I is arranged in a format such that information increases
fr-oia left to right, top to bottom. Column two, the correlation of
observation with distance i s equivalent to assuming random releases,
with an arbitrarily assigned wind speed. For coluun three, the hourly
wind speed i s required; for column four, the hourly release rate; and
for column five, the hourly release rate divided by the hourly wind
speed. The resolution of reported wind direction increases as one
proceeds down the table. The value of the correlations nust oe
interpreted with considerable caution, considering the limited number
of data points, (thirteen). Fron the table, the optimum resolution
appears to be 180° with only the distance parexieter required in
c.ddicion to the wind frequency. Due to the distance of the receptors
to the source, plus the quasi-random nature of the effucnt release i t
is not too surprising that the wind speed at the source and release
rate contribute l i t t l e (or sometimes reduce) the correlation
coefficients in Table I I I . The extreme optinuni wind direction
interval, however, is difficult to explain and will be discussed
below.
. 4U

. .i-

The Environnental Protection Agency han developed and published a
set of algorithms listed as RAM (Turner and IIcvul:, 1978) which calculate
concentrations of airborne material from a variety of sources to £.n
extensive set of receptor points. The basic model, RAM, lias a rural
analog, RAKE, which was euployed for certain selected episodes of hi^h
concentration reported in the Savannah report. The raodel i s basically a
"straight-line™ approach, however, and i t s extensive use would have been
too costly to apply to detailed annual data.
One section of ZK:?>, however, calculated the resultant wind vector
and persistence over a selected period. The RAMR program was used to
calculate the resultant wind veotors over twelve-hour periods for the
two-year period* The average persistanee was .866 which, if equated to
unit vectors yields an average cauasian ay of 30 ° over a twelve-hour
period. The value of 30° for a twelve-hour period ugrees well with the
value of 5000 meters at a distance of 105 rioters civen by the
Pdsquill-Gifford curve o-1 ay , D condition, (Slade, 1968). This author
calculated the averc.es shear over a twenty-four hour period in the East
Tennessee area, and found a value frora the ten to one hundred ten meter
level to be 28°.
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Station

2

Table I
Relative Location and Concentrations
of KR-85 Sampling Sites Savannah RivetLaboratories
Azimuth Concentration
Concentration
Distance
DEC
March 3, 1975
March 1, 1976
m
March 1, 1976
February 28, 1977
PICO curies/m-* PICO
^

3

87
60

283
207

15.7
11.8

12.8
10.0

4

99

220

10.0

16.2

5

92

187

6.2

6.4

6

109

142

4.9

10.9

7

100

95

13.0

18.9

8

57

88

33.3

38.1

9

93

63

22.2

28.8

10

50

34

47.7

58.0

11

98

36

20.4

20.3

12

112

336

7.1

.10.3

13

144

41

11.0

12.4

14

28

286

40.0

71.9

^Summarized from Tables 1 and 9c, NOAA Technical Memorandum ERL
ARL-80

Table II
Estimated Concentrations for MMM(1976-1977)
2

3 3

5

6

7

8

9

10

11

12

13

^

x(PC/m )
32.0 « 6 . 3 23.1 30.2 25.5 27.8 45.8 29.9 55.6 2S.H 2H.8 19.3

99.3
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Neither the observations of persistence nor those of shear support
the observed optimum value of the wind direction interval as 100°.
THE POWER LAW APPROACH
Froa Table I, stations 10, 11 and 13 lie within-3.5° of azimuth
frou one another, while their respective distances are 50, 98, and 1UH
kilometers. Fittine the values of KR-85 concentrations frou these
receptors to a power* lav/ suggested that the values diminished with
distance to the -1.7 power, when the distance was measured in
kilometers, further surest ing a relation of the form
n
X a Q/D ,

(2)

where n is an exponent to be determined by experimentation. Tables IV
and V give the correlations for equation (2) for the powers -1.7 and
-2.5 respectively. The improvement over Table I for the wind direction
intervals about 30° is substantial, and the model appears more realistic physically. The value of -1.7 for the exponent yielded a realistic
value of 16 PC/m3 for the background radiation, while an exponent of
-2.5 gave a background count of 25 compared to the estimated value of
14 PC/m . The reasons for employing a power law are beyond the scope
of this paper. The use of a power law, however, may cover a variety
of physical processes, either assumed and/or unmeasurable. Further
studies will show whether a power law, and exponential law, or some
other configuration might be profitably employed to use the traditional
"straight-line" models over extended distances.
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Table III
Correlation Coefficients
of Wind Direction Interval vs
Various Paraneters
(March 1976 - February 1977)

Wind Direction

(D,-1

(UD)" 1

360°

.87

.87

.87

.87

270°

.82

.83

.83

.84

180°

.96

.94

.94

.93

90°

.91

.91

.91

.91

60°

.82

.85

.83

.87

40°

.65

.74

.56

.75

30°

.66

.74

.59

•75

20°

.66

.75

.55

.72

10°

.62

.75

.38

.56

4°

.71

.75

.40

.44

1°

.46

.39

.06

.14

Interval

D

= Source to Receptor Distance

U

= Wind Speed (Hourly)

Q

= Source Strength (Hourly)

Q/D

Q/UD
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Table IV
Correlation CoefficiGnts
of Wind Direction Interval vs
Various Parameters
(Karen 1976 - February 1977)
Wind Direction
Interval

(W-1.T

(UD)""1'7

Q/D 1 -7

Q/UD

1

*7

360°

.85

.85

.85

.35

270°

.83

.84

.84

.84

180°

.92

.90

.90

.89

90°

.91

.89

.90

.89

60°

.89

-87

.89

.87

40°

.82

.86

.81

.86

30°

.87

.89

.88

.90

20°

.88

.89

.87

.91

10°

.88

.91

.77

.88

4°

.91

.92

.73

.73

1°

.80

•72

.12

.34
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Table V
Correlation Coefficients
of Wind Direction Interval vs
Various Parameters
(Karen 1976 -February 1977)

Wind Direction
Interval

(UD)" 2 ' 5

Q/D 2 ' 5

Q/UD 2 * 5

360°

.82

.82

.82

.82

270°

.81

.82

.81

.82

180°

.86

.85

.85

.85

90°

.87

.85

.86

.84

60°

.86

.84

.86

.94

40°

.88

.86

.87

.85

30°

.91

.88

.92

.89

.91

.88

.94

.90

.93

.93

• 92

.91

4

.92

.90

.94

.94

1°

.93

.89

.51

.50

0

20

10°
o

AN INDIVIDUAL PARTICLE ANALYSIS METHOD AND
ITS APPLICATION TO ATMOSPHERIC TRANSPORT
Brian L. Mclntyre
Mary M. Minnis
David L. Johnson
State University of New York
College of Environmental Science and Forestry
Syracuse, New York 13210
ABSTRACT
Recent developments in rapid small particle analysis
provide a new perspective on the environmental transformations of atmospheric aerosols. Scanning electron
microscopy coupled with energy dispersive X-ray analysis
offers a method to describe individual particle morphology and elemental composition. By computerizing
electron beam control and data processing functions it
is possible to analyze significant numbers of particles
at the rate of hundreds per hour. Individual particles
can then be classified on the basis of user-defined
chemical and/or physical parameters. When these classification categories are related to the sample as a
whole, they may reveal such dynamic phenomena as gas
to particle conversion, particle aggregation, and dispersion of particulate matter plumes, without necessitating the addition of tracing material to any particular plume.
This paper presents a description of the analytical
procedure for rapid individual particle characterization
by computer assisted scanning electron microscopy/X-ray
energy spectrometry, (SEM/XES).
INTRODUCTION
Atmospherically dispersed particulate material is not homogeneous;
there are many types of particles and each has a unique identity, as
delineated by its morphology and chemical composition. Most studies of
particles are bulk analysis procedures, thus the particle individualities are lost within the context of an average particle description.
Individual particle analysis done by Scanning Electron Microscopy/X,-ray
Energy Spectroscopy (SEM/XES) is a powerful qualitative tool for the
study of the environmental transport of particles. This technique,
however, is extremely time consuming and subject to a variety of subjective (operator) uncertainties. With a new SEM/XES technique that we
are employing, a computer assists in the data acquisition and manage-
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ment. This makes i t more practical (about 1000 times faster) to observe
s t a t i s t i c a l l y s i g n i f i c a n t p a r t i c l e populations, as analyzed from an i n dividual p a r t i c l e perspective. The f u r t h e r application of t h i s technique may lead to new procedures for the testing and v e r i f i c a t i o n of atmospheric dispersion models. The a b i l i t y to describe populations of
characteristically d i s t i n c t particles means that ambient particles can
serve as t h e i r own tracers i n studies of t h e i r fate after emission.
TECHNIQUE DESCRIPTION
In conventional scanning electron microscopy a beam of accelerated
electrons is swept across a specimen surface with a normal x-y raster
pattern, as is exhibited in a t e l e v i s i o n . By computerizing this electron
beam sweep function, individual areas of interest within a f i e l d of view
can be resolved and analyzed. I f these areas of interest ( e . g . , particles)
are chosen on the basis of backscattered electron contrast l e v e l , then a
d i g i t i z e d binary signal can be formed that corresponds to the backscattered signal. This binary signal, now i n a computer recognizable
format, can be subjected to an image analysis procedure which determines the size and shape of the two dimensional projection of the

particle.
Morphological information about particles is obtained by sweeping
the beam to an area of interest (particle) and defining the perimeter
and area through sets of perpendicular and diagonal lines, created by
the computer driven electron beam. Figure 1 shows how the analysis proceeds, from the normal image to the digitized binary signal, to the
measurement of the size and shape factors of the particles. The raw
data obtained are then stored in the computer memory.
After the geometric center of the particle is found, the electron
beam is then positioned at that point to acquire X-rays resulting from
the electronic interactions of the beam and the elements contained
within the specimen. This function, detector-time dependent, is
usually accomplished in 4-6 real time seconds.
With standard operational parameters and a magnification of lOOOx,
approximately 300-400 particles can be analyzed in an hour. Reliable
and reproducible data are obtained for particles down to the 0.1 urn
diameter level. These time and size-analysis system capabilities are
optimum for Nuclepore & and teflon membranes as compared with other
particle deposition substrates.
Once the morphological and compositional parameters are determined,
the computer directs similar particles into a discrete user-defined
class within a classification file,, These classes are specified with
various combinations of size and shape factors as well as fractional
contribution of an individual element's X-rays to the total X-ray count.
The computer searches this f i l e until the measured data from the particle
f i t s into one of i t s classes. Table 1 is an example of a typical classification f i l e and Figure 2 is an electron micrograph and the individual
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Figure 1
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Table 1. Example of Particle Classification File
Category Name
Macro
Macro
tfaero
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro
Macro

Class
Class
Class
Class
Class
Class
Class
Class
Class

Class
Class
Class
Class
Class
Class
Class

Class
Class
Class
Class
Class
Class
Class
Class

1 : Low Counts
: Marine Aerosol
: Secondary Type
: Lg. Secondary Type
: CA+S
: Mood Combustion
: Refuse Combustion
8 : Cars Combustion
9 : O i l Combustion
10
Combustion (Other)
11 . Industrial
12
Dolomite
13 . Limestone
14 : Construction
15 ' Asbestos/Talc
16 : Illite
17 : Kaolinite
18 : Feldspar
19 : Mica
20 : Al Rich
21 : SI Only
22 : Lithophilic
23 : Miscellaneous Salts
24 : Miscellaneous Class
2
3
4
5
6
7

Specific Gravity

SG~
1.100
2.165
2.500
1.760
3.000
1.900
3.000
4.500
4.000
4.500
5.000
2.870
2.650
2.450
2.500
2.600
2.650
2.500
2.800
3.960
2.330
2.750
1.550
2.500
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12 Dolomite Type:
% X-ray Cnt:

MG

S

75

T

CA

7?
Avg. Diameter (un)

Width/Length
0.839

Area (iin )
8.85E 00

3 .53E 00

Figure 2

Dolomite Type
Macro Class 12:
% X-ray Cnt:
Pop.

MG
7K

AL

SI

Avg. Area (yrn )
9.45E 00

S

T

CA
6F

MN
"0"

FE
Avg, Pi am. jj\m)
3.59E 00

Avg, Width/Length
0.518

o f Total Particles By Avg. Diameter (yim)
<0.5

<2.5

OS"

<5.0
1.30

<10.0

<15.0

"Oo

>15.0
"0J

Total

T

Weight % of Particle Class by Avg. Diameter (ym)
<0.5

<2.5

OU

7TTD" 5 O 0 " O o

<5.Q

<10.0

<15.0

>15.0

~O0~ "UTOO"

Figure 3

Total

"Oo
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particle characteristics (elemental X-ray %, size, shape) of a particle
which was classified as dolomite.
At the erd of an analysis, each of these classes is summarized and
averaged. Summaries typically include:
1) size distribution within each class
2) weight contribution within each class size distribution
( u t i l i z i n g assigned specific gravity)
3) average elemental % X-ray proportions
4) total number of particles witiiin each class
5) average size and shape factors
Figure 3 shows a class summary statement for the particle type shown in
Figure 2. For additional descriptions of the technique see Hanna, et a_l_
1980 [ 1 ] , Johnson 1980 [ 2 ] , Effler & Johnson 1980 [ 3 ] , Johnson, et aT
1980 [ 4 ] , Yokum, et al_ 1980 [6].
Sampling Technique
To obtain samples of airborne particulate material, volumes of air
are drawn through a "clean" (low X-ray background and a smooth, f l a t
surface) plastic type f i l t e r . Our studies have shown polycarbonate and
teflon membranes to be suitable f i l t e r substrates. Filter "loading" can
be problematic; i f too many particles are retained per unit area i t may
result in over*lf»ppir••; image structures that the computer cannot separate,
and too few particles retained per unit area will make the instrumental
"through-put" low and time consumptive.
After suitable samples are obtained, small sections of the f i l t e r
are removed and mounted directly in colloidally dispersed carbon paint
on a carbon specimen stud. The surface of the f i l t e r is then coated
with 10-20 nm of carbon in a high vacuum evaporator. This coating serves
to dissipate electron beam induced heat and current, but does not contribute X-rays to the analysis.
The choice of the section of f i l t e r to be used in the analysis is
subject to some operator bias. I f there is differential particle
deposition on the f i l t e r , then the results of the analysis may be different for sections of the f i l t e r showing this loading difference. Work
on several types of teflon f i l t e r s shows that this loading differential
is negligible between the center and edge of the f i l t e r for samples
taken with a dichotomous sampler. Other types of f i l t e r holders
which employ backing supports definitely lead to this phenomena. We
are currently working on a new type of air sampler to avoid these
problems.
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Applicability
This technique has the potential of being able to test and verify
existing and developing atmospheric models without the addition of tracer
material to a plume. Particle aggregation phenomena can be examined by
comparing the relative proportion of observed aggregates in samples obtained from plurces as they age. Aggregate detection is based on dissimilar X-ray spectra from "widely" spaced points on the particle surface.
However, the use of this technique has limitations associated with i t .
For example, a large particle (20 um average diameter) composed of four
or five smaller particles cemented together could be separated by the
computer i f the X-rays acquired from the separate pieces were greatly
different. I f , on the other hand, the total aggregate was only 2 ym in
average diameter, the penetrating power of the electron beam would not allow
the separate pieces to be analyzed individually. Thus, a lower l i m i t to
the size detectability of physical aggregates i f imposed by instrumental
characteristics. I t may be possible, however, to avoid this problem by
analysis of the aggregates followed by some disaggregation technique and
subsequent analysis. A change in size and class breakdown of the sample
would imply some presence of aggregates.
One complicating factor in modeling atmospheric transport of material
is the process of gas to particle conversion and adsorption. Using S02(g)
as an example, a method for showing the magnitude and rate of this
process would be by observing the changes in sulfur content of the particle
classes while proceeding downwind in a plume. To demonstrate this application of rapid individual particle analysis, a local Syracuse industry
was identified as a large source of calcium containing particles. Downwind of the plant a major particle class encounted was calcium-sulfur
containing particles. Closer to the industrial complex this class was
much less prevalent. No specific calcium-sulfur particle source was found
within the complex i t s e l f . This situation has also been observed in
previous reports [ 1 ] , [ 5 ] , [ 6 ] . I t is theorized, then, that the increase
in the abundance of the calcium-sulfur class is due to the atmospheric
reaction of gaseous S0x (from other processes within the complex) and the
calcium rich particles.
The application of this technique to the search for point sources
of airborne particles also appears to hold promise. By obtaining a
"fingerprint" of the various types of processes emitting particles in an
area, specific particle types can be separated from a sample and be attributed to separate processes. In another study conducted in Syracuse,
a transect of an industrial area yielded a group of particles f i t t i n g a
general classification attributable to industrial operations. Downwind
of the industrial area, about 10 times as much "industrial" particulate
matter (on a weight basis) was found as compared to an upwind sampling
station.
The classification of airborne particulate material into large
source specific classes is a developing process, with only a few easily
identifiable classes worked out to date, i.e. o i l combustion byproducts,
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iithospheric derived particles and marine type aerosols. The largt
amount of time required to construct a classification file that more precisely describe the particles that make up the sample, puts constraints
on this process, but by examining many samples, can be accomplished.
We are presently conducting a particle source inventory for the
Syracuse area. By compiling and archiving a group of source samples,
large groups of ambient particles may be separable, and attributed to
various sources. This area contains operations such as smelting,
quarrying, ceirent production, wood combustion, oil fired boilers and a
variety of construction projects. Each of these may be "source apportioned" on ambient air samples through a technique of particle class
balance, which is analogous to a chemical element balance for airborne
particulate material.
No single analysis technique is the complete answer to any analytical
problem. Limitations are characteristics that have to be recognized and
worked with, or around. The chief limitations to SEM/XES for rapid individual particle analysis are:
1) Classification files don't yet exist that can adequately
describe all types of particles in varying situations.
Construction of these files is a time consuming process,
with many standards and samples having to be analyzed.
2) Operator to operator variability. By manipulating th*
many parameters associated with the actual analysis,
some particle size distributions may be skewed, and classes
within the sample may change in relative proportion. Our
lab has already addressed this problem; the results show
that among 5 operators the major particle classes can vary
by as much as 252 in relative proportion of the total
sample, and total sample particle population can vary by
about 20i. One operator, though, can be internally consistent, with a variability of less than 6% in particle
population.
3) Light element detection, (atomic numbers less than 11),
is limited by the type of X-ray detector system employed. A wavelength dispersive detector or a windowless energy dispersive detector could avoid this
limitation.
Conclusions
Individual particle analysis by SEM/XES maintains the individual
character of the particles and relates these characteristics to the
sample as a whole. By employing this technique, phenomena which act
on individual particles can be observed and interpreted. This new
type of data may make it easier to more effectively model atmospheric
transport and processes particles undergo while in transit.
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THE USE OF AN IODINE-131 DATA BASE FOR MODEL VALIDATION IN THE
DESIGN OF THE ORNL STEAM PLANT AIR QUALITY MONITOR NETWORK
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Knoxville, Tennessee 37916
T. U. Oakes
Department of Environmental Management
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Oak Ridge, Tennessee 37830

ABSTRACT
The complex terrain of the Oak Ridge area led to difficulties in the initial effort to design an air quality
monitoring network for the ORNL fossil steam plant.
Consequently, it was decided to consider the use of other,
more sophisticated air quality models in place of the
basic gaussian plume models used in the original effort.
One type of existing complex terrain model was evaluated:
the modified gaussian EPA VALLEY model. Evaluation of the
model was performed using a comprehensive data base of
iodine-131 measurements at sites up to 13 km from the
Laboratory and the corresponding meteorological observations collected at ORNL, CRBR, Oak Ridge Exxon, and TVA
Bull Run sites. A discussion is presented concerning the
choice of model or ^odels for the monitoring network
design study and final network design.
INTRODUCTION
The initial effort to design the monitor network for the conversion
of the Oak Ridge National Laboratory (ORNL) steam plant from oil to coal
was previously reported by Hougland, et. al.[l] The present paper
reports one of the efforts recommended in the earlier paper to improve
the design process by the use of an ORNL iodine-131 data base to validate the air quality model used in the monitor network design process.
The meteorological data used for the initial design effort were in
the form of a stability, wind speed and wind direction frequency distribution with only two stability classes. The frequency of occurrence
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of the nighttime Pasquill-Gifford "E" stability was 70% while the frequency of occurrence of daytime "C" stability was 30%. As a consequence, the recommended monitor sites strongly emphasized coverage of
the more distant nighttime maximum concentrations, virtually to the
exclusion of the closer daytime maxima. The nighttime maximum concentrations were located across one or more ridge lines from ORNL, at
distances beyond the Oak Ridge Gaseous Diffusion and Y-12 plants (Fig. 1
They were calculated using a non-complex terrain atmospheric diffusion
model from the U.S. Environmental Protection Agency's UNAMAP system,
DBTRCX.[2]
Efforts to improve the network were made in two directions: investigation of the use of complex terrain models and improvement of the
meterological data base. This paper reports on the use of the existing
iodine-131 data to attempt to validate a complex terrain model and the
recalculation of the meteorological data base from the original National
Oceanic and Atomospheric Administration (NOAA) data tapes.[3]
Air Monitoring Network
Airborne radioiodine concentrations are measured by two separate
monitoring networks at ORNL: (a) the local radioiodine monitoring (LRM)
network, which consists of eight stations (LRM Nos. 4, 6, 7, 8, 9, 10,
16, 20, Fig. 2) located relatively close to ORNL operational activities;
and (b) the perimeter radioiodine monitoring (PRM) network (PRM Nos. 3139, Fig. 3) which consists of nine stations around the perimeter cf the
area controlled by the U.S. Department of Energy - Oak Ridge Operations.
All the monitors sample air at a regulated flow rate through a particulate filter. A charcoal cartride filter on the downstream side of the
particulate filter is used for the collection of iodine. Each station
is serviced on a weekly basis, and the filters are analyzed by gamma
spectrometry.
Data
Iodine-131 monitoring data from seventeen monitor sites in the
Local Air Monitor networks of the Oak Ridge National Laboratory were
used. These data are available for the years 1965 to the present. It
was used in the previous demonstration of the use of a flat terrain
gaussian diffusion model for modelling iodine-131 concentration distributions. [4, 5]
The distribution of the released iodine effluent varies from stack
to stack and day to day. Iodine species released are particulate,
elemental (I 2 ), Hypoiodous Acid (HOI), and organic Iodides (CH3I and
others). The recommended values for the air to vegetation transfer
velocity (cm/sec) are 0.2, 1, and < 0.1, 0.0001-0.005 respectively.[6]
Most of ORNL released iodine is CH2I and I 2 . The monitoring system at
the air station and stacks is made of activated charcoal beds.
There are five stacks at ORNL which emit small quantities of radioactive material to the atmosphere. Each stack has different emission
characteristics and serves a variety of processes. Ninety-nine percent of
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Figure 1. Map of Oak Ridge National Laboratory area.
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the iodine-131 emissions from the Laboratory during the study period
were from two of the stacks (3039 and 7911). The 3039 stack is a 76.2-m
brick stack with a top elevation of 322.4 m and the 7911 stack is a
76.2-m concrete stack with a top elevation of 329.5 m.
Iodine source emissions records were examined to determine the ten
weeks in each year from 1965 to the present which had the highest
iodine-131 emissions. Nineteen weeks during 1972 and 1973 were chosen
for the study to evaluate the performance of the selected complex terrain models.
Meteorological Data
The original stability array used was calculated from NOAA data
taken at both the ORNL and Oak Ridge town site area. The raw data was
used for the recalculation of the stability array carried out for this
paper. The available data for the determination of stability included
30-m tower temperature differentials and incoming solar radiation measurements. Because the STAR program uses cloud cover and time of day as
surrogates for incoming solar radiation, an effort was made to find or
develop a scheme for the determination of stability directly from the
solar radiation data. Potential theoretical difficulties in the extrapolation of 30-m temperature differential data to the 100-m differential
specified in Nuclear Regulatory Commission (NRC) Regulatory Guide 1.23[7]
also made the use of solar radiation data for stabilty determination
attractive. A scheme developed by Williamson and Krenmayer[8] was
used to generate a file of hourly stability data which were then used to
produce meteorological data decks for the models being used. The
Williamson and Krenmayer method uses a two-way table of wind speed and
solar radiation intensity to assign a stability class to an observation.
This table is shown in Table 1.
Table 1. Stability Classification for Daytime Using
Solar Radiation and Wind Speed
Wind
Speed(Kt)
0-3
4-5
6
7
8
9
10-11
> 12

0-0.1
4
4
4
4
4
4
4
4

Solar Radiation (langley/min)
0.2-0.3
0.4
0.5
0.6-0.7 0.8-0.9
2
3
4
4
4
4
4
«\

2
3
3
3
4
4
4
4

2
2
3
3
3
3
4
4

2
2
3
3
3
3
3
4

1
2
2
3
3
3
3
3

1-1.1

1 1-2

1
1
2
2
2
3
3
3

1
1
2
2
2
2
3
3

Because net radiation was not available for the hours of darkness, neutral
class 4 stability was assigned if the wind velocity was under ten knots and
stable class 5 stability was assigned if the wind velocity was over ten
knots.
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Complex Terrain Models Examined
The original intent of the study was to compare at least three
models; a modified gaussian plume model, EPA's VALLEY; a finite difference model, IMPACT; and a finite element model under development at
the University of Tennessee. The finite element model was not developed
sufficiently to the point where it could attempt to handle the complex
terrain of the Oak Ridge area and was not made available to the authors.
The IMPACT model was tested for a three-hour subset of one week and
found to be prohibitively expensive for this study. The estimated cost
of running one week's data was over $1500. As a consequence, the only
complex terrain model validation attempt reported in this paper is for
the EPA VALLEY model.
The basic complex terrain modification to the gaussian plume modal
in the VALLEY code is the depletion of the pollutant ground level concentration as the plume rises from its "final height" in the act of
following the ground at a minimum distance above the surface. The ,jlume
depletes to zero strength when it reaches an altitude 400 m above ^.he
original plume height.
The code was further modified for this study to allow the input of
deposition velocities for the simulation of deposition processes significant in the environmental behavor of iodine-131.
The plan of analysis was to calculate weekly average iodinj-131
concentrations for the ten weeks of 1972 and nine weeks of 197? for
which meteorological and monitoring data were available. The calculated
and monitored values would then be compared using linear regression and
scatter plot analysis. The regression analysis shows how the model
predicts the average increase in observed concentrations as calculated
concentrations increase. The use of a scatter plot of observed and
calculated concentrations allows identification of the monitor sites
which deviate from the regression line. Sites at which the deviation
is severe in any one week may be considered for removal from the analysis if they deviate significantly in other weeks and if a physical
explanation can be found for their deviation.
A range of four deposition velocities was used to span the range of
deposition velocities found in the literature for the different chemical
species which may contain iodine-131. The velocities were 0.0, 0.001,
0.010, and 0.100 m/sec. The latter value is a factor of 10 larger than
the previously cited figures to account for values cited in other
sources.[9]
Results
The VALLEY code was run for the nineteen weeks *n 1972 and 1973
with the highest iodine-131 releases for those years and four deposition
velocities. The i n i t i a l results, on a weekly basis, were perceived to
be very unsatisfactory. Only three of the weeks, identified as 79, 87,
and 89, in Table 3, showed a strong positive relationship between calculated and observed concentrations defined as a l l correlations greater
than 0.4 at the 17 monitors. In eleven of the sixteen remaining weeks,
a negative relationship was observed, i.e., as observed concentrations
increased, calculated concentrations decreased.
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As a first step in the analysis, the scatter plots were examined to
see which monitor sites were the primary sources of the unsatisfactory
results. Table 2 below lists the monitor sites which were subjectively
determined to lie outside of a calculated versus observed concentration
relationship. The percentage of runs in which each was judged to be
such an outlier is also given.
Table 2
Station ID
HP-33
HP-34
HP-38
HP-04
HP-06
HP-O7
HP-08
HP-09
HP-1O
HP-16
HP-20

Fig.

Monitor
P l o t ID
C
D
E
Z
Y
X
W
V
U
T
S

% of Runs i n Which
Monitor Was an " O u t l i e r "
7
17
54
62
43

22
11
34
22
33
16

4 f o r week 8 7 , w i t h a deposition velocity equal to 0.1

shows a typical good correlation between observed and calculated
iodine-131 concentrations. Fig. 5 for week 88, with a deposition
velocity equal to 0.0 m/sec, shows a typical bad correlation between
observed and calculated iodine-131 concentrations. Five monitors had
frequency of occurrence as an outlier over a subjective limit of 25% and
were dropped from the analysis because of inability to predict observed
concentration patterns. These sites were HP-38, HP-04, HP-06, HP-09,
and HP-16. The first site, HP-38, is located across the Clinch River in
Knox County about 6 km from the ORNL compound and is masked from the
compound by a high bank. This explains its consistent occurrence as an
outlier with almost all of its calculated concentrations far higher than
the coinciding observed concentrations.
The remaining four sites, HP-04, 06, 09, and 16, are all inside the
main ORNL compound about 340, 100, 340, and 550 m respectively from
stack 3039, one of the two iodine-131 sources. The observed concentrations from these monitors were higher than the calculated concentrations
for the weeks modeled. This is probably due to wakes around buildings
which have the potential of increasing the spatial variance of iodine131 concentrations.
Table 3 lists the input parameters of week number and deposition
velocity for the runs which had all correlations greater than 0.4,
followed by the observed slope of the regression and the correlation
between observed and calculated iodine-131 values for runs with all
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Table 3
Deposition
Week

Ending

73

12-10-72

76

5-7-72

77

4-9-72

79

6-4-72

86

3-25-73

87

9-9-73

89

5-6-73

90

6-3-73

Velocity
(m/s)

Slope

0.000
0.001
0.010
0.100
0.000
0.001
0.010
0.100
0.000
0.001
0.010
0.100
0.000
0.001
0.010
0.100
0.000
0.001
0.010
0.100
0.000
0.001
0.010
0.100
0.0000
0.001
0.010
0.100
0.000
0.001
0.010
0.100

-7.507
-7.65
-0.146
-10.837
1.342
1.378
1.681
1.68
7.70
7.726
7.973
9.43
22.356
22.513
23.816
31.947
-C.736
-0.523
1.368
15.769
43.463
43.552
44.317
49.769
13.191
13.275
13.981
18.162
3.473
3.479
3.528
3.895

Al 1 Sites
Correlation
-0.251
-C.252
-0.246
-0.195
0.117
0.118
0.141
0.143
0.344
0.345
0.356
0.422
0.545
0.548
0.568
0.670
-0.005
-0.004
0.009
0.099
0.563
0.564
0.572
0.63 n
0.4178
0.420
0.439
0.545
0.377
0.377
0.381
0.406

Without Sites 4, 6, 9, 16, & 38
Slope
Correlation
4.505
4.600
5.49
10.43
5.064
5.064
5.444
6.903
13.07
13.08
13.190
13.530
7.780
7.897
3.896
15.390
33.067
33.222
34.544
41.988
70.140
70.216
70.849
74 ,,958
7.450
7.527
8.170
11.449
2.642
2.648
2.700
3.105

0.500
0.504
0.534
0.535
0.509
0.510
0.539
0.653
0.888
0.889
0.897
0.938
0.249
0,251
0.272
0.371
0.792
0.795
0.818
0.945
0.840
0.841
0.848
0.893
0.303
0.306
0.326
0.416
0.511
0.512
0.516
0.530

in
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monitors and then for those without the outlier monitor sites. Negative
correlation valuec indicate negative slopes rf the regression lines,
i.e., observed iodine-131 values decreased with increasing calculated
concentrations.
After removing the five outlier monitor sites, six weeks had correlations consistently above 0,4 for all deposition velocities. These
were 73, 76, 77, 86, 87, and 90. It should be noted that weeks 79 and
89 were no longer in this select group.
In these, and other weeks, with positive observed-calculated relationships, the largest correlation between observed and calculated
concentrations was for a deposition velocity of 0.1 m/sec. This is
about an order of magnitude larger than the most common literature
estimate of 0.01 m/sec.[6] However, it does match with a general gaseous
deposition result of deposition velocities between 0.1 and .01 m/sec.[9]
The increased number of weeks for which the correlation between observed and modeled iodine-131 concentrations was above 0.4 did not lead to
the conclusion that the VALLEY code could adequately describe air pollutant concentrations for the ORNL area. Examination of the new scatter
plots showed the previous analyses' well-behaved data points became the
new run's outliers. It is possible to "improve" the regression data by
removing one "outlier" after another; but unless a sound physical reason
can be found for each specific site, as was the case before, one will
eventually reach the absurdity of having only two data points and a
perfect fit. Additionally, four weeks still showed negative correlations. This was much fewer than the eleven noted before but still nives
reason to question the adequacy of the model.
An additional step that was performed was to combine the data for
each year's runs into single data sets and perform a similar regression
to see if the outliers would become lost in the average. Table 4 lists
the same data as Table 3 for the individual week's runs. As can be
seen, no significant improvement occurred.
Table 4. Statistics for Pseudo-Annual Average Runs
Year
1972

1973

Deposition
Velosity
(m/s)

All Monitors
Correlation
Slope

Without Sites 4, 6, 9, 16 & 38
Correlation
Slope

0.000

-5.32

-0.073

1.276

0.018

0.001

-5.29

-0.071

1.308

0.019

0.010

-4.936

-0.059

1.573

0.027

0.100

-1.963

-0.006

3.249

0.091

0.000

0.725

0.0003

13.844

0.090

0.001

0.900

0.0004

14.081

0.093

0.010

2.432

0.003

16.101

0.117

0.100

13.434

0.086

28.674

0.306
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CONCLUSIONS
The EPA VALLEY model was not successfully validated using the ORNL
indine-131 data base. It is believed a major factor contributing to the
poor results is that the terrain includes several ridge lines rath"**
than the idealized "bowl" modeled by VALLEY in which the code calculates
the effects of individual terrain features in the plume's path as though
no other features were there. The current sponsorship by the U.S.
Environmental Protection Agency of the development of improved complex
terrain modeling techniques and the efforts of research and development
firms to sell their expertise in complex terrain modeling do not make
this conclusion unexpected.
Due to the inability of VALLEY to be validated for the ORNL area
and the earlier reasonably satisfactory performance of a standard
gaussian code in the area, it is anticipated that VALLEY will not be
used in the monitor network design study. The next efforts in this
study will concentrate upon the use of the expanded meteorological data
base with the original monitor network design model.
ACKNOWLEDGEMENT
The authors wish to express their thanks to Mr. Walter Culkowski of
the National Oceanic and Atmospheric Administration's Atmospheric Turbulence and Diffusion Laboratory, Oak Ridge, Tennessee, for his assistance in preparing the meteorological data used in this study.

457

REFERENCES
1.

E. S. Hougland, T. W. Oakes, and K. E. Shank, "Design of the
Sulfur Dioxide and Particulate Air Monitoring Network for the
ORNL Steam Plant," in Proceedings of the 1980 UCC-ND and GAT
Waste Managment Seminar, Conf.-800416 (December 1980).

2.

D. B. Turner, "Critical Review of Atmospheric Diffusion Modeling,"
Journal of the Air Pollution Control Assn., vol. ,29, No. 5
(May 1979).

3.

R. H. Stroud and C. W. M i l l e r , Meteorological Data Bases
Available f o r the U.S. Dept. of Energy Oak Ridge Reservation,
ORNL/TM-6358 (December 1978).

4.

T. W. Oakes, K. E. Shank, and C. E. Easterly, "Iodine-131 A i r
Concentrations: A Comparison of Calculated Versus Measured
Values," Nucl. Sec. 24, 109-110 (1976).

5.

T. W. Oakes, K. E. Shank, and C. E. Easterly, "Verification of
an Air Transport Code Using Iodine-131 Tracer," Health Phys. 33_,
681 (December 1977).

6.

P. G. Voilleque, Iodine Species in Reactor Effluents and i n the
Environment, Electric Power Res. Inst. NP12S9 (December 1979).

7.

U.S. Nuclear Regulatory Commission, Proposed Revision 1 to
Regulatory Guide 1.23, (September 1980).

8.

H. J . Williamson and R. R. Krenmayer, "Analysis of the Relationship Between Turner's S t a b i l i t y Classifications and Wind Speed
and Direct Measurements of Net Radiation," Proceedings of the
Second J t . Conf. on Applications of Air Pollution Meteorology,
sponsored by the Am. Meteorological Soc. and the Air Pollution
Control Assn., New Orleans, LA (March 24-27, 1980).

9.

B. D. Murphy, "The Confluence of Ground Cover on the Dry Deposition
Rate of Gaseous Materials," UCCND/CSD-19 (1976).
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ASSESSMENTS
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Paul S. Rohwer
Health and Safety Research Division
Oak Ridge National Laboratory
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TOPICAL SUMMARY OF PANEL DISCUSSION
P. S. Rohwer
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The final session of the symposium was a panel discussion on recommendations concerning models and research needs for intermediate range
atmospheric transport processes in technology assessments. Members of
the panel were A. Bass, Environmental Research and Technology, Inc.;
I. Van der Hoven, National Oceanic and Atmospheric Administration; and
F. Gifford, Jr., consultant, formerly director of the Atmospheric Turbulence and Diffusion Laboratory, National Oceanic and Atmospheric Administration, ihe panel discussion was chaired by P. S. Rohwer of Oak Ridge
national Laboratory. The panel discussion was initiated with brief summary statements by each of the panelists highlighting their observations
and reactions based on the presentations, discussions, and associated
professional interactions of the symposium. Following the summary statements all symposium attendees were invited to participate in the discussion. The following is a brief topical summary of this discussion. This
summary is based on the perceptions of this author and thus it does not
necessarily represent the views of specific panelists or a consensus
among symposium attendr°s. More detailed information on the various
topics is presented in the papers which constitute this proceedings.
WHERE ARE WE?
There is much enthusiasm and effort going into the development of
more reliable and useful mesoscale atmospheric transport models. There
is no shortage of models. Model development efforts continue to be more
reliant on experimental and practical considerations rather than theoretical principles. Judgments concerning state-of-the-art models and their
adequacy for a given task are best made with cognizance of the goals and
objectives implicit in the origin and application of the model and the
input data. Requirements in terms of accuracy and precision or degree
of conservatism vary depending whether the model is applied in exploratory
research, regulatory compliance, or assessment and decision making.
Although the Gaussian plume models are the most widely used, data
(i.e., data to fill gaps and to extend the range of model applicability
to less than 50 m and to more than 10 km) are still being collected to
support the dispersion curves commonly used in implementing the models.
Many model developers continue to adapt and extend the Gaussian plume
concept while others favor use of more complex concepts to simulate mesoscaie atmospheric transport. Among the refinements which characterize
state-of-the-art models are the following: (1) temporal and spatial
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changes in the boundry layer, (2) variations in trajectories, (3) windfield modeling techniques, (4) improved techniques for advection and
diffusion, (5) a variety of approaches for consideration of complex terrain, and (6) considerations for pollutant transformation and removal
from the plume.
The importance of model verification is recognized; nothing can
replace empirical validation data to determine if present models do their
job successfully. Comparisons of the output of one model with the output
of another model are not sufficient. Data suitable for validation are
limited in extent and quality. Only a small fraction of the completed
field studies yield information of the type needed for all key model
parameters. It also may be that present use of available data is not
optimal, particularly in the case of complex models. Maximum utilization
of data requires full documentation and characterization of models and
open cooperative efforts of modelers, experimentalists, and users among
and within interest areas. Because the Gaussian plume concept is the
one most frequently modeled and applied, it is also the most extensively
validated.
When validation is not possible or is prohibitively expensive,
studies of model structure and analyses of input data sets can be used
to estimate the precision to be expected in model applications. Analytical techniques are being applied which link model structure and data
uncertainties in estimating precision of output from models. Experience
suggests that the general level of imprecision in model results increases
as the temporal and spatial specificity required of the output is increased. For the assessment scientist this means greater uncertainties
in estimates of accidental exposures relative to continuous routine
exposures, and greater uncertainties in estimates of exposures to specific
individuals relative to collective population exposures.
WHERE DO WE GO FROM HERE?
Pressures to perform assessments and desires to provide timely input
to decision making processes prompt action with whatever models and data
are available. Gaussian plume models undoubtedly will continue to receive
extensive, almost exclusive use for assessment purposes in the near term.
More complex models will be utilized as they become available in documented and validated form. However, more comulex models are not necessarilv better. Freauentlv their utilitv is handicaDDed bv extensive data
retirements and operational costs. For exaniDle. a three-dimensional
model which reauires detailed parameterization and lotia computer runnina
time will not be suitable in an accident assessment situation where a
fifteen minute response capability mav be reauired.
Identification and recognition of the need and justification for
additional research and development of mesoscale atmospheric transport
models is essential to the development of models which include appropriate
considerations for accidental releases, complex terrain, increased spatial
and temporal specificity, and unique properties of releases such as those
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anticipated for advanced reactor concepts like the fast breeder. For
example, the Gaussian plume model may be inappropriate for use when
deposition and/or chemical transformations are extensively modifying the
plume such as would happen during a release of sodium to the atmosphere
from a liquid metal fast breeder reactor.
In addition to further model development and adapation, the research
needs also include validation field studies which are well funded, long
term carefully designed, and prioritized to maximize cost-effective use
of the limited available resources. Heavy commitments to field studies
evoke some criticism of hasty retreat to expensive measurement and computer exercises without adequate theoretical development. Indeed all
promising theoretical concepts have not yet been put into models, and new
approaches are needed. Use of benchmark problems and data sets is suggested to overcome some of the deficiencies which have characterized
previous uncertainty studies based on comparisons of models and comparisons of model results with measured values. A recent workshop involving
comparative analyses of model capabilities utilizing RV>Kr release data
from the Savannah River Plant is a step in the right direction. Joint
sponsorship of expensive field studies by a number of funding agencies is
a promising possibility, as for example the ASCOT project.
Additional studies of the effects of model structure and data uncertainties on error propagation and imprecision will compliment theoretical
development and field studies. In the meantime assessment activities and
decision making will continue, hopefully with careful avoidance of misapplications of the available atmospheric transport models and data bases
and with explicit acknowledgement of the potential uncertainties of the
predicted results.
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