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PREFACE

It was recognized in 1982 that smoke injected into the atmosphere by fires started by a major
nuclear war could cause significant atmospheric perturbations. Research on that topic and, especially,
the more comprehensive analyses of the potential environmental consequences carried out in the last
few years, have essentially confirmed that significant atmospheric perturbations, affecting weather and
climate, could be induced by such an event.
At the request of the WMO Executive Council, the Joint Scientific Committee for the World
Climate Research Programme (JSC) has undertaken to review the available scientific evidence about
this problem every second year. The first JSC review was prepared by G.S. Golitsyn and N.A.
Phillips in 1985, and published in 1986. The present document, prepared by G.S. Golitsyn and M.C.
MacCracken, was discussed by the JSC at its eighth session in Castelvecchio Pasco)i> Italy, 23-27
March 1987. This document, which incorporates the remarks and points of clarification made by the
JSC, constitutes an up-to-date review of the results of studies carried out by many research groups
thruughout the world up to the end of 1986. The current draft of this review will be made available
for information to the Tenth World Meteorological Congress in May 1987 before its publication in the
World Climate Progamme Reports series.

-1 SUMMARY:
Recognition in 1982 t h a t smoke injected into the atmosphere by fires started by a major
nuclear war could induce significant perturbations in weather and climate has led, during the past few
years, to more detailed and comprehensive analyses of the potential environmental consequences of
such a catastrophe. Since the initial studies, which were reviewed by the Joint Scientific Committee
for the World Climate Research Programme (Golitsyn and Phillips, 1986), extensive research has con
firmed t h a t considerable atmospheric perturbations would result from a major nuclear war, although
important uncertainties remain.
Available scientific information indicates t h a t a major nuclear exchange involving a significant
fraction of the potentially combustible materials could ignite fires that would inject tens t o hundreds
of teragrams (millions of tonne) of dark smoke into the atmosphere. The optical properties of the
smoke would be strongly dependent upon the amount of petroleum, artificial polymers and related
products burned and the conditions under which the cetlulosic materials burned- Recent laboratory
and modelling results auggest t h a t the particles emitted by the fires may be more highly absorbing
of solar radiation than previously thought because of their unconsolidated character. Combining
plausible, but uncertain, estimates of the factors contributing t o initial smoke production suggests a
range of a few tenths to a few for the initial hemispheric-average absorption opt ical depth of the smoke
following the extreme case of a nuclear war involving urban targets and oil refineries. Because the
uncertainties are large, the possibility of generating larger or smaller a m o u n t s of smoke cannot be ruled
out; other less extreme exchanges, however, could involve fewer targets and therefore less smoke. The
uncertainty in the amount of smcke generated is a major contributor to the range of possible climatic
impacts that have been projected, such that the perturbation could be only several degrees and short
lived or a few tens of degrees for weeks followed by lesser, but much longer-lasting perturbations.
Although some of the factors depend on specific assumptions about the nuclear exchange, better
estimates of many of the factors can be developed by inventorying of combustible materials and by
laboratory, field, and modelling studies.
From the time of theitf initial generation out to a first few days after injection, the smoke
particles would be strongly affected by transformation and scavenging processes. Although important
progress has been made in the modelling of fire plumes and the study of the microphysical properties
of smoke particles, large uncertainties remain in estimating the rates of scavenging and the evolution
of the optical properties of the particles. However, only limited progress has been made in estimating
smoke-atmosphere interactions on mesoscale domains. In recent modelling studies, t h e extent of
scavenging in fire plumes has been found t o depend on the fraction of particles serving as condensation
nuclei and the particular representation of ice processes in the models being used. Assuming mid-range
smoke estimates and t h a t about half of the smoke is removed in fire plume processes, a major nuclear
war could result in a hemispheric-average absorption optical depth of the order of unity (referred to
hereafter as a baseline case).
It is recognized t h a t this amount of smoke would cause global atmospheric perturbations,
particularly if the war were t o occur during the spring or summer months. During the first month,
the sunlight reaching the surface in northern hemisphere mid-latitudes could be reduced by 80% or
more, resulting in zonal mean land temperatures up to 20° <L below normal two weeks after injection of
smoke during northern summer (but 15-30°C below normal in central continental areas). The studies
of the climatic impact of a baseline summertime smoke injection, conducted with three-dimensional
atmospheric circulation models and comprehensive representations of physical processes, indicate t h a t
mean land temperatures could drop to at or slightly above the freezing level with transient regional
episodes of sub-freezing temperatures. The present model calculations do not find the "deep freezes"
suggested by the early results obtained with simplified one-dimensional and three-dimensional at
mospheric models. On the other hand, these recent studies emphasize the plausibility of a serious
reduction of precipitation over continents and a disruption of the summer monscon, even with only
moderately obscuring smoke amounts. Finally, the expectation of upward lofting of smoke into the
stratosphere and subsequent transport of a large amount of smoke into the southern hemisphere during

-2the first month following a warm season war have been generally confirmed, although moderation of
these effects by dust injections may occur. The potential exists for perturbation of stratospheric ozone
by explosion-induced nitrogen oxide injection, by the perturbed atmospheric state, and by reactions
with smoke particles (which may be an important sink mechanism for the smoke particles a n d / o r for
the ozone itself); these chemistry-related issues may be important determinants of the overall climatic
effects, but all are poorly understood.
As the smoke is dispersed and removed by atmospheric processes, climatic effects are ex
pected to change. Beyond one month, th** large perturbation of northern hemisphere temperatures is
expected to decrease, although it is not known how rapidly. At the same time, the smoke could have
spread over much of the earth, causing a reduction in sunlight of the order of 20% and depressing
temperatures t o several degrees below normal. There have been, so far, few model simulations ex
tending to one year or more. Preliminary results of such simulations suggest t h a t spring aud summer
climatic conditions could be significantly affected in the year following the fires, especially if smoke
removal from the stratosphere is stowed. The meteorological and physical uncertainties are such that
reliable quantitative conclusions regarding the effects of the injection of a specified amount of smoke
in northern mid-latitudes cannot yet be reached, however, for periods beyond more than a few wi ?ks
in the northern hemisphere nor, a t any time, in the tropics and the southern hemisphere.
Most studies to date have considered solely the effects of injection of carbonaceous smoke into
the atmosphere. It is recognized, however, t h a t a major nuclear exchange would cause the injection
of many oiher radiatively or chemically active gases and particles, toxins, and other substances. For
example, sub-micron diameter-dust particles lofted into the stratosphere t / high-yield explosions
could cause effects equivalent t o t h a t of a. very large volcanic eruption, i.e., a mean surface cooling
of the order of 1"C or more over a year or longer. On the other hand, the injection of a large
amount of dust to altitude*, ibove the smoke could inhibit t h e subsequent smoke ascent into the upper
troposphere and stratosphere and moderate the transport of smoke into the southern hemisphereFurther, nitrogen oxides produced &t the high temperatures of the shock-waves and fireballs coutd
deplete stratospheric ozone significantly. The coupled chemical-dynamical simulations needed t o assess
whether the perturbed atmospheric circulation could further reduce stratospheric ozone have not yet
been performed.
During the last several years, u wide range of capabilities, including comprehensive tlireedimensional atmospheric circulation models, an^ detailed parametric formulations of a wide range of
climatoiogically significant processes, h tve been applied t o study the potential consequences of a major
nuclear exchange and the injection of smoke t h a t coi Id result from the lai^e-scale fires ignited by such
an exchange. It is obvious t h a t these studies have been made possible by the Development of realistic
climate models. In the face of the many remaining oversimplifications and deficiencies, the on-going
V/CRP Activities aiming to refine the climate models will help to narrow the uncertainties while an
even wider field of atmospheric physics and chemistry needs to be investigated to arrive at a more
quantitative assessment of the overall environmental impacts of a major nuclear war.
1.

INTRODUCTION

The suggestion m a ' s in 1982 by Crutzen and Birks, t h a t the smol^- generated by the fires
resulting from a nuclear exchange could be sufficient t o substantially reduce the solar radiation reach
ing vast areas of the earth's surface, provided the original scientific insight into this aspect of the
consequences of nuclear war. Initial estimates of the climatic perturbations c o a t e d by such massive
smoke injections were then carried out by Turco et al. (1983). Subsequent calculations carried out
in the USA ind USSR confirmed the possibility t h a t a larpe and rapid cooling could occur over land
areas in the northern hemisphere because of the formation of a high-altitude ^ n o k e layar wnfrh would
absorb solar radiation above the level where the normal atmospheric greenhouse effect is most effec
tive. T h e scientific findings on the climatic impacts of nuclear war t h a t were available by the end of
1984 were reviewed by Golitsjn and Phillips (1986) and discussed by the W M O / I C S U Joint Scientific
Committee for the World Climate Research Programme (JSC-V1, 1985). Mere complete discussions of
the scientific basis for assessing the consequences of a nuclear war un weathe, and climate ran be found
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et al. (1986), and a number « additional reviews, the most detailed and authoritative of which ii.
the two-volume work "Environmental Consequences of Nuclear War" published in aarly 1986 by the
SCOPE-ENU WAR project. The first volume of the SCOPE-ENUWAR project (Pittock et al., 1986)
reviews the potential physical and atmospheric effects of a major nuclear war and the second volume
(Harwell and Hutchinson, 1986) provides an inventory of possible impacts to natural and agricultural
systems and food supplies.
The last two years have seen continuing progress in understanding. A number of numerical
experiments have been performed with more comprehensive, but still incomplete, general circulation
models. These calculations have examined the sensitivity or the results to the amount of srroke, its
distribution with height, its optical properties, the rate of scavenging, and other factors. In addition to
the temperature reduction found in initial studies, these experiments have confirmed the plausibility
of additional effects t h a t had been suggested by earlier qualitative analyses, including reduction of
precipitation, monsoon damping during the summer, and smoke lofting into the stratosphere. Pre
liminary estimates of the longer-term "chronic" effects have also recently been made by extending
climate calculations over time spans of the order of a year (or more). These results suggest t h a t the
surface temperature could be reduced in the subsequent warm season by several degrees for scenarios
generating substantial smoke injections, although large uncertainties remain involving, particularly,
the processes controlling the rate of removal of the smoke from the atmosphere. There have also been
more detailed studies, both theoretical and experimental, of the smoke yields from combustion of
various materials, size distribution and coagulation of smoke particles, and changes in 3moke optical
and microphysical properties with time. Analyses have also been conducted of the influence of smoke
on the thermal and radiative regime at the surface.
Results from studies over the past two years have reduced some of the uncertainties, clarified
the nature and importance of others, and identified new problems and limitations. This report provides
an overview of these new results. Our analysis finds t h a t the main conclusion of the Golitsyn and
Phillips (1936) report remains valid. Despite the remaining uncertainties, which could either moderate
or amp! fy some of the processes in the iong chain of events leading to climatic consequences, a
substantial global-scale climatic perturbation would result from the injection of a large amount of
smoke into the atmosphere, particularly during the warm half of the year.
;

2.

FUEL LOADING, FIRES and SMOKE

The potential climatic effects of smoke injections depend on the amount of smoke created
in the fires and its physical and optical properties. These, in turn, are dependent on the amount and
type of materials t h a t are Ignited and the conditions under which the burning takes place. Not all of
these factors can be determined, some being strongly dependent on the particular conditions under
which the nuclear weapons are used (e.g., characteristics of targets, atmospheric visibility in target
areas, etc.), but bounds can be placed on many of the factors and plausible assumptions (e.g., using
climatology) can be made for others. All estimates of the smoke amount t h a t could be released in
a major nuclear war (Crutzen and Birks, 1982; Turco et al., 1983 NRC, 1985; Pittock et al., 1986;
Penner, 1986a) are based on such assumptions. While generally beyond the purview of the Joint
Scientific Committee, it is important to understand the s t a t u s of research on this topic. This section
reviews the status of research in this area.
2.1 Fuel Loading
Estimates of the amount and character of the materials t h a t would be ignited in a
nuclear war have been made using two different approaches. Turco et al. (1983) and NRC (1985)
estimater the average loading of combustible material per unit area in various target areas and then
multiplied by an estimate of the area that would be exposed to an ignition thermal flux from an
assumed distribution of nuclear fireballs. The area t h a t might be exposed to plausible ignition fluxes
depends in part on meteorological conditions, especially atmospheric humidity, turbidity, and, in part,
on the altitude and yield of the explosion. For a 1 Mt explosion, the area receiving sufficient thermal
radiation to cause ignition of common materials ranges from 50 to 1000 square kilometers. Due to
1
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the likelihood of overlapping explosions, the limited sizes of urban areas, and other factors, a value
of 250-500 square kilometres per megaton has generally been used, varying as the square root of the
explosive yield. Because average fuel loadings were originally overestimated (Penner, 1986a) and are
still poorly 1-nown and the pattern of explosions is poorly known, this method can be rather inaccurate
and is no loi.ger preferred.
Crutzen et al. (1984) and Pittock et al. (1986) took the alternative approach of de
veloping inventories of the amount of combustible material present in potential target countries and
assuming that a fraction of this would burn. |A third approach based on a very detailed analysis of
a representative set of targets is now being carried out as a check on the validity of the other ap
proaches (Small et al., 1987), although it also involves a number of approximations.] Two somewhat
independent estimates of the inventory of combustible materials (Crutzen et a]., 1984; Bing, 1985)
suggest that 6000 to 17000 Tg of cellulosic materials and 1300 to 1500 Tg of petroleum and polymeric
materials can be found in the NATO and Warsaw P«xt nations. The range of estimates in the amount
of cellulosic materials appears to be related either to assumptions about the amount of wood used
in buildings in Europe and the Soviet Union, which should be resolvable through actual surveys of
representative areas, or to inaccurate estimates of the average period of use (lifetime) of wood and
wood products.
Developing detailed estimates of how much of the potentially-combustible material would
burn would require detailed analyses of particular scenarios, taking into account the number and
location of explosions, the overlap of multiple explosions, exposure, flarnmability limits, visibility, etc.
Because this is not practical (or perhaps evea possible), plausible estimates of the burned fraction
must be used instead. For example, about two-thirds of the combustible fuel is associated with
urban populations; one might assume that 75% of this fuel would be in targeted cities themselves
(or sufficiently close to other targets) and that half cf this material would be consumed in flaming
combustion (i.e., assuming half would be buried in the rubble and be so distributed that it would
burn slowly, if at all); combining these factors, 26% of the total combustible fuel load would then be
hurned. Estimates for the fraction burned used in various studies go up to 50%: such a value may
be too high, unless jpread of the fires is an important contributing factor (Tripoli and Kang, 1987;
Reitter, 1986) or rubblized areas burn vigorously. On the other hand, almost all of the petroleum fuel
stocked in refineries could be ignited and consumed in flaming combustion.
It is interesting that the initial concern for climatic effects of a nuclear war arose from the
estimated smoke that might be generated by burning of woodlands (Crutzen and Birks, 198i). Closer
examination of the potential non-urban targets has shown that most are in grassland or agricultural
areas, at least in the United States, where the potential fuel load is so low that only a few teragrams
of smoke would be generated (Small and Bush, 1985). Pitlock et al. (1986), however, discuss several
factors that may raise these estimates somewhat, although ignition of live vegetation is not likely
(Bush and Small, 1987). It has also been suggested that direct production of soot could result from
the gasification (pyrolosta) of organic matter by the thermal radiation from the nuclear fireballs.
Gostintsev et al. (1986) and Golitsyn (1986a, 1986b) suggest chit as much as 20 Tg of elemental
carbon could be generated by this process, but this is highly uncertain. If this were to happen and if
the resulting soot were lofted into the stratosphere by the rising mushroom clouds, this process alone
could cause significant climatic effects.
2.2 Smoke Emission Factors
The amount of smoke that is emitted depends strongly on the nature of the material
and the conditions of the combustion, particularly the ventilation of the fire. In general, wood gives
off less smoke than petroleum and polymeric materials and the smoke may be less absorbing. The
fraction of the fuel that is transformed into smoke tends to increase as oxygen availability is reduced,
so wood in urban areas could be an important contributor to soot emissions if ventilation is limited.
On the other hand, if the fires are freely ventilated, the smoke emission factor would be only about
10% of the values used in initial assessments (Williamson et al., 1986).

A number of groups have measured the smoke yield from a wide variety of substances un
der laboratory-scale fire conditions. Although it is not at all certain t h a t such experiments adequately
represent the type of combustion t h a t would take place in large fires ignited by nuclear explosions
(e.g., the radiant fluxe3 are much lower and the flame height is much smaller), interesting insight has
been obtained. An example of th« results from such laboratory studies can be found in Andronova et
al. (1986), for which the smoke yield was 1.5% for fresb wood and 4.0% for dry wood (the higher the
water content of the wood, the smaller the fractional yield). For plastics, smoke yields ranged up to
11%. Other investigators have found significantly smaller values if the fires are freely ventilated, and
similar values ( - 3 % ) for poorly ventilated fires (Mulholland, 1986; Patterson et al., 1986).
The material actually consumed in urban fi:es would be a mixture of substances. An
dronova et al. (1986) found t h a t a mixture of substances labeled "city mix," composed of 60% wood,
20% paper, 15% fabrics, and 5% plastics (which may be a low estimate of plastics for many modern
cities) had a smoke yield of 5-6%. Burning of petroleum stocks would also generate large amounts
of black smoke, with emission factors ranging from 3-4% in relatively small fires (Andronova et al.,
1986) to 10% or more in very large fires (Zak, 1987). There results are In general agreement with the
d a t a reviewed by Fenner (1980a) ami are about 50% higher t h a n the estimates used in NRC (1985).
Field programs are being planned in order to measure smoke yield in real fires. One type
of experiment will be based on planned forest burnings for which the source amount can be measured
in advance anH large areas can be ignited nearly simultaneously. A second type of experiment will
measure the emissions from large oil pool fires (usually set for other purposes). Although these fires
will be much smaller than those t h a t could result from a nuclear war, they will help serve to assess
the validity of scaling laws being applied t o the results from laboratory-scale fires.
2.3 Smoke Optical Properties
The optical properties of the emitted s n o k e are critical to determination of its climatic
effects. These properties are dependent on the size, structure, and composition of the smoke particles.
The optical properties of t h e smoke particles are usually expressed in terms of the specific extinction
and absorption coefficients, k and k in units of m / g . The ratio (k - k )/k
is called the single
scatter albedo U, and the difference fc - k is the specific scattering coefficient k,. In addition to the
extinction and absorption coefficients, the mean cosine of the scattering angle, which characterizes the
phase function of the scattering a r d depends on the complex index of refraction and the aerosol size
distribution, is necessary to calculate the effect of the smoke on" radiation transfer. When the specific
extinction (absorption) coefficient is multiplied by the atmospheric smoke loading (in g / m ) , the result
is called the extinction (absorption) optical d e p t h . A convenient way for comparing different smoke
loadings is to calculate the value for the hemisphere average of the absorption optical depth, t h a t is,
the absorption optical depth assuming uniform distribution of the smoke over the hemisphere.
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The specific extinction and absorption coefficients are a function of the type of material
burned, the size and structure of the particles, the wavelength of t h e light and other factors. Smoke
from the burning of petroleum products and polymers may have a higher specific absorption coefficient
than wood smoke and should therefore be accounted for separately. Measurements of the specific
extinction coefficient for the "city mix" described above suggest- a value of about 6 m / g , which is
only slightly higher than the NRC (1985) value of 5.5 m / g , and a value of ui of 0.65 (close t o the
NRC value). For petroleum, the corresponding figures are 10 m / g and 0.3, indicating its highly
absorbing characteristics. Smoke from some plastics can alio be highly absorbing, which is a result of
thp high value of the imaginary index of refraction (order unity) and the fractal character of the smoke
(Pittock et al., 1986; Fenner and Porch, 1987). For the smoke resulting from urban and petroleum
fire*, the S C O P E - E N U W A R project is now suggesting use of a specific extinction coefficient of 10
m / g and single scatter albedo of 0.5 at a wavelength of 0.55 j/m, which makes the smoke about
twice an absorbing as the NRC (1985) baseline assumption. They are also suggesting that these
optical propei'ties be used independent of particle size because branch-chained smoke particles with
fractal dimension icss than 2 cannot be approximated as spherical particles when calculating optical
properties l Berry and Percival, 1986). However, it remains to be tested whether the smoke particles
2
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-6would maintain their small fractal dimension when coagulation occurs in highly dense plumes or when
particles are processed by clouds.
It is also important to estimate the optica] properties in the thermal infrared. Typically,
the specific extinction coefficient in tne infrared (equal to the specific absorption coefficient because
particle sizes are in the Rayleigh limit for infrared wavelengths) has been assumed t o be 10% of
the specific extinction coefficient in the visible (e.g., N R C , 1985; Pittock et a h , 1986). D a t a from
Andronova et al. (1986) suggest t h a t this may be an overestimate by a factor of 3 for real smoke
particles (as opposed to the spherical particles used for the theoretical estimate). The wavelength
dependence for extinction found in these experiments suggests t h a t there is a bimodal si2e distribution,
with modal particle radii centered at less than 0.03 /tm and at about 0.2-0.3 fim (as a result of the
chained structure). The smaller mode is consistent with electron microscope measurements by Clarke
and Papanayotou (1986), who found that the smoke particles consist of spherules about 0.05 /im in
diameter. The experimental measurements by Andronova, et al. (1986) also indicate t h a t for some
materials the specific extinction coefficient in the infrared is only about 1-5% of the specific extinction
coefficient in the visible (i.e., values from less than 0.1 t o about 0.5 m / g ) . Such a value would tend to
increase upper atmospheric temperatures, and reduce surface temperatures by a few degrees. However,
measurements of acetylene smoke particles by Roessler and Faxvog (1980) and of diesel fuel smoke by
Bruce and Richardson (1983) found values of 1 m / g at 10 /im. which would tend to have the opposite
effect.
2
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Another important point has been raised by Slingo and Goldsmith (1985), who pointed
out that about half of the solar energy is in the near infrared. At these wavelengths, the particles
usually have a smaller extinction coefficient than in the visible, which would tend t o ameliorate the
radiative perturbation. A broader set of spectral measurements, including measurements of smoke
emerging from large, experimental fire plumes, will be needed to help resolve the differences t h a t
have been found in laboratory experiments and to provide the basis for more accurate treatment of
radiative effects.
2.4 Total Smoke Production
The amount and properties of the smoke generated by a nuclear war are based on
the product of a set of rather uncertain numbers. As an example, if we assume t h a t on«5-fourth of
the approximately 10000 Tg of wood are burned with a smoke yield of 2% and a specific absorption
coefficient of 2.5 m / g , the resulting hemispheric average absorption optical depth (HAAOD) would be
about 0.5. Burning 75% of the approximately 1400 Tg of petroleum-based products with an emission
fraction of 7% and using an absorption coefficient of 5 m / g would give a H A A O D of about 1.4. Both
of these numbers are before taking into account prompt or early time scavenging, which is usually done
before providing an estimate for use in climate simulations. Penner (1986a) has reviewed the estimates
for these various numbers and (adjusting her numbers to remove inclusion of the scavenging factor and
assuming spread over the full hemispheric area) suggests t h a t a plausible range for H A A O D is from
about 0.4 to 3.0 if both the wood and petroleum-based fuels are burned. Tureo et al. (1987) argue t h a t
the upper limit may range t o about 10, although this estimate assumes upper limit emission factors
and t h a t 75% of the upper limits of combustible fuel in the NATO-Warsaw Pact countries would burn
in flaming combustion. T h e extinction optical depth would be higher by a factor (1 - w ) ' . The many
assumptions and various experimental and modelling results mean t h a t the range of possible values
in total smoke production remains large and this continues t o be a major contributor to the ranges in
the projected climate perturbations.
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2.5

Conclusions

Available scientific information shows t h a t a major nuclear exchange could ignite fires
t h a t would inject tens to hundreds of teragrams (millions of tonne) of dark smoke into the atmosphere.
T h e optical properties of the smoke would be strongly dependent upon the amount of petroleum, ar
tificial polymers and related products burned. Uncertainties in these estimates are large and very
dependent on the war scenario chosen, so that the possibility of larger or smaller atmospheric smoke

concentrations cannot be ruled out. Using what appear t o be plausible estimates, the initial hemi
spheric average absorption optical depth of the smoke could range from a few tenths t o ten times as
much, in the absence of prompt and early time scavenging and assuming spread over a hemisphere.
Uncertainties in this estimate are large and wiJl be difficult t o narrow because of the dependence on
fire conditions, which are poorly understood at present; however, the plausibility of large injections
cannot be ruled out.
3.

T H E FIRST F E W DAYS

Poorly understood and under-studied processes govern the transition of smoke particles from
their generation in the fires to their spreading to scales which can begin to affect the global weather
and climate. Rising from the fires, the size distribution of the smoke particles may be altered by
coagulation. Adiabatic expansion of the rising fire plume leads t o cooling and then condensation,
involving both the boundary layer water t h a t is drawn into the plume and the water given off as a
combustion product. Depending upon their chemical and geometric characteristics, the particles may
serve as condensation nuclei for cloud droplets or ice particles, be incorporated into water droplets
in precipitation and scavenging processes, emerge from the cloud after having bee;* transformed by
cloud processes, or simply pass through the cloud. The extent of condensation, which depends on fire
intensity, local meteorology, and other factors, determines whether precipitation occurs and whether
the captured particles t h a t have been scavenged by the cloud drops are carried to the ground (this
process is referred to as prompt removal) or are released back to the atmosphere, perhaps in a more
compact form than when first captured, as the rain drops or ice particles evaporate. During the first
few days as fire plumes spread, merge, and experience the prevailing meteorological environment, early
removal may occur, coagulation may continue to alter the size distribution, solar heating may warm
and loft the smoke upward, or nighttime infrared cooling may lead to some subsidence of the smoke
layer. It is this complex of processes t h a t determines t h e a m o u n t and characteristics of t h e smoke
that is injected to global scales.
There has not yet been a comprehensive t r e a t m e n t of this set of processes. Turco et al. (1983)
simply assumed t h a t about half of the initial smoke particles would be removed from the atmosphere
through these processes. The NRC( 1985) report baseline case assumed a similar fraction, but indicated
t h a t the possible range extended from 10 to 90%, providing little basis for even these weak limits.
Neither group assumed that the many possible processes would alter the size distribution of the
particles.
3.1

Prompt scavenging and removal

Over the past few years, several groups have modified cloud models to study the pl^me
that would be created over variously sized urban fires. Initial estimates from Cotton (1985) suggested
that, in an intense fire plume 30 to 60 minutes old, less than 2% of the smoke would have been captured
in rain drops (he accounted only for phoretic processes as a scavenging mechanism); when Tripoli
(1986) allowed smoke particles to serve as condensation nuclei (assuming, perhaps unrealistically t h a t
all particles would be hygroscopic), the fraction increased to more than 80% In the latest calculations
of the Colorado State group, which account for the evaporation of water drops as ice forms (in their
mechanism ice attracts water away from the rain drops), the fraction scavenged in their baseline cade
has now dropped t o less than 20%. In a simulation of an urban area fire in San Jose, California, Tripoli
and Kang (1987) found less than 10% removal by prompt scavenging. Studies by Bradiey (1986,1987)
and Bacon et al. (1987) however, suggest t h a t a much larger fraction may be scavenged in the plumes
of inte.ise fires. In Bradley's model, this occurs because of the absence of the ice phase and lack of an
overseeding mechanism, but in Bacon's model, his use of Oroville's mechanism (Lin et al., 1983) 'or
treating ice phase physics, which includes riming (i.e., capture of water droplets by falling ice particles)
as well as the ice nucleation treated by Tripoli, leads to scavenging of half (assuming hydrophobic)
to virtually all of the hygroscopic smoke particles that were assumed to serve as condensation nuclei.
The results of these calculations to estimate scavenging t h u s cover a broad range (i.e., 10 t o 90%), and
none of the models yet represent all of the important cloud processes nor have they reported complete
results for particle scavenging (i.e., the fraction of particles taken up in a hydrometeor at some stage)

- 8 and removal (i.e., particle deposition at the surface). All cf the cloud models also currently available
greatly simplify the treatment of droplet and ice size distributions. The nucleation process may be
affected by the more intense vertical motions, by the higher supersaturation t h a t may occur in the
intense fire plume (Penner and Edwards, 1986), and by the chain-like character of coagulated smoke
particles. Some suggest t h a t electrical effects may increase the efficiency of capture processes, but
quantitative studies have not been done. The presence of dust, debris, and other particulate m a t t e r
may also alter coagulation and precipitation processes (Porch et al. 1986) and there are certainly
additional processes t h a t may need to be considered before accurate estimates of scavenging and
removal can be made.
Because fires observed in the past have not been nearly as large or intense as postulated
post-nuclear urban fires would be, observational studies provide only limited guidance. The very large
Tillamook forest fire in Oregon in 1933 (with a plume reaching to 13 k m ) , the Chapleau, Canada
controlled forest fire in 1985, and other similar fires are not reported to have generated any rain; t h a t
is, there was no net removal of smoke particles, even though incorporation of particles into water
droplets and subsequent evaporation may have occurred. T h e rain following the Hiroshima explosion
and fire, however, created a "black rain" t h a t removed smoke particles. Because very limited d a t a
exist on the fraction of aerosol removed by natural systems, it is tempting t o try to elate the fraction
removed to the fraction of water removed in natural systems. For example, natural convective cloud
systems are thought tc precipitate out only a fraction (perhaps a quarter) of the condensed water,
but some unusual situations, for example steady orographically-forced systems, may remove as much
as 90%: the range of possible values, therefore, remains broad.
Laboratory experiments are being conducted to investigate whether the smoke particles
may serve as cloud condensation nuclei ( C O ' ) . For fresh smoke particles made by the burning of
various pure substances, it has been thought that they would n.it serve as condensation nuclei (Chailson and Ogren, 1982). Experiments supporting this finding, however, often involve smoke that has
been diluted t o inhibit further coagulation during the measurement process. Penner (1986b) describes
d a t a which support the notion t h a t highly carbonaceous particles t h a t were originally thought to be
hydrophobic can act as CCN and t h a t this would be evident if dilution werr not used to stop coag
ulation. Furthermore, many of the experimental results are consistent with the interpretation t h a t
it is primarily the larger particles which are acting as CCN. Her analysis (which assumes spherical
particles) indicates t h a t particles as small as 0.1 /im in radius would bz incorporated into the cloud by
nucleation if supersaturation reached — 1 % . This thesis needs to be experimentally verified, however,
in part because small particles could also act as CCN if they contained a hygroscopic component.
Based on the few simulations, laboratory studies, and analyses of actual 3res t h a t have
been done, the extent of prompt scavenging in the fire plume remains highly uncertain, especially
given the many simplifications, assumptions, and omissions in present models.
3.2 Effects of plume and cloud processes en the radiative properties of smoke particles
Laboratory studies suggest that, for many substances, the initial smoke emissions consis! af very small (of order 0.05 //m), highly carbonaceous spherules which agg.-egatc to form rnuitibranched, low density, chained particles having fractal dimension Isss than 2 (Berry :nd Peroival, 1966)
and specific abc option coefficients of as much as 10 m / g (rather than the value uf 2 m / g assumed
in many ear lit r studies). Such fluSy aggregates, whose elemental carbon content can be high, often
have specific absorption coefficients similar t o those of the small spherules of whic . the> are formed,
rather than those of a spherical particle of the same total mass. Whether these structures can survive
the turbulent fire plume environment and cloud processes is an important unknown i.^,ue, introducing
perhaps a factor cf two uncertainty into estimates of the optical properties of smoke emerging from a
fire plume.
2

3
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Observational evidence suggests that smoke from localized forest fires usually r s e s to
2-3 km, whereas smoke from larger fires with good ventilation and humid air has been observed to
reach 5-6 km (e.g., the Chapleau, Ontario fire of August 3 , 1985). P h i z e s from very large forest fires
(e.g., Tillamook) and urban fires during WorlJ War II reached heights of 10 km or more. In view of
these results, it seems likely t h a t much of the smoke would be carried into the middle troposphere and
some fi action may even reach the lower stratosphere.
Modified cloud models have been used t o estimate plume injection heights for a range
of fire intensities and meteorological conditions. These models suggest t h a t very intense fire plumes
may be able to loft smoke into the lower stratosphere, but for most of t i e fires, which would be of
moderate intensity, the top of the plume above the fire may be limited t o the middle troposphere or
perhaps up to the tropopause. Vorticity may lead to creation of a vortex which may affect plume
lisc. It was originally thought t h a t vortex formation (firestorms) may enhance plume rise (e.g., Turco
el a)., 1983), but Tripoli and Kang (196 ?) show a case in which plume rise was limited by formation
of a vortex in the later stages of fires. W n d shear may moderate the rise or reduce the subsidence
of the pliime from its peak height over a fire. T h e models suggest t h a t the total heat release (the
power) of the fire, more than a fire's area! extent, control the t.eight of injection (Small et a h . 1987).
Meteorological conditions are also important, the significant factors being atmospheric stability and
the availability of moisture t o contribute latent heat. Further review of tne issue:, related t o plume
rise can be found in Pittock et al. (1986) and Budyko et al. (1986).
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There have been no statistical compilations to estimate the collective result of thou
sands of fire plume's of varying intensity and duration under a representative variety of meteorological
conditions. As a result, a variety of assumptions have been made concerning the appropriate vertical
distribution for initializing :limate impact simulations. Turco et al. (1983) assumed a variety of smoke
distributions with many of the cases leading to substantia! injections into the upper troposphere and
as rrjch as 5% spillover into the stratosphere. NRC (1985) used a constant smoke density (%/'.n )
from the surface up to 9 km. Several of the global climate simulations have assumed a constant smoke
mixing ratio (g/f) from the surface up to an altitude of 7 to 11 km. These assumptions have an
important influence on the computed climate impacts: the higher the smoke, the less likely it is to
be removed by precipitation, the higher the layer in which solar absorption occurs, and the less effec
tive the containment of longwave radiation by the greenhouse effect. As fire plume models improve,
estimation of injection altitude needs to be an area of continued study.
s

3.4 The first few hours
There has been little study of phenomena t h a t would occur in the first few hours after
plume injection. The cloud models suggest that 1U0 to 1000 times as much water as smoke may be
lofted into the upper troposphere (Tripoli, 1987), almost certainly creating clouds t h a t would cap the
fire plume. Some of the water may contribute to ice particle formation, leading perhaps to extensive
cirrus anvils of highly absorbing smoke-ice particles. The radiative effects of such clouds, water vapor,
and smoke-ice particles are unknown but may be important. Solar absorption by smoke particles
could w a r m the upper cloud layer and create instability. A model study by Demchenk*. and Ginsburg
(1986) showed that the r a t e of ascent due to this mech mism could be of the order of 1 k m / d a y , a t
least for the initial smoke densities. During the night, the whole layer could be cooled because of
the extensive anvil of ice particles (Tripoli, 1987). Such c o d i n g could cause subsidence, consequent
adiabatic warming, and drying. The net diurnal effect would likely be lofting, considering the specific
values of the infrared and visible radiative parameters of the smoke (Malcne, 1987), but these processes
deserve much more study,
3.5 The first few days
The injection of smoke and water would take place in an initially active mesoscale
environment which would include pre-existing fronts and circulations. As the individual smoke plumes
spread and then merged with other plumes, the- radiation balance would start to be strongly modified,
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Molenk*. np (1986) has studied the onset of surface coolijig in a coastal environment and finds relatively
rapid surface cooling down t o the dew point followed by progressive development of a deepening fog
layer as a result of a continuing inflow of moisture from an upwind ocean ar?a. Starting with a smoke
cjoud having an initial diameter of 150 km, Golding et al. (1986) studied '.he evolution of the cloud
over a 12 hour period over central England on a typical day in May. T h e difFerential heating of the
smoke-containing air induced secondary circulations with vertical velocities of the order of 0-2 m / s ,
causing some condensation to occur over about one-fifth of the smoke-covered Area. The model did not
treat smoke particles as CCN or calculate smoke scavenging, but the relative areas of the smoke and
the rain suggest t h a t removal would be modest, although the amount of air processed would exceed
the area of condensation.
Quite clearly, there needs t o be much more study of these processes; existing mesoscale
models provide an initial capability, but more detailed treatments of radiation and aerosol and cloud
physics must be included.
3.6

Interface between field studies and models

Field studies of the plumes from large fires (including planned forest and oil pool fires and
inadvertent fires) should provide some d a t a for testing models and parameter]zations, but significant
problems will remain in scaling the total power of the fires upward by two t o three orders of magnitude
from the relatively low-intensity fires t h a t can be instrumented. Laboratory and cloud chamber
experiments can also provide useful information, but again the limitations of such studies must be
recognized. Given these difficulties, the recent variations in the estimated amount of smoke which
would survive prompt scavenging and removal during the first few days were to be expected.
3.7

Conclusions

In the first few days after injection, the smoke particles 'vould be affected by transfor
mation and scavenging. Important progress has been made in modeling of fire plumes and study of
the microphysical properties of smoke particles, but much remains to be done. If about half of the
smoke is assumed to be removed by p r o m p t scavenging, sufficient a m o u n t s of smoke would remain
t c create hemispheric average absorption optical depths ranging from a few tenths to ten times as
much. Too little is known about aging, coagulation, and transformation processes on these scales to
provide definitive guidance on the physical characteristics of the particles t h a t would govern long-time
s u n ival of the particles in the atmosphere, but the particles seem likely t o be strong absorbers of solar
radiation.
4.

A T M O S P H E R I C P E R T U R B A T I O N S DURING T H E F I R S T M O N T H

The one-dimensional calculations by Turco et al. (1983) provided a preliminary indication
t h a t the climatic effects could be significant. They were followed very quickly by two-dimensional
(MacCracken, 1983) and three-dimensional calculations (Aleksandrov and Stenchikov, 1983, 1984;
Covey et al., 1984). Since these initial studies, significant progress has been made in estimating
the potential smoke-induced perturbations to the atmosphere over the first several weeks following
a nuclear war. The earliest calculations typically assumed fixed smoke extent and amount, ignored
scavenging and smoke transport, and considered only the absorption of solar radiation while neglecting
scattering arid the effects of the particles on the thermal infrared. The most recent calculations have
attempted to correct these tnitial simplifications, but they continue to suffer from many approximations
and limitations. For example, the boundary layer is poorly resolved, few calculations have been
carried to beyond a month, the evolution of particle size and scavenging are poorly treated, ocean
'emperatures are often held fixed, and interactive atmospheric chemistry has yet t o be introduced.
In addition, the models do not treat the early time processes occurring during the first few days,
assuming t h a t the smoke has already experienced prompt and early-time scavenging and has spread
to cover sub-continental to continental scale areas.
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Four groups have carried out most of the three-dimensional climate perturbation studies.
They have generally used variants of two different general circulation models ( G C M ) : t h e National
Center for Atmospheric Research (NCAR) and the Los Alamos National Laboratory (LANL) have
used variants of the Community Climate Model (CCM); the Lawrence Livermore National Laboratory
(LLNL) and Computing Centre of the USSR Academy of Sciences have used variants of the Oregon
State University tropospheric G C M . The United Kingdom Meteorological Office GCM has also recently
been used tc test the validity of some of the assumptions in the original CCM calculations (Mite lell,
1987), but a comprehensive calculation has not yet been done. The general similarity of simulation
results from the various models suggests that differences in vertical and horizontal representations
are relatively unimportant determinants of the large-scale character of the perturbations, at least
during the initial acute phase lasting one to two weeks. For example, in comparative tests with the
NCAR and LLNL models, the average surface air and ground temperature decreases for mid-latitude
land areas were within about 15% of each other, assuming the same smoke injections and turning off
transformation and removal mechanisms.
The initial interpretation of the Turco et al. (1983) results portrayed the perturbation
from a global-scale war involving urban areas as being a rapid decrease of mid-latitude land-surface
temperatures to wet] below freezing, a "nuclear winter", with the possibility of freezing conditions
even in low latitudes, and in some less careful presentations, over the entire globe. These results
were based on calculations with a one-dimensional radiative-convective model t h a t represented only
annual and global average conditions and accounted for ocean buffering empirically (based on climate
observations). The effects of cloud, circulation, and other feedbacks and smoke spread could not be
treated directly.
The early three-dimensional calculations (see Golitsyn and Phillips, 1986) with uni
formly spread smoke moderated the initial prediction of deep freezing conditions by more accurately
representing the stabilizing effect of ocean temperatures, which were held fixed at their climatological
values. These simulations also found t h a t the effects of smoke would be largest during the warm
season and least during the cold season of the year.
The latest series of calculations includes, although not always in the same model, treat
ment of the transport and dispersion of the smoke, coupling of smoke removal to model-piedicted
precipitation, varying particle size, coagulation, diurnal variation and scattering of solar radiation,
and absorption and emission of thermal radiation by smoke particles. The treatment of the surface
boundary layer is still inadequate, however. Also, computations are only starting t o account for sea
sonal dependence (e.g., the varying ocean temperatures). In addition, shortcomings remain in the
representations of various processes (e.g., particle scavenging, for which few, if any, analogs exist).
Smoke transport is now carried o u t by a variety of techniques (Eulerian schemes involving finite dif
ference, finite element, or spectral representations and a Lagrangian particle approach). O n the global
scale, Malone (1987) has demonstrated t h a t the Eulerian techniques are too dispersive by comparing
model calculations to observations of the spread of a deuterated methane ( C D ) tracer release near
Antarctica. Other processes (ii.g., atmospheric chemistry and chemical scavenging) have not yet been
treated at all. Nonetheless, the available model simulation results do provide the best scientific basis
for estimating the global-scale atmospheric response to a massive smoke injection.
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T h e baseline smoke injection for GCM simulations has typically involved global injection
of 150-200 Tg of smoke with a specific absorption of 2-2.5 m / g , corresponding to a hemispheric
average absorption optical depth of 1 to 2, with variations extending the range by a factor of about 3
about the baseline. As indicated in earlier sections, the latest results suggest t h a t the mass of smoke
injected could be less, but the specific absorption coefficient would be greater; fortuitously, the two
effects approximately balance in terms of hemispheric average absorption optical depth.
2

The initial response of land temperatures to an overlying smoke layer corresponding to
a smoke layer h-.ving hemispheric average absorption optical depth of order unity would be a rapid
decrease in temperature, much like a prolonged night-time cooling. Under a dense smoke layer and
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first tew days. The GCMs produce a more rapid cooling than occurred in the Turco et al. (1983)
computation because their surface temperature, as in the real atmosphere, is not directly coupled
to the lowest atmospheric layer, as is often assumed in radiative-convective models. It is thought,
however, t h a t this sharp cooling would initiall; be limited a t the dew point by fog formation in
the first few days (Knox, 1933a; Molenkamp, 1S86), which is a process not now treated in general
rirculation models. The persistence of the fog effect is not known and would depend upon local
meteorological conditions, the availability of nearbv water bodies as a source of moisture, ice particle
formation and removal, and other factors.
Over approximately the first two weeks following a summertime injection, the models
estimate t h a t northern hemisphere mid-latitude mean land surface temperature would decrease by u p
to 15 to 20°C. Temperature decreases in continental interiors could be up t o double t h e average value,
producing occasional occurrences in some models of sub-freezing conditions or frost. Temperature
changes in coastal regions would be more modest and average temperature would generally stay well
above freezing, although occasional frost events are calculated in some models as continental air masses
move across. Ground temperature would decrease by several degrees more than air temperatures,
creating a very strong radiative inversion near the surface. [In comparing published estimates of model
response, it is important to note t h a t the NCAR group has generally reported the change in grour.J
temperature whereas other groups have generally reported changes in surface air temperature. This
can cause differences in the estimates of 3-4°C. In the Turco et al. model, ground and air temperatures
are coupled so that the two t e m p e r a t u r e decreases are the same.] T h e inability to simulate fog
formation may allow excessive cooling while the inability to resolve the very sharp surface inversions
(Pittock and G a r r a t t , 1987; Ghan et al.,1987a) and drainage Mows may lead to an underestimation of
the coldest events. Until results are available from simulations with improved representations of the
boundary layer, the possibility of widespread frost and severe chilling remains significant, especially
in the early and late parts of the growing season. Either condition would threaten mid-latitude
agriculture. On the other hand, conditions with prolonged temperatures well below freezing—as
nuclear winte* was often first portrayed—are almost certainly ruled out, even in mid-latitude interiors,
given the baseline smoke injections. For larger or springtime smoke injections, however, the frequency
and extent of subfreering conditions could increase.
As the t.moke spreads out over the northern hemisphere and is subje-~ed to removal by
precipitation and chemical destruction, the acute temperature decreases ir. the mid-lc.tiiude continental
interiors would moderate (to about a 5 to 10°C perturbation), whi'* sub-tropical land areas would
begin to be affected. The recent studies suggest t h a t , for baseline smoke injections, the temperatures
in India and southern China could be 5 t o 20°C below their normal summertime values, with little
likelihood of frost and few occurrences of below 15°C temperatures, a threshold which is thought to
be important at a sensitive stage of rice growth. The s u b t r o p i c a l region would generally be affected
mainly by circulation changes; e.g., the induced subsidence along the southern edge of the smoke
cloud could reduce cloudiness and even cause a local temperature rise. Only very modest temperature
decreases are thought to be possible in the tropics or in the southern hemisphere during the first few
weeks following smoke injection, except for extreme smoke injection scenarios for which a temperature
drop of the order of 5°C may be expected.
On the other hand, induced changes in precipitation would perhaps be more significant
than the temperature changes for agriculture in low latitudes. Smoke-induced upper tropospheric
warming and the surface cooling could shut off convective precipitation over much of the northern
hemisphere land areas, thereby disrupting the summer monsoon. This idea was suggested by Obouhkov
and Golitsyn (1983) and now is found in the results of simulations described by Ghan et al. (1985,
1987a) and Thompson et al. (1987). These precipitation changes appear to be much less dependent on
smoke amount than are the surface t e m p e r a t u r e reductions. Even for smoke injections as small as 15
to 50 Tg (equivalent to a hemispheric average absorption optical depth of a few tenths), for which midlatitude land temperatures would not drop more than 5 t o 10°C during the first few weeks, a substantial
reduction in precipitation and disruption of the summer monsoon would result. Precipitation changes
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temperature could continue to cause rapid warming of cold continental air masses.
Although the temperature and precipitation perturbations would be relatively little
affected by smoke scavenging and aging during the first few weeks, events during this period wruld
determine the amount, distribution and characteristics of the smoke available to induce the longerterm effects discussed in the next section. T h s solar warming of the smoke, especially during the
warm season, would cause large-scale, upward lifting of the smoke from tropospheric to stratospheric
altitudes where the residence time of the smoke may be months to year*. In addition, solar absorption
by the smoke particles tends to warm the atmosphere, increasing stratospheric stability and perhaps
lowering ihe tropopause (Malone et at., 1986). Model calculations indicate t h a t the fraction of the
smoke t h a t would be lofted increases with the smoke amount. For baseline smoke injections, about
one-third to one-half may be lofted to stratospheric altitudes. This lofting may be limited if dust
injected by surface bursts overlies and screens the smoke layer from solar radiation and the fraction
of smoke lofted {but not the mass) may decrease for very large smoke amounts. T h e reduction in
precipitation would also tend t c extend the smoke lifetime. The particle size distribution may also
evolve during the first few weeks.
Many of these effects were perceived in the early analyses, as discussed in Golitsyn and
Phillips (1986). Although the recent calculations have refined the results considerably, they have
not altered the nature of the basic findings. Furthermore, the plausibility of significant temperature
reductions over the first few weeks in mid-latitudes and significant precipitation reductions over most
northern hemisphere land areas, including suppression of the summer monsoon, is now more firmly
established.
4.2 Study of partial analog perturbations
Over the past few years, there has been an increased effort to analyze various geophysical
events in search of confirmation th^t aerosol injections can effect the temperature. Several cases
involving large injections of dust have been studied, even though dust is mainly a scatterer of solar
radiation rather than an absorber, as is the case for smoke.
In addition to use of Martian dust storms as an analog (see Turco et al., 1983; Golitsyn
and Phillips, 1986), terrestrial dust storms provide some useful insights. Saharan dust storms play
a role in the climate of the desert and regions to the west to which the t r a d e winds transport mil
lions of tonnes of dust, often reaching the American continent. Kondratyev et al. (1971) observed an
appreciable absorption of solar radiation by desert aerosol. Xu et al. (1979) reported a quick temper
ature drop of 10° C after arrival of an intense dust storm in western China. Brink man and McGregor
(1983) described a temperature decrease of several degrees and a reduction in total solar radiation a t
the surface of 20-30% when winds brought large concentrations of dust from the Sahara to Nigeria.
About fifty cases of dust storms and heavy dust h&ze have recently been considered by Golitsyn and
Shukurov (1987). They analyzed temperature records from five meteorological stations in south-west
Tadjikistan. During these events, visibility r a n g ' d from 50 m to several kilometres and the thickness
of the dust layers ranged from 1 to 2.5 km. The comparison of diurnal temperature course on dusty
days with t h a t on preceding and subsequent clear days showed a nighttime warming by a few degrees
and a considerably larger cooling, up to 10-12°C, during daylight hours. The warming was evidently
due to the increased IR opacity a t night and the cooling to decreased solar radiation reaching the
surface during the day. Overall, the changes were found to depend strongly on the visibility (i.e., dust
concentration).
The study of smoke injections from large forest fires has indicated au effect on nearsurface temperatures, even though the smoke from such fires is not as highly absorbing as urban smoke
and its relatively low injection altitude tends to have much lesser effects on net radiation than would
the smoke from post-nuclear fires. The effects of several large American forest fires are described
in the NRC (1985) report. Although the smoke from a very intense fire in Oregon in August 1933
reached a neight of 13 km, the altitude of smoke plumes from medium size forest fires is typically
several kilometres (see Golitsyn and Phillips, 1986; Budyko et al., 1986). The best documented fire
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traveled across Canada and the United States and then over the Atlantic and on t o western Europe,
causing light obscuretion over a large part of the North American continent that reduced maximum
temperatures by several degrees, and causing unusual optical effects in England (blue moon and sun).
This smoke was loc« ted mainly in the middle troposphere, at least over the United States, but it
extended up to the tropopause over England.
Robock (1987) has compared model-forecast temperatures with observations In several
cases where forest fire smoke moved into a region. In each of these cases he has found a reduction in
maximum temperatures of 1-4°C, depending on the thickness and altitude of the smoke layer.
Large peat bog and forest fires occurred in many locations in the European part of the
USSR during August 1972. An analysis of the meteorological situation was done by Abakoumova
et al. (1986) and of the optical properties by Sokolik et al. (1986). The analysis revealed t h a t the
extinction optical depths were in the range 0.5-1.2, with the single scattering albedo of the particles
being 0.3 to 0.9. These numbers agree well with direct measurements of forest fire smoke under
laboratory and natural conditions (e.g., Pittock et al., 1986). A diurnal heating of 1.4 ± 0.9°C during
the day was induced in cases with smoke in the lowest two t o four kilometres (Veltishchev et al., 1987),
which agrees with earlier model results (Cess et al., 1985) t h a t moderate amounts of low level smoke
can cause a small warming of the surface.
The Great Siberian fires of 1915 were considered by Ginsburg and Golitsyn (1986) and
then by Veltishchev et a). (1987). They estimated t h a t 30 ± 10 Tg of smoke were generated by the
fires during a period of about 50 days. Assuming a mean lifetime of one week and an area covered
by smoke of 5-6-10 k m , the extinction optical depth would be 3 ± 1 . Analysis of daily temperature
records at several Siberian stations together with a d r y fog" index (a measure of the intensity of
smoke) revealed a statistically significant temperature decrease of several degrees, correlating well
with the smoke intensity. The radiative-convective model of Veltishchev et al. (1987) gives results for
these three cases which agree satisfactorily with observations.
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All of these examples with dust and forest smoke show t h a t aerosols can influence the
surface temperature. These cases also c?*n be used to validate global or regional models which are, or
could be, used t o study the problems under discussion in this report. These analog studies have fou.jd
no inconsistencies with calculations made with general circulation models and may serve as a partial
validation for models used to study the consequences or larger smoke injections. There are, however,
substantial differences between many features of the analogs studied to date and of a potential postnuclear smoke injection; the continued study of a wider range of analogs may therefore prove helpful
in providing further insights.
4.3

Conclusions

Injection of large amounts of highly-absorbing smoke into the atmosphere would lead
to global-scale perturbations. During t h e first month, the sunlight reaching the surface in northern
hemisphere mid-latitudes could be reduced by 80% or more, resulting in zonal mean land summer
temperatures u p t o 15 t o 20°C below normal for up t o a few weeks after injection of the smoke.
Changes could be 15 to 30°C in continental interiors, but would be less in coastal areas. The studies
of the climatic impact of a baseline summertime smoke injection, conducted with three-dimensional
atmospheric circulation models and comprehensive representations of physical processes, indicate mean
land temperatures at or slightly above the freezing level with transient regional episodes of sub-freezing
temperatures, which is a mitigation of the intense freezing conditions suggested by early results with
atmospheric models containing important simplifications. On the other hand, these recent studies
emphasize the plausibility of a serious reduction of precipitation over continents and a disruption of
the summer monsoon, even with substantially less than the baseline smoke injection. Finally, the
expectation of stratospheric transport of smoke into the southern hemisphere during the first month
has been generally confirmed for sufficiently large smoke injections.

ATMOSPHERIC PERTURBATIONS BEYOND O N E M O N T H
Initial calculations for times beyond a month have been done using an energy balance model
(Robock, 1984) or with fixed smoke extent (Aleksandrov and Stenchikov, 1984; Covey, 1987; Pittock
et at., 1987). A few studies have begun to examine the potential atmospheric effects beyond the
first weeks using interactive smoke-atmosphere-ocean models {Stenchikov and Carl, 1985; Stenchikov,
1986; Ghan et al., 1987b). The important additions in these computations are the treatment of ocean
temperature and sea ice, two factors which are essential t o consider in simulating the seasonal evolution
of the climatic consequences of a nuclear war. So far, the results must be viewed as preliminary
because there remain significant limitations in the treatment of the evolution of the smoke in the
models. For example, little verification has been done of the assumed smoke removal mechanisms,
no chemical interactions are permitted evin though the large circulation and temperature changes
would surely affect stratospheric ozone, chemical removal mechanisms of the smoke (which may be
the factor limiting smoke lifetime) are not considered because they are still only poorly understood,
the simultaneous effects of dust and nitrogen oxides are ignored, etc. !n addition, the treatments of
the ocean and sea ice are incomplete, e.g.. the possible effect of deposited soot on sea ice albedo, as
suggested in Ledley and Thompson (1986), is not taken into account. Thus, calculations on this longer
time scale must be viewed as exploratory, serving as feasibility studies in advance of more complete
simulations.
5.1

Effects of lofting, ocean mixing and sea ice

Three factors influencing the climatic response have so far been examined: smoke lofting,
ocean cooling and changes in the extent of sea-ice. The intense solar warming of the upper part of the
smoke cloud could produce strong upward motions t h a t would loft smoke well into the stratosphere,
where it could spread southward rapidly to cover at least the sunlit areas of the southern hemisphere
(Malone et al., 1986). The lofted smoke fraction, which would add to the smoke already injected
into the stratosphere by the most intense crban fire plumes (Cotton, 1985) and small-scale convection
(Demchenko and Ginsburg, 1986), apparently increases with the total smoke injection (Malone et
al., 1986; Ghan et al., 1987a). In the case of large smoke injections, up to about one half of the
initial smoke mass is projected to remain in the atmosphere after a month, almost exclusively above
the levels where it could be scavenged by precipitation. Thii would correspond to a global average
absorption optical depth of a few tenths. The residence time of the smoke particles in the stablystratified stratospheric layers would be controlled mainly by circulation patterns and would likely be
six months or more, especially with the lowering and strengthening of the inversion a t the tropopause
t h a t would be induced by the increased solar absorption due to the presence of smoke particles in
the stratosphere. However, the chemical scavenging mechanisms which operate in the stratosphere
are only beginning to be investigated (e.g., deHaas et al., 1986). Also, the added infrared opacity of
smoke in the polar night may contribute to smoke removal by enhancing radiative cooling and the
vertical overturning which now apparently serves to remove volcanic aerosols. Both processes would
tend to limit the smoke lifetime.
For an absorption optica! depth of a few tenths, radiative-convective models (Gostintsev
et al., 1986; Golitsyn, 1986a, 1986b) suggest t h a t the surface temperature reductions could be in
the range of 5 to 10°C in interior continental areas. Pittock and G a r r a t t (1987) used a horizontally
compressed version of Pielke's sea breeze model (Mahrer and Pielke, 1977) having fine resolution of the
surface boundary layer to derive a similar result. Reconciling these results with the G C M simulations,
which provide poor vertical resolution but better treatment of horizontal heat fluxes from the ocean,
is still to be done.
Similarly, the reduction of soiar radiation reaching the surface could cause a hemisphericaverage cooling of the ocean mixed-layer of the order of 1°C per month. The cooling would be s t r o n g c
in the northern hemisphere where the smoke is thicker. Furthermore, increased or altered surface winds
may increase the mechanical stirring of the ocean mixed-layer, causing entrainment of colder water
into the thermocline. Mettlach et al. (1987) and Ganopolsky and Stenchikov (1987) suggest t h a t this
mechanism could lead to relatively rapid, localized cooling of the ocean's surface by a few degrees.
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an effect first studied by Robock (1984) using an energy balance climate model and more recently
examined in GCM calculations by Covey (1987) and Ghan et a.1. (1987b). Thsse studies all indicate
t h a t the earlier formation of sea ice would result in a prolonged cooling of northern hemisphere land
areas by a few degrees and lasting through at least the first warm season following a spring or summer
nuclear war- The possibility t h a t smoke deposit)on could moderate or even change the sign of the sea
ice feedback by reducing albedo (Ledley and Thompson, ;986) cannot be ruled out, although Robock
(1984) suggested t h a t new snowfall would quickly cover the soot.
5.2 Global calculations
Covey (1987) coupled the CCM to a mixed layer ocean model. He assumed an initial smoke
amount equivalent to a hemispheric average absorption optical depth of about 1.5, but spread only
over northern hemisphere midlatitudes and fix«d in extent throughout ths year-long calculation. After
the first 30 days, he assumed t h a t smoke would be removed with a 30 day half-life. Land temperatures
dropped rapidly at early times t o conditions colder than calculated by Robock (1934), but with rapid
recovery, and even induced some warming as the smoke loading became small.
Pittock et al. (1987) used the Australian National Meteorological Research Center G C M
and assumed a global average absorption optical depth of 0.2, based on estimates from Matone et al.
(19S6) of how much smoke m g h t persist for months to a year following injection. They found 2-6°C
cooling of land areas at 27°S. T h e Pittock and G a r r a U (1987) results with a mesoscale model suggest
that accounting for infrared effects, which were ignored in the GCM calculation, would moderate these
coolings by about 1*C. Pittock et al. (1987) also found significant disruption of the summer (January)
monsoon precipitation in the Southern Hemisphere subtropics.
;

Ganopolsky and Stenchikov (1987) coupled their atmospheric G C M to a two-layer upper
ocean model, but, unlike Covey (1987) and Pittock et at. (1987), allowed the smoke to be transported.
They allowed smoke removal rates to be reduced by the atmospheric perturbation. Global ocean
temperatures cooled about 1.2°C over the first month of the calculation due to wind-induced mixing
of the upper mixed layer with the cooler thermncline. They found t h a t localized cooling of up to 10°C
was possible due to deepening of the mixed layer. Together with the thermal cooling, they found t h a t
mixed layer temperature was 1 C below normal after a year.
C

Ghan et al. (1987b) have coupled a two-level dynamical ocean model to the OSU GCM and
are undertaking interactive simulations. They find t h a t in response to ?u injection similar to the NRC
(1985) urban baseline, ocean temperatures drop by about 5°C over the first few months in the 3 0 70°N latitude band, partly from mechanical mixing, but mainly from the dimunition of solar radiation.
The model shows evidence of sea ice feedback (which extend? the cooling) and hydrology feedbacks
(which can lead to surface drying and subsequent warming ot the land surface)- The precipitation
perturbation is significant only during the first several m o n t h s , in part because their model does n-jt
isolate smoke in the stratosphere.
These calculations are identifying additional processes t h a t must be treated. In some cal
culations, precipitation reductions a t some locations lead t o a drying of the land surfaces, thereby,
in addition t o stressing plant life, reducing evaporative cooling and causing a warming. At other
locations, the increased stability of the troposphere reduces cloud cover (or leads to clouds t h a t are
optically thinner), which allows a greater fraction of the reduced solar radiation through to the sur
face. In all of the calculations, however, the perturbations are lasting from months to years after the
massive injection of smoke and other substances.
5.3

Conclusions

As the smoke is dispersed and removed by atmospheric processes, climatic effects are
expected t o change from their initial acute phase response. Beyond one month, the large perturbation
of northern hemisphere temperatures would be expected t o decrease, although it is not known how
rapidly. At the same time, for some scenarios the smoke would have spread oveT much of the earth,
causing a reduction in sunlight of the order of 20% and a reduction of temperature of several degrees.
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Orily recently have calculators been extended out to a year or more. The results of some simulations
suggest that spring and summer climatic conditions could be significantly affected in the year following
the fires. The meteorological and physical uncertainties are such, however, that reliable quantitative
conclusions regarding the effects of an injection of a specified amount of smoke in northern midlatitudes cannot be reached beyond a few weeks in the northern hemisphere or, at later times, in the
tropics and the southern hemisphere.
6.

OTHER ATMOSPHERIC INJECTIONS BY NUCLEAR EXPLOSIONS

Nuclear explosions can cause the injection of a wide variety of substances into the atmosphere
in addition to the smoke from fires. The explosions themselves produce radionuclides, cause chemical
reactions that lead to injection of nitrogen oxides, and can loft large amounts of dust and other surface
materials if t hey take place near the ground. The rising mushroom cloud can carry the materials and
large amounts of water from the boundary layer well up into the atmosphere. The fires started by
nuclear explosions wculd create gaseous products that can affect the radiative and chemical balance of
the atmosphere when lofted by the flaming phase of the Are as well as air quality near the surface when
given off in the smoldering phase. The fire plume and induced winds would also loft water vapor from
the boundary layer ar.d sweep material up from the surface. All of these products from the explosion
and consequent fires must be considered in assessing the physical and atmospheric consequences of
nuclear war. While most attention in recent years has been on smoke effects, it is important to
recognize that other emissions could lead to important chemical, climatic, and physical consequences.
6.1 Dust
The amount of dust lofted into the atmosphere and the height of the injection would depend
strongly on the assumed scenario, i.e., the numbar and yield of surface and near surface bursts.
Although no new experimental evidence on dust injections has appeared during the last two years,
there is an increasing understanding that such dust could play a substantia] role in both the shortmd long-term effects. The amount of sub-micron dust particles that could be injected could be several
lens of teragrams (see e.g., NRC 1985, Pittock et al., 1986). If this dust were spread uniformly over
the northern hemisphere, the resulting extinction optical depth could be about 0.5, which would cause
a reduction of the total solar radiation flux at the surface by more than 10%. Because a substantial
fraction uf the dust would be in the stratosphere where its lifetime would be from months to years,
the dust could contribute to large-scale :emperature reductions of a few degrees due to the increase of
the planetary albedo alone. If the optical properties of the dust, which are poorly known, were similar
to typical continental aerosol (see WCP-55), absorption of solar radiation by the dust could also be
an important consideration. If co-located with the smoke, tb» dust could tend to moderate the lofting
of smoke, as discussed earlier in this report, by partially shielding the smoke from the solar radiation
(Thompson et al., 1987). The spread of the dust in the stratospheric circulation must therefore also
be treated in future calculations.
6.2 Chemical emissions
The shock wave and the intense heat oi the fireball lead to the production of about 10"
molecules of nitric oxide (NO) per megaton of explosive yield (NAS, 1975; NRC, 1985). For very high
altitude explosions (above 80 km), the production may be larger by a factor of about 5, according to
Crutzen and Birks (1982). The introduction of nitrogen oxides could have two effects; namely, the
absorption of solar radiation when present as nitrogen dioxide and the chemical destruction of strato
spheric ozone (NAS, 1975; NRC, 1985; Pittock et al., 1986; hrael and Karol, 1985). In the absence of
other emissions and induced climatic changes, one-dimensional chemical kinetics models suggest that
hemispheric average stratospheric ozone could be reduced by 20-40%; the ozone change and n'trogen
dioxide increase wouid likely cause some climatic change, but the one-dimensional calculations done
by Turco et al. (1983), MacCracken (1983) and Vupputuri (1986) suggest that this effect would be
second order; Kondratyev and Nikobky (1986) and Izrael et al. (1984) also suggest that the nitrogen
dioxide could lead to cooling of only a few degrees (perhaps in addition to the smoke-induced cool
ing) . Attempts to treat these effects in the context of the temperature and circulation perturbations
brought on by the smoke injections (much less the heterogeneous chemical interaction of smoke and
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changes and changes in the solar radiation due to smoke and dust indicate t h a t ozone destruction in
the middle stratosphere could be enhanced by a factor of two (Izrael et al., 1984; Vupputuri, 1986).
Additional destruction of ozone could occur as a result of dynamical changes (Pittock et al., 1986).
There are additional chemical interactions of the smoke with atmospheric constituents.
Zvenigorodsky and Smysblyayev (1985) suggest that the presence of smoke particles could reduce
the concentrations of important radical species such as OH and H 0 (see Gershenzon et al., 1987).
Because these radicals act to convert nitrogen oxides t o nitric aciu, a decrease in their concentration
would tend to maintain the high concentrations of nitrogen oxides, which could lead t o enhancement
of ozone destruction. This process may have caused \ he noticeable decrease in the stratospheric ozone
concentration observed after the El Chichon and other volcanic eruptions. In addition, the effect of
smoke particles on the concentrations of radical species could lead to lesj rapid scavenging of a variety
of gaseous species.
3

Air quality in the lower troposphere could be perturbed both by the emissions from the fires
(which remain near the surface if emitted during the smoldering phase) and by the altered atmospheric
conditions. The emissions of direct concern include carbon monoxide and toxic compounds created
in the fires (Bi'ks, 1987). Of indirect concern would be the hydrocarbons and nitrogen oxides, which,
under some circumstances, could contribute to increased tropospheric ozone and phctocl emical smog
conditions if light levels are adequate (Crutzen and Birks, 1982, Izrael et al., 1984; Izrael, 1984). Penner
(1983) »nd Pittock et al. (1986), however, suggest t h a t the smoke would not allow significant build-up
of the gases which could contribute to ozone formation. There is also the possibility of emissions
of nitrogen and sulfur oxides tn the fire plumes t h a t could lead t o gas-to-particle conversion r n d to
localized acid deposition. The smoke-induced changes in the meteorology could aggravate some aspects
of these pollution problems in localized areas by reducing vertical mixing and dispersion, particularly
by the creation of an intense near surface inversion t h a t could t r a p emissions from the long-lasting
smoldering phase of the fires. Reduction in precipitation could also reduce the r a t e of acid deposition,
although the rain and the fog t h a t could be formed may be highly acidic.
It has also been suggested t h a t direct emissions from the fires (carbon dioxide, methane,
etc.) and induced changes in atmospheric composition (tropospheric ozone, upper troposphere and
stratospheric water vapor) could induce a slight warming due to an increase in the strength of the
greenhouse effect. Generally, these effects would be small compared to smoke effects (see NRC, 1985;
Golitsyn and Phillips, 1986).
6.3

Radionuclides

The SCOPE-ENUWAR study (Pittock et al., 1986) updated the NAS (1975) estimates of
the potential radionuclide dose from a nuclear war. The new estimates suggest t h a t 5-10% of northern
hemisphers land areas could receive acute, short-term potentially lethal doses from local fallout as
a result of the baseline nuclear war scenario, assuming that no protective measures are taken. As
discussed in some recent comments on these results (e.g., Turco, 1986; Knox and Shapiro, 1986),
the estimated extent of these contaminated areas is strongly dependent on the scenario (number and
location of surface bursts) and other assumptions.
The northern hemisphere mid-latitude average global long-term fallout dose (defined as the
50-year integrated external gamma ray doye assuming no protection or weathering) is estimated to be
on the order of 20-50 rada (Knox, 1983b; Turco et al., 1983; Pittock et al.. 1986). This estimate can be
contrasted t o the NAS (1975) estimate of about 10% of this a m o u n t , which resulted mainly from their
use of a scenario with many high yield weapons. Levels greater than 50 rads would occur in areas where
the early plume was scavenged by precipitation. These doses would be reduced somewhat (perhaps
10-20%) by the stabilization of the troposphere and reduction in precipitation over land caused by
the smoke injection (Pittock et al., 1986). The long-term dose could be substantially -Ticreased if
concentruted attacks on the world's nuclear power facilities were to loft the long-lasting radionuclides
stored or in use at these sites (Knox, 1983b; Pittock et al., 1986).
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Many studies have considered solely the effects of injection of carbonaceous smoke into
the atmosphere. A major nuclear exchange, however, would also cause the injection of a variety of
other radiatively or chemically active substances. For example, the sub-micron dust particles lofted
into the stratosphere by high-yield surface bursts could cause effects equivalent to that of a very
large volcanic eruption, i.e., a mean surface cooling of the order of 1°C or more lasting a year or
longer. On the other hand, the injection of a large amount of dust may also inhibit subsequent
smoke ascent into the uppei troposphere and stratosphere and moderate transport of smoke into the
southern hemisphere. Further, nitrogen oxides produced at the high temperatures of the shock waves
and fireballs could deplete stratospheric ozone significantly. Smoke-induced circulation changes could
further reduce stratospheric ozone. The coupled chemical-climatic simulations needed to assess such
effects have not yet been possible. Short-term local radioactive fallout could produce potentially lethal
levels of radiation dose over approximately 5 to 10% of the land areas of the major nuclear allianres.
Long-term global fallout could produce doses of 20 to 50 rads (50 year external gamma dose) in
northern hemisphere mid-latitudes. Local und global fallout levels are, however, highly sensitive to
the nuclear war scenario.
7.

CONCLUDING REMARKS

During the last several years, comprehensive three-dimensional atmospheric circulation mod
els, including detailed parametric formulations of a wide range o:T climatologically significant processes,
have been applied to study the potential consequences of a major nuclear war involving the injection
of smoke which could result from the large-scale fires ignited by such an exchange. For plausible
smoke injections during the warm season of the year, all modet calculations suggest that a significant
climatic perturbation would resuit, in the lower range of smoke injection scenarios (producing of order
10 Tg of highly carbonaceous smoke), smoke would act primarily to inhibit convection ?.nd rainfall,
especially over land areas, including possibly some disruption of the summer monsoon. The upper
range of smoke scenarios (of order 100 Tg of highly carbonaceous smoke) would cause not only rapid
and shatp decreases in land temperature and precipitation (a mid-latitude average land-temperature
drop of the order of 20°C, up to perhaps twice this amount in continental interiors), but also seems
likely to leave enough smoke in the atmosphere to persist into the following warm season, inducing a
cooling of several degrees. Although many uncertainties must be reduced to provide more quantita
tive relationships between smoke characteristics and climatic effects, the important conclusion of the
previous report (Golitsyn and Phillips, 19SG) continues to be valid:
The prediction of serious temperature changes in the weeks
following the creation of 10" to 2 * iO * grants of nuclear smoke [equiv
alent to current estimates of an average hemispheric absorption optical
depth of the order of unity] from fires after a nuclear exchange would
not be modified (except in detail) no matter how much success attended
major efforts to refine the many uncertainties in the atmospheric calcu
lations.
1

These studies have been made possible by the development of realistic climate models, in the
face of the many remaining oversimplifications and deficiencies, the on-going WCRP activities aiming
to refine the climate models will help to narrow the uncertainties while an even wider field of atmo
spheric physics and chemistry needs to be investigated to arrive at more encompassing assessments of
the environmental impacts of a major nuclear war.
This writ was perforaed in p a r t under the a u s p i c e s of t h e U.5- Departaent
of Energy by t h e Lawrence Liveraore Nit. i a rial Laboratory under Contract f7405-EDC-48.
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