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CHAPTER 5

Meteorological and Climatic Effects

5.1 INTRODUCTION

Models are a principal tool for studying natural systems such as planetary
atmospheres and oceans. Conceptually, the construction of these models is
relatively simple. The important physical processes within the system are
identified; mathematical equations that describe the processes and their in-
teractions with other processes are written down; and then the equations are
solved, usually using computational aids, which may range from hand ca\cu-
laters to the largest, fastest computers available. When studying the Earth's
atmosphere, these mathematical models are used to identify the relative im-
portance of many individual factors that affect weather and climate, as well
as to simulate the overall response of weather and climate to outside forces
such as the clouds of smoke and dust that might be generated by a nuclear
war.

The components of the overall climatic system that need to be incorpo-
rated into a given model depend on the time scale and purpose of the model.
For example, to model ice ages it would be necessary to include factors for
the atmosphere, oceans, glaciers, and even the solid earth, since all of these
sub-components can change on the hundred thousand year time scales ap-
propriate to ice age/interglacial cycles. Yet only a limited description of the
average properties and effects of individual weather disturbances may be
necessary in such a model. On the other hand, to forecast the weather over
a week's time, more details of the atmospheric behavior are needed, while
other components of the weather-climate system (e.g., sea surface temper-
ature) may be held as fixed "external" or boundary conditions, since they
change very little in a week.

The "resolution" of a model refers to spatial separation of the points at
which computations are made. A one-dimensional model might treat the
vertical dimension (i.e., altitude) in detail, but average out all variations in
the horizontal. On the other hand, a three-dimensional model would also
resolve north-south and east-west dimensions, in addition to the vertical.
Time may also be included, and the most comprehensive models explicitly
include three spatial dimensions and time variations. Modelers speak of a
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"hierarchy of models" that ranges from simple models, which predict aver-
age surface temperature far the whale Earth, up to. high resalutian. three-
dimensianal, time dependent madels, which explicitly resolve atmaspheric
matians, temperatures, precipitatian, claudiness and ather atmaspheric can-
stituents, including smake.

While the mast highly resalved made Is are mare physically camprehen-
sive, they are much mare camplicated to. build and interpret, and they can-
sume vastly greater human and camputatianal resaurces than simpler mad-
els. Chaasing the "aptimum" ar necessary minimum cambinatian af factars
is an intuitive procedure that trades aff campleteness and haped-far accu-
racy far tractability and ecanamy. Such a trade-aff is nat "scientific" per
se, but rather is a value judgement, weighing many factars. Hawever, the
value judgement is still subject to. scientific test and validatian. Making this
judgement depends strangly an the prablem the climate madel is designed
to. address. The best strategy is aften to. use a hierarchy af approaches, where
models af variaus camplexity and resalutian are all applied to. the same ques-
tians, with the simpler anes helping to. illustrate basic physical principles and
the relative impartance af individual factars, while the mare camprehensive
madels are used to. provide geagraphic detail ar insight into. the autcame af
many simultaneausly interacting pracesses ar "feedback mechanisms".

Feedback mechanisms are impartant cantrols an the climate system, which
may act either to. enhance initial changes ("pasitive" feedback) ar to. appase
them ("negative" feedback). As an example af a climate feedback, cansider
the simple phenamenan af ice farming an a lake ar an a sea caast as the
weather turns cald. The ice is brighter than the unfrozen water, and thus
reflects mare sunlight upward than the liquid water. This leads to. a pasitive
feedback, because the increased reflectivity further decreases the amaunt
af salar heat absarbed by the lake, thus allawing the ariginal caoling to.
accelerate.

Many such feedback pracesses in the climatic system, bath pasitive and
negative, have been identified. Same af these are explicitly treated in the
mare camprehensive madels. Indeed, such models are already able to. pra-
duce many af the major features af the Earth's climate reasanably well.
Such features include the seasanal cycle af temperature and winds and the
broad geagraphic distributian af climatic variables such as temperature and
precipitatian. In addition, such models can reproduce the radically different
climatic conditians af aur neighboring planets Mars and Venus when the
physical parameters in the madel are changed to. thase af these planets.

Despite these impartant successes, madels cannat yet pravide credi-
ble, detailed predictians af haw any arbitrary perturbatian to. the surface-
atmasphere system wauld perturb the weather and climate. First af all,
no. madel can resalve every jmpartant atmaspheric pracess an all rele-
vant scales. That is, smake particles, cIauds, and even small-scale starm
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complexes, cannot be individually and accurately treated, even in the high-
est resolution weather and climate models. One-dimensional vertical models,
by definition, do not resolve land and sea differences, winds or any other
horizontal variations, although some can treat aerosol physics and radiative
transfer in considerable detail. The inability of any model to treat explicitly
every physical feature necessitates the development of procedures to account
collectively for the effects of these neglected features on the processes re-
tained in the model. This procedure is known as "parameterization", a con-
traction for parametric representation. Instead of solving for sub-resolution
scale details explicitly, a search is made for a relationship between variables
on time and space scales that are resolved and what is happening on scales
that are not resolved. While it is not possible to find a perfect correspon-
dence between these averaged variables and what is actually experienced at
a point, reasonably accurate relationships have been found that are valid
in a variety of circumstances. Whether the parameterizations are accurate
enough for each application is a principal issue of debate among climate
modelers and others.

Verification experiments (including the simulation successes mentioned
above) have confirmed that the present generation of climate models are
powerful tools for analyzing how the surface-atmosphere system behaves,
but these verification exercises-on, say, the seasonal cycle-do not guar-
antee the model's accuracy on completely different problems, such as the
climatic response to 100 million tonne of smoke being injected into the atmo-
sphere of the Northern Hemisphere. Therefore, modelers perform so-called
"sensitivity experiments" in which an external forcing, such as a nuclear
smoke cloud, is imposed and the climatic response studied for a variety of
internal assumptions-such as the height distribution of the injected smoke,
the vertical resolution of the model, the cloudiness parameterization, etc.
Through this procedure, modelers can determine if those model character-
istics which are most uncertain have a significant influence on the potential
climatic response of interest, such as the resulting surface temperature vari-
ation under a thick smoke cloud.

The most reliable procedure is to repeat these climatic sensitivity experi-
ments across a hierarchy of models, constantly comparing the results both
across the hierarchy and with observational data for appropriate climatic
variables, where such data are available. Indeed, it is this approach that has
been chosen by the various independent climatic modeling groups around
the world in studying the possible effects of nuclear war on weather and
climate. As a result of the extensiveness of these efforts, some qualified
statements about such effects now can be made with some confidence.

Recognition of the potentially serious consequences that nuclear war could
inflict on weather and climate commenced with the identification and crude

initial quantification of smoke injections into the atmosphere (Crutzen and
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Birks, 1982).This led to "back-of-the-envelope" calculations of the op-
tical effects, to simple analytical studies, and to "first-generation" one-
dimensional, radiative-convective models (for example Turco et aI., 1983a,b;
MacCracken, 1983; Crutzen et aI., 1984; Golitsyn and Ginsburg, 1985; Ack-
erman et aI., 1985a; Ramaswamy and Kiehl, 1985). These models were ap-
plied to the sequence of events indicated in area 1 of Figure 5.1, and have
been useful in gaining a semi-quantitative understanding of the dependence
of the results on such variables as the amount and height distribution of ab-
sorbing and scattering particles, their scattering coefficients, visible absorp-
tion coefficients, infrared absorption coefficients, particle size distribution,
and coagulation processes.

The next stage utilized two- and three-dimensional atmospheric models,
in which smoke and dust, in some cases varying with time in a prescribed
manner, were inserted as radiatively active components, modifying the
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Figure 5.1. Schematic diagram of smoke-weather/climate effects. The area labelled
1 shows interactions included in first generation models. Second generation models
added caJculations of effects in area 2. Third-generation, or fully interactive models
complete the feedback loops as shown in area 3. Changed weather/climate effects
are indicated by thicker lines. Adapted from Malone et a!. (1985)
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temperature structure and the circulation, but not being transported around
within the model. These effectively added the boxes labelled 2 in Figure
5.1. MacCracken (1983) used a two-dimensional model. while Aleksandrov
and Stenchikov (1983), Covey et al. (1984), Thompson et a1. (1984) and
Cess et al. (1985) used three-dimensional models. Although some of these
models divided the atmosphere into only two layers. which have, in some
ways, limited their ability to simulate the atmospheric response, others using
nine-layer models, which allowed more detailed calculation of the changes in
vertical structure of the atmosphere, calculated similar results. All of these
models clearly demonstrated that large amounts of smoke would change the
temperature structure, including, especially, the surface temperatures. These
results also demonstrated that significant changes in atmospheric circulation
would occur. Such changes would, if the smoke had been allowed to move.
have rapidly transported the smoke to latitudes other than those where it
was injected. The realism of the results was severely limited. however, by
the lack of the feedback mechanism allowing the changed circulation to alter
the distribution in height and horizontal position of the smoke (and dust).

A third generation of studies is now well underway, in which "fully in-
teractive" smoke has been placed in two-dimensional (Haberle et aI., 1985),
and more realistically, in three-dimensional atmospheric circulation mod-
els (MacCracken and Walton, 1984; Aleksandrov, 1984; Stenchikov, 1985;
Malone et aI., 1985; Thompson, 1985). These models include the processes
indicated in area 3 of Figure 5.1, Le., the smoke can be heated by solar
radiation, which warms the air and leads to changes in atmospheric circu-
lation, which, in turn, alter the vertical and horizontal distribution of the
smoke and precipitation. These changes, in turn, affect the amount of smoke
remaining and its ability to absorb sunlight and start the cycle again. The
strong coupling between the heating, atmospheric stability, and the induced
motions requires realistic treatment, which is difficult in models with low
vertical resolution.

In the following sections, the principal conclusions that can be drawn from
these studies will be summarized. Also discussed, with the aid of inferences
drawn from physical reasoning and present model results, are possible effects
on the oceans, monsoonal and coastal perturbations, and the possibility that
effects might last several or more years. The findings are also summarized
in terms of the range of possible surface temperature changes that could be
experienced following a major nuclear war. This is attempted as a function
of locality, season, and magnitude of the smoke inputs. At this stage such
quantitative interpretations must be regarded as subject to a wide range
of uncertainty for a variety of reasons, including uncertainties in targeting
and scenarios (see Chapter 2), uncertainties in the extent of fires and the
amount and characteristics of smoke emissions from those fires (see Chapter
3), and uncertainties in plume processes and local precipitation and other
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scavengingand microphysical processes(seeChapter 4). Nevertheless,such
estimates have general qualitative validity and have been prepared in order
to be helpful in the further investigation of the possible biological impacts
(see Volume II of this report).

In the climate studies discussed below, certain quantities of smoke (e.g.,
150 million tonne) are usually specified, along with an assumed set of phys-
ical properties that determine the optical effects of the smoke. In many of
the studies, a specific absorptivity of about 2 m2/g has been assumed, based
on an elemental carbon content in the smoke of about 20% (see Chapter
3). In other studies, more detailed analytic approaches have been taken to
determine the absorptivity. Thus, it should be kept in mind that when total
smoke amounts are quoted, usually only about one-fifth of the mass consists
of strongly light-absorbing soot, which is the critical component.

The optical depth, or thickness, of the smoke after it has been spread over
a specified area of the globe, is usually specified as an absorption optical
depth or as an extinction optical depth (which also includes the effect of
scattering in reducing the intensity of a direct beam of light). The absorption
optical depth is mainly due to the soot component of the smoke, while
the non-soot aerosol component is the major contributor to the scattering.
Optical depth is referred to with reference to overhead, or zenith, viewing. In
the literature, "extinction optical depth" and "optical depth" are often used
interchangeably. Because values of the various smoke parameters (smoke
mass, soot content, area of distribution, absorptivity, scattering coefficient,
etc.) are not standardized in the studies, caution must be exercised in making
comparisons and interpretations of computed effects.

5.2 RESULTS OF ONE-DIMENSIONAL STUDIES

In their seminal paper, which was based on the Ambio war scenario (Ambio
Advisors, 1982), Crutzen and Birks (1982) calculated that the average smoke
loading resulting from the burning of a million square kilometers of forest
and wildlands would be about 0.1 to 0.5 g/m2, when spread over half of the
Northern Hemisphere and assuming an average particle residence time of 5
to 10 days. They concluded that this could lead to an average reduction in
sunlight reaching the ground by a factor of 2 to 150 at noon in summer. They
suggested that there could be marked climatic effects, including suppression
of rainfall due to the setting up of a temperature inversion in the lower
atmosphere, but they did not attempt to estimate the possible effects on
surface temperature. They also suggested that the burning of oil and gas
wells, cities, and fossil fuel stockpiles could contribute comparable amounts
of smoke.

Turco et al. (1983a) considered the effects of a variety of smoke and dust
loadings, based on some three dozen different war scenarios ranging from
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a 3000 Mt pure counter-force war (i.e., one in which only military targets
outside cities would be hit) to a massive cities and counterforce war of 10,000
Mt, and a 100 Mt cities-only case using 1,000 warheads, each of 100 kt. Table
5.1 summarizes a selection of these cases.

TABLE 5.1.
MAIN FEATURES OF THREE OF THE NUCLEAR WAR SCENARIOS

CONSIDERED BY TURCO ET AL (I9H3A). SEE TEXT FOR DISCUSSION

" In the baseline case, ]2,000 km2 of inner cities are burned: a fuel loading of 10 kglm2 of
combustibles are assumed to be burned. and 1.1% of the burned material is assumed to
rise as smoke. Also, 230,000 km" of suburban areas are assumed to burn. ]5 kglm", with
3.6% rising as smoke.

~ In this highly conservative case, it is assumed that no smoke emission occurs and 25,000
Ionne/Mt of fine dust are injected into the upper atmosphere.

C In contrast to the baseline case, 20,000km2 of inner cities are assumed to burn. but with
3.3'1'0injected as smoke into the atmosphere.

This large range of cases was used in a sensitivity analysis to delimit the
influence of different variables on the atmospheric effects. Variables consid-
ered included the total yield, the percentage of detonations that were surface
bursts (which were assumed to generate dust, but not smoke), the percent-
age yield on urban and industrial targets (which were assumed to generate
large amounts smoke), the warhead yield range (which affects the height to
which the nuclear fireball is assumed to rise in the atmosphere), and the total

number of explosions. (Chapters 1 and 2 provide a more e~tensivediscus-
sion of these various quantities). None of these cases was considered to be

Pet. yield Warhead Total
Total Pet. yield on urhan or yield number

yield surface industrial range of
Case (Mt) hurst targets (Mt) explosions

1. Baseline case. 5.000 57 20 0.1-10 10.400
countervalue
and counter-
force"

11. 3.000 Mt 3.000 50 () 1.0-10 2.250
nominal.
counterforce

only
14.100 Mt 100 0 100 0.1 1.000

nominal.
countervalue

onlyC
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necessarilythe most probable, although case 1,with 5,000 Mt detonated on
military and urban/industrial targets, was designated the "baseline" case. For
each case, smoke emissions from urban and wildland fires and dust injections
from surface bursts were estimated, microphysical calculations of the time
evolution of the aerosol were carried out, and a time-dependent, radiative-
convective calculation of atmospheric temperatures was performed, includ-
ing the effect of the smoke on both solar and infrared radiation.

Figure 5.2 shows the resulting land surface temperatures for the cases
shown in Table 5.1 as calculated using a one-dimensional radiative-
convective model that assumed zero heat capacity at the surface, in effect a
land-only planet (Turco et aI., 1983a,b). Since this model takes no account
of possible horizontal transport of heat from the oceans, which are a vast
store of heat, the resulting temperature changes are not representative of
what would occur in coastal areas, but can be used to estimate what might
occur in mid-continental areas far removed from oceanic influences. Also,
mean annual solar insolation was used in the model so seasonal effects are
not included.
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Figure 5.2. Surface land temperatures as a function of time after detonation, as
calculated by Turco et al. (1983a) for the nuclear war scenarios listed in Table 5. L
Value<;apply to mid-continental regions and do not take into account buffering of
temperature changes by oceanic heat capacity
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Note that in the "baseline" case (case 1) the surface temperature drops
from an assumed normal global annual mean temperature of about + 13°C
to about - 23°C in about three weeks, and stays below freezing for some
three months. In this model, the surface temperature was taken as the av-
erage temperature of the bottom two kilometers of the atmosphere, which
tended to slow the rate of cooling somewhat. Infrared absorption by the
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smoke is included in this calculation, but does not substantial1y slow the
rate of cooling, because the smoke has a lower optical depth in the in-
frared and because the smoke has been thinned by spreading it over the
Northern Hemisphere. Thus, the smoke does not have an effect similar to
that of the much stronger infrared absorption of water clouds in reducing
the rate of surface cooling on a cloudy night. In their baseline case, the
total smoke emission is estimated at 225 million tonne, after prompt re-
moval of up to 50% of the smoke particles by scavenging processes in the
fire plume. Five percent of the smoke is assumed to be injected into the
stratosphere. They assume 960 milIion tonne of dust are generated, 80%
going into the stratosphere, of which 8% is in the sub-micron size range
with a long atmospheric lifetime. (The remaining 92% is removed rela-
tively rapidly from the atmosphere by gravitational settling, see Chapter
3.) Smoke and dust in the troposphere are assumed to be removed at the
rate observed in the normal atmosphere, i.e., about 50% in a week or so
(Ogren, 1982).

In the pure counterforce case (case 11), all of the warheads are assumed to
be of a size that would put dust into the stratosphere, where the sub-micron
fraction would have a long residence time. However, there is assumed to
be no smoke. Dust is far less absorbing of solar radiation than i!, smoke
(see Chapter 3) and consequently the surface cooling is much less, although
it is stilI estimated to be about 8°C in mid-continental regions. While this
represents a large change in a climatological sense (it is, for instance, greater
than the global average difference between a glacial and an inter-glacial
period), the climatological significance of the change is uncertain because
this temperature decrease might occur only in continental interiors. Major
volcanic eruptions injecting almost as much material into the stratosphere
have, for example, reduced large-scale time-averaged temperatures by at
most a few degrees, although they may have induced anomalous weather
events exhibiting larger changes (see Section 4.7.1). These dust injections
would last over a much shorter time period than climate changes associated
with glacial events, or even with changes associated with processes such as the
buildup of the atmospheric CO2 concentration; thus, the perturbation is not
likely to induce a permanent change. The cooling might, however, last for a
year or more because of the long residence time for dust in the stratosphere.
In case 1 there is also a long-lasting cooling due to the stratospheric part of
the smoke and dust injection.

Case 14 is of great interest because it involves the generation of an amount
of smoke similar to the baseline case (but no dust) from an attack employing
100 Mt detonated on urban centers. Turco et al. (1983a,b) estimated an
emission of 150 milIion tonne of smoke from the detonation of 1000 100-kt

weapons on large urban areas. All the smoke is assumed to be deposited in
the troposphere where it would normally have a relatively short residence
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time. Note that the initial cooling is almost as great as in case], but that
in case 14 the recovery is much faster, with the temperature returning to
almost normal within three months. The faster recovery is the result of the
smoke being deposited in the troposphere, where precipitation scavenging
is assumed to be efficient, rather than in the stratosphere, where the lifetime
could be months to years.

Turco et a!. (1983a,b) included treatment of detailed microphysical pro-
cesses for smoke and dust in their calculations and performed a number
of sensitivity tests to assess the importance of these parameters, as well as
for variations in optical parameters. These tests identified the importance
of smoke optical constants, injection heights, and particle lifetimes in deter-
mining the degree and duration of the surface cooling. They were unable,
however, to include detailed calculation of smoke removal processes, so their
estimate of the duration of the cooling is highly uncertain. They noted, how-
ever, the strong heating of the upper troposphere and suggested that this
could lead to stabilization of the smoke cloud that could reduce the normal
scavenging rates they assumed and accelerate transport of the smoke to the
Southern Hemisphere. However, because of the inability of one-dimensional
models to simulate horizontal transport, they were unable to provide any
quantitative estimates of the degree of stabilization that would occur in the
actual atmosphere or to estimate transport times.

MacCracken (1983) also carried out studies using a one-dimensional
radiative-convective model including land surface heat capacity. For injec-
tion of smoke, dust, and nitrogen oxide amounts similar to those used by
Turco et aI. (1983a), the model projected up to a 30°C cooling within two
weeks. This result is consistent with the findings of Turco et aI. (1983a).
In one important sensitivity case, MacCracken (1983) removed the assumed
cloud cover (Turco et a!., 1983, had held cloud cover constant) on the pre-
sumption that warming and stabilization of the smoke layer might reduce
the relative humidity. This change led to an even greater cooling as a result
of the loss of the clouds that had been moderating the cooling by trap-
ping upwelling infrared and reradiating some of that radiation and some
of the solar radiation back down to the surface. Accurate simulation of the
potential atmospheric response thus requires interactive calculations of the
hydrologic cycle and cloud cover. MacCracken (1983) also calculated that
the NOx emissions and consequent ozone perturbation alone would induce
a comparatively small climatic perturbation, roughly consistent with past
changes following a major volcanic eruption.

Crutzen et aI. (1984) used a one-dimensional, radiative equilibrium model
to estimate surface and atmospheric temperatures for revised estimates of
urban/industrial and forest smoke inputs, as well as somewhat different
parameterizations of particle coagulation, dispersion, and washout. Their
model assumed a three-layer atmosphere with a smoke- and cloud-free layer
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between 1000 mb and 750 mb, and two layers of equal mass above 750 mb,
each containing half the injected smoke. Characteristic smoke removal rates
of 15 days in the middle layer and 30 days in the upper layer were assumed.
Latent and sensible heat fluxes from land surfaces were parameterized in
terms of the calculated surface temperatures, but the thermal inertia of the
atmosphere and the heat transfer from the oceans were neglected. Solar
energy input was computed for equinoctial conditions at about 30° N. The
model also included a simple ice/snow-albedo feedback, with the surface
albedo increasing from 12% to 50% when the land surface temperature
dropped below O°C. The latter figure was taken as representative of dirty
snow (Chylek et aI., 1983).

In their primary case, Crutzen et al. (1985) estimated that a total of 100
million tonne of smoke would be produced from the burning of 0.25 million
km2 of forests and a similar area of urban/suburban fires, and that 36% of the
smoke particles would be in the form of amorphous elemental carbon. Equi-
librium temperatures calculated for this case for the conditions prevailing
at each time step are shown in Figure 5.3. The results show surface temper-
atures dropping to about - 25°C after a few days, which is faster than, but
otherwise in agreement with, the Turco et al. (1983a,b) results. The upper
smoke layer heated to about + 27°C. The dashed curves show the evolution
of temperatures with a constant surface albedo of 12%. It is apparent that
the albedo feedback considerably prolongs the cooling. The sudden jump
in temperature on day 80 was caused by the assumed instantaneous melt-
ing of the snow and ice, and the coincident change in the surface albedo
from 50% to 12% when the surface temperature reached O°C. This albedo
effect is, of course, dependent on there being enough available moisture
to cause an appreciable snow cover when surface temperatures are below
freezing.

Crutzen et al. (1984) also calculated the effects of several other scenarios.
One involved the burning of 1 million km2 of forest, which, in combination
with the urban fires, gave two hundred million tonne of smoke, but a lower
fraction of elemental carbon (22%). In this case the temperature excursions
were only slightly larger, and the return to normal took about 10 days longer.
In another calculation, 100,000 million tonne of water vapor was injected
into the upper two layers along with the smoke plumes. Except for a slower
cooling in the first few days, the results did not differ significantly from
those in Figure 5.3. Finally, a case in which "only" 25 million tonne of
smoke were injected into the atmosphere was considered. This might be
equivalent to a "limited nuclear war". Even in this case, very substantial
cooling appeared possible in the mid-latitude continental interiors. Oceanic
effects and thermal inertia would, of course, be particularly important in this
case, but it does support the case 14results obtainedby Turcoet al. (1983a),
and again illustrates the nonlinearity of the effects.



160 Physical and Almospheric Effecls

300

280..-..
::.:::-
QJ
...
~

~
(Ij
...
QJ

Q.. 2605
QJ

Eo<

240

Ts

T1

T2

T3

40 80 120

Time after detonations (days)

Figure 5.3. Equilibrium temperatures at (K) the Earth's surface (Ts ) and in three
atmospheric layers (T]. from the surface to 750 mb; T2, from 750 to 375 mh; and
T3, from 375 to 0 mb) in smoke-covered continental regions from 30-60oN, as a
function of time after the insertion of 50 million tonne of smoke into each of layers
2 and 3 (from Crutzen et aI., 1984). Temperatures indicated with dashed lines are
calculated with a surface albedo of 12%. The temperatures indicated with solid lines
assume a surface albedo of 50% for ground temperatures below O°C. Reproduced
by permission of D. Reidel Publ. Company

5.3 RESULTS OF GENERAL CIRCULATION MODELS
WITH FIXED SMOKE

The first three-dimensional simulations of the effects of large quantities of
smoke and dust generated by a nuclear war were carried out using general
circulation models (GCMs) that were not greatly changed from those used
in simulating the undisturbed atmosphere. Nevertheless, the results pointed
the way to more elaborate simulations and highlighted effects that are not
intuitively obvious.

Prior to these simulations, a model study was carried out by Hunt (1976),
which made no reference to the possible consequences of nuclear war, but
has some interesting parallels as well as very important differences. In this
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study, the solar energy input in a GCM was completely switched off and the
resultant behavior of the atmosphere was observed. This model assumed
an all-land planet, thus neglecting the heat storage in the oceans. The time
variations of selected hemispheric integrals are shown in Figure 5.4. No-
table features, besides the cooling rate (integrated over the whole depth of
the atmosphere) of more than 1°C per day, are a very rapid decline in water
vapor content (due to reduced evaporation and cooling of the atmosphere)
and in the kinetic energy of the atmosphere, with a slower rate of decrease
in energy dissipation. Surface cooling rates were found to be about 4°C per
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day in the first week,decreasingto around 10Cper day after the first month.
The zonally-averaged zonal wind speed dropped by a factor of 2 by day 48
after the Sun was turned off, and the eddy kinetic energy decreased even
more rapidly. These conditions might be like those which would prevail
in the lower atmosphere under a uniform, optically-thick elevated smoke
layer, although infrared effects could moderate the temperature and energy\

losses somewhat, depending on tre infrared optical depth of the smoke.
The presence of oceans in the real world would greatly reduce both the
cooling and the loss of water vapor in the lower atmosphere. The absorption
of solar radiation in the smoke layer would of course drastically change
the picture in the upper atmosphere. Despite these differences, the results
point to the possible importance of reductions in water content in the lower
atmosphere in the post-nuclear war case, and in the vigor of the hydrologic
cycle. They also suggest the possibility of a significant decline in synoptic
disturbances and in mean wind speeds below the smoke layer, except perhaps
in coastal areas or at the boundaries of an incomplete global smoke cover
where horizontal thermal gradients could be large.

The general circulation model used at the National Center for Atmo-
spheric Research in Colorado, known as the NCAR Community Climate
Model, or NCAR CCM (Washington, 1982; Williamson, 1983), was first ap-
plied to the nuclear war simulation by Covey et al. (1984) (see also Thomp-
son et aI., 1984). The model is a nine-layer spectral model truncated at
wavenumber 15, corresponding to a horizontal resolution of about 4.50
latitude and 7.50 longitude. The top layer is centered at about 30 km. Inter-
active clouds are predicted based on the relative humidity and the presence
or absence of convection. The radiative transfer code includes absorption of
sunlight by ozone, water vapor, carbon dioxide, oxygen and clouds, and cloud
albedo effects. Infrared emissivities are included for water vapor, ozone, CO2
and clouds, but neglected in the case of smoke, as is visible scattering by the
smoke particles. Sea surface temperature is specified at the seasonally vary-
ing climatological value, and land surfaces are assumed to have zero heat
capacity. The diurnal cycle is not considered.

Based on a draft "baseline" case for a 6,500 Mt war (NRC, 1985), Covey
et al. (1984) assumed that a smoke layer with an absorption optical depth of
3 was distributed uniformly between 1 and 10 km altitude in the latitude belt
30- 70° N. This smoke loading was kept fixed for the duration of the model
run. Simulations were run out for 20 days from a model-generated weather
situation emulating typical weather patterns for 30 June ("summer"), 27
December ("winter"), and 22 March ("spring") supplied from an earlier
simulation of the unperturbed annual cycle.

For the summer case, Covey et al. (1984) found cooling below the smoke
layer, strongest in inland continental regions, and strong heating of about
60-80°C near the top of the smoke layer, with some heating even above
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the smoke, presumably due mainly to transport of heat by the atmospheric
motion. Estimated surface temperatures for this case are shown in Figure
5.5 at day 0 (the unperturbed state), day 2, and day 10 of the simulation.
Areas with temperatures below - 3°C (i.e., 270 K) are hatched. By day 10,
the temperature of land surfaces in some areas has dropped by up to 25°C,
with considerable day-to-day variability in particular regions dependent on
weather variations calculated by the model. For example, weather variabil-
ity produces off-shore winds and below-freezing temperatures in Western
Europe on day 8, but not on day 10 when the winds are on-shore. In spring,
with less incident solar radiation, land average surface temperature depres-
sions reached only about 11°C, and in winter only about 5°C (Thompson et
aI., 1984).

Average zonal winds show an increase in the westerlies north of the smoke
and around 30-45° S. with greatly enhanced easterlies at the 20 kPa (200
mb) level from about 4)0 N to 20° S. Water clouds largely disappear in the
middle troposphere due to reduced water vapor transport upwards through
the smoke-induced, stable temperature inversion in the lower troposphere
and to substantial heating in the upper layers.

The zonally-averaged meridional circulation of the atmosphere is greatly
affected by the presence of the smoke. For the summer case, the normal
cross-equatorial Hadley cell circulation is greatly strengthened in the first
few weeks. while in spring the two tropical Hadley cells are replaced by a
single cell transporting air upwards in the northern sub-tropics. southward
across the equator at about 10-15 km altitude, and descending in the south-
ern sub-tropics (Figure 5.6a,b). In the winter case (Figure 5.7a,b), there
is very little change in the mean meridional circulation, although instanta-
neous streamlines (Covey et aI., 1984) indicated that individual streamers of
smoke could move as far south as the thermal equator, where it was sug-
gested that solar heating of the smoke could cause subsequent changes in
the circulation.

These changes in atmospheric circulation patterns must be accepted with
some caution. Because the smoke layer is held fixed in its spatial extent, very
large thermal gradients are formed at the layer boundaries. The gradients,
in turn, force the development of strong wind fields that can advect the heat
away from the top and southern boundary of the smoke layer. If the smoke
were allowed to be transported by the winds, such very large thermal gradi-
ents would not develop and the associated wind fields would be somewhat
different (see following section).

The model employed at the Computing Centre of the U.S.S.R. Academy of
Sciences in Moscow was also used to simulate post-nuclear war conditions
(Aleksandrov and Stenchikov, 1983; Thompson et aI., 1984). This model
has a horizontal resolution of 12° latitude by 1SO longitude, with two lay-
ers in the vertical representing the troposphere from the surface to about
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Figure 5.5. Surface air temperatures calculated with the NCAR CCM by Covey
et al. (1984) for an injection at time t = 0 of a smoke layer having absorption
optical depth 3, between 30 and 700 N. Diagrams are for the Northern Hemisphere
summer case at (a) day 0, (b) day 2, and (c) day 10. The contour interval is 100C
and areas with temperatures below - 3°C are hatched. Reproduced by permission
from Nature, Macmillan Journals Limited



Figure 5.6. The zonally-averaged, north-south atmospheric circulation from a
NCAR CCM simulation (Coveyet aI., 1984).Arrows indicate the direction of mo-
tion. Units: 1010 kg/so Data are averaged over days 16-20 of the simulation. (a)
Control run for April; (b) smoke-perturbed run for April (a smoke layer with
absorption optical depth of 3 was inserted on day 0 within the area indicated by the
dashed box). Reproduced by permission from Nalure, MacmilJan Journals Limited
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20 kPa (about ]2 km aJtitude). This model was coupled to a thermodynamic
model of the upper ocean, enabling changes in estimated surface ocean tem-
peratures to be calculated. It used annually-averaged solar input, and was
intended to represent annual average conditions rather than individual sea-
sons. Cloud cover and precipitation were calculated.

In the Aleksandrov and Stenchikov (1983) simulation, smoke and dust
that were supposed to correspond to the 10,000 Mt war scenario of Turco
et al. (J 983a) were instantaneously injected and uniformly spread into the
model between latitudes 12° and 90° N. (In fact, because of the absorption
and scattering properties assumed for the smoke and dust, their simulation
corresponded to an injection several times larger than that in the 10,000 Mt
case of Turco et al. (1983a) and was roughly equivalent to the upper range
for smoke injections suggested by NRC, 1985.) Solar radiation reaching the
troposphere (i.e., the model top) was assumed to have been reduced by the
presence of dust in the stratosphere; the smoke was injected equally into
the two model layers. The initial hemispheric-average absorption optical
depth was assumed to be 6. This was reduced to 3.5 after 30 days, and
further reduced in steps at later times in order to approximate the effects
of coagulation and removal processes.

Calculated globally-averaged atmospheric and land surface air temper-
ature changes during the first 60 days are shown in Figure 5.8, and the
change in surface air temperature, relative to the initial conditions, on day
40 is shown in Figure 5.9 (Aleksandrov and Stenchikov, 1983). As in the
NCAR model spring and summer cases(Covey et aI., 1984), the mean merid-
ional circulation in the smoke-perturbed case shows that the two normal
Hadley cells, appropriate for annual mean conditions, are replaced by a
single large cell with rising motion in the subtropics of the Northern Hemi-
sphere, and sinking motion in the southern subtropics. The calculated circu-
lation three months after smoke injection is shown in Figure 5.10b. Figure
5.lOc shows resuJts for a case intended to be similar to case 14 of Turco et

al. (1983a), but which again has a considerably greater absorption optical
depth.

MacCracken (1983) used a combination of the unperturbed winter-
time circulation from a two-layer, three-dimensional model (Gates and
Schlesinger, 1977) to disperse smoke from discrete source regions and to
calculate the geographical distribution of visible optical depths, and a two-
dimensional climate model (MacCracken et aI., 1981) to calculate resuJtant
surface temperatures. He also discussed the possible effects of reduced rates
of removal of smoke, relative to those experienced in the unperturbed atmo-
sphere (Ogren, 1982), in prolonging the effects. An initial 150 million tonne
of smoke from urban/suburban fires was injected above the surface bound-
ary layer on the first day, and an additional 57 million tonne from wildland
fires over the first seven days, from four discrete target areas covering North
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the smoke-perturbed case, as in Figure 5.8, on day 40 after smoke injection (from
Aleksandrov and Stenchikov, 1983)
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America, Europe and western Asia. After 30 days, the hemispheric-average
extinction optical depth was found to be 1.1. MacCracken then reduced
the scavenging rate by a factor of exp(-r/ 3), where r was the local extinc-
tion optical depth; this factor was chosen as a plausible representation for
the effect of smoke on precipitation rates, based on a ad hoc relationship
between observations of precipitation rate (Jaeger, 1976) and solar radia-
tion absorbed at the Earth's surface. This reduced scavenging rate gave a
hemispheric-average extinction optical depth after 30 days of 4.5, with the
highest values at middle and high latitudes.

Using a two-dimensional climate model that treats land and sea sur-
face areas separately within each latitude zone, MacCracken (1983) calcu-
lated the reduction in surface temperatures over land and oceans for nor-
mal and reduced rates of scavenging. The average results for the Northern

,12

- (0)

:-:

0

12

::t

ciQ'

(b)

;:.;-

:3

0
12

(c)

0

90S



170 Physical and Almospheric Effecls

0
,......--.

~
0

'-' -2 --- 0

e-T/3 d
.

cean - - - - - - ampmg-- ----
(j)

b.O
>=:
(1j

""8 -4

(j)
....
;:J

~ -6....
(j)
~

6
~ -8

- Land normal scavenging

e-T/3 damping

0 15 30 45

Days

60 75 90

Figure 5.11. Reduction in Northern Hemisphere average land and ocean surface
temperatures as a function of time following the injection of some 200 million
tonne of smoke into the Northern Hemisphere. Both "norma]'. smoke removal
rates (scavenging) and "normal" removal rates reduced by a factor of e-T /3. where
T is the extinction optical thickness. were used (from MacCracken. 1983)

Hemisphere are shown in Figure 5.11. With normal scavenging, the maxi-
mum cooling of land occurred within 2 weeks, but was much smaller than in
one-dimensional models in which transport of heat from the oceans to the
land was not included. Also, the one-dimensional calculations were for land
under the smoke cloud, whereas MacCracken's calculated temperatures were
averaged over al\ land in the Northern Hemisphere, including land not yet
underneath the assumed spreading smoke cloud. The mid-latitude temper-
ature changes MacCracken (1983) calculated under the smoke cloud were
about twice as large as the change for the hemispheric land average (NRC,
1985), and he noted that the cooling in mid-continental areas could be much
larger. In the case of reduced scavenging, the maximum cooling was not
much greater, but severe cooling lasted much longer. Recovery was slowed
not simply because the smoke optical depth was greater, but also because
the smoke had had time to spread more uniformly, thereby intercepting
a greater amount of global insolation, and because the ocean temperature
decreased slowly throughout the simulation.

The precipitation rates calculated by the two-dimensional model show
marked reductions. After three months in the case of assumed reduced scav-
enging, precipitation was 25% less than normal over land and 20% less over
the oceans. The precipitation was found to be confined to lower altitudes
than normal, with the reduction largely due to less precipitation in the in-
tertropical convergence zone. This was presumably the result of the dramatic
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change in the global circulation pattern and an increase in the vertical sta-
bility of the lower atmosphere.

Covey et al. (1985) report further diagnostic studies on the simulations
which used the NCAR CCM. They have found that the land temperatures
in the perturbed case were strongly influenced and, in fact, prevented from
cooling further, by diffusion of heat downward from the lower troposphere.
This heat was supplied by horizontal transport from the relatively warm
oceans. They conclude that the substantial downward vertical heat diffusion
into the lowest layer of the model was almost certainly over-estimated in the
smoke-perturbed conditions of high vertical stability by the particular pa-
rameterization scheme used in the NCAR model. Consequently, they suggest
that, in the absence of other errors, use of this parameterization results in
an underestimate of the cooling of the land surface for the ca!',eof optici1lly-
thick smoke layers. They warn, however, that there are other omissions and
approximations in the present modeb that make it difficult to conclude that
the model-predicted temperature changes are in fact underestimates of the
actual changes which could occur.

Covey et al. (1985) also note that the thermal balance in the perturbed
atmosphere as a whole would be dominated by intense solar heating of the
upper troposphere smoke layer in middle latitudes, which would be balanced
by dry convection and large-scale dynamical heat transport. Clouds largely
disappeared in the mid to upper troposphere in smoke-affected regions of
their model, due to a decrease in relative humidity resulting from the higher
temperatures and, to a smaller extent, from a decrease in vertical transport of
moisture. They suggested that to study the effects of nuclear war-generated
smoke particles, the most important areas for improvement of general circu-
lation models include improving representation of boundary layer processes
and incorporating radiative interaction, with aerosol transport and removal
processes.

Cess et al. (1985) performed a number of simulations with fixed smoke lay-
ers using a version of the two-layer, three-dimensional OSU model in which
the solar radiative transfer scheme was modified to include both aerosol ab-

sorption and scattering at solar wavelengths. The model was primarily used
as a tool for conducting sensitivity tests and the majority of the simulations
were truncated after 10 days. The results of some of these tests are discussed
in Chapter 4, and summarized only briefly here.

Analysis of the surface energy budget in their simulations illustrates the
sensitivity of the surface temperature to the extinction optical depth of the
aerosol. As the aerosol amount is increased, the initial response of the sur-
face temperature is small because the loss of solar energy is compensated
by an increase in downward infrared energy and a decrease in heat lost by
convection and latent heat. At some point, these latter terms can no longer
compensate for the loss of solar radiation and rapid surface cooling occurs.
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The point at which this rapid cooling begins, and the total cooling which
occurs within the first 10 days following the injection, are a function of sev-
eral variables. Not unexpectedly, Cess et aI. (1985) found that the surface
cooled more when the smoke was mixed uniformly with height (constant
density) than when it was mixed uniformly with pressure (constant mixing
ratio), primarily because solar absorption occurs at a higher level in the at-
mosphere for the constant density case. Their results also indicate sensitivity
to the absorption optical depth of the smoke as a result of both variations
in the total (extinction) optical depth and variations in the assumed single-
scattering albedo of the aerosol (see discussion in Chapter 4) with fixed
total optical depth. In their conclusions, the authors stress the need to im-
prove parameterizations of boundary layer and surface processes, but also
point out that the treatment of infrared emission by the atmosphere may
be a critical area that will require improvement to obtain more accurate
simulations.

5.4 RESULTS OF GENERAL CIRCULATION MODELS
WITH INTERACTIVE SMOKE

5.4.1 Two-Dimensional Models

The importance of allowing the injected smoke both to be transported
by the atmospheric circulation and to interact with the circulation through
radiative effects was first suggested by studies of the great Martian dust
storms (Ryan and Henry, 1979; Haberle et aI., 1983). These storms form
on regional scales, but can grow rapidly into global-scale storms as a result
of the interactions between the circulation of the Martian atmosphere and
solar absorption by the dust.

Haberle et aI. (1985) modified the fully interactive, zonally-symmetric,
two-dimensional circulation model of Haberle et aI. (1983) to approximate
important aspects of the terrestrial atmosphere circulation. Ground temper-
atures are fixed at their mean annual values, which is roughly equivalent
to having an ocean-covered planet, and surface sensible heat fluxes are cal-
culated from a drag law formalism. Latent heat fluxes are prescribed using
observed values and water cloud amounts are fixed at 50% coverage within
each latitude zone. Although the model predicts winds, temperature, and
the movement of trace species in the meridional plane (i.e., across lati-
tude bands), it does not include a parameterized representation of large-
scale eddy fluxes (which cannot be calculated in two-dimensional models)
of these quantities. Although these eddy fluxes are an important factor in
the present atmosphere, it is not certain how they would change, and thus
how they should be parameterized, in the case of a highly-perturbed atmo-
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sphere. This lack of eddy fluxes and of variable surface temperature in the
model is a significant limitation with regard to the prediction of changes
in climatic variables such as air temperature, but they may be less impor-
tant when investigating global-scale smoke transport by the mean meridional
circulation.

Such a model is obviously a very crude approximation to the real at-
mosphere. In the unperturbed case, the model predicts two Hadley-type
circulation cells. that are shallower and extend further polewards than in
reality. These discrepancies are thought to be mainly due to the lack of
a large-scale eddy parameterization and the crude representation of latent
heating. The mid-latitude jet streams are also too strong, but the model
does produce a statically-stable stratosphere, which is an important barrier
to buoyantly generated vertical motion originating in the troposphere. The
model includes a full radiative treatment of the smoke, including scattering
and absorption of solar radiation and absorption and emission of infrared
radiation. Coagulation of smoke is ignored and removal is by a fixed rainout
rate giving an average tropospheric lifetime for smoke of 10-15 days. Smoke
optical properties are those specified by Turco et al. (1983a).

An initial smoke layer of 265 million tonne was injected between 27.5°
and latitude 62.5° N, and between either 0 and 4 km or 6 and 10 km altitude,
designated the "low cloud" and "high cloud" experiments, respectively. The
corresponding initial extinction optical depth is 14 (with an absorption opti-
cal depth of about 5). For each initial smoke cloud, three 20-day simulations
were run: a passive tracer run in which the smoke was not allowed to affect
the local heating rates or change the circulation; an interactive tracer run in
which heating by the smoke was allowed to alter the circulation; and an in-
teractive tracer run in which both heating by the smoke and upward vertical
mixing of the smoke by convection were included.

The results for the passive low cloud experiment are shown in Figure
5.12a. After 20 simulated days, the southern part of the passive smoke cloud
had been transported toward the equator, giving a greater total latitudinal
spread than existed initially, and the rainout term had removed all but 37
million tonne of smoke. This left typical optical depths of about 2. Virtually
no smoke rose above 4 km.

When solar heating of the smoke was included (Figure 5.12b), a plume
of smoke rose well into the stratosphere by day 20 due to large-scale circu-
lation changes induced by the added source of heat. In this case, some 44
million tonne of smoke remained, because smoke rising above 10 km was
no longer subject to removal by rainout. Rising motion was favored at more
southerly latitudes of the Northern Hemisphere because solar heating was
greater nearer the equator.

When dry adiabatic mixing of the smoke was included (Figure 5.12c),
more smoke was lofted, and nearly 66 million tonne remains after 20 days.
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This was almost double the amount remaining in the passive case. Strong
cloud-top heating destabilized the atmosphere above the smoke over a range
of latitudes allowing most of the smoke cloud to move upwards, and causing
a much greater portion of the northern mid-latitude atmosphere to heat
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developed in the upper levels, transporting more smoke toward the Southern
Hemisphere.

]n the high cloud experiment, initial heating rates were more than double
those in the low cloud experiment (due to the lower air density), inducing
stronger vertical motions and convection. After eight days the smoke in the
radiatively interactive case reached the top of the model, and was artificially
forced to spread southward. A tendency noted particularly in the high cloud
experiment, but also in the low cloud case, was the rising of the initial plume
of smoke to shade the smoke below it. As a result, the plume, which became
even more strongly heated at higher altitudes, broke away from the main
body of smoke. A weaker plume developed at a higher latitude where the
main body of smoke was not shaded. This process could limit the vertical
transport of smoke into the stratosphere to a total visible optical depth in
the stratosphere sufficient to suppress heating of the smoke below. Spread of
lofted smoke into the Southern Hemisphere might, however, reduce the op-
tical thickness of lofted smoke in the Northern Hemisphere, possibly leading
to further lofting of the underlying smoke.

A similar interactive smoke run was also performed using the two-dimen-
sional climate model of MacCracken et al. (1981) modified to allow move-
ment of the smoke (Walton et aI., 1983). Since this model contains a num-
ber of additional parameterizations for the Earth's atmosphere, including a
treatment of eddy fluxes, variable surface temperatures, and an interactive
hydrologic cycle, the results provide an interesting comparison to those of
Haberle et al. (1985). In the MacCracken et al. mode], the predicted lofting
of the smoke was reduced, being limited to about 20 km, but the horizontal
spread towards the south was much greater. These differences apparently
were related predominantly to the inclusion of the horizontal eddy trans-
port term. This transport tended to spread the smoke layer horizontally and,
at the same time, to mix the heated smoke parcels with cooler ambient air.
This reduced the buoyancy of the smoke and the lofting. However, it also re-
duced the shielding of the smoke at lower levels, leading to heating through
a deeper column of the atmosphere. Because of this apparent importance
of eddy transport terms, these results indicate clearly that three-dimensional
studies are essential.

While two-dimensional models have obvious deficiencies as vehicles for
quantitative simulations of what might happen in the real three-dimensional
atmosphere, they do illustrate, however, several qualitative effects that may
be very important. The most significant is that the inclusion of interactive
smoke, radiation, and transport processes, including loca] convective mix-
ing, may lead to rapid lofting of large quantities of smoke to heights well
above levels where washout processes could remove the smoke. This implies
the potential for much longer-lasting effects on surface temperatures than
hitherto considered likely.
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5.4.2 Three-Dimensional Models

MacCracken and Walton (1984) have performed fully interactive simula-
tions using the OSU GCM (Gates and Schlesinger, 1977) coupled to a three-
dimensional extension of their GRANTOUR model (MacCracken, 1983). In
this version of GRANTOUR, the troposphere is divided into 10,000 equal
volume parcels, initially in four layers, and the parcels are moved by the
three-dimensional wind field calculated with the GCM. Two classes of parti-
cles are treated in the model: those with diameters less than 1J.1m and those
with diameters greater than 1 J.1m.These particles are assumed to have ex-
tinction cross-sections of 6.7 m2/g and 2.6 m2/g, respectively. The smoke
particles are assumed to be scavenged by the precipitation calculated in the
GCM at the nearest grid cell; since the precipitation rate changes as the cli-
mate evolves, the particle lifetime will also change interactively. The larger
particles are assumed to be scavenged about four times as rapidly as the
smaller particles.

Coagulation was ignored in their initial calculation, which may result in a
potential over-estimate of extinction (and absorption) optical depth after 30
days by up to 50% (Penner and Haselman, 1985). As in the non interactive
case discussed earlier, the OSU GCM has two layers in the troposphere and
does not include the stratosphere. Sea surface temperatures and the solar
radiation were held fixed at July conditions. This latter assumption probably
leads to the overestimate of surface land temperature and underestimate of
precipitation over the continents apparent in the control case (due to loss
of soil moisture).

Two interactive smoke cases were calculated. In the first, 150 million tonne
of smoke was injected into the atmosphere assuming an equal mixing ratio
from the surface to 11 km altitude. This was roughly equivalent in magni-
tude to case 14 of Turco et a!. (1983a), although the initial smoke vertical
distribution was different in this case due to the constant mixing ratio as-
sumption and the higher mixing of the smoke. The second case involved the
injection of only 15 million tonne of smoke. The smoke was assumed to be
injected in four discrete regions over the eastern and western U.S., Europe,
and western Asia.

The results for the case with 150 million tonne of injected smoke are
shown in Figure 5.13 for day 30 after the injection in a simulated three-
dimensional view looking north-west from 60° S latitude, 160° W longitude
in the South Pacific. Each dot in the diagram represents about 5,000 tonne
of smoke particles in the size bin larger than 1J.1m.A sequence of such views
at various times shows that the smoke has moved upward and southward,
with scavenging and dispersion reducing the concentrations in the lower at-
mosphere. By day 20 the smoke had, in fact, spread nearly uniformly over
the Northern Hemisphere, except in low latitudes. A few regions still had
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Figure 5.13. Three-dimensional representation of the large particle smoke distri-
hution 30 days after a summer injection of 150 million tonne of smoke in four
regions over the eastern and western U.S., Europe, and western Asia. Results are
for an interactive smoke case from MacCracken and Walton (1984). Each dot rep-
resents about 5,000 tonne of smoke

extinction optical depths of 10, but most of the hemisphere was covered by
an extinction optical depth of 2, which was about the hemispheric average
at that time. Smoke had started to spread to equatorial and sub-tropical
latitudes of the Southern Hemisphere within the first three weeks.

In order to examine the effects of interactive transport, two other cases
were examined. In one case, the smoke was transported by the winds and
scavenged by the precipitation taken from the control simulation, i.e., in an
atmosphere unaffected by the presence of the smoke. In this passive smoke
case, there was virtually no transport of smoke to the Southern Hemisphere
during the full 30 days of the simulation; most of the smoke moved toward
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the pole and spread around the hemisphere. In the second case, the winds
and precipitation generated by a fixed, uniform-smoke simulation were used
(as explained in Cess et a\., 1985). The perturbed circulation used was similar
to those developed by Covey et a!. (1984) and Aleksandrov and Stenchikov
(1983) simulations. This circulation led to modest transport of smoke into
the Southern Hemisphere (less than in the fully interactive case), and less
transport toward high northern latitudes.

Removal rates due to scavenging by precipitation generated in the fixed-
smoke OSU simulation were found to be much slower than were determined
based on precipitation rates from the unperturbed atmosphere simulation.
In the fully interactive case, the scavenging was not quite so slow, but further
analysis is needed to determine the reason for the difference. Precipitation
rates in the control case and for three successive lO-day periods in the in-
teractive smoke case are shown in Figure 5.14, for land areas only. Note
the marked and progressive reduction of precipitation over the northern
mid-latitude continents and in the Inter-Tropical Convergence Zone. A lo-
cal increase occurred at about latitude 30° N, which could be related to a
low-level return flow of moist tropical air compensating for the southward
flow at upper levels.

Resulting land surface temperatures were on average only a little colder
in the fully interactive case than in the fixed smoke simulation. However,
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Figure 5.14. Zonally-averaged precipitation rates over land in the control case (no
smoke) and the interative smoke case. as in Figure 5.13, for three successive IO-day
periods (from Ghan et aI., (lq85)
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in the interactive case, which started with discrete source regions, there was
necessarily patchiness in the smoke distribution, with more extreme cold un-
der the denser smoke clouds, and less cooling where there was less smoke.
This was particularly evident in the first week or two. In the subtropics of the
Southern Hemisphere, there was evidence of warming by a few degrees, both
in the fixed smoke case and in the fully interactive smoke case, a result of
increased subsidence induced by the presence of the smoke in the Northern
Hemisphere and of surface drying due to reduced precipitation. Presum-
ably, if the model were run for a longer time, allowing sufficient smoke
to pass into the Southern Hemisphere at high altitudes, this slight warm-
ing would change to a cooling as solar radiation was absorbed aloft by the
smoke.

MacCracken and Walton (19R4) also show 30-day time series of surface
temperatures for a number of typical locations. Two such examples are
shown in Figure 5.15, one for a mid-continental site in western Asia and
one for a site near the east coast of Asia. Temperatures are compared for
the control case and for the interactive case having initially 150 million
tonne of smoke. The site in western Asia is far removed from oceanic influ-
ences and gives the most severe cooling. In the interactive smoke case this
site exhibited a dramatic cooling to some 30-40°C below the control case
by the end of the first week, followed by some amelioration at the end of
the fourth week as the smoke was dispersed. The coastal site showed little
significant difference between the control and interactive smoke cases un-
til the fourth day when smoke moved overhead. Cooling remained around
10°C in the following week, and then almost doubled to a IS-20°C cooling
as more smoke moved overhead and winds became more off-shore.

Several factors should be borne in mind in relation to effects in coastal
zones. Firstly, in these simulations the sea surface temperatures were held
fixed when, in reality, they would slowly cool by a few degrees, or perhaps
be affected more dramatically by perturbed ocean motions. Secondly, the
vertical resolution of the general circulation model was limited to only two
layers and therefore did not adequately resolve the boundary layer. Thus, the
model had difficulty simulating low level temperature inversions, which in
some synoptic situations would isolate the coastal land areas from maritime
air. Thirdly, a surface gravitational outflow of cold air from the continen-
tal interior could occur in coastal valleys, similar to nocturnal valley winds,
or to the katabatic winds which are a common feature of coastal climates

around Antarctica (see Fitzjarrald, 1984; Parish, 1984). Under these condi-
tions, coastal zones may experience extreme cold episodes, including damag-
ing frosts, even though such zones may experience on average much milder
conditions. Higher resolution regional and mesoscale models are necessary
to predict the occurrence of such cold episodes, which in any case would
occur more or less as random events.
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Figure 5,15, Time series of surface air temperature for control (no smoke) and
interactive smoke case (as in Figure 5,13) for (a) mid-continental Asia, and (b)
east coast Asia, These curves show diurnal cycles, suppressed when smoke is over-
head, and fluctuations due to passing weather systems (in the control case) and
moving smoke clouds, Actual variations at a particular location would depend on
the chance occurrence of particular weather situations at the time of smoke injec-
tion



Mcteorological and Climatic Effects ]8]

When only] 5 million tonne of smoke were injected into the atmosphere,
MacCracken and Walton (1984) found that, if the smoke was assumed to be
uniformly distributed, virtually no significant cooling occurred. However, if
the smoke was injected from the four discrete source regions, cooling of up
to ]O°C occurred under the smoke clouds before they dispersed.

Aleksandrov (] 984) and Stenchikov (] 985) have run the GCM of the
Computing Centre of the U.S.S.R. Academy of Sciences, discussed in Sec-
tion 5.3 above (see Aleksandrov and Stenchikov, ]983; Thompson et al..
]984) in an interactive mode that treated the global circulation of the at-
mosphere, the heating of the upper atmosphere by absorption of sunlight
by the smoke (assuming a fixed size-averaged absorption cross-section), and
transport of smoke by atmospheric motions that are modified by the smoke
heating itself. As in their earlier non-interactive smoke case, the smoke was
injected uniformly between latitude 120 and 900 N.

For a case with an initial absorption optical depth for smoke of 3, and with
scavenging rates as in the non interactive case rather than evolving with the
changing climate, the interactive simulation of Stenchikov (1985) produced
a surface temperature cooling as shown in Figure 5.]6. Comparison with the
corresponding non-interactive result (not shown), showed that the surface
temperature drop in middle to high northern latitudes was less than in the

Figure 5.16. The change in surface air temperature CC) from the normal annual
mean 40 days after the injection of nuclear smoke and dust hetween latitude 120
and 900 N with an initial mean absorption optical depth for smoke of 3. using the
model of Aleksandrov and Stenchikov (1983) (from Stenchikov, 1985)



182 Physical and Atmospheric Effects

<>

C)

(a)

-10 0

~ 2S

!I!IITIIIill 1 0

mm 0 4

Baseline smoke, (b)

rigure 5.] 7. (a) Smoke injection regions for the interactive haseline scenario of
Thompson (] 985) in which 180 million tonne of smoke are injected hetween 0 and
7 km altitude. (b) The resulting d istrihution of smoke ahsorption optical depth after
15 days. for a July injection



Meteorological and Climatic Effects 183

non-interactive case, although still as much as 20 to 30°C over parts of North
America, Europe, and the U.S.S.R. There was, in addition, considerable
cooling over the Middle East by as much as 30°C or more. As could be
expected from the circulation changes in the non interactive simulations, in
which the northern arm of the Hadley circulation was reversed, this cooling
at more southerly latitudes was due to southward transport of smoke and
dust at high altitudes in the model. The cooling was relatively large at lower
latitudes because of the high intensity of the solar radiation being intercepted
at these latitudes, especially in the annual mean case considered here, and
the normally warm temperatures.

The NCAR Community Climate Model has also been run for an interac-
tive smoke case (Thompson, 1985). Smoke was transported by the explicitly
calculated large-scale motions, but sub-grid-scale convective tran"port was
ignored. The model ha~ no smoke removal proce~s. so the resulting estimated
average cooling is probably too great. It also has no surface heat capacity
to slow the rate of temperature change, and no diurnal cycle, which may be
important in the calculation of surface temperature change at low optical
depths.

In his interactive baseline scenario, Thompson (1985) injected 180 mil-
lion tonne of smoke distributed uniformly over portions of the NATO and
Warsaw Pact countries and between 0 and 7 km altitude in July. The in-
jection regions are shown in Figure 5.17. The smoke was assumed to be
purely absorbing with a specific absorption of 2 m2/g. By day five, a smoke
layer with an absorption optical depth greater than 1 bridged the North At-
lantic, but there remained a gap across the North Pacific Ocean and Alaska.
Smoke had, however, already spread to the north, and to the south as far as
Mexico, tropical East Africa, and northern India. By day ten, small patches
of smoke reached 20° S, and a layer with an absorption optical depth of at
least 1 existed over most of northern Africa and parts of the Indian subcon-
tinent. Over North America there were isolated clearer patches and only a
small area with optical absorption depths in excess of 2.5. Smoke completely
covered the Arctic basin all the way to the North Pole. The distribution of
absorption optical depth on day 15 is shown in Figure 5.17b.

The rapid dispersion of the smoke in the NCAR CCM should be viewed
with some caution. The particular spectral advection scheme used in the
model to compute the horizontal transport suffers from artificial numerical
diffusion, especially in areas with sharp gradients in smoke concentration
and it has been necessary to develop a somewhat ad hoc correction algo-
rithm. Thus, the spreading in the early days of the simulation, where the
gradients can be quite high. may be altered somewhat by this scheme.

North-south, zonally-averaged vertical cross-sections show that by day five
smoke had risen around the southern edge of the initial injections to alti-
tudes in excess of 12 km. By day 10, a strong southward movement of high
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altitude smoke had occurred, with a tongue reaching as far as 30° Sat 15 km
altitude. Northward movement occurred between 5 and 10 km altitude. The
vertical cross-section on day 20 is shown in Figure 5.18. The largest smoke
mixing ratios on this day were found over the Arctic, but there was a contin-
uing southward movement between 10 and 20 km altitude. with appreciable
smoke as far as latitude 40° S.
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Figure 5.18. Vertical cross-section of smoke mixing ratio, in units of 10-8 gig,
after 20 days. for the July baseline case of Thompson (1985)
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The reason for this dramatic change is evident from the vertical cross-
section of heating rates (Figure 5. I9). Note that around 15 km altitude,
the heating rates were as high as 15-20°Clday. The resulting vertical cross-
section of temperature on day 20 is shown in Figure 5.20, in which it is
evident that the tropopause has been effectively lowered to around 4 km
altitude in northern mid-latitudes, and to about 9-10 km in the tropics (i.e.,
about 7 km below normal). It is probable that this sharp increase in static
stability in what was the troposphere would suppress deep convection, pre-
cipita-tion, and baroclinic activity in the Northern Hemisphere.
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Figure 5.20. Vertical cross-section of temperature after 20 days, for the July base-
line case of Thompson (1985). Temperatures in the Northern Hemisphere 10-20
km altitude range have increased by 800e or more

A major change in precipitation may be inferred from Figure 5.21, which
indicates severe suppression of condensation in the former Inter-Tropical
Convergence Zone, where release of latent heat normally plays a major role
in driving the atmospheric circulation. Condensation in the former mid-
troposphere has been strongly reduced over most of the Northern Hemi-
sphere. There have, however, been some local increases in condensation in
the bottom 1-2 km of the atmosphere, especially around 30° N. These sup-
port the findings of an increase in precipitation at 30° N found by Ghan et
al. (1985) (see Fig. 5.14).
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Figure 5.21. Vertical cross-section of changes in condensation rate. averaged over
days 5-20 after smoke injection, for the July baseline case of Thompson (1985).
Units are 10-6 kg/m2. s

Changes in surface temperature were consistent with the southward move-
ment of the smoke cloud. By day 5 after the smoke injections, very patchy
areas of below freezing temperatures appeared in north temperate latitudes,
including most of the western U.S., parts of eastern Europe and the Mid-
dle East, central Asia, and the Tibetan Plateau. There were suggestions of
a slight warming at southern mid-latitudes, which could be due to induced
subsidence in the intensified southern arm of the Hadley circulation, as well
as reductions in cloudiness and precipitation. Day 10 showed some consol-
idation of the below freezing areas over North America and Eurasia, but
there were still some comparatively warm patches. Day 15 showed a further
consolidation of the cold areas over North America and Eurasia, with a more
extensive area below freezing over southeastern Asia including Tibet. Cool-
ing was also apparent over portions of South America, southern Africa and
inland Australia. The situation on day 20 (Figure 5.22) was quite similar.

The same initial smoke input, but for January conditions, showed only a
slight tendency for the smoke to rise above its initial height of injection, and
then only to move polewards. Some movement toward the equator was found
in the bottom 2 km, however, where by day 30 the smoke had reached about
latitude 10° N (Figure 5.23). This very different behavior was due to lack
of strong solar heating in the winter hemisphere. The low level movement
towards the equator could be largely counteracted by washout, since limited
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Figure 5.22. Surface temperatures, in °C on day 20 after smoke injection. for the
July baseline case of Thompson (1985)

Figure 5.23. Vertical cross-section of smoke mixing ratio in units of 10-8 gfgafter
30daysfor the Januarybaselinecaseof Thompson (1985)
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solar heating will mean much less tendency to set up a more stable thermal
structure. On the other hand, it is conceivable that, if enough smoke did
reach the northern subtropics, solar heating would begin to drive a thermal
circulation that might bring more smoke southward. It would be necessary
to include particle scavenging and to run the model for a longer period in
order to investigate this possibility.

Surface temperature changes in the winter case were much smaller than
in summer, with the principal effect being cooling along the southern edge
of the smoke around latitude 20-40° N. The cooling averages about 5°C, but
was occasionally as large as 15-20°C.

An important question raised by the winter simulation is the rate of re-
moval of smoke from the Arctic winter atmosphere, where precipitation is
normally very small. Infrared cooling normally leads to descending air over
the winter pole, which would tend to bring the smoke layer to lower levels
where it could be efficiently scavenged in late spring and summer by Arc-
tic stratus clouds. However, direct heating of the smoke layer in the spring
could affect the transport and scavenging processes. Further model studies
concentrating on the Arctic Basin are needed to resolve this issue.

Thompson (1985) also examined a summer case with smoke injection
between the surface and 4 km altitude. In this case, within 15 days lofting
due to solar heating raised the smoke to 15 km and a tongue of smoke even
moved as far as latitude 20° S.

A case with three times the baseline smoke levels, Le., with an injection
of 540 million tonne of smoke, was also run. This amount of smoke seems
unlikely with present nuclear arsenals unless much more smoke is generated
in mass fires than in smaller-scale fires (NRC (1985) gave an upper range
value of 650 million tonne). Alternatively, an absorption optical depth equiv-
alent to this case might be possible if sources of elemental carbon other than
smoke from fires, such as soil and surface carbon lofted into the stratosphere
by the nuclear fireballs themselves, were to be much larger than currently
believed likely (Galbally et aI., 1985; see Chapter 3).

In the case of a 540 million tonne injection of smoke, severe surface
cooling was indicated by day 15 over much of the tropics, including below
freezing temperatures in parts of Africa and South-east Asia. Large areas
were also calculated to drop below freezing in the Southern Hemisphere
subtropics, which would normally be experiencing a mild winter.

A case with 60 million tonne of smoke, representing the potential injec-
tions from a more limited exchange, was also run for the Northern Hemi-
sphere summer. This simulation led to significant cooling by day 15, with be-
low freezing temperatures at the surface only over northern Canada, north-
ern Europe, and Siberia. The location of these sub-freezing patches would
depend on the variable wind patterns, and must therefore be considered to
be more or less random within the continental interiors of this latitude zone.
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Malone et al. (1985) have used a 20-level version of the NCAR Commu-
nity Climate Model in an interactive mode with aerosol scavenging by the
model-predicted precipitation. In the unperturbed atmosphere, the simu-
lated latitudinal distribution of precipitation is fairly realistic, but the total
amount is too large, especially in the tropics, and the precipitation is gener-
ated too low in the atmosphere.

The basic case considered by Malone et al. (1985) had an injection of
170 million tonne of smoke with an assumed visible specific absorption of 2
m2/g. Removal rates were based on a simple empirical relationship between
the height-dependent precipitation rate (within the cloud) and the fraction
of particles scavenged. Below-cloud scavenging, which is generally much less
efficient, was neglected and gravitational settling was included but proved to
be unimportant. Two passive and two interactive simulations were carried
out. The passive tracer cases (i.e., cases in which the aerosols have no effect
on radiation or circulation) consisted of a "low" injection between 2 and
5 km altitude and "middle" injection between 5 and 9 km. The interactive
cases were a "low" injection (2-5 km), to compare with the passive case, and
a "NAS" case based on the U.S. National Academy of Sciences (NRC, 1985)
"baseline" case, Le., a constant density injection between ° and 9 km. Smoke
was injected over the U.S. and over west and east Europe, with maximum
injection rates on day 0, declining linearly to zero on day 7.

Aerosol residence times were calculated from the model for the passive
"low" and "middle" cases and compared with observed residence times for
natural and anthropogenic aerosols. The "low" case gave a residence time
of 5-6 days, and the "middle" case 9-10 days, which are both within the
range estimated from observations of the fate of other tracers (Pruppacher
and Klett, 1978). Figure 5.24 shows the calculated aerosol remaining as a
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Figure 5.24. Smoke aerosol mass (1 Tg = 1 million tonne) remaining in the atmo-
sphere as a function of time after injections in January (fulIlines) and July (dashed
lines) for the passive and interactive smoke simulations, and for "low" and "NAS"
injection profiles (from Malone et a\., 1985)
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function of time after the start of injection for January (full lines) and July
(dashed lines) simulations, for (a) the passive "low" case, (b) the interactive
"low" case, and (c) the interactive "NAS" case. Note that in the passive "low"
case, the lifetime of the smoke was longer for a winter injection, but in both
of the interactive cases the lifetime was greater for a summer injection. This
is because lofting of the smoke due to solar heating in summer would quickly
take it above the precipitation level. The "NAS" case, with its higher mean
altitude of injection, gave longer lifetimes than the "low" injection in both
seasons, but the difference was much less in summer because in summer both
"low" and higher altitude smoke inputs would be lofted to much the same
levels within a matter of a week or so. In the summer cases, lofting increased
residence times from normal values of about a week up to 5 or 6 months
by day 40. Estimates of the tropospheric residence times are probably not
very accurate due to the less-than-perfect simulation of precipitation and
the crude parameterization of the smoke removal process. Nevertheless, the
relative changes seem reasonable.

The July passive and interactive cases are compared in Figure 5.25 for the
"low" injection after 20 days. Not only is the center of mass of the smoke
higher in the interactive case, but the total amount of smoke remaining is
greater. In the interactive case, the smoke has already reached 25 km altitude
and latitude 30° S after 20 days.
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the passive (dashed lines) and interactive (full lines) smoke cases of Malone et
aL (1985), on day 20. Units are 10-9 gig

The separation of the smoke from the precipitation in the summer inter-
active case, "NAS" injection, is illustrated in Figure 5.26. By this time, most
of the remaining smoke (about one third of that originally injected into the
atmosphere) had risen to above the tropopause, and the precipitation was
confined to the troposphere, most occurring in the lowest 2 km, although it
did occur up to about 5 km near the equator.
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Figure 5_20. Vertical cross-section of the atmosphere. showing the modified posi-
tion of the tropopause (heavy dashed line) and the precipitation distribution (cross-
hatched region below the tropopause), both averaged over days 15-20, and the
smoke distribution at day 20 (stippled area mainly above the tropopause). Results
are for the July interactive-smoke case with 170 million tonne of smoke injected
between 0 and 9 km altitude (from Malone et al. 1985)

Malone et al. (1985) concluded from their study that the "NASI' smoke
injection led to substantial reductions in surface air temperature over the
continents, relative to the simulated smoke-free climate, for both north-
ern summer and winter injections. Minimum temperatures occurred within
one or two weeks and, in summer, the low temperatures would continue
for many weeks afterwards. Large temperature reductions did not persist
in winter due to the shorter residence time of the smoke, which resulted
mainly from the lack of lofting in winter. Lofting in summer carried the
smoke to high altitudes, increasing its residence time and horizontal spread,
and intensified zonal winds led to rapid longitudinal homogenization in the
stratosphere. The spatial distribution in the Northern Hemisphere remained
non-uniform after 20 days, but the non-uniformity was essentially in the
smoke remaining in the troposphere. By day 40, the distribution was fairly
uniform zonally. In January, the more intense zonal circulation into which
the smoke was injected produced a rapid longitudinal homogenization of
the smoke; the distribution then becoming quite zonally symmetric after 20
days.

The model results also indicated that, for the summer case, transport into
the Southern Hemisphere occurred almost entirely at altitudes above 10 km.
Malone et al. (1985) suggested that in the NAS case the smoke remaining
in the stratosphere would eventually spread more or less uniformly over the
globe, leading to an absorption optical depth of about 0.2. This optical depth
would correspond to a 20% or greater reduction in sunlight reaching the
surface, depending on solar zenith angle. The lifetime of this stratospheric
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smokeis still an open question.The estimatedlifetimeof the smokeafter
40 days of simulation was ]80 days. This figure obviously has considerable
uncertainty attached to it due to the short length of the simulation and the
limitations of the model. In the current stratosphere, background particle
lifetimes are observed to range from 6 months to 2 years (see Chapters 3 and
4 for further discussion). The climatic effect of this amount of stratospheric
absorption (i.e., an absorption optical depth of 0.2) and reduction in surface
insolation on time scales of months to years has not yet been calculated, but
could be considerable.

Malone et al. (] 985) indicate concern about important weaknesses in the
model, especially in the boundary layer and surface physics, which affect
continental surface temperatures and the amount and distribution of pre-
cipitation. Their model gives weaker than observed circulation in the un-
perturbed summer hemisphere, and neglects scattering and infrared effects
of the aerosol particles, as well as the evolution of the particles with time.

To one degree or another, all of the multi-dimensional models that have
been used to study the climatic impact of nuclear exchanges have both
strengths an<;lweaknesses. While research aimed at improving the models
and the climate simulations continues, the results already obtained, how-
ever, offer considerable insights into the possible climatic impact.

5.5 NONLINEARITIES AND THRESHOLD EFFECTS

As was pointed out in Chapter 4, surface land temperatures are determined
by a balance of incoming solar energy and downward infrared energy from
the atmosphere with outgoing infrared energy from the surface and heat
transferred from the surface to the atmosphere either directly through small-
scale convection or indirectly through evaporation of water. If the amount of
solar radiation reaching the surface is reduced by smallamounts, the balance
of the terms is maintained by complementary reductions in the loss of heat
through convection and evaporation, with the result that the surface temper-
ature remains relatively constant. However, if a sufficient reduction in solar
radiation occurs, convection and evaporation cease entirely, and the surface
temperature must begin to decrease more rapidly. If the reduction in solar
radiation is caused by the injection of an absorbing aerosol such as smoke,
then it is possible, in theory, to specify the amount of smoke necessary to
reduce the solar energy reaching the surface to the point where convection
is suppressed. Once this point is reached, surface temperatures will decrease
rapidly with increasing absorption optical depth until the smoke thickness is
sufficient to reduce the solar radiation reaching the surface to nearly zero.
This reduction in solar radiation obeys an exponential law: thus, an absorp-
tion optical depth of one, for overhead Sun, would allow some 37% of the
incident sunlight to reach the surface; an additional absorption optical depth
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of one would allow 37% of the first 37% (that is, 14%) to get through; and,
an absorption optical depth of .3would allow only 5% to reach the surface.
Beyond this point, increasing amounts of smoke in the vertical column will
have little effect on the resulting surface temperature, since there is little in-
coming solar radiation left to be absorbed. This effect is illustrated in Figure
4.8 and discussed in Section 4.5.3.

These concepts (i.e.. of a compensation point, beyond which the surface
temperature begins to fall rapidly with increasing absorption optical depth,
and the exponential nature of light attenuation by absorption) have led to
the notion of a "threshold" optical depth, above which a full-fledged cli-
matic cooling would be expected. In principle, such a "threshold" could be
defined in terms of the optical depth of a smoke layer or, alternatively, the
mass of smoke, if the optical properties are known. In reality, however, the
"threshold" concept is imprecise, and liable to be misleading if it is taken
too literally, even though it is based on a correct understanding that the
effects of smoke injections are highly nonlinear.

The precise absorption optical depth at which convection at the surface
would essentially cease might well be taken as the critical absorption depth.
However, this quantity is a function of a number of other variables, including
at least the vertical distribution of the absorbing aerosol, the ratio of scatter-
ing to absorption optical depth (e.g., see Cess et aI., 1985), the season of the
year, the latitude, and the state of the atmosphere at the time of injection.
The vertical distribution and fraction of absorbing material, in turn, would
vary greatly with such variables as the mixture of the sources of smoke and
the size of the weapons used (see Chapters 2 and 3), while the state of the
atmosphere at the time of injection would be virtually unpredictable until
shortly before the actual exchange took place (and even then, inadequately
known). Thus, it is essentially impossible to relate a zonal or hemispheric-
mean threshold optical depth to particular numbers of warheads exploded
or total amount of megatonnage detonated.

Moreover, when discrete smoke and dust source regions and the gradual
dispersion of the resulting clouds of absorbing material are considered, (see,
for example, MacCracken and Walton, 1984; Thompson, 1985; and Malone
et aI., 1985), it is apparent that optical depths in excess of the critical value
would occur locally under these patchy clouds, even though the total amount
of absorber would not be sufficient to create large-scale climatic effects if
spread uniformly over the hemisphere or globe. Such a phenomenon was
particularly apparent in the case study of Thompson (1985) in which 60
million tonne of smoke was injected and in the case of a 15 million tonne
injection considered by MacCracken and Walton (1984) (see discussion in
Section 5.4.2).

Therefore, as Schneider (1985) has argued, there is no sharp cutoff in
smokeamount below which there will be no adverse weather and climate
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effects. Even if there were, the present level of sophistication of climate
models is such that a precise estimate of where that cutoff would be could
not be given. Thus, the nonlinearity of the surface temperature dependency
on the amount of absorber is not useful in setting an upper limit to the envi-
ronmentally "acceptable" amount of smoke and dust that could be generated
in a nuclear war without causing weather or climatic disasters.

Another potentially important nonlinearity arises as a result of the "loft-
ing" and the reduction in precipitation scavenging rate induced by atmo-
spheric stabilization (Malone et aI., 1985). In their studies, both the fraction
and amount of smoke lofted increased with smoke amount up to absorp-
tion optical depths around 2 or 3 (due to increasing local warming of the
smoke layer). For even larger initial smoke amounts, however, the fraction
remaining in the atmosphere began to decrease, so that the amount of smoke
which was lofted increased less rapidly than the initial smoke amount. The
reason the fraction did not continue to increase was because, once thick
upper layers of smoke were established, these upper layers shaded the un-
derlying smoke, thereby preventing it from being lofted upward. As a result,
the large amount of smoke in the lower layers continued to be exposed to
removal processes in the troposphere.

5.6 SUMMARY OF MODELING RESULTS

The results discussed in the preceeding sections are indicative of the recent
advances in model sophistication and in the realism of the simulations of
the climatic consequences of a nuclear exchange. Three particular model de-
velopments stand out as having improved the understanding of the climatic
impact: (1) the inclusion of the interaction between the absorption of radi-
ation by the smoke particles and atmospheric motions; (2) the simulation
of smoke dispersion from regional sources, as opposed to the assumption of
uniformly distributed smoke as an initial condition; and (3) the use of scav-
enging rates determined by the model-generated precipitation (MacCracken
and Walton, 1984; Malone et aI., 1985), even though the parameterization
of scavenging processes is still fairly simplistic.

The simulations run with these improved models have produced two very
significant results. All of the groups which have performed interactive smoke
simulations find that, in the northern summer, the feedback causes smoke to
be lofted and then to move southwards. In the models with greater vertical
resolution (Thompson, 1985; Malone et aI., 1985), the height to which the
layer rises is around 15 to 25 km and the major transport southward oc-
curs at these levels. For initial smoke injections of around 100-200 million
tonne, the lofting and southward transport results, during the first month,
in only a slight amelioration of the cold surface temperatures calculated for
northern midlatitude continental areas for the fixed smoke case. However,
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when smoke transport and feedback effects are included, appreciable cool-
ing occurs in the northern subtropics, with some spill-over of smoke into
and consequent cooling of the tropics and southern midlatitudes. Since sub-
tropical and tropical plants are more sensitive than temperate climate plants
to lowered temperatures, this is a particularly important result (see discus-
sion in Volume II of this report).

The second important result emerging from these new calculations is that
the lofting of the smoke and the changed vertical temperature profile could
quickly lead to a lowering of the tropopause to levels of around 5 km in
the Northern Hemisphere. In this modified atmosphere, most of the pre-
cipitation would occur over the oceans and in the lowest 1 or 2 km of the
atmosphere. The bulk of the smoke would be above the new tropopause
where it would not be efficiently scavenged. This would lead to much longer
atmospheric lifetimes for the smoke and, consequently, to prolonged sur-
face cooling and greater effects in the Southern Hemisphere as the smoke
is transported southward (Malone et aI., 1985).

Results for smoke injections in the northern winter, when there is far less
solar energy available to loft the smoke, show little southward movement
of the smoke, and removal rates more typical of those in the ambient at-
mosphere due to less induced atmospheric stability from particle heating. In
this case, potential effects in the tropics and Southern Hemisphere would be
more critically dependent on the initial height of injection of the smoke and
its subsequent lifetime. If sufficient smoke remained aloft into the spring,
significant southward transport of smoke might still occur, probably causing
surface cooling when it reached more southerly latitudes. However, model
simulations have not yet been run for the extended time periods needed to
evaluate these effects.

Most of the major uncertainties in the simulations now are related to pro-
cesses that happen on time and space scales which are smaller than those
resolved in the models. These include the efficiency of prompt scavenging in
the initial smoke plumes, the effects of coagulation on the optical properties
and size of the smoke particles, longer timescale scavenging rates, induced
coastal and mesoscale effects, and the effect of sub-grid scale mixing on
modifying vertical stability and enhancing lofting of the smoke. These pro-
cesses will have to be evaluated with higher resolution models and the results
incorporated into the GCMs through parameterizations. There is a second
group of processes, such as albedo feedbacks and the effect of smoke parti-
cles on stratospheric chemistry, that are only beginning to be addressed at
this point.

In attempting to summarize the current status of the issue of the climatic
consequences of a nuclear war or, to put it more directly, to answer the ques-
tion "would a major nuclear exchange have severe climatic consequences?",
the following four points must be made.
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1. No new and substantial work (as opposed to some qualitative expressions
of skepticism) has lessened the probability that a major nuclear exchange
would cause severe environmental effects (although some of the effects
would probably be less extreme than was sometimes suggested in discus-
sions of the early results). Consideration of the lofting of smoke due to
solar heating increases the probability and probable duration of signifi-
cant effects, as a result of the increased lifetimes of the particles and the
rapid separation of the smoke layer from regions of precipitation and
scavengmg.

Small and Bush (1985; see discussion in Chapter 3) have produced
estimates of reduced smoke emissions from wildland fires. Even if these
estimates are correct, they make little difference in the overall problem
since the .total smoke amount is dominated by urban and industrial fire
emissions. It is clear, however, that significant collateral damage to urban
and industrial sites (including fuel storage facilities) is almost certainly
necessary to produce severe climatic consequences.

Current model results, primarily those from one-dimensional mod-
els (Ramaswamy and Kiehl, 1985; Ackerman et aI., 1985) and two-
dimensional models (Haberle et aI., 1985), indicate that inclusion of the
infrared absorption and emission properties of the smoke and dust aerosol
is unlikely to moderate substantially the predicted surface cooling unless
the smoke is very near the surface. This, however, must be verified more
rigorously, both by better measurements of representative smoke and
dust optical properties, and by the inclusion of infrared effects in the
three-dimensional models. Inclusion of aerosol scattering properties is
also essential to obtaining firmer conclusions, especially for low extinc-
tion optical depths.

2. The results of the interactive models support the possibility of significant
environmental effects in the tropics and in the Southern Hemisphere. If
large quantities of smoke were injected into the northern mid-latitudes
in the northern spring or summer, it now seems likely that consider-
able smoke would be carried southwards at high altitude within a matter
of weeks, which would result in at least some cooling in the tropics and
Southern Hemisphere. Models will have to be run out for several months,
and include removal processes (including stratospheric chemistry and par-
ticulate coagulation), before the extent of these effects in the tropics and
Southern Hemisphere can be described with confidence.

The effects of a similar large injection of smoke and dust during the
northern autumn or winter, when lofting due to solar radiation could
be almost negligible, is a different problem. The crucial questions here
concern the heights of injection and the lifetime of the smoke and dust in
the winter atmosphere. In the perhaps unlikely event that large quantities
of smoke and dust were to survive in the atmosphere until northern spring
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and summer, there might be significant effects, even at more southerly
latitudes.

3. There are still large uncertainties associated with the problem, some due
to poorly understood physical processes and some due to more intan-
gible issues. Some of these uncertainties, when resolved, could increase
the severity of the climatic consequences (e.g., determining the timescale
of the climate perturbation if the smoke is lofted into the stratosphere
and the lifetime of the particles once they are in the stable upper atmo-
sphere). Other uncertainties, such as the possibility of rapid coagulation
in dense plumes, could reduce the potential impacts. Perhaps the great-
est uncertainties are associated with processes and questions whose effects
are completely undetermined and may result in either enhanced or mod-
erated severity. These include items as diverse as the effects of mesoscale
and synoptic-scale circulations, revised estimates of smoke production
from urban fires and dust production from surface bursts, the fraction of
the smoke involved in prompt scavenging, and various aspects of atmo-
spheric chemistry.

One subject that may have a considerable impact on the entire prob-
lem and which has not yet been addressed is atmosphere-ocean interac-
tions. The very substantial global-scale changes in the temperature struc-
ture of the atmosphere that are predicted by the model simulations imply
very substantial changes in atmospheric circulation and stability, which
would in turn, greatly affect precipitation patterns and surface wind fields.
Thus, it is probable that ocean currents, regions of oceanic upwelling, and
land-sea circulations would also be altered. Even in the normal climate
system, these phenomena, such as the Southern Oscillation-EI Nino and
monsoon circulations, account for major year-to-year climatic fluctua-
tions (e.g., see Wyrtki, 1975; Rasmusson and Wallace, 1983). It is likely
that there would also be complex effects in coastal zones where land-sea
thermal contrasts would change sign in summer, and strong horizon-
tal temperature gradients might set up abnormal mesoscale circulations.
Delineation of the effects on the oceans requires fully interactive, cou-
pled atmosphere-ocean models. Research versions of this type of model
are just beginning to become available for climate research. Mesoscale
ocean-atmosphere effects require investigation with much higher spa-
tial resolution than is used in the present generation of general circu-
lation models. This may be possible by the use of compatible nested
models in which a general circulation model is used to set the initial
and boundary conditions for one or more .limited area mesoscale mod-
els.

4. To a large extent, the discussion of climatic consequences has focused
on regional and hemispheric responses. Results have been formulated in
the context of departures from the model predicted "normal" climatic
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means. To understand the actual consequences, these results have to be
put into the context of their effect on biological, ecological, and agricul-
tural systems. For instance, the anticipated cooling effects at northern
high and mid-latitudes, while very substantial if the smoke injection oc-
curs in the northern summer, are no greater, and indeed may be less,
than the cooling which occurs every winter. Nevertheless, if such cooling
occurred suddenly during a normal growing season, its biological conse-
quences would far exceed those usually associated with winter, because
the normal onset of winter is gradual, anticipated, and prepared for by
humans, animals, and plants alike. It is also possible that the effects would
be more serious in subtropical latitudes which could experience a smaller,
but completely unprecedented, cooling, perhaps accompanied by major
decreases in precipitation. The problem of extrapolating from climate
predictions to weather variability on the synoptic and mesoscale further
complicates the estimation of biological impacts. While these issues are
addressed in detail in Volume II of this report, they should remain clearly
in focus as additional climatological research is done on this problem.

5.7 EXTRAPOLATIONS FROM THE MODEL RESULTS

Models are tools for correcting, refining, and quantifying the results of an-
alytical thinking. However, as was noted in the preceeding sections of this
chapter, climate models have definite limits and cannot provide answers to
all the questions that are raised with regard to the consequences of a nuclear
exchange. In the absence of detailed modelling results that could be used to
answer these questions, qualitative reasoning can be helpful in many cases
in attempting to provide first-order estimates of trends and probabilities and
to suggest more detailed consequences. In this section, an attempt is made
to provide answers to some of the questions that have been posed based on
knowledge of the current climate system and the way in which it operates
and on reasonable inferences drawn from the studies that have been car-
ried out to date. Obviously, these answers are not "final" in any sense; they
represent a preliminary evaluation and should be interpreted within that
context.

5.7.1 Effects on the Oceans

Changes in sea surface temperature as a result of the presence of optically-
thick aerosol layers in the atmosphere would arise from a number of effects
in addition to the reduction in solar radiation reaching the oceans. These
include changes in the downward infrared flux due to altered cloud cover,
the presence of the aerosol layer itself, cooler atmospheric temperatures;
and changes in latent heat fluxes due to altered air temperatures, humidities
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and wind speeds. There could also be changes in coastal upwelling and ocean
currents due to altered wind stress. Changes in upwelling and ocean currents
would be highly location-specific and could well be locally dominant over
other changes in the surface radiation and heat fluxes.

Most of the general circulation models that have been used to study the
effects of smoke and dust following a nuclear war have not been cou-
pled to models of the ocean and have, in fact, assumed either a fixed or
seasonally-varying sea surface temperature based on climatological aver-
ages. The exceptions are the two-layer, three-dimensional model of Alek-
sandrov and Stenchikov (1983), the two-dimensional climate model of Mac-
Cracken (1983), and the one-dimensional energy-balance model of Robock
(1984). However, none of these models includes the actual dynamics of the
oceans. In each of these simulations, the essential result is a cooling of the
ocean surface by only a few degrees Celsius in the first few months. As
an illustration, the temperature changes calculated by MacCracken (1983)
are shown in Figure 5.11. The only exception to these small coolings is in
the simulation of Robock (1984), where, due to the inclusion of ice-albedo
feedback, the cooling at high northern latitudes in the first autumn fol-
lowing a summer war was of the order of 5-10°e. However, the lack of
energy conservation in this model simulation makes the results somewhat
suspect.

Even if the possibility of changes in the dynamics of the oceans are ig-
nored, realistic estimates of sea surface temperature changes must await the
coupling of an ocean model to an atmospheric model incorporating fully in-
teractive smoke and dust. In this case, the simulated changes in atmospheric
wind speeds and relative humidities could be used to obtain a more accurate
estimation of the latent heat fluxes at the ocean surface.

As already suggested, however, the largest changes in sea surface temper-
atures would be likely to occur regionally due to changes in ocean dynamics
induced by changes in wind stress. Outflow of cold surface air from the
continents, as in a winter monsoon or katabatic flow, would lead to coastal
upwelling of cold water, as occurs naturally in many parts of the world. This
could reduce the moderating influence of the oceans in coastal zones that
are not subject to strong on-shore winds.

The most dramatic changes could occur in systems such as the EI Nino-
Southern Oscillation (ENSO) system, which operates in the equatorial Pa-
cific and is apparently modulated by the strength of the trade wind systems
(Wyrtki, 1975). ENSO is a complex phenomenon in which surface winds
influence the oceanic state and sea surface temperatures completely across
the tropical Pacific Ocean. These sea surface temperature anomalies, in turn,
influence the atmospheric circulation, not only in the tropics but in higher
latitudes (see, for example, Chervin and Druyan, 1984; Stone and Chervin,
1984).This complex interacting system is the subject of very active research
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(see NRC, 1983, Kerr, 1984;) both because of its intrinsic interest and its
observed influence on mid-latitude weather.

Clearly, it is premature to predict how surface wind changes associated
with the effects of optically-thick smoke and dust layers would affect EN SO,
but it is clear that such effects would occur. Surface wind patterns would
have to be derived from a fully interactive GCM, and these might be ex-
pected to change as the situation develops due to the spreading of the smoke
and dust and to seasonal variations. Feedbacks between the atmosphere and
the ocean could change the situation further. Such changes could lead to sig-
nificant disturbances to climate both in the tropics and at higher latitudes,
even in the absence of smoke and dust layers in these regions. Regions
which could be impacted include South America, Australia, New Zealand,
and southern Africa (Pittock, 1984).

5.7.2 Effects on the Monsoons

The monsoons are seasonal, continental-scale circulations driven by the
contrasts between land and sea-surface temperatures, which change sign be-
tween summer and winter (Ramage, 1971; Webster, 1981). They lead to
marked dry and wet seasons across most of tropical Africa, southern Asia,
and northern Australia, as shown in Figure 5.27.

In the northern summer, solar heating of the north African and the Asian
mainlands, and especially of the high Tibetan Plateau, generates low sur-
face pressure and flow of moist air towards the northeast from the tropical
Atlantic Ocean, the Arabian Sea, the Indian Ocean, and the South China
Sea to produce the southwest monsoon, which provides most of the annual
rainfall to the Sahel, the Indian subcontinent, Southeast Asia, China and
parts of Japan. At the same time southern sub-tropical Africa and northern
Australia experience their dry season.

Six months later the situation is reversed, with high pressure centered over
the cold land masses and subsiding dry air flowing out from the northern
continents, which are in the middle of their dry season. Now the air is flowing
from the north and brings rain to the east side of the Indian peninsula, but
nowhere else in Asia. As it crosses the equator it turns to the south-east and
brings rain to northern Australia. Similar flows bring rain to the southern
subtropics of east and west Africa and to Madagascar.

If the northern mid latitudes and subtropics were covered with a smoke
pall during northern summer as a result of a nuclear exchange, it is probable
that the southwest monsoon circulation would be switched off (Oboukhov
and Golitsyn, 1983). Due to the attenuation of solar radiation by the smoke,
the land-sea temperature difference and, in particular, the solar heating of
the Tibetan Plateau, would be reduced and then reversed probably within a
matter of a few days. The southwest monsoon might be replaced initially by a
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Figure 5.27. Areas normally affected hy local summer precipitation regimes are indicated hy broad hatching. Stippled areas
have double rainfall maxima (summer and winter). These rainfall regimes may be seriously affected hy surface land cooling
after large injections of smoke into the atmosphere. After Ramage (] 97]). Reproduced by permission of Academic Press
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shallow northeast monsoon, which would bring unseasonally dry conditions
to much of south and east Asia and the Sahel zone, and rain to Indonesia and
northern Australia. Outflow of cold air from the Asian continent over the
warm ocean could, however, lead to increased rainfall in coastal zones. The
rain over Indonesia and northern Australia might quickly weaken, with rain
becoming confined to the coastal zones of the Asian mainland as upper level
smoke moves southward, thereby possibly inducing a return northward flow
at low levels in the tropics. There are suggestions of some of these possible
effects in Figure 5.14 and 5.2 I above.

A more detailed description of these effects must await simulations by
higher resolution general circulation models or regional scale models. How-
ever, there is little doubt that the normal rainfall pattern over the monsoon
regions would be drastically affected.

5.7.3 Coastal Effects

Normal coastal weather is strongly affected by local circulations induced
by land-sea temperature contrasts, the familiar land and sea breezes. Simi-
larly, in the presence of an optically-thick smoke layer, coastal effects would
arise from the large horizontal temperature gradients which could be set
up in the coastal zones between the cold land and relatively warm oceans.
This gradient, in conjunction with gravity flows, could produce significant
surface outflow of cold air, probably in quite shallow layers, from the in-
teriors of continents out over the warmer ocean waters. These outflows
could occur spasmodically, depending in part on weather fluctuations, and
could lead to sub-freezing conditions in coastal zones lasting for periods
of days or weeks. These extreme episodes would be far more important
to the survival of crops and plant communities than average cold condi-
tions (see discussion in Volume II), and are not predictable with the present
generation of general circulation models because of inadequate spatial
resolution.

Cold outflow conditions might set up situations partially analogous to the
"cold outbreaks" that occur most notably off the east coast of Asia in normal
winters in association with the northeast monsoon (Zhu, 1983; Lav and Lav,
1984; and Chu and Park, 1984). However, the increased vertical stability at
mid-tropospheric levels over the oceans would ensure that any associated
convective storms over the ocean would be shallow. It is also possible that
the increased vertical stability would be such that cold air outflow would
be confined to a very shallow boundary layer similar to the katabatic winds
that cross the coast of Antarctica (see egoFitzjarrald, 1984; Parish, 1984), or
to a less severe nocturnal drainage situation. Such circulations are strongly
influenced by local topography and tend to be strongest in coastal valleys,
where many cities are located.
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Onshore winds, such as might occur on mid-latitude west coasts and low
latitude east coasts, likewise could tend to bring only rather shallow inflows
of warm moist air moving up over the shallow layers of cold surface conti-
nental air. If the on-shore westerlies were sufficiently strong (which might
not be the case in northern summer), this circulation might produce situa-
tions analogous to lake effect storms, such as occur near the Great Lakes in
North America. These storms typically produce heavy snowfalls or intense
rain.

Such possibilities are, of course, little more than informed speculation
until they are investigated by experiments with mesoscale and general circu-
lation models having sufficient spatial resolution to resolve these probably
very shallow circulation features. This may be possible with a series of com-
patible atmospheric models ranging from global scale down to mesoscale,
with the initial or boundary conditions for the high resolution models being
set by simulations of the perturbed atmosphere with the coarser resolution
models.

5.7.4 Island Effects

The special situations applicable to small land masses surrounded by
ocean, such as New Zealand, Tasmania, Japan, Indonesia, the Philippines and
the West Indies, should also be investigated. Land surface cooling in these
situations might be limited by land-sea breeze circulations. If this mechanism
operates, cooling of small land masses might be limited to, at most, some 5
to 10°C below the surrounding ocean, with even less cooling under strong
wind conditions. However, in the case of islands close to continental land
masses such as the British Isles and Japan, cold winds from the continents
could lead on occasions to much more severe conditions.

Serious effects might arise from significantly reduced precipitation over
tropical islands in those areas where a high proportion of normal rainfall is
associated with sea-breeze convergence and the diurnal cycle. In these cases,
there might be a reduced or no sea breeze, and rainfall might tend to occur
off the coast.

Island coasts subject to strong on-shore orographic rainfall might not be
so strongly affected, although wind patterns might change significantly, even
as far south as Tasmania and the South Island of New Zealand. Initially, as
lofting and southward movement of smoke occurs in the Northern Hemi-
sphere, subsidence in southern mid-latitudes might tend to suppress rainfall
in this zone, but a strengthening of the mid-latitude westerlies and a shift
in their latitude of maximum strength might lead to increased precipitation
on some windward coasts. If and when the smoke spreads more uniformly
with latitude, however, this strengthening of the westerlies might cease and
orographic rainfall could diminish.
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5.7.5 Precipitation Changes

Changes in precipitation patterns have already been discussed both in this
chapter and the preceeding chapter, but it is useful to bring the various dis-
cussions together. Above all, it must be stressed that precipitation is one of
the most difficult quantities to treat in general circulation models and the
models are, in general, only moderately successful at simulating observed
precipitation patterns. It follows that the precipitation changes are among
the least certain estimates of effects. Nevertheless, it is possible to speculate
intelligently on the general trend of precipitation changes from a consider-
ation of the basic physics involved.

All the models predict a general heating of the upper layers of smoke,
and cooling at the surface, especially over land. This must lead to increased
vertical stability below the smoke, which on average must tend to reduce
the precipitation, especially over land. Moreover, since land surfaces would
cool more rapidly than ocean surfaces, there would be a tendency for sub-
sidence of air over land, at least in the lower levels. This should lead, in
general, to a suppression of precipitation over land. Heating of the upper air
would also lead to reductions in relative humidity and upper level cloudiness
(Oboukhov and Golitsyn, 1983), except perhaps for thin cirrus that might
be generated by convective motion above the heated smoke layer.

Some have argued (e.g., Katz, 1984; Singer, 1984; Teller, ]984) that the
initial cooling of lower tropospheric air could lead to considerable rain,
snowfall, and fog. Water from the combustion of wood and fuels, and wa-
ter from entrained boundary layer air would provide additional sources of
moisture. The mass of water from the fires actually exceeds the mass of
smoke produced, but is not significant compared to the total amount of wa-
ter normally in the troposphere. The significance of these quantities of water
vapor for precipitation and particle scavenging is easily exaggerated because
of a common misconception (not necessarily held by the above authors)
that large amounts of precipitation derive from the water contained in the
volume of air over any given area at that time. Precipitation is usually the
result of a dynamic process in which air is lifted in a continuing stream as a
result of orographic flow, convection, or wave motion (fronts). Thus, water
is removed not just from a single, limited air mass, but from a continuous
stream of air flowing through the cloud. The amount of water in a cloud at
anyone time is not very large compared with the total precipitation often
experienced over time at a given point on the ground. Thus the cooling of
a particular parcel of air, such as would happen under a smoke pall, would
not by itself result in large amounts of precipitation.

However inadequate the parameterization of the precipitation process
may be, the models with internally-generated precipitation (i.e., which do
not have prescribed rainfall) that have been applied to this problem show
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reduced precipitation in line with the above general arguments. For exam-
ple, MacCracken (1983) found, with noninteractive smoke, that the changed
thermal structure and circulation led to 25% less precipitation over land and
20% less over the oceans some three months after the smoke was injected.
Thompson (1985), in his fully interactive smoke run with the NCAR CCM,
found large reductions in condensation in the upper troposphere and in the
lTCZ, as shown in Figure 5.21. Similarly, Ghan et al. (1985) found large
overall reductions in precipitation (see Figure 5.15).

As discussed in Section 5.7.2 concerning the monsoons, it is also likely that
the southwest monsoon, which provides most of the rainfall to southern Asia,
and the similar system which waters the Sahel in Africa, would fail if major
cooling of land surfaces were to occur in the northern summer. Increased
rainfall might occur, however, in coastal zones in these areas (see Section
5.7.3).

Island rainfall was discussed in Section 5.7.4 above. Those tropical islands
which get most of their rainfall from sea breeze convergence during the
late afternoon or evening would lose much of their rainfall if the diurnal
temperature cycle over land were suppressed, since the sea breeze would
be reduced. Orographic rainfall would also be affected by changing wind
patterns and strengths.

Finally, the direct thermal circulation that would be set up between the
Northern and Southern Hemispheres until the smoke became more evenly
distributed between hemispheres, could cause a relatively greater subsidence
in the southern mid-latitudes, which could tend to decrease rainfall in these
latitudes. A return flow at low altitudes could lead to a local increase in
rainfall around 300N latitude (see Figures 5.14 and 5.21).

If sufficient smoke remains aloft after it has spread globally to provide
an absorption optical thickness of about one or more, one might expect a
gradual weakening of synoptic disturbances and of the hydrologic cycle in
general. In this case, globally-averaged precipitation could be significantly
below normal for an appreciable period after the initial smoke injection.
It has also been suggested that changes in the electrical properties of the
atmosphere due to increased background radioactivity might be possible
(Izrael, 1983), and that these might have some effect on the hydrologic
cycle. No quantitative calculations have been made, however, and the effect
is not likely to be noticeable compared to smoke-induced changes.

5.7.6 Effects on the Southern Hemisphere

In the Ambio scenario (Ambio Advisors, 1982), it was assumed that only
about 3% of the megatonnage in a 5,700 Mt nuclear war (about 170 Mt)
would be detonated in the Southern Hemisphere. According to Galbally
et al. (1984), this might generate some 10 million tonne of smoke. By
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itself, this would almost certainly not be enough to produce widespread and
significant surface cooling (although short-term local cooling could occur
under thick patches of smoke before they dispersed). Therefore, should a
large nuclear exchange occur, the major environmental consequences in the
Southern Hemisphere would be the result of both transport of smoke from
the Northern Hemisphere and modification of the circulation as a result of
perturbations caused in the Northern Hemisphere.

Transport of the smoke to the Southern Hemisphere would most likely
be due to changes in the general circulation of the atmosphere induced by
the smoke and dust injected into the Northern Hemisphere. The model re-
sults discussed in the preceeding sections show that, for smoke injections in
the northern spring and summer, solar heating of the smoke layer would
tend to produce a direct circulation that would transport smoke and dust
southwards at altitudes around 10-20 km. The smoke and dust could reach
southern midlatitudes within a matter of a few weeks. This induced circu-
lation would be in marked contrast to the unperturbed circulation, which
leads to a very slow exchange of air between the Northern and Southern
Hemispheres, with characteristic times of a year or more. The normal rate
of exchange is illustrated by the observed lag of approximately one year
in the concentration of carbon dioxide in the Southern Hemisphere behind
that in the Northern Hemisphere, where most of the anthropogenic carbon
dioxide emissions occur (Pearman et aI., 1983).

The more recent three-dimensional simulations, in which the heating of
the smoke layer is allowed to force dynamical motions, all show this trans-
port into the Southern Hemisphere for smoke injections occurring in the
northern summer and, to a lesser degree, spring (see, for example, Figures
5.18 and 5.25). For smoke injections in the 150 million tonne or greater
range, appreciable visible absorption optical depths could be reached in the
southern subtropics within a matter of two to three weeks. Since the inter-
active simulations have not been run for time intervals longer than about
six weeks, the ultimate extent of the smoke coverage in the Southern Hemi-
sphere has not been determined. However, the model results all indicate that
the lofted smoke which would be moving into the Southern Hemisphere
would be well above the level of significant precipitation (see especially Fig-
ure 5.26), and that lower level precipitation in the Northern Hemisphere
would be greatly reduced by the increased lower level static stability (Fig-
ur{}s5.21 and 5.14). This implies that the smoke could have a long lifetime,
on. the order of months to years. It would then have time to mix much
more evenly between hemispheres and even to higher southern latitudes.
Thus, in the Southern Hemisphere, optical depths might reasonably be ex-
pected to continue increasing beyond the first few weeks and, possibly, to
produce significant land surface cooling in continental midlatitudes. This, of
course, would not be true if other processes such as coagulation, accretion of
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sulfuric acid and subsequent gravitational settling or oxidation, were to op-
erate to remove the smoke from the stratosphere.

The magnitude of the effects in the Southern Hemisphere likely would
be highly dependent on the season in which the smoke injection occurs.
For major injections occurring in the Northern Hemisphere during spring,
summer, or early autumn, the transfer of large quantities of smoke to the
Southern Hemisphere seems likely. However, smoke injected during the
northern spring or early summer would arrive at southern latitudes in the
southern winter, when it would have a minimal effect on surface tempera-
tures. In this case the operative question is how much of this smoke would
still be in the atmosphere when the following southern spring and summer
arrive. In view of the relatively high altitude at which the transport would
occur, it seems probable that a large fraction of the smoke would still be in
the upper atmosphere unless some chemical process destroys it in situ (see
discussion in Chapter 6). It is possible that the most serious effects for the
Southern Hemisphere would occur in the event of a late summer or early
autumn injection in the Northern Hemisphere. In this case, the southward
drifting smoke would be continually heated and lofted by the maximum so-
lar intensity during the change of seasons. This heating and the associated
circulation probably would produce the greatest transport of smoke into
the Southern Hemisphere, and the smoke would be present in the South-
ern Hemisphere summer, when its effect on surface temperature would be
maximized.

If injection occurred in the northern autumn or winter, the smoke and dust
probably would be confined to high northern latitudes until northern spring,
as indicated in Figure 5.23. Thus, the potential effects on the Southern
Hemisphere depend crucially on the lifetime of this smoke and dust in the
northern winter atmosphere. The results of Malone et a!. (1985) suggest that
the lifetime could be very dependent at that time of year on the initial height
of injection (see Figure 5.24). For smoke injected between 0 and 9 km with
a uniform concentration (the NRC, 1985, scenario), the particle lifetimes
after about 40 days of simulated time are estimated to be of the order of 45
days. However, only 14% of the original injected mass remains at day 40.
A projection to the following northern spring based on these figures would
lead to a considerable reduction in total smoke levels, leaving only some
3-5% of the particle mass remaining 3 months after the initial injection. If
this were correct, significant effects in the Southern Hemisphere could only
occur for total initial smoke injections of the order of 1000 million tonne
or more, which is about an order of magnitude greater than the estimated
injection mass (see Chapter 3). There is, however, great uncertainty in these
estimated lifetimes, as they are highly dependent on the initial height of
injection and on the simulated precipitation rates under perturbed Arctic
conditions.
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There are processes other than the direct attenuation of sunlight by trans-
ported smoke layers by which Southern Hemisphere weather and climate
might be affected, especially if significant amounts of smoke were present in
the Northern Hemisphere in the northern spring or summer. Perturbations
to atmospheric and oceanic circulations could affect winds, temperatures,
and precipitation, even in a Southern Hemisphere not covered by smoke.
As discussed in Section 5.7.2, the northern summer monsoons might be
curtailed by the lack of solar insolation in the Northern Hemisphere. This
could lead initially to a surface outflow of cold air from Asia and to a burst of
"monsoon-type" rainfall during the normal dry season in northern Australia
and the southern subtropical monsoon regions of Africa.

Changes in the global circulation induced by the presence of smoke
and dust in the Northern Hemisphere would probably result in a direct,
thermally-driven meridional circulation with air moving southward across
the equator at about 10-20 km and descending in middle latitudes of the
Southern Hemisphere. This could lead to surface warming and a marked
decrease in cloud cover and precipitation until smoke and dust were to
move overhead. At this point, the surface warming would turn to cooling,
but there would not necessarily be any significant increase in precipitation.
Changing wind patterns might, however, alter this picture somewhat. Also,
the presence of the direct thermal circulation might strengthen the zonal
winds in the mid-latitudes of the Southern Hemisphere. This could cause an
increase in orographic rainfall on windward exposures, but the effect might
be short-lived if the induced meridional circulation were to achieve a fairly
uniform mixing of smoke and dust into the Southern Hemisphere within a
matter of a few months. After that, one might expect the vigor of the cir-
culation in the lower atmosphere to decrease somewhat due to the reduced
energy input into the surface and troposphere. Malone et al. (1985) suggest
that this reduction in solar insolation might be about 20%.

Finally, it must be emphasized that the preceeding discussion is, of neces-
sity, somewhat speculative. It is, however, based on reasonable extrapolation
from the modelling results and on scientific judgement. While far from es-
tablished, the conclusions are the best that can be drawn at this time.

5.7.7 Longer-Term Effects

.Since, under certain scenarios, severe atmospheric effects resulting from
a nuclear exchange could last for weeks to several months, and since large-
scale nuclear war would cause other damage to the environment, it is natural
to ask whether climatic changes could be induced on time-scales of years.
In all probability, climatic perturbations resulting from a nuclear exchange
would be, on climatic time-scales, only a sharp transient disturbance. While
that transient could have disastrous human and biological consequences, the
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Earth's climate would be expected to return to the current "normal" unless
the initial disturbance triggered some climatic feedback process that would
alter the energy balance of the Earth, either permanently or on a much
longer time-scale. While the possibility of such a drastic climatic change
cannot be completely dismissed, it appears to be unlikely.

There are, however, several processes that might have effects on the req-
uisite time-scales to cause long-lasting climate perturbations. The recent re-
sults which confirm the possibility of lofting smoke to altitudes exceeding
10-20 km raise serious questions about the ultimate fate of these particles.
The lifetime of soot particles at these altitudes becomes a critical question,
as is their effect on the chemistry and radiative properties of the upper
atmosphere. Death of vegetation from fire, radioactive faIlout, abnormaIly
cold conditions, or toxic chemicals in the surface air could result in reduced
evapotranspiration, which Mintz (1984) and Shukla and Mintz (1982) re-
gard as a significant determinant of regional and global climates. The death
of vegatation could also produce changes in surface albedo (e.g., Eaton and
Wendler, 1983; J urik and Gates, 1983) with effects on climate both at middle
and low latitudes, according to Otterman et al. (1984) and Sud and Fennessy
(1982), although this is disputed by Henderson-Sellers and Gornitz (1984).
The length of time that albedo effects would persist is dependent on the rate
at which some sort of vegetation would re-establish itself, thereby reducing
the surface albedo and restoring evapotranspiration rates towards normal
values. The re-establishment could be nullified if some positive feedback
process prevented the recovery of the vegetative cover. Several investigators
have argued that this has been the case in areas such as the Sahel, where
loss of vegetation due to over-grazing and drought has increased the surface
albedo and possibly led to increased aridity (Charney et aI., 1975). Whether
such a mechanism would operate outside certain already very sensitive ar-
eas is, however, very doubtful. (See Volume II for further discussion on this
point.)

Settling and deposition of soot on snow and ice fields could decrease sur-
face albedo in areas that normaIly have permanent snow or ice cover, possi-
bly leading to increased solar heating and melting once the air-borne smoke
layers have cleared (Warren and Wiscombe, 1985). Such an effect would be
moderated by subsequent faIls of clean snow covering the layer of soot, or
by melting and subsequent run-off. In some circumstances, soot layers could
be exposed repeatedly at the surface following melting of over-lying snow. It
seems unlikely, however, that an effect lasting more than a few years would
be produced.

Robock (1984) studied the effects of snow-and ice-albedofeedback, which
he calculated would enhance the cooling in summer, especially in the sec-
ond summer when there would be less smoke and more solar radiation to

be reflected back into space by the increased snow and ice cover. He also
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pointed out that the transfer of heat from the oceans to the atmosphere in
the presence of an optically-thick smoke layer would cause some cooling of
the mixed layer of the ocean. This, in turn, would feed back as a cooler lower
boundary for the atmosphere in the following years, which could prolong
the atmospheric surface cooling. Unfortunately, the lack of vertical resolu-
tion of atmospheric processes in his model makes the interpretation of such
results problematic.

The potential effect of the deposition of soot onto sea ice has been exam-
ined by Ledley and Thompson (personal communication). They find that the
largest perturbations of the sea-ice cycle might occur in spring, leading to an
increase in the summer ice-free period of from 2 to 3.5 months at latitude
82.5° N. The predicted disturbance in the annual cycle of sea ice that they
calculated continued into following years due to the increased absorption
of solar radiation by the ice-free surface waters. Large-scale sea-ice changes
could significantly affect climate, probably on the time-scale of a few years.

In view of its potential importance, the question of possible long-term
effects should be addressed more rigorously than has been possible here.
This will require not only improvements in understanding of the global
climate system and in models used to simulate it, but also requires better
definition of the short-term physical and biological impacts of a nuclear war.

5.8 PROVISIONAL TEMPERATURE EFFECT SCENARIOS

Most of the discussion concerning climatic consequences has been couched
in qualitative terms and broad generalities because of the uncertainties as-
sociated, in particular, with predicting detailed effects both on temporal
and spatial scales. However, as a result of interactions with biologists and
ecologists working on Volume II of this report and with other interested
persons, it was felt that an attempt should be made to offer a more quan-
titative assessment of the potential climatic effects. The provisional tem-
perature effect scenarios given in Tables 5.2 and 5.3 are the results of that
attempt.

These temperature scenarios are conditional on a wide range of variables
including, but not limited to, the total amount of smoke injected, the frac-
tion of amorphous elemental carbon in the smoke, the height of the ini-
tial injection, and the season in which the injection occurs. The suggested
temperature changes are given for broad geographical regions rather than
being location specific, and have wide ranges of uncertainty. They are, in
the absence of more definitive knowledge, interim and somewhat speculative
conclusions. These numbers should not be quoted without full acknowledge-
ment of their qualified and tentative nature. They are not "predictions" in
the sense of weather forecasts. They are estimates of the plausible ranges of
effects, based on a combination of model results and scientific judgement.
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The values presented in Tables 5.2 and 5.3 are estimates of the departure
from normal for surface air temperature for the NRC (1985) "baseline" case
of 180 million tonne of smoke injected with uniform density between 0 and
9 km altitude. Estimates are made for three time intervals: "acute", meaning
the first few weeks after smoke injection, with emphasis on the most extreme
effects in space and time (many areas could have lesser or less prolonged
effects); "~ntermediate", meaning the first one to approximately six months;
and "chronic", meaning one to several years after the nuclear war. The
ranges shown are fairly subjective estimates of confidence limits. They were
purposely chosen to be large so that there would be a high probability that
the temperature changes would fall within the range given.

The definitions used in the tables for "continental interiors" and "coastal
areas" have been left intentionally vague because of inherent uncertainties.
As a general guide, a place is effectively "continental" and free from oceanic
influences if it normally has a large diurnal range in temperature. This is
clearly not just a function of distance from the coast, but also of topography
and prevailing wind strengths and direction. As such, the appropriate desig-
nation for a particular site can change with the seasons, and could be very
different in a perturbed atmosphere. "Small islands" may be loosely defined
as islands small enough for land-sea breeze systems to penetrate effectively
to the interior. Very small islands have essentially an oceanic climate.

Temporal and spatial variability about these average changes is also of
interest. There is little evidence on this issue, but some broad principles
can be suggested. Firstly, in the acute phase, initial patchiness of the smoke
clouds would induce a large variability in the temperature and precipita-
tion changes. Qualitative estimates could be derived for specific scenarios
from a daily series of maps such as that shown in Figure 5.22. Secondly, in
the intermediate and chronic phases, when there is greatly reduced patchi-
ness of the smoke and dust cover, the day-to-day variability in temperatures
would probably become less than in the natural atmosphere, except perhaps
in coastal zones. The reduced variability would be the result of a reduced
diurnal cycle, generally less synoptic variability under a more stable ther-
mal stratification, and a smoke veil that would be far more uniform than
the normal patchiness of natural cloud cover. Coastal zones are a possible
exception since on-shore winds could bring much warmer air from over the
oceans, while off-shore winds could bring cold air from the continental in-
teriors. More confident predictions of likely variability in coastal areas must
await further modelling.

The tables are loosely based on injections that would be approximately
uniform with height. Injections at lower '3.ltitudes would tend to decrease
the magnitude of the changes given; higher injections would tend to in-
crease them. For late spring or summer injections, the effects of differences
in injection height would be fairly small because lofting of the smoke would
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TABLE 5.2.
TEMPERATURE ANOMALIES IN °C FOR SMOKE INJECTIONS AS DEFINED

IN THE NRC (1985) BASELINE CASE AND OCCURRING IN THE
NORTHERN HEMISPHERE DURING LATE SPRING OR SUMMER. THE

VALUES OF THE ANOMALIES MUST BE INTERPRETED IN THE
CONTEXT OF THE DISCUSSION IN THE TEXT

Footnotes:
a "Dense smoke" refers to smoke clouds of absorption optical depth of the order of 2 or

greater, staying overhead for several days.

b These values are climatOlogical average estimates. Local anomalies may exceed these lim-
its. especially due to changes in oceanic behaviour such as upwelling or El Nino-type
anomalous situations.

Acute Intermediate Chronicb
Region (first few weeks) (1-6 months) (first few years)

Northern midlatitude -15to-35 - 5 to - 30 0 to - 10
continental when under
interiors dense smoke"

Northern Hemisphere () to - 1 - I to - 3 () to - 4
sea surfaceb
(ice free)

Northern Hemisphere very variable. very variable, variable.
coastal areasb () to - 5 unless - 1 to - 5 0 to - 5

off-shore wind unless off-shore
when -15 to wind when - 5
-35 to - 30

Northern Hemisphere 0 to - 5 0 to - 5 0 to - 5
and tropical small
islandsb

Tropical 0 to -15 0 to - 15 0 to - 5
continental
interiors

Southern mid latitude initial 0 to + 5. 0 to - 15 0 to - 5
continental thenOto-IO
interiors in patches

Southern Hemisphere 0 0 to - 2 0 to - 4
sea surfaceb
(ice free)

Southern midlatitude 0 0 to - 15 in 0 to-5
coastal areas off-shore winds

Southern Hemisphere 0 0 to - 5 0 to - 5
small islands
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TABLE 5.3.
TEMPERATURE ANOMALIES IN °C FOR SMOKE INJECTIONS AS DEFINED

IN THE NRC (1985) BASELINE CASE AND OCCURING DURING
NORTHERN HEMISPHERE WINTER. THE VALUES OF THE

ANOMALIES MUST BE INTERPRETED IN THE CONTEXT OF THE
DISCUSSION IN THE TEXTc

Footnotes:
" "Dense smoke" refers to smoke clouds of absorption optical depth of the order of 2 or

greater, staying overhead for several days.

° These values are climatological average estimates. Local anomalies may exceed these lim-
its, especially due to changes in oceanic behaviour such as upwelling or El Nino-type
anomalies.

C These values allow for a considerable range of variation in smoke removal rates in the
Northern Hemisphere winter atmosphere. More rapid removal rates would lead to neg-
ligible effects on the intermediate and chronic time scales, less rapid removal to upper
limits for effects as indicated here.

Acute Intermediate Chronico
Region (first few weeks) (1-6 months) (first few years)

Northern midlatitude 0 to -20 when 0 to - 15 0 to - 5
continental under dense
interiors smoke"

Northern Hemisphere 0 0 to - 2 0 to - 3
sea surfaceo
(ice free)

Northern Hemisphere very variable, very variable, 0 to - 3
coastal areasb 0 to - 5 unless 0 to - 5 unless

off-shore wind off-shore wind
when 0 to -20 when Oto-I5

Northern Hemisphere 0 to - 5 0 to -5 0 to - 5
and tropical
small islandsb

Tropical 0 to -15 0 to - 5 0 to - 3
continental
interiors

Southern midlatitude 0 0 to - 10 0 to - 5
continental
interiors

Southern Hemisphere 0 0 to -1 0 to - 1
sea surfaceo
(ice free)

Southern midlatitude 0 Oto-IOin 0 to - 5
coastal areas off-shore winds

Southern Hemisphere 0 0 to - 5 0 to - 5
small islands
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tend to wipe out any differences in injection height. For winter injections,
however, lower injection heights might significantly reduce the estimated
changes, while higher injections might increase the longevity of the effects.

Injections of different amounts of smoke than used in developing the esti-
mates in Table 5.2 and 5.3 would change the estimated responses. However,
as yet there has not been as detailed a study of the possible range of effects
as for the case given by the tables, but, in recognizing that uncertainties are
large, some inferences can be made. For example, injection of about one-
third as much smoke (i.e., assuming an injection of smoke containing about
10 million tonne of elemental carbon) in the spring, summer, or autumn
would produce shorter and more patchy effects in the acute stage and in-
termediate effects more like the chronic effects given in Table 5.2; chronic
effects would tend to zero. Winter injections of such amounts would prob-
ably have only rather small effects in the acute stage that would disappear
relatively quickly. Injection of about three times as much smoke (i.e., smoke
containing about 100 million tonne of elemental carbon) would, on the other
hand, induce effects that would be more extensive and longer lasting. The
acute stage in the Northern Hemisphere would not be much worse in mid-
continental regions, but the area affected would be larger and the effects
would last months rather than weeks. The intermediate effects in the South-
ern Hemisphere would be similar to those in the Northern Hemisphere and
the chronic phase would be more severe and longer-lasting in both hemi-
spheres. As these examples indicate, the effects would not be linear in smoke
levels, and thus caution must be exercised in interpolating or extrapolating
the data.

It should also be re-iterated that the information given in Tables 5.2 and
5.3 should not be construed as "predictive". The values are offered as guide-
lines based on the currently available model results and extrapolation from
current knowledge of how the atmosphere works. They should be used and
quoted only within these constraints.
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