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PREFACE

The popular question, "Does the detonation of nuclear weapons
affect the weather?" is here examined in a wider context, including
the possible effects on climate of massive detonations such as might
be expected in a major war. The author examines some of the most
probable ways of affecting the weather and shows that our knowledge
is yet insufficient to provide unambiguous answers.

This Memorandum represents one part of work being done by RAND for
"the United States Atomic Energy Commission, Division of Biology and
Medicine, Technical Analysis Branch (TAB), on the biological and environ-

mental consequences of nuclear war.






SUMMARY

The possibility that the energy, the debris, or the radiocactivity
of nuclear detonations in large number may affect the climate and the
weather is explored, Because of the complexity and the lack of thor-
ough understanding of the interdependent meteorological processes, it
is impossible today to predict the consequences of artificial atmo-
spheric stimuli. This paper explores ways that the by-products of a
nuclear war may interfere with the dynamical, hydrological, and radia-
tional processes in the atmoéphere. The difficult problems of estimating
quantitatively the weather and climatic changes are avoided except to
emphasize the ambiguities of such estimates. The study indicates that
the interference with the atmospheric processes in some cases can be
sufficient to produce changeé in them; however, it stresses that the
nature, extent, and magnitude of the resulting 'anomalies in the

weather and the climate are uncertain.
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I. INTRODUCTION

The testing of nuclear weapons was accompanied by considerable
speculation about effects on the weather. Finding that the phenomena
produced by the explosions were orders of magnitude smaller than
similar, naturally occurring phenomena, most scientists concluded
that the tests could create no measurable effect on the weather at
distances greater than a few miles from the test site. However, the
possibility of nuclear war remained, and the effort to evaluate the
post-war environment increased. Changes in weather and climate were
among the many problems considered. 1If a large number of weapons were
to be detonated, the magnitude of the bomb-produced phenomena could
approach the magnitude of natural phenomena, This seemed to eliminate
the arguments that weather anomalies could not result from nuclear
Aetonations. One study presented an argument that a nuclear war might
produce an ice age (Stonier, 1963), Another presented a chronological
table of possible meteorological events in the decade following a large-
scale nuclear war (Ayres, 1964). Whilg some such conjectures must be
conceded possible, they should be tempered with the understanding that
they can be neither proved nor disproved. This uncertainty stems from
the lack of understanding of many complex and interdependent meteoro-
logical events. Nevertheless, because of the impact of weather and
climate on man's activities, it is particularly important to give some
consideration to possible changes during a post-war recovery period.

While it is not possible to predict with certainty the effects on

the weather of such artificial stimuli as those resulting from nuclear



detonations, critical appraisals can point to the most probable sources
of weather anomalies, and some may indicate at least the initial re-
sponses of the atmosphere. But the culmination of the effects remains
unpredictable. Until further knowledge is gained of how man can in-
tentionally or may accidentally interfere with the weather processes,
we must be content with a less-than-satisfactory appraisal of effects
of nuclear war on the atmosphere,

Before seeking sources of weather anomalies that may be produced
by a nuclear war, we should arm ourselves with the general principles
of atmospheric behavior. The next section.will be a short outline of
important atmospheric processes, particularly emphasizing.areas where
interference might succeed. With this information we can then examine
the suggested effects of nuclear detonations on atmospheric processes
to determine those most likely to produce changes in weather or climate.
The atmosphere's'initiél response will subsequently be indicated for
some cases, but pronouncements on the final or equilibrium state will
be avoided because that state cannot be reliably described,

Rather than specify the possible meteorological consequences of nuclear
war without knowledgé of their likelihood, this paper will point out
the probable sources of weather change and, in doing so, direct attention
toward areas where improved understanding of the atmosphere will aid in

the solution of this important problem.



- 1II, SOME PRINCIPLES OF ATMOSPHERIC BEHAVIOR

This section attempts to provide the fundamental knowledge of atmo-
spheric behavior needed to evaluate the credibility of several proposed
theories of weather modification resulting from a nuclear war. But at
the same time it is hoped that the discussion will provide a better appre-
ciation of the complex interactions of several atmospheric processes. It
should aid in the identification of stimuli most likely to produce weather
changes but will also stress that, although we can estimate how changing
a given parameter may modify # second parameter, the ultimate effects on
the atmosphere as a whole are difficult to determine., It may even be that
the ultimate consequences would tend to damp out the initial effect.

The atmospheric behavior is controlled by three distinct, yet in-
terdependent, processes: the radiational, the dynamical, and the hydro-
logical, The source-of energy for the atmosphere is the radiation from
the sun, Therefore, a description of the disposition of radiation reaching

the atmosphere will provide a logical starting point.

*
The global average flux of solar radiation reaching the top of the
\ -2 . -1 -2 -1 , s

atmosphere is 0.5 cal em " min = or 720 cal am ~ day ~. This radiation
is dispersed by scattering, absorption, and reflection within the atmo-
sphere and at the earth's surface. Earth and atmosphere too radiate en-
ergy, but at wavelengths longer than the sun's. Since, on the average,
the earth and atmosphere are neither warming nor cooling, we assume the
solar heat gain is exactly balanced by a terrestrial heat loss. The annual

heat budget, averaged for the whole earth (London, 1957) is shown in Fig. 1.

*
The global average flux is given by Sﬂaz/aﬂaz, where S is the
solar constant and a is the radius of the earth.
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In this figure the amount of radiation reaching the top of the atmosphere -
is taken as 100 units. To summarize the data in this figuré, 35 units

of solar radiation are returned to space by reflection and scattering,
whereas the remaining 65 units are absorbed by the atmosphere and the
ground. This gain of 65 units is balanced by a loss of an equal number
of units, partly by a transmission through the atmosphere of radiation
from the ground, but mostly by radiation from the troposphere and strato-
sphere. It should be noted that radiation is not the only source of
heat for the atmosphere. The atmosphere also gains heat by turbulent
transfer from the surface and through evaporation with eventual con-
densation in the atmosphere. The net value of these nonradiational
processes appears inmsignificant when the global heat budget is
considered. However, an investigation of the heat budget for various
latitudes will adequately show their importance. This point will be
cﬁnsidered next.

The net gain of radiative heat by the earth and atmosphere for
various latitudes is given in Fig. 2. These results by Budyko (1956)
show a surplus of radiation at low latitudes and a deficit at high
latitudes. If such a condition were allowed to continue without a
redistribution of heat, clearly the tropical regions would become
progressively warmer while the poles would become colder. The heat is
redistributed by ocean currents and by horizontal fluxes of sensible
and latent heat in the atmosphere. The mechanisms of heat transport
in the atmosphere are significant, since they are an important link
between the radiative, hydrological, and dynamical processes., The

simplest mechanism providing a north-—south heat transport from the
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equator to the poles is a direct meridional circulation often referred
to as the Hadley regime, However, the meridional flow neceésary to
produce the required transport of heat by itself, would also produce
a dynamically unstable east—west flow in the atmosphere. Instead,
the atmospheric flow at mid latitudes departs markedly from a symmetri-
cal circumpolar vortex and actually consists of quasi-horizontal waves.
The air in these disturbances moves from low levels and low latitudes
upwards and poleward while air from the upper levels and higher lati-
tudes moves downward and equatorward. Moisture condenses in the warm
air moving poleward, forming clouds and precipitation, thus providing
the required transport of sensible and latent heat. The waves just
described are the frontal systems responsible for weather changes at
mid latitudes. At low latitudes the Hadley type of circulation is the
primary mechanism for transporting heat and moisture. The transport
of latent and sensible heat by the atmosphere and the trénsport of
heat by the oceans are shown in Fig. 3. In this figure the positive
values show a gain of heat by the earth and by the atmosphere at any
given latitude. The heat gained or lost by these processes exactly
balances the net loss or gain shown for the same latitude in Fig. 2,
The radiational processes supply heat to the earth and atmosphere
either directly through ébsorption or indirectly through the hydrological
cycle of evaportation, condensation, and precipitation. It is the
dynamical processes resulting from heat imbalances, then, that cause
heat and moisture to be redistributed withinbthe atmosphere,

The importance of cloud formation should not be overlooked. In
Fig. 1 it will be noted that 24 per cent of the incoming solar radiation

is reflected by clouds. Increasing or decreasing clouds can significantly
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affect the amount of energy available to the atmosphere and thus
influence the temperature (Ohring and Mariano, 1964).

In theory, the weather could be modified by disturbing any one
of the three processes discussed above. However, it should be clear
that the ultimate effects on the weather are not confined to the
disturbed process; the other processes will also be affected to some
extent,

These are the basic principles of atmospheric behavior. Some

pertinent details will be discussed in the next section, in which

suggested effects of nuclear war on the weather are examined.
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III. SOME SUGGESTED EFFECTS OF NUCLEAR DETONATIONS ON THE WEATHER

- The energy, the debris, and the radioactivity producedlby nuclear
detonations have been suggested as possible causes of weather anomalies.
This section will explore how these by~-products of a nuclear war may
interfere with the dynamical, hydrological, and radiational processes
in the atmosphere and determine whether the interference appears suf-

ficient to produce significant changes in them,

Effects on Dynamical Processes

The awesome event of a nuclear detonation suggests to many that
the energy released may produce changes in the dynamical behavior of
the atmosphere. Now if we ask how the energy of a 20-MT bomb compares
with the 2 x 1021 cal absorbed daily by earth and atmosphere together,
we find that one such bomb exploded approximately every second of the
day would not quite match it,

A single feature of the atmosphere, however, seems at first glance
to be more nearly comparable in potency to the bomb. A storm system
covering 15 x lO5 kmz has an estimated instantaneous value of kinetic
energy equivalent to 4 x 1016 cal, or just twice that of the 20~MT bomb.
However, the storm requires a constant supply of energy to counteract
frictional dissipation. If the rate of dissipation were 1 cal m—2

sec the storm would last about 8 hours. To maintain the storm
_;gainst this dissipation for the normal 5- to 6-day lifetime requires
energy the equivalent of that from a 90-KT bomb every minute or a total
of5650 to 780 megatons during the lifetime.

But the l-minute duration of one nuclear explosion and the few

square kilometers it affects are not appropriate scales of energy



-11=

release for maintaining a process of the duration and scope of a storm
system.

The effects of a rapid release of explosive energy over a small
area are well known. High-frequency pressure waves of the acoustical--
gravitational type comparable to those produced by the 58-MT Soviet
explosion in October 1961 also followed the eruption of Krakatoa on
August 26, 1883 (Wexler, 1962). Waves of this type radiate from the
source of the explosion much as do the waves from a rock dropped in a
pond. On a spherical earth, however, they travel to the antipodes where
they are reflected toward the-source. After the Krakatoa and Soviet
detonations, the waves traveled several times around the earth. It is
doubt ful that waves of this type could have any effect on the storm-
producing systems of the atmosphere. Even if all the energy in such
waves, produced by detonations totaling 10,000 MT, were dissipated
uniformly around the earth within the lowest 1 km, the resultant
heating of that part of the atmosphere would be 1éss than 0.1°C.

Therefore, it seems that the energy released by nuclear detonations
could not supply the conditions required for storm formation. It has
been suggested, however, that a nuclear detonation may disturb an already
dynamically unstable flow and thus '"trigger' a storm by releasing pent-
up natural forces. This may have been so at Bikini in July 1946, It
has been theorized that the underwater detonation ejected vast quanti-
ties of water into the atmosphere, and caused a potentially unstable
air mass to rise, thus producing clouds and about 30 minutes of rain.

It is likely, though, that precipitation would have occurred without
the stimulus of the bomb. Granting that a large number of detonations

within a small area could trigger a storm, one might then ask whether
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the storm could continue to affect subsequent weather patterns. To
produce long-lasting effects over an extended area would reduire the
modification of conditions extermal to the storm either by detonations
or possibly by the storm itself, It does not seem reasonable to assume
that the general intensity or frequency of storms over an extensive area
and for periods as long as a season could be affected, since both the
intensity and frequency of future storms are not necessarily consequent
upon the initial disturbance. Rather, they are affected by the 1arge?
scale patterns of sclar heating in the atmosphere and depend upon the
dynamical stability criteria inherent in the atmospheric flow. Any
lasting effect of the artificially induced storm would be confined to
the immediate locality and would be sustained only as long as some local
imbalances were sustained. An imbalance might be, for example, a
storm~induced "feedback” mechanism, creating only minor changes in storm
tracks. For exaﬁple, Namias (1962) has suggested that, in 1960, an
anomalous snow cover at low latitudes may have caused a local atmospheric
loss of heat, thus creating conditions favorable for storm generation
at lower~than-normal latitudes. It is not known whether the anomalous
snow cover could have resulted from a single abnormal event or whether
it should be attributed to a larger-scale change in the normal atmo-
spheric circulation. However, the snow cover seemed to play an impor-
tant role in maintaining itself and in modifying the normal storm track.
In summary, it is not probable that the weather would be affected
by the addition to the atmosphere of energy released by bombs. Although
it may be argued that a storm can be triggered, the effects would be
short-lived unless the storm could produce feedback to the atmosphere.

Significant changing of the weather by the energy released through
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nuclear detonations seems unlikely, because those very conditions neces-
sary to permit artificial weather changes would probably create similar
effects in the absence of the artificial stimuli.

Effects on Hydrological Processes

The large quantities of dust produced byva surface detonation,
the ions produced by all nuclear detonations, and the modification of
the atmosphere's electrical properties resulting from the increased
ionization have been suggested as stimuli that may increase cloudiness
and precipitation., Some of these suggestions are the result of mis-
conceptions of the cloud- and-precipitation-forming mechanisms. In
other cases it must be admitted that too little is known about the
microphysics of clouds and precipitation processes to state unequiv-
ocally what these stimuli might do. A discussion of the theories of
cloud and precipitation formation will be helpful in sorting out the
suggested effects of nuclear detonation products on these processes.*

It has long been observed that in pure air (air without foreign
particles and ions) the relative humidity can reach about 800 per cent.

Since humidities in the atmosphere rarely exceed 100.1 per cent, we

must have particles called condensation nuclei to initiate cloud forma-

tion at such a realistic humidity. The nuclei in the atmosphere can be
classed as nonsoluble wettable, nonsoluble hydrophobic, and soluble
hygroscopic. The nonsoluble hydrophobic nuclei can be disregarded for
our purposes because, as the name implies, they tend to repel water;

to start condensation requires humidities that do not occur in the

atmosphere, TFor nonsoluble wettable nuclei, the required degree of

A more comprehensive discussion of cloud and rain formation can
be found in; Clouds, Rain, and Rainmaking by B. J. Mason (1962).
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supersaturation depends primarily on their radii, r,

20 1
In§ = —— - . 1)
PRT r

where S is the saturation ratio (or humidity if expressed as percentage),
0 is the surface tension of the water surrounding the nuclei, p is the
density of water, R is the universal gas constant, M is the molecular
weight of water, and T is the temperature. Some values from this equa-
tion are given in Table 1.

Table 1

VALUES OF THE HUMIDITY REQUIRED
TO INITIATE CONDENSATION ON PARTICLES OF RADIUS r
" (The values used in the computation are: M = 18;
R = 8.314 x 10/ erg mol~! °k~1l; o = 72,75
dyne em™}; T = 293°K; p = 1 g an~3)

Nucleus Radius, Humidity

r () (per cent)
1073 293.0
1072 111.4
107} 101.1
10° 100.1
10t 100.01

For humidities occurring in the atmosphere (<100.1 per cent), the
nonsoluble wettable nuclei must be larger than i, (10_4 cm) to start
condensation, A charge on the nonsoluble particle does decrease the
degree of supersaturation required for condensation, but the charge
effect is too small to reduce significantly the required size of the
nucleus. For example, including the effect of an electrical charge,

Eq. (1) becomes
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2o 1 q M 1 .
InS§ = — — - —— i (2
PRT 8mepRT r

where q is the electrical charge on the particle, e is the dielectric
constant for air (taken equal to 1), and the other symbols are the same
as in Eq., (1). For very small particles =-- aggregates of a few mole-
cules -- the second term on the right of Eq. (2) dominates. But even
in the presence of a charge, humidities much greater than 100 per cent
are needed for particle growth. A particle of radius 6 x 10-4u with

a charge of one electron (q ='4.8 X 10-10

e.s.u.) requires a humidity
of 356 per cent. For particles near lu radius the effect of the charge
is negligible for reasonable values of q. For a smaller particle, say,
10'2u, a charge equivalent to more than 100 electrons is needed to start
condensation at humidities found in the atmosphere. According to
Greenfield (1955), it is unlikely that debris from nuclear detonations
will have a net charge. Therefore, ions and radioactive particles will
not be preferred as nuclei for condensation. Although the number of
large nonsoluble nuclei in the atmosphere will increase, they will have
to compete with the natural nuclei for available moisture. Of the
natural nuclei in the atmosphere soluble hygroscopic nuclei are the
most effective, for condensation on soluble hygroscopic nuclei can
start at relative humidities below 100 per cent because the presence

of solute in the cloud droplet reduces the equilibrium vapor pressures

of the surface. For humidities near 100 per cent, it can be shown that

20M 1 8.6m 1
s = 1+— -- — — 3)
PRT M T
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where m is the mass of the solute and M, is the molecular weight of

1
the solute, Common types of hygroscopic nuclei are sulfurié acid and
salts such as sodium chloride. The combustion process furnishes

finely divided carbon, and the more important sulfur dioxide which,
through the oxidizing action of the sunlight, becomes sulfuric acid.
Using Eq. (3) it can be shown that a sodium chloride crystal of

radius 1.03 x 10'1u and mass of 10.14 gm will grow to a droplet of
one-micron radius if the humidity is 100 per cent, If the humidity
exceeds the critical value (in this case 100.042 per cent), the drop~
let can grow without limit, A nonsoluble nucleus the same size as the
salt crystal would require a humidity of 101.1 per cent to initiate
condensation, a value of humidity that exceeds the critical value for
unlimited growth on the salt crystal. In nature, many droplets are
competing for moisture at the same time. If water vapor is not avail-
able at a rate greater than the growth rate of all the droplets, the
humidity decreases and the growth is checked. Clearly these conditions
for condensation favor the hygroscopic nuclei., Because there seems to
be an abundance of hygroscopic nuclei, only the largest nonsoluble
nuclei will be active,

It is hard to predict the effect that an increased number of large
nonsoluble nuclei might have on cloud formation. Nature gives some
hints. For example, concentrations of nuclei vary from 105 particles
per cm3 near industrial cities to 103 particles per cm3 over ocean
areas. This large difference in concentration does not seem to affect

the development of clouds. However, there are some indications that

clouds over ocean areas contain fewer, but larger, droplets (10/cm3
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of radius ~25.) than the clouds formed over continents (103/cm3 of ra-
dius 2 -~ 54)., Therefore, by increasing the number of 1arge-non53}ub1e
nuclei the most likely effect, if any, would be an increased number of
smaller cloud droplets but no significant cﬁange in cloudiness, Obser-
vation seems to show that there are always sufficient nuclei to form
clouds. It is not justifiable, therefore, to assume that the water
content of the clouds would increase, since the availability of moisture
for condensation is unrelated to the number of nuclei present. The
possible change in cloud-droplet size-distribution might have some
effect on the efficiency of pfecipitation formation for reasons to be
considered next,

Describing the mechanisms by which cloud droplets can grow to
sizes large enough to fall as some form of precipitation is a major
problem of cloud physics. The two commonly proposed processes -- the
Bergeron ice-crystal process and the coalescence process -- may be af-
fected by a large number of nuclear detonations, Briefly, the ice-
crystal theory states that ice crystals, when surrounded by supercooled
Qater droplets, will grow at the expense of the water droplets, since
vapor pressure is less over ice than over water. In other words, when
the air is saturated with respect to water it is supersaturated with
respect to ice and condensation on the ice crystal will result. Water
droplets are observed in clouds often at temperatures as low as -20°C
and sometimes =-35°C; thus if ice crystals are introduced into the cloud.
the stage is set for creation of large drops. However, as in the case
of condensation, the initiation of freezing requires a suitable nucleus,

The most active ice nuclei are nonsoluble wettable particles of dust
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and soil about 1y in radius, Silicate minerals of clay and mica were
found to produce one ice crystal for every 10,000 particles in super-
cooled clouds at temperatures of -15°C or higher. The most abundant
mineral is kaolinite, which is active at a temperature of -9°C. The
prevalence of liquid-water clouds down to -15°C suggests that efficient
ice nuclei are rare, at least at the altitudes where ice crystals "seed"
the supercooled clouds. It is not unreasonable to suspect that the
efficiency of the Bergeron process might increase if the large amounts
of debris produced by surface detonations can act as ice nuclei.

The coalescence theory sﬁates that large cloud droplets falling
relative to smaller ones grow by collecting the smaller droplets. An
extension of this theory indicates an increase of collection-efficiency
if the cloud droplets are falling through an electrical field or if
they contain a net charge. Following a nuclear explosion, the ioniza-
tion of the air increases, thus increasing the conductivity of the
air and decreasing the potential gradient in the atmosphere. An
increasing droplet charge and a decreasing potential gradient have
opposite effects on the collection efficiency; therefore, the net
effect on precipitation is uncertain.

One may conclude, first, that the number of water clouds will
probably be unchanged as a result of an increase in the number of non-
soluble nuclei, but the mean radius of the cloud droplets may decrease
and the concentration of droplets may increase. Decreasing the mean
radius may slow droplet growth and inhibit precipitation. Second,
the nonsoluble particles may act as ice nuclei if they are dispersed

high enough in the troposphere, and thus increase ice-cloud formation.
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The increased number of ice crystals, under proper conditions may en-
hance the precipitation process. Third, the net effect oﬁié;gqipita-
tion of the increased ionization in the atmosphere is indeterminable
at present.

Clearly the effect of bomb debris on precipitation is unknown,
But if there is an effect, how long could one assume it to last? If
the debris were confined to the troposphere, the precipitation changes
could last only a few months,4since rainfall is a very efficient scav-
énger of atmospheric contamination. However, a large number of small
particles would probably spre;d throughout the stratosphere, slowly set-
tling out in two or three years. If the stratospheric debris is success-
ful in modifying the precipitation, the long-term effects on the hydrolog-
ical cycle and heat balance of the atmosphere must be determined before
predictions of weather and climate change can be made. Any long-term in-
creases or decreases of precipiﬁation must be accompanied by an acceler-
ation or deceleration of the hydrological cycle. Adjustments of the heat
budget should follow, since the transport of latent heat would probably
be affected. As an example, consider the consequences of changing the
water balance north of 25° latitude. According to Starr, et al. (1957),
the average amount of water vapor transported across 25°N by the atmo-
spheric motion is near zero (Fig. 4). Therefore, the average annual pre-
cipitation north of 25° must be balanced by the evaporation in this regiom.
The precipitable water-vapor content of the atmosphere north of 25° aver-
ages 1,53 gm/cm2 (Fig. 5). 1If the annual average precipitation for this
region (72.6 cm) were to increase by 10 per cent, all other processes

remaining the same, the supply of water vapor would be depleted in less
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than three months. Obviously, other atmospheric changes must occur if
an increase of precipitation is to be maintained for long periods.
Either increased evaporation or a different circulation in low lati-
tudes, resulting in a moisture transport across 25°N, could provide
the necessary moisture. Both would have far-reaching consequences on
the weather patterns.

However, it is mot reasonable to assume that the circulation would
respond immediately to the increased precipitation without intervening
changes in the heat budget. The evaporation would be expected to
increase, following an initial "drying out'" trend in the atmosphere,
since evaporation is in part a function of the vertical gradients of
moisture near the surface. Increasing the evaporation would ultimately
result in a modification of the heat balance at the surface. Within
any latitude belt, the average net gain of heat through radiational
processes at the surface is equal to the sum of heat losses by evaporation
and by turbulent transfer, and the heat loss or gain through horizontal
transport in the oceans. Changes in the ocean transport would probably
be small, at least inmitially, and since the mechanisms of vertical
sensible-heat transfer and latent-heat transfer are closely related, it
is unlikely that the increasing heat loss by evaporation will be
balanced by a decrease in turbulent heat transfer alone. The most
probable source of the heat needed for evaporation is the increase in
the net gain of radiation at the surface either by an increased insola-
tion at the surface (implying a decrease in atmospheric albedo ‘and, there-
fore, in clouds) or by decreased longwave radiation from the surface
(implying a lower surface temperature). Only the latter seems reason-

able, assuming an increase in precipitation. These modifications of
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the heat budget could lead to changes in the atmospheric circulation,
but it is difficult to determine the nature of the changes.- If all the
processes proceed at a suitable rate, the circulation cohld change the
whole character of its behavior and remain changed until the disturbing
influence was removed. On the other hand, if any one of the processes
failed to change in the proper proportion or at the proper rate, it is
possible that the initial tendency toward increased precipitation would
be inhibited. For example, if the rate of evaporation failed to increase,
)
or if the moisture transport process failed to intensify, the rate of
precipitation could not remaiﬁ at the higher level without "drying out"

all or part of the atmosphere north of 25° latitude.

Effects on Radiational Processes

A more direct method of changing atmospheric processes would be to
interfere with the incoming radiation. Both stratospheric dust and more
frequent or thicker ice clouds can modify the incoming solar energy
available to the atmosphere. This idea is not new. Humphreys (1913 and
1940) proposed that the large quantities of stratospheric dust produced
during periods of extensive volcanic activity could be used to explain
the ice ages. Measurements indicated that direct solar radiation de-
creased by as much as 20 per cent following such large eruptions as
Krakatoa in 1883 and Katmai in 1912, Humphreys argued that this decrease
of direct scolar radiation, if maintained for long periods, would ulti-
mately lower the mean surface temperature., Although there are some over-
simplifications in the theory leading to this conclusion, it must be
accepted that a decrease in the direct solar radiation by as much as 20
per cent could significantly modify the radiation balance of the earth

and atmosphere,



-2 lm

Estimates of the amount of stratospheric dust produced by Krakatoa
or Katmai are not precise. Wexler (195lb and 1952) quoted a value of
13 mi3 (~ 54 km3) for the amount of debris thrown into the atmosphere
by the eruption of Krakatoa. Of this amount he assumed that 1/3 con-
sisted of particles small enough to remain suspended in the strato-
sphere for long periods. However, estimates of the size and concentra-
tion of the ejected dust, made from studies of the atmospheric opti-
cal phenomena created by the dust, suggested much smaller quantities.
For example, Humphreys estimated the diameter of'the particles to be
1.85y and the number of particles above a 1-cm2 area to be 3.4 x 105,

*
while Deirmendjian (1965) estimated 1 to 1l.2u and 107, respectively.

Assuming an even distribution over the earth, the estimated total

3 2

volume of dust would be 5.7 x 10 km3 (Humphreys) or from 2.7 x 10

to 4.6 x ].O-2 km3 (Deirmendjian). These later estimates are probably
more valid than the much larger estimates of Wexler. Since the Krakatoa
debris had a known effect on the direct solar radiation, the volume of
0.5 x 10.2 to 5 x 10-2 km3 will be considered the criterion with which
to gage the effectiveness of debris from a nuclear war.

Surface or near-surface detonations in the megaton range are re-
quired to produce stratospheric dust layers. The cloud of debris from
submegaton detonations will not penetrate into the stratosphere, and
high~altitude detonations cannot produce significant quantities of dust.
Eor surface detonations, it is estimated that the cloud contains on the
order of one ton of debris for each ton of explosive force. Thus the

cloud from a one-megaton detonation will contain 106 tons of debris. Of

this material, only a small fraction of the particles will be fine enough

*
Private communication.
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(< 20 in diameter) to remain in the stratosphere for long. It is esti-

‘mated from measurements of the particle-size distribution in a nuclear
cloud that 0.1 to 1 per cent of the material consists of particles less
than 24 (see Appendix A). Each MT detonation would, therefore, add
between lO3 and 104 tons of debris to the stratosphere, This is equal
to a volume of 0.4 x 10“6 to 4 x 10“6 km3, assuming a density of 2.5
tons per m3. Therefore, detonations totaling 10,000 MT would produce
between 0.4 x 10"2 and 4 x 10-2 km3, a volume equivalent to the esti-
mated amount of stratospheric debris after Krakatoa.

The residence time of stfatospheric debris depends on the altitude
and latitude of injection. Studies of radioactive debris (Staley, 1960
and Friend, 1961), have indicated residence half-times ranging from a
few months to a few years. The larges§ values have been attributed to
injections at high altitudes in the tropics. For example, Staley suggests
an 18-month resiéénce half-time for material injected into the lower
stratosphere (about 20 km) in the tropics and a 9-month residence half-
time at similar altitudes but higher latitudes. The mean cloud height
of a 1-MT surface detonation is approximately 22 km and that of a 20-
MT detonation approximately 34 km. Thus, debris from detonations in
the megaton range will remain in the stratosphere for at least 2 to 3
years and possibly longer.

The»suggested modifications of the weather resulting from volcanic
debris in the stratosphere -- a lower mean surface temperature and an
increased north-—south temperature gradient -- are not indisputably
supported by observation. A close examination of Humphreys' data will
show, for example, that in many cases the eruptions have occurred at or

near the bottom of a cooling trend and not before it, as one might expect
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from a cause-and-effect relationship. In addition, thé statistical sig-
nificance of a 0.1°F (annual) and 0,16°F (winter) decrease bf t@f mean
hemispheric temperature for the five years following an eruption Mitchell,
1961) must be considered carefully, Alﬁhough the observational evidence
does not clearly demonstrate a relationship between a stratospheric dust
cloud and weather anomalies, it seems reasonable to assume that adjust-
ments to the radiation budget will take place. Thus, a further look at
the '"vulcanism" theory is in order to determine the nature of these
adjustments.

The vulcanism theory as‘presented by Humphreys assumes that the
dust cloud will reflect rather than scatter solar radiation, since the
dust particles are large compared to the wavelength of the solar radia-
tion. On the other hand, the cloud will have very little effect on the
terrestrial radiation, since the particles are small compared to the
waveléngth. It is further assumed that the small amount of terrestrial
radiation scattered will be equally dispersed in the forward and backward
directions. Neglecting absorption of radiation in the cloud, it is con-
cluded in the theory that the loss of solar radiation by reflection from
the cloud far excéeds the amount of terrestrial radiation trapped by the
cloud. This condition, it is argued, should result in a net cooling of
the earth and increased storminess.

The theory briefly described above was first presented by Humphreys
in 1913 and propagated in subsequent printings of his classical textbook

Physics of the Air. It does not, however, make proper use of scattering

theory as it is known today. A proper use must include results of a
theory for multiple scattering by absorbing particles. At the present

time, results are available only for the problem of single scattering by
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absorbing spheres. A description of these can be found in van de Hulst's
(1957) book on the subject. Only a brief discussion will bé given here
in order to point out some of the difficulties in the vulcanism theory
and to emphasize other possible effects of a stratospheric dust layer.
If radiation of wavelength A is incident on a particle of radius r,
the nature and amount of scattered and absorbed radiation can be shown
to be a function of a parameter x = 2mr/A and the refractive index, m =
n - in', of the particles, The scattering equations can be simplified
with certain limiting assumptions. For example, by assuming that x is
small and the product x(m - 1) is small, the solution to the complete
equations reduces to that given by the Rayleigh scattering theory. This

4 and

theory predicts that the scattered intensity is proportional to N
that the intensities in the forward and backward directions are equal,

On the other hand, if both (m - 1) and x(m ~ 1) are small, the complete .
equations reduce to a form given by the Rayleigh--Gans theory, which pre-
dicts that the ratio of forward to back scattering increases as x in-
creases. To evaluate Humphreys' vulcanism theory, we assume that (m - 1)
and x(m - 1) are large. In the limiting case, where m approaches infi-
nity, the equations reduce to a form for totally reflecting spheres. The
solution shows for small x, particles small compared to the wavelength

(x < 1,.38) that the scattering is predominantly backward. However, for
large x (x > 1.38) the scattering, as in the Rayleigh—Gans theory, has
the usual preponderance in the forward direction. Tﬁe apparent paradox
of a "totally" reflecting sphere scattering large amounts of radiation in
the forward direction is a result of diffraction of radiation by the
particle. As x increases, that is, as the ratio of particle radius to

wave length increases, the amount of diffraction also increases. The
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radius of the particles in the Krakatoa dust cloud has been estimated

at 0.5 to 1.0u. Therefore, for solar radiation (A~ 0.5u), x is between
6 and 12, For terrestrial radiation (A ~ 10y), x is between 0.3 and
0.6. The scattering theory predicts, therefore, that although a larger
amount of solar radiation will be scattered (x is large), most of this
radiation will be scattered in the forward direction. The terrestrial
radiation, however, will be mostly scattered backward. Without a

proper solution to the scattering problem, the net effect of the cloud
cannot be determined. Multiple scattering may be an additional compli-
cation if the concentration of particles is great enough.

Any absorption of solar or terrestrial radiation by the dust cloud
will modify the scattering effect on the heat balance. The radiation
absorbed will be reradiated partly to space and partly to the earth,.
Whether absorption by the cloud will tend to pfoduce a warming or a
cooling will depend upon the relative amounts of solar and terrestrial
radiation absorbed by the dust layer and upon the efficiency of the dust
particles in reradiating the heat.

The modification of the heat balance can be determined only by
first applying a radiative transfer theory including the effects of
multiple scattering and absorption. The results must also account for
the changes in the heat balance that can be expected to follow the
tgmporal changes of the number (and size) distribution of particles in
the dust layer.

While a solution to this complex problem does not exist at this
time, we may look at the possible initial trends in the heat balance

by assuming various combinations of absorption and scattering effects

in the dust layer. Emphasis must be pldced on "initial trends" since
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the subsequent adjustments of the dynamical processes and the hydro-

logical cycle cannot be precisely determined. As we have séen, the

three processes -- radiational, dynamical, and hydrological -- are

all important in determining the equilibrium values of the heat balance,
Equations for the effects of a dust cloud on the mean annual

heat budget for the earth and atmosphere have been derived in Appendix

B, where it is shown that the conditions for warming or cooling the

earth's surface or the atmosphere are given by inequalities in the

form:

(@' +s') > warming
——— =82% (a, s, £, p, v, @, 7, 8) {no change (&)
2 cooling

where B is the fraction of terrestrial radiation trapped by the cloud,
and a' and s' are the fractions of the longwave radiation absorbed and
scattered by the dust layer, fhe values of & for the earth's surface
are different from the values for the atmosphere, but in both cases
they are a function of the fraction of solar radiation absorbed (a) and
scattered (s) by the layer, the degree of forward scattering (f), the
albedo of the earth and atmosphere (p), the fraction of solar radiation
absorbed by the earth (y) and atmosphere (¥), the transmissivity of

the atmosphere to longwave radiation (7), and the fraction of the
radiation from the atmosphere returned to the earth (8). Complete
graphs of the function for the earth's surface and the atmosphere can
be found in Appendix B. Since the expected value of the attenuation

of solar radiation is approximately 20 per cent, only chg~portion of

the graphs given in Figs. 6 and 7 need be considered. These figures
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Fig. 6 — Graph of the function ¢ for the earth's surface.
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Fig. 7 — Graph of the function & for the atmosphere.
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are interpreted in the following way. For given values -- on the verti-
cal axis for radiation absorbed by the cloud; on the horizontal axis

(1 - f)s for radiation backscattered -- the value of & can be determined.
Then & is compared to the total attenuation of terrestrial radiatiom,
and the nature of the temperature change is determined from the condi-
tions given by Eq. (4). Consider for convenience that f is zero. Then
the horizontal axis will give the total per cent scattered, s. If the
total attenuation of solar radiation is 20 per cent, the dashed line be-
tween a = 0,2 and s = 0.2 will contain all possible combinations of a
and s, Thus from Fig. 6 and Eq. (4), we find that if B < 0.075, only
cooling ié possible, but if B > 0,18, only warming is possible. For a
value of B between 0.075 and 0,18 the exact values of a and s must be
known in order to determine the effects. For a equal to 0.1 and s equal
to 0.1, B < 0.125 would indicate cooling and B > 0.125 would indicate
warming. A sﬁniiar interpretation can be given to the & curves for the
atmosphere in Fig. 7. Note, however, the different character of the
curves for the atmosphere. For the same conditions discussed above

(f =0; a=0.1; s=0.1), we find that B < 0,065 would indicate cooling
and B > 0.065 would indicate warming. Unlike the results of Humphreys,
this analysis shows that the conditions for warming or cooling of the
surface are not identical to those of the atmosphere. The above example
shows three possibilities: the earth and atmosphere may warm, the earth
and atmosphere may cool, or the earth may cool while the atmosphere warms.
In Fig. 8 are given the curves of ¢ for the earth (solid line) and for
the atmosphere (dashed line). We see immediately that the earth and the
atmosphere curves with the same value of § do not intersect, indicating

that the earth and the atmosphere cannot both remain as they were before
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(1-f)s, radiation backscattered

Fig. 8 —~ Graph of @g ( ) and @a — .
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the dust cloud. Therefore, by injecting a dust layer into the strato-
sphere, there will always be some modification of the heat balance. Only
the degree to which the cloud will affect the weather-producing processes
is in doubt. Another consequence of the nonintersecting & curves is that
for any values of a and s, the $ values for the atmosphere are always

less than those for the surface. Hence in a new notation we can write

B < @a surface cools, atmosphere cools
§ <pB<? surface cools, atmosphere warms 5)
a g s P
$ <8 surface warms, atmosphere warms

g

where the first subscript, a, refers to the atmosphere and the sub-
script, g, refers to the surface. 1In addition, when B < @a the

atmosphere tends to cool less than the surface, and when B > @g the
atmosphere\tend5<to warm more than the surface. TFor example, if we

once again take a = 0,1, s = 0.1, and £ = 0, we can compute from

equations in Appendix B the values for the temperature change given

in Table 2.
Table 2
= < 3 < B = < < g =
B= 0.5 ?, @a B=.1 @g ég B= .15
Atmosphere -1°K +2°K +6°K
Surface -9k -2°K +1°K

Clearly, the cloud will tend to stabilize the vertical temperature

gradient,
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The values given in the examples above are not intended to suggest
expected changes following a nuclear war, but to serve only‘as an illus-
tration of the cloud effects. Reliable estimates cannot be given with-
out a better knowledge of the attenuating properties of the cloud.

Let us, however, assume a range of reasonable values for a, s, a', and
s', keeping in mind that '"reasonable" does not exclude other possibilities

that may be extreme. The results and assumptions for four cases are

given in Table 3.

Table 3

f s a B AIR AIa
Case 1 {.5 .2 0 0 -6°K | -4°K
Case 2 |.75 | .2 0 0 -3°K | -1.5°K
Case 3 |.75 .15 .05} 0 =4°K | -1.5°K
Case 4 | .75 | .15 | .05 }.05 0 +2°K

While a 20 per cent attenuation of solar radiation may be reasonably
assumed just by a comparison with Krakatoa and Katmai; it is evident
from the results that a knowledge of the forward scattering by the
cloud and terrestrial radiation trapped by the cloud is critical in
evaluating the effects of the cloud.

In computing the temperature changes presented above, no influence
by the oceans was considered. The oceans may affect the temperature
changes in two ways. First, because of the large heat capacity of the
oceans, one might expect a lag in the temperature changes and perhaps
a decrease in the magnitude of the temperature change, much as the

seasonal and diurnal temperature changes are modified at land statioms
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with an ocean influence. Second, it follows from the first that the
normal land=-ocean contrasts may be modified., These contraQts play an
important role in determining the mean temperature and pressure patterns
of the atmosphere. It is conceivable that with even minor change over
the continental areas but little or no change over the ocean areas, the
distribution of pressure and temperature around the earth at a given
latitude would be modified enough to produce anomalous weather patterns.
The results of Arakawa, et al. (1955) seem to bear out this contentionm.
‘In their studies on the causes of poor rice crops in Japan they conclude
that the relationships among cool summers, bad harvests, and volcanic
explosions is statistically significant, They further demonstrate

that, although the magnitude and wavelengths of temperature waves along
the latitude belt between 50°N and 60°N in years following eruptions do
not notably differ from those in other years, the patterns differ sig-
nificantly. Within this same latitude belt and over the Eurasian con-
tinent, the temperature is found to be below normal in spring, summer,
and fall, but above normal in winter, a result that could be attributed
to a modification of normal ocean—land contrasts.

In any theory used to predict the effects of stratospheric dust
layers on the weather, proper consideration must be given to north——
south variations of the heat budget since pole-to-equator temperature
gradients are important in determining the nature of atmospheric dis~
turbances. Humphreys proposed in his theory that the volcanic debris
would be evenly distributed in the stratosphere. He then argues that
because at high latitudes the radiation travels a greater distance

through the layer, the temperatures at high latitudes should be affected
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most, thus increasing the equator-to-pole temperature gradient. The
critical assumption here is that the debris will be evenly &istributed
in the stratosphere. Experience with radioactive debris in the strato-
sphere tells us that the final distribution depends greatly on the
altitude and the latitude of injection. Concentrations of debris in-
jected in the equatorial stratosphere (an example similar to the erup-
tion of Krakatoa) are found to be heaviest at low latitudes. Hence, al-
though at high latitudes the radiation travels a greater distance through
the atmosphere, the total attgnuation may there be less because of the
smaller concentration of debris, ILf we assume that the amounts of
sensible and latent heat transported in the atmosphere will remain
unchanged, the initial trend of the horizontal temperature gradient can
be determined for a given distribution of debris in the stratosphere.
For example, assume that the debris is distributed so that the net loss
of solar radiation will remain constant at all latitudes. Then by using
the values of f, s, a, and B in Case 1 (Table 3), one can compute the

atmospheric temperature changes for 10°-latitude belts given in Table 4.

Table 4
Latitude Zone AIa (deg. C)

0 to 10° -5.5
10 to 20° -5.5
20 to 30° -5

30 to 40 -4.5
40 to 50 -4

50 to 60 -3
60 to 70 -2
70 to 80 -1.5
80 to 90 -1
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The horizontal temperature gradient in this example will decrease.
The disagreement between this result and that of Humphreys tells us that
the horizontal temperature gradient cannot be determined without first
specifying the distribution of debris in the‘stratosphere. Debris
injected at mid-latitudes, as expected in a nuclear war, could affect
the radiation balance in a different way.

Finally, one must also consider the impact of the initial
temperature trends on the semsible- and latent-heat transports, for the
ultimate temperature distribution will depend not only on the radia-
tional processes but also on éhe heat gained through the transport
processes.

Thus far, only stratospheric dust layers have been considered.
However, as the dust particles settle out of the stratosphere they
may act as ice nuclei, enhancing the formation of cirrus clouds and
thus forming another attenuating layer in the upper troposphere.

This layer would not be so persistent or extensive as the stratospheric
dust layer., The clouds would form only where and when the proper condi-
tions of vertical motion and humidity prevailed. It is generally
accepted, however, that ice nuclei are not abundant. One might anti-
cipate an increase in either number of cirrus clouds or in thickness.
Kuhn and Suomi (1965) have shown that thin layers of clouds in the

high troposphere can significantly decrease the loss of infrared radia-
tion to space., Sabatini and Suomi-(1962) have demonstrated that the
rate of atmospheric infrared cooling can be estimated by the flux of
infrared radiation from the top:of the atmosphere. A decrease in the
flux implies a decrease in the cooling rate. Therefore, Eﬁgggzﬁg~the

number or thickness of cirrus clouds could add to the existing horizontal
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variations of infrared cooling in the atmosphere. The importance of
these variations has been pointed out by Suomi and Shen (1963). Ex-
ploring further, Corcoran and Horn: (1965) have shown that the observed
distribution of infrared cooling can provide a positive generation of
potential energy in atmospheric disturbances that have short wave-
lengths. Thus, the growth of young storms may be partly attributed

to the modification of radiational processes by the proper distribution
of clouds within the disturbance. It is conceivable then, that by
increasing the frequency of occurrence or thickness of cirrus clouds,
the contribution of infrared'cooling to the development of storms may
sometimes be increased,

It may be concluded that the debris produced by a nuclear war can
modify the weather. However, the nature of the changes cannot be
predicted without a better understanding of the atmospheric processes
involved.

Modifications Related To Large Fires

One of the consequences of nuclear detonations is fire. It is
possible thenj that large-scale forest fires may be started by the
numerous detonations in a nuclear war. 1If a forest fire is extensive,
there may be both short- and long-term effects on the weather.

Fire and its by-products can be classified in the same way as
nuclear detonations and their by-products were in the previous section,
that is, by their effects on the dynamical, hydrological, and radia-
tional processes. For example, thunderstorms often develop in the
rising air mass produced by the heat released in fire storms. Com-
bustion products are excellent condensation nuclei and may have

some effect on precipitation; smoke plumes can reduce the amount of
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solar radiation. The pall of smoke from the 1950 Alberta fire Qas
believed responsible for reducing the incoming radiation by‘54 per
cent and lowering the temperatures 10°F at Washingtom, D. C. (Wexler,
1950). These short-term effects are not expected to last for more
than a few weeks. However, the destruction by fire of vegetation over
a large area can produce longer-lasting climatic changes in the local
burned area and perhaps beyond.

The removal of trees from forested areas can produce local climate
changes sometimes so severe that regeneration may be curtailed. The
expected changes in the denuaed areas include hotter days and colder
nights, hotter surface temperatures in summer and colder in winter,
lower humidity, higher winds, deeper snow but earlier melts, and, it
is thought by some, less precipitation (Zon, 1941; Hursh and Connaughton,
1938). These effects of fire on the local climate, however, may not
be so important as the possible chahges in the character of the sur-
face, which can modify the heat supply to the atmosphere. The anomalous
snow cover mentioned above in connectioﬁ with feedback mechanisms is one
example of possible weather modification resulting from changes in the
character of the surface. According to D. M. ﬁoughton (1958), the
surface variations most effective in changing the energy available to
the atmosphere are anomalous sea-surface temperatures, variations in
the limits of frozen land and sea, anomalous snow covers in middle
latitudes, and changes from moist land (or land covered by green vege-
tation) to desert and vice versa. Of these, changes both in the sur-
face albedo caused by an anomalous snow cover and in the heat used
for evaporation caused by the removal of vegetation may be large enough

to modify the weather in an area considerably larger than the deforested
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area, For ex;mple, the albedo of a '"snow-covered forest" is 10 to 25
per cent, while that of "fresh snow" is 70 to 80 per cent. Thus the
increase in albedo of approximately 50 per cent can reduce the supply
of heat eventually available to the atmosphere by 150 cal cm-2 dayn1
during late winter when the incident solar and sky radiation is near
300 cal c:,m-'2 day-l. We have already discussed a possible effect of an
anomalous snow cover on the weather patterns.

The decrease in the amount of heat used for evaporation by removing
vegetation can be estimated from data given in a study by Ziemer (1964).
This study compares soil moisfure in forest openings one, five, ten, and
twelve years old, with the soil moisture in the surrounding forests.
Ziemer found that once the surface was dry, it acted as an insulator
against further loss through surface evaporation. In openings where
vegetation was becoming established, more soil moisture was lost by
transpiration. In the month of maximum soil-moisture depletion, the
l-year-old clearing had 6 inches more moisture per &4 feet of soil than
the surrounding forest. In clearings 5, 10, and 12 years old, the ex-
cesses were 2,9, 1.2, and 0.7 inches respectively. If each of these
excesses is taken as representing a loss of evaporation in summer, the
heat unused for evaporation amounts to 120, 50, 20,and 10 cal cm—2 clay-1
for clearings 1, 5, 10, and 12 years old respectively -- and this
unused heat can be considered a source of heat previously unavailable
to the atmosphere. The effects of an atmospheric heat source of this
magnifude are not readily calculated. However, Namias (1962) has
presented a theory for a similar situation. He suggests that synoptic

conditions favorable to summer droughts in the Great Plains may be a

result of the increased amounts of heat made available to the atmosphere
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through decreased evaporation during warm dry spring seasons. In support
of this thesis he presents the data in Table 5. Note that aithough a
cold spring is more likely to be followed by a cold summer than by a
warm one, the ratio of cold summers to warm summers increases from

101/40 to 41/11 if the springs are also wet. And the ratio of warm
summers to cold summers, following a warm spring, increases from 87/57 to
to 50/9 if the springs are also dry. It is reasonable to assume, then,
that anomalous patterns of evaporation can have some effect on local
circulation patterns.

In addition, if the results of Ziemer are representative of areas
denuded by fire, the effects can be expected to continue in decreasing
strengths for about five years following the burn.

The effects of anomalous sources and sinks of heat on weather pat-
terns need further study, and certainly, the possibility of this kind

of weather modification following a nuclear war should not be overlooked.
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Table 5
NUMBER OF SUMMERS FOR EACH TEMPERATURE CLASS FOLLOWING NINE COMBINA-
TIONS OF SPRING TEMPERATURE AND PRECIPITATION

%*
(Various stations on western Great Plains)

. . Number of Summers
Spring Spring
Temperature | Precipitation | Cases [Cold Normal | Warm
Light 60 29 21 10
Cold Moderate 67(sic]| 31 18 19
Heavy 83 41 31 11
Total e 101 70 40
Light 64 12 18 34
Normal Moderate 78 18 33 27
Heavy 65 23 23 19
Total . 53 74 81 [sic]
Light 86 9 27 " 50
Moderate 62 18 22 22
Warm
Heavy 62 30 16 16
Total . 57 ¥ 65 87 [sic]

*
Adapted from Namias.
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IV. CONCLUDING SUMMARY

The means by which a nuclear war may modify the precipitation and
heat balance have been discussed. The large quantities of debris in-
jected into the troposphere and stratosphere seem to be the most likely
instrument involved in the modification. The debris can act in several
ways. It may provide an additional source of nonsoluble condensation
nuclei and ice nuclei. As ice nuclei it may increase the amount of
thin cirrus clouds, thus affecting the radiation balance, or it may
increase the efficiency of the ice-crystal mechanism of precipitation
formation in super-cooled clouds. The very fine dust particles left
behind in the stratosphere, if sufficient in number, will interfere
with the radiation entering and leaving the atmosphere. In addition
to the effects of the debris, fires ignited by nuclear detonations may,
if extensive, change the surface characteristics and modify local
weather patterns.

Therefore, it is possible that the weather can be modified as a
result of a nuclear war. The nature, extent, and magnitude of the
changes are uncertain. It must be pointed out, however, that it is
not sufficient to predict the modification of the weather on the sole
basis of the direct effects of a single perturbation. To understand
the nature of the climatic change, one must consider both the direct
and indirect effects of all relevant perturbations on all the atmospheric
processes. It is this integration of the problem that requires a keener

understanding of the atmosphere.
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Appendix A
ESTIMATION OF THE AMOUNT OF STRATOSPHERIC DEBRIS

PRODUCED BY A ONE-MT DETONATION
* .
In some recent work, I, J. Russell has shown that the fraction
of particles of diameter D in a radioactive cloud at 20 minutes can be

approximated by

-3.25

F() = KD (14)

This relationship holds for values of D between Iy and 100 to 160y
(approximately the largest pafticles in the cloud at 20 minutes). From
Eq. (lA) and estimates of the amount of material initially in the cloud
and in the cloud at 20 minutes, the fraction of the cloud consisting

of particles less than 2y in diameter can be estimated. In Eq. (14)

it can be noted that F(D) approaches infinity as D approaches zero.
This, of course, ‘is not realistic, but it will be used to obtain an
upper limit. A lower limit to the total mass of particles less than

24 in diameter will be obtained by assuming a linear distribution of
particles between O and 2u (see Fig, 9). Thus for the uppef limit,

the fraction of the cloud at 20 minutes consisting of particles less

than 2u becomes

2
" wnmep®k 0P ap , \3/4
?60 = ___.> EREN A (2a)
. \ 160
T 43 e k 072 ap 16
0

where p is the density of the particles.

Private communication.
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—F(D)=K(2)"%2°D

21 D

Fig. 9 — Schematic diagram of particle size distributions

for upper and lower limits.
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For the lower limit we find

2
[ 4/3meD> ()™ %x0 a0
0 -
2 160 -
f 4/3 meD> (2)""25 KD dD +j' 4/3 TTpD3 g p°% ap
0 2
(34)
1/5 (2)37% B
= 0.006

175 3% & 43 (160374 43 @2)37*

Russell estimated that tﬁe cloud at 20 minutes contained 400 tons
of material and that 1000 tons had already fallen out. Thus the per-
centage of the initial cloud consisting of particles less than 2k in
diameter ranges between 1.1 .and 0.17 per cent.

Using one ton of material per ton of yield as an order-of-magni-
tude value for the amount of material put in the cloud from a surface
burst, we find that between 103 and 104 tons of particles less than
2u in diameter are produced for each megaton of yield. Imn terms of

volume, each MT produces between 4 x 10-7 and 4 x 10-6 km3 assuming a

mean density of 2.5 tonshn3.
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Appendix B
DERIVATION OF THE EQUATIONS FOR THE EFFECTS

OF A DUST CLOUD ON THE HEAT BUDGET

In deriving the equations for the effects of a dust cloud on the
heat budget, it will be assumed that the mean cloudiness, the surface
albedo, the atmospheric absorptivity of long- and shortwave radiation,
the transmissivity of the atmosphere, the amount of evaporation, and
the amount of turbulent transfer of heat from the surface will not
change after the dust cloud is formed in the stratosphere, As it is
likely this will not be the c;se, the results can be interpreted only
as initial trends.

I1f EgO is the equilibrium value of radiation emitted by the earth
without a dust cloud and Eg the equilibrium value with a dust cloud,
the conditions for warming or cooling, assuming the amount of heat
radiated is proportional to the fourth p;wer of the temperature, can

be expressed by

tx
ARV

warming
E no change (1B)
8 cooling

for the earth. Similarly, for the atmosphere we have

> warming
Ea =z an no c@ange (2B)
cooling

For a balance of heat at the surface, the amount of radiation
emitted by the surface is equal to the net gain of heat from all sources.

Thus Eg is equal to the sum of the shortwave radiation absorbed
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by the surface (yI), the longwave back radiation from the atmosphere
(SEa), the loss of heat by evaporation and turbulent transfer (H), and
the longwave radiation from the bottom of the dust cloud that is trans-

mitted through the atmosphere (T1').
= -+ - !
B, = yL+ 8E, - H+ 11 (3B)

where I is the shortwave radiation incident on the atmosphere below
the cloud, I' is the longwave radiation from the bottom of the dust
cloud, 5 is the fraction of the radiation absorbed in the atmosphere
that is emitted toward the surface, 7 is the transmissivity of the
atmosphere to longwave radiation, and y is the fraction of solar radi-
ation absorbed by the sur face,

The total amount of radiation emitted by the atmosphere is equal
to the heat gained through absorption of solar radiation (@I), absorp-
tion of longwave-radiation from the surface Oy'Eg), condensation and
turbulent transfer (H), and absorption of longwave radiation from the

dust cloud (@'L'),
E =al +o'E +H+ 'l (4B)
a g

where o is the fraction of solar radiation absorbed by the atmosphere
and @' (equal to 1 - 7) is the fraction of longwave radiation absorbed
by the atmosphere,

Solving Eqs. (3B) and (4B) for Eg and Ea we get

o
]

IN + 1! - Hw
g ﬂg g (5B

t=1
it

1
In, + I'M, + Ho_ (6B)
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where
y + & T+ 1-8 _-
e s T —— @ = g
g 1_50,! 8 1'60" g 1'50"
o+ a'y o' + o't 1 -af
A =-—_;T] = —— W = e——
a 1 - st a 1 - &' a 1- s

Without a dust cloud, I' will be zero and I will be equal to the unat-

tenuated solar radiation I.. Thus from Inequalities (1B) and (2B) we

0
get
> warming
a - Io) A+ 1M =0 no change (7B)
& g cooling
for the surface, and ;
.1 q N > warming
( O) a I ﬂa =0 no change (8B)
cooling

for the atmosphere.
It remains to determine the expressions for I and I' in terms of
the solar radiation absorbed (a) and scattered (s) by the cloud, and
the terrestrial radiation absorbed (a') and scattered (s') by the cloud.
The shortwave radiation leaving the bottom of the cloud, is equal
to the sum of solar radiation transmitted through the cloud, the solar
radiation scattered forward by the cloud, and the fraction of the short-
wave radiation reflected by the earth and atmosphere that is scattered

backward from the cloud.

I = Io(l -a-s)+ stO + pI(1l - £f)s
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where f is the fraction of radiation scattered forward and p (equal to

(1 - @ - y)) is the albedo of the earth and atmosphere.

Solving for L

l-a-(1 - £)s ‘
I = I, = IM (98)
1-p (@A - s

If it is assumed that the longwave radiation from the cloud is emitted

and scattered equally in the upward and downward directions, we find

'=-§ _1_ 1 1
I 2 (Io + pI) + > @' + s')(r Eg + uEa) (10B)

where u (equal to 1 - 8) is the fraction of radiation emitted upward by
the atmosphere, a(I0 + pI) is the amount of shortwave radiation absorbed
by the cloud, and (a' + s')(’rEg + uEa) is the longwave radiation reaching
" the bottom-of the: cloud and absorbed or scattered by it, Adding Egs.

(3B) and (4B) and recalling that T =1 - o' and b = 1 - §, we find
+ = + !
(T Eg uEa) v+ I +1I

Substituting this relation into Eq. (10B), replacing I with IOM from

Eq. (9B), and solving for I', we get

v smera+riarm|
I' =1 - (11B)
1 -3 (@' +s")

Thus the equilibrium value of the radiation emitted by the earth and
atmosphere when a dust cloud is present can be determined using Eqgs.
(9B) and (11B) with (S5B) for the earth, (6B) for the atmosphere, and by

any set of values for a, s, a', and s'.
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A further development will yield the conditions for warming or
cooling in terms of the terrestrial radiation trapped by the dust cloud.
Substituting Eqs. (9B) and (10B) into either Eq, (7B) for the earth or

1 7
Eq. (8B) for the atmosphere we get, on solving for fa’+s?)

2
(@' +s') o (1-Mr-% @+M)N | (warming
—_— = no change (12B)
2 (1 -M)A+M(1 - p)M cooling

where A and T become Ag and ﬂg if Eq. (7B) is used or %h and ﬂa if Eq.

(88) is used.
(a'+s")

For convenience, we may replace with B, and the right

side of Eq. (12B) with %(a, s, £, p, v, @, T, 8). Thus

> warming
B = ¢&(a, s, £, p, v, @, T, B) no change (13B)
cooling

The values of p,-y, @, T, and ® can be obtained from radiation budget
studies. The values used here are those given by London (1957). Thus
for assumed values of a, s, and £, the value of ¢ can be computed and
compared with the amount of terrestrial radiation trapped by the cloud
(B) to determine the nature of the temperature changes.

Values of & for the surface and the atmosphere are given for all

values of a, s, and f in Figs. 10 and 11.
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Fig. 10 — Graph of the function § for the earth's surface.

1.0



a, solar radiation absorbed
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Fig. 11 - Graph of the function ¢ for the atmosphere.
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