ConF- 8509194 - - |

LA-UR--85-3671
DE86 002410

Los Alamos Natonal Laboraiory 18 operiated by the University of Califorma for the United Siates Depaniment of Energy under contract W-7405-ENG-38

wio oo NOVO R Rk

TITLE. ATMOSPHERIC PERTURBATIONS OF LARGE-SCALE NUCLEAR WAR
AUTHOA(S):  Kobert "~ . Malone (ESS-5)

SUBMITTED TO  Symposium on the Medical Implications of Nuclear War
Institute of Medicine of the National Academy of Sciences,
September 20-22, 1985
Washington, DC

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any wgency thereof, nor any of their ‘
employces, makes any warranty, cxpross or implied, or assumes any legal liabllity or responsi-

bility for the accuracy, completencas, or uscfulness of any Information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer-

ence herein (3 any apecific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opinlons of authors expressed herein do not necessarily state or reflect those of the

United Statea Government or any agency thereof.

By accepiance of thig ariicie. the publisher recognizes that the U § Governmeni re1aing & NONEciusive royaily.Iree Iicense to publish of reproduce
the pubhisheg form o 1Ns contnbution, Of 10 aliow others 10 do se. 1or U S Government purposet

Tre Loy Alamos National Lauorsiory requests that the Dublisher aentity this aricle as work performea under Ine suspces of 1he U 3 Departmen! of Energy

LOS Al2fNOS LeshamosationalLaboratary

DISTRIBUTION OF THIS IOCUMERT IS 1M1 WAITEP "Wm


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


Atmospheric Perturbations of Large-Scale Nuclear War®

Robert C. Malone
Earth anc Space Sciences Division
Los Alamos National Laboratory
Los Alamos, NM 87545

Symposium on the Medical Implications of Nuclear War
Institute of Medicine of the Nationa. Academy of Sciences

September 20-22, 1985

*The material upon which this presentation 1is based is drawn fron twc
papers [Malone et al., 19854,b]. Readers interested in a more comprchensive
discussion {ncluding historical background, related research, technical
details of the model, and more extensive references should consult these ar-

ticles, particularly the latter.



Several of the preceeding papers have discussed the subjects of
"nuclear winter," large fires, and the dynamics of smoke plumes fraom large
fires. I would like to elaborate upon this theme by describing new computer
simulations of the injection into the gtmosphere of a large quantity of
smoke following a nuclear war. I will focus on what might happen to the
smoke after it enters the atmosphere and what changes, or perturbations,
could be induced in the atmospheric structure and circulation by the
presence of a large quantity of smoke.

To help you understand the significance of these "atmospheric
perturbations”" and the manner in which they arise, I would like to start by
breaking the nuclear winter phenomenon into its component parts. A very
simplified view of nuclear winter can be represented by the elements inside
the dashed region labelled "A" in Figure 1. Contained therein is a vertical
column of processes and a box to the side that represents smoke Lnjected
into the atmosphere. Ignoring the rest of Fig. 1 for the moment, you can
see that there are two basic ingredients to nuclear winter. 1li.ese are sun-
light coming into the earth's atmosphere and the smoke which has been
injected into the atmosphere by fires. The smoke absorbs somec of the incom-
ing sunlight, causing a reduction in sunlight reaching the earth's surface.
A radiation deficit at the surface results because the surface continues to
emit infrared radlation (heat). The smoke particles do not trap infrared
radiation effectively, so the heat goes on back out to space (not indicated
in Fig. 1). This continuing heat loss to space combined with reduced inccm-
irg sunlight ocauses thes surface to cool. This {is the origin of the

so-oalled "nuclear winter" effect.



It is apparent that the magnitude of the cooling would deperd on the
amount of smoke injected and that the curation of the cooling would depend
on how long smoke remains in the atmosphere,

The latter issue brings us to the next element of complication in this
picture, which is the removal of smoke from the atmosphere by rainfall, in-
dicated by the dashed box labeled "B". Precipitation scavenging of smoke,
as this is also called, was considered in the TTAPS study of nuclear winter
[Turco et al., 1983] and also in the National Academy of Sciences report on
this subject [NAS, 1985]}. However, with the models that were available at
the time, it was necessary to assume that the removal of smoke by rainfall
occurred at a rate that was prescribed based on the observed lifetime of
shoke particles in the unperturbad atmosphere. Although it was recognized
that changes in the atmosphere would occur, it was not ponssible to take
these changes into account in the models.

It has now tecome possitle to investigate these atmospheric
changes with mnre complicated models that have been developed in the last
few years. These changes are quite important because they influence the
ability of precipitation to remove smoke from the atmosphere and, therefore,
the duration of the climatic effects of smoke. We can now add the last ele-
ments, contained in the dashed box "C" of Fig. 1, to ou- diagram. The
principal ingredient in box "C" is heating of smoke-filled air due to ab-
sorption of sunlight by smoke particles. This heating causes changes in tae
atmospheric circulation and structure (also indicated schematically in box
"C") -- the "atmospheric perturbations" alluded to in the title of this
presentation.

The first of these is a major change in the atmospheric circulation

patterns that ocauses the huated air, and the entrained smoke particles, to



rise. This carries some smoke particles well above the altitudes to which
they were injected initially by the fires. The second change is one that
takes place in the vertical thermal structure of the atmosphere, alsc
brought about by the heating of smoke-filled air. As I will show you, both
of these effects inhibit the ablility of the atmosphere to purge itself of
smoke. Specifically, they reduce the efficiency of smoke removal by
precipitation.

In fact, there is a competition between rainfall, which removes smoke
from the atmosphere, and these atmcspreric perturbations, which acts to isc-
late smoke from removal by rainfail. Precipitation scavenging begins to act
as soon as the smoke is injected into the atmosphere. It is able, in our
m;del calculations, to remove a substantial amount of smoke during the first
two weeks. During that time these perturbations deve »p and, at least for
summertime conditions and large smoke injections, can become dominant.

These changes 1in the atmospheric structure and circulation are impor-
tant 1in their own right, but ic¢ shculd be noted that they furm a "feedback
loop"” 1In which elements of boxes "A", "B" and "C" are interconnected. In
the full diagram the amount (and spatial distribution) of smoke ramaining in
the atmosphere at any time is influenced by the changes spawned by solar
heating of the smoke itself. In a given season of -he year, the {ntensity
of heating depends on the amount (concentration) of smoke. Consequently, if
larger injections of smoke are postulated, stronger heating resulis ard
cauaes larger atmospheric perturbations and greater inhibition of smcke
removal by rain. Thus, the greater the amount of smoke injected, the
greater is its ability to modify the atmosphere and, thereby, to inhibit {ts
own removal. (For very large smoke injections another effect, discussed In

Malone et al. (1985b], modifies this conclusion.) For a given amount uf



smoke injected, the intensity of heating depends upon the amount of sunlight
available. Assuming that smoke would be initially irjected only in the
northern hemisphere, the heating of smoke and the resultant atmospheric per-
turbations would be greater in July than in January, simply because there is
more sunlight in the northern hemisphere in July than in January.

The computer model that we used for our studies is what is called a
"general circulation model" or "global climate model" or simply a "GCM". It
is a three-dimensional model that solves on a computer the mathematical
equations describing the evolutior in time of the winds, tempcrature, mois-
ture and other quantities throughout the earth's global atmosphere.

To study the nuclear winter problem, we added the capability of
transporting aerosols (very small particles) with the simulated winds of the
model. We modified the mocel's solar radiation scheme to allow fo. the ab-
sorption by smoke particles of suniight coming into the atmusphere. We also
added a very simplified treatment of the removal of smoke from the atmosp-
here by rainfall. For this we wused rainfall as predicted by the model
itself, so that changes in rainfall caused by the heat-induced "atmospheric
perturbations”" could be taken into account.

In the computer simulation studies that I will describe, smoke was in-
Jected into the model atmosphere over the United States, Europe and the
western Soviet Union. The injection rate decreased linearly to zero at the
seventh day; half of the smoke is injected during the first two days. The
sensitivity of smoke transport and removal to the assumed initial vertical
distribution of smoke was considered by using two profiles: a "low" injec-
tion with smoke distributed between 2 and 5 Im altitude in the lower
troposphere; and an "NAS" injection with constant smoke mass density between

the surface and 9 km altitude (NAS, 1985], still within the unperturbed



troposphere. Both January and July conditions were used, to reveal seasonal
differences. The behavior of aeroscls in the normal atmosphere was studied
with a "passive tracer" which, like smoke, is transported by the model's
winds and remnved by the predicted rainfall, but unlike smoke, does not ab-
sorb sunlight. This last characteristic permits the model atmosphere to
evolve unperturbed by the presence ¢f the passive tracer. The contrasting
behavior of interactive smoke =nd passive tracer illustrates clearly the im-
portance of atmospheric heating due to sunlight abtsorbed by smoke particles.

The amount of smoke that i3 assumed to be injected into the atmcsphere
is an 1important parameter, but estimates of this quantity are quite
uncertain. The National Academy of Sciences study [NAS, 1985] estimated a
range from 20 Tg (1 Tg = 10'? grams = 1 million metric tons) up to as much
as 640 Tg of smoke. | will present only results for 170 Tg, a value close
to the NAS "baseline" value; results for other smoke amounts can be found in
Malone et al. [1985b].

Now I would like to take you on a tour cf Fig. 1, explaining more fully
some of its elcements. Using July conditlons because the atmospheric chang~:s
are larger and more easily seen, | will show you first about smoke lofting,
then show you huw the structure of the atmeasphere is changed. Next I will
describe how these effects infiuence the removal of smoke by rainfall and
the lifetime of smoke in the atmoaphere. Finally, I will describe briefly
our findings about the climatic impact of smoka.

Figure 2 contains a comparison of two calculations that illustrate
nicely the iufluence of solar hecting on the dynamics of the smoke. One
culoulation was done with interactive smoke; the results from it are shown
with solid contours. The second calcuiation was done with a passive tracer,

its results are shown v.ith dashed contours. in both calculations the same



amount of material, 170 Tg, was injected over the northern hemisphere con-
tinents 1in July at altitudes between 2 and 5 km ("low™ injections). The
contrurs indicate the concentrations of material (in parts per billion by
mass) r~maining at day 20 in the calculations, averaged over all longitudes.
The display extends from the North Pole to the South Pole and from the sur-
face of the earth up to about 30 kilometers, uhich 1is in the lower
stratosphrere. (I will explain a little more about the normal atmospheric
structure in connection with Fig. 3.) These contours tell us now much of
tne material is left at day 20 and how it is distributed in latitude and
altitude.

As you see, for the passive tracer, most of the material remains at low
altitudes, where it was injected, because the passive tracer and surrounding
air are not heated by sunlight. Since scavenging by rainfall is fastest in
the lower atmosphere, the passive tracer is rapidly removed, as indicated
by the relatively small values of concentration.

In the interactive case, on the other hand, the smoke does absorb
sunlight. The heating drives vertical motions that carry smoke-filled air
upward from the region of injection in the lower atmosphere. This takes
some smoke up higher, completely out of reach of removal by precipitation,
Also the heating of the atmosphere by the absorption of sunlight inhibits
the formation of precipitation. This allows more smoke to remain, as you
can see by the larger concentrations labelling the solid contours.

Before showing you how the structure of the atmosphere is changed by
the heated smoke, let me first aoquaint you with the atmosphere as it nor-
mally exists. Figure 3a is a plot of the longitudinally averaged
temperature in the atmosphere for normal July conditions. The temperature

contours are labelled /n degrees Kelvin (273°K = 0°C). The structure of the



atmosphere in 1its normal state is such that the temperature is warmest at
the surtface and decreases upward with heigzht to an altitude of about 10 km.
This region is calied the troposphere. At about 10-15 km, the temperature
becomes relatively constant with height and then increases with height in
the stratosphere due to absorption of sunlight by ozone. The heavy dashed
line in Fig. 3a shows the approximate position of what is called the
tropopause, which is the boundary between the troposphere and the
stratosphere.

For our purpose, the most important characteristic of the troposphere
is that it is the region of the atmosphere in which storms and rainfall
occur. Since precipitation is the primary removal mechanism for smoke, this
1$'uhere smoke removal will take place.

Figure 3b also displays the longitudinally averaged temperature for
July conditions but with the atmosphere perturbed by the injection of 170 Tg
of smoke. The smoke was injected with constant density from the surface up
to about 9 km ("NAS" injection), so that all of it is in the unperturbed
troposphere and is initially subject to removal by rainfall. The heating by
sunlight of this smoke, some of which is carried higher (Fig. 2), is quite
intense and changes the vertical thermal structure of the atmosphere
significantly. Fig. 3b shows a 5-day average of th. temperature during the
third week after smoke 1injection began. There 1is still a region in the
lower atmosphere in which temperature deﬁreases with height; that is, there
is still a troposphere. However, the top of the troposphere is now at about
5 km, rather than 10 to 12 km that occurs in the normal atmosphere.

Higher up the solar heating of smoke has raised the temperatures by as
much as 50-80°K above normal. A situation now exists in which the smoke has

created 1its own "stratosphere". Above the lowered tropopause, indicated by



the heavy dashed 1line, warm air overlies cooler air, a condition that in-
hibits convective motions that would bring about precipitation.

Consequently, precipitation is confined below the tropopause and
most of the remaining smoke is above it, as illustrated in Fig. 4. The
heavy dashed line again represents the tropopause, the boundary octween the
troposphere and the heated region, taken from Fig. 3b. The cross-hatching
shows where precipitation is occurring; clearly it is confined below the
tropopause. The black stippling, which indicates various concentrations of
smoke, shows that smoke now resides primarily above the tropopause. Smoke
that was below the lowered ﬁropopause has been largely removed by
precipitation. Because the remaining smoke is now separated phvsically from
iis primary removal mechanism, its lifetime in the atmosphere is greatly
increased.

This increased lifetime can be seen in Fig. 5, which shows the temporal
evolution of the total mass of material remaining in the atmosphere. The
upper four curves apply to interactive smoke calculations with vertical in-
Jection profiles as indicated, while the lower pair of curves apply to
passive tracer calculations with "low" injection profiles. Let me point out
that the vertical axis has a logarithmic scale. The total injection in all
of these cases was 170 Tg. which is near the top of the dlagram. As a
result of scavenging by rainfall, none of the curves ever reachs the 170 Tg
level. A substantial amount of material is removed while the injection
proceeds.

The passive tracer curves in Fig. 5 approximately represent normal
aerosols in the unperturbed atmosphere. Following the cessation of injec-
tion at day 7, these curves fall in almost straight lines, which means that

material is removad exponentially in time. These two curves provide useful
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validation of our model. They tell us is that aercsols in the normal atmos-
phere, as calculated by our model, have a residence time on the order of one
week. This is in good agreement with observations.

Now contrast that with the behavior of interactive smoke indicated for
July by the upper pair of dashed curves. During the first week or two, a
substantial amount of smoke has been removed from the atmosphere. This is
mostly smoke down low that can be easily removed by rain. But because there
is strong solar heating in the northern hemisphere in July, the rate of
removal of smoke is greatly decreased after the first two weeks. As ex-
plained above, this occurs because some smoke has been carriec higher in the
atmosphere, and because the atmospheric structure has been modified.
Aﬁproximately one-third of the mass of smoke initially injected still
remains in the model atmosphere after 40 days of the July calculations.
This smoke has a very long lifetime in the atmosphere, as indicated by the
slight decreases in the upper pair of dashed curves after day 15.

Up to this point, I have only talked about July because it is easier to
illustrate the interesting eff~cts for July conditions than for January.
The upper pair of solid curves show the interactive smoke results for
January. Smcke 1s removed faster in January than in July simply because
there 1is 1less sunlight in the northern hemisphere to drive the atmospheric
perturbations that enhance the lifetime of smoke. By the end of six weeks
in our January calculations, the fraction remaining of smoke injected with
the "low" and "NAS" profiles is about 5% and 15%, respectively, compared to
35¢ in the July cases. Nevertheless, solar heating of smoke does have a
significant effect even under winter conditions. After three weeks, there
is approximately a factor of three more smcke present in the atmosphere in

January than would have been the case without the influence of solar heating
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(compare the passive tracer curve). In July the comparable ratio of smoke
to passive tracer mass is about 10 after 3 weeks.

Figure 6 consists of two maps of the world showing the distribution of
smoke looking down through the atmosphere at days 20 and 40. Most of the
smoxe is still concentrated in the northern hemisphere. Transport of smoke
by ithe winds has made the geographical distribution of smoke fairly uniform
in 1longitude, although some nonuniformities remain. Some low-level smoke
lingers over the continents. This is possible because the surface cooling
(Fig. 7) causes precipitation to decrease over the continents. Air over the
oceans is clearer. Some smoke has reached the southern hemisphere. The
quantity displayed in Fig. 6 is called the "absorption optical depth" and
cén be used to determine the attenuation at the surface of sunlight coming
down through the atmosphere. The fractional attenuation is about 10%, 25%,
40% ancd 50% for optical depths of 0.1, 0.3, 0.5 and 0.7, respectively.

Figure 7 shows the changes in surface air temperature, relative to nor-
mal, predicted by the model when 170 Tg of smoke is injected in July. A
5-day average of the temperature change near the end of the first week is
displayed 1n Fig. Ta. It shows coocling by 15°C or more over large areas of
the interiors of the North American and Eurasian continents during this
period when the smoke clouds are particularly dense over the regions of
injection. The long lifetime of smoke under summer conditions causes sig-
nificant reductions in the surface air temperature to last through the end
of the calculation at day 40. Fig. Tb shows the simulated temperature
changes during the sixth week; reductions of §-15°C persist over the
northern midlatitude continents. Note that the features in the southern

hemisphere have nothing to do with what 1s going on in the northern
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hemisphere; they are due simply to normal weather fluctuations in the winter
(southern) hemisphere.

In January, simulated surface air temperature reductions of 5-15°C oc-
cur over portions of the northern‘midlatitude continents during the first
few weeks. However, the faster remcval of smoke allows the temperatures to
recover toward normal more rapidly than in July.

The discussion so far has focused on a baseline value of 170 Tg of in-
Jected smoke. However, 1t was pointed out in connection with Fig. 1 that
the intensity of heating, the magnitude of the atmospheric perturbations,
and the smoke removal rate all depend upon the concentration (hence, total
mass) of injec%ed smoke. Very small amounts of smoke have little impact on
thg atmosphere, which cause the smoke to be quickly removed trom the tropo-
sphere, much 1like the passive tracer results in Figures 2 and 5. As the
injected mass (s increased in the simulations into the range estimated for a
major nuclear exchange, the solar heating of smoke and the atmospheric per-
turbations increase in magnitude. The fractional mass remaining in the
atmosphere at late times alst increases and its rate of removal decreases.
This trend continues up to injected masses comparable to the baseline value
(170 Tg). With still larger values, another effect comes into play that
causes the fractional mass remaining to stop increasing and even to decrease

somewhat [Malone et al., 1985b].

Let me end with a short summary of our findings. Solar heating of
smoke is a very important factur. It produces two effects. One is that
some smoke is carried well above its initial injection height. The second
is a modification of the atmospheric structure in which heating pushes the
tropopause downward. This leads to an 1isolation of smoke above the

tropopause from precipitation below, and causes an inorease in the lifetime
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of that smoke relative to what one would find if solar heating of smolke were
neglected. The magnitude of these effects depends on the season of year and
the amount of smoke injected into the atmosphere by fires.

We find substantial cooling of the northern hemisphere continents
during the first few weeks in both January and July. In the July case only,
we find that the prolonged lifetime of smoke suggests that significant tem-
perature reductions could persist for many weeks. We find that smoke
spreads 1into the southern hemisphere in July as a result of the strong cir-
culations driven by solar heating of smoke. There is very little spread
into the southern hemisphere for Jénuary conditions; the smoke simply 1is not
heated enough and is removed tooc fast.

. The interested reader should consult the paper of Malone et al. [1985b]
for a more complete discussion that includes the simulated surface climate

impact of various smoke amounts.
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Figure Captions

Fig. 1. Schematic 1llustration of the interconnection of the processes
which control the distribution and residence time of smoke in the atmosphere
and the resulting surface climate change. Some arrows indicate that one
process causes another, other arrows indicate only that a process influenc:s
the operation of the process to which the arrow points. For example, the
presence of smoke in the atmosphere results in the absorption of sunlight,
which causes heating, which causes both lofting of the smoke and lowering of
the tropopause. These two effects influence (decrease) the efficlency wi‘h
uﬁich precipitation removes smoke, by changing the vertical distribution of
both smoke and precipitatiun. Removal by rain obviously changes the amount
of smoke. Heating also modifi‘'s the winds, which influence the distribution

of smoke.

Fig. 2. Longitudinally averaged mass mixing ratios for July conditions at
day 20. The dashed contours apply to a passive tracer, while the solid con-
tours apply to interactive smoke. In each case 170 Tg (1 Tg = 10'? g =
1 million metric tons) of material was injected over .he northern-hemisphere

continents with a "low" injection profile (see text). The contcurs of

mixing ratio are labeled in units of 1079 g material/g air.

Fig. 3. The longitudinally averaged temperature (K) in the simulated
unperturbed (a) and perturbed (b) atmospheres, for July conditions. The
perturbed distribution is a 5-day average beginning 15 days after the in-
ftiation of injection of 170 Tg of smoke with the "NAS" vertical injection

profile. The unperturbed distribution in (a) is a long-term average. 1In
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each figure the approximate position of the tropopause is indicated by the

heavy dashed line.

Fig. . The relative positions of the modified 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 (stiopled area above the tropopause) for the 170 Tg "NAS" case

portrayed in Fig. ib. Darker stippling indicates greater smoke loading; the

smoke contour intervals correspond to mixing ratios of 10, 40, and 70)&10'9 g
smoke/g air. These may be compared with the solid contours in Fig. 2, which

apply to a "low" injection July case, also at day 20.

Fig. 5. The mass of material remaining in the g.obal atmosphere as a [unc-
tion of time. The upper four curves apply to smoke, the lower pair to
passive tracer. Solid and dashed curves indicate January and July condit-
lons, respectively. Labels indicate "low" and "NAS" injections. The
slopes of the passive tracer curves at late times yield 1/e-residenre times
of 5 to 6 days, which agree well with observed residence times of aerosols

in the lower troposphere.

Fig. 6. The vertically integrated solar absorption optical depth of smoke
at day 20 (a) and day 40 (b) of the interactive July simulation with 170 Tg
Injected with the "NAS" vertical profile. The contours are in intervals of
0.1 with the lowest value being 0.1 on the southernmost oontour. If T is

the absorption optical depth, the light reaching the surface from the sun
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overhead is reduced by a factor of e'T. For t=0.1, 0.3, 0.5 and 0.7, the

factor e”' is 0.90, 0.74, 0.61 and 0.50, respectively.

Fig. 7. The change in surface air temperature relative to the unperturbed
atmosphere in July for 170 Tg of smoke injected with the "NAS" proflle.
Five-day averages of the perturbed case, minus the long-term average of the
unperturbed case, are shown: (a) days 5-10, (b) days 35-40. Only changes
larger in maghitude than 5°C are ;hown. Values are indicated in the legend
at the bottom of the figure; tﬁe designation "<-15" refers to temperature
reductions in excess of 15°C below normal. Note that the warm and cool
r;éions near Antarctica are simply manifestations of storms which occur
naturally in the wintertime circumpolar flow; they have no connecticn with

the changes occuring in the northern hemisphere.
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