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.and thus alter the synoptic and planetary scale effects of the soot injection.
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, T Threa types of long-term enviramental effects af mxlear weapons have
" bean widely debated—fallout. czone layer depletion, snd climate modifi-
cation. The issue of biological dmmage from radicactive fallout was
cosidared in a 1978 study by the Mational Academy of Sciences (NAS).
Their report (Reference 1) concludes that, although local fallout would
canstituts an imediate danger to the unsheltered population directly
dowweird from a target area, long-term axd/or widesgread effects would be
ainor because of atmospheric dilution of he radiosctive component, leading
0 greatly reduced explosmuae levels. iliowever. a sore recent report (Refer-
ence 2) cancludes that the global fallout problem msy be mcre seriocus than
estimated by the NAS, ﬂmtvpial&:luvmldmnhmnbﬂwm
lethal renge.

Mnjormotﬂnimsmmmhdtmdbmb-
produced axides of nitrogen oan stratospheric czone (Reference 3). In—
creased uwvels of ultraviolet radiation transmitted by a depleted ozone
layer could be a long-term and global danger- to the seviving populaticn.
However, the amalysis by the NAS ascumsd individual wespon yields in the 1
to 20 MT range. The subsequent shift in the U.S. axi Soviet arsemals to
‘smaller axi more accurate wsspons has reduced this corcern.. since plumes
from tropospheric exniosivns with yields bolovrl Hr“mmubhrm rise to
the height of the ozone layer (Reference 4).

% },‘

The third type of effect—climate modificatico—has racantlv received
a great deal of attantion. In 1982, Crutzen anxd Birks. (Reference 3) hypo-
thesized that widespread forest fires ignited by muclesr weapns would
create a thick sxie layer. Tais would reduce the asount of sunlight
reaching the ground. In 1983, Turco, et al.. {Reference §) arguad that

A 1985 study by the NAS (Reference 7) concludes that, although the
unce.tainties. in the Turco, et. al., scenario are presently too large to
allow a quantitative prediction. the possibility of a severe surface tem-
perature reduction following a major nmuclear conflict should be sericusly
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considered. Such a climate effect would damage crops and leed to increaseq
casualties among survivors of immediate miclear ¢ffects (Reference 8). The
altered atmospheric conditions could also have synergistic effects on
fallout and czone depletion (Reference 2). In the case of a protracted
cnflict, reduced atmospheric transmission and incressed pollutant loading
would seriously impact on the effectiveness of surveillance assets and
air-breathing weapcns systems., For the above reascns, it is desirable to
reduce the uncertainties in the climate predictions to a level where the
public policy and military implicatians can be clearly understocd.

Three types of uncertainties are assoclated with the climatic pre—
dictions: the nuclear exchange scenario (rmumber and size distribution of
warheads, target selection. grood bursts vs. air bursts, and ambient
meteocroloyical conditions): samoke production and injection (amount of
smoke, size distribution and optical properties of smoiee particles, height
of the smoke plume, and aging of the smoke): and atmospheric response
(racdiative effects, circulation changes, amcite transport, convection and
precipitation, ard cloud interacticns! The first type of uncertainty
requires that climatic response be evaluated as a function of the type of
cenflict and of the time of year at which the conflict occurs. The effec-
tiveness of any defensive systems must also be considered. The secard type
of uncertainty can be addressed by fxperimental and theoretical irnvesti-
gatians of fire, smoke. and plume rroperties. The last type of uncertainty
mst ultimately by addressed by cemputer similation, since neither natural
nor controlled climate perturtatimns occur on the estimated scale of the
miclear war effects. In the absence of an ability to observaticnally
verify the simulations. a residual uncertainty regarding the predicted
atmospheric response will always remin. Scme specific issues can,
however, be addressed observationally by studies of transport and aging of
smoke fror natural and man-made fires,

This report is concerned with the third type of uncertainty, and
concentrates on modeling problems. Section 2 describes simulations with a
simple type of climate model. The similations were carrisd cut to demon-
strate the feasibility of using this model to test atmospheric response to
scot loadings. The model is used to estimate sensitivity of the predicted
cooling to: (1) the seascn at which the soot is injected, (2) the soot
scavenging rates, (3) the geographical distribution of the injected soot,
ard (4) the infrared properties of the soot particles. Section 3 summa-
rizes the modeling results ard provides amalyses of same orocesses not
accounted for in present atmospheric similation codes. Of particular
impoytance, it appears that the uniform soot layer assumed in these models
is thermally Unstable and will tend to break up. The Appendix provides
derivations ~f sane mathematic proyerties of the climate model.
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Climate mo.2ling has progressed rapidly over the pest Jdecade due, in
part. to the application to climate problems of general circulation mxiels
(GM). A GM uses a discrete grid nesh (or the squivalent harmonic expan-
sions) to solve the primitive egquations governing dynamical circulation,
radiative tramsfer, and some form of a hyirological cycle. A typical GOM
gridmslnrizmnlruoluﬁmat'sooumdvuﬂulmomtimmtha
order of 1 to 10 ka.

mamzcmmmmtmmwmmm
M resolution. Eomples of subgrid processes include: convectian.
precipitation. cloud interactions, frontal zone circalations, and. .oundary
layer effects. These procssses are representad in the GCMs in highly para-
meterized forms. The representations contain adjustable coefilcients which
are "tunxd” to produce a good simulation of present climatic: conditions.

Climate models can be tested by conparing their oredictions to recent
minor climate perturbations, such as caused by wolcanic dust veils, and to
paleoclimates reconstructed from proxy data. Only the latter type of test
involves departures from the present climate of a magnitude similar to. the
changes postulated to occur in the aftermath of a mxlear war. For ex-
ample, a few interesting ice age experiments have besn carried out, with
drastic departures from the present climate (References 9 and 10). How-
ever. interpreting the results of such experiments is difficult, dus
both to ambiguities of the pa.ecclimate data base and to the inherrent
camplexity of GOM diagmnostics. The model climate generated by a &M is
oftar. as camplex ard inscrutable as the real climate.

. In parallel with GCM constructicon., a mumber of simpler models have
been developed for sensitivity experiments. It is hoped that these models.
will produce climates which respord tn external influences in much the same
way as doeg the real climate. If so, their simplicity can lead to a better
understanding of climate response. as well as allowing efficient svaluation
of a rarge of scenarics. In many ways, these simpler models offer a good
mtdxtot!nmﬁmmofthamtmmn}o!tmtvpeofm
bation which would result from a large-scale muclear war.

One exaple of such a simple model is a radlative-convective model
{RCM), such as used In the study by Turco, et al., (Reference 6). This
type of model has excellent vertical resolution and harxiles radiative
trensfer in considerable detail but has o horizontal structure.




A different type of climate model is an energy balance model (EBM),
popularized by Budyko (Reference 11) and Sellers (Reference 12), and
recently reviewed by North, et al., (Reference 13). An EMB uses very sim-
ple representations of energy flioves to examine how these flues interact
to determine the surface temperature. Most EBMS include some horizontal
resolution, so the effects of geography (land-sea fractions) are inclwded
in the rodels. In a sense, EBMs complement ROMs, which directly ~alculate
energy flies but have ro geography. .

With one exception (Reference 14), EBMs have not been applied to the
Turco, et, al., hypothesis. The remainder of this section describes the
application of a continent-resolving EBM to estimating the climate impact
of a scot layer of the type postulated to follow a major ruclear coniflict.

SPECIFICATIONS OF THE MODEL

We use a thwo-dimensional, cne-level, time-deperdent EEM, of the type
discussed by North, et al., (Reference 15). This mcdel »as originally
developad for studving tne initiation of ice ages following changes in the
seascnal distrimution of sunlight (due to changes in the Earth's arbit).

- The model predictions for this case are in smaucellent agresment with the

regular cycles of ice ages recently discovered in the palecclimatic data
(Reference 16). The mcxiel represents the large difference in thermal
regsponse times of the lard and cceans by differing heat capacities. [he
saasonal cycle (but rot tha diwrmal cycle) is incorporated. so the seesonal
dependence of nuclear war effects can be stidied. Finally, the model is
simple erongh that its prifwipal mathemntical properties can be directly
evaluated. ard the model can be ecanomically exercised for a variety of
cases. The price paic for this convenience is that certain atmospheric
processes (radiative transfer and horizontal energy advection) are trsated
in highly idealized forms. These simplifications can best be justified by
the fact that the mcdel does predict a climmte which is a good facsimile to
the real climate.

The basic ensrgy alunce equation is

AT(E, £) - -
= Q a(x) S(x.t) - [A + B T(r.t)] + OV T(r.t), (1)

c(?)
3t

where .
t = time, in years with t = 0 at winter solstice,
£ = geographical position (latitude and longitude),
x = sine of latitude,

C(r) = heat capacity per unit area,

4
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‘1'(;.:) = gsurface tezperature (dependent wrhbh)ﬂ. -
Q = solar constant/4, 5 L

a(x) = fraction of solar energy absorbed by the atncsphere-ccsan
system, ) o

S{x,t) = relative solc» radiation distributiom vs. latitrude and
seancn, . i}

A.B = empirical infrared radiation coefficients, and
D = diffusion coefficient f»r horizomtal energy transport.

In simple terms, Zqwtion (1) states the energy conservation rule for :
a vertically averagad colum of atmosphe.c: . {

net rate | _ [absorbed | [ emitted | horizntally
of heating sunlight infrared traneyovted heat o
’ \

The nunerical coefficients in this model are darived from physical
argunents (C), from measurements (Q, a, A. and B),. or bv "tuning” the model
to reproduce the otserved climatology (D). Table 1 gives. the values used
in the model calculaticns described in this report: justification for “hese
values is discussed below.

The effective hsat capacity, C, deperds on the mass of air ard water
which is closely coupled to surface conditions. Over land, we use hall the
mass of a colum of atmosphere (i.e., the atmosphere below the 500-mb level
or roughly below 5 lon altitude). COver ocesns, we aid in the heat capacity .
of the water in the wiid-driven mieed laver of the ocesn, taken to be uni-
formly 78 nmaters in depth.

The solar constant (radiant energy flux per unit area at the top of
the sunlit a*mosthere) iz a directly measured quantity (Reference 17): the
diurnal average !s cbtained hy dividing the solar constant by four. The
fraction of the solar energ absorbed is taken to be a quadratic function
of latitude:

alx) =a_ »ax?, (2)

with coefficients, derived from zocnally averaged messurements of direct and
reflected sunlight. cbtained from satellite data (Ruference 18). The
infrared coefficients, A and B. are likewise derived by correlating sate-
llite memsurements of cut-going infrared fluxes with surface temperature
{Reference 19).
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Table 1. Model coefficients.

Quantity Symbol _ Value
Heat Capacity c land: 5.07 x 105 7/m?/°c
oceans: 3.064 x 10° I/m?/°c E
Average Insolaticn . Q 340 Wm2
Co-Albedo a 0.75 :

-0.18

a
T Infrared Cosfficients A 203.3 W/m?
| | B 2.094 W/m?/%
Di*fusion Coe#fir lent D 0.35 W%
Seascnal Cycle ) Sl ' ~0.796
s, -0.477
S,s +0.147

K V\' %’ :
sl S !.‘. LX) ‘ﬁﬁ.s ‘3:'!,) 1‘. 5 -.#n‘




The diffusion coefficient is not directly related to a mesasurable

. quantity. Therefore. the value of this parasmeter wos adjusted to obtain

agresmant of the predicted and obeerved pole-to-suator temperature differ-

ance averaged cver the seascral cycle. 'm:lsist!uauy"tmsd"p-rmter

in the model. S
mmmmmmm.mmlanmm

seascnal cycle by the time-varying distribution of sunlight, given by

S(x.t) = 1 + S,cos(27) ’i"" + (Sy + Sy, cos(4Tt)) Pyix).  (3) |

where P, and P, are the Legendre polynomials. The coefficients in this
expansiln were adjusted to provide a "best fit" to the more complicated
mmmmmmh (Reference 19).

The primary mathematic 1 properties of the model concern the e-folding
time for surface cooling., when the solar heating is removed, and the con-
duction length £ ale for propagation of a local temperature perturbation.
Miwtima!ﬂmemniummvidedinth.w Th.raulu.
with the cosfficients in Table 1. are

cao.un; Time: t=C/B
= 28 days for continents

¢

= 4.6 years for oceans
Concduction Length: - % = D/B
= 4,%00 km.

In terms of uderstarding the results of the similation. we note that the
very different (by a factor of 60) cooling times for lanxd vs. ocesn imply
that continental arees will cool much faster than oceanic regions. The
long coduction length implies that the stabilizing influence of the oceans
will propagate well into the continents. This is in agreement with GOM
results (Reference 20), which predict that the most severe temperature
effects are restricted to the deepest continental interiors.

MCOEI, SOLUTION AND VALIDATION

~ To solve the energy balance equaticn, the spatial dimensions are first
exparded into spherical harmonics:

- L £
- Tie,t) = Zfo mfo Tom(®) ¥, (1) ‘ (f)

“"::w.«. .vm'v‘:.*,
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CF = I I Cpyor) .‘ 5)
0 0 2 fu ‘
where
¥, () = Py(x) cos(mé) (6)

ard ¢ is longitude. The coefficients C,. are evaluatsd from <he speciﬁed '

land-sea d.istr:lbuticn. For the results discussed in this report., we used
L=11, implyin;als x 15° spthlruolutim(abmtlooom tni
htituda).

Substitution of Equations (2) through (5) intc BEquation (1) gives a
system of (L + 1)(L + 2)/2 crdinary differential equaticns for the mode
amplitudes T (t). These equaticns are integrated from prescribad initial
values usirz_!’g fourth-order Haming predictor-corrector method. Tempera-
ture maps are reccaposed and plotted at desired intervals. To give sane
feeling for the camputing requirements, simiation af 1 ysar of climate,
with temperature maps at 10-day intervals, requires = 30 minutes of CPU
time on a VAX 11/750 camputer.

The ability of the model to simulate atmospheric processes was tested
in two ways. PFirst, the predicted seascnal cycle of an unperturbed (con-
trol) model was compared to the observed cycle. This.test is not redurdant
with the tuning process since the model was tuned toc match the annmual mean
climate, not the seascnal variation. The secarnd type of test involved
comparisors of EERM predictions for perturbed (soot) modelis with results
obtained from GCMs, using identical scot parameters., This is not a direct
validation since the GCM results could be incorrect. However, we do not
claim to be able to make predicticns which are superior to the GCM results.
The advantage of the EBM lies in its simplicity and its ability to economi-
cally svaluate many scenarics. with integrations covering an extanded
pericd of time.

Figure 1 compares the amplitude of the model seesanal cycle with the
cbserved climatology, as reported by Crutcher and Meserve (Reference 21)
and Taljaard, et al., (Reference 22). The observational data have been
smoothed with an L = 11 harmenic filter (i.~., the data were analyzed as in
Equation (4), and the map in the bottom panel of Figure 1 was reconstructed
from the derived harmonic coefficients); this procedure sets the spatial
resclution of the data equal to that of the model. Both panels clearly
show the influsnce of land masses, with reduced heat capacity and larger
ssascnal amplitides, as compared to the oceans. A closer sxamination
indicates that the model amplitide tends to be a bit small over North
America ard, perhaps, scmewhat too large over Eurasia.

LTI LR
ey e

oL Dl

R




B o i R b S e e S N oA A I A L

!
' %
|
i
£ A
BE—= 3
18 :"-_-J l
3sE :
-
' el ™ .

|

T

-

75
.48 1 1 L 1 L
-180 -120 50 a 80 120 180

Figure 1. The amplitude (in °C) of the normal seascnal cycle. The top
panel shoves results from the EEM: the bottam panel shows the observed

cycle. o
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Figure 2 compares the ssascnal phase lags, defined as the time between
maximm sclar heating and maximm temperature. Results withil +15 degrees
of the eguator are not shown, because the amplitude of the cycle is small
in this region: so the phase lags are poorly defined, Both the model and
the cbeservations ahow phase lags of the order of 30 days in continental

~ areas, consistent with the cooling time scale discussed earlier. Over

oceans, the maximmm phase lag in the cbservations is roughly 75 days. The
nodel tands to produce a nearly uniform phase lag of 90 days

cycle) over ocsans. This corresparxds to the lag of a linear system
limit of infinite heat capacity. Considering the very small amplitude of
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The second part of the validation procedure involved
eperiments which had been nn an GCMs. The GCM results were . in
graphical form. fram published reports. Because we did not have c o]
results avzilable in digital format, it was not possible to perform the
spatial filterirng and replotting which would be desirable for direct com~
parison with the EEM results. A secord aspect of these comparisons con-

cerns the mode in which the EEM was run. PFor all soct experiments, the

used a land-sea distribution symmetrized about the prime meridian. Thus, a

Western Hemisphere simulation actually rafers to a globe with the western
continents repeated at 180 degree intervals of longitude, and similariy for
Eastern Hemisphere simulations. Experiments showed that this type of east-
west symmetric model produced essentially the same results as an asymmetric
model but with much less camputing time since only the even-m modes of the
spherical harmonics are used. The effect on the results is primarily cos-
metic in that the eastern arxd western maps do not join smoothly a2t the
bourdary..

Coveyy, et al., (Raference 20) used the Natiocnal Center ior Atmostheric
Research (NCAR) Commmity Climate Model (CCM) to simulate the effect of a
fixed soot laver. The CCM solves the general circulation equations using
spherical harmonics with an L = 15 cut-off. Vertical rescluticn is pro-
vided by a finite difference scheme with 9 levels. Sea surface tempera-
tures are fixed, so nO OCman response is permittad. The soot parameters
assuned by Covey, et al., are:

(1) purely absorbing at visible wavelergths,
(2) optical depth = 3.0 at visible wavelengths,
(3) latitude of scot barmd = 30° to 70°N, ard
(4) no effect on infrared radiation.

Pigure 3 shows the surface temperature changes (with res<pect to
control runs) for similations starting on March 22 (top penel) and June 30
(bottom panel). In both cases, lesults are averaged over a 5-day pericd to
smooth the metecrological '"noisa" of the model. The contours show inter-
vals of 10°C in the surface temperature decrease.
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Ficure 2. The phase lag (in days) of the normal sessonal cycle. Top panel
shows FBM predictions: the bottom panel shows the cbserved cycle.
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For the same scot parameters, results obtained witi: the EBM are shom
in Pigmre 4 (for spring corditions) and Figure 5 (for sumner cor.litions).

The scot effect was similated by reducing the solar heating in the 30° to

% m%gummmsmottmmmmmmmmm
is, @ ¥ = 0.05). Results are shown for day 10 of the similations. Con-
- tours mark intervals of 2°C in the predicted temperature decrsase.

In comparing these model predicticns, the effect of the finer spatial

resclution of the OCOM is cbvicus. The tempsrature profiles in Figure 3
closely follow the continental boundaries. By comparison, these boundaries
are blurred in the contours of Figures 4 and S. _

e effects of the large-scale circulaticn in the CCM. PFor instance, cooling -
tends to be less severe cn the western sides of the continents than on the :
. sastern sides. This is because, at aid-northern latitudes. the prevailing ‘
westerlies bring warm ocsan air into the western regions of the continents.
No such effect can occur in the EBM, which only allcss for isctropic

j
b
i
¢

% diffusion of heat. |
;: Table 2 compares the maximm temperature decresses predicted by the
e two models. At each position in the table, the value from the CCM is given

first, followad by the corresponiing prediction of the FBM. This compar-

. ison shows that the FEM tends to underestimate the severity of the tempera-
F ture decrease. as compared to the OMM. This may be attributed to two

;.7:,: . etfacts. First, as already noted in the discussion of the normal seasonal

e cycle, the response of the EEBM to changes. in solar heating tends to be too

.:5;,: : slugyish. Second, as a result of the coarser spatial resclution of the

_ ©  decreased in amplitude. This comparison indicates that it would have been
Sy better to have included more spatial modes in the EBM soluticn. .

e Table 2. Maximum tempsrature changes for the NCAR scenario.

S , ' .
LN - COM/EBM’

o Spring >20%¢/13°% ~30%c/24°C
! Summer >40°¢/21°%¢ >40%c/35°¢
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In spite of these quantitative differences, the FEM does reproduce
nany features of the CCOM predictions. Both models indicate that the
largest temperature drops are confined to the deep continental interiors.
In both cases, Table 2 shaws that the cooling is more severe for sumer
runs and for the Eastern Hemisphere. We conclude that, although the EBM
will not vield quantitatively accurate predictions, the major qualitative
faatures are in agreement with GCM results., Udiven the present (and near-
future) uncertainties in input data on the scot loading, it is doubtful
that any type of global climmte model is able to produce quantitatively
accurate predictions. .

Scientists at the Computer Center of the U.S.S.R. Academy of Sciences
(CCAS) used a GCIM to similate the effects of a very dense scot layer,
combined with a stratospheric dust layer (Reference 23). The CCAS model
uses a horizontal grid with 12° latitude by 15° longitude resolution plus

{1) statospheric dust layer reflects 70 percent of the incoming
direct sunlight back to space, .
(2) tropospheric scot layer is purely absorbing with cotical depth =
: 6.0 at visible wavelergths,
(3) latitude of soot/dust = 12° to 30N, amd
{4) ro effect on infrared radiation.

Figure 6 shows the temperature changes, after 40 days, as coamputed bv
the CCAS model. Figure 7 shows the corresponding results obtained using
the EBM. with the seascnal cycle turned off.

The geographical distributions of temperature changes shown in Pigures
6 ard 7 are very similar. In the Eastern Hemisphere, the major temperature
changes exterd much further scuth than in the NCAR scenario (Figures 3 to
5). For instance, large aresas of Africa would experience temperature drops
. of more than 10°C, according both to the CCAS mcdel and to the EEM. This
occurs because the soot/dust layer now exterxis much further soutiward,
whare the solar heating is normally greatest. Quantitatively, the CCAS
model and the EBM are in agreement with respect to the maximum temperature
decrease for the Fastern Hemispherw. The CCAS simalation has a larger
temperature drop in the Hestern Hemisphere than the EBM predicticn (30°C
‘vs. 23°C). This tendency of the FEM to underestimate Western Hemisphere
temperature chances was also apparent in the comparison to the NCAR COM.

A comparison of GCM results has been jointly published * +the NCAR ard

CCAS grours (Referenca 24). Althouwh the two models show groe ' similar
results, the assumed soot/dust parameters arnd the similated ciiutes
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(sessonal vs. annual mesn) are too different to
~ perisons. This points up an ambiguity in comparing EEM results
. results—thn degree to which various GOMs would agree in their predictions
for a given scemario is not known. T

jsz::arrurr‘x"mJrssnt'.:)msrm'rsavulwctmzs

As remaciked sarlier, the major advantage of the FEM over more complex
models is computational convenience. This allows for similation of a wide
variaty of cases. Although the predicted climmtic effects should rot be
considered quantitatively accurate, carparisons of results from different
scenarics are uwseful in showing sensitivity to assumed parameters.

Baseline Came

The beseline case is derived largely from the 1988 stidy by the NAS
(Reference 7). This scanario assumes a zonally wmnifors scot clod confined
between latitudes 30° to 70N, mmumlymmmtanmmg
sunlight ard has no effect on cutgoing nfrared radiation. Initially, the
clovd has an optical depth of 3.0 to sunlight. One-half of the scot is
placed in the lower troposphere (below 5 im), where normal remcval pro—
cegses leed tc a half-life of 3 days (2~folding time of 4.33 days). The
remaining soot is placed in the 5 to 10 km layers, where the ha.f-1l = ror
removal is 30 days (e-folding time of 43.3 days). Of course, in the one-
level EEM, the only effect of the vertical distribution of soot is cn the
assuned removal rates. Symbolically, the removal rates are reflected in
the time-dependence of the cloud optical depth at visible wavelength:

Twis (T} = Toae ° (XLQ + Xqe ) _ - (7)
where time is now meesured in days since the initial soot injection ard

Toax * 3-00 X = Xy = 172, (8)

‘..rorth-bnelimase.th-mtismdmbeimmedmngtm;mr
season (30 June).

rm-asmmstmnmmmmofmmmm
temperature change (with respect to normal seascnal temperatures), at 10,
20, 40, ard 80 days after the soot injection. The maximm effect occurs
near day 20 of the simulation, when surface temperatures drop by as much as
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Pigure 8. Temperature charrres in the baseline/summer casa at: (a) 10
days. (b) 20 days, (¢) 40 days. ard (d) 80 days,
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 23%. (For sensitivity studies, it is sufficient to consider only the
Westarm: Hemisphere, since thaoﬂmhnisptmm maqmlitntivaly
:m.lar Banner. ) : .

st

mmmmama.:mucmvmmcum tha‘

degree—day is a comonly used metric (Reference 25, Chapter 7). Here, we
define degree-days as the difference betwesn daily temperatures in the
perturbed vs. con'rol climates, summsd over a specified length of time.
Figure § displays a degres—day map for the baseline case, with the sum-
mation exterding over a l-year puricd after the initial scot injection. An
aspect of this map is that the degrea-day contours do not

interesting .
- follow cosstlines nearly as closely as do the temperature contours. This

is because, vhile the oceans cool more slowly than continsntal aress, the
occsans also recover more slowly as the soot is removed. 7To a certain

‘extent, this decreases the effect of the grsatsr heat capacity of the

oceans, in terms of a time-jintegrated quantity lilce degree-days. To the
extent that biclogical damage deperds on the duration. as well as severity
of coolirng, it appears that the consequences for marine biota are compar-
able to those in continental envirorments. particularly since marine life
forms tend to be less tolerant to texmperature chances (Reference 8).

The anbit:lvity tests involved varicus modifications of the baseline
scenario. These modifications and the predicted effects are summarized in

" Table 3. The remminder of this section p:vvides brief descriptions and

coments on these simulations.

Sesscnal Depercience

The cooling effect is obviocusly largest if soot injection takes place
during the summer, since that is when the solar heating is normally
greatest. With the exception of the NCAR/CCM simulation (Figure 3), little
has been published recarding the consequences of soot injections in other
seascns. As Table 3 shows, there is a strong seasonal deperdence. both in
ﬁamimcaolirgmdindegree—dm Perhaps more surprising. the
effects are very different for spring vs. autum scesnarios, particularly
in the degree-day column. This is because the spring scemaric occurs
during the phase of the seascnal cycle when solar heating and surface
terperatures are both normally increesing, in the Northern Hemisphere,
the meximum rate. The autumn scenario occurs when surface temperatiures are
normally decreasing, at a rate controlled, to a large extent, by the finite
hesat capacity rather than by solar emergy effects.

Soot Remowal Rates
The baseline case uses the assuned altitde distribution of the soot

to estimate the removal rates, tmsed on normal atmospheric cleansing
processes., Cases 3 to 7 mxamine the dependence of the calculated climate
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Figure 9. Degree—day map for the baseline/summer case, summed over a
l-vear pericd following the initial smoke injection.
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. Table 3: Summary of Sensitivity Tests

G e A

Max. Cooling Degree

Case # Modification of Baseline °c) -Days?
1. Baseline/Summer 2.8 2388
2. ann;lim/sgrn:q 11.0 2285
3. Baseline/Winter 6.9 1092
4.  Beseline/Mutum 12.5 1188
5. X e1,X=0 16.3 s
6. X, =2/3, Xy = 1/3 19.6 1901
7. X, =0. Ry=1 | 28.8 3322
8. Narrow latitude band 20.5 2147
9. ™o latitude bands 14.1 1733

10. outgoing infrared reduced 50% 14.0 1322
a

Summed over one-year period after initial scot injection.
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perturbation on the scot removal rate. In Case 5, the scot is assunad to
occur only in the lower troposphere, where rapid removal occurs. The
climatic perturbation is then less severe and of very short duratici, as
indicated by the factor of six reduction in degree-days. In Case 6, the
soot is partitioned between the lower and upper troposphere in the ratio
which represents a constant mixing ratio in the 0 to 10 km altitude range.
In Case 7, all of the scot ocaurs in the upper troposphere, where the
lifetime is very long. :

A caution regarding interpretaticn of these results is in order. Since the.

FBM is a one-level model, it camnot treat the effects of the szcot altitude
distribution on radiative proceseses. Ramaswamry ard Kiehl (Reference 26)
used a one-dimensional (vertical) radiative-—convective modal to examine
atmospheric cooling rates for different scot altitude profiles. They found
that the surface cooling rate is cut in half if a constant mixing ratio
with & scale height of 3 km is assumed. This occurs because much of the
sclar radiation is absorbed near the planetary bourdary layer which inter—
acts strongly with the surface. Such effects are neglected in the EKBM.
Furthermore, the assumption of a fixmed height distributicn (modified anly
by removal) is very artificial. In reality, the radiatively heated scot
cloud will tend to rise cver an extended pericd of time, as discussed
Section 3. '

Horizxontal Soot Distribution

In the first few days after a miclear war, the soot would be confined
to isolated clouds or plumes, cver the fire sites, If the soot remains in
the atmosphere for several days, normal circulation plus winds created by
horizontal thermal gradients would tend to move the soot avay from the fire
sites, The geographical distribution of the soot cloud would then depend
on the distribution of fire gites. on normal circulation patterns, and on
the anomaious circulations created by locally uneven heating and coolinx.
It is by no means obvicus that the result of transport would be a cloud
laver which is approximately umniform in a troad latitude bard.

Because climate moxiels are barely able to resclve the syroptic scale,
climate simulations have assumed that the soot cloud is uniform betieen
specified bourdaries. The simpilest case (disregarding the totally umwal-~
istic case of a glctal cloud) is a zomally wniform cloud between specified
northern latitudes. This assumption may be partially justified by the
similar latitudes of the primary target areas in both the Eastern ard
Wester) Hemisrheres, arxd by the highly zonal character of normal circuia-
tion patterns at the target latitixies. PFor instarnce, the baseline case
agsumes that the soot lies in a band betwewn latitudes 30° to 70°N, as did
the NCAR study (Reference 20). '
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minmus control) on day 30, which correspaxis to the greatest cooling:
degree-day distribution. summed over 1 year, is shown in Pigure 11. Note
that, in both figures, the greatest excursicns occur in the bard covered by
the more northern scot cloud. This is surprising in that the larger abso-
lute reduction in solar heating occurs in the more southern soot band. '
whare the normel solar flux is larger. As in Case 8, horizontal transport
of heat plays a very important role in these simulations with rarrow cloud
bands. The southern soot bard is heated on both sides by horizontal heat

transport from unshaded latitudes. The northern socot barrd extends nearly
As a result., the unshaded region nortiserd of this band is

This simalation points cut the importance of heat transport .
from clesr areas into scot regicns whan the soot clod is limited in
extent. For reasons given above. the southern soot band may be more
rapresentative of this effect. In this region. the mximm temperature
decresse is anly ~ 10°C, i.e., less than cre-half of the temperature
decrsase in the beseline case.’ '

As arguad earller. there are no campelling ressons to expect that the
scot cloud would expand into a broad and uniform zorml band. Tracer calcu-
lations. using normal atmospheric circulation as input, indicate that the
soot cloud will spread ocut from the target arees, but this spreading would
be far from uniform (Reference 27). This calculation probably
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AU the Case 9 simulation.
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Degree-day map for the Case 9 similation., sumed over a l-year

period following the initial smoke injectieon.
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overestimates the degree of .unifomity. due to limited qm:m resolution
of the input winds and due to mmerical diffusion in the transporc
algorithm. : S

It would be of interest to simulate the effect of narrower scot bends
than considered in Cases 8 and 9. as well as soot clouda heving longitu-
, dinal variations, in addition to latitidinal structwre. Longitudimal
"y variations would allow heat transport to occur in both of the horizontal
. dimermions. This was not possible with the current version of the EEM
because: (a) the limited mumber of modes retained in the spherical

B  harmonic expansion [Equations (4) to (6)] sets the resolution at about 15°
‘;«f.;; of latitude: and (b) the current implementaticn of the EEM assumes a
Y : zonally uniform soot cloud. However, neither of these limitaticns are
N inherent in the tasic model. so these issues could be wamined in future
. investigations.
.Q:.
-y . Outgoing Infrared Rediaticn
- 'F )
:*' : The climate simulations assume that the soot cloud is transparent to
infrared radiation. This is a critical assumpti~-n since absorption of
- ? incoming sunlight, coupled with the transparency to cutgoing thermal
ol . energy. leads directly to the predicted cooling. While it is true that
vl sulmicren particles of pure soot absorb mainly at visible (or shortar)
Art wavelengths, the actual cloud resulting from fires would not consist of
_';«7::1 pure scot. Large amounts of water vapor, carbon monoxide, and nitrogen
W' " axides would be sntrained in the fire plumes, along with a vast inventory
i of hydrocarbons amd toxic chemicals produced by incomplete canbustion
__E‘E.fgi: (Reference 28). Many of these gases are strong abscrbers in the infrared.
St
:‘g: To test the effect of incressed infrared cpacity, we reduced the
e cutyoing infrared fluxes in the EBM, within the scot bard. The maximm

reduction was 50 percent, with a return to normal fluxes as the soot was
Zemcved. As expected. the severity of the climate modification was
significantly reducesd (see Table 3). Unfortunatealy, a realistic estimate
of the infrared opacity will require detailed consideration of atmospheric
chemistry, which is beyond the scope of this report., The results of Case

' 10 show that the Nuclear Wintsr problem is sensitive to infrared opacity.
but the predictions must not be interpreted as a quantitative estimate.
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or
sensitivity ‘hat:l.nq described in Section 2. Thus, the flexibility of the
EEM to simulate mmty cases complements th-m-panrtulpradicuva
capsbilities of the GOMs. ‘

The important new implication to be drasm from the sensitivity tests
is that the severity of the climate modificacion depends critically on the
lateral extent and wniformity of the soot cloxd.. If the cloud is broken or
confined %0 narrow strips. heat fror nearby unclouded regions will be
transported into the clouded areas, thereby limiting the surface tempera-
turas decrease. There has been speculation that a very nommiform soot
layer would have a raduced climatic impact because- the soot particles would
be less effective in absorbing sunlight (i.e., optical depths would vary
between very large ard very small values). %While this reascning is
correct, Case 9 shows that the climatic impact is reduced even if the
broken scot cloud is distributed such that the total sunlight abscorbed is
aqmltotnatabaorbadinthnb-mlmm (i.e, a troad and uniform
cloud).

This case points to the importance of properly accounting for the
lateral transport and spreading of the soot cloxi awey from localized fire
sites, While the basic physics of atmospheris transport is well under-
stocd, the ability to model this process is limited because such modeling
requires both high resolution (down to the plume scale) and large domain
(up to the planetary scale). GMs will definitely not be able to properly
handle this problem., so approoriate parameterizations of sub-grid-scale
soot-¢cloud structure will have to be developed. Simpler models, such as
the ZBM, can be useful in developing and testing various schemes for
similating the effects of nonuniform or broken soot clouds.,

The PBM was also used to demonstrate sensitivity of the climate effect
to: the assumed season, the soot removal rate, and the effect of the
atnospheric loading on infrared radiation. In these cases, the mcdel
results confirm intuitive expectations that the severity of the climate
modification is very deperndent on these factors.
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As a final note, »= offer a warning regarding interpretation of mdel
edictions for the climate modification scowmario. When dealing with very
camplex m.dels, such as GMs, it is tempting to accept the predicticns
without scrutinizing whether the besic processes are properly hardled by
the acdels: the tremendous amount of Satail in the models can give a false
sense of security. An example will be provided to illustrate this danger,
besed cnn the recent GO simulation, carried ocut at Ios Alamos (Reference
29). This similation represents the current state—of-the-art in global
effects modeling. .

SELF-LOFTING QFf THE SOO0T LAYER

The major improvement of the ks Alamos simulatiocn over other models
is that tha scot is interactive (i.e., directly participates in the energy
balance and dynamics of the similated atmosphere). The most significant
new feature to emerve fram the Los Alanos similation is that, because the
soot absorbs sunlight, it heats and rises into the stratosphere. This
self-lofting is critically important because the lifetime of the soot is
mxch longer oance the soot rises above the precipitating layers of the
atmosphere,

There is little question that there is a potential for self-lofting if
the scot layer survives initial scavenging. However, it is doubtfnl that a
GIM can directly follow this process. Fiqure 12 provides a schematic
jllustration of how the loftirng process will likely proceed. The top panel
shows an initial confiquration consisting of a horizontally uniform scot
layer. Since the ocptical depth is greater than unity, much of the soot is
shielded from direct sunlight. The middle panel shows a perturbation of
the uniform cloud. consisting of a local upward Intrusion. Such a pertur-
ation could, for instance. be created by local convective ovrocesses, This
intrusion will be heated more rapidly than the remaining soot layer because
it provides a larger surface area for intercepting sunlight. As a result,
the intrusion will rise faster than the uniform layer, as illustrated in
the bottom panel. .

This instability of the uniform soot layer is an example of multi-
componens (or "double-diffusive”) convection (Reference 30). Such pro-
ceeses have been widely studied in the laboratory ard in ccsanography,
where the intrusiors are referred to as "salt fingers", Figure 13 shows a
laboratory sxasmple of upward-propagating, double—diffusive convection. .

In contrast to this highly structured physical process, GOMs are
restricted to the very uniform cloud layer shown in the top panel of Figure
12. The Los Alamcs GOM, which is based on the NCAR/CCOM, has horizontal
resolution of roughly %00 km amd vertical resclution of the order of 1 lam

30




S e ey

P

aated layer

Sunlight

Figure 12. Develcpment of a double~diffusive instability in a wmiform soot
cloud. Top panel: initial conditions. consisting of a horizentally
uniform. optically thick cloud. Middle panel: perturbation of the

initial conditicn. Bottom panel: growth of the perturbation due to
enhanced solar heating.
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Figure 13. A laboratory example of double-diffusive carvection produced by

placing hot salty water cver ccol fresh water. The fresh water is
marked by flourescent dye. From Reference 30.
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at the cloud level. In other words, the basic model cell is a very thin
plate (aspect ratio of 50U:1). Such a model camnot directly follow the
self-lofting process, which will bhave a horizontal /fvertical aspect ratio
<<1 (as in Pigure 13). In fact, the double~diffusive instability makes i%
unlilely that a broad and harizontally uniform ci-ud will ever form.
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The climate model definad by Egquation (1) has both time- and space-
dependence. The msthamatical propertiea of this model concern the
e-folding time for response to a time-dependent perturbation. and the
charucteristic langth for propegation of a localized perturbation. In
principle, these properties could be derived by applying a formal Green's
function analysis. Howver, this is umecessarily complex; we take a less
rmmbﬁmmumxmwricm-m
time- and space-propagation of a perturbation.

To darive the e-folding time, vemideramtullyaveragedmim
of Equation (1). matmmmﬁmm lming

J;(L) a S .
C—-—-"@S(t)-'ﬂ*'m‘(t)] ' ' T AG)
at . . I
‘ ‘ Vbcaniderstt)tob&ﬂnmmmfordrivimastep-ﬁmim
i pnrturbatim of this equation.
S, for t <0 | o : '
S(t) = ' : {A.2)
s for t >0 ' : .

A.nnin;ttntt!’nmdelisinequilibrimfnrt<o. at a temperature

T = (QaS - A)/B. : . (R.3)
the solution to Equation (A.1) for t > 0 is )

T(t) = T, + (T, - T, > /C (K.4)
vhere '

T, = (QaS, - A)/B S ‘ (A.5)
m&;\ntim(lt.t).mseetrmt‘r(t) ->T.ast->a ard that the
e-folding time for the temperature is

T =C/B . {A.8)
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To derive the characteristic lerngth scale. we rewrite Equation (1) in

the form
13‘1‘ B GaS - A D1 2 o 1
- ) +--VT 5 (A.7)
Tt € BT cT

where time- and space-dependencs of the aprropriate variables is still
implisd. Examining this egquation, it is apparent that the left side is the
inverse of the e-folding time for temperatire. The first term an the right
side involves only radiation quantities (solar and infrared), while the
second teri represents horizomtal erergy tramnsport. The temperature time
scale is thus the barmonic sum of the radiation and transport time scales:

: : 1 1
- +s , {A.8)"
Ttemperature  ‘radiation transport

where the time scales are evaluatad by term-by-term comparison of Eguations
(A.7) arxl (A.8). We now consider the consequences of a localized :
perturbation in temperature. Due to the diffusion term, the perturbation
willmwoutmrdatantnsstbyr| . As it propacates, it

will be damped by radiative processes, at a rate set by T Hations A
characteristic distance to which the disturbance will propagate is obtained

by
Transport * Tradiation (R.9)
or .
B Qas - A
—-vz'rs- (e =1) {A.10)
cT o4 BT .

The characteristic length. 2. of the diffusion operator is given by

1 1 B Qas ~ A ' o '
—m a2 @ - e =1) , (A.11)
2 T D ' | ‘

BT

Pinally, since the equilibrium temperature is given by

Qas - A
T = .
«a” T3 (A.12)
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