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SUMMARY

This report is a selective summary and discussion of the types of models
that have been applied to the prediction of the anthropogenic warming of the
atmosphere. All of the quantitative predictions involve only the €0, effect
although it 1s recognized that other trace gases may contribute from 5% to 100
percent additional warming. The types of models discussed are, from simple to
complex: radiation balance, energy balance, radiative-convective, thermody-
namic and general circulation models. The results given in the summary table
below have been generated by the most physically complete versions of the
models in each category. Additional results, discussed in the report, are
omitted from thls selection. It seems clear from the discussion herein that
all models are still sufficiently unrealistic that a definitive evaluation of
the problem requires continued effort.

Table 1.

 Model Predictions of 2 x CO, Warming of Atmosphere

Model Type and Source Mean Surface Effect High-Latitude Effect

Radiation Balance

Jason Group [2] Globe: 3.0°C
Energy Ralance
Jason Group [2] Globe: 2.4° 7.5°¢C
Budyko [12] Globe: 3.1° 9.0
Radiative—-Convective
Augustsson & Ramanathan [18] Globe: 2
Hansen et al. [17] Globe: 2.8°
Hummel and Reck [39] Globe: 2.1°
Thermodynamié
Adem (Preliminary) Hem: 0.6° 2°
General Circulation Model )
Manabe & Stouffer [26] Globe: 2°. , 7°

Hansen et al. [1] Globe: 3.5° ‘ 7°




I. INTRODUCTION

In this réport we summarize and discuss with some qualitative evaluation
thertypes of models that have been applied.to the prediction of the atmospher-
ic warming consequent upon the increasing CO2 content of the atmosphere. The
examples selected in each of the climate model categorles are those that have
been developed to the highest state of the art in gach category at this time.
The réport is organized so as to first explain the problem, including -an
explanation of what 1s meant by climate, followed by a qualitative summary of

the types of models in order of increasing complexity. This Is followed by a

discussion of the key scientific problems involved, namely the quantitatiye-

evaluation of the increased "greenhouse effect™. After this discussion a more
detailed presentation of the appropriate climate models is given followed by
an appraisal of each of the models and categories discussed.

Carbon dioxide is the most studied of the combus;ion gases slnce it plays
an important role‘in the inperaction between the sun's radiation and the atmo-
sphere. The carbon dioxide concentration has Increased steadily since the
beginning of the industrial revolution from about 290 parts per million (ppm)
to about 340 ppm today (1981). it is expected to double some time in the'né#t
century. Just when depends on the particular estiméte of the level of 1in-
creasing energy ﬁse per yéar and the mixture of carbon based fuels [I, 2].
None of these estimates includes the role of the oceans and the biosphere as
sourceé or sinks of 002 since the mechanisms of their exchange with the atmo-
sphere are too uncertain at this time: Climate modelers begin with the
assumption that atmospheric 002 will double (with corresponding increases in

other combustion gases) and try to predict what climate changes will occur.

>

They all predict some kind of increase 1n temperature within a global mean
range of 4°C. The consensus-is that high latitﬁdes will be heated more than
the equator and the land areas more than the oceans. Such a wérming can have
serious consequences for man's comfort and survival since patterns of aridity
and rainfall can change, the height of the sea level can increase considerably
and the ﬁorld food supply can be affected. The detailed consequences of a €0,
warming are not yet known. The conclusion is that optimum forecasting of cli-
mate changes 18 a necessity for any realistic long term planning by government

-~

and industry..
IT. THE NATURE OF CLIMATE AND CLIMATE MODELS

An operational definition of 'climate' is that it is a time-mean state of
the atmosphere [3]. Time means are averaged over a given period of time such
as‘30 days, a season, a year, etc. 'Climaﬁe changes' refer to changes of
state of the atmosphere over intervals greater than the averaging time.‘

'"Climate models' are mathematical descriptions of the earth—atmosphere
system as 1t 1s driven by the ragiation from the sun. The models range in
complexity  from a crude picture of the earth as a uniform rota;ing ball in
radiation balance with the solar radiation to the complex general circulation
models (GCM) that treat atmospheric dynamics by numerical solutions of fluid
dynamical equations. lRegardless of complexity, all eclimate  model stuﬁiesf
indicate that a doubling of €0, will produce a significant increase in the
g16b31 and annual mean temperature of the earth. Climate model predictions
range from 0.6°C to over 4°C, depending moreé on the physical assumptions than
upon the complexity of the model. Several'eﬁpirical gstudies [4, 5] give a

lower estimate of about 0.26°C. There is sufficient uncertainty in the range




of‘predictions to‘Leaﬁe the consequences of the €O, doubling in considerable
doubt. The difference between the low end of 0.26°C and the high end of ~4.°C
has obvious consequences regarding the amount and speed of polar 1ice mel;ing
aﬁd the degree of sea level rise. Other uncertainties are the effect of the
warming on: snow and sea-ice cover, the distributions of temperature, rain—
fall and aridity over the globe, the oéean'circula;ion and oxygen budget, and
the related world food supply [l, 6].

A summary of the models to be glven further elaborat%on in Section III is
glven here for a quick overview of app;pachés to the €0, problem. These do
not exhaust the differgnt kinds of models used for climate studies but they
are the principal tools, eitﬁer singly or in combination, applied for pre-
dicting the outcome of a o, doubling. (Schneider and Dickinson {3] give a
thorough and readable survey of the many approaches to climate modeling that

is still current.)
A. The Lowest Order: Radiation Balance Model

In this model the earth is treated as a uniformly rotating sphere with a
homogeneous afmosphere in radiative equilibrium with the sun's energy flux.
What this means 1s that the sun bathes the earth Witﬁ radiation (fhat is pri-
marily in the wvisible), that the earth absorbs some of that radiatioﬁ and in
the equilibrium state reradlates it back to space with a spectrum that is pri-
marily in the infrared. All that is needed to compute the "effective radia-

tion temperature” of the earth Ts 1s to give the known solar energy flux at

the top of the atmosphere and that fraction of the solar flux absorbed by the .

earth-atmosphere system and radiated back as infrared radiation.

It turns out that the mean surface temperature of the earth TS is about
30°K iarger than T,. This is accounted for by the "greenhouse gases? that
absorb and trap thermal (infrared) energy in the atmosphere. Some atmospheric
structure must be added to the originally simple picfure to compﬁte the ab-
sorpﬁion of the constituent gases and to maintain the mechanical stability of
the lower troposphere. . The model as amended is used to estimate a gloﬁal

warming due to the doubling of €0, when the remaining physics is unchanged.
B. FEnergy Balance Models (EBM)

These models add a latitude dependence By'dealing with quantities such as
suyface temperature, heat cap;city and albedo that are averaged over a com—
plete latitude strip. One more term is neéded to balance the energy equatidﬁ
in each strip. The new term represents horizontal heat transported qut of the
strip by fluid motions. In equilibrium, the eﬁergy balance for each strip
would now read: {net transport out) + (infrared out) = (solar in). -Thé
transport term is usually parameterized as a diffusion operator (familiar.ffom
ordinary heat transfer theory). | |

Energy balance models have the added attraction that Ehey can Be used to
estimate the latitude distribution of a COz.Warming with its effeéts on the
polar ice caps. As with the original radiation balance model, separate calcu-
lations with vertical structure 1In the atmosphere are required to give the
infrared terms. The EBM diffusion equation .itself, however, admits only a
latitude dependence in the equilibrium case with the addition of a time depen—

dence when seasonal and other time varying-conditions are treated.



C. Radiative — Convective Models

Radiative—-convective models are more complex versions of the radiation
balance model described above. Physical parameters are treated as global
averages with spatial variation only in the vertical direction. Mathematical
c0mputatiops are performed for convenience in a plane parallel configura-
tion. The atmoéphere is divided upvinto many uniform iayers for numerical
computation. For such models the principal equéfions to be solved are those

1
S

of radiative transport with the convective part appeéring as adjustments to

the temperature structure to prevent the lower troposphere from hecoming

mechanically unstable. These models are applied principally to numerical
experimentation in which atmospheric parameters can be varied ome at a time to
estimate the sensitivity of the atmosphere to change. These include experi-

ments with radiative models of clouds, changés in distribution of particulate

matter with height, the effects of_CO2 and other combustion gases, solar con-

stant, volecanic dust, aerosols and atmospheric.chemisﬁry. Occasionally exper-
iments are performed in which the physlcal parameters of a particular latitude
strip are taken as the global mean values 1In order to get a sense of the
changes 1in vertical structure to be expected at different latlitudes and in
particdlér to estimate how the structure varies under perturbation.

Much of the matheméfical details of the radiative traunsport calculations
of these models can, with some modification, be used in fandam with those
models that tfeat horizontal transpoft since the radiative part is caleulated

separately to give heating rates.

D. The Thermodynamic (Adem) Model

The thermodynamic model of Adem is an operating climate model developed
on the basis of the assumption that for periods of a month or 16nger climate
can best be described by determining the mean thermai state of the atmo-
sphere. The model uses two‘bésic equations, one for the conservation of ther-
mal energy for the atmospheriec layer and one for the conservation of thermal
energy for the ocean layer., The two layers are coupled in the full model. 1In
each equation there 1s a two dimensional horizontal eddy diffusion term (the
two dimensional vefsion of the one dimensional transport term in the energy
balance equation of section II.B). 1In addition to the eddy diffusion terms
there is a term that parameterizes the transport by the mean winds in‘the
atmospheric equation and a term that parameterizgs transport by horizontal
-currents in the ocean equation. Continents and oceans have appropriate values
of the albedo — the fraction of solar energy reflected to space — as functions
of position on the globe. The chief effect of the continents 1s a varying
albedo due to changing snow and ice cover. Although an initial input vari-
able, albedo-feedback permi;s computation.of changes in snow. cover extent.

- At present the model computes thermal and solar radiative absorption for
each grid point as a function of time with a computed cloud cover.f As with
all global models the amount of atmospheric structure required for transport

by diffusion and advection need not be the game as for the radiative terms,

since the time scale for radiative equilibrium is so much smaller.
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E. General Clrculation Models (GCM)

General circulation models differ from the previously described models in
that they treat horizontal momentum directly. That is, they use the analogue
of Néwtoﬁ's gecond law relaéing the gﬁange in momenium to the applied for-
ces. The atmosphere is‘broken'up into several layers and in each layer there
are equations for the energy and the ﬁorizontal coﬁponents of the wind veloqi—
ty. As with the previous models the radiative traﬁsport equations must b?
solved in order to get the radiative heating or cooling at each layer gnd at.
each grid point., In order to foliow the horizontal velocity components the
GCM requires much shorter time steps than is necessary for the other models.
fhe GCM also differs from the prior wodels in start&ng with an initial'con@i—
tion and then integrating forward in time from basic principles. It uses more
explicit dynamics and less parameterizations then other types of models.

Compared with GCMs, the thermodynamic model differs significantly in-
method, purpose and simplicity. The GCM attempts to pgedict climate from
first principles while Adem's modél generates climate anomalies based on the

use of thexstored data fields. These data flelds represent analog solutions

that contain implicitly whatever scales of motion contribute to climate. The-

model is limited by the quality and extent of the data flelds and related
parameterizations. In predicting perturbations from normal climate by the
gsubtraction of computed normal from actual fieldg, the model aﬁoids common
biases or errors that may be introduced by computational schemes and common

parameterizations.

11
ITI. THE 'GREENHOUSE-EFFECT'
A. Fxplanation of the Effect

The sun supplies the energy that drives the motions of the atmosphere and
oceans. Solar radlation enters the top of the atmosphere with a chafacteris-
tie spectrum that is mostly in the visible. A fraction of this radiation,
called the planetary albedo, is reflected to space. The remainder is abhsorbed
and transformed as it inféracts with the earth and reaches equilibrium. The
transformed radiation has a characteristic spectrum that is mostly in the in-
frared. It is referred to variously as long-wave or thermal radiation. The
spectra of both incoming solar and outgoing thermal radiation are defined by
the equilibrium black body emission function (the Planck formula). This is a
strictly thermodynamic relatian becéuse radiation and matter come to equilib-
rium on time scales much shorter than those of the macroscopic motions.

The Planck formula depends on the absolute temperature of the emitting
surface and wavelength. The.solar.radiation, shown in Fig. 1, has the spec-
trum of an emitting surface with a mean temperature of 6000°K. For contrast
the spectrum corresponding to the present meén temperature of the earth of
about 288°K appears on the right. Both curves have been normalized relative
to their respective maxima so they appear to‘have the same height.‘ The actual
intensity of the solar curve is about four million times that of the thermal
curve. Thermal radiation, for temperatures characteristic of the earth and
its atmosphere, is predominantly in the range 4 to 40 M.

As will be seen in Section IV.A where we elaborate on the lowest order
radiation balance model, if we assume that the planetary albedo of the earth

is 0.30, then the remaining fraction, 0.70, of the solar radiation will bhe
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absorbed ané transformed ianto thermal radiation with a mean temperature of
Te=255°K (or ~-18°¢). Te isrcalled the-effectivé radiaﬁion temperature of the
earth. Just as the sun appears to be radiating at the relatively cool effec-
tive temperature of its outer layers (6000°K) there appears to be an effective
radiating temperature for the earth from its relatively cooler upber tropo-
sphere (255°K). The surface temperature of the earth is 288°K. The reason
that the surface temperature is warmer 1s due in part to the presence of the
so cailéd greenﬁouse_gases that absorb strongly within the 4 to 40 pm thermal
gpectrum. Absorhing gasesxvery quickly reradiate the energy they get from the
surface of the earth, hut in the atmosphetre a gas radiates both upward and
downward, while the surface merely radiates upward. The spectrum of the equi-
librium radiation in the atmosphere will be determined by the actual tempera-—
ture of the air. It is the mediating effect of the atmospheric absorbers and
the fact that they radiate downward.as well as upward that provides an addi-
tional bath of heat for the surface. This heating is called the "greenhouse
effect” simply because the role of the absorbing gases resembles what was once
thought to be the role of the'glass of the greenhouse in trapbing infrared
radiation.

A key scientific problem to be solved is the evaluation of the increased
greenhouse effect resulting from an increase in combustion gases 1In the

atmosphere,
B. 'The Greenhouse Gases
The expected role of the greenhouse gases can be illustrated with use of

Fig. 2. The figure shows part of the envelope of the thermal emission curve

for T = 288°K from 4 to 20 ym. Estimates of the absorption curves of Hy0, CO,
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and 04, which are sketched from computations based on data in Kondratyev [7]
éorrespond well with a similar figure in Ref. [2]. The horizontally striped
region indiéates'roughly: the maln absorption reglons of water vapor between
4 ym and 8 uym and above 17 uﬁ;_and of CO, between 12.5 pm and 17 ym. The
principal infrared window to space 1s between 8 ym and 12 ym. Within the win-
dow are an ozone (03) absorptiﬁn band and a relatively unimportant (for pres—
ent ciimate) set of (0, bands (stippled). If €0y were to increase in the
atmosphere the princiﬁal effect would be a filling in of the pregently weak
absorption band in the ‘window to space as well as a filling in to the left of
the strong absorption band that begins at 12.5 ym. If the COy is more ahsorb-
ing, it will reradiate more both upward and downward. If all of the other
physics remains the same, the effect of _thié increased downward radiation
wduld be to further increase the temperature of the surface. If the water
vapor content were to increase there would be a similar filling in of the
window fegion with more absorbing gases. The other greenhouse gases with
absorption bands within the windaw include NO_, methane (CH4), ammonia (NH3),
thefhalomethaqes {freons), carbon monoxide‘(CO) and hyﬁrocarbons. Moreover,
increased emlssion of NO, and €O can increase CH, and 05 in the tréposphere
[8, 9] via chemical reactions that compete with reactions that would otherwise
remove them.

Most attentlion has been directed to the roles of Hy0 and 04 principally
because the data base on them 1s far more extensive and because the steady
increase of 0, has been well established while the future increase seems a
rational.projection.

According to the Jason group [2] the freons have absorbing bands 1n the .
middle of the atmosphetric window so that if they were to increasé by a factor

of about one hundred they could contribute strongly to the greenhouse effect.
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Ny0, CH, and NH5 appear to .be marginally important at present. These gases
would fi1l in the window from the left as €0, does from the right if they were
to increase. Most recently Lacis et al. [9] calculated that the warming from
the increase in trace gases, CHy, NZQ and chlorofluorocarbons during 1970-1980
amounts to 50% to 100Z of that due to C0y in the same period. Apparently
then, all increagses in greenhouse gases plus aerosols should be considered in

the total anthropogenic effect.

A simple relation between surface temperature, Ty -and T, can be derived
from the following conditions: the thermal fadiation is in local thermody-
namic equilibrium with the atmospheric gases; the absorption coefficient is
independent of frequency (the grey gas approximation); the atmosphere can be
treated in a plane parallel geometry; and the thermal radiation flux goes
elicther vertically up or vgrtically down. TFrom this it is simple to derive

[10] the relation

| IV. DESCRIPTION OF THE MODELS T%=TH% (1+0.75 ¢ ) (2)
’ : 8- e g’?
A. Radiation Balance Model | ’ E where Ty is the effective optical depth of the atmosphere ~ a non dimensional
} ] measure of the opaclty or absorbing capacity of the atmosphere. 5o far the
] |
The description and results given here for this most primitive of models : theory does not give a value for Tge
follows the standard derivations and results of others, eg Chamberlain [10]. ‘ From Eqs. (1) and (2) we get
Picture the earth as a uniformly rotating ball with a homogeneous atmo- i
sphere in radiative balance with the mean solar heat flux at the top of the j
_ 9 ! oT * (1 - a)SO
atmosphere of 8, = 1367 watts/meter“. Moreover, suppose that in equilibrium . ! AS = 4T 4 = — . : (3)
. : i e
: ‘ : , 8
the earth radiates as a black body at the effective temperature T,. The sun's
radiative flux is plane parallel with a certain fraction, the albedo o, being
reflected into space. The amount TR2 (1 - &) S, is absorbed; nRZ is the ef- o where A =1 + 0,75 g
fective area for plane parallel rays striking a spherical earth with radius R. If, as is the present practice, one assumes that o remalns constant if
The absorbed energy is reradlated according to the radiation balance-equationﬁ €0, 1is doubled, then T, remains unchanged. However, Tq is a measure of
ot (‘__JQH‘_ L% ! ] .
‘ d&_\ «Qf%b { jﬁ absorbing material in the infrared so that Tg mist increase with the €0, in-
' | (- ' | | '
(47R2) cTe“ = (gR2) (1 - a)So, (1) o crease and with it, A . The ratio TSA/Asrmust‘remain constant by assumption
‘ : so that TS4 will increase just enough to compensate for the increase in AS.

A more sophisticated calculatlon is required to get t_.,. The Jason group

where the Stefan—Boltzmann constant g = 0.56687 x 10-7 watts/m2/°K4. For the .

value ¢ = 0.3, the effective radiation temperature of the earth T, = 254,4°K. [2], in a calculation that summed up the contributions of the absorption coef-

p.
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ficients of the major atmospheric constituents found a mean Tg of 0,748 for

the present CO, and 0.828 for double C0,. Substitution of these values gives
T, (present CO,) = 284.9°K

and
T, (double C0,) = 287.6°K.

The actual wvalues of TS are not important but any change in Ts ég_importght.
The warming ig ATS = +2,7°C. In a more complete caleulation involving nine
absorption bands, the Jason group [2] obtained a 3°C change. The result for a
model like this can be only suggestive.

The madel producing these results gives the wrong temperature lapse rate
for the lower tfopOSphere. The lapse rate is the rate at which temperature
falls with altitude. TFor the case of purely radiative equilibrium, the lapse
rate in the lower troposphere will be steep enough for the upper air to be
colder and denser-than the lower air. Because th¥s is mechanically unstable
{(a convectlve instability) the upper air will tend to sink and mix with lower
air until the lapse rate reaches a stable vaiue, that 1s; equal to or less
than the adiabaﬁic curves shown in Fig. 3. TBecause a solution with a stab{g
lapsé rate 1s required for a meaningful result it is necessary to modify the

procedure. The simple procedure followed 1s the replacement of the lower

. portion of the 1Initially-derived lapse rate curve with one of the adiabatié

curves, i.e. the dashed curve of Number 3. The use of such an atmospheric
structure would supply enough thermal radiation from the lower troposphere to

maintain the radiative profile above the point of intersection C [L0]. This

ELEVATION

TEMPERATURE

N

Figure 3. The vertical temperature lapse rate curve resulting
from radiation balance solutions (solid curve). Dry adiabAatic

I . (constant) lapse rate curves are shown by broken lines 1,2 and
3. Below A the lapse rate curve is unstable. Adiabatic curve 3

- 1s substituted for the lower portion of the lapse rate curve
below the point of intersection at C to achieve convective stab-
ility and the maintenance of the radiation profile above C.




17

converts the radiation balance model into the crudest of the radiative-

convective models (to be given more attention in Section C).
B. Energy Balance Models

Energy balance models are the nextlin complexity. They add a latitude
dependence and tﬁerefore the capaclty to treat snow—ice feedback. Moreover,
they are capable of analytical solutions limited to highly idealized situa-
tions. TFor these wmodels [l1l] the globe 1s divided into latitude strips or

zones over which a balance equation states that the solar heat enetgy flux

entering each latitude belt 1Is exactly balanced by the loss rate. In the

steady state, the equation for latitude belt i is

(net transport out)i + {infrared out)1 = (solar energy in)i. (&)

Fach term would be in units of energy/second/area after the common area of the

latitude belt has been divided out. Recall that Eq. (3), the corresponding.

equation for the radiatfon balance model has the form
(infrared out) = (solar energy in).

The extra term in (4) represents horizontal traunsport of heat carried by fluia
motions. The properties for each latitude belt are average quantities. The
only spatial variable 1s the quantity x = sinf where 6 1is the latitude.

In (3) the quantity dTS4/(1 + 0.?5Tg) represents the total infrared radi-
ation back to space. One could use such a formula for each strip. However,

it 1s more convenlent to convert T, = Ts(x) to Celsius degrees by Ts(x) = 273

——

.
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+ T(x) where T(x) is in °C and replace the infrared radiation term on the left

side of Eq. (3) with the linear version on the left hand side of (5):

A(x) + BOOT(R) = S (01 - a(x)1/4 (5)

where A and B, 1n the linearization, absorb the constants of ng'/AS but are

given experimentally derived values below. So(x) is the average value of the

solar flux and a{x) the average albedo at altitude x. The variable x is con-

venient for this work because the differential dx is proportional to the area
of the latitude circle. If (5) 1is multiplied by dx and integrated over
latitude the result would be equivalent to (3). Present cloud cover, varia-
tion of water vapor content over the globe and the presence of greenhouse

gases are accounted for in (5) by writing

Afx)

a(x)/ (1 + 0.757,)
(6)

B(x) = b(x)/(1 + 0.751g)
where A(x) and B{x) are &educed from measﬂremenfs. The Jason group [2]
computes Tg by using the U.S. Standard Atmosphere for 1976 and allowing the
assumed structure to radiate to space. They break the thermal region into
nine frequency bands, compute the Fflux for each band separately and then sum
them for the total, Thué Ty accounts for the presence of .the greenhouse
gases. Then a(x) and b(x) account for variaﬁions in cloud cover and water
vapor via the measured quantities A(x) and B(x) in (6).

If one assumes that a(x) and b{x) do hot change up to a doubling of CO,

then a computation of t_, for the case,of‘Coz doubled (411 other quantities

g
remaining the same) will give a new set of A(x) and B(x) through Eqs. (6).
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.This ;ﬁproach is not based on golving the equations of ?adiative transfer
hencé, again, an estimate for the greenhousé éffect rather than a precise’
number results.

The-energy balance;equations.deél only with the energy content in the
- total column of atmdsphere above the compiete latitude strip. These are rep-
resented by an average heat capaclty multiplied by the surface temperature
T{x). Since_there are no horizontal velocitles 1n this bicture we have to
parameterize "net trénsport out" in terms of T{(x) and its derivatives. - The
parameterization uses the form of molecular diffgsion but here the diffugion
term has to acdqunt for turbulent and eddy‘transport of heaf. For energy
balance models the - parameterization takes the form of Eq; (7) (or alternate

but similar forms)

[net transport out] = -‘%; [D(l‘xz)-%; T(x)], (7

',there D, the diffusion. coefficient, is at our disposal.. It can be a global

constant or vary with X or be prescribed in any way that tunes solutions to

present climate. ‘At present, whatever method is taken for fixing D, it 1is
kept the same for estimates of doubled €Oy .

“In steady state, the full equétion has the form

- & a-x2) EE Gy 4 + B 100 = 5,00 [F2E] (@)

e e S P

R S
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In (8) the surface albedo can bé prescribed or 1t can be written o(x) =
a[x,T(x)] in order to account for variations in the ice line if one perturhs
the climate. The Jason group [2] uses this parameterization in slightly

different notation

- a0l =200 = {07 17 109 < 1000 (9

where Z(x) 1is arcorrection for variation of zenith angle with x.

Egq. {(8) and its time varying counterpart are useful fdr ﬁumerical expéri—
mentation. In their most realistic experiment the Jason group finds that by
doubling €0, an increase of 2.4°C resulted when water vapor increased (con-
stant relative humidity) from the effect of temﬁerature feedback and gea_ice
was allowed to shrink to zero. Higﬁ latitudes increased by 7.5°C. The cor-
responding results from the 6riginal ﬁudyko version of this ﬁfpe of model [12]

was 3.1°C for the global change and 9°C at high latitudes.
C. Radiative—Convective Models
Manabe and his collaborators [13, 14, 15] developed these models as -a

prelude to the incorporation of radiative transfer into general circulation

models. All of the physical parameters in these models are taken as global

~averages and all of the computations are in one spatial dimension with

variation only in the vertical (z—axis) measured upward from the surface. The

equations of radiative transfer can be considered as bookkeeping relaticns

that keep track of. the change 1n radiation ' intensity I(f)  (in

watts/meter?/unit solid angle/unit frequency interval about the frequency'f)

H ]

in some distance dz. They have the form: the change in intensity in distance
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dz = - the amount absorbed = the amount scattered out of the beam + the amount
scattered into the Beém + the amount emitted.by matter into the beam. In
principle the equations are first solved for each narrow frequency interval df
with boundary conditions specified at the top and bottom of.fhe atmosgphere:
at the top the net upward flux of thermal radiation must equal the net down-
ward flux of solar radiation; at the surface the net upward thermal flux
equals the netrdownward solar flux. To réduce the computational burden [14,
16] the solar and long wave fluxes are given different emphasis. That is, the
solar radiatlion may be absorbed, scattered or reflected but emission 1s ne-
glected, while the long wavelength thermal radiation ﬁay be absorbed or may be
emitted but scattering is neglected. Molecﬁlar absorption is a process in
which the moleciles absorb radiation and go into exclted energy states; they
then reradiate energy In all directions. Quantum mechanicg locates the éqergy
.levels and thermodynamics shows how the absorption coefficient is broadened by
preésure and temperature variations. Further simplifications involve breaking
the frequency spectrum into representative bands and computing mean absorption
coefficients over each band. This reduces considerably the number of iqter—
vals for which the radiative transfer equations need solution.

In radiative-convective models the atmosphere 1ig. divided into uniform
layefs for numerical solution of the padiétive tranéfer equatipns.r Carhon
dioxide 1s treated as uniformly mixed but water vapor and ozone are glven
vertical distributions appropriate to present meah climate. Clouds strongly
influence both solar and therﬁal fluxes. The distributlion of clouds as high,
médium and low is ge;erally prescribed accord&ng to present climate statis-
tics. Hansen et al. [17], for example, take climatological cloud cover to be
50 with distributions in the fraction: 0.1 for high, 0.1 for medium and 0.3

*

for low clouds. "(Low clouds cool the surface while high clouds warm it.)
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_ Wavelength dependences of cloud and aerosol properties are inéluded in some of

the later R-C models [17].

The essential point.is that the radiative transport equations are treated
with considerable detail in R-C models. At any level they give the net heat-
ing or cooling after summing over all frequencies.

In Section IV A wé saw that the atmosphere is unstable under purely radi-
ative balance for the very simple model described. To avoid this problem in
R~C models another set of conditions 1s required for stability. There mﬁst be
sbme mechanism to transport heat upward from the surface (a convective adjust-
ment) so that a stable temperature lapse rate will exist. One of the. several
alternative methods for performing these adjustments 1s via the time-stepping
procedure of Refs. [14, 17]. (In this and the more coﬁpleﬁ models that fol-
low, értificial time steps can be used to go from an ipitial state to the
desired equilibrium state without changing the external conditioms or solar
forcing.) One begins with a standard atmosphere having a given composition
dnd temperature structure subject to the given incoming solar flux and suit-
able boundafy conditions at the surface. Then the equations of radiative
transfer are solved to compute the radiative heating terms at each atmospheric
level. Given these, the density of the alr, the width of the level, and a
gsuitable time step'At one can compute AT, the temperature adjustment within
the 1M level. 1If the lapse rate exceeds 6.5°C/km f¥ a standard normal for

mid-latitudes used in most R-C models —- the atmosphere is unstable and enough

‘heat (or equivalently a convective adjustment to AT) must be added to ensure

that the lapse rate will be 6.5°C/km or less. With the new temperature struc-
ture the radiative transport equations are solved again subject to the same
boundary conditions to get new heating rates. The procedure is iterated until

the atmosphere is in radiative and convective balance.
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Hansen et al. [17] performed different experiments for doubled COy —— the
differences are with cloud parameterization, relative humidity, snow and ice
and vegetation élbedo feedback, With relative humi&fty and cloud temperatures
fixed at present values and with the 6.5°C/km limiting lapse rafe théy find
that the mean surface warming is AT, = 2.8°C with an uncertainty of a factor
of 2, In contrast, Augustsson and Ramanathan [18] give AT, = 2°C for a dif-
ferent cloud parameterization. The quoted numbers are those preférred by the
authors of [li] and [18] out of sets of runs with a variety of parameteriza-
tions. However, similar assumptions lead to similar results (see table 1 of
Ref. {17] and table 2 of Ref. [15] -~ a clear indication of the sensitivity of
the results to assumptlions about the cloud physics.

Hummel and Reck [39] improﬁed on previous rédiative—convective models by
adding water vapor transport to their verslon of the early Manabe~Wetherald
Prior

model thus permitting calculation of cloud location and thickness.

models used a constant relative humidity profile and cloud distribution. For

a doubled C0p content and a standard cloud cover input thelr modification

gives an 1increase of surface temperature of 2.05° compared with 1.71° for the
Manabe-Wetherald model. This difference is due to a larger, more realistic

water content.

References [l4, 16, 17] give a balanced and clear picture of the tech-
niques of radiative—convective modeling.

D. The Thermodynamic (Adem) Model

The basic assumption of this model is that for periods of a month or

longer the mean state of the atmosphere depends primarily on the thermodynam-

ics of the atmospheré aﬁd seems to be but weakly dependent on the dynamical

ol e
8}5’ = ‘lﬂﬂ'ﬁ_“‘(m\_ | 2

motions —-- those governed by the fluid dynagics version of Newton's laws. The
model follows the time evolution of the thermodynamié state of an atmospheric.
layer about 10 km high that includes a ‘cloud layer, an ocean layer of 50 to
100 meters in depth and a continental layer of negligible depth and heat
storage. It also includes a layer of snow and ice over the continents and

oceans. ‘The basic prognostic equations used in this system are those of con-

servation of thermal energy applied to variables that are time averaged over a

" prescribed interval. It is assumed that the equationg of hydrostatic equilib-

~rium, the perfect gas law, and the continuity equation are valid for the time

averaged variables.
The thermal energy equations for atmosphere and oceans are Iintegrated
over their respective vertical heights —- about 10 km in the atmosphere and 50

to 100 m in the oceans. The resulting equations follow the mean energy of the

. atmosphere chosen proportional to the abhsolute temperature Tm at an altitude

equal to one half of the mean helght of the atmosphere, and the mean energy of

‘the oceans chosen proportional to their surface temperature T_.

Three basic equations' are used to describe the atmosphere, oceans and
continents respectively. For tﬁe atmosphere and oceans,.the eqdat;ons (which
have the same form and are coupled in a full solﬁtion) have terms on the left
side for local rate of change of thermai energy, heat transport by eddy_diffu-‘
sion, heat transport by mean winds (cﬁrrents) and vertical heat tfansport
These are balanced on the right side by the

(below the ocean mixed laver).

heat sources and sinks: radiation, latent heat and sensible heat. For the

- continents, which have insignificant storage depth and mobility, the left side

terms are zero and only the balance among the heat sources and sinks is con-

i

sidered..
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-Albedo feedback for snow and ice 1s obtained by'édjusting the sqow-ice
margin to a selected isotherm {(currently 0°C) by iterative solutions until
convergence is obtained. All of the terms of the atmosphere-earth radiation
balance are also computed internally in the model solutions. Changes in c¢loud
amount are computed as a function of létent heat changes.

Solutions of the linearized differential equations afe carried out at 512
grid polnts over the hemisphere. OQOutput is in the form of hemlispheric maps
for surface (land and water) and mid-tropospheric temperatufes. In addi:ion,“
all of the diagnostic terms 1nvoived are also printed out in separate
charts. These 1nclude evaporation at the surface, latent heat of condensation
in the atmosphere, computed meridional and =zonal windsrand agsoclated heat
transports, absorbed surface radiation, long wave and net radiation and cloud
cover.

The model has been applied with success to the ;alculation of absoluté
and anomalous values of aii of the above terms. It has also been applied with
good results to the computation of known loug-range climate changes during
geologic time.

Although this model was developed primarily for prediction of current
climate, it can be modified to be applied to predict the anthropogeﬁic changes
in climate for increased combustion gases.

The current model has been used to get a provislonal prediction of a
doubled €0, effect by using published values of the changes that would occur
in black-body emission. A mean increase of 0.6°C is predicted in the experi-
ment with a high-latitude change of 2° and a low to mid*latitudelchange of
about 0.5°, These values may be revised when the model is optimized for the
experiment.

The mathematical version of the model is given below.
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In the present form of the modél the équations for Tm (the mid-
tropospherlc temperature) and T, (the surface temperature) both have the
general form

%%-+ VeyT - KVZT = heat sources and sinks (11)

The first term 1s proportional to the local time rate of change of the
energy. The second term represents the transport of heat by mean motions:
for the atmosphere ; is determined by thermodynamic- relations —-— the geo-—
strophic wind relations —— and for the oceans 1s determined from the surface
wind speeds {19].“ The third term represents horizontal diffusion of heat by.

eddy and turbulent motious. The right hand sides, the heat sources and sinks

(H88) are:

HSS for the atmosphere = Et + G5 + G2, (12)
and

HSS for the oceans = ES - G3 - G2' (13)

In addition, with neglect of heat storage in thé continents the third equation

reads:

0 = E, = Gy- G, | (14)

for the continental surfaces,
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In (12) E, is the heat enérgﬁ added to the atmosphere by radiation, Gg is
the HEat added by condensation of water vapor in the clouds and G, is the heat
added by vertical turbulent transport from the surface —-a parameterizati§n of
the convective transport that is dealt with by the convective adjustments in
radiative-convective models. In (13) and (14) Eé‘is the rate at which energy
is added to the surface by radiation, and G4 is the réte at which heat is lost
by_evaporation.-

The parameteriéation of B, and E; is based on agsumptions that the éloud
layers and the.earth radiate as black bodies and that the.clear sky atmosphere
has a window for wavelengths between 8 pym and 13 ym. They are given in terms

of T. the insolatlon I at the given latitude, the cloud cover, the total

S’T

m?
radiation recelved at the surface (for Es) under clear sky conditioms and the‘
surface albedo a. Over the oceans the quantitiés Gy and G4 are parameterized
in terms of measured normals, departures of (TS - Tm) from their normal values
-and normal surface wind speeds. Over the land Goy has the same parametefiza—
tion while Gq simply depends on empirical norméls, and a known function of map
coordinates. ‘Similarly, the heat gained by condensation of water vapor in thg
clouds Gg 1is given in terms of its normal seasomal values Goy and (Tm - TmN)
and itg first order derivatives with respect to map coordiﬁates. (The sub-—

script N indicates normal values.)

The cloud cover E 1s a variable given by:
€ = gy + D2 (GS - G5N) ) {15)

where g, is the normal cloud cover and D, 1s a constant. Details of the
N 2

parameterizations are given in Refs. [20, 21, 22, 23].

e
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E. General Circulation Models (GCM)

The design of general circulation models begins with the basic equations

gqverning large scale atmogpheric motions and follows bj transforming themn

intq some kind of finite differences scheme suitable for solution on digital

computers, In this process, the original equations and boundary conditions
(or the finite differences scheme itself) would be altered to remove the phys-
ical mechanisms responsible for wave motions that would otherwise be generated
by errors in initial data. These waves would be spuriously amplified by com-
putational rather than agtual physicaltinstabilities and ultimately‘swamp the
motions under study [24].

The first of the basic equations is the equation of conservation of

mass. It states that if you follow an individual parcel of gas in fime the

total mass of the parcel remains constant. Thig becomes:

The fractional change in density of the parcel with time = the negative

of the fractional rate of change of its volume with time.., (16)

(Thus a fractionalhindrease in volume of 1% would be accompanied by a frac-
tional decrease in density of 1%Z.)

The next equation describes the evolution of the internal energy per unit
mass e of the parcel in time. 1In terms of the absolute temperature T and C,

the specific heat at constant volume:

-~

e =C,T | an
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The energy equation (the First Law of Thermodynamics) reads:

The time rate of change of internal energy + the rate of working by the

fluid system = the rate at which heat is added to the system. (18)

Equation (8) of the energy balance models is derived as an approximation
to Eq. (18). For Adem's model, Egs. (16) and (18) together‘with a parameteri-
zation of the mean motion reduce to equations (11) and (12) for the atmosphere
and (11) and (13) for thé oceans.

The new equations for GCM are the fluid dynamical versions of Newton's
Second Law F = ma. In carteslan coordinates, fa; the horizontal west to east
éoordiuate % and velocity u and the south to north coordinate y and veloclity v

the equations read:

du _ P .
p(a?—fv)—-'a“;, (19)
and
p(-g—:+fuJ=—§%, (20)

where the symbol %E-stands for the time rate of change as we follow the given

parcel of fluld, p 1s the pressure, %gfand-%% are components of the pressure

gradient (the force termé), p 1s the density of the parcel, f the Coriolis

parameter 1s equal to 2Q sing where Q is the angular rotation of the earth (2m

radians/day) and ¢ is the latitude. Egs. (19) and (20) when multiplied by the

volume of the parcel are In the form of Newton's Law

ma =F (21)

in a rotating frame.

Vertical accelerations (which would be perturbations on the fundamental
hydrostatic ptessure balance equatlon ofr the atmopshere) are Important on
smaller space scales than the motions followed in meteorology and must be
parameterized in order to include an adequate treatment of convectiﬁe heat
transport from the surface to the atmosphere.

Adem's model uses a thermédynamic parameterization of (19) and (20) by

setting the d/dt terms equal to zero and computing u and v from
- ~1 - -1
u=- (pf) " splay, v = (pf) ~ dp/ox. (22)

These are the geostrophic winds and are used wherever advection terms are
used. For large scale motions of the kind used 1n climate studies this is a
rgasonable approximation since the geostrophic wind approximates the true
horizontal velocity to within about 15% in midlatitudes.

ForVGCM the full set of equations must be transformed into some version
of a finite differences scheme suitable for solution by a digital computer.
Typical horizontal grid spacings might range from a 4° x 5° net to an 8% x 10°
net. For the vertical structure, 2, 7, 9 or more levels are used. With each
choice of net there are wavelengths of motions smaller than the grid spacings
that cannot bhe resolved. Because these subgfid motions are Important trans-—
port mechanisms for energy and momentum their effects must be parameterized in
terms of the grid scale variables and their derivatives.

At present the GCM use oceans without  surface currents as sources and

sinks of heat, In addition to the convection of moisture and sensible heat
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(described above for the thermodynamic model) the GCM must also provide for
convectlion of momentum.

In a survey of this size it 1is difficult to describe in detail the
c0mputationél complexities of the major models or the various schemes for
parameterization of physlcal processes that can not be treatéd directly or
simply. It is relevant to note that all of these are active areas of present
research and that year by year models undergo modification to accomodate
changes in knowledge. Reference [1] contalns a summary of predictions of the
outcome of CO,p warmings from two of the principal GCM modeling groups: the
group led by Hansen at the Goddard Tustitute for Spacé Studies in New York and
the group led by Manabe at the GCeophysical Fluid Dynamics Laboratory at
Princeton, N.J. The global mean warming for the most complete of the two sets
of models is 2°C for Manabe et al. and 3.5°C for Hansen et al., quoted in {1].
As might be expected different parameterizations and different feedback mecha-
nisms produce different results within the above range.

In the latest published GOM experiment, Gates et al. [27] used a two
layer atmospheric model which included an ocean constrained with prescribed
ciimatological temperature and obtalned a global surface air temperaturelWarm—
ing of only 0.2°C and a surface warmlng‘of only 0.1°C. This low result is
primarily a functlon of the use of a prescribed sea surface temperature.

The magnitudes of the warmings by GCM, as with all models are higher at
high latitudes. The maximum value, according to Ref. [l}, is -between 4°C and
8°C in polar and adjacent regiﬁns for the annual mean surface AT. All models
also indicate increased warming in summer and over land, but the magnitudes

differ.

PR 15 N i i
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V. ASSESSMENT OF THE MODELS
A. Common Assumptions
In climate modeling certain physical processes must be parameterized in
order to make computations tractable on current generation computers. This

includes eddy diffusion of heat and momentum, convective transport of heat,

moisture and momentum, and the radiative properties of the atmosphere. In

~many of these parameterizations a particular constant (the parameter) is given

a value that tunes the final result to present climate. This is a perfectly
respectable procedure and enahles one. to perform experiments involving small
changés in solar counstant or some physical input ﬁith a reasonable expectation
that the constants will remain valid for the altered climate state.

Common practice 1Involves the asgssumption that present parameterizations
will be wvalid for a doubling of.CDZ. Some of these parameterizations have a
very strong influence on theloutcoﬁe of the doubling. One such assumption 1s
thét the mean planetary albedo o and consequently T,, the effective radiation
temperature of the earth, remain unchanged. An example of this in the

simplest case is seen with equation (3):

oT '/, = oT % = (1 - a)sy/4, )

‘

where A, = 1 + 0.75 Tg; It is clear that depending on whether g goes up or
down T, can be colder or warmer.
Another assumption is that the present mean distribution of relative

humidity remains fizxed for a COy doubling. Since a COy warming will increase

the water vapor content of the atmosphere, 1f relative humidity remains con-
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gtant, the gfeenhouse effect of water wvapor 1In the atmospheric windoﬁ will
result in a strong positive feedback. Thus, the Jason group model [2] pre-
dicts an additional warming of about 50% of the bare 2 x CO, warﬁing. How—
ever, in the complex feedback mechanism, increased (0, leads to increased
‘temperature with a consequent increase in evaporatioﬁ and increased mpisture
content of the atmosphere. Although this effect leads to a further warming,
the probable increase in cloud cover would increase albedo and offset the
warming effect [38]. The true effects of all of these sensitive relationships
are not yet known. |

Wherever the models agree on these two assumptions it is likely that the
predicted global warmings will be close simply because the final results are
very sensitive to the planetary albedo and the relative humidity. The assump-

tions serve as constraints and as modeling efforts evolve these constraints

will be relaxed.
B. Energy Balance Models

Energy balance models are extremely tractable for both analytical and nu-
merical treatment [11, 2]. With them one can follow the lowest order effects
of climate. change on the ice line and the latitudinal distribution ;f a
warming. The ice line separates the region of snow and ice where the albedo
ts high from the region of bare earth where it 1s low. 1In these models, the

ice 1line can be made a function of surface temperature and will shift

latitudinally with the surface temperature.
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The principal difficulties with this class of models are:

i. they define all physical variables over a complete latitude
strip so that thegg is no proper separation of oceans and
continents;

ii. they have absolutely no advection parameterization —— an
important traqsport nechanism for mid-latitudes;

iif. they have no hydrologlcal cyele and

iv. any interaction between oceans and air would be too crude

to offer any reliable time estimates for a warming.

In summary, the models are extremely useful for preliminary experiments
since they are fast and Simple but they can give no definitive answer about a

climate warming.
C. Radiative—-Convective Models

Radiative-convective models afe one dimensional representations of the
earth's atmosphere with variation possible only in the verticai and in time.
They were designed originally as precursors for the Incorporation of radiative
transfer into GCﬁ but have served for a considerable amount of interesting
experimentation. |

The principal weakness of these models are: ‘

1., they treat a mean earth;

2. they have no horizontal heat transport and

3. the convective adjustments are very crude mechanisms Introduced

to maintain mechanical gtability of the lower troposphere.
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Treatments with horlzontal transport and realistic oceans and éontinents could
modify any conclﬁsions drawn from radiative~convective models. Nonetheless,
these models can be powerful tools for exploring radiative properties of the
atmosphere especlally parametérizations of ecloud cover and dynamics and the
effect of industrial pollutants. The fact of a predicted change will be im-
portant rather than the magnitude. For accurate magnitudeé the radiative com-
putation package must he appended to models with two dimensional horizontal
variation and a realistic geography.

Reck and collaborators have studied the effects of a wide range of indus-
trial pollutants on climate with a version of the Manabe-Wetherald radiative-
convective model., These include the effect of aerosols on climate [28, 29,
30) and the effects of the freons on atmospheric surface temperature [31].

These and related numerical experiments and others on (0, warmings [16, 32]

are suggesative rather than definitive at this time.

- Ds The Thermodynamic (Adem) Model

The thermodynamic model of Adem is the only operating climate model tﬁat
glves reasonable forecasts of current temperature anomalies. It has also been
used on a quasi-operational basis to predict monthly climate with very good
performance and has been successful in simulating past climates related to iée
ageé and different continental locations [33, 34]. Since early in 1980 it hasr

been generating monthly forecasts with good skill for the northern Hemisphere

{35, 36]1. Other strong points of the model are:
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i. 1t 1g fast -~ a one month Forecast takes about 1 minute on
an IBM 360/95;

ii. ‘. it is the only eiisting model with a realistlc. mean ocean
having wind driven currents parameterized in a useful way
and | |

iidi. it generates cloud cover, the radiation balance, snow-ice

feedback and sea surface temperatures internally.

The weak point of the model is that many of its parameterizations, while
adequate for present climate predictions, require adjustment for optimum

application of the model to the 0, warming problem. As with all models,

parameterization of physical procesées require better and more fundamental
understanding of the role of cloud physiecs, the distribution of moisture in
the atmosphéte, and the way subgrid scaie motions contribute to‘time mean
motions followed by the equations of motion.

Further work 1s necessgary on

this model to optimize it for application ta the €0, problem.

E. General Circulation Models

Despite the fact that General Circulation Models include simultaneously
details of those processes ;hat control climate, they may not be,at least at
this‘time, the appropriate vehicles for predicting long term .climate change
for the following reasons (paraphrased from Refs. [2] and [3]:

1. the computing time for current GCM could take from a half

.of a year.to a full year to calculate a century of climate
for a single combination of

initial conditions or

prescribed external parameters;
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:m ii in order to be useful for climate studies it may require ! " Both Ref. [2] and [3] suggest that simpler models would be more tractable
I . . _ ‘ _ B |
calculation of statistics from an ensemble of numerical ﬁ and useful for probing long term variations in climate.
4: integrations and
I .
ii4. it is difficult to track down cause and effect F. Future Directions
W relationships with the many degrees of freedom involved in |
‘} GCM ' . Most models prescribe the data for the radiation balance at the top of
i; . _ 7 ,
w the atmosphere. Involved with this is the tuning to present conditions of

No GCM (as of this writing) can predict pregent climate or glve even a two- ' cloud cover, relative humidity and planetary albedo. These terms have a pro-

week forecast. There is a phenomenon of "“intrinsic stochasticity” referred to . B found influence on the warming due to a change in combustion gas input. It is
Jg essential that these terms evolve in some parameterized way, with changing

L

' in Ref. [2] which refers to a kind of iInternal chaotic_motion {not driven by
k external noise) that occurs even in simple dynamical systems that are deter- S climate. 1In this connection we note that Ohring and Clapp [38] deduced from :
I X : 1
I H ministic. For certain values of the constants in the equation these systems _ observations that the net albedo cooling effect of clouds is slightly greater 3
I | - |
:‘h} become extremely sensitive to initial conditlons so that closely neighboring . than the greenhouse warming effect.
it _ ‘
5?L initial physical states can evolve into quite different final states. Since. I? addition to the problems connected with the meteorological parameters,
It : . ' i
_! GOM have so many constants and adjustable parameters the authors of Ref. [2] a basic problem appears to exist in the computation of heating rates. This
F i . .
it t . £
1“ expect a good amount of such chaotic behavior. 7 computation requires the solution of the eguations of radiative transfer, a
(R -
,¥-.= In addition to these difficulties, it 1s much more difficult to assess _ process which currently uses in part, analytical expressions devised prior to
[1EEfI \ _
i - - the advent of present high-speed computers. The magnitude of potential errors
| i the effects of any input assumptions, including errors, on results of the com | : P g : i
- lex GOf than it is for simpler models Fxample of effects already detected - in the above procedure should he evaluated and computational strategies de-
p " . 3 . ]
| ta which large changes oceur are evident in the change from a swamp ocean (no : vised to determine transmission in sufficiently small frequency bands over the
heat storage) to a mixed-layer (heat storage) ocean in the GCM models of l spectrum of interest.
i Manabe and Wetherald [37] and Manabe and Stouffer [26]. The warming of 3° in p In addition to the above fundamental areas, necessary Improvement must
: ; | g
i the £ ; falls to 2° in the latter And in the case of Gates et al. b still be carried out for many of the parameterizations of both atmospheric and
e former case . : et a-. : _ ‘
Bl [27] who used effectivély an ocean of infinite heat storage a warming of only } f ocean terms.
{l Despi .
f ‘ ; 0.1° resulted. These are gross effects. Changes due to the many more subtle o - espite all of the'uncertainties in the classes of models described,
! . Vare much more difficult to trace 3 their very errors serve to give outside limits of global warming of 0.1°C to
aspects . : ‘ - SRR _
3.5°C from a doubling of ®,. Effects of trace gases, veferred to earlier,
d(the . might lead to a near doubling of these numbers.
ll ‘ :
L
ol |
I ‘
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