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General Circulation
Modeling and the Tropics

Jagadish Shukla

General circulation models (GCMs) are used to simulate atmospheric cli-
mate. These models are three-dimensional and represent the atmosphere by
layers in the vertical dimension, typically about 10, and by grid points or
Fourier (spectral) waves in the horizontal dimension, with typical resolution
of about five degrees of latitude and longitude. Atmospheric winds are ob-
tained by solution of the fluid equations of motion with numerical approx-
imations defined on the model grid. Likewise, the distributions of tempera-
ture, humidity, pressure, and rainfall are calculated by numerical
approximations to the continuum equations and parameterizations of the
subgrid-scale processes. GCMs are used for sensitivity studies of atmos-
pheric circulation. Models can be integrated with and without a prescribed
change (e.g., deforestation) to calculate responses to the prescribed change.

The main emphasis in this essay is the simulation of tropical climate and
its interannual variability. However, since tropical and extratropical vari-
ability are closely related, it is difficult to isolate the tropics in a global GCM.
Therefore, we present the modeling of global circulation with particular em-
phasis on the tropics.

The ability and limitations of the GCMs to simulate climate and its var-
iability are discussed in terms of

a. mean climate;

b. space-time fluctuations within a season:

¢. interannual variability of monthly, seasonal, and annual means: and
d. interannual variability of intraseasonal space~time fluctuations.
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For a description of the simulation of the mean climate, we have sup.
marized the results of Shukla et al. {1981a) and for interannual variability
the results of Manabe and Hahn (1981), Chamney and Shukla (1981), Lan
{1981), Lau and Oort (1984), Malone et al. (1984) and Lau (1985). For ag-
ditional discussion of simulation of tropical mean and transient circulations,
the reader is referred to pioneering works of Manabe and his colleagues
(Manabe and Smagorinsky, 1967; Manabe et al., 1970; Manabe et al., 1974;
Hayashi, 1974; Hayashi and Golder, 1980).

MEAN CLIMATE

The time-averaged circulation or the mean climate of the atmosphere is
determined by a balance between the radiative forcing (shortwave and long-
wave radiation), the stationary forcing at the earth’s surface (resulting from
mountains and land, ocean, and ice distribution), and the horizontal and
vertical fluxes of heat, momentum, and moisture. For a realistic simulation
of the mean climate, it is therefore necessary lo calculate each of these
components accurately. Calculation of radiative fluxes requires vertical pro-
files of temperature, moisture, O3, CO,, other trace gases and aerosols, and
a treatment of cloud~radiation interaction for variable clouds. To accurately
calculate the stationary forcing at the earth’s surface, itis necessary to model]
correctly the thermal and mechanical effects of mountains and the heat and
moisture fluxes across land-air, sea-air, snow-air, and ice-air interfaces.
And finally, an accurate calculation of the dynamical fluxes requires the
simulation of the correct amplitudes and phases of stationary and transient
eddies, their growth and decay, and their interactions among themselves and
with the mean circulation.

One of the primary objectives of general circulation modeling studies has
been to simulate the mean climate realistically by incorporating these com-
plex processes in a single model. All the physical-dynamical processes dis-
cussed above have not been treated with a uniform degree of sophistication,
Some processes have been treated in detail, whereas other processes are
highly simplified. The large number of parameters and processes has made
it difficult to conduct extensive integrations to determine the appropriate
levels of complexity for treatment of physical processes. Therefore, it is
very difficult to compare the models with each other: rather, each model is
compared individually with observations.

The discussions in this chapter are confined to comparisons with obser-
vations, and no attempt is made to describe the model sensitivity to external
forcings, parameterizations of physical processes, and chemical
composition,

We present here a summary of simulation results from the GLAS (God-
dard Laboratory for Atmospheric Sciences) climate model, which has been
extensively described in Shukla et al. (1981a).
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FIGURE 1. (continued)
o Juty.

FIGURE 1. Mean sea level pressure {1000 mb): (a) observed January (Godbole and
Shukla, 1981): {b) GCM February: (c) observed July (Godbole and Shukla, 1981): {d) GCM

Sea Level Pressure
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FIGURE 3. Zonally averaged zonal wind (m s~ solid lines) and temperature (K, dashet
lines): (a) observed February, 1479; {b) GCM February: (c) observed July 1979: (d) GCA

July.
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FIGURE 4. (continued)
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the planetary waves (wave number 1-4). The latitudinal and height disyr.
butions of the simulated variance are in good agreement with the observa.
tions for both seasons. The observed decrease of variance above 300 mb 3,
not satisfactorily simulated. This discrepancy is probably related to the low
polar temperatures and strong zonal winds at the upper levels.

Surface Winds and ITCZ

Figures 5 and 6 show the observed and simulated surface winds reported in
the modeling study of Halem et al. (1979). The corresponding maps from
Shukla et al. (1981a) are quite similar to these. The observed fields are from
Mintz and Dean (1952). The agreement between the observed and the sim-
ulated intertropical convergence zone (ITCZ) is very good, especially with
regard to its longitudinal variation. The structure and locations of anticy-
clonic centers are also well simulated. The seasonal reversal from northeas-
terly winds during winter to southwesterly winds during summer aver the
north Indian Ocean is correctly simulated by the model. The main discrep-

ancy in the latitudinal location of ITCZ occurs during winter over the eastern
part of the Pacific and over the Indian Ocean.

Rainfall

Figures 7 and § show the observed (from Jaeger, 1976) and simulated monthly
mean rainfall for winter and sumrmer, respectively. Given the large variability
of rainfall and the uncertainty in the observations, the agreement between
the simulated and the observed rainfall patterns is very good. Areas of very
large and very small rainfall are well reproduced. The most obvious dis-
crepancies are the excessive February precipitation over the Tibetan plateau
and the overprediction of July rainfall over eastern North America, Partition
of the total precipitation between large-scate and convective (cumulus) pre-
cipitation (not shown) indicates that in both seasons cumulus precipitation

dominates in the tropics but large-scale precipitation dominates in higher
iatitudes,

Upper-Level Flow

The simulation of the 200-mb flow {not shown) by Shukla et al. (1981a) is
in good agrecement with the observations. For February. the locations and
the intensities of the Jet streams in both hemispheres are well simulated,
although the simulated jet stream specds were stronger than those observed
for 1979, to which they are compared in Shukla et al,

Manabe et al. (1979) have presented simulation results from spectral
maodels with 15, 21, and 30 wave numbers. They found that the increase in
spectral resolution improved the simulation of tropical rain belts and sub-
tropical dry zones, An example of onc of the better simulations of the upper-
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FIGURE 9. July mean streamlines: (top) computed at 190 mb (grid model, Manabe ot al.,

53_AS_«QQ__&noSvEmnmﬁmom:..u [spectral model, from Manabe et al. (1979)]: {bottomn)
observed at 200 mb {Sadler, 1975). ,

level flow with a 30-wave-number spectral mode! is shown in Fig. 9. repro-
duced from Hayashi (1980). The large-scale features of the Tibetan and Mex-
ican highs, the mid-Pacific and mid-Atlantic troughs, and the easterly jet off

southern Asia are better simulated in the spectral model than in the grid
model. ,

SPACE-TIME FLUCTUATIONS WITHIN A SEASON’

For GCMs to be useful for sensitivity and predictability studies. thev must
simulate accurately not ouly the time-averaged circulation but also the tran-

.l( : JAGADISH SHUKL

sient circulation, We present here the simulation of low-frequency planetar-
wave variance and the local bandpass variance from the GLAS climat.

model and the Geophysical Fluid Dyrnamics Laboratory of NOAA (GFDL
grid point model.

Low-Frequency Planetary Wave (LFPW) Variance

The LFPWs consist of wave pumbers 1—4 with periods of 7.5-90 days. Figur:
10 shows the observed and simulated latitude~height structure of (k.
LFPWs. There is general agreement in the overall structure for both winte
and summer seasons. The discrepancy near the upper level is the same g,

discussed for Figure 4; in addition, the model variances are somewhat to¢
small.

Bandpass Variance

Figure 11 shows the observed and simulated local bandpass filtered variancy
of the 500-mb geopotential height in the Northern Hemisphere for the winte
season. The bandpass variance is defined as the spatially local root-mean
square {rms) deviation in time for fluctuations of 2.5-6 days. The bandpas:
variance is related to the frequency, intensity, growth, and decay of cyclonic
storms and indicates the location of **storm tracks"* (Blackmon et al., 1977)
The observed and simulated bandpass rms for winter are in excellent agree
ment in both the location and the strength of the major areas of cyclonic
activity in the north central Pacific and western Atlantic. For summer (no
shown) the Atlantic maximum has been realistically simulated, both witt
respect to position and to magnitude, but the simulated Pacific maximum is
too weak and is located too far to the west.

Blackmon and Lau (1980) have analyzed the variance and covariance of
bandpass filtered and low-pass filtered data from simulations of a GFDL
model earlier described by Manabe et al. (1974). They found good agreement
between the observations and the model-simulated location and intensity of
storm tracks, vertical structure of the disturbances, and transport of heat
and potential vorticity by transient eddies. The total rms and the low-pass
filtered rms of the 500-mb height were weaker in the model simulations than
in the observations,

Malone ct al. (1984) have presented the results of simulation of stationary
and transient eddies using the spectral genera) circulation model (Pitcher et
al., 1983). In general, simulation of statiorary waves is more realistic in the
Northern Hemisphere than in the Southern Hemisphere. The transient ed-
dies are better simulated in the winter hemisphere: however, for geopotential
height the total variance at 400 mb is t00 hizh and bandpass variance at 1000
mb is too low over the Northern Hemisphere for January simulation. The
structure of the transient wave variability in the summer hemisphere alseo
shows some discrepancies from the observations.
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(a)

FIGURE 11. RBMS deviaticn of the winter 500-rmb bandpass gecpotential height field in

the Northern Hemisphere (units of m, contour interval is 5 m}: (a) observed winter; (b}
GCM winter,

From such studies as just discussed, we conclude the following:

() GCMs show a remarkable degree of success in simulating the geo-
graphical location. intensity, and life cycle of synoptic scale disturbances.,
as inferred from the similarities in observed and model-simulated bandpass
filtered height variances. The geographical locations of the storm tracks in
relation to mean ficld structures are also well simulated.

{b) GCMs do not simulate as well the low-pass filtered variance. The
amplitudes arc less in cvery model and sometimes even the geographical
locations are not well simulated. Since the maxima in low-pass variance are
coincident with the maxima in the frequency- of blocking in all scasons
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(h)
FIGURE 11. (confinued)

(Shukla and Mo, 1981; Dole, 1982) it is unlikely that the models will simula
the amplitude. location, and duration of observed blocking events correct)

Simulation of Blocking

The midlatitude atmospheric flow pattern s occastonally dominated }
quasi-persistent featurcs whose time scale is larger than the hife cyele
individual storms but shorter than the length of a season. These feature
generally referred to as blocking. arc of great importance to medium-rany
and monthly prediction. Shukla and Mo (1981) and Dole (1982) have ¢
amined the geographical and seasonal occurrences of persistent anomali
in the geopotential height field over the Northern Hemisphere. They four
that farge positive anomalies (3 10-200 m) persist at three distinetly
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by the model parameterizations. We shall describe their results in the next
section.

GFDL Spectral Model Results for a 15-Year Integration

Manabe and Hahn (1981) have presented the results of a simulation of at-
mospheric variability from the last 15 y of a 17.75-y integration of the GFDL
spectral climate model. The description of the model and simulation of mean
fields is given in Manabe et al. (1979). Sea surface temperature, cloud
amounts, insolation, and ozone are prescribed for each calendar day of the
year and have no interannual variability; therefore, the simulated interannual
variability is mainly due to internal dynamics and changes in snow cover
and soil moisture. This simulation has been examined further by Lau (1981)
to study recurrent meteorological anomalies,

The studies find that the geographical structure of the simulated <m:.m_u=:<
of daily and monthiy means is in good agreement with the observations. The
magnitude of the variability is systematically undetestimated in the tropics
and is either comparable to or less than is observed in the middle latitudes,
In the regions of systemnatic underestimation of simulated sea level pressure,
daily and monthly variability is overestimated. According to Lau (1981}, the
rms amplitude of 500-mb monthly mean heights is about 70-80% of that

observed in the atmosphere. They have not presented results of interannual .

variability of seasonal means. i

Figure 12a shows the zonal means of observed and simulated standard
deviation of daily and monthly mean 1000-mb geopotential height (m) for
the December—February season. The model systernatically underestimates
the observed varability in the tropics. As the averaging period increases
from one day to one month, the model-simulated tropical variability de-
creases further. For example, at the equator, the model variability is ~70%
of the daily and only about 45% of the monthly observed variability. It is
likely that most of the monthly variability in the model is due 1o the sampling
of daily values, which have rather large autocorrelation decay times of 4-—
8 days (see Figure 5.13 of Manabe and Hahn 1981). The interannual vari-
ability of simulated seasonal means was probably also too low in the tropics.

Figure 12b shows latitude—pressure distributions of the zonal mean stan-
dard deviation of the monthly mean geopotential height (m) for the Decem-
ber—February season. Although the extratropical variability is underesti-
mated only slightly, the simulated tropical varability in the upper
troposphere and stratosphere is smaller by factors of 2 and 3, respectively.

The ratio of the observed to simulated standard deviation of Northern
Hemisphere mean surface air temperature is about 1.8 for daiiy, 2.0 for 3
month running means, and 3.0 for 12-month running means. 1t is not clear
whether this difference is genuine or just a result of differences in sampling
of observed and model-simulated data.

The first eigenvector of the normalized monthly mean n_oc mb height field
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—

120

mr——— DARY COMPYILD
1o k- —————— MONTHLY COMPUTED
e = = o o+ DALY OSLERVID OONT
+ * s & ¢ » MONIHLY OSIEVID OORT
10 - + 4+ + o;_:.uo.u.,-:u JERME (t3ye

- + ROWom A w MOMNTHLY OS3ERYED, JENMME 13y

-
e -
Iall'..l“\

i A _ 1 i — i 1 —, 1 1

L
90N &0 0 0 0 &0 08
{a) -

FIGURE 12. Zonal means of standard deviation for December—February season for: {a)
daily and monthly mean t000-mb geopotential height: (b} latitude—~pressure distribution

for monthly mean geopotential height (m). [From Manabe and Hahn {1881) with permission
of Monthly Weather Review, the American Meteorological Society.]
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FIGURE 13. (continued)

JAN. STANDARD DEVIATION (1961-76)

FIGURE 14. Standard deviation of monthly mean sea tevel pressura {mb): (a} observed January
{Godbole and Shukla, 1981); (b) GCM February {fram Shukfa (1981a) with permission of Journal
of the Atmospheric Scignces, the American Meteorological Soctaty].
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STANDARD DEVIATION OF DAILY VALUES OF SEA LEVEL PRESSURE

MODEL .
— = OBSERYED - ~.
JAHUARY :

12 -

FEBRUARY

vos " 50 30 10 0 10 L1 50 70 SON
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(%)
FIGURE 15. (continued) '

similarity to the observations, the magnitudes, especially in the tropics, are
clearly underestimated. Evidently, interannual variability of boundary forc-
ing is quite important for the interannual variability of monthly and seasonal
mean rainfall.

Charney and Shukla (1981) examined the variability of the monthly mean
(July) circulation for four model runs for which the boundary conditions
were kept identical but the initial conditions randomly perturbed. Although
the observed and model variabilities were comparable at middie and high
latitudes, the variability among the four model runs for the monsoon region
was far less than the observed interapnual variability of the atmosphere,
possibly because of fixed boundary conditions. Manabe and Hahn (1981)
gave a simitar explanation for the model-simulated low variability in the
tropics. However, for inferring such conclusions about the role of boundary
forcing. it is more appropriate to make integrations with and without the
influence of the boundary forcing, so that two properties of the same model
can be directly compared and any intrinsic model deficiency will not bias

STANDARD DEVIATION OF WINTER (D J F) RAINFALL {em/MONTH)

444

(1961-19786)

t20F

80E

40w

120%

180

H80E

180E

oM
= son
— 3o
o
— 308
08

120E

40F

sow

120w

0N
G0N e
IO —
308 e
403
180w

{a}
FIGURE 16. Standard daviation of (8) observed seasonal mean rainfafi {cm month ™'} based

on 16 years (1962-1977) and (b} GCM February mean rainfatl (mm day ~') for nine modsl runs

{Shukla, 1981a).
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FIGURE 17. (continued)

boundary forcing of SST. We have compared o, and g with the observed
standard deviation (o,) for 10 y of monthly means. Figure 17 shows the
global maps ofjo, and o,. The July standard deviation fields for the model
are considerably smaller than is observed, with the most pronounced dis-
crepancy occurring in the tropics. .

Figure 18a shows plots of zonally averaged values of o, 0, and o, and
the ratios o./o, and o,/0s. In agreement with the results of Charney and
Shukla (and Manabe and Hahn), the ratio o,/a, is more than 2 in the tropics
and close to | in the middle latitudes. The ratio o lies nearly halfway be-
tween o, and o,,, which suggests that nearly half of the remaining variability
was accounted for by changes in SST between the equator and 30°N. The
influence of other variable boundary forcing by soil moisture or snow cover
would further bring o, closer to o,. These results, although for short period
integrations, are in remarkable agreement with those of Manabe and Hahn,
which are based on 15 y of model integration. We have calculated the ratio
0./oas (Where o refers 1o model-simulated standard deviations) from the
two curves of Manabe and Hahn (shown in Fig. 12a of this essay) and the
results are shown in Fig. 18b. The ratio o/os, 15 again about 2 in the near
equatorial regions and is reduced to about 1 in the middle and high latitudes.
The corresponding ratio for the height field in the tropical troposphere and
stratosphere is more than 3 (see Fig. 12h).

ZONALLY AVERAGED ST. DEVIATION

U : OBSERVED
Tg : MODEL (SST PERTURBATION)

Op : MODEL {INITIAL DATA PERTURBATION)

95 /0p

o{mb)
RATIC

NORTH
{a)

T s T T T I T Y

DJF (1000mb} N

RATIO (og/ay)

STANDARD DEVIATION (m)

FIGURE18. (a) Zonally averaged standard deviation among manthly mean (July) sea level
pressure (mb) for 10 y of observations (v, thin sofid line); four model runs with variable
boundary caonditions (g, thin dashed line); and four model runs with identical boundary
conditions {o,,, thin dotted line), Thick solid line and thick dashed line show the ratio o,/
op and ooluga, respectively. (b) Zonal means of statidard deviation of monthly mean 100
mb geopotential height (m) from Manabe and Hahn (1981). On the left side 1s the ratio
(7ol m) of observed and mode! standard deviations.
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E.m_mn Colloquium on Hydrodynamics ﬁgmw 1584), a session was an<.o8a to
intercomparison of the results from the various modeling groups.’

. Papers were presented by the following authors reporting on the GCMs
of; the listed institutions: M. Blackmon, National Center for Atmospheric
Research: G. Boér, Canadian Climate Center; V. Cubash, European Centre
for Medium Range Weather Forecasts; S. Esbensen, Oregon State Uni-
versity; M. Fennessy, L. Marx, and J. Shukla, Goddard Laboratory for
Atmospheric Sciences; A. OQort and N. C. Lau, Geophysical Fluid Dynarmics
Pufo_,mﬂowﬁ T. N. Palmer and D. Mansfield, British Meteorological Office;
R. Sadourny and R. Michaud, Laboratoire de Météorologie Dynamique; and
M. Suarez, University of California, Los Angeles. o

“All the models correctly simulated the general eastward shift of the rainfall
maximum over the central equatorial Pacific but with some quantitative
differences. The consistency of the results using such widely different GCMs
confirmed the earlier hypothesis that tropical SST anomaliés can produce
significant and predictable changes in tropical rainfall and circulation. Sim-
ilarities among the simulations of the midlatitude response were not so
obvious. _

‘We shall present here, as an example, a sensitivity study with the GL.AS
climate model using the observed SST anomalies over the tropical Pacific
during the winter of 19821983 (Fennessy et al., 1985). Figure 19 (top, pane!)
shows the observed SST anomaly during January 1983, which was added to
the climatological SST with the model integrated for 60 days. This integration
is referred to as the anomaly run, and a similar integration with climatological
S3T is referred to as the control run. Such pairs of integrations were made
for three different initial conditions. Figure 19 also shows the difference in
precipitation between the anomaly and control runs averaged for these three
pairs for the period of days 11-60 (middle panel) and the rainfall anomaly
calculated from the observed outgoing long-wave radiation for the 1982~
1983 winter (bottom panel). The outgoing long-wave radiation anomalies are
converted to rainfall anomalies using empirical relations. [t is remarkable
that the model calculations have been able to simulate the location as well
as the intensity of the rainfall anomaly rather well.

To study the role of tropical SST anomalies, Lau a2nd Oort (1984) and
Lau (1985) examined a 15-y integration of the GFDL model with the observed
SST anomalies over the equatorial Pacific. In the simulation without the SST
anomalies (Lau, 1981), there was no evidence for the planctary-scale see-
saw of surface pressure referred to as the southern oscillation, which is one
of the most dominant modecs of tropical variability, whereas in the simulation
with the SST anomalies, the southern oscillation is simulated remarkably
well. The observed correlations between the tropical SST anomalies and
midiatitude circulation arc also simulated remarkably well in the 15-y simu-
lation with the SST anomalies.

Philander and Seigel (1985) and Latif (1985) have shown that realistic
simulation of oceanic circulation and SST anomalies in tropical oceans can
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GENERAL CIRCULATION MODELING AND THE TROPICS
the amplitude and phase of the annual cycle. Detailed analyses of these -
connections are still to be developed: . et .,
Most of the existing general circulation models do not have an adequate.
treatment of the physical processes at the land surface, espécially the role
of vegetation in determining the energy and moisture balance at the earth’s
mc_,mmmw._. These models must be improved before modeling experiments on
the impact of regional land surface anomalies would be: meaningful. For. -
example, in order 10 study the impact of deforestation on local and global
climate,, the modé¢l must be integrated first with an adequate, treatment of .
forest.' A model climate resulting from deforestation cannot be meaningfully
interpreted Wwithout a modél climaie with the forest. The spatial resolution”
of the, ,_ﬂoaa_.m also must be adequate for a description of the physical effects .-
associated with regional changes in land surface properties. In thése re-
spects modeling of atmosphere-land interactions is about 10y behind the
state’; of modeling of atmosphere-~ocean, interactions. Several modeling
groups are beginning to implement realistic models of the biosphere in gen-
eral n_.ﬂn_c_m:oa models, and it is hoped that within the next several yecars -
there: will be systematic numerical sensitivity studies on the effects of
o:mnm_m._m in land surface .nw:aaoamwm:a the role of land surface forcing in-
detefmining ?w varigbility.and predictability, of the tropical atmosphere. -

[ ! i t
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QGZ nxﬁnzaaam rm«& w_mo 3<nm_ma _:mo,,_sm:os on :5 Eaa:mamam Emﬂ
drive the farge- s¢ale _osm:ca_:ﬁ Aﬁm_rna and Sn:a_osm_ (Hadley) circu- -
lation'inn the :ou_nm Zmnmvn and %oaw:m :33 aa an nxﬁnnaﬁz in which
EQ nnaoﬁwa all, mountains on the globe. They moEa that the -mountains
nm:ma 2 great anw_; .m _onm-s.m<a ,ﬂmzonmé eddy energy. in the atmosphere
but :mﬁw little mm,mﬁ on the total oa% energy, which is dominated by smailer-
scale: wnm_ni naaw_ n:aqmw in the no- Eo::::: case. Hocom_‘mnrw Emm also |
foundto cause nwa_omn:am_w on the lce side of Em._oﬂ mountain ranges w:a .
to mﬁnnﬁ the m_ocm_ Em:_cc:c: of U_.ao_n:m:o: by m_::._:m :.__a three- dimen: _
sional advection of Banﬁ : However, the large changes were, ali at middle

and _:m: _m::anm the :dﬁ_om_ n:nc_m:o: m:n_ E\mncﬁom.na nwn_a were aoc:n_ U

to ca:.,:cn: less, van:an:ﬁ on ﬁouom_ﬁv:« N

A:series of GCM, experiments, weic made wé mﬁozo and ﬁ:n_é_: :cmn:
and: QS?_: and Druyari :om.t _: Jwhich 92\ _:<na:m~zmg wﬁSBm:nu_:\
the J.v_am of nonzro:ﬁm_:uf Sea: wcn,uno GEESEE wBaFEm, and Svom-
8@3‘ in maintaining the QoEom_ Em_raq circulation. They .,Oc:a Hrmﬁ the
primary factor affectling the Waitker circulation in. the model is the m_og; i
distribution of no::_,aim m:a oceans; ocean surface 83%388 m_.mmasa W_ ,
were'found to also _un important, but S_uom_,mnrv. was relatively unimportant, .
the latter conclusion being consistent with the experiment of Manabe and ;.
,_.a_.vm:m (1974). The Stone and Q_n_é_: :wmﬁ nxcmzansﬁ show that do:.
nosszoﬁm:a\ and Onam: surface temperature gradients force the model at-
mosphere by Eomﬂ@_:m the surface heat balance. Where the ﬁao%rm_d _m.
heated, rising motions are m.a:m«mﬁa causing no=<nﬂmm=no of moisture and. -
nosan:mm:oc the resulting :nm::m of the atmosphere reinforcing the rising ..
motion. The vertical motions were found 10 be highly correlated with the ”
surface heating and precipitation. and the vqnn_u:m:c: was correlated more

with moisture convergence than with evaporation. One very interesting con- ' ©

clusion from these experiments was that the forcing by ocean surface tem-
perature gradients contains a large nonlocal component; that ts, the changes:
in the local heat balance and »,o_‘nm:m of the atmosphere can, to a large extent..
depend on nonlocal changes in ocean surface temperatures. Indeed: in the
south tropical Pacific, the model response was greatly enhanced by the con- !
tinentality and was controlled more by distant ocean surface SBumEE_.n.
gradients than by local ocean surface temperature gradients. .
A series of experiments was made by Rind and Rossow (1984) 10 inves-:
tigate the effects of different physical processes on the Hadley circulation.
These experiments included changes such as *‘turning the sun off.” elimi-
nating sea surface temperature gradicnts, eliminating evaporation. eclimi-
nating surface friction. and eliminating mixing of momentum by convection.
The results indicate that the Hadley circulation responds to both thermal
and momentum forcing. but the response tends 10 be complicated. with ad-
justments among the several processes that force the Hadley circulation
taking place in response to changes of a single process. The occurrence of
these adjustments suggests that prediction of the effects of anthropogenic

,_>Q>O_mI mIC_.A_L»

nmmmmm m:a their _Ea_,mo:o:m.

| Lol L Nl
H:n mco»& m:a_a_m_ are cxamples Q. cases in E?ns cwnm.: :.m_mEm about
Qo_snm. n__d:_m:o: and climate have been derived from GCM studies! ‘But

.::aocgn&«_,noqaz meao interesting mn:m_:e._Q studies and gencral conclu-
sions of the type obtained in the studics diséussed above. However. it should
‘not be _mmmcama that GCMs wili. be: ampa« for reliable assessment of the
n::._p:o impact of ﬂmm_c:m_ surface perturbations. Quite apart from the pos-

m_c___Q that! wcnr assessments may _,nn.::n much higher u?:_,__ resotution

;than that as,i_owna in current GCMs; :53 are scrious questions ,&oE how

Em: n_,om ﬁ imodels, q_n____?.awmsﬂ first-order’ EBomv:n:n processes.

mE.mmnm cmﬂ:&w:c:m on the Iu&mu\ ,n_:u:w:o: wil amnnsa on the m<w:m- _.
i c:.? of modéls with m,om__m:n _‘ouﬁomnamzo: of noBu_nx mpaomnrn:n pro-

‘are GCMs: nmumcma om reliable simdlation: om the effects of changes, w:::o. ;
uom.o?o_oﬂ oEn_.Enwm .o*. <mm.n§:o_._ or other surface conditions? It will be
, :w_m:,_n:\ easy to Eno:uo?:n into the GCMs representations c_, the biosphere

. and surface that are ps. arg_na as the go,on_ma care to contribute. This will.

O:a m:wm of particular concern is the parameterization of moist convection

wou. Oﬂzm mmrnq et al: (1978) tried two different parameterizations of moist
convection, a no:<mn:<m adjustment scheme and a more elaborate convec-
tive vaBnS:Nmzo: of Kuo (1974), finding a strong sensitivity to the con-
<an:<a nmqmaﬁmzmm:os in 10-day forecasts, probably resulting from dif-
; ferences in the release of latent heat. We also note that forecasts made with
, the Boan_ of the European Centre for Medium Range Weather Forecasts
ﬂ mﬁgimr which has been shown to be mare accurate than other current
o_un,.m:o:m_ forecast models, are very much less accurate in the tropics than
" at ?mrn_. _m:E%m (Bengtsson and Simmons, 1983). Assessments of the
" model mo_.anmﬂm by the ECMWF group lead them to suggest that there are
_serious deficiencies in their parameterizations of convection. Bengtsson and
Simmons (1983) conclude that tropical forecasts respond more quickly and
* acutely to defects in the model than do forecasts at middle and high latitudes.

+The need for a better understanding of the GCMs in tropical regions and
for improvements in the representations of urﬁmna processes apparently is

g not limited to short-range forecasts. The GCM experiments with doubled

CO, by Manabe and m_ocnan (1980) and Hansen ct al. (1984) yield rclatively
simnilar climate sensitivities at high latitudes but differences of more than a
factor of 2 at low latitudes. Differences in clouds and convection in the
models are a likely explanation for the difference in sensitivity, but whether
cither model has a realistic tropical climate sensitivity is open to question.

In this short comment, it 1s not practical to discuss satisfactorily how well
current. GCMs simulate tropical climate, and 1 have omitted major topics

, such as modeling of the El Niro, which. however, is included in Shukla’s

review, | only note that although GCMs have been used 1o infer valuable
information on certain weather and climate preocesses in the tropics, there
is still a great need for improvement in our understanding of current models
and for improvement of the models. H is not at all clear that the modeling
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