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Abstract. The importance of clouds in the upper tro-
posphere (cirrus) for the sensitivity of the Earth’s cli-
mate e.g., requires that these clouds be modeled ac-
curately in general circulation model (GCM) studies of
the atmosphere. Bearing in mind the lack of unambi-
guous quantitative information on the geographical dis-
tribution and properties of high clouds, the simulated
distribution of upper tropospheric clouds in a spectral
GCM is compared with several satellite-derived data-
sets that pertain to high clouds only, for both winter
and summer seasons. In the model, clouds are assumed
to occupy an entire gridbox whenever the relative hu-
midity exceeds 99%: otherwise the grid box is assumed
to be free of cloud. Despite the simplicity of the cloud
prediction scheme, the geographical distribution of the
maxima in the model’s upper tropospheric cloud cover
coincides approximately with the regions of the ob-
served maxima in the high cloud amount and their fre-
quency of occurrence (e.g., intertropical convergence
zone and the monsoon areas). These areas exhibit a
minimum in the outgoing longwave radiation (OLR;
Nimbus-7) and are also coincident with regions of
heavy precipitation. The model, with its relatively sim-
ple cloud formation scheme, appears to capture the
principal large-scale features of the tropical convective
processes that are evident in the satellite and precipita-
tion datasets, wherein the intense, upward motion is ac-
companied by condensation and the spreading of thick
upper tropospheric layers of high relative humidity and
cloudiness in the vicinity of the tropical rainbelt re-
gions.

Introduction

The results from several numerical experiments con-
ducted at various institutions have indicated that the
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feedback process involving cloud cover may enhance
the sensitivity of climate to a forcing such as an in-
crease of atmospheric carbon dioxide (e.g., Schlesinger
and Mitchell 1987). For example, a recent study of We-
therald and Manabe (1988) demonstrated that the re-
duction of outgoing terrestrial radiation due to the in-
creased altitude of high cloud plays an important part
in enhancing the CO,-induced warming of climate. It is
therefore desirable to ascertain the extent to which a
general circulation model (GCM) of climate is capable
of simulating the present-day observed climatological
characteristics of high clouds. These characteristics in-
clude the seasonal and geographical distribution of

‘their locations and their areal coverage.

Unfortunately, it has proved very difficult to obtain
unambiguous, quantitative information on the distribu-
tion of clouds in the upper troposphere. This may ex-
plain why very few assessments of high clouds, as simu-
lated by GCMs, are available despite the potential im-
portance of such clouds in controlling the sensitivity of
climate. Notwithstanding this limitation, this study at-
tempts to evaluate the simulated high clouds in the
light of several satellite-derived datasets that have fo-
cussed on high clouds. These include studies by (a)
Woodbury and McCormick (1986) on the frequency
distributions of high cloud, as observed by the stratos-
pheric aerosol and gas experiment (SAGE) satellite in-
strument, (b) Stowe et al. (1989) regarding cloud
amounts as obtained from the NIMBUS-7 global cloud
climatology experiment, (c) Kyle et al. (1986) on the
outgoing longwave radiation (OLR) obtained from the
NIMBUS-7 Experiment, (d) Barton (1983) on the fre-
quency of high-level clouds using the selective chopper
radiometer (SCR) aboard NIMBUS-5 and (e) Prabha-
kara et al. (1988) on the presence of thin cirrus clouds
as obtained from the IRIS instrument aboard NIM-
BUS-4. With the exception of (a), all other studies have
made use of nadir sounding devices. The SAGE system,
in contrast, employed a limb-scanning technique that
permitted detection of only those clouds that are pres-
ent in the upper troposphere. (a), (b), (d) and (e) enable
the assessment of cloud areal distributions while (c)
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enables an assessment of cloud heights and longwave
radiative properties. Since the existence of high cloud
results in the marked reduction of OLR from the top of
the atmosphere, a good simulation of the characteristics
of high cloud is necessary for the successful reproduc-
tion of the outgoing radiation. Barton and Prabhakara
et al. [(d) and (e) respectively] developed algorithms,
based upon radiative effects of high clouds, to extract
the frequency of occurrence from satellite radiance
measurements. In particular, (d) concentrated on ex-
tracting thin cirrus clouds that were well removed from
the dense storm centers; studies (d) and (e) complement
the study in (a).

The large-scale, cloud-related features appearing in
the observed satellite and precipitation datasets are
analyzed, with an emphasis on the high clouds occur-
ring as part of the tropical convective systems. As
noted, an important limitation arising for the “high”
clouds, particularly for thin optical depths, is the diffi-
culty in obtaining an unambiguous inference of their
distribution and physical properties. Although this fac-
tor renders comparative studies necessarily qualitative
in nature, we adpot the approach of considering several
different datasets on high clouds, with a view toward
ascertaining the large-scale features of these clouds,
and investigating the consistency between the various
datasets in forming a coherent picture of the areal dis-
tributions of these clouds during the different seasons.
The chief objective of the present investigation is to
compare the simulated climatological, large-scale fea-
tures of high clouds from a GCM having an interactive
cloud prediction scheme with the results emerging from
the above-mentioned datasets. Unlike earlier GCM
studies (e.g., Ramanathan et al. 1983) that consider the
simulations of clouds in general, the focus of this study
is solely on high clouds.

Simulation experiment

Maodel structure

The model is a semi-spectral model and is, essentially,
the same as that described in Manabe et al. (1979) and
Manabe and Hahn (1981) except that it incorporates a
simplified method of cloud prediction. The model is
rhomboidally truncated at wave number 15 and has 9
vertical finite difference levels.

Precipitation is computed whenever supersaturation
is indicated by the prognostic equation for water vapor.
The moist convective processes are parameterized by a
moist convective adjustment scheme proposed by Ma-
nabe et al. (1965). Based upon observation, the seasonal
and geographical distributions of sea surface tempera-
ture and sea ice coverage are prescribed. The tempera-
ture of the continental surface is computed from the
condition of local thermal equilibrium among the var-
ious components of surface heat balance. Surface hy-
drology is determined by the “bucket” method de-
scribed in Manabe (1969). The soil albedo is prescribed
geographically but is replaced by a higher value over
snow-covered regions.

Insolation is prescribed over the annual cycle. The
method for computing it is similar to that proposed by
Lacis and Hansen (1974). Terrestrial radiation is com-
puted by the method described by Rodgers and Wal-
shaw (1966) and modified by Stone and Manabe (1968).
In addition, the effect of the water vapor continuum
has been incorporated into the radiation code. For the
computation of both solar and terrestrial radiation, the
standard value of the atmospheric CO,-concentration
was assumed and a zonally uniform O;-distribution was
prescribed as a function of latitude, height and season.
Random overlapping is assumed for all clouds in the
radiative computation.

The prognostic scheme of cloud cover is basically
the same as that used in the previous studies of Wether-
ald and Manabe (1980, 1988). In these studies, it is as-
sumed that all condensed water precipitates out of the
layer and is not retained as cloud liquid water. Nev-
ertheless, overcast cloud is predicted when the relative
humidity of air exceeds a critical value. This relative
humidity criterion is applied to all clouds, both convec-
tive and non-convective, regardless of where they occur
in the global domain. The value of this critical relative
humidity was chosen to be 99% based upon the amount
of total cloud, not just high cloud alone. The above
choice of critical relative humidity resulted in a total
global cloud amount of approximately 50%. The ab-
sorption and reflection of solar radiation by various
cloud types are described in Wetherald and Manabe
(1988) and are listed in Table 1 of their paper. For the
computation of terrestrial radiation, all clouds, includ-
ing high (e.g., cirrus) clouds, are considered to be com-
pletely black bodies.

Time integration

Starting from an initial condition of an isothermal dry
atmosphere at rest, the model was integrated with a
prescribed sea surface temperature distribution for the
standard value of the solar constant until a quasi-equil-
ibrium climate was reached. The model was then inte-
grated for an additional 10 model years to provide a
suitable analysis period. The computed cloud distribu-
tions illustrated in this paper are generated from aver-
ages taken over this 10 year analysis period.

Analysis of the results
Zonal mean cloudiness

It is useful to examine first the distribution of zonal
mean cloud amount which is obtained from the model.
This is shown in Fig. 1 and indicates that a thick layer
of relatively greater cloudiness occurs in the upper tro-
posphere of the model. The altitude of this high cloud
layer decreases with increasing latitude in a manner
analogous to the height of the tropopause. The thick
layer of cloudiness in the upper model troposphere
may be identified as “cirrus” cloud and corresponds
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well to the latitudinal variation of the height of cirrus
cloud as determined by London (1957) (see Fig. 12 of
Wetherald and Manabe 1980). An exception to this is in
the tropics where the model produces cirrus clouds
which are at a considerably greater altitude than the
ones determined by London.

One may also note that the regions of maximum
high cloud amount correspond closely to the annual
mean positions of both the tropical and middle latitude
rainbelts. It is in these regions where moist, saturated
air is carried upwards until it reaches the upper tropos-
phere where it has a tendency to spread horizontally.

High cloud amount

The computed high clouds in the atmosphere are as-
sumed to occur at levels 2, 3 and 4 of the 9 level model,
namely at 95, 205 and 350 mb located at the altitudes of
16.5, 11.6 and 8.1 km, respectively. Since level 5 in the
model is considerably lower (5.3 km) than the altitude
limit of high clouds considered by Stowe et al. (7 km),
only levels 2-4 are considered for comparison with ob-
servations.

The geographical distributions of high cloud
amount as obtained from (a) the simulation and (b)
Stowe et al.’s observations are shown in Fig. 2 for De-
cember-February conditions. Generally speaking, the
model overestimates the amount of high cloud in low
latitudes, particularly over Africa, the Indonesian re-
gion and over South America. Note that the shading
begins from a lower contour value for the observations.
The tongue of cloudiness extending from the equatorial
belt to a band east of Australia (the southern Pacific
convergence zZone) appears more pronounced in the ob-
servations than in the model. This appearance is due to
high clouds filling the entire equatorial zone in the
model; in particular, there is considerably more cloudi-
ness in the model along the equator, between longitude
150° W and 90° W, while the observations indicate a
near absence.
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Fig. 1. Latitude-height distribution of the
annual zonal mean cloud amount (%) obtained
from the GCM
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Fig. 2a, b. Time-averaged high cloud amount (%) for December-
February: a a 10-year GCM run; b observations by Stowe et al.
(1989) for January 1980. Note the difference in shading between a
and b

For the June-August simulation (Fig. 3a, b) the
main convective zone over Asia and in the Caribbean
are represented successfully by the model. The north-
ward extension of the intertropical convergence zone
(ITCZ) is prominent in both the observations and the
model results. Again, the simulated cloud amounts ex-
ceed those of the observed distributions over the con-
vective zones. The equatorial belt of high cloudiness is
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Fig. 3a, b. Time-averaged high cloud amount (%) June-August: a
a 10-year GCM run; b observations by Stowe et al. (1989) for July
1979. Shading in the panels is the same as in Fig. 2

observed to be thinner in latitudinal extent; in contrast,
the GCM cloud amounts occupy a larger area, both
longitudinally and latitudinally. For both the winter
and summer seasons, the computed high cloud
amounts exceed those inferred from the satellite obser-
vations. It must be recognized that observed cloud
amounts are subject to uncertainties related to the inter-
pretation of partially cloud-filled pixels.

High cloud frequency

Next, the frequency of high cloud simulated by the
model is compared with the frequency of its appear-
ance obtained from the SAGE and NIMBUS-5 measur-
ements. In the analysis of the SAGE extinction measur-
ements, Woodbury and McCormick (1986) assumed
that high clouds appear in an altitude zone bounded by
the tropopause plus 1 km as an upper limit and 70% of
the tropopause height or 8 km (whichever is greater) as
a lower limit. The definition of the tropopause altitude
was identical to that used by the National Meteorologi-
cal Center and corresponds approximately to the high
cloud’s height definition used by Stowe et al.

While the frequency of occurrence of cirrus clouds
and the time-averaged cloud amount cannot be com-
pared in a quantitative sense, it is nevertheless instruc-
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Fig. 4a, b. Geographical distribution for the period of December-
February of the: a frequency of high cloud occurrences (%) as
obtained by Woodbury and McCormick (1986) (measurements
taken over the years of 1979 to 1981); b those obtained by Barton
(1983). Legends for the different percentage categories are desig-
nated as various shades at the top of each figure

tive to examine the correlation between the patterns ap-
pearing in the respective datasets. The SAGE-derived
geographical distribution of the high cloud frequency
averaged over the three-month period of December,
January and February is shown in Fig. 4b. In low lati-
tudes, the shaded areas of Fig. 2, which include regions
of high cloud amount maxima in the model atmosphere
and observation, compare quite well with the dark ar-
eas of Fig. 4 where the appearance of high cloud is ob-
served to be most frequent. For example, the most in-
tense cloudy area over the Amazon River basin and the
dark equatorial belt associated with the ITCZ extends
all the way from Africa to the central Pacific Ocean in
both Figs. 2 and 4b, although, as noted previously for
cloud amount, the observed belt is not as continuous
over the Indian Ocean as it is for the computed distri-
bution. Figure 4a shows Barton’s inferred high cloud
frequencies. There is a good overlap of the cirrus cloud
locations in Barton's data with that of Woodbury and
McCormick. The maxima in the first dataset does, in-
deed, coincide with the maxima in the latter. Both the
datasets show the tongue of cloudiness enveloping the
ITCZ, although the SAGE pattern indicates a higher
frequency. As indicated by the observed cloud amount
in Figs. 2b and 3b, Barton’s dataset shows the absence
of high clouds in the 150° W-90° W longitude region of
the equatorial belt; in contrast, SAGE suggests that
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some portions of this region do, however, have at least
a 20% frequency of occurence.

A good correspondence is also noted between Figs.
3 and 5 which make a similar comparison for the three-
month period of June, July and August. In both Figs.
5b and 3, the dark and shaded areas over the Indian
Ocean and the western Pacific Ocean extend north-
wards from the vicinity of the ITCZ in the equatorial
region to middle latitudes.

Figure Sa shows Barton’s high cloud frequency of
occurrences for the June-August season. The corre-
spondence with the SAGE system is good although,
once again, it exhibits magnitudes that are considerably
(up to a factor of two) less than those obtained by the
limb-detection technique.

In general, there is a considerable underestimate in
the Barton dataset relative to SAGE. This occurs de-
spite the fact that the Barton dataset has a lower cutoff
altitude (6 km) for the classification of high clouds. As
noted by Woodbury and McCormick (1986), this could
be due to the fact that the SAGE consists of a limb
scanning device and, therefore, the instrument is satu-
rated for even small extinctions. Because of this, it is
likely to detect even the thinnest of clouds. The SCR,
on the other hand, since it is a nadir scanning instru-
ment, lacks the sensitivity of the SAGE limb scanning
device. However, the co-locations of the maxima exhi-
bited in the independent datasets are extremely encour-
aging since they indicate the unambiguous presence of
the high clouds. Thin cirrus clouds could explain the
relatively low frequency values in the Barton dataset,
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Fig. 5a, b. Same as Fig. 4 except for the period of June-August

particularly for cirrus cloud occurrences corresponding
to the 40% values of the SAGE dataset. Note that while
SAGE can detect upper tropospheric clouds directly,
the screening in Barton's technique involves empirical
analyses. Another interesting point is that the geogra-
phical positions of the SAGE maxima are unlikely to
be altered due to changes in the detection threshold.

The SAGE and Barton datasets deteriorate in qual-
ity poleward of 50° latitude in both hemispheres due to
the relatively shallow slant angle of the scanning sensor
and a lowering of the tropopause and the cloudtop alti-
tude in high latitudes. It should also be borne in mind
that the different sampling times and the unequal num-
ber of samples in the two datasets could also be partly
responsible for the differences in the frequencies of oc-
currence.

It is pointed out at this stage that, the location of
some cirrus clouds well removed from the core of the
tropical convective systems, as inferred by Prabhakara
et al. using radiances in two spectral channels (not

" shown here), corroborates the observation of Barton,

Woodbury and McCormick, particularly in those re-
gions which have minimum-to-moderate frequency val-
ues (approximately 20 to 40%) in the latter two datasets.
Stowe et al. have indicated comparatively good agree-
ment of their observations with the Barton dataset, with
only a few exceptions indicating an underestimate.

From Figs. 2-5, there is good agreement between
the observed and computed distributions of high cloud
cover in the low and middle latitudes during the sum-
mer months, particularly in the Northern Hemisphere
summer season. However, there are two notable excep-
tions to this; over the ocean east of Australia during
December, January and February and over the United
States during June, July and August. In both cases, the
regions of maximum observed high cloud frequency
and high cloud amount exhibit a tongue-like feature ex-
tending poleward from the equatorial convective re-
gions, which is not as pronounced in the GCM simu-
lated patterns. These two examples will be dealt with in
more detail in the succeeding subsections.

Outgoing longwave radiation ( OLR)

The cloud amount and frequency data discussed above
indicate intrinsic characteristics of high cloud distribu-
tions but do not enable an evaluation of the cloud ra-
diative characteristics. One approach to estimate these
lies in using the OLR data. Here, a comparison is made
between the simulated and observed distributions of
the OLR at the top of the atmosphere. Since the effec-
tive temperature for the upward emission from high
cloud is very low, the existence of high cloud tends to
imply a smaller OLR as compared with regions of
either clear sky or lower cloud types. Thus, realistic si-
mulations of both the amount and optical properties of
high cloud cover are necessary for an accurate repro-
duction of the OLR by a model. Fig. 6 compares the
geographical distribution of the OLR from the model
with the corresponding distribution of the actual OLR
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Fig. 6a, b. Geographical distribution for the period of December-
February of the net outgoing terrestrial radiation at the top of the
atmosphere (W/m?) obtained from: a the GCM; b the NIMBUS-
7 ERBE satellite system for 1981. Source is Kyle et al. (1986)
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Fig. 7a, b. Same as Fig. 6 except for the period of June-August

as determined from the NIMBUS-7 satellite observa-
tions (Kyle et al. 1986) for the period of December, Jan-
vary and February 1981. In Fig 6, the patterns of
shaded (maxima) and unshaded (minima) regions com-
pare quite well between the model and the observa-
tions. For example, the regions of minimum emission
(<200 W/m?) in the vicinity of the equator over Africa,
South America and the western Pacific Ocean are ap-
parent in both figures. Also apparent in both figures are

the regions of maximum emission north and south of
the equator, particularly over Australia, the south At-
lantic and Pacific Oceans, and off the western coasts of
Africa and South America. There is, however, more
zonality evident in the computed distribution as com-
pared with the observations.

Turning to Fig. 7 which illustrates the same quanti-
ties for the period of June, July and August, one may
again note the close correspondence between the com-
puted and observed distributions of OLR. An example
of this is the region of low OLR beginning at the equa-
tor, particularly over the Indian and western Pacific
Oceans, and extending northward into middle latitudes.
Much smaller regions of minimum emission exist over
equatorial Africa and Central America in both Figs. 6
and 7. The areas of maximum OLR off the western
coasts of North America and South America as well as
Europe and western Asia are in good qualitative agree-
ment with each other. Taken together, these results in-
dicate that the geographical pattern of the OLR at the
top of the atmosphere in the tropics is reasonably well
simulated by the model.

In general, the GCM results exhibit more zonality
in low latitudes as compared with the SAGE and NIM-
BUS-7 data. This is more prominent in the December-
February months. These features can be seen, for exam-
ple, in the comparison of the cloud amont and occur-
rence maxima (Figs. 2, 4) and the OLR minima (Fig. 6)
over the western Pacific. Furthermore, the band of high
cloudiness extending from the western Pacific into the
middle latitudes of the Southern Hemisphere is less
pronounced in the model. There is a systematic overes-
timation of OLR by the GCM in the unshaded (cloudy)
regions of the tropics as compared with the NIMBUS-7
results. This suggest that, either there are too few thick
high clouds, or that they are occurring at too low an
altitude in the model. Also, there is a systematic under-
estimation of OLR in the shaded (clear sky) areas
which suggest that the model may be producing too
many clouds in the regions that normally would be
clear or nearly clear. Another possibility for this feature
is an underestimate of relative humidities in the mod-
el.

The direct relationship between cloud cover and
OLK evident in all the studies for both seasons is worth
highlighting especially in the latitude zone of 30°S to
30° N. In particular, for the December-February peri-
od, the regions of maximum cloud amount in Fig. 2b
and the maximum cloud frequency (Fig. 4) correspond
very closely to the areas of minimum OLR in Fig. 6b.
This is consistent with the expectation that the greater
the amount and frequency of high cloud, the lower the
amount of OLR emission. A similar relationship may
be seen between Figs. 3b, 5b and 7b for the June-Au-
gust period. Here, both datasets show an extensive area
of high cloudiness and its effect upon the OLR field
over the Indian and western Pacific Oceans beginning
in equatorial latitudes and extending up to about 50° N.
These results suggest that not only is the maximum high
cloud frequency co-located with the maximum high
cloud amount in the tropics but that both are anti-cor-
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related with the corresponding OLR observations for
the same time period. Thus, the latter dataset may be
useful in identifying the occurences of high cloud cover
over time and space, especially in low latitudes.

In the GCM results, a similar relationship exists be-
tween the computed high cloud amount and the accom-
panying OLR at the top of the model atmosphere.
Again, there is a close correspondence between the
shaded areas of Figs. 2a (maximum high cloudiness)
and the unshaded regions of Fig. 6a (minimum emis-
sion), as well as between the shaded areas of Fig. 3a
and the unshaded regions of Fig. 7a. Thus, the GCM
simulation of high cloud cover and terrestrial radiation
not only corresponds well with the respective observed
data but also reproduces the correlationship between
these two quantities as indicated by the independent
sets of observations.

It is of interest to examine both the computed and
observed OLR in the region east of Australia during
December, January and February, and over the United
States during June, July and August where the maxi-
mum in cloud frequency and amount exhibit more ofa
poleward extension than the computed cloud amount.
An examination of these two regions reveals that the
area of observed minimum OLR which extends south-
eastward from equatorial latitudes east of Australia is
not reproduced by the model. On the other hand, in
both the observations and the model there is no indica-
tion of a minimum in OLR over the United States. This
suggests that the region of maximum observed amount
and frequency of high clouds, which also extend south-
eastward from tropical latitudes to east of Australia,
consists of thick clouds that reduce the OLR, whereas
the cloud cover over the United States possibly consists
mainly of thinner high clouds that do not greatly affect
the OLR there.

Precipitation

For either the computed or observed case, the regions
of minimum OLR include the tropical rainbelt which
implies that these areas contain mostly optically-thick
high clouds associated with deep convective processes
rather than the more optically-thin cirrus clouds not
necessarily associated with convection. Consider the
observations first. Figs. 8 and 9 show the observed dis-
tribution of total precipitation rate (Jaeger 1976) for
both the December-February period (Fig. 8) and the
June-August period (Fig. 9b). The maxima in the two
observed high cloud distributions (Figs. 2b, 4b and 6b,
respectively) correspond very closely with the regions
of maximum precipitation amount associated with the
tropical rainbelt for both seasons. Specifically, the trop-
ical rainbelt shown in Fig. 8b coincides with the dark
regions of maximum cloud amount in Fig. 2b over the
Pacific and Indian Oceans as well as over South Amer-
ica. A similar relationship may be seen for Figs. 9b and
3b where the tropical rainbelt over the Indian and west-
ern Pacific Oceans and over Central America coincide
with the dark areas of maximum high cloudiness in

Jp— 90°N
90°N ( o).a =] ' )
60 F = 3 460°
oo .
30 3 o < 4%
8 = b
S ke L
E O = €
S 3 2 5
30° \ # ®) <30°
3 2 s
60°F O oD 60°
90°S 1 = ! 90°S
0° 60°t 120° 180° 120° 60°W
90°N (b) T T T T P | m; 90°N
= o
60° - 60°
2 Lo o * > S,
. (] X4 2— ..
a . <1*
2 3’ =
g £Q 1.0 3€Q
30° / 5 4 X "
3 1 > o 2 30
N s
60°L > ) .12 60°
90°s i s 1 il ) 90°S
0° 60°E 120°€ 180° 120°W 60°W
LONGITUDE

Fig. 8a, b. Geographical distribution of total precipitation (cm/
day) for the period of December-February obtained from: a the
GCM: b Jaeger (1976)
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Fig. 93, b. Same as Fig. 8 except for the period of June-August

these regions. An examination of these figures reveals
that, in the western Pacific, the northward extension of
the region of tropical rainfall is accompanied by a cor-
responding northward extension of the area of maxi-
mum high cloudiness associated with the region of
tropical rainfall. In fact, Newell et al. (1974) have
shown that the tropical distributions of cloudiness and
rainfall maxima are well correlated with the maxima in
the 500 mb vertical velocity fields. These facts, taken
together, indicate that a direct relationship exists be-
tween the intense upward motions in the tropical rain-
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belt and the occurrence of optically-thick anvil-type cir-
rus clouds which are produced at the tops of these con-
vective clouds and spread laterally to either side of the
rainbelt. This relationship is not as apparent in the vi-
cinity of the middle latitude rainbelt, where a greater
fraction of the total precipitation is caused by large
scale condensation rather than by convection.

The above discussions apply to the GCM results as
well as to the observations. A similar sequence of com-
parisons for the GCM illustrates the correspondence
between the computed precipitation (Fig. 8a), com-
puted cloud amount (Fig. 2a) and computed OLR (Fig.
6a) for the December-February period. As in the case
of the observations, the GCM reproduces the above de-
scribed relationship among the regions of maximum
precipitation, maximum high cloud amount and mini-
mum OLR in the vicinity of the tropical rainbelt. In ad-
dition, the computed distribution of precipitation ob-
tained for the GCM is quite similar to the observed dis-
tribution particularly in low latitudes. Besides, it also
simulates the observed distributions of each of these
quantities quite well. Similar remarks apply to the com-
puted June-August distributions of precipitation, clou-
diness and terrestrial emission (Figs. 3a, 7a and 9a, re-
spectively) with regard to consistency within the model
as well as to observation, particularly over the Indian
and western Pacific Oceans.

According to Figs. 2-9, the two regions of maxi-
mum high cloud frequency in middle latitudes east of
Australia (winter) and over the United States (summer)
are not associated with significant amounts of observed
precipitation. For the Australian region, this implies
that the relatively large amount of high cloud cover, re-
gardless of thickness, is not overlying deep convective
cells or larger scale storm systems as is the case in the
vicinity of the tropical rainbelt. It is quite possible that
these observed high clouds are produced by the deep
convective activity in the nearby tropical rainbelt and
are advected toward middle latitudes where the ob-
served OLR distribution shows this high cloud cover to
be of a thicker variety. Accounting for the advection of
condensates in the model could enhance the simula-
tions of the large amount of observed high clouds there.
In the case of the high cloud distribution over the Uni-
ted States, the observed OLR patterns suggest that the
model may not be simulating adequately the horizontal
extent of the high clouds.

Conclusions and discussion

The present study demonstrates that satellite data on
the amounts and frequency of occurrences of cirrus
clouds, together with that of the outgoing terrestrial ra-
diation, are useful for an assessment of the simulation
of high clouds by a GCM. Despite the fact that the var-
ious satellite datasets have employed different tech-
niques to infer the distribution of high clouds, all the
datasets are in agreement with respect to the location of
upper tropospheric clouds in the tropics. In particular,
the highest amounts and frequencies of occurrence of

cirrus clouds, as revealed by the independent datasets,
are co-located over the intensely active convective re-
gions. The frequency of occurrence of high clouds esti-
mated by the solar occultation technique exceeds that
obtained by the nadir scanning technique. This could
be due to differences in the altitude limits used to clas-
sify high clouds, or sampling problems. A more likely
cause may be the differences in the detection technique.
The higher sensitivity normally associated with the limb
scanning technique (Woodbury and McCormick 1986)
suggests that it would be sensitive to even extremely
thin cirrus clouds.

Since both the limb and the nadir datasets yield
high cloud frequencies over the convective regions as
well as locations far removed from them, it becomes
important to address their relevance for climate studies.
This is so because such clouds can play an important
role in affecting the longwave convergence within the
atmosphere (Ramanathan 1987), in the general circula-
tion (Ramaswamy and Ramanathan 1989) and in the
modeled climate change (Wetherald and Manabe 1988)
due to increases in trace gas concentrations. Are most
of the clouds detected by the SAGE technique optically
significant to cause an appreciable radiative effect or
are they too thin to do so? If the former is the case,
then their large areal coverage in the tropics all year
around, as indicated by the SAGE observations, neces-
sitates not only a continuous monitoring of their exis-
tence but also the development of accurate strategies
for inferring their radiative properties.

At the present time, we lack a comprehensive pic-
ture of the quantitative aspects of “high” clouds, parti-
cularly their radiative properties. Nadir scanners, typi-
cally, cannot unambiguously infer the emissivity and
distribution of high, thin clouds. Although the limb
scanning technique is useful for separating out the high
clouds from other middle and lower tropospheric
clouds, the fact that these measurements, too, cannot
yield an unambiguous determination of cirrus optical
properties limits their potential at present.

The comparison of the frequency of occurrence and
NIMBUS-7 datsets indicates a good correlation be-
tween maximum high cloud frequency and minimum
OLR at the top of the atmosphere, which can be ex-
ploited in future observational studies. The absence of
quantitative information on “high” clouds is a severe
impediment in assessing the simulations from a GCM
comprehensively. Nonetheless, by comparing several
different sources of data on high clouds and precipita-
tion in this study, it has been possible to evaluate the
qualitative adequacy of the simulations. Despite the ex-
treme simplicity of the cloud prediction scheme em-
ployed in the GCM (same value of critical relative hu-
midity for cloud formation is used at all altitudes and
latitudes), the model appears to simulate not only the
qualitative features of the global distributions of high
clouds, but also their influence upon the OLR at the
top of the atmosphere. For both the GCM and ob-
served data, the geographical patterns of cloud cover
maxima, OLR minima and precipitation maxima in the
tropics are all highly correlated. Although the model

-
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exhibits an underestimate of the OLR minima, it ap-
pears to capture the essence of the large-scale features
of tropical moist convection evident in the observa-
tions. This is particularly true where intense upward
motions are accompanied by condensation and the
spreading of a thick upper tropospheric layer of high
relative humidity and large cloudiness in the vicinity of
the tropical rainbelt region. To this extent, the simplic-
ity of the cloud prediction scheme and its qualitative
success suggests that the basic physical processes in-
volved in the large-scale distribution of the tropical
high clouds may be adequately represented in the pres-
ent GCM simulations. This constitutes the principal
finding of this study.

From the comparative studies performed here, the
model simulations exhibit an underprediction of the
cloudtop altitude, especially in the vicinity of the tropi-
cal convective regions. Remedies for these may involve
sub-grid scale parameterizations of moist convection
(e.g., from the FIRE experiments), higher vertical and
horizontal resolution (ongoing projects at several insti-
tutions) and prognostic equations for the condensed
phase besides the one for water vapor. Also, in the fu-
ture, attention needs to be paid to the emissivities of
cirrus clouds, particularly in middle latitudes. In the
tropics, the upper tropospheric clouds simulated by the
present GCM may be representative of deep systems
(either part of “hot” convective towers or anvil shields
spreading out of a parent tower) and, thus, an emissiv-
ity of unity (equivalently, an assumption of ‘black’
cloud as in this study) may be realistic. The same argu-
ment cannot be applied readily to the mid-latitudes.
Nonetheless, the results of this study, besides demon-
strating that the combination of the different satellite
and the precipitation datasets are useful in evaluating
the large-scale climatological features of the GCM-si-
mulated high clouds, also provide an encouragement to
conduct quantitative comparisons with the physical
properties of such clouds as and when they become
available.
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