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Abstract. A study of the sensitivity of the simulated Asian summer monsoon to changes 
in general circulation model formulation is reported. The baseline version of the model 
fails to realistically simulate the precipitation, wind, and temperature fields. In one 
experiment the stratiform cloud parameterization was changed from a simple large-scale 
saturation scheme to a scheme that prognostically determines cloud water, cloud ice, and 
rain. In a second experiment a parameter that relates the cumulus mass flux to the 
cumulus kinetic energy was altered so as to increase the convective adjustment time. 
These changes in the stratiform and cumuliform cloud parameterizations significantly 
improve the simulations of the precipitation and upper level wind fields, respectively. 

1. Introduction 

According to Webster [1987] a monsoon can be regarded as 
a longitudinally localized Hadley circulation. Monsoons are 
strongly influenced by such diabatic processes as the absorp- 
tion of solar radiation by the lower boundary, the regulation of 
the surface sensible and latent heat fluxes by land-surface pro- 
cesses, and the release of latent heat in convective and strati- 
form clouds. The circulation of the Asian summer monsoon, in 
particular, is enhanced by surface heating of the Tibetan Pla- 
teau, which towers above the surrounding land surface. 

After the seasonal snow has melted, the surface albedo of 
the plateau region decreases, and the increased absorption of 
solar radiation warms the surface of the plateau and the air 
above it relative to the surrounding atmosphere. Thermally 
induced low pressure is associated with convergence in the 
lower and middle troposphere. This convergence is manifested 
largely through the powerful low 1½v½1 Somali jet, which orig- 
inates over the Indian Ocean in the Southern Hemisphere, 
traverses the Arabian Sea, crosses the west coast of India and 
the subcontinent, and curves cyclonically toward the foothills 
of the Tibetan Plateau. The air ascends partly through oro- 
graphic lifting and partly through radiative and latent heating. 
It then turns south in the upper troposphere and returns to the 
Southern Hemisphere [Johnson and Houze, 1987]. 

The low 1½v½1 convergence is of course accompanied by 
compensating divergence aloft. This divergence is associated 
with a broad, strong anticyclonic circulation over the plateau, 
near the 200-mbar level. The warm air over the plateau actu- 
ally produces a northward increase of midtropospheric tem- 
perature over India, and this temperature gradient is associ- 
ated with strong upper 1½v½1 easterlies through the thermal 
wind relationship [Murakami, 1987; Yanai et at., 1992; Yanai 
and Li, 1993]. The convectively active region associated with 
the Asian summer monsoon is particularly far north. Theoret- 
ical studies [e.g., Hack et at., 1989] have shown that when the 
Intertropical Convergence Zone (ITCZ) migrates well to the 
north of the equator, the northern Hadley cell weakens, while 
the southern ½½11 strengthens. In addition, conservation of an- 
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gular momentum ensures that a northward migration of the 
ITCZ is associated with both low level westerlies and upper 
level easterlies, between the equator and the ITCZ [Schubert et 
at., 1991]. 

Zhang [1994] investigated the sensitivity of the simulated 
Asian summer monsoon to the parameterization of cumulus 
convection in the atmospheric general circulation model 
(GCM) of the Canadian Climate Centre. He compared the 
results of a simulation with a mass flux-based convection pa- 
rameterization using a buoyancy closure to results obtained 
with no convective parameterization at all and also to the 
results of a third simulation using moist convective adjustment. 
He found that in the simulations with moist convective adjust- 
ment and with no convection parameterization at all, the west- 
erlies of the Somali jet extended unrealistically across South- 
east Asia and into the western Pacific. The mass flux scheme 

produced a more realistic Somali jet, confined to the west of 
about 90øE longitude. The mass flux scheme also gave a more 
realistic distribution of precipitation, with plentiful rainfall 
over India, and the rainfall maximum in the western Pacific 
displaced toward the south, near the equator, as observed. The 
other two simulations gave less precipitation over India and 
moved the western Pacific precipitation maximum northward, 
contrary to observations. Zhang interpreted his results in terms 
of changes in the gross moist stability associated with the in- 
troduction of the mass-flux scheme. 

Stingo et at. [1988] analyzed the response of the GCM of the 
European Centre for Medium Range Weather Forecasts (EC- 
MWF) to changes in the radiation and convection parameter- 
izations. They found a strong sensitivity of the simulated Asian 
summer monsoon, and especially the monsoon onset, to these 
parameterized processes. 

The purpose of this paper is to further investigate the de- 
pendence of the Asian summer monsoon on parameterized 
physical processes by examining the results from several ver- 
sions of the Colorado State University (CSU) GCM. Section 2 
describes the versions of the CSU GCM used in this paper, in 
particular introducing the land-surface parameterization, the 
prognostically closed cumulus parameterization, and the strati- 
form cloud microphysics parameterization. The experiments 
essentially document the response of the simulated Asian sum- 
mer monsoon to the evolution of the GCM over the past 7 
years. Section 3 presents the Asian summer monsoon clima- 
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Table 1. Summary of Runs 

Name of Run Description of Run Comments 

Baseline land surface: bucket model older, simpler version of the model 
stratiform clouds: large-scale saturation 
value of a: 10 7 m 4 kg -• 

S2E land surface: SiB2 
stratiform clouds: Eauliq 
value of a: 10 7 m 4 kg -• 
land surface: SiB2 
stratiform clouds: Eauliq 
value of a: 10 9 m 4 kg -• 

High-a 

newer, more complex version of the model 

Increasing a, relative to the baseline run, cools and moistens the atmosphere, as 
discussed by Pan and Randall [1998] 

tology as simulated by the various versions of the GCM and 
compares these simulations with the observed climatology. 
Section 4 gives our conclusions. For an extended discussion of 
the topics covered in this paper, see Eitzen [1996]. 

2. Computational Design 
2.1. Model Formulation 

Each version of the CSU GCM to be examined in this paper 
has a fairly coarse horizontal grid spacing of 4 ø in the meridi- 
onal and 5 ø in the zonal direction, which is adequate to repre- 
sent the Indian peninsula but not fine enough to resolve the 
Western Ghats. The horizontal discretization is based on finite 
differences, following the methods of Arakawa and Lamb 
[1977, 1981]. The vertical structure of the atmosphere is rep- 
resented using 17 layers, with a top at 51 mbar. The top two 
layers comprise the lower stratosphere, while the lowest layer 
is identically the planetary boundary layer (PBL). The PBL 
parameterization is described by Suarez et al. [1983]; it makes 
use of the assumption that the PBL is well-mixed in conserva- 
tive variables. The PBL depth and the turbulence kinetic en- 
ergy (TKE) are prognosed. All versions of the model as dis- 
cussed in this paper use a modified Arakawa and Schubert 
[1974] cumulus parameterization [Randall and Pan, 1993; Pan 
and Randall, 1998], in which a prognostic cumulus kinetic en- 
ergy is used in lieu of the strict quasi-equilibrium closure. The 
parameterizations of shortwave and longwave radiation follow 
the work of Harshvardhan et al. [1987, 1989]. 

The GCM has undergone rapid development over the past 5 
years; we have replaced the cumulus parameterization [Ran- 
dall and Pan, 1993; Pan and Randall, 1998; Ding and Randall, 
1998], the land-surface parameterization [Sellers et al., 1996a, 
b; Randall et al., 1996], and the stratiform cloud parameteriza- 
tion [Fowler et al., 1996; Fowler and Randall, 1996a, b]. These 
changes have led to major improvements in the simulation of 
the Asian summer monsoon, but because the changes were 
made in parallel and then merged, the current model expresses 
their combined effects. 

For purposes of this paper, we define a "baseline" version of 
the model which uses the oldest versions of the model com- 

ponents under study. These include a "bucket model" land- 
surface parameterization [Manabe, 1969], a crude "large-scale 
saturation" parameterization of stratiform cloud processes, 
and a "low-a" version of the cumulus parameterization (ex- 
plained below). In the course of the present study we analyzed 
the Asian summer monsoon simulations produced by this base- 
line version of the model. As discussed in detail below, the 
baseline run produces a rather poor simulation of the Asian 
summer monsoon. 

The improved land-surface parameterization tested here is 

SiB2 [Sellers et al., 1996a, b; Randall et al., 1996], which takes 
into account the effects of vegetation on the surface fluxes of 
energy and water. Evaporation from the surface is regulated by 
vegetation in the SiB2 runs, whereas the baseline run (with the 
bucket model) determines the evapotranspiration solely on the 
potential evapotranspiration and the amount of moisture that 
is present relative to the field capacity. SiB2 includes two soil 
temperatures, as opposed to only one in the baseline; and SiB2 
includes three soil moisture and two surface moisture stores, 
while the baseline version of the model only has a single 
ground wetness and no parameterization of surface wetness 
other than snow cover. Among the simulations analyzed in the 
course of our study is one in which the only change relative to 
the baseline run is the replacement of the bucket model by 
SiB2. The SiB2-only run is not discussed in section 3, however, 
because its results are similar to those of the baseline run; 
perhaps surprisingly, the improved land-surface parameteriza- 
tion did little to correct the deficiencies of the Asian summer 

monsoon as simulated by the baseline run. The surface air 
temperature field was modified by SiB2, but the wind and 
precipitation fields were almost unchanged. Eitzen [1996] gives 
a detailed analysis of the results of the SiB2-only run. 

Eauliq [Fowler et al., 1996; Fowler and Randall, 1996a, b] is 
a stratiform cloudiness parameterization which includes prog- 
nostic variables for cloud water, cloud ice, rain, and snow, as 
well as water vapor. It explicitly couples cumulus convection 
with stratiform anvils, includes such microphysical processes as 
the collection of cloud water by falling rain, and also includes 
a parameterization of the radiative properties of the clouds in 
terms of the predicted cloud water and cloud ice distributions. 
We performed a simulation which differs from the baseline run 
only through the replacement of the large-scale saturation 
parameterization by Eauliq. This Eauliq-only run is not dis- 
cussed in this paper, however, because its results are similar to 
those of the S2E run (discussed below). Eitzen [1996] gives a 
detailed analysis of the results of the Eauliq-only run. 

The S2E run listed in Table 1 differs from the baseline run 

through the addition of both SiB2 and Eauliq. As will be 
discussed in section 3, the results of the S2E run are consid- 
erably more realistic than those of the baseline run. The sim- 
ulated precipitation distribution, in particular, is much im- 
proved over that of the baseline run. 

We also examined the sensitivity of the simulated Asian 
summer monsoon to a simple but important change in the 
cumulus parameterization. The parameterization makes use of 
a prognostic cumulus kinetic energy, K, as discussed by Ran- 
dall and Pan [1993] and Pan and Randall [1998]. The cumulus 
cloud base mass flux M, is related to K by a parameter a: 
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Table 2. Summary of Data Sources 
Quantity Data Source 

850-mbar winds 
200-mbar winds 
Total precipitation rate 
500-mbar temperatures 
Shortwave radiation absorbed at the surface 

ECMWF 1985-1988 
ECMWF 1985-1988 
GPCC 1987-1995 
ECMWF 1985-1988 

Whitlock et al. [1993] 

Crudely speaking, 1/c• measures the efficiency with which con- 
vective available potential energy (CAPE) can be utilized to 
produce a cumulus mass flux. The mass flux warms and dries, 
tending to reduce the CAPE. When a is small, very little CAPE 
is needed to allow convective heating and drying, so the sound- 
ing tends to be warm and dry (corresponding to small values of 
the CAPE). When a is larger, more CAPE is needed to allow 
convective warming and drying, so the sounding tends to be 
cooler and more humid (corresponding to larger values of the 
CAPE). For a given value of K, larger a means smaller M B. It 
is the value of MB which actually determines the cumulus 
heating and drying rates, for a given thermodynamic sounding, 
so (1) implies that larger values of a reduce the cumulus 
heating and drying rates for a given value of K. As a is in- 
creased, the cumulus precipitation rate decreases and the 
stratiform precipitation rate increases [Pan and Randall, 1998]. 
In addition, larger values of a correspond to longer convective 
adjustment times, so that convective quasiequilibrium is en- 
forced less rigidly. We emphasize that there is no reason what- 
soever to suppose that a is a constant. We currently lack a 
theory to determine a, and so we assume constant values for 
simplicity, but we recognize the need to explore the sensitivity 
of our results to the value used. The baseline run uses a - 10 7 
m 4 kg -•. We also performed a "high-a" run in which a was 
increased dramatically, by a factor of 100, to 10 9 m 4 kg -•. The 
values of a considered here are compatible with the cumulus 
ensemble model results of Xu and Arakawa [1992]. The high-a 
run includes SiB2 and Eauliq, so we compare it with the S2E 
run. The effect of increasing a is to cool and moisten the 
atmosphere, leading a considerable improvement in the ther- 
mal structure and the associated thermal winds. 

2.2. Data Sources 

As noted earlier, the Asian summer monsoon can be 
thought of as a local Hadley circulation. To see if the model 
produces a realistic simulation of this circulation, we can break 
it up into three branches. The low level, northward branch of 
the circulation can be diagnosed using the winds at 850 mbar. 
The upward and downward branches can be diagnosed using 
precipitation. The upper level, southward branch can be diag- 
nosed using the 200-mbar winds. The surface shortwave radi- 
ation is also examined. 

We have compared our simulations with observations pro- 
vided by the European Centre for Medium-Range Weather 
Forecasts (ECMWF) reanalysis project [Gibson et al., 1996], 
the Surface Radiation Budget (SRB) satellite observations 
[Whitlock et al., 1993] from NASA, and the precipitation data 
[Xie and Arkin, 1996] of the Global Precipitation Climatology 
Centre (GPCC). A "climatological" monsoon was simulated by 
using long-term average sea surface temperatures (SSTs) for 
the baseline run for a single January-December annual cycle. 
Observed 1985-1988 June-July-August (JJA) SSTs were used 
for all other runs. Table 2 lists the various observational data 

sets used in this study. 

3. Results 

Figure 1 shows the JJA-mean 850-mbar wind vectors from 
four years of ECMWF analyses averaged to 4 ø x 5 ø grid cells, 
and the results of the baseline run, the S2E run, and the high-c• 
run. (For purposes of this paper the Asian monsoon region is 
defined to be bounded by (20øS, 30øE) and (40øN, 150øE). 
Figure 1 shows only this region.) The ECMWF 850-mbar wind 
analysis clearly shows the 15 m s-• Somali jet that flows from 
the east coast of Africa, across the Arabian Sea, and onto the 
Indian subcontinent. The west coast of India and the west coast 

of Southeast Asia each experience strong onshore flow at 850 
mbar from near the equator to about 20øN. Cross-equatorial 
flow occurs near the east coast of Africa. The equatorial flow 
is weak and nearly zonal east of 60øE, however. The ECMWF 
wind analyses could, in principle, be biased by the underlying 
model physics in regions with relatively few observations (such 
as over oceanic areas of the monsoon region.) However, the 
ECMWF winds were found to be consistent with other wind 

analyses [van de Boogaard, 1977; Newell et al., 1972]. 
The baseline run produces a Somali jet, but it is stronger 

than observed, reaching a maximum speed (in the seasonal 
mean) of about 20 m s -•. In the model, India and Southeast 
Asia experience onshore flow only south of about 15øN, and 
there is strong convergence over the southern portion of the 
Bay of Bengal. The simulated equatorial winds have a large 
meridional component for all longitudes shown and are much 
stronger than the observed winds in the same region. The 
baseline run also produced strong and unrealistic convergent 
westerly winds east of the Philippines. These unrealistic west- 
erlies are similar to those obtained in some of the simulations 

discussed by Zhang [1994]. 
The S2E run also produces an excessively strong Somali jet, 

with winds of up to 20 m s-•. The jet is in approximately the 
same position as that of the baseline run, with onshore flow 
over the west coasts of India and Southeast Asia from 0 ø to 

15øN. The equatorial winds produced by the S2E run are much 
more realistic than those of the baseline run, however, in that 
they have only a small meridional component, except near the 
east coast of Africa. The winds to the east of the Philippines 
are also much more realistic than those of the baseline. As 

discussed below, these changes are associated with an Eauliq- 
induced reduction in the precipitation rate in the western Pa- 
cific, near 20øN, which was also reported by Fowler et al. [1996]. 

The Somali jet in the high-a run is weaker and more realistic 
than that of the S2E run. The westerly flow across central India 
is quite a bit stronger, and there is increased low level conver- 
gence over the northern Bay of Bengal. The winds to the east 
of the Philippines are similar to those simulated by the S2E run. 

Figures 2 and 3 show the ECMWF-analyzed JJA 1985-1988 
mean 200-mbar wind vectors and JJA 1985-1988 500-mbar 

temperatures, respectively, averaged to 4 ø x 5 ø grid cells. Fig- 
ures 2 and 3 also show the results of the baseline run, the S2E 
run, and the high-a run. The ECMWF analysis shows 200- 
mbar easterlies ranging from 15 to 20 m s -• over most of the 
monsoon region. The winds have a weak northerly component 
at the equator, especially in the eastern part of the monsoon 
region. The observed winds shift abruptly from easterlies to 
westerlies at the northern and southern fringes of the monsoon 
region, with westerlies of up to 30 m s-• at about 35øN, which 
is where the poleward rate of change of temperature becomes 
strongly negative at 500 mbar. There is a broad anticyclonic 
circulation above most of the region at 25øN, which roughly cor- 
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responds to a large area with temperatures in excess of 270 K. An 
island of warm temperatures can be seen over the Tibetan Pla- 
teau. The area-mean 500-mbar temperature is 268 K. The 500- 
mbar temperature field is quite flat overall, and the tempera- 
ture range between the highest and lowest contours is only 8 K. 

The baseline run produced very unrealistic 200-mbar winds 
and 500-mbar temperatures. There are almost no tropical east- 
erlies at 200 mbar, and the simulated winds have a strong 
northerly component near the equator. In addition, the base- 
line run produced a huge area of temperatures warmer than 
272 K between 20øN and 20øS, throughout the entire monsoon 
region. The winds at the northern and southern fringes of the 
monsoon region are similar to those observed, although some- 
what stronger. This is consistent with the baseline run's stron- 
ger-than-observed meridional temperature gradient at 500 
mbar over the same region. In contrast to the observations the 
baseline run does not produce an island of warm air over the 
Tibetan Plateau. The area-mean 500-mbar temperature is sig- 
nificantly higher than observed (272 K). 

As shown in Figure 2c, the S2E run produced somewhat 
more realistic 200-mbar winds than did the baseline run. In the 

S2E run the simulated winds near the equator have an easterly 
component, particularly in the western part of the monsoon 
region. This is consistent with the results discussed by Fowler 
and Randall [1996a]. The simulated 200-mbar easterlies of the 
S2E run have a magnitude of only 5-10 m s -•, however, which 
is much weaker than observed. The cross-equatorial flow in the 
eastern part of the monsoon region is stronger than observed 
but is nevertheless much weaker and more realistic than that of 

the baseline run. The S2E run also produced a more realistic 
simulation of the 500-mbar temperature than did the baseline 
run. The gradients are weaker, and correspondingly, the range 
of temperatures is reduced to only 8 K. The 272 K contour 
covers approximately the same region as the observed 270 K 
contour but does not enclose as large an area. The area-mean 
temperature is 271 K, which is still -3 K warmer than ob- 
served. As in the baseline run, and unlike the observations, the 
S2E run fails to produce a clear temperature maximum over 
the Tibetan Plateau. 

The 200-mbar easterlies produced by the high-a run are 
much stronger than those of the other runs, although still not 
quite as strong as observed. The Northern Hemisphere west- 
erlies produced by the high-a run extend slightly farther south 
than observed, but not as far south as in the baseline run. The 
area-mean 500-mbar temperature simulated by the high-a run 
is about 2.1 K cooler than that simulated by the S2E run and 
is only about 1 K warmer than observed. The spatial pattern of 
the 500-mbar temperatures produced by the high-a run is 
similar to that observed, with a closed maximum over the 
Tibetan Plateau, although the simulated maximum is too wide 
in the zonal direction. 

Another way to look at the winds and temperatures in the 
monsoon region is to plot the zonal wind and temperature as 
a function of latitude and pressure at a particular longitude 
which passes through the monsoon region. Figure 4 shows a 
latitude-pressure plot of the zonal wind and temperature at 
77.5øE, based on ECMWF data that were first averaged onto 
the CSU GCM's grid. Figure 4 also includes similar plots of the 
results of the baseline, S2E, and high-a runs. Figure 5 is a 
similar plot, except that it shows the zonal wind and tempera- 
ture fields of the baseline run subtracted from those of the S2E 

and high-a runs. The plots show that the baseline and S2E 
versions of the GCM do produce some easterlies in the mon- 

soon region (between 20øS and 40øN), but they are both 
weaker and more limited in vertical extent than observed. The 

high-a run is much more successful at producing strong east- 
erly winds, although they are higher and slightly weaker than 
observed. The observed thermal structure at 77.5øE is not 
realistic in the baseline run, but it is somewhat more realistic in 
both the S2E and high-a runs. 

To gauge the effect of the different parameterizations on 
surface air temperature, Figures 6a and 6b show the surface air 
temperature field produced by the baseline run subtracted 
from the S2E and high-a runs, respectively. The increase in 
shortwave cloud forcing caused by the addition of Eauliq (as 
shown in Figure 7) has helped to produce decreases in the 
surface air temperature over most land areas except the Tibetan 
Plateau, which experiences a net increase in absorbed shortwave 
radiation and a slight increase in the surface air temperature. 

In summary, the baseline simulation of the midtropospheric 
temperatures and upper tropospheric winds is very unrealistic. 
The introduction of Eauliq leads to significant improvements, 
but major problems still remain. The high-a run produces 
fairly realistic results. 

Figure 8 shows JJA means of the precipitation across the 
ß 

monsoon region according to the GPCC data set, as averaged 
to 4 ø x 5 ø grid cells. It should be noted that precipitation is a 
difficult field to measure (particularly over the oceans), and 
there are significant differences among precipitation data sets. 
Also shown in Figure 8 are the corresponding results from the 
baseline run, the S2E run, and the high-a run. The observa- 
tions show two major precipitation maxima: one west of the 
southwest coast of India and the other west of southern 

Burma. Both of these areas receive strong onshore flow. A 
minimum occurs near Sri Lanka, which appears to be affected 
by a lee-side rain shadow effect. The northern and western 
parts of the monsoon region are quite dry, receiving 2 mm d-• 
of rain. The ECMWF 850-mbar wind analysis shows that these 
areas do not receive much moisture from the Indian Ocean 

during JJA. None of the monsoon region is observed to receive 
more than 20 mm d -• of precipitation, and the area mean is 
-4.2 mm d-•. 

The baseline run shows a large area with >20 mm d -• of 
precipitation just north of the equator. There is a maximum 
west of the southwest coast of India, but it is stronger and 
farther to the west than the corresponding maximum in the 
GPCC data. The baseline run also produced maxima to the 
west of southern Burma and to the east of the Philippines, but 
these are again stronger than observed and coincide with re- 
gions of low level convergence over the Bay of Bengal and to 
the east of the Philippines that are higher than observed, as 
seen in the 850-mbar winds. The simulated mean precipitation 
rate is >50% higher than observed in the vicinity of the ob- 
served precipitation maxima, and the area-mean precipitation 
rate of -6.0 mm d- • is significantly higher than observed. At 
the same time, however, the baseline run produces less pre- 
cipitation than observed over most of India. 

The pattern of precipitation produced by the S2E run is 
somewhat more realistic than that of the baseline run. The 

precipitation maxima on the Arabian Sea and the Bay of Ben- 
gal are farther south than observed, but their magnitudes are 
more realistic than in the baseline run. The spurious and very 
strong precipitation maximum east of the Philippines, pro- 
duced by the baseline run, is absent in the S2E run. This 
dramatic reduction in the simulated precipitation rate east of 
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Figure 4. Latitude-pressure zonal wind plots at 77.5 ø E for (a) ECMWF analyses averaged to 4 ø x 5 ø grid 
cells; (b) the baseline run; (c) the S2E run; and (d) the high-a run. The contour interval is 5 m s -q, and 
easterlies are dashed. The winds are not plotted below the surface of the Earth; we use the CSU model's 
orography to mask out "below-ground" values. (e)-(h) The corresponding results for the temperature, with a 
contour interval of 5 K. 
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Figure 6. JJA surface air temperature field produced by the baseline run subtracted from those of the (a) 
S2E and (b) high-a runs. The contour interval is 1 K. 

the Philippines, which was also reported by Fowler et al. [1996], 
appears to be responsible for the reduced eastward extension 
of the 850-mbar westerly jet, noted above. The reduction of the 
area-averaged precipitation rate to 5.5 mm d -• is consistent 

with the global results of Fowler et al. [1996], who found that 
Eauliq produced significantly lower precipitation (particularly 
cumulus precipitation) than the large-scale saturation model. 
The reason is that Eauliq reduces the overall rate of global 

S2E - baseline Area Mean = 0.24 
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Figure 7. JJA surface shortwave cloud forcing difference for the baseline run subtracted from the S2E run. 
The contour interval is 20 W m -2. 



EITZEN AND RANDALL: SENSITIVITY OF THE SIMULATED ASIAN SUMMER MONSOON 12,18'7 



12,188 EITZEN AND RANDALL: SENSITIVITY OF THE SIMULATED ASIAN SUMMER MONSOON 

Fourier power spectrum of total precipitation at (10 N, 77.5 E) from high-alpha run 
2.5 

•.o 

ß (da) 

n at (18 N, 77.5 E) from high-alpha run 

0 10 20 30 40 50 60 70 80 90 

T•rne (days) 

Fourier power spectrum of total precipitation at (26 N, 77.5 E) from high-alpha run 
2.5 

2.0 

1.5 

4.0 

0.5 

0 
0 10 20 30 40 50 60 70 80 90 

T•rne (days) 

Figure 9. Temporal spectra of the simulated precipitation in 
the high-a run, based on hourly model output, for grid points 
at longitude 77.5øE, and at latitudes (a) 10øN, near the south- 
ern tip of India, (b) 18øN in central India, and (c) 26øN in 
northern India. 

atmospheric radiative cooling; a corresponding reduction in 
precipitation is required for global energy balance. 

The precipitation field produced by the high-a run is very 
different from that of the S2E run. The high-a run produced 
much less precipitation over most of the Arabian Sea and the 
southern Bay of Bengal. In contrast, the northern portions of 
the Bay of Bengal and Bangladesh receive much more precip- 
itation. It appears that the observed Arabian Sea and Bay of 
Bengal precipitation maxima have been displaced to the south 
and north, respectively, in the high-a run. The area mean 
precipitation is lower than that of the S2E run, at 5.1 mm d-•. 

Webster [1987] has shown that intraseasonal monsoon pre- 
cipitation varies on timescales of a few days owing to synoptic 
weather systems and 10-20 days owing to "breaks" in the 
monsoon. The S2E and high-a runs produce variations in pre- 
cipitation on both of these timescales. Figure 9 shows the 

simulated temporal spectra of precipitation from the high-a 
run, for 77.5øE longitude, and for latitudes 10øN near the 
southern tip of India, 18øN in central India, and 26øN in north- 
ern India. The signal weakens toward the north. The simulated 
sea level pressure also exhibits variability on the same time- 
scales (not shown). 

Figure 10 shows the observed [Randel et al., 1996] and sim- 
ulated distributions of the precipitable water. The baseline run 
is much too dry, and the S2E run is slightly more moist. The 
high-a run is still slightly too dry but gives by far the most 
realistic simulation, including a realistic depiction of the ob- 
served precipitable water maxima in the Bay of Bengal and 
tropical western Pacific. This increase in precipitable water is 
consistent with the moistening and cooling of the atmosphere 
expected with an increase in a, as outlined in section 2. 

The amount of shortwave radiation absorbed at the surface 

depends on the incident solar radiation at the top of the at- 
mosphere, the shortwave cloud radiative forcing, gaseous ab- 
sorption, and the surface albedo. The clouds of the summer 
monsoon reduce the shortwave radiation absorbed at the sur- 

face in the monsoon region. The observed [Whitlock et al., 
1993] JJA 1985-1988 mean surface net shortwave radiation for 
the monsoon region is shown in Figure 11. Also shown are the 
corresponding results from the baseline run, the S2E run, and 
the high-a run. The observed surface shortwave radiation is 
nearly uniform across the domain. The strongest minimum is 
centered over India, in a region that receives copious precip- 
itation. There are many differences between the shortwave 
radiation field produced by the baseline run and the observed 
estimate. The baseline run produces a large area of high (>280 
W m -2) net shortwave radiation over a region stretching from 
northern India to the Arabian peninsula. The minimum net 
shortwave radiation occurs just north of the equator from the 
southern tip of India to the ocean east of Indonesia; this is the 
same region that receives the highest amount of precipitation 
in the baseline run. The S2E run produced a more realistic 
surface net shortwave radiation field. The area mean of 211 W 
m -2 is well below the observed mean, however. There are 
maxima in the northwest corner of the monsoon region in both 
the S2E run and the observations, although the observed max- 
imum near the eastern edge of the region is not reproduced in 
the S2E run. The surface-absorbed shortwave radiation pro- 
duced by the high-a run is similar to that of the S2E run. The 
highest values simulated by the high-a run are in the northwest 
portion of the monsoon region, as seen in both the S2E run 
and observations. The high-a run produced a strong minimum 
in surface net shortwave radiation northeast of the Bay of 
Bengal, which is to the east of and stronger than the observed 
minimum. Overall, the simulated amount shortwave radiation 
absorbed at the surface is much lower than observed. 

4. Conclusions 

In this paper we have compared simulations of the Asian 
summer monsoon with three versions of the CSU GCM. The 

baseline run gave a very poor simulation of the monsoon. 
Perhaps the greatest weakness of the baseline run was the 
glaring lack of a 200-mbar easterly flow over the monsoon 
region. The model did produce weak easterlies, but they were 
more limited in vertical extent than the observed easterlies. 

Surprisingly, the improved land-surface parameterization 
had little effect on the simulated monsoon; the main impacts 
came from the improved stratiform cloud and convection pa- 
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rameterizations. The introduction of Eauliq, the stratiform 
cloudiness parameterization developed by Fowler et al. [1996], 
leads to a reduced precipitation rate and a much more realistic 
geographical pattern of precipitation, which is accompanied by 
much more realistic lower tropospheric winds. Serious errors 
in the temperature field and the upper tropospheric wind field 
remain, however. 

Perhaps the most dramatic result obtained in this paper is 
the substantial improvement in the realism of the simulated 
climate when a high value of a is used in our cumulus param- 
eterization. As discussed earlier, increasing a makes the cu- 
mulus parameterization less effective in producing heating and 
drying; the sounding therefore becomes cooler, and the water 
vapor content of the atmosphere increases. The cooler, more 
humid sounding is considerably more realistic and permits a 
much more realistic upper tropospheric wind field as well. 

Pan and Randall [1998] show that larger values of a corre- 
spond to longer convective adjustment times and looser quasi- 
equilibrium. Our results therefore suggest that convection pa- 
rameterizations with finite convective adjustment times can give 
more realistic simulations of the summer monsoon circulation. 
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