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ABSTRACT

The effect of anomalous snow cover over the Tibetan Plateau upon the South Asian summer monsoon
is investigated by numerical simulations using the NCAR regional climate model (RegCM2) into which
gravity wave drag has been introduced. The simulations adopt relatively realistic snow mass forcings
based on Scanning Multi-channel Microwave Radiometer (SMMR) pentad snow depth data. The physical
mechanism and spatial structure of the sensitivity of the South Asian early summer monsoon to snow
cover anomaly over the Tibetan Plateau are revealed. The main results are summarized as follows. The
heavier than normal snow cover over the Plateau can obviously reduce the shortwave radiation absorbed
by surface through the albedo effect, which is compensated by weaker upward sensible heat flux associated
with colder surface temperature, whereas the effects of snow melting and evaporation are relatively smaller.
The anomalies of surface heat fluxes can last until June and become unobvious in July. The decrease of
the Plateau surface temperature caused by heavier snow cover reaches its maximum value from late April
to early May. The atmospheric cooling in the mid-upper troposphere over the Plateau and its surrounding
areas is most obvious in May and can keep a fairly strong intensity in June. In contrast, there is warming
to the south of the Plateau in the mid-lower troposphere from April to June with a maximum value in May.
The heavier snow cover over the Plateau can reduce the intensity of the South Asian summer monsoon
and rainfall to some extent, but this influence is only obvious in early summer and almost disappears in
later stages.
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1. Introduction

Many studies have demonstrated that the interan-
nual variability of the Asian summer monsoon is sig-
nificant and the reasons for the variability are very
complex. The anomaly of Eurasian snow cover dur-
ing the preceding winter/spring has been proposed as
one of the affecting factors. Some observational stud-
ies suggest an inverse relation between the Eurasian
winter and spring snow accumulation and the sub-
sequent summer monsoon rainfall over India (Hahn
and Shukla, 1976; Dickson, 1984). Parthasarathy and
Yang (1995) further confirmed this relation with ad-
ditional data. Shukla (1987) hypothesized that an ex-
cessive snowfall during the previous winter and spring
seasons can delay the build-up of the monsoonal tem-

perature gradient because part of the solar energy will
be reflected and part will be utilized for melting the
snow or for evaporating the soil moisture. Some of
the resulting meltwater is stored in the form of soil
moisture, and this water continues to inhibit the sur-
face sensible heating through the increase of the latent
heat of vaporization. A relatively smaller amount of
energy will be left for warming the surface and the
atmosphere. These physical mechanisms responsible
for the relation between Eurasian snow cover and the
Asian summer monsoon have been tested in many gen-
eral circulation model (GCM) studies (Yeh et al. 1983;
Barnett et al. 1989; Yasunari et al. 1991).

The significance of the Tibetan Plateau as an ele-
vated heat source for the onset of the Asian summer
monsoon has been discussed by many authors (e.g.,

*E-mail: hqliu160@sohu.com



NO. 6 LIU ET AL. 965

Hahn and Manabe, 1975; Wu and Zhang, 1998). It
is hypothesized that the Tibetan Plateau snow mass
influences the strength of the Asian summer monsoon
by delaying the time when significant surface sensi-
ble heating occurs and by constraining the amount of
available heating. Zwiers (1993) found a positive cor-
relation between Tibetan sensible heat flux and south-
east Asian rainfall, suggesting an inverse relationship
between Tibetan snow cover and southeast Asian rain-
fall, and pointed out that it was the Tibetan snow
cover rather than the Eurasian snow cover that influ-
enced the monsoon circulation. Also, Ose (1996) com-
pared the atmospheric response to the regional snow
mass anomalies in early spring over Tibet, Eastern Eu-
rope, and Siberia by ensemble GCM experiments. He
found that the positive snow mass anomalies over Ti-
bet produced the largest cooling anomalies in the at-
mosphere from spring to early summer, and almost
no significant forcing anomalies were systematically
formed by the snow mass anomalies over Eastern Eu-
rope and Siberia. Vernekar et al. (1995) found that en-
ergy used in melting excessive snow reduced the mid-
tropospheric temperature over the Tibetan Plateau.
The result was to reduce the mid-tropospheric merid-
ional temperature gradient over the Indo-China Penin-
sula, which weakened the monsoon circulation. How-
ever, with correlation analysis, Li (1995) considered
that there was no apparent relationship between the
High Asian snow cover in the preceding winter and
Indian monsoon rainfall in the following summer.

In China, there has been a long history of stud-
ies of the possible relationship between the snow cover
over the Tibetan Plateau during previous winter and
spring seasons and subsequent precipitation in flood
periods of eastern China. These works include diag-
nostic analyses (e.g., Chen and Yan, 1978; Guo and
Wang, 1986; Wu and Qian, 2000; Chen, 2001) and
numerical simulations (e.g., Lu and Luo, 1994; Zhang
and Tao, 2001; Qian et al. 1999). However, many
of these studies lay particular stress on the effects of
anomalous snow cover over the Tibetan Plateau upon
the East Asian summer monsoon and summer rainfall
over the eastern China.

Up to now, almost all of the numerical simulations
were based on GCMs with low horizontal resolution.
These models were able to simulate large-scale features
of the Asian monsoon but they were deficient in sim-
ulating the regional atmospheric responses to the Ti-
betan Plateau snow cover anomaly. Meanwhile, the re-
sults in recent numerical simulations of Asian summer
monsoon climate differed notably due to the different
spatial scales and snow depth anomalies given in each
model. In particular, many experiments adopted the
“Bucket Model” to simulate the land surface process

and it was shown that the land surface scheme did not
store meltwater effectively. Consequently, the effect
of the snowpack variations might have been reduced
to that of the corresponding albedo variation alone.
Sometimes, the snow forcing in the model was unrea-
sonable. It is therefore suggested that the physical
mechanism relating the Tibetan Plateau snow cover
with the Asian monsoon might not be properly simu-
lated in the model.

There are two questions that should be answered.
Which stage of the South Asian summer monsoon
can be affected by anomalous snow cover over the Ti-
betan Plateau during the previous winter/spring sea-
son, whole summer, or only early summer? What are
the physical mechanism and spatial characteristics for
this influence? The purpose of the present study is to
investigate the connection of the snow cover anomaly
over the Tibetan Plateau and the South Asian sum-
mer monsoon with the aid of a regional climate model
(RCM). The regional climate model has a relatively
higher resolution and is able to simulate the main re-
gional response of the South Asian summer monsoon
to snow cover over the Tibetan Plateau. The model
should have a relatively perfect description for land
surface processes, and a relatively realistic Tibetan
snow mass forcing will be used in the experiments.
It is expected that the physical mechanism and spa-
tial structure for the sensitivity of the South Asian
summer monsoon to the snow cover anomaly over the
Tibetan Plateau can be revealed by numerical simula-
tion with a regional climate model. Section 2 describes
the experimental design. The results are presented in
section 3. A discussion and concluding remarks are
given in section 4.

2. Description of the model and experiment
design

The NCAR regional climate model RegCM2
(Giorgi et al., 1993) is used for the present experi-
ments. The model’s surface physics calculations are
performed using the Biosphere-Atmosphere Transfer
Scheme (BATS) version BATS-1E (Dickinson et al.
1993). The snow sub-model in BATS-1E assumes
the snow cover as a one-layer system with a time-
dependent snow depth, snow density, and snow albedo
for 15 types of vegetation. At every time step, the
snow aging and the fraction of the grid square cov-
ered by snow are calculated, from which the thermal
conductivity and volumetric specific heat of snow and
the composite soil/snow layer are derived. The com-
posite soil/snow temperature is computed using the
force-restore method.
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Liu and Qian (2001) introduced the gravity wave
drag induced by subgrid-scale orography to RegCM2
which is used in present study. The model vertical
structure includes 15 unequally-spaced σ levels with
the model top at 10 hPa. The σ values are 0.0, 0.04,
0.1, 0.17, 0.25, 0.35, 0.46, 0.56, 0.67, 0.77, 0.86, 0.93,
0.97,0.99 and 1.0. In the simulations, the Blackadar
high resolution PBL parameterization and Anthes-
Kuo cumulus parameterization are selected. The time
splitting scheme is applied to the model integration.

The model domain is 5600×4320 km2 in size with
a horizontal resolution of 80 km, it encompasses the
Tibetan Plateau and South Asia with a maximum to-
pography height of 5500 m, and its center is located
at (26.5◦N, 75◦E). The meteorological initial and lat-
eral boundary conditions necessary to drive the model
runs are interpolated from a monthly mean climatol-
ogy based on 40-yr NCEP/NCAR (National Centers
for Environmental Prediction/National Centre for At-
mospheric Research) reanalyses data (1958–1997). A
sponge lateral boundary is adopted and the size of the
buffer zone is 5 boundary cycles. The model is in-
tegrated under a climatic state for a period from 15
February to 31 July. The vegetation cover is pre-
scribed from the climatology. The initial soil mois-
ture content depends on the specified vegetation type
through the use of a soil water availability function.
Time-dependent sea surface temperatures are interpo-
lated from a set of climatic monthly SST grid data.
The time step length for the model integration is 180s.

To prescribe the initial snow cover over the Tibetan
Plateau, we need a measure of the geographical dis-
tribution of snow depth. The only available global
dataset of snow depth is from the Nimbus-7 Scanning
Multi-channel Microwave Radiometer (SMMR) dur-
ing the period of 1979 to 1987. The initial snow cover
is prescribed from the February climatology based on
nine years of data. Estimated by the observational
data, the snow mass forcing in the model can be con-
sidered reasonable. The distribution of initial snow
depth over the Tibetan Plateau for the control exper-
iment is shown in Fig. 1. It can been seen that there
are two main snow cover areas which are located in the
eastern part and western part of the Tibetan Plateau
respectively, and the central part of the Plateau has
less snow mass.

In the BATS scheme, the snow water equivalent on
the ground is updated from

∂S

∂t
= Ps(1−Av)− Fq − Sm + Ds , (1)

where S is snow mass (kg m−2) or is measured in terms
of liquid water content (mm), Ps is snowfall rate
(kg m−2 s−1), Av is the fraction of grid square covered

 

(a) (b)

Fig. 1. Initial snow depth distribution over the Tibetan
Plateau in the control experiment (Units: cm).

by vegetation, Ds is the corresponding rate at which
excess snow falls from the leaves (kg m−2 s−1), Sm is
snowmelt rate, and Fq is the rate of sublimation
(kg m−2 s−1).

Two snow mass experiments are designed besides
the control experiment (denoted by CON): the heavy
snow experiment (HSE) and the light snow experiment
(LSE). In the HSE and LSE experiments, the initial
snow depth over the Tibetan Plateau is increased by
50% and decreased by 50% compared with the CON
experiment respectively. Correspondingly, the snow-
fall rate given by the model’s condensation scheme is
increased by 50% in HSE and decreased by 50% in
LSE without implications for the atmospheric heat and
moisture balance at the time it falls. Therefore a larger
(smaller) amount of snow in HSE (LSE) is available for
melting and evaporation processes at the later stages
of the simulation. We applied the altered snowfall rate
only to the region of the Tibetan Plateau. There is no
difference in the initial area extent of snow cover over
the Plateau between these experiments. Over the Ti-
betan Plateau, the variance in snow depth or snow vol-
ume is more significant than that in snow coverage (Li,
1995). The intensity of snow mass anomalies selected
in the present study are basically in keeping with the
realistic inter-annual variability of total snow cover
over the Tibetan Plateau from SMMR snow depth
data as shown by Li (1996).

In the present study, the initial snow depth is
increased (decreased) in the HSE (LSE) experiment
by an identical rate of 50% over the whole Tibetan
Plateau. But the inter-annual variability of snow cover
over the Tibetan Plateau is not regionally homoge-
neous. For example, by using SSM/I derived snow
depth data, Yasunari et al. (2000) found that the
inter-annual variation of winter snow cover distribu-
tion over the Tibetan Plateau shows a remarkable east-
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(a) (b)

Fig. 2. (a) CON and (b) NCEP/NCAR reanalyses derived rainfall rates in June. Units: mm d−1.
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Fig.3. Simulated seasonal variation of snow cover averaged over the Plateau from late February to the end of July.  

(a) Snow water equivalent. (b) Snow depth. Units: cm. Tick marks on the abscissa refer to the beginning of the month. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Seasonal variation of difference (HSE-LSE) from late February to the end of July in surface heat fluxes (a), snowmelt rate (b),  

percentage of snow coverage (c), surface temperature (d), and water storage in surface soil layer (e) area-weighted averaged over the  

Tibetan Plateau. Tick marks on the abscissa refer to the beginning of the month. 
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Fig. 3. Simulated seasonal variation of snow cover averaged over the Plateau. (a) Snow water equivalent. (b)
Snow depth. Units: cm. Tick marks on the abscissa refer to the beginning of the month.

west dipole-like pattern, i.e., when the snow covers
widely over the eastern (western) part of the Plateau,
the snow cover over the western (eastern) part is less
than normal. The effects of anomalous snow cover over
the western and eastern parts of Tibetan Plateau will
be compared in future studies. This paper only dis-
cusses the effects of the integrated snow cover anomaly
over the Tibetan Plateau.

3. Simulation results

3.1 Control run

The precipitation is an important factor in the
summer monsoon circulation. Figure 2a presents the
pattern of the CON-given precipitation rate in June.
Figure 2b shows the pattern of the climatological rain-
fall rate from NCEP/NCAR reanalyses in June. The
simulated rainfall pattern basically resembles the cli-
matological rainfall pattern over the India region, i.e.,
a large center of maximum rainfall in the Bay of Bengal
and a relatively smaller maximum on the west coast
of India. The South Asian monsoon rainfall in June is

generally reproduced with correct locations.

3.2 Simulated seasonal variation of total snow
mass over the Plateau

For the modeling study on the influence of snow
forcing, it is very important that the simulated sea-
sonal variation of snow cover be close to reality. Be-
cause of the special geographical position and terrain
height, it is more difficult to accurately simulate the
snow cover over the Tibetan Plateau. Some studies
have demonstrated that the BATS scheme generally
overestimates surface snow mass (e.g., Yang et al.,
1997; Sun et al., 1999). Figures 3a and 3b show the
seasonal variation of pentad-mean snow water equiv-
alent and snow depth averaged over the Plateau (de-
fined as the region with terrain height in excess of 2500
m), respectively. As seen in Fig. 3a, the initial snow
mass in HSE (LSE) is almost 50% larger (smaller)
than that in CON. In the HSE experiment, the snow
mass slowly increases before mid-March. The differ-
ence (HSE–CON) and difference (LSE–CON) of snow
mass reach their maximum values at mid-March and
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gradually decrease in later stages. Most of the snow
over the Plateau is melted by the end of June in the
three experiments. Being different than snow water
equivalent, the snow depth displays a rapidly decreas-
ing trend in the beginning stages of the model run in
the three experiments. This may be mainly due to
the treatment of initial snow as new snow in BATS
with a small density of 100 kg m−3, so the snow den-
sity grows quickly due to snow compaction processes
in the beginning stages of the simulations. Figures
3a and 3b indicate that the small snow melting speed
over the Tibetan Plateau, maintains the spring addi-
tional snow mass, probably due to the Plateau’s high
elevation.

3.3 Analysis of surface heating over the Tibe-
tan Plateau

The surface energy balance can be written as
F ↓

S (1− αS) + F ↓
LW = εσT 4

S + F ↑
SH + F ↑

LH + F ↓
G + FM ,

(2)
where

F ↓
S —solar radiation reaching the earth’s surface

αS—albedo of the earth’s surface
ε—thermal emissivity of the earth’s surface
σ—Stefan-Boltzman constant
F ↓

LW—atmospheric radiation arriving at the earth’s
surface

TS—surface (ground) temperature
F ↑

SH—upward sensible heat flux
F ↑

LH—latent heat flux due to evaporarion of water
(liquid to vapor)

F ↓
G—downward sensible heat flux to subsurface

layers due to diffusion
FM—latent heat energy used to melt snow (or ice).

When snow is present on the ground, αS is determined
by BATS depending on the total fraction of the grid
square covered by snow.

The five panels of Fig. 4 show the seasonal varia-
tion of the 10-d mean difference (HSE–LSE) of surface
heat fluxes, snowmelt rate, percentage of snow cover-
age, surface temperature, and water storage of the
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Fig.3. Simulated seasonal variation of snow cover averaged over the Plateau from late February to the end of July.  

(a) Snow water equivalent. (b) Snow depth. Units: cm. Tick marks on the abscissa refer to the beginning of the month. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Seasonal variation of difference (HSE-LSE) from late February to the end of July in surface heat fluxes (a), snowmelt rate (b),  

percentage of snow coverage (c), surface temperature (d), and water storage in surface soil layer (e) area-weighted averaged over the  

Tibetan Plateau. Tick marks on the abscissa refer to the beginning of the month. 
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Fig. 4. Seasonal variation of difference (HSE—LSE) in surface heat fluxes
(a), snowmelt rate (b), percentage of snow coverage (c), surface temper-
ature (d), and water storage in the surface soil layer (e) area-weighted
averaged over the Tibetan Plateau. Tick marks on the abscissa refer to
the beginning of the month.



NO. 6 LIU ET AL. 969

10-cm thick surface soil layer averaged over the Ti-
betan Plateau, respectively. Figure 4b shows there is
no obvious difference in snowmelt rate over the Plateau
before mid-March. The snowmelt rate is higher in
HSE than in LSE with a maximum difference of about
1.5-mm water equivalent per day in early May. The
difference in the percentage of snow coverage shown
in Fig. 4c is positive with a maximum value of 20%
from April to mid-May. The surface temperature dif-
ference (HSE–LSE) shown in Fig. 4d is negative from
late February to June with a minimum of –3 K in late
April and early May when the snowmelt difference is
maximum. The negative surface temperature differ-
ence can last until the end of June but becomes unobvi-
ous in July. In Fig. 4a, ∆FS,∆FLW,∆FSH, and ∆FLH

represent the difference of net shortwave radiation, net
longwave radiation, sensible heat flux, and latent heat
flux absorbed by the surface, respectively. The posi-
tive (negative) values of the surface heat fluxes in Fig.
4a indicate that fluxes are converging (diverging) at
(from) the surface to increase (decrease) the surface
temperature in HSE. Prior to July, the contribution
to surface temperature due to shortwave radiation ab-
sorbed and the latent heat flux due to evaporation are
negative, whereas the differences of sensible heat flux
and net longwave radiation emitted from the surface
are positive. The shortwave radiation and the sensible
heat flux are dominant. The difference in the short-
wave radiation is less in HSE than in LSE. This is
largely because of the snow albedo effect. The mag-
nitude of the sensible heat flux difference is about the
same as that of the shortwave radiation but of oppo-
site sign; this indicates that the snow albedo effect in
HSE is compensated by the sensible heat flux. When
snow is present on the ground, the surface tempera-
ture is colder than without snow. The overlaying air
over the colder surface is stable and hence the turbu-
lence transfer process is less effective. Although snow
is a good emitter of longwave radiation, the net long-
wave radiation is less in HSE than in LSE because
of a lower surface temperature. The latent heat flux
difference gradually increases as the snowmelt differ-
ence increases, which corresponds with the increasing
of surface soil water storage as seen in Fig. 4e. Al-
though the surface temperature is lower in HSE, the
availability of snowmelt water dominates the evapora-
tion.

In summary, the surface temperature over the Ti-
betan Plateau is colder in HSE than in LSE because
of the snow albedo effect, the energy used in melting
excessive snow, and that used in evaporating the soil
moisture. The differences (HSE–LSE) of surface heat
fluxes and surface temperature can last until June but

almost disappear in July. According to the simula-
tion results, the albedo effect is dominant, whereas
the effects of snow melting and evaporation are rela-
tively smaller. This is different than the results given
by Barnett et al. (1989). They found that the ef-
fect of albedo alone was not significant but that the
effect of snow melting and evaporation in addition to
the albedo effect significantly diminished the intensity
of Asian summer monsoon circulations. However, Ya-
sunari et al. (1991) found that the albedo effect domi-
nates in the spring to reduce the surface temperature,
particularly over the Tibet.

3.4 Atmospheric temperature fields

To see the effects of excessive snow cover over the
Tibetan Plateau upon atmospheric heating, we present
the vertical cross sections of the atmospheric temper-
ature difference (HSE–LSE) along 85◦E from April to
July in Fig. 5. We have seen from Fig. 4d that the sur-
face temperature averaged over the Plateau is colder
in HSE than in LSE from late February to June, and
it is coldest in late April and early May. As seen in
Fig. 5, there is obvious cooling above the Plateau sur-
face from April to June, which reaches a maximum
in May lagging behind the maximum cooling of the
surface temperature to some extent. The atmospheric
cooling is not restricted over the Plateau, for it takes
a southward and northward expansion. So, over the
Plateau and its sides, a south to north atmospheric
cooling belt is formed in the mid-upper troposphere
with the axis near 400 hPa. In contrast, there is warm-
ing to the south of the Plateau in the mid-lower tro-
posphere from April to June with maximum values
in May. Obviously, the atmospheric warming in the
mid-lower troposphere balances the atmospheric cool-
ing in the mid-upper troposphere under the limitation
of static energy conservation. It should be pointed out
that the atmospheric temperature difference (HSE–
LSE) becomes much weaker in July; this indicates that
the anomalous snow cover over the Tibetan Plateau
has less effects on the atmospheric temperature after
June.

3.5 Geopotential height fields

For geopotential height fields, we only give the
monthly mean height difference in May. Figure 6
shows the vertical cross section of monthly mean
height difference (HSE–LSE) along 85◦E. It can be
seen that there is a thin layer of positive height differ-
ence near the Plateau surface, above which is a thick
layer of negative height difference with its horizontal
axis near 200 hPa. This layer of negative height differ-
ence can last until June (figure omitted) and indicates
that the excessive snow cover in HSE is unfavorable to
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Fig.5. Vertical cross section of monthly mean atmospheric temperature difference (HSE-LSE) along 85°E. Units: K. 

(a) for April, (b) for May, (c) for June, (d) for July 
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Fig. 5. Vertical cross section of monthly mean atmospheric temperature difference
(HSE–LSE) along 85◦E. Units: K. (a) April, (b) May, (c) June, (d) July.
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Fig.5. Vertical cross section of monthly mean atmospheric temperature difference (HSE-LSE) along 85°E. Units: K. 

(a) for April, (b) for May, (c) for June, (d) for July 

Fig.6. Vertical cross section of monthly mean geopotential height difference (HSE-LSE) along 85°E in May. Units: gpm 
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Fig. 6. Vertical cross section of monthly mean geopotential height difference (HSE–
LSE) along 85◦E in May. Units: gpm.

the development of the Tibetan High in early summer.
Under this layer and to the south of the Plateau is a
layer of positive height difference. The center of posi-
tive height difference is near 700 hPa. The strength of

the negative height difference is obviously larger than
that of the positive height difference. It can be con-
cluded that heavier than normal snow cover over the
Tibetan Plateau decreases the geopotential height over
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the Plateau and its surrounding area in the upper tro-
posphere, and increases the geopotential height in the
lower troposphere to the south of the Plateau. This
effect of anomalous snow cover over the Plateau upon
geopotential height can last until late spring and early
summer. The positive height difference is clearly re-
lated to the atmospheric warming to the south of the
Plateau in mid-lower troposphere in May as shown in
Fig. 5b.

Figure 7 illustrates the geopotential height differ-
ence (HSE–LSE) at 200 hPa from April to July. It can
be seen that there are large areas of negative height
differences at 200 hPa in April to June. The negative
height differences are not just restricted to over the
Plateau but cover more broad regions. This negative
height difference is most obvious in May and can keep
a certain intensity in June. The Tibetan High in the
upper troposphere is an important member of South
Asian summer monsoon system. Therefore the occur-
rence of the 200-hPa negative height difference (HSE–
LSE) in June indicates that the excessive snow cover in
HSE is unfavorable to the development of the Tibetan
High in early summer. In July, the negative height
difference becomes much weaker, suggesting that the
anomalous snow cover over the Tibetan Plateau has
less effects on the atmospheric geopotential height in
the upper troposphere after June.

Figure 8 gives the patterns of geopotential height
differences (HSE—LSE) at 700 hPa from April to July.
It can be seen that the height differences (HSE—LSE)
mainly occur to the south of the Plateau. For pre-
monsoon circulation, as shown in Fig. 8b, the height
differences are most obvious in May, and the geopo-
tential height over South Asia is higher in HSE than
in LSE. There are two centers of positive height differ-
ences (HSE—LSE) in May, one over the Bay of Ben-
gal and the other located to the west of India. The
climatological onset date of the summer monsoon at
the southern tip of the Indo-China Peninsula is 1 June
with a standard deviation of eight days (Soman and
Kumar, 1993). However, some features of the mon-
soon circulation appear in May (Krishnamurti, 1985).
One of the important features of the monsoon circula-
tion is the establishment of the monsoon trough along
the Ganges River from the northwest to the south-
east. The intensity of the monsoon is proportional to
the depth of the trough. The positive values of height
difference over India in Fig. 8b indicate that the mon-
soon trough is relatively shallow in HSE.

In June, as seen in Fig. 8c, the HSE experiment
gives a higher geopotential height over the Bay of
Bengal and gives a lower height over western India.
This also indicates that the monsoon trough is rela-
tively shallower in HSE than in LSE in June. Fig. 8d
shows that the height difference (HSE–LSE) is much
weaker in July than in May or June, suggesting that
the anomalous snow cover over the Tibetan Plateau
has less effects on the atmospheric geopotential height

in the lower troposphere after June.

3.6 Wind fields

Figure 9 shows the 700 hPa wind differences (HSE–
LSE) from April to July. As is well known, another
important feature of the monsoon circulation is that
the lower tropospheric easterly flow over the Indian
Ocean associated with the Mascarene High crosses the
equator along the Somali Jet and then turns eastward
to cross the Arabian Sea and the Indo-China Penin-
sula. The flow then continues northeastward along the
monsoon trough. In May, the anomalous easterlies in
Fig. 9b suggest that the westerlies over the southern
part of the peninsula are weaker in HSE. In June, as
seen in Fig. 9c, HSE also generally gives weaker wester-
lies between 5◦–15◦N in South Asia, especially weaker
southwesterly flow over the Bay of Bengal. These re-
sults indicate that excessive snow cover over the Ti-
betan Plateau can weaken the Indian monsoon flow in
the lower troposphere in early summer. However, as
shown in Fig. 9d, the anomalous snow cover has less
effects on the South Asian monsoon flows in July.

3.7 Precipitation

The precipitation differences between HSE and
LSE from April to July are shown in Fig. 10. The dif-
ference in the rainfall pattern in Fig. 10b shows that
the HSE experiment gives weaker rainfall in contrast
with the LSE experiment in May over the Indo-China
Peninsula and the Bay of Bengal. This is in agreement
with the enhancement of anticyclonic circulations over
these regions in HSE as mentioned above. In June,
as shown in Fig. 10c, the HSE experiment also gives
weaker rainfall over the Indo-China Peninsula and the
northern part of the Bay of Bengal. This hints at an
inverse relation between snow cover over the Tibetan
Plateau and the South Asian monsoon rainfall in early
summer. However, as seen in Fig. 10d, the rainfall dif-
ference (HSE–LSE) over South Asia in July is not ob-
vious, suggesting that the anomalous snow cover over
the Tibetan Plateau has less effects on South Asian
monsoon rainfall after June.

4. Summary and concluding remarks

We have investigated the effect of anomalous snow
cover over the Tibetan Plateau upon the South Asian
summer monsoon by numerical simulations using the
NCAR regional climate model (RegCM2). With high
resolution and usage of BATS-1e in the model, the
physical mechanisms responsible for the relationship
between the snow cover over the Tibetan Plateau and
the South Asian monsoon in early summer are revealed
in more detail. Our main findings are:

(1) The heavier than normal snow cover over the
Plateau can obviously reduce the shortwave radiation
absorbed by the surface, which is compensated by the
weaker upward sensible heat flux associated with cold-
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Fig.7. Regional distribution of 200hPa geopotential height difference (HSE-LSE).  

(a) for April, (b) for May, (c) for June, (d) for July. Units: gpm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. Regional distribution of 700hPa geopotential height difference (HSE-LSE). 
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Fig. 7. Regional distribution of 200-hPa geopotential height difference (HSE–LSE). (a) April, (b)
May, (c) June, (d) July. Units: gpm.
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Fig. 8. Regional distribution of 700-hPa geopotential height difference (HSE–LSE). (a) April, (b)
May, (c) June, (d) July. Units: gpm.
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Fig.9. Regional distribution of 700hPa wind difference (HSE-LSE). 

(a) for April, (b) for May, (c) for June, (d) for July. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10. Regional distribution of precipitation difference (HSE-LSE).  

(a) for April, (b) for May, (c) for June, (d) for July. Units: mm d-1. 
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Fig. 9. Regional distribution of 700 hPa wind difference (HSE–LSE). (a) April, (b) May, (c) June,
(d) July.
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Fig.10. Regional distribution of precipitation difference (HSE-LSE).  

(a) for April, (b) for May, (c) for June, (d) for July. Units: mm d-1. 
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Fig. 10. Regional distribution of precipitation difference (HSE–LSE). (a) April, (b) May, (c) June,
(d) July. Units: mm d−1.
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er surface temperature, whereas the variations of net
longwave radiation and latent heat flux are relatively
smaller. The anomalies of surface heat fluxes can last
until June but become unobvious in July.

(2) The decrease of the Plateau surface tempera-
ture caused by excessive snow cover reaches its max-
imum value from late April to early May. The at-
mospheric cooling in the mid-upper troposphere over
the Plateau and to its sides is most obvious in May
and can keep a fairly strong intensity in June. In con-
trast, there is atmospheric warming to the south of the
Plateau in the mid-lower troposphere. However, these
responses of atmospheric temperature almost disap-
pear in July.

(3) The heavier snow cover over the Plateau can
reduce the intensity of the South Asian summer mon-
soon and the rainfall to some extent, but this influence
is only obvious in early summer and not obvious in
later stages.

We wish to conclude by pointing out some short-
comings of this paper: (1) The snow submodel in
BATS-1e assumes the snow cover only as a one-layer
system and does not distinguish the thermal regime of
snow from that of soil. (2) The present BATS snow-
rain criterion of 2.2◦C is used in the model runs. Be-
cause the snow-rain temperature threshold may de-
pend on the site elevation (in the mountains it may be
higher) and on the geographical position, this constant
of 2.2◦C may not be appropriate for the snow cover
process over the Tibetan Plateau. Loth et al.(1993)
investigated the sensitivity of their multi-layer snow
model to the value of the snow-rain criterion and found
that the sensitivity is obvious. (3) In the strict sense, it
is unsuitable to treat the February initial snow over the
Plateau as new snow with a small density in BATS. All
the above shortcomings may produce some uncertain-
ties in the simulation results and should be improved
in further studies.
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