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Abstract The East Asia summer monsoon (EASM) is
simulated with a variable resolution global atmospheric
general circulation model (GCM) developed at the
Laboratoire de Météorologie Dynamique, France. The
version used has a local zoom centered on China. This
study validates the model’s capability in reproducing the
fundamental features of the EASM. The monsoon
behaviors over East Asia revealed by the ECMWF
reanalysis data are also addressed systematically, pro-
viding as observational evidence. The mean state of the
EASM is generally portrayed well in the model,
including the large-scale monsoon airflows, the monso-
onal meridional circulation, the cross-equatorial low-
level jets, the monsoon trough in the South China Sea,
the surface cold high in Australia, and the upper-level
northeasterly return flow. While the performance of
simulating large-scale monsoonal climate is encourag-
ing, the model’s main deficiency lies in the rainfall. The
marked rainbelt observed along the Yangtze River
Valley is missed in the simulation. This is due to the
weakly reproduced monsoonal components in essence
and is directly related to the weak western Pacific sub-
tropical high, which leads to a fragile subtropical
southwest monsoon on its western flank and results in a
weaker convergence of the southwest monsoon flow with
the midlatitude westerlies. The excessively westward
extension of the high, together with the distorted Indian
low, also makes the contribution of the tropical

southwest monsoon to the moisture convergence over
the Yangtze River Valley too weak in the model. The
insufficient plateau heating and the resulting weak land-
sea thermal contrast are responsible for the weakly
reproduced monsoon. It is the deficiency of the model in
handling the low-level cloud cover over the plateau
rather than the horizontal resolution and the associated
depiction of plateau topography that results in the
insufficient plateau heating. Comparison with the
simulation employing regular coarser mesh model
reveals that the local zoom technique improves, in a
general manner, the EASM simulation.

1 Introduction

Due to its particular geographical location, South and
East Asia experiences the largest monsoonal climate
anywhere on the Earth. The summer monsoon especially
has a large impact on the social and economic activities of
the region. Traditionally, two sub-systems can be distin-
guished: the Indian summer monsoon and the East Asian
summermonsoon (hereafter referred to as EASM). In the
past, the Indian summer monsoon has received a great
attention from the climate research community. See, e.g.,
Krishnamurti and Bhalme (1976), Webster and Yang
(1992), Latif et al. (1994), Webster et al. (1998), Vernekar
and Ji (1999), among others. The EASM however has
been studied much less. Much progress has been made in
recent years, thanks to satellite observations, field experi-
ments andnumerical simulations (Zeng et al. 1988; Shukla
et al. 1992; Sperber et al. 1994; Samel and Wang et al.
1995; Lau and Yang 1996; Li and Yanai 1996; Liang and
Wang 1998). There are many resemblances between the
two monsoons. Both of them have cross-equator flow,
monsoon troughs and intense precipitations. They are
also related to each other by their geographical approxi-
mation. However, the EASM cannot be regarded as a
simple eastward extension of the Indian summer
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monsoon, since it has its own circulation patterns and
independent climate behavior. In fact, the Indian summer
monsoon is mainly a tropical monsoon, the EASM is
however composed of both tropical and subtropical
components (see the reviews of Tao and Chen 1987; Chen
et al. 1991; Ding 1994).

Currently, quantitative studies of the monsoon system
are mainly based on numerical experiments of atmo-
spheric general circulation models (GCMs). Due to the
presence of complex topography and insufficient model
resolution in the region, current GCMs often have a very
mediocre performance in simulating the EASM (Liang
and Wang 1998; Yu et al. 2000). Regional models may
have a better resolution in the monsoon region. They
have given very successful results (e.g., Liu et al. 1994,
1996; Wang et al. 2000; Gong and Wang 2000), showing
the importance of good representation of the local
topography. Regional models are, however, dependent
upon the boundary zone prescription, which limits their
utility in studying long-term climate behaviors.

Using variable resolution in a global GCM is an
interesting approach in regional climate studies. The
Laboratoire de Météorologie Dynamique (LMD) model
has been successfully used in such a configuration to
study the climate of Antarctica (Krinner et al. 1997) and
South America (Menendez et al. 2001). Deque and
Piedelievre (1995) have also shown utility of such an
approach over Europe in the GCM of Meteo-France.
Here we use a high-resolution version of the LMD
model with a local zoom centered on China. The main
purpose is to evaluate its performance in reproducing
the EASM. At the same time, the complex topography
of the region also provides a good test-bed for checking
the behavior of the zoom.

The other sections are organized as follows. The
LMD model used in the present study is described in
Sect. 2. The simulated EASM, together with a discussion
on the typical features of the EASM system revealed by
observational data, are presented in Sect. 3. The effects
of local zoom, together with an inspection on the
physical processes responsible for the model’s perfor-
mance in reproducing the EASM, are discussed in Sect. 4.
Highlights of the findings are summarized in Sect. 5.

2 Model description and experimental design

The LMD GCM is a state-of-the-art climate model and has been
widely used in Indian summer monsoon studies (Laval et al. 1996;
Sharma et al. 1998). Its capability in reproducing the EASM has,
however, never been evaluated. The model used is the LMDZ,
version 3.2. It is derived from the standard version described in
Sadourny and Laval (1984). The model is formulated in the finite-
difference grid with 120 points in longitude, 91 points in latitude
and 19 hybrid vertical layers. The center of the zoom is currently at
119�E/30�N where the resolution is 1� in latitude by 1.5� in longi-
tude. Figure 1 shows the model grid and topography in the region
of South and East Asia. The complex terrain of the region is very
well represented in the model.

A brief description of the physical parametrization and
the model’s main performance in simulating interannual climate

variability are presented in Li (1999). The model has evolved in the
following ways. The convection scheme is that developed by
Tiedtke (1989). It is a simple mass-flux scheme. The closures (both
triggering conditions and entrainment/detrainment rates) are based
on the surface evaporation and large-scale water-vapor conver-
gence. The cloud parametrization is a prognostic scheme, as
described in Le Treut and Li (1991). At present, only clouds
associated with stratiform precipitation are taken into account.
Those created by convection are diagnosed following the intensity
of convective precipitation (Slingo 1987). For the radiative transfer,
the diurnal cycle is now explicitly calculated, however, Li (1999)
calculated only the daily mean. The surface model is a bucket
model for which we consider a homogeneous layer of 150 mm. The
calculation of the surface temperature is incorporated in the
boundary layer and based on the surface energy balance equation.
For the surface moisture, a holding capacity is fixed at 150 mm of
water, and all the water above this value is lost as runoff.

The model was run in a climatological mode. The distributions
of sea-surface temperature and sea ice are climatological ones,
obtained from observations for the period 1979–1993. Monthly
values at the initial grid of 2.5� were first interpolated into daily
values and into the model grid. A simulation of 11 years was run
and the last 10 years are used for comparison with observations.

Two major observational datasets are used in the present study.
The first one is the ERA-15 dataset (ECMWF re-analysis for the
period 1979–93, see Gibson et al. 1997). It contains the main
meteorological variables, such as temperature, humidity and winds
in three dimensions. The second one is the climatological precipi-
tations compiled by Xie and Arkin (1997). It covers 1979–98. It is
obtained from gauge observations, satellite estimations and nu-
merical model outputs. Comparison (Yu et al. 2000) with 106
meteorological stations of East China (data provided by the Chi-
nese Meteorological Administration) shows that the Xie and Arkin
(1997) precipitation data are reliable in this region and can be used
to validate climate models. For convenient reasons, all datasets and
model outputs are interpolated into a common grid of 2.5�· 2.5�
before comparison. This study presents only the mean state of the
June–July–August (JJA) period, the seasonal migration being
presented in a separate work.

3 Results

As summarized by Krishnamurti and Bhalme (1976), the
Indian summer monsoon is not limited to the heavy
rainfall and large cloud cover over the Indian Peninsula.
It is also characterized by particular circulation patterns.
In the lower layer of the atmosphere, the trade wind
from the Mascarene high crosses the equator off the
East African coast and turns to northeast. This Somali
jet crosses the Arabian Sea and the Bay of Bengal, and
forms the monsoon trough over North India. In
the upper layer, an intense tropical easterly jet stream is
associated with the anticyclone over the Tibetan
Plateau.

Cross-equator flows also exist outside the East
African coast. Observations reveal that there are four
other flows located at 85�E, 105�E, 130�E and 150�E,
respectively. They are related to the surface cold high
pressure zone over Australia and the associated trade
wind in the Southern Hemisphere. They form the main
monsoon flows for East Asia in summer. A monsoon
trough can also be traced in the South China Sea and
western Pacific. This corresponds to the intertropical
convergence zone (ITCZ) where intense precipitation is
observed. When all these monsoonal flows (including the
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Indian summer monsoon flow) reach the northern part
of the South China Sea and in the northwest Pacific,
they can be accelerated by the subtropical anticyclone
over the northwest Pacific and directed further north, to
reach the relatively high latitudes of East Asia. In the
western and northern flanks of the subtropical anticy-
clone, a frontal zone is often formed and intense pre-
cipitations (Meiyu or Plum rain system) are observed
and move meridionally when the front moves. Given the
subtropical character of the EASM, mid-latitude dis-
turbances can also play important roles in determining
the frontal precipitation.

In the forthcoming analysis, we will examine first the
horizontal circulation patterns in Southeast Asia and
then the meridional circulation and the cross-equator
jets.

3.1 Horizontal circulation patterns

Figure 2 plots the JJA mean stream lines of 850 hPa for
ERA and LMD, respectively. At the 850 hPa level, both
Mascarene and Australian anticyclones in the Southern
Hemisphere are correctly simulated. To the north of

Fig. 1. a Schematic representa-
tion of the global model grid
with zoom at 119�E/30�N.
b Model topography (m) for
the region of South and East
Asia
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these two anticyclones, there exist strong southeast trade
winds which cross the equator in the Indian Ocean,
South China Sea and western Pacific. After crossing the
equator, they become monsoon flows and blow to the
east and north. For both observation and simulation,
monsoon troughs can be observed in the Bay of Bengal
and South China Sea. The subtropical high over the
western Pacific extends too far westwards. This explains
why the monsoon flow limit (where the monsoonal air-
flow meets the trade wind and then deflects northwards)
is over the Philippines and Taiwan island in the model
and to the east of Philippines in the observation.

At the level of 500 hPa (Fig. 3), the Iranian high and
the western Pacific high dominate the subtropical lati-
tudes of the Northern Hemisphere. Note in observation,
a shear line occurs over the Yangtze River Valley. North
of the shear line, cold anticyclonic air moves eastwards
to the ocean, while in the south, warm and moist
southwest monsoon flow, coming from the western Pa-
cific, Indo–China Peninsula, and South China Sea,
reaches the Yangtze River Valley along the shear line.
The midlatitude cold air converges with the southwest-
erly warm air over the Yangtze River Valley, resulting in
the Meiyu front and abundant rainfall. The lower

tropospheric convergence over there will be discussed in
the forthcoming analysis of the meridional circulation.
Notice that the contribution of the Indian monsoonal
circulation to the convergence over Yangtze River Val-
ley is not obvious in the simulation. The reason is that
the simulated low pressure over the Indian Peninsula
shifts to the Arabian Sea and the westerly airflow
deflects to the north over the Bay of Bengal rather than
over the South China Sea. This is again coherent with
the circulation at 850 hPa, showing a systematical model
discrepancy: the westward shift of the subtropical anti-
cyclone in the lower atmosphere.

Figure 4 shows the summertime 500-hPa temperature
field for the observation and the simulation. The most
significant feature is the warm center situated over the
Tibetan Plateau (30�N/90�E). The simulated warm
center shifts southwards and locates over the north-
eastern corner of the Indian subcontinent. For the
condition over the Tibetan Plateau, the model center is
too weak (about 3 �C colder). This discrepancy, also
detectable at other adjacent levels including the surface,
is related to the insufficient plateau heating, which will
be addressed in detail in the following discussion section.
Over the tropical Indian Ocean, however, the model is
warmer than the observation. This ‘cold-north-warm-
south’ structure indicates a weakly reproduced land-sea

Fig. 2. 850-hPa stream line for the period of June–July–August
(JJA), from the ECMWF reanalysis (a, ERA) and the model (b,
LMD) respectively Fig. 3a, b. Same as in Fig. 2, but for 500 hPa
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thermal contrast, and is a main factor for the insufficient
northward movement of the monsoon precipitations
which will be shown later.

The JJA mean 500-hPa geopotential height is shown
in Fig. 5 for both the observation and simulation. The
position of the ridge line for the subtropical high over
the northwest Pacific is correctly simulated in latitude.
The subtropical high extends too far westwards in the
model, but its intensity is too weak in comparison with
the observation. For the observation, the 5870 geopo-
tential meter (gpm) line reaches Taiwan in the west, and
a large region over the northwestern Pacific is dominated
by isolines greater than 5880-gpm. In the model, how-
ever, only the 5860-gpm line reaches Taiwan at the
western end, and the isoline of 5870-gpm retreats east-
wards. The 5880-gpm line is almost absent in the simu-
lation. In addition, the observed low pressure trough
over the Indian subcontinent is not strong enough in the
simulation. This is coherent with the 500-hPa stream
lines.

Figure 6 shows the JJA mean streamlines at 200 hPa.
A huge anticyclone dominates the tropical African–
Asian region to the south of 40�N. The huge anticy-
clonic circulation consists of a westerly jet about 5�–8�
north of the Yangtze River Valley, and a northeasterly
flow south of the Meiyu front. Thus, a northeasterly
flow prevails over East Asia, forming a prominent

return flow lying over the low-level southwesterly and
southerly monsoonal flows depicted in Figs. 2 and 3.
The anticyclone also provides a favorable divergent field
for the underlying convective activity along the Meiyu
front. To the south of the huge anticyclone, an upper-
level easterly jet exists, and it has two branches: one over
the southern tip of the Indian Peninsula, and the other
over the southern part of the South China Sea. The
simulated second branch shifts southeastwards to some
extent. Notice also the meridional component of the
northeasterly flow in the simulation is weaker than that
in the ERA data, indicating a weaker return flow.

One important aspect of planetary scale circulation
for monsoon is the divergent circulation at 200 hPa,
usually displayed by the velocity potential. As shown
in Fig. 7a, the region with the strongest divergent wind
is found over the Philippines and its adjacent sea area.
The divergent outflow encompasses the regions of the
Indian monsoon and the EASM. The divergent wind
flows southwards from the center to Australia and the
southern Indian Ocean, to the convergent center over
the Mozambique Channel. It also flows eastwards to
the mid-Pacific, and westwards to the Iranian high.
The maxima of the divergent winds are located over
China and the region from the Bay of Bengal to
Indonesia. As shown in Fig. 7b, the model is qualita-

Fig. 4. JJA mean temperature at 500 hPa for the ECMWF
reanalysis (a, ERA); and the model (b, LMD) respectively. Contour
interval is 2 �C. Shaded are regions warmer than –4 �C

Fig. 5. JJA mean geopotential height (gpm) at 500 hPa for the
ECMWF reanalysis (a, ERA) and the model (b, LMD) respective-
ly. Contour interval is 50 gpm. The isolines of 5850, 5870 and 5880
are highlighted
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tively consistent with the observation in the positions
of divergent and convergent centers. The simulation is,
however, much weaker than the observation. For
instance, the intensity of the divergent center over the
Philippines and the South China Sea is about 30%
weaker in the model than in the observation. The
weaker upper level divergence also indicates a weakly
reproduced monsoon.

3.2 Cross-equator low-level jets and monsoonal
meridional cell

Cross-equator low-level jets are typical for monsoon
circulation. The Somali jet originates from the East
African coast. This strong low-level westerly flow, from
the Arabian Sea to southwest China, can exert influences
on the EASM. But its influence is recognized to
be marginal for the rainfall in East Asia (Wang and
Leftwich 1984). Other cross-equator low-level jets in the
South China Sea and the western Pacific have larger
importance. Li (1956) has already reported the influence
of the Australian anticyclone in the development of
synoptic systems in China.

Figure 8 displays a cross section of the JJA mean
meridional wind along the equator for ERA and LMD

respectively. Five cross-equatorial jets can be observed.
The most vigorous is the Somali jet situated at 42�E and
900 hPa. To the east, over the Malaysian-Borneo region
(80�–85�E), a low-level jet can be observed, but it is
much weaker than the Somali jet. The three low-level
jets over the South China Sea and the western Pacific
(105�–110�E, 125�–130�E and 140�–145�E) exert more
direct influences on the EASM system (Tao et al. 1962;
Chen 1980; Wang and Tao 1984; Chen et al. 1991).
Comparison between Fig. 8a and b shows that the LMD
model simulates all the five low-level jets quite well.
According to Wang and Tao (1984), strong episodes of
these low-level cross-equatorial jets correspond to an
intensification of the Australian Cold High and a more
remarkable monsoon trough in the South China Sea.

As depicted in Fig. 8, there exist northerly flows in
the upper troposphere during summertime. They are the
return winds of the monsoon meridional cell. Notice
that the northerly airflow at low level along 70�E in the
model is the counterpart of the exaggerated anticyclone
straddling the equator shown in Fig. 2b. Figure 9 dis-
plays a meridional and vertical cross section of the
vertical wind. It is zonally averaged for the monsoon
region (55–140�E). For both the observation and the

Fig. 6a, b. Same as in Fig. 2, but for 200 hPa

Fig. 7. JJA mean velocity potential at 200 hPa for the ECMWF
reanalysis (a, ERA) and the model (b, LMD) respectively. Contour
interval is 1 · 106 m2 s–1. Vectors indicate the divergent wind
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simulation, upward movement takes place from 5�S to
40�N and downward movement dominates 10�S to 40�S.
Nevertheless, some discrepancies should be noted. In the
observation, very strong rising movement is located
between 15�N and 25�N. The model, however, gives a
too weak movement there, indicating too weak convec-
tion and precipitation. The model’s strongest center
shifts southwards to the equator, where intense con-
vection takes place.

By combining the meridional and vertical winds,
we can draw a complete image of the meridional
circulation. Figure 10 displays the JJA mean stream
lines obtained from the ERA dataset and the simula-
tion. The uppermost panel (Fig. 10a) shows the average
for the monsoon region (from 55�E to 140�E) and the
upper middle panel (Fig. 10b) depicts the average for
the rest of the Earth’s longitudes. The upper middle
panel corresponds roughly to the normal image of
Hadley cells in low latitudes and Ferrel cells in mid
latitudes. For the monsoon region, strong upward
motion shows at 20�–30�N of the Northern Hemi-
sphere, and strong convergence dominates the region
around 35�N. It is clear that the normal Hadley cell is
replaced in this region by a meridional circulation of
opposite sense which is often referred to as the
monsoonal meridional cell (Chen et al. 1964; Ye and

Yang, 1979). Corresponding results of the model are
displayed in Fig. 10c–d. The simulated monsoonal
meridional cell is quite realistic, with ascending flows
extending northwards up to 35�N and descending
motions in the Southern Hemisphere.

The most pronounced difference of the meridional
circulation between the Indian monsoon and the East
Asian monsoon is that the highly elevated Tibetan Pla-
teau inhibits the southward penetration of midlatitude
flows to India in the low levels of the atmosphere. This
determines the Indian monsoon to be purely a tropical
monsoon. For eastern China, however, there are no high
mountain barriers and the midlatitude flow can go
straight into southern China and converge with the
northward flows. This makes the EASM a mixture of
tropical and subtropical monsoons. In comparing the
meridional circulation along 80�E with that along
110�E, this difference is very obvious. The LMD model
captures these features with high degrees of fidelity as
shown in Fig. 11.

In general, the LMD model reproduces the EASM
monsoonal meridional circulation successfully. Never-
theless, there still exists some difference between the
simulation and the observation, for example, the ob-
served relatively strong convergence at 35�N and its
neighboring region (Fig. 10a) is weakly reproduced
(Fig. 10c). The largest bias exists in the center of the
vertical motion. As shown in Fig. 9a, the most vigorous
motion revealed by the ERA data locates around 20�N,
in the simulation (Fig. 9b), however, the subtropical
vertical motion center shifts equatorwards, and there is
another vigorous vertical motion centered around the
equator that is absent from the observations. This is
coincident with the weakly simulated divergent center at
200 hPa shown in Fig. 7b.

Fig. 8. JJA mean low-level jets depicted by the cross section of the
meridional wind speed along the equator for the ECMWF
reanalysis (a, ERA) and the model (b, LMD) respectively. Contour
interval is 1 m s–1

Fig. 9. JJA mean vertical velocity (–10–3 hPa s–1) averaged for the
longitudinal range of 55–140�E for the ECMWF reanalysis
(a, ERA) and the model (b, LMD) respectively
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3.3 Humidity and precipitation

The moisture pattern is closely related to the monso-
onal circulation and the associated moisture transport.
Figure 12 shows the observed and simulated JJA mean
specific humidity fields at 925 hPa. From observations,
we can see clearly a high-humidity center in the
northern portion of the Bay of Bengal which is asso-
ciated with the intense Somali low-level jet. A second
high-humidity center is near the Philippines and
Taiwan, with an extension to the Yangtze River Valley
(see the shaded region). This is related to the low-level
jets on the southern and western flanks of the western
Pacific subtropical anticyclone. The model simulates
the first high-humidity center well, but the second one

is missed. This is partly due to the discrepancies of the
simulated subtropical anticyclone: too weak in central
intensity but too strong in westward extension of its
ridge tip. In the simulation, the airflow of the Indian
summer monsoon does not extend far enough to the
east, and it turns too early to the north after merging
the trade wind in the southern flank of the western
Pacific subtropical anticyclone. This is the reason why
the simulated moisture distribution is too zonal in
South and East China.

We present, in Fig. 13, the vertically integrated
water vapor transport obtained from ERA, and the
difference between ERA and the simulation. We can
see that the contribution of the southwest monsoon to
the water vapor transport over the EASM region is
stronger in observation than in the model, i.e., the
southwest monsoon flow in the LMD model has a
smaller contribution to the moisture convergence over
the EASM region. This deficiency is coincident with the
simulated large-scale circulation discussed.

The bias in reproducing the moisture distribution
and transport will ultimately affect the simulation of
rainfall. Figure 14 shows the JJA mean precipitation
fields of Xie and Arkin (1997) and the model respec-
tively. The observed marked rainbelt stretches from the
eastern Arabian Sea to the Bay of Bengal, and further
to the western Pacific. This corresponds mainly to the
airflow of Indian summer monsoon which begins from
the East African coast and ends in the western Pacific.
The rainfall pattern displays the typical feature of the
summertime Intertropical Convergence Zone. We can
find topography modulated strong rainfall in the
western part of Indian Peninsula, western part of
Indochina and western part of the Philippines. We can
also see weak rainfall on the leeside of these landmas-

Fig. 10. JJA mean meridional circulations for a, c the longitudinal
range of 55–140�E and b, d rest of the world . a and b are from the
ECMWF reanalysis and c and d from the model

Fig. 11. The simulated JJA mean meridional circulation along a
80�E and b 110�E respectively
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ses. The model does produce this clear rainbelt with
correct topographical modulation, but there is a spu-
rious marked band near the equator, from the west
Indian Ocean to the western Pacific. This discrepancy is
related to the too strong vertical ascending motion
around the equator (see Fig. 9) and the distorted cir-
culation patterns in the Indian Ocean, as revealed by
the stream lines of 850 hPa (Fig.2b) and the vertically
integrated water vapor transport (Fig. 13b). The sim-
ulated rainfall centers in the western part of Indian
Peninsula, and the western part of Indochina are also
weaker than the observations. This feature is coherent
with the deficiency in the vertically integrated water
vapor transport shown in Fig. 13b.

For East Asia, abundant rainfall can be observed on
the flank of the subtropical anticyclone, which is cor-
rectly simulated by the model. The observed marked
rainbelt along the Yangtze River Valley (see the shaded
rainbelt in Fig. 14a) is however missed in the simulation.
This can be interpreted partly as the result of the weakly
reproduced upward motion around 30�N as shown in
Fig. 9. The observed monsoonal precipitation along the
Yangtze River Valley is the product of the Meiyu front,
which is quasi-stationary and is a characteristic feature

of the interaction between the warm/moist winds from
the south and the cold/dry airflow originating from the
north (Lau and Li 1984). In the mid-troposphere, the
ridge of the western Pacific subtropical high usually
determines the location where the warm air from the
south meets the cold air from the north. The weakly
reproduced subtropical high leads to a reduction of the
subtropical southwest monsoon on its western flank, and
then the convergence of the subtropical southwest
monsoon with the mid-latitude westerly is weakened.
This in turn causes the scarcity of rainfall over the
Yangtze River Valley. In addition, the distorted cyclone
over the Indian Peninsula (see Fig. 3) also results in a
weak contribution of southwest monsoon to the mois-
ture convergence over the Yangtze River Valley, which
has been shown clearly in Fig. 13b.

From a large-scale perspective, as shown in Fig. 14,
the precipitation distribution in continental China de-
creases from southeast toward northwest. This feature is
related to the fact that when the monsoonal airflows
move inland to the north and the west, they become
drier and drier, producing less and less precipitation.
The relatively successful reproduction of this feature is
closely linked with the realistic model topography. On
the southern and eastern flank of the Tibetan Plateau,
the intense rainfall is due to the land-lifting effect. We
can also notice the obvious rainfall centers in southeast

Fig. 13. JJA mean vertically integrated water vapor transport for
the ECMWF reanalysis (a, ERA) and b the difference between
ERA and LMD modelFig. 12. JJA mean specific humidity (g kg–1) at 925 hPa for the

ECMWF reanalysis (a, ERA) and the model (b, LMD) respective-
ly. The values over the Tibetan Plateau are extrapolated ones since
925 hPa locates under the ground surface
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and northeast China. Careful examination reveals that
the model precipitation is locked into the topography
much too closely. This is a common problem in many
models.

4 Discussions

4.1 Role of plateau and tropical heating

The fundamental monsoonal feature is closely linked to
the large land–sea thermal contrast (Murakami and
Ding 1982). The key driving force for the summer
monsoon is the available potential energy generated by
the differential heating between land and sea (Zhang
et al. 1997). The weakly simulated summer monsoon and
the associated rainfall, including departures in planetary
circulation such as the insufficient upper level return
flow, are inherently related to the false position of the
tropical convective heating and the relatively weaker
plateau heating.

For the effect of tropical heating, the rainfall is an
integrated measurement of the atmospheric latent heat-
ing. The observed rainfall has its most noted center over
the northern portion of the Bay of Bengal, with two
other centers over the South China Sea and western
Pacific. This indicates strong heating and thus upper-
atmosphere divergent centers over these regions (com-
pare Figs. 7 and 14). For the simulation, however,
although there exist rainfall centers around the Bay of

Bengal and Philippines (with weaker intensities in com-
parison with the observations) associated with centers of
200 hPa velocity potential, two even clearer rainfall
centers are found over the equatorial west Indian Ocean
and Papua New Guinea, respectively. Since the mean
position and intensity of tropical convection are closely
related with the atmospheric general circulation
(Branstator 1983), these spurious equatorial rainfall
centers (and the associated latent heating) thus have
negative effects on the simulated Indian monsoonal low
and other large-scale circulation patterns.

Figure 15a displays the summertime tropospheric
mean temperature (from 500 hPa to 300 hPa) obtained
from ERA. There exists a planetary-scale warm air mass
over South Asia with maxima over the southern Tibetan
Plateau, resulting in strong temperature gradients in
both the meridional and zonal directions. The upper
tropospheric flow pattern shown in Fig. 6 clearly reflects
this thermal contrast. Figure 15b shows the difference
between the model and ERA. While the tropical trop-
ospheric air and subtropical western Pacific air are
slightly warmer (0.5–1.5 �C) than the observation, the
air over the plateau is much colder in the model (about
4.5 �C in the center). This bias greatly reduces the land–
sea thermal contrast in both meridional and zonal
directions, and thus the monsoon intensity.

Fig. 15. JJA mean temperature averaged between 300 and 500 hPa
for a ERA and b the difference between LMD and ERA. Contour
interval is 1 �C

Fig. 14. JJA mean precipitation (mm day–1) from a the observa-
tion of Xie and Arkin (1997) and b from the model. Contour
interval is 2 mm day–1. Shaded are regions greater than 5
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Careful examination reveals that the weak plateau
heating in the model results mainly from the excessive
low-level cloud, which considerably reduces the incoming
solar radiation. Figure 16 shows the difference between
the LMD model and the ERA dataset for respectively
low-level cloud cover, net surface solar radiation and
surface temperature. Regions covered by excessive
(insufficient) low-level cloud coincide well with regions
of insufficient (excessive) solar radiation and colder
(warmer) surface temperature. Codron (2001) suggested
that this is related to an inadequate treatment of moisture
advection in a large and steep mountain region.

4.2 Effects of local zoom

The comparisons made show that the variable resolution
LMD model performs well in reproducing the EASM
system, although some deficiencies exist concerning the
moisture and precipitation. How much of the merits (or
discrepancies) of the model are associated with the
employment of local zoom technique? To assess this we
performed another simulation without using the local
zoom (following the same procedure and the same
duration as described in Sect. 2). The spatial resolution
in this second simulation is globally homogenous: 3� ·
2� in longitude and latitude. It should be pointed out
that no other difference exists between the two integra-
tions except the horizontal grid distribution.

Figure 17 shows the JJA mean 500 hPa geopotential
height and the cross-equator low-level jets as produced
by the model without local zoom. The intensity of the
subtropical high is weaker in comparison with that
shown in Fig. 5b. For instance, the central intensity of
the high shown in Fig. 5b has a value of 5870 gpm, the
corresponding intensity of Fig. 17a is about 10 m
weaker, i.e., 5860 gpm. Thus the employment of local
zoom over the EASM region definitely results in a better
reproduction of the western Pacific subtropical high.
Similar improvements can be found in the simulation of
the low level jets across the equator. The cross-equator
low-level jets situated between 100�E and 130�E in
Fig. 17b are inferior to those shown in Fig. 8b.

We also used some quantitative measurements to
evaluate the difference between the two configurations of
the model. Following Walsh and McGregor (1995), the
pattern correlation coefficient and the rms (root-mean-
square) error can be used to quantify the quality of the
two simulations. The reference state is from ERA
dataset. Both ERA and the LMD simulations are
interpolated into a 2.5�· 2.5� grid before performing the
calculation. The geographic domain covers the extended
EASM region (0�–180�E, 30�S–60�N).

Table 1 shows pattern correlations and rms errors for
JJA mean geopotential height and temperature of
500 hPa. For both the geopotential height and the
temperature, the pattern correlations of the model
employing local zoom are higher than that employing
regular mesh, while the rms errors are reduced. Thus, the

performance of the model employing local zoom is
definitely superior to that employing regular coarse
mesh in this regard.

Fig. 16. Difference between LMD and ERA for JJA-mean a low-
level cloud, b net surface solar radiation (W m–2) and c surface
temperature (�C)
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It should be noted that while statistical measures and
qualitative comparisons reveal some improvements re-
sulting from local zoom procedure no evidence, from
visual inspection, has been found in the distorted low
pressure trough over the Indian subcontinent. There
the simulation with local zoom is nearly the same as the
simulation without it in this case. This is also so for the
insufficient plateau heating, the 200 hPa divergence and
the precipitation, indicating that these deficiencies of the
LMD model are inherent to the model’s physical para-
metrization and cannot be overcomed by simply using
the local zoom technique.

In a general manner, the improvement of the EASM
simulation obtained by the local zoom is not as pro-
nounced as expected. The reason is that the regular-grid
simulation is already at high resolution (3� · 2�) and the

difference in resolution for the two simulations is not
large enough (a factor of 2 near the center of the zoom).
Regional model studies show that a horizontal gridpoint
spacing of 50–60 km over the EASM domain is proba-
blly necessary to offer a relatively successful simulation
(Wang et al. 2000; Liu et al. 1994). This suggests that the
local zoom technique with larger enlargement factor
over the EASM region should be investigated in the
future.

5 Concluding remarks

The performance of LMDZ, a variable-resolution
atmospheric GCM, in reproducing the EASM has been
evaluated through the comparison of the model output
against the observation. This high local-resolution
model, with its realistic surface topography representa-
tion, is able to capture the main features of the EASM.
Encouraging results have been found in the simulation
of the large-scale monsoon airflows, the monsoon
trough in the South China Sea, the cross-equatorial
airflow, the monsoonal meridional cell, the upper-level
divergent centers, the surface cold high in Australia, and
the upper-level northeasterly return flow. For the sub-
tropical anticyclone over the western Pacific, however,
the simulation is weak in central intensity but extends
too far westwards.

The model’s main deficiency lies in the simulation of
monsoonal precipitation. While the local zoom centered
on China leads to a well prescribed model terrain of the
monsoon region that assures a satisfactory simulation of
continental-scale summer rainfall, the observed heavy
rainbelt along the Yangtze River Valley is missed in the
model. This discrepancy is related to the improperly
simulated western Pacific subtropical high. The strong
rainbelt along the Yangtze River Valley is, in fact, the
result of convergence of the cold and dry mid-latitude air
with the warm and moist tropical and subtropical air.
Analysis of the monsoonal meridional circulation shows
that the convergence of cold and warm airflows around
35�N is realistically simulated in the model, but the in-
tensity is too weak. The weakly reproduced subtropical
high leads to a weaker subtropical southwest monsoon
on its western flank. Furthermore, the excessive west-
ward extension of the high prohibits the northeastward
penetration of the tropical Indian monsoon, and thus
inhibits the contribution of tropical warm and moist
airflow to the convergence over the Yangtze River Val-
ley. In addition, the distorted Indian low also weakens
the contribution of the tropical southwest monsoon to
the moisture transport over the EASM region.

The distinct monsoonal feature is closely related to the
land-sea thermal contrast. While the summertime plateau
heating is weaker in the model than in the observations,
the simulated tropical latent-heat release is however
slightly stronger. This results in a weak land-sea thermal
contrast in both meridional and zonal directions. The
weakly reproduced EASM precipitation including

Table 1. Pattern correlations (q) and root-mean-square (rms) errors
between the simulations (with and without local zoom) and the
observation, calculated for 500-hPa geopotential height (Z) and
temperature (T) over the region 0�–180�E and 30�S–60�N

500-hPa Z 500-hPa T

q(%) rms (m) q(%) rms (K)

no zoom 97.8 16.7 97.5 1.1
zoom 98.0 16.4 98.0 0.9

Fig. 17. a JJA mean 500-hPa geopotential height and b the cross-
equator low level jets simulated by the LMD model without local
zoom
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the improperly simulated large-scale circulation such as
the weaker upper level divergence is the consequence of
this insufficient land-sea thermal contrast. Further anal-
ysis reveals that the weak plateau heating results from the
excessive low-level cloud in the model.

The performance and problems of the LMD model
revealed in the present study should be evaluated again
when the physical parametrization of the model is
changed. Future model development should be pursued
in two aspects. One is towards parametrization of the
atmospheric boundary-layer and associated low-level
cloudiness. Another is towards the convection scheme or
the current closure conditions in the Tiedtke scheme.
Incorporation of other more performant convection
schemes in the LMD model is also in progress.

Comparison with the simulation employing regular
coarser mesh model reveals that the local zoom tech-
nique improves, in a general manner, the EASM simu-
lation. The fact that the improvement is not as
pronounced as expected suggests that a local zoom with
an even larger expansion factor over the EASM region is
needed. However, the employment of local zoom tech-
niques can also introduce unrealistic short-wave noise in
the regions of steep orographic gradient (for example,
between the Tibetan Plateau and the Sichuan basin sit-
uated on the eastern periphery). This issue will be
addressed in the future.
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