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[1] The effect of mesoscale topography over the Tibetan
Plateau (TP) on downstream summer precipitation in China
was studied using a regional atmospheric model. Two
ensemble simulations with 30 km model resolution were
conducted for the 1998 summer monsoon season in China.
The control simulation used the uniform resolution for both
model atmosphere and topography. In the sensitivity
simulation, the mesoscale feature in topography over the
TP was smoothed out with the use of the 120 km resolution
topography over the TP. The results show that the control
simulation reproduced reasonably well but the sensitivity
simulation considerably underestimated the observed
precipitation in the Yangtze River Valley (YRV). It is
found that the mesoscale feature in topography plays an
important role in generating and enhancing mesoscale
disturbances over the TP. These disturbances enhance the
surface sensible heat flux over the TP and propagate
eastward to enhance convection and precipitation in the
YRV in China. Citation: Shi, X., Y. Wang, and X. Xu (2008),

Effect of mesoscale topography over the Tibetan Plateau on

summer precipitation in China: A regional model study, Geophys.

Res. Lett., 35, L19707, doi:10.1029/2008GL034740.

1. Introduction

[2] The Tibetan Plateau (TP), the largest in size and the
highest in elevation, has significant influence on weather
and climate in east Asia, as well as the globe [Yeh and Gu,
1955; Flohn, 1957]. Dynamically, the TP causes the bifur-
cation of the westerlies over the Eurasian continent in
winter [Manabe and Terpstra, 1974]. Thermodynamically,
diabatic heating over the TP plays an important role in
maintaining the summer monsoon and planetary scale
circulation [Hahnd and Manabe, 1975; Huang, 1985; He
et al., 1987; Kitoh, 2004]. The TP also plays an important
role in moisture transport from tropical oceans to east China
[Xu et al., 2002].
[3] The dynamical and thermal forcing of the TP plays

important roles in not only the formation of the monsoon
circulation but also the development of weather systems
over east China in summer [Tao and Ding, 1981; Yanai et
al., 1992; Wu and Zhang, 1998; Tao et al., 1998; Xu et al.,
2001; Yoshikane et al., 2001]. For example, Xu et al. [2001]
andWang et al. [2003a] found that cloud systems developed

over the TP could further intensify to form deep and
matured super convective cloud clusters when they propa-
gate eastward, contributing to the summer monsoon precip-
itation in China. They suggested that the TP be an important
source of convective cloud systems to the development of
floods in the middle and lower reaches of the Yangtze River
Valley (YRV).
[4] Despite considerable progress has been made in

understanding the impacts of the TP on the east Asian
climate, current state-of-the-art global general circulation
models (GCMs) with coarse/moderate horizontal resolu-
tions are still poor in simulating the mean and seasonal
cycle of precipitation in the east Asian monsoon region
[Lau, 1992; Kang et al., 2002]. Regional high-resolution
models start to show consistent improvements in simulating
the regional climate in east Asia [e.g., Wang et al., 2003b,
2004]. It is, however, unclear whether the improved simu-
lations by regional models are because of the use of more
advanced model physics or higher horizontal model reso-
lution or both. Since high resolution models can better
resolve the mesoscale feature in topography over the TP,
we hypothesize that the resolution of the model topography
over the TP contributes significantly to the improved
simulations of the east Asia climate by regional high
resolution models. We will demonstrate that the mesoscale
topography over the TP plays important roles in generating/
enhancing mesoscale disturbances, increasing the surface
heat flux, and triggering convective cloud systems over the
TP in summer. They generally propagate eastward and
enhance the downstream precipitation systems in the YRV
in China.

2. Model and Experimental Design

[5] The model used in this study is the community
regional climate model, RegCM3, which is described in
detail by Pal et al. [2007]. RegCM3 is a limited area,
hydrostatic, primitive equation model with sigma as the
vertical coordinate. The Grell scheme with Fritsch and
Chappell closure is used for deep convection parameteri-
zation [Grell, 1993]. The radiation is adopted from the
Community Climate Model version 3 (CCM3) [Kiehl et
al., 1998]. The subgrid vertical mixing is parameterized
with the non-local scheme of Holtslag and Boville [1993].
The Biosphere-Atmosphere Transfer Scheme (BATS) of
Dickinson et al. [1993] is used for the land surface
processes.
[6] The RegCM3 was run with 18 vertical levels and at

30 km grid spacing with a domain size of 180 by 120 grid
points centered at 30.5�N, 100�E. The model domain covers
the shaded areas in Figure 1a, including the TP and the
surrounding areas in east Asia. In the reference run, the
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model was initialized at 0012 UTC on 9 June 1998 and
integrated through 31 July. The National Centers for Envi-
ronmental Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) reanalysis at every 6-h interval was
used as both the initial and lateral boundary conditions for
RegCM3. The summer of 1998 was chosen because of the
record heavy rainfall that caused severe floods in the YRV
since 1954. The detailed description of the summer rainfall
and its evolution are given by Ding and Liu [2001] and
Wang et al. [2003b].
[7] Two ensemble simulations were carried out, each

including five members with initial conditions spanning
5 days, centered on 9 June 1998. In the control simulation
(CNTRL), the horizontal resolution of 30 km was used for
both the model grids and the topography (Figure 1a). In the
sensitivity simulation (SENTR), the model was run at 30 km
horizontal resolution but the 120 km resolution topography
over the TP was used. Namely, the 120 km resolution
topography was interpolated to the 30 km model grids in
SENTR to replace the 30 km resolution topography used in
CNTRL for the regions where the topography is over
2,000 m and south of 40�N in the model domain only over

the TP (Figure 1b). As we can see from Figure 1, there are
significant differences in model topography over the TP
between the two simulations. The mesoscale feature in
model topography over the TP in CNTRL was smoothed
out in SENTR. Therefore, the difference between the two
simulations can be considered as a result of the effect of
mesoscale topography over the TP. The results discussed
below are the ensemble mean for each simulation.

3. Results

[8] Figures 1c–1f show the total precipitation and the
mean wind vectors at 500 hPa during June 12–July 31,
1998 from the observation, CNTRL, and SENTR ensemble
means, respectively, and the differences between CNTRL
and SENTR (CNTRL minus SENTR). In Figure 1f, regions
with statistical significance above 90% confidence levels
were marked with ‘‘+’’. The observed total rainfall was
obtained based on 656 station data over China. As done by
Wang et al. [2003b] and Sen et al. [2004], the station daily
rainfall data were first objectively interpolated onto the
model grids using the Cressman interpolation method.

Figure 1. The model domain (sector areas) and orography in (a) control experiment (CNTRL) and (b) sensitivity
experiment with coarse resolution orography over the Tibetan Plateau (SENTR). Contours show the orography with
contour interval of 500 m. Spatial distributions of total rainfall (shaded, units: mm) and 500 hPa wind (vectors, units: m/s)
averaged during 12 June–31 July 1998 from (c) observations, (d) control experiment, and (e) sensitivity experiment with
coarse resolution orography over the Tibetan Plateau. (f) Difference (CNTRL-SENTR) fields in total rainfall and 500 hPa
winds between the control and sensitivity experiment. The thick dashed curve denotes the contour with 1000 m-topography
in Figures 1c–1e. The symbols ‘‘+’’ in Figure 1f indicate areas with statistically significance at 90% confidence level.
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[9] The observed heavy rainfall occurred along the YRV
(26–32�N), South China, and Indochina Peninsula (Figure 1c).
Except for a slightly southeastward shift of the heavy
rainfall area in the YRV and a significant underestimation
of rainfall over South China and the Indochina Peninsula,
the control simulation reproduced the rainfall distribution
and low-level circulation downstream of the TP reasonably
well (Figure 1d). To have a quantitative assessment for the
overall performance of the CNTRL simulation in the region
downstream of the TP, statistics similar to those of Wang et
al. [2003b] were conducted for the simulated precipitation
in the area of 25�–35�N, 110�–120�E (Table 1).
[10] The model estimated mean daily rainfall in the

CNTRL is slightly higher than the observed (10.5 versus
9.7 mm d�1). Spatial and temporal correlation coefficients
are high at 49% and 72% (with confidence level above
95%), respectively, indicating that the model not only
reproduced the spatial pattern reasonably but also captured
well the temporal evolution of precipitation events in the
region. We can thus consider that the control simulation
reproduced reasonably well the precipitation downstream of
the TP and the results can be compared with those from the
sensitivity simulation to understand how the mesoscale
topography over the TP affects the downstream precipita-
tion in the middle and lower reaches of the YRV.
[11] In the SENTR simulation with the coarse resolution

topography over the TP, the rainfall amount was reduced in
most areas of the model domain, especially over the eastern
TP and the YRV (Figure 1e). Except for a significant
reduction of rainfall over the western TP and north China,
rainfall over the eastern part and downstream of the TP was
significantly increased due to the presence of the mesoscale
topography over the TP (Figure 1f) in the CNTRL simula-
tion. In addition, the southwesterly monsoon flow was also
stronger over the central and east China in the CNTRL
simulation than in the SENTR. The area averaged daily
mean rainfall during the whole simulation period in the
middle and lower reaches of the YRV in the SENTR was
considerably lower than in the CNTRL (Table 1). The mean
rainfall rate was reduced by 16.3% in SENTR compared to
the CNTRL. Compared with observations, although the
CNTRL simulation overestimated the mean precipitation
by 8%, the SENTR simulation underestimated the mean
precipitation by about 10%. Both spatial and temporal
correlation coefficients with the observation in SENTR
were considerably lower than in the CNTRL (Table 1),
indicating the overall degraded performance of the model
with coarse resolution topography in the SENTR.
[12] The above results demonstrate that high model

resolution to resolve the mesoscale topography over the

TP is very important for the realistic simulation of precip-
itation in east Asia. To understand how the mesoscale
feature in topography over the TP affects the downstream
precipitation in the YRV, we have examined the difference
in the high-frequency synoptic and sub-synoptic scale
activities in the two simulations. Ding and Liu [2001]
showed the contribution by the eastward propagating me-
soscale and sub-synoptic disturbances initiated over the TP
to the 1998 summer precipitation over the YRV. As we can
see from the temporal evolution of the cloud top tempera-
ture (TBB, blackbody temperature) averaged in the latitude
band between 25�–35�N based on 6 hourly satellite obser-
vations (Figure 2a), the convective cloud clusters originated
over the TP moved eastward to enhance the rainstorms in
middle and lower reaches of the YRV. Figures 2b and 2c
show the vertical cyclonic relative vorticity (only positive
values included in the average) at 500 hPa averaged in the
same latitude band from the CNTRL and SENTR simula-
tions, respectively. The positive relative vorticity in the
middle-lower troposphere generally corresponds to cyclonic
circulation and low pressure systems. The positive relative
vorticity and eastward propagation signal were clearly seen
in the CNTRL simulation (Figure 2b). They, however, were
much weaker in SENTR (Figure 2c) both over the TP and
downstream in the YRV. This suggests that the cyclonic
disturbances and low pressure systems were suppressed in
the SENTR due to the lack of mesoscale topographic
triggering over the TP compared to those in the CNTRL.
[13] The activities of high frequency mesoscale and sub-

synoptic disturbances can be measured by the eddy kinetic
energy (EKE) in the simulations. The EKE is defined as

EKE ¼ 1

2
u� �uð Þ2þ v� �vð Þ2

h i
;

where u, v are zonal and meridional wind components at
500 hPa, �u, �v are their time mean during June 12–July 31,
1998. Figure 3 shows the time-mean EKE during the

Table 1. Statistics of the Model Simulated Precipitation in the

Area of 25�–35�N, 110�–120�E for the Control and the Sensitivity

Experimentsa

Mean Rainfall
(mm)

Spatial
Correlation

Temporal
Correlation Bias

OBSb 9.70
CNTRL 10.49 0.49 0.72 0.79
SENTR 8.78 0.39 0.58 0.92

aPrecipitation in mm d�1; CNTRL, control; SENTR, sensitivity.
bOBS, observed.

Figure 2. (a) Time-longitude sections of cloud top
temperature TBB (unit: �C) averaged between 25�–35�N
from Satellite observation, and cyclonic relative vorticity
(units: 10�5 s�1) averaged between 25�–35�N at 500 hPa
from (b) the control experiment and (c) the sensitivity
experiment during 12 June–31 July 1998.
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simulation period from NCEP reanalysis, the CNTRL, and
the SENTR simulations, respectively. Because of the
relative coarse resolution, NCEP reanalysis largely under-
estimated the EKE (Figure 3a). In the CNTRL simulation,
there was a zonally elongated high EKE band between 30�–
36�N over the TP and extended eastward to the YRV and
southwest China (Figure 3b), indicating active high-
frequency mesoscale and sub-synoptic disturbances during
the simulation period. In contrast, although a similar high
EKE band appeared in the SENTR simulation (Figure 3c),
the absolute values are much smaller, indicating a suppres-
sion of the mesoscale and sub-synoptic activities. Compar-
ing Figure 3 with Figure 1, one can see that the high EKE
band is collocated with the high topography with consider-
able mesoscale variability over the TP in the CNTRL
simulation. This indicates that mesoscale topography over
the TP contributed significantly to the generation of high-
frequency mesoscale and sub-synoptic disturbances over the
TP. These disturbances on one hand produced precipitation
over the TP, and on the other hand enhanced the
precipitation systems over the YRV when they propagated
downstream to east China.
[14] The high frequency, mesoscale and sub-synoptic

disturbances may also enhance the surface heat flux due
to the increased near surface wind speed. As shown in
Figure 3, the total time-mean surface (sensible and latent)

heat flux was generally larger in the CNTRL than in the
SENTR, especially over the central and southern TP and in
the middle and lower reaches of the YRV (Figure 3d). The
increased surface sensible heat flux (Figure 3e) dominates
the enhanced total surface heat flux, especially over the TP
(Figure 3d). The changes in surface latent heat flux over the
TP were generally small except for the negative areas west
of the 90�E over the TP and positive areas along the south
flank of the TP (Figure 3f). The larger latent heat flux over
the western TP was consistent with the increased precipita-
tion in the SENTR (Figure 1f). Overall, the presence of
mesoscale topography over the TP in the CNTRL enhanced
the high-frequency disturbances and increased the surface
heat flux over the TP. These may enhance the convective
systems both over the TP and downstream over the YRV in
China. This could explain why the precipitation over the
middle-lower reaches of the YRV was higher in the CNTRL
than in the SENTR.

4. Conclusions

[15] Previous observational and modeling studies have
demonstrated that both thermal and mechanical effects of
the TP play important roles in the onset and evolution of
Asian and east Asian monsoon and the moisture transport
and precipitation in summer in China. Observational studies
have also shown that mesoscale convective cloud systems

Figure 3. Spatial distributions of eddy kinetic energy (EKE, m2 s�2) at 500 hPa averaged during 12
June–31 July 1998 from (a) NCEP reanalysis, (b) control experiment, and (c) sensitivity experiment with
coarse resolution topography over the Tibetan Plateau. Differences (W m–2) in (d) total surface (sensible
+ latent heat) fluxes, (e) sensible heat flux, and (f) latent heat flux between the control and sensitivity
experiments averaged during 12 June–31 July 1998.
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that are initiated over the TP and propagate eastward may
contribute significantly to downstream precipitation over
the YRV in China. The heterogeneous sensible heat flux
over the TP is proposed as a triggering mechanism for the
convective cloud systems [Tao and Ding, 1981]. In this
study, results from the regional climate model simulations
demonstrate that mesoscale feature of topography over the
TP plays an important role in triggering and enhancing the
activities of mesoscale and sub-synoptic disturbances over
the TP. These disturbances increase the surface heat flux
over the TP and propagate eastward and enhance the
downstream convective systems and precipitation over the
middle-lower reaches of the YRV in China. Since this study
only performed one summer simulations, the robustness of
the finding yet to be confirmed with multi-year simulations
in the future. Xie et al. [2006] demonstrated that the coastal
mesoscale mountains in South Asia play critical roles in
organizing monsoon convection and large-scale summer
monsoon circulation in Asia and east Asia. The results from
this study strongly suggest the need of high-resolution
model to better resolve the topography not only in coastal
South Asia but also over the TP for the realistic simulations
of the east Asian summer climate and seasonal prediction of
east Asian summer rainfall.
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