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Mechanism for occurrence of precipitation over the southern
slope of the Tibetan Plateau without local surface heating
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ABSTRACT: Previous studies have indicated that the sucking and pumping effects induced by surface sensible heating (SH)
lead to vigorous ascent and moisture convergence over the southern Tibetan Plateau (TP), which is the primary cause of
local precipitation formation. Numerical simulations with the Weather Research and Forecasting (WRF) model show that
weak ascending motion and precipitation still exist over the southern slope of the TP when local surface SH is suppressed
and that this precipitation is associated with microphysical processes. Suppressed surface heating induces a significant cold
anomaly near the surface, which reduces the saturation-specific humidity but increases relative humidity. The process of
the phase change of moisture results in the formation of obvious microphysical large-scale precipitation. Moreover, latent
heating is released due to microphysical condensation corresponding with the phase change process, which further leads to a
weak ascending and convective precipitation over the southern slope of the TP. Thus, local precipitation over the slope when
surface heating is suppressed results directly from large-scale condensation precipitation and indirectly from the convective
precipitation induced by the microphysical processes of moisture phase change, instead of the sucking and pumping effects
due to the surface heating of the TP.
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1. Introduction

The Tibetan Plateau (TP) exerts a significant impact on
the weather and climate over many places in the world
through its mechanical and thermodynamic effects (e.g. Ye
and Gao, 1979; Huang, 1985; Kitoh, 1997, 2004; Liu et al.,
2007; Song et al., 2010; Wang et al., 2014b; Zhu et al.,
2015). In the previous studies, the TP has always been
regarded as a large-scale barrier over eastern Eurasia and,
an important external forcing for the subtropical westerlies
in winter (e.g. Charney and Eliassen, 1949; Bolin, 1950;
Yeh, 1950; Chen and Trenberth, 1988). The mechanical
effect of the TP induces airflow to be either deflected to
produce encircling flow or lifted to produce climbing flow
(Queney, 1948; Wu, 2004). In addition to the mechanical
forcing effect, the TP is also a huge heat source in summer
(Koo and Yeh, 1955; Flohn, 1957; Yeh et al., 1957).

Nonlinear theoretical analysis has revealed that there
exists a critical topography height (approximately 1 km)
with regards to the planetary-scale response of atmo-
spheric flow forced by the mechanical effect of mountains
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(Wu, 1984; Trenberth and Chen, 1988). If the topography
is lower than the critical height, the airflow impinging upon
the mountain will largely turn into climbing flow; other-
wise, it will turn into encircling flow. While the elevation of
the TP is far above 1 km, therefore atmospheric flow trans-
porting to the TP mainly moves around the plateau. How-
ever, the characteristics of the encircling or climbing flow
are also associated with surface thermal conditions. Atmo-
spheric flow usually climbs the topography higher than the
theoretical critical height more easily when a surface heat-
ing effect exists, as over the southern slope of the TP, where
strong surface sensible heating (SH) appears in spring and
summer when tropical flow climbs up the Himalayas.

From winter to summer, surface SH increases rapidly,
due to strong solar radiation over the TP (Ye and Gao,
1979). The effect of elevated plateau heating plays an
important role in the evolution of the Asian summer mon-
soon, which has been widely investigated (e.g. Yanai
et al., 1992; Zhao and Chen, 2001; Hsu and Liu, 2003;
Duan and Wu, 2005; Liu et al., 2007; Wu et al., 2007).
Because of enhanced surface SH, the air over the TP
ascends and drives movement of the surrounding low-level
moist airflow, which converges intensely towards the TP.
In summer, abundant low-level tropical airflow converges
northward to the southern slope of the TP where elevated
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surface SH is remarkable. Consequently, the sucking and
pumping effects favour heavy rainfall over the TP’s south-
ern slope, i.e. the Himalayas (Figure 2(a)).

Studies with atmospheric general circulation models
(AGCMs) have shown that once surface heating is sup-
pressed over sloping areas, surrounding moist low-level
airflow moves towards the topography on the same isen-
tropic surface and does not climb up the plateau. Instead,
airflow is deflected around the mountains and basically
no ascending motion or precipitation is generated over
the TP (He, 2012; Wu et al., 2012). However, based on
a high-resolution regional model, it is found that there is
still weak ascending motion and light precipitation over
the TP’s southern slope, even when surface heating is
suppressed. This calls into question how precipitation is
generated; specifically, whether there is any other factor
beside the thermal pumping effect that can induce local
precipitation. In this study, the physical mechanism for
the formation of this kind of precipitation is investigated
by conducting experiments with the Weather Research
and Forecasting (WRF) model.

The remainder of this manuscript is organized as follows.
In Section 2, the model and experimental designs are
briefly described. Section 3 presents the simulated results
and investigates the physical mechanism for precipitation
formation over the southern slope of the TP where surface
heating is suppressed. Finally, a summary and a further
discussion are provided in Section 4.

2. Model and experimental design

The WRF model version 3.4.1 (Skamarock et al., 2008)
is used in this study. This model has been employed
previously as a regional climate model to simulate the
variations of the summer monsoon (e.g. Kim and Hong,
2010; Yang et al., 2011; Wang et al., 2014a). Compared
with AGCMs, the WRF has a higher resolution that
represents topography and land surface processes more
accurately. It is a useful tool in the study of weather and
climate over the TP. The physical packages of WRF used
in this study include the WRF Single-Moment 6-Class
(WSM6) microphysics scheme (Hong and Lim, 2006),
the Grell–Devenyi (GD) convective scheme (Grell and
Devenyi, 2002), the Noah land surface model (Chen and
Dudhia, 2001), the BouLac planetary boundary layer
(PBL) scheme (Bougeault and Lacarrère, 1989), the
Goddard shortwave scheme (Chou and Suarez, 1999),
and the Rapid Radiative Transfer Model (RRTM) for
longwave radiation (Mlawer et al., 1997). The spatial
domain of simulations covers most of Asia and the
adjacent oceans with the Lambert projection (133× 195
grids) centred at 30∘N/95∘E (Figure not shown). The
model has a 45-km horizontal resolution and 35 vertical
layers with a prescribed model top at 50 hPa. The initial
state of the atmosphere and lateral boundary conditions
(updated every 6 hours) are obtained from the Final Anal-
ysis of National Centers for Environmental Prediction
(NCEP-FNL, http://rda.ucar.edu/datasets/ds083.2/), and

Table 1. Experimental design.

Experiments Details

CTL Normal
TPSL_NS No sensible heating over the southern

slope of TP
TPSL_NS_NMP No sensible heating and no latent heating

associated with microphysical phase
transition over the southern slope of TP

the sea surface temperature (SST) forcing data set is
the Optimum Interpolation SST (Reynolds et al., 2007)
from National Oceanic and Atmospheric Administration
(NOAA), which is updated daily.

Three ensemble experiments were performed, and each
had six summers (2003–2008) with the initial modelling
conditions at 0000 UTC May 1. The model was inte-
grated for 4 months (i.e. every experiment ends at 1800
UTC August 31), and the output during the last 3 months
(June–August, JJA) was analysed. Table 1 shows the
details of the experimental design. In addition to the
control run (CTL), a sensitive experiment (TPSL_NS)
was used to remove the surface heating over the south-
ern slope of the TP. To illustrate the physical process
for precipitation formation, another sensitive experi-
ment (TPSL_NS_NMP) was designed on the basis of
TPSL_NS, where the heating associated with microphys-
ical process over the sloping region was simultaneously
closed. The TP’s southern slope is defined as the area
between 70∘E and 105∘E where topography is above
300 m and below the maximum elevations at each par-
ticular longitude. Figure 1 gives the SH over the TP and
the adjacent areas in the CTL and TPSL_NS experiments.
The surface heating in TPSL_NS was suppressed over
the prescribed southern slope. In detail, it was achieved
by setting the surface SH released into the atmosphere
to zero at each time-step and each grid over the exper-
imental region, while land surface energy balance was
maintained. As such, SH is still computed by the land
model at each time-step and allowed to influence land
surface temperature.

3. Results

3.1. Cause of precipitation formation

The sucking and pumping effects induced by the inten-
sified surface SH associated with the seasonal transi-
tion from winter to summer drive the moist monsoon
flow to converge towards the TP. Particularly, along the
Himalayas, where airflow climbs up the TP due to the
elevated slope thermal forcing, there is a moisture conver-
gence centre and a heavy rainfall band (Figure 2(a) and
(b)). The WRF model captures the observed pattern of
summer precipitation well around the TP area, although
the intensity is overall higher than observations from satel-
lite data obtained from Tropical Rainfall Measuring Mis-
sion (TRMM). Surface heating is regarded as a primary
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Figure 1. Surface sensible heating (unit: W m−2) in experiments (a) CTL
and (b) TPSL_NS. The grey bold contours denote terrain height of

1500 m in all figures.

cause of the formation of precipitation over the TP (Wu
et al., 2012). However, it is interesting to see that there is
still weak precipitation generated over the southern slope
of the TP when surface heating is suppressed (Figure 2(c)).
Furthermore, a small branch of upward motion appears
over the top of the mountain above the 700-hPa level
(Figure 3(d)), which corresponds to the area of precipita-
tion. Upward motion usually should result in convective
rainfall. Then, is this precipitation over the TP’s southern
slope induced by the upward motion?

Generally, total precipitation is comprised of two
parts. One part results from cloud microphysical pro-
cess associated with the phase transition of atmospheric
water vapour. Precipitation is then condensed under the
condition of stable stratification, and is usually called
large-scale precipitation. The other part is due to convec-
tive activities accompanied by obvious upward motion;
precipitation occurs under the condition of vertical insta-
bility and is called convective precipitation. Based on
the simulated results of the TPSL_NS experiment, the
total summer precipitation is divided into large-scale and
convective precipitations. Under the condition of no sur-
face heating, convective precipitation is relatively weak
over the southern slope of the TP (Figure 2(e)), while
large-scale precipitation is dominant (approximately
62% of total precipitation) between longitudes 80∘E and
95∘E (Figure 2(d)). Consequently, the precipitation over
the slope mainly comes from microphysical processes
associated with phase transition. The responsible physical
mechanism will be discussed further.

Thermal forcing over the TP can induce atmo-
spheric ascent, because large-scale atmospheric potential

temperature (𝜃) increases with height (Wu et al., 2012).
According to the steady-state thermodynamic equation

V⃗ · ∇𝜃 = Q

where
−→
V , 𝜃, and Q are the air velocity, potential tem-

perature, and diabatic heating, respectively. In the CTL
experiment, surface heating exists on the southern slope
of the TP (Q>0), and isentropic lines appear in concave
manner downward near the sloping surface (Figure 3(a)).
Air parcels move northward along the isentropic sur-
face, which should penetrate the isentropic surface and
ascend upon arrival at the sloping topography. As a result,
the low-level moist air is lifted up to the higher ground
of the southern slope, accompanied by a strong upward
motion and heavy rainfall (Figures 3(c) and 2(b)). How-
ever, in the no surface heating experiment (TPSL_NS), the
isentropic lines become straight near the sloping surface
(Figure 3(b)), and the low-level moist air parcel moving
and impinging on the slope must remain on the same isen-
tropic surface. Under these conditions, the air parcel is
deflected around the TP without ascending motion, and
no obvious convective precipitation is generated over the
southern slope of the TP (Figure 2(e)). Both theoretical
analysis (Wu, 1984) and an ideal experiment (Wang, 2005;
Wu et al., 2007) have also indicated that airflow cannot
climb a high mountain if there is no external forcing, such
as surface heating, over the topography.

On the other hand, once surface heating on the south-
ern slope of the TP is suppressed, the atmosphere above
the sloping surface cannot be heated. Contrary to the
CTL experiment, there exists a significant cooling cen-
tre in the TPSL_NS experiment, particularly near the
surface of the top slope (Figure 3(b)). When the air
parcel moves along the isentropic surface and arrives
at the sloping surface, the environmental temperature
decreases suddenly. Then, the saturation-specific humid-
ity (qs) decreases, but the specific humidity (q) of the
travelling air parcel remains unchanged. Thus, the rela-
tive humidity (RH = q/qs) increases. Figure 3(b) shows that
an independently enhanced relative humidity appears over
the area of the top slope corresponding to the cold centre.
Consequently, a phase transition process of water vapour is
prompted, which generates significant large-scale precip-
itation over the sloping region (Figure 2(d)). In addition,
the phase change in microphysical processes also leads
to the release of condensational latent heat. As shown in
Figure 4, the condensational latent heating corresponding
with microphysical processes is prominent over the top
slope of the TP (especially near the surface), while convec-
tive latent heating is relatively weak. Based on the above
results, it is inferred that the possible cause for the weak
ascension over the top slope of the TP (Figure 3(d)) where
no surface heating exists, is the thermal forcing of latent
heating from the microphysical processes.

3.2. Effect of microphysical processes

To verify the above results, another sensitive experiment
(TPSL_NS_NMP) was designed. Except for suppress-
ing surface heating, all phase transition processes in the
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Figure 2. Observed and simulated (CTL and TPSL_NS) summer precipitation (unit: mm day−1): (a) total precipitation in TRMM satellite data,
(b) total precipitation in CTL, (c) total precipitation in TPSL_NS, (d) large-scale precipitation in TPSL_NS, and (e) convective precipitation in

TPSL_NS. The dashed box in (d) is used to calculate quantitative ratio of two precipitations.

WSM6 microphysical scheme of the WRF model were
closed over the region of the southern slope of the TP
in this experiment. Namely, the water vapour (Qv) in the
atmosphere will not change into rain water (Qr), cloud
water (Qc), ice water (Qi), snow (Qs), or graupel (Qg).
Figure 5(a) and (b) illustrate the different types of summer
precipitation in the TPSL_NS_NMP. Clearly, the closed
phase transition process induces no large-scale precipita-
tion (corresponding with phase transition in microphysi-
cal processes) over the TP’s southern slope. Furthermore,
the convective precipitation that appears in the TPSL_NS
experiment is also suppressed (Figure 5(b)), indicating
that the microphysical process of phase change has a
possible indirect impact on weak convective precipita-
tion over the southern slope of the TP. As mentioned
above (Section of 3.1), the microphysical phase change
process can produce significant condensational latent heat
over the slope (Figure 4(b)). After turning off the phase
change process in the microphysical scheme, atmospheric
heating from this process ceases (Figure 5(c)), which
results in the disappearance of existing weak convective

heating (Figure 4(c)) and upward motion (Figure 3(d))
(see Figure 5(d) and (e)). Therefore, the sensitivity exper-
iment of TPSL_NS_NMP reveals that the existing precip-
itation and ascending motion over the no-heating sloping
surface are primarily induced by microphysical processes.
The majority of rainfall results from large-scale condensa-
tion precipitation corresponding with microphysical phase
change processes, and the residual minor part is a result of
convective precipitation that is also caused indirectly by
microphysical processes.

4. Summary and discussion

This numerical study with the WRF model reveals that
there is still slight precipitation and weak ascending
motion over the southern slope of the TP when surface
heating is suppressed. Three ensemble experiments have
been conducted to investigate the associated physical
mechanisms. Figure 6 provides a schematic diagram that
illustrates the mechanism for precipitation formation
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Figure 3. Pressure-latitude cross-sections of relative humidity (shading, unit: %) and potential temperature (black bold contours, unit: K) averaged
from 85∘E to 90∘E in experiments (a) CTL and (b) TPSL_NS, respectively. The red thin contours in (b) represent the air temperature differences
between TPSL_NS and CTL; (c-d) as in (a-b), but for vertical circulation (vectors, v&(−50*𝜔), unit: 0.02 m Pa s−2) and vertical velocity (shading

and white contours, solid lines represent positive, and dashed lines represent negative, unit: 0.02 Pa s−1).

over the slope. The simulated results indicate that this
part of precipitation is induced mainly by microphysical
processes. Suppressed sloping surface heating leads to
a significant cold anomaly near the surface of the TP’s
southern slope, which reduces the saturation-specific
humidity while increases relative humidity. The phase
transition process of water vapour results in the formation
of microphysical large-scale precipitation. Moreover, con-
densational latent heat is released due to the microphysical
condensation in the phase transition process, which leads
to a weak rising motion and convective rainfall over the
southern slope of the TP. Thus, when local surface heating
is suppressed, precipitation on the southern slope comes
from both microphysical large-scale rainfall (directly) and

convective rainfall induced by microphysical processes
(indirectly).

The sucking and pumping effects induced by the surface
SH over the TP lead to vigorous ascent and moisture
convergence, which is the primary cause of the formation
of precipitation observed in monsoon season. In particu-
lar, the sloping lateral surface heating over the southern
TP is the major driver of moist air pumping (Wu et al.,
2007), and thereby a heavy rain band is located along the
Himalayas. This study has shown that the precipitation
generated over the slope in the WRF model is actually
caused by the low environmental air temperature, cor-
responding to the suppressed surface heating, instead of
the sucking and pumping effects of the TP. This result

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)
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Figure 4. Pressure-latitude cross-sections of atmospheric heating (unit: K day−1) averaged from 85∘E to 90∘E in experiment TPSL_NS: sensible
heating (a), condensation latent heating associated with microphysical process (b), and convection (c).
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Figure 5. Simulated results of experiment TPSL_NS_NMP: (a) large-scale precipitation and (b) convective precipitation (unit: mm day−1). Shown
also: pressure-latitude cross-sections of (c) condensation latent heating associated with microphysical process (unit: K day−1); (d) condensation
latent heating from convection (unit: K day−1), and; (e) vertical circulation (vectors, v&(−50*𝜔), unit: 0.02 m Pa s−2) and vertical velocity (shading,

unit: 0.02 Pa s−1) averaged from 85∘E to 90∘E.

has important implications for detecting the weather and
climate responses to uplifted topography through numer-
ical simulations, especially for studies of thermal forcing
of mountains. The possible reasons for no precipitation
formation with suppressed surface heating over the TP
shown in previous studies using AGCMs (He, 2012; Wu

et al., 2012) are coarse resolution or the specific physical
schemes in AGCMs. On the other hand, moisture transport
from tropical oceans certainly influences the variation of
summer precipitation over the TP (Feng and Zhou, 2012;
Zhuo et al., 2012). As mentioned, thermal forcing is the
major driver of moisture flux convergence over the TP. If
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Figure 6. Schematic diagram showing the physical mechanism for precipitation formation on the TP’s southern slope when surface heating is
suppressed (SH stands for sensible heating, MP microphysical processes, and TP Tibetan Plateau).

there is no SH over the southern slope of the TP or the
whole TP region, how does the enhanced or weakened
moisture flux influence large-scale and convective precip-
itations? This topic requires further investigation in our
future work.

Acknowledgements

This work was supported jointly by the National Natural
Science Foundation of China (91337216), the National
Key Research Program of China (2014CB953900),
the Natural Science Foundation of Guangdong Province
(2015A030310224), and the Opening Fund of the National
Key Laboratory of Atmospheric Sciences and Geophys-
ical Fluid Dynamics. The authors thank the anonymous
reviewers for their insightful comments.

References

Bolin B. 1950. On the influence of the earth’s orography on the general
character of the westerlies. Tellus 2: 184–195.

Bougeault P, Lacarrère P. 1989. Parameterization of orographic induced
turbulence in a mesobeta scale model. Mon. Weather Rev. 117:
1872–1890.

Charney JG, Eliassen A. 1949. A numerical method for predicting the
perturbation of the middle latitude westerlies. Tellus 1: 38–54.

Chen F, Dudhia J. 2001. Coupling an advanced land-surface hydrol-
ogy model with the Penn Statr-NCAR MM5 modeling system. Part
I: model implementation and sensitivity. Mon. Weather Rev. 129:
569–585.

Chen SC, Trenberth KE. 1988. Orographically forced planetary
waves in the Northern Hemisphere winter: steady state model
with wave-coupled lower boundary formulation. J. Atmos. Sci. 45:
657–680.

Chou MD, Suarez MJ. 1999. A shortwave radiation parameterization for
atmospheric studies. NASA Tech. Memo. 15(104606), 1–35.

Duan AM, Wu GX. 2005. Role of the Tibetan Plateau thermal forcing
in the summer climate pattern over subtropical Asia. Clim. Dyn. 24:
793–807.

Feng L, Zhou TJ. 2012. Water vapor transport for summer precipitation
over the Tibetan Plateau: multidata set analysis. J. Geophys. Res. 117:
D20114, doi: 10.1029/2011JD017012.

Flohn H. 1957. Large-scale aspects of the summer monsoon in South and
East Asia. J. Meteorol. Soc. Jpn. 75: 180–186.

Grell G, Devenyi D. 2002. A generalized approach to parameterizing
convection combining ensemble and data assimilation techniques.
Geophys. Res. Lett. 29: 31–38.

He B. 2012. Numerical Simulation and Mechanism Study on the Impacts
of Tibetan Plateau Thermodynamic Forcing over South Asian Summer
Monsoon. Doctoral dissertation, Nanjing University of Information
Science & Technology, Nanjing (in Chinese).

Hong SY, Lim JOJ. 2006. The WRF single-moment 6-class micro-
physics scheme (WSM6). J. Korean Meteorol. Soc. 42: 129–151.

Hsu HH, Liu X. 2003. Relationship between the Tibetan Plateau heating
and East Asian summer monsoon rainfall. Geophys. Res. Lett. 30:
2066, doi: 10.1029/2003GL017909.

Huang RH. 1985. The influence of the heat source anomaly over Tibetan
Plateau on the northern hemispheric circulation anomalies. Acta Mete-
orol. Sin. 43: 208–220 (in Chinese).

Kim EJ, Hong SY. 2010. Impact of air-sea interaction on East Asian
summer monsoon climate in WRF. J. Geophys. Res. 115: D19118,
doi: 10.1029/2009JD013253.

Kitoh A. 1997. Mountain uplift and surface temperature changes. Geo-
phys. Res. Lett. 24: 185–188.

Kitoh A. 2004. Effects of mountain uplift on East Asian summer cli-
mate investigated by a coupled atmosphere–ocean GCM experiments.
J. Clim. 17: 783–802.

Koo CC, Yeh TC. 1955. Some calculations of the influence of the
large-scale topography on the climate of China. Acta Meteorol. Sin.
26: 167–182 (in Chinese).

Liu YM, Hoskins BJ, Blackburn M. 2007. Impact of Tibetan orography
and heating on the summer flow over Asia. J. Meteorol. Soc. Jpn. 85B:
1–19.

Mlawer EJ, Taubman SJ, Brown PD. 1997. Radiative transfer for inho-
mogeneous atmospheres: RRTM a validated correlated-k model for
the long wave. J. Geophys. Res. 102: 16663–16682, doi: 10.1029/
97JD00237.

Queney P. 1948. The problem of air flow over mountains: a summary of
theoretical studies. Bull. Am. Meteorol. Soc. 29: 16–29.

Reynolds RW, Smith TM, Liu C, Chelton DB, Casey KS, Schlax
MG. 2007. Daily high-resolution-blended analyses for sea surface
temperature. J. Clim. 20: 5473–5496.

Skamarock WC, Klemp JB, Dudhia J, Gill DO, Barker D, Duda MG,
Huang XY, Wang W. 2008. A description of the advanced research
WRF version 3. NCAR Technical Note NCAR/TN-475+STR, NCAR,
Boulder, CO. doi: 10.5065/D68S4MVH.

Song J-H, Kang H-S, Byun Y-H, Hong S-Y. 2010. Effects of the Tibetan
Plateau on the Asian summer monsoon: a numerical case study using
a regional climate model. Int. J. Climatol. 30(5): 743–759.

Trenberth KE, Chen SC. 1988. Planetary waves kinematically forced by
Himalayan orography. J. Atmos. Sci. 45: 2934–2948.

Wang ZZ. 2005. Numerical Study on the Weather and Climate Effects
of the Tibetan Plateau. Doctoral dissertation, Graduate University of
Chinese Academy of Sciences, Beijing (in Chinese).

Wang ZQ, Duan AM, Wu GX. 2014a. Impacts of boundary layer
parameterization schemes and air-sea coupling on WRF simulation
of the East Asian summer monsoon. Sci. China Earth Sci. 57: 1–14.

Wang ZQ, Duan AM, Wu GX. 2014b. Time-lagged impact of spring
sensible heat over the Tibetan Plateau on the summer rainfall anomaly
in East China: case studies using the WRF model. Clim. Dyn. 42:
2885–2898.

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)



Z. WANG et al.

Wu GX. 1984. The nonlinear response of the atmosphere to
large-scale mechanical and thermal forcing. J. Atmos. Sci. 41:
2456–2476.

Wu GX. 2004. Recent progress in the study of the Qinghai-Xizang
plateau climate dynamics in China. Quat. Sci. 24: 1–9 (in Chinese).

Wu GX, Liu YM, Wang TM, Wan RJ, Liu X, Li WP, Wang ZZ, Zhang
Q, Duan AM, Liang XY. 2007. The influence of the mechanical
and thermal forcing of the Tibetan Plateau on the Asian climate.
J. Hydrometeorol. 8: 770–789.

Wu GX, Liu YM, He B, Bao Q, Duan AM, Jin FF. 2012. Thermal
controls on the Asian summer monsoon. Sci. Rep. 2: 404.

Yanai M, Li C, Song Z. 1992. Seasonal heating of the Tibetan Plateau and
its effects of the evolution of the Asian summer monsoon. J. Meteorol.
Soc. Jpn. 70: 319–351.

Yang HW, Wang B, Wang B. 2011. Reduction of systematic biases in
regional climate downscaling through ensemble forcing. Clim. Dyn.
38: 655–665, doi: 10.1007/s00382-011-1006-4.

Ye DZ, Gao YX. 1979. Meteorology of the Qinghai-Xizang Plateau.
Science Press: Beijing (in Chinese).

Yeh TC. 1950. The circulation of the high troposphere over China in the
winter of 1945–1946. Tellus 2: 173–183.

Yeh TC, Luo SW, Chu PC. 1957. The wind structure and heat balance in
the lower troposphere over Tibetan Plateau and its surrounding. Acta
Meteorol. Sin. 28: 108–121 (in Chinese).

Zhao P, Chen LX. 2001. Climate features of atmospheric heat
source/sink over the Qinghai-Xizang Plateau in 35 years and its
relation to rainfall in China. Sci. China Ser. D 44: 858–864.

Zhu YX, Liu HW, Ding YH, Zhang FY, Li W. 2015. Interdecadal varia-
tion of spring snow depth over the Tibetan Plateau and its influence on
summer rainfall over East China in the recent 30 years. Int. J. Climatol.
35(12): 3654–3660.

Zhuo G, Luo B, Zhou CY. 2012. Climate characteristics of water vapor
transport over Tibet region in 1980–2009. J. Glaciol. Geocryol. 34:
783–794 (in Chinese).

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)


