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Abstract  Based on numerical simulation, this study explored the characteristics and interactions of surface sensible heating 
and atmospheric latent heating over the main part of the Tibetan Plateau, i.e., terrain at elevations >2 km in summer. The im-
pacts of these two types of heating on local vertical motion and monsoonal meridional circulation were compared. Theoretical 
analysis and numerical experimentation demonstrated that by changing the configuration of the upper-tropospheric air temper-
ature and circulation, the two types of heating could generate both minimum absolute vorticity and abnormal potential vorticity 
forcing near the tropopause, enhance the meridional circulation of the Asian summer monsoon, and produce an east-
ward-propagating Rossby wave train within the mid-latitude westerly flow. Consequently, the manifestations of these features 
were shown to influence the circulation of the Northern Hemisphere. 
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1.  Introduction  

The Tibetan Plateau (TP) covers about 25% of the territory 
of China, with an average elevation of terrain of >4 km. The 
height of the topography around the TP, especially on its 
southern slope, increases rapidly. There is significant con-
trast between the western and eastern TP with regard to land 
surface features, vegetation, and meteorological characteris-
tics (Ye and Gao, 1979). The mass of air above the TP is 
only about 60% of that above land at sea level. Moreover, 

radiative processes over the TP are very different from the 
surrounding regions at lower elevations, especially within 
the atmospheric boundary layer (Smith and Shi, 1992; Liu 
et al., 2006). Thus, the thermal processes over the TP pos-
sess distinct features, and the TP exerts significant influence 
on the circulation systems, weather, and climate of the local 
and surrounding regions (and even the entire globe) through 
its distinct thermodynamic and mechanical effects (Yanai 
and Wu, 2006; Xu et al., 2008a, 2008b, 2010). 

Previous studies have revealed the distribution features 
of heating over the TP by analyzing the sensible heating 
(SH) in summer or by back-computing the total heat source 
Q1 (Luo and Yanai, 1984; Yanai et al., 1992; Yanai and Wu, 
2006). According to the theory of the TP “SH-driven air 
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pump” (TP-SHAP) (Wu et al., 1997, 2007), SH on the sur-
face of the TP can drive low-level water vapor in surround-
ing regions to converge rapidly on the TP, resulting in con-
siderable condensation and precipitation over the southern 
TP and northern parts of South Asia. However, the spatial 
distribution of precipitation over the southern slope of the 
TP is not uniform. Moreover, the water vapor conveyor belt 
along the Somali jet from the Southern Hemisphere also 
does not ascend uniformly over the southern slope of the TP. 
One branch of the conveyor belt deviates northward over 
the central Bay of Bengal. It then ascends over the southern 
slope of the TP, forming a center of heavy rainfall there in 
the summer. Conversely, less precipitation appears over the 
western TP. Therefore, summer heating over the TP should 
include two different types: surface SH and condensational 
latent heating (LH) that is affected by the SH. However, 
precipitation over the TP can regulate both the surface 
thermal balance and the SH. Therefore, to understand better 
the effects of the TP on the weather and climate, it is neces-
sary and important to reveal the characteristics and interac-
tions of these two different types of heating.  

Many studies have shown that thermal forcing over the 
TP influences not only the variability of the precipitation of 
the South Asian monsoon (Wang, 2006), but also the pre-
cipitation of the East Asian monsoon (Chang, 2004), and 
even the global circulation. However, the details of the as-
sociated dynamic mechanisms remain unclear. In this study, 
the characteristics and interactions of the summertime sur-
face SH and LH over the main part of the TP (main TP), i.e., 
terrain with elevation >2 km (h>2 km), was investigated 
using the Weather Research and Forecasting (WRF) model. 
The impacts of these two types of diabatic heating on local 
vertical motion and monsoonal meridional circulation were 
compared. To further the understanding of the mechanisms 
via which these two types of heating over the TP affect the 
weather and climate, their influences on the configuration of 
the temperature and the circulation in the upper troposphere 
(and the consequent formation of the strongest anticyclone 
there), and on the generation of potential vorticity forcing 
near the tropopause were also explored. 

2.  Model and experiment design 

The WRF model version 3.4.1 (Skamarock et al., 2008) was 
used in this study. This model has been employed previ-
ously as a regional climate model to simulate variations of 
the Asian summer monsoon (e.g., Kim and Hong, 2010; 
Yang et al., 2012; Wang et al., 2014a). Compared with the 
atmospheric general circulation model, the WRF has greater 
resolution that can represent topography more accurately 
and incorporate land surface processes that are more rea-
sonable. Therefore, it can be considered a useful tool in re-
search into the effects of the TP on weather and climate. 
The physical packages incorporated in the WRF model for 

this study included the WRF Single-Moment 6-Class mi-
crophysics scheme (Hong and Lim, 2006), Grell-Devenyi 
convective scheme (Grell and Devenyi, 2002), Noah land- 
surface model (Chen and Dudhia, 2001), BouLac planetary 
boundary layer scheme (Bougeault and Lacarrere, 1989), 
Goddard shortwave scheme (Chou and Suarez, 1999), and 
Rapid Radiative Transfer Model for longwave radiation 
(Mlawer et al., 1997). The simulation domain covered most 
parts of Asia and the adjacent oceans with 133 grid points 
latitudinally and 195 grid points longitudinally (a buffer 
zone had five grid points). A Lambert projection was adopted 
and the domain was centered at 30°N, 95°E (Figure 1a). 
The model has 45-km horizontal resolution and 35 vertical 
layers with a terrain-following sigma coordinate and a pre-
scribed model top at 50 hPa. The initial state of the atmos-
phere and the lateral boundary conditions (updated every 6 
h) were obtained from the Final Analysis of National Cen-
ters for Environmental Prediction (http://rda.ucar.edu/da-     
tasets/ds083.2/), and the sea surface temperature (SST) 
forcing dataset was the Optimum Interpolation SST (Reyn-
olds et al., 2007) from the National Oceanic and Atmos-
pheric Administration, which was updated daily.  

Four ensemble experiments were performed and each 
incorporated six summers (2003–2008) with the initial con-
ditions set at 0000 UTC May 1. The integration time was 4 
months, i.e., every experiment ended at 1800 UTC August 
31, and the output data derived from the final 3 months 
(June-August, JJA) were analyzed. Table 1 shows the de-
tails of the experiment design. The normal experiment with 
the WRF model was named the control run (CTL). Results 
obtained from the CTL were used for comparison with 
those obtained from the other sensitivity experiments. The 
CTL run reproduced the fields of both precipitation and 
wind vector at 850 hPa reasonably well compared with the 
TRMM satellite-observed precipitation and the 850-hPa 
wind derived from the National Centers for Environmental 
Prediction reanalysis (Figure 1b and 1c). The distributions 
of the summer monsoon circulation and precipitation over 
the Arabian Sea, Bay of Bengal, South China Sea, southern 
TP, and East Asia were all simulated well, indicating that 
the CTL run could serve as the background experiment of 
the summer monsoon. Figure 2a and 2b show the spatial 
distributions of the JJA average surface SH and condensa-
tional LH over the TP and its surrounding areas in the CTL. 
In agreement with the precipitation shown in Figure 1c, the 
LH center is located over the southern slope and southeast-
ern areas of the TP with a maximum value of >300 W m2, 
which decreases northwestward to <30 W m2. In contrast, 
SH is weakest (<40 W m2) over the southeastern TP but 
strongest (>100 W m2) over the northwestern TP. This in-
dicates that over the TP, SH is generally weaker than LH 
and the SH distribution is influenced by LH.  

Previous studies have usually focused on the weather and 
climatic effects of the entire TP. The purpose of this study 
was to reveal the different features and effects of surface SH  
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Figure 1  (a) Selected domain of the WRF model used for the sensitivity 
experiments (blue dashed line) and the elevation of orography (m), (b) 
precipitation retrieved from TRMM (shading, mm d1) and the wind at 850 
hPa (vector, m s1) from NCEP-FNL reanalysis, and (c) the same as (b) 
except from the CTL experiment. The heavy gray curve in (b) and (c) 
denotes the 2-km contour of topography. 

Table 1  Details of experiment description 

Experiment 
title 

Experiment description 

CTL Back ground, climate mean 

TP_NL No latent heating over the main part of the TP (h2 km) 

TP_NS 
No surface sensible heating over the main part of the TP  
(h2 km) 

STP_NS 
No surface sensible heating over the southern slope of the 
TP 

 

and convective LH over the main TP. Thus, the region for 
performing the sensitivity experiments was defined as those  

 

Figure 2  Simulated surface sensible heating (W m2) (a) and latent heat-
ing (W m2) (b) in the CTL experiment. (c) Experiment design for the 
STP_NS run and elevation (m). The black triangle denotes the location of 
the highest elevation along the same latitude, and the blue solid contour 
indicates the northern boundary of the southern slope of the TP in the 
STP_NS experiment. 

model grids where terrain is >2 km over the main TP 
(23°–40°N, 70°–105°E). Different from the CTL, one sensi-
tivity experiment (TP_NL) was designed to illustrate the 
effects of condensational LH on the Asian monsoon, in 
which the LH of the entire vertical atmospheric column 
over the main TP was removed. In another sensitivity ex-
periment (TP_NS), the surface SH released over the exper-
imental area was not allowed to heat the atmosphere. Addi-
tionally, to investigate the feedback process between SH 
and precipitation over the southern slope of the TP, a third 
sensitivity experiment (STP_NS) was added. STP_NS was 
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similar to the TP_NS experiment, but only the surface SH 
over the southern slope of the TP was not allowed to heat 
the atmosphere. The southern slope of the TP was defined 
as those grid points north of 23°N and between 70° and 
105°E, where topography is higher than 300 m and lower 
than the maximum elevation at the same longitude of the 
grid point. If the maximum elevation was located within the 
central TP to the north of the Himalayas, then the next 
maximum elevation to its south was chosen. The resultant 
northern border of this southern slope is shown in Figure 1c, 
indicated by the blue contour. 

3.  Two types of diabatic heating over the main 
TP and their interaction 

3.1  Effects of surface sensible heating (SH) 

Figure 3a presents the precipitation and near-surface wind at 
=0.98 in the TP_NS experiment. Without surface SH, an 
anticyclonic circulation appears on the TP surface, forming 
divergence and descent of air to its south near the south-
eastern boundary of the plateau. This is in distinct contrast 
with the convergence and ascent of air at 850 hPa in the 
same region in the CTL run (Figure 1c). The distributions of 
precipitation and circulation beyond the plateau region in 
this experiment differ little from those in the CTL run. It is 
worth noting that in the TP_NS experiment, surface SH is 
removed only in the main TP area where elevation h>2 km. 
In an experiment in which the surface SH was removed 
across the entire TP area, including the area with elevation 
h<2 km, the precipitation over the Indochina Peninsula and 
East Asia decreases substantially (Wu et al., 2012). We can 
thus infer that the impact of the TP on the precipitation of 
the Asian summer monsoon is mainly attributable to surface 
SH over its lower slopes where h<2 km. This is because, 
following potential vorticity theory, surface SH over its 
lower slopes can generate near-surface cyclonic circulation 
that can transport substantial quantities of water vapor from 
the sea to the land area, forming continental monsoonal pre-
cipitation (He et al., 2015). Although surface SH over the 
main TP (h>2 km) can also produce cyclonic circulation 
(Figure 3b), it generates much less water vapor transport 
there and its contribution to monsoonal precipitation in the 
surrounding area becomes much weaker. 

To a certain extent, the difference between the CTL and 
TP_NS runs represents the effect of surface SH over the 
main TP. Such an effect forms a prominent surface cyclonic 
convergent circulation, which is centered over the TP, with 
air converging from the lower surface of the TP (including 
its surrounding area) toward its higher elevation (Figure 3b). 
The surface SH on the main TP also leads to increased pre-
cipitation over the central, eastern, and southern plateau 
with a maximum of more than 6 mm d1 over the southeast-
ern TP. Precipitation also increases over East Asia and the 
Bay of Bengal but it decreases over the tropical continent in  

 

Figure 3  Mean summer precipitation (shading, unit: mm day1) and 
surface flow at the =0.98 level (vectors, m s1) for (a) the TP_NS exper-
iment and (b) the difference between CTL and TP_NS. (c) The same as (b) 
but for the surface sensible heating (unit: W m2). Dotted regions in (b) and 
(c) denote statistical significance above the 95% level. Only the wind dif-
ferences with statistical significance above the 95% level are plotted in (b).  

South Asia. Because of the difference in precipitation, sur-
face SH beyond the TP area also changes (Figure 3c); it 
increases over northwestern India where precipitation is 
decreased and it decreases over the southern border of the 
TP and to its east where precipitation is increased.  

3.2  Effects of convective latent heating (LH) 

In the TP_NL experiment, in which the LH over the main TP 
was removed, the distributions of precipitation and surface 
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circulation in the area beyond the TP (Figure 4a) change 
little in comparison with the distribution of precipitation and 
wind at 850 hPa in the CTL run (Figure 1c). The results are 
similar to those achieved in the experiment without surface 
SH (i.e., TP_NS), as shown in Figure 3a. What is different 
is the existence of surface SH in the TP_NL run. Conse-
quently, surface cyclonic circulation develops over the TP 
accompanied by surface convergence and strong precipitation 

 

Figure 4  Mean summer precipitation (shading, unit: mm day1) and 
surface flow at the =0.98 level (vectors, m s1) for (a) the TP_NL exper-
iment and (b) the difference between CTL and TP_NL. (c) The same as (b) 
but for the surface sensible heating (unit: W m2). Dotted regions in (b) and 
(c) denote statistical significance above the 95% level. Only the wind dif-
ferences with statistical significance above the 95% level are plotted in (b).  

of >4–6 mm d1.  
To a certain extent, the difference between the CTL and 

TP_NL runs represents the effect of convective LH over the 
main TP. Beyond the TP area, such an effect also increases 
precipitation over the Bay of Bengal and East Asia and it 
decreases precipitation over continental in South Asia (Fig-
ure 4b), similar to the results obtained in the SH case (Fig-
ure 3b). These results are also close to the findings obtained 
from data analysis (Zhao and Chen, 2001; Zhou et al., 2009) 
and from other sensitivity experiments (Wang et al., 2014b; 
Wu et al., 2015a). The agreement between the results from 
observations and experiments is because the atmospheric 
response to diabatic heating over the TP is subject to the 
potential vorticity constraint and to atmospheric thermal 
adaptation (Wu and Liu, 2000; Wu et al., 20015a). Within 
the TP area, such an effect increases precipitation in the 
north and reduces it in the south, in good agreement with 
the west-east-oriented convergent zone in the surface wind 
field that is located over the southern TP. The difference in 
the distribution of precipitation has a strong impact on the 
distribution of surface SH (Figure 4c); it decreases in the 
southern TP where precipitation is increased and it increases 
in the north where rainfall is reduced.  

The aforementioned association between precipitation 
and SH is not a single-direction cause-effect relation. To 
understand their complex interaction and feedback, another 
numerical experiment (STP_NS) was designed in which the 
surface SH over the southern slope of the TP was removed, 
as shown in Figure 2c. The differences in the results can be 
considered the consequence of the effect of surface SH on 
the southern slope of the TP, and they can be used for com-
parison with the results induced by diabatic heating over the 
TP. The differences in precipitation and wind field at 850 
hPa are presented in Figure 5.  

The effects induced by surface SH on the southern slope 
of the TP (Figure 5a) are similar to those induced by LH 
over the main TP (Figure 5c). For example, they both form 
cyclonic circulation at 850 hPa surrounding the TP, increase 
precipitation over East Asia and the Bay of Bengal, de-
crease precipitation over the tropical continent, and cause 
increasing rainfall over the southern TP and decreasing 
rainfall over its north. Despite these similarities, the differ-
ence in precipitation presented in Figure 5a is a conse-
quence of the surface SH over the southern slope of the TP, 
whereas the precipitation difference presented in Figure 5c 
leads to the decreased surface SH in the south and increased 
surface SH in the north of the TP (Figure 4c). This indicates 
that surface SH over the southern slope of the TP can result 
in increased precipitation over the southern TP. Conversely, 
increased precipitation over the southern TP can weaken 
surface SH over the southern slope, leading to reduced local 
precipitation. We can thus infer that precipitation (LH) and 
surface SH over the TP interact strongly and that their dis-
tributions, as observed either in the real atmosphere or in a 
numerical model, represent the quasi-equilibrium state of  
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Figure 5  Differences in mean summer precipitation (shading, unit: mm 
day1) and 850-hPa wind (vectors, unit: m s1) between CTL and STP_NS 
(a), CTL and TP_NS (b), and CTL and TP_NL runs (c). Dotted regions 
denote the statistical significance of precipitation anomalies is above    
the 95% level. Wind differences significant above the 95% level are plotted 
in red. 

such a complex interaction and feedback mechanism. When 
surface SH exists over the entire TP (Figure 5b), although 
the distributions of both circulation and precipitation are 
similar to those presented in Figure 5a and 5c, their intensi-
ties are remarkably intensified. Comparison between Figure 
5a and 5b also demonstrates that the increase of surface SH 
over the northern TP can intensify considerably the atmos-
pheric convergence from the surrounding areas toward the 
TP, leading to the prominent increases of precipitation and 
LH over the central TP.  

4.  Effects on local meridional circulation  

Figure 6 shows the distribution of the meridional circulation, 
averaged for the longitudinal domain 85°–95°E over the 
Bay of Bengal, in the different experiments and their dif-
ferences from the CTL run. In the CTL experiment (Figure 
6a), two distinct branches of upward motion are located 
between the equator and 20°N, and over the southern slope 
of the TP. These correspond to the southern and northern 
branches of the South Asia summer monsoon, respectively 
(Wu et al., 2012). The upward motion of the southern branch 
changes little in the TP_NS and TP_NL experiments (Fig-
ure 6b and 6c, respectively); however, the upward motion of 
the northern branch weakens considerably or even disap-
pears. Without surface SH, subsidence prevails over the TP 
(Figure 6b). Without LH, air ascent prevails over the north-
ern TP with its maximum located near the surface (Figure 
6c). This is because surface SH exists in the TP_NL exper-
iment and surface convergence is strong (Figure 4a). Figure 
6d demonstrates that surface SH significantly enhances air 
ascent over the entire TP and the region to its south. Con-
versely, LH over the main TP increases air ascent only over 
the southern TP and its southern slope (Figure 6e), while air 
descent occurs at 24°N and over the northern TP; the latter 
corresponds to reduced precipitation (Figure 4b) and in-
creased surface SH (Figure 4c) in the area. 

Scrutinizing the distribution of differences indicates that 
either the surface SH or the LH over the main TP can sig-
nificantly enhance air ascent and induce southerly flow be-
low 2 km to the south of the TP, leading to the increased 
precipitation over the southern slope of the TP (Figure 5b 
and 5c). However, SH has greater influence (Figure 6d) 
than LH (Figure 6e). This is because strong surface SH over 
the southern slope (where h>2 km) in the sensible heat ex-
periment can induce stronger ascent of air along the upper 
slope, generating stronger pumping on flow of the lower- 
level air. In both the CTL and the TP_NL experiments, sur-
face SH exists over the southern slope; however, precipitation 
over the southern slope in the CTL run is >10 mm d1 (Fig-
ure 1c). Consequently, the difference in SH over the southern 
slope between the two experiments is not great and it even 
becomes negative. Thus, the pumping effect on the lower 
atmosphere as a result of air ascent cannot be reinforced by 
surface SH along the slope, and it even becomes much weak-
er than the pumping due to the surface SH over the main TP. 
Actually, because the surface SH on the main TP can produce 
precipitation over the main TP (Figure 5b), generating LH 
over the main TP, it is unsurprising that the pumping effect 
due to SH over the TP is stronger than that due to LH.  

5.  Effects on temperature and circulation in the 
upper troposphere 

During summer, the distributions of temperature and diabatic 
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Figure 6  Pressure–latitude cross sections of the vertical circulation (vectors, v and 50*) and vertical velocity (shading, unit: 0.02 Pa s1) averaged from 
85°E to 95°E for the experiments of CTL (a), TP_NS (b), and TP_NL (c), and the differences between CTL and TP_NS (d) and CTL and TP_NL (e). Dotted 
regions in (d) and (e) denote statistical significance of vertical velocity differences above the 95% level. Only vertical circulation differences in (d) and (e) 
with statistical significance above the 95% level are plotted. 

heating in the upper troposphere satisfy the following T-Qz 
distribution (Wu et al., 2015b): 

( ) ( ) ,T x Q x x    

in which 
2

( ),
Q z

L H
f f

H R
 


 

   
 

 

where L and HQ denote the zonal and vertical scales of 
temperature and heating respectively, z is the vertical gra-
dient of potential temperature, and the other parameters are 
variables normally used in atmospheric science. The above 
T-Qz relation implies that the warm/high pressure center in 
the upper troposphere between 200 and 400 hPa should be 
located to the west of a heating region and to the east of a  
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cooling region. 
The distributions of temperature and wind at 300 hPa in 

the different experiments are presented in Figure 7a–7c. The 
warm anticyclonic circulation in the CTL run is stronger 
and it covers a wider area than that in either the TP_NS or 
the TP_NL experiments. The warm center in the CTL run is 
located at 27°N, 80°E, which is to the west of the region of 
heavy precipitation (Figure 1c) and close to the observations; 
however, it is located to the south of 25°N, i.e., beyond the 
TP, in the experiments without either SH or LH over the 
main TP. The difference in the distributions shown in Fig-
ure 7d and 7e demonstrate that diabatic heating of the main 
TP not only intensifies the warm anticyclone but it also 
shifts its center northwestward, resulting in downstream 
energy dispersion and the formation of a cold cyclonic cir-

culation in the region of Mongolia and Northeast China. It 
is noteworthy to highlight that these warm centers are lo-
cated to the west of the corresponding precipitation centers 
(Figure 5b and 5c), which is in agreement with the T-Qz 
relation, implying that the variation of the upper tropo-
spheric warm center is a consequence of the difference in 
LH induced by diabatic heating over the main TP. A com-
parison of Figure 7d and 7e reveals that surface SH over the 
main TP has much greater effect than LH on the intensifica-
tion of the warm anticyclone over South Asia. This is be-
cause, as discussed above, surface SH on the main TP can 
trigger and enhance LH over the TP (Figure 3b), which in-
tensifies the total diabatic heating over the TP. However, 
LH over the main TP reduces considerably the surface SH 
over the southern slope of the TP (Figure 4c) such that the  

 

Figure 7  Mean summer air temperature (shading, unit: K) and wind field (vectors, unit: m s1) at the 300-hPa level for the experiments of CTL (a), TP_NS 
(b), and TP_NL (c), CTL minus TP_NS (d), and CTL minus TP_NL (e). Dotted regions in (d) and (e) denote statistical significance of temperature anoma-
lies above the 95% level. Wind differences in (d) and (e) significant above the 95% level are plotted in black. 



2004 Wu G X, et al.   Sci China Earth Sci   October (2016) Vol.59 No.10 

total heating of the TP is weaker.  
The distributions of temperature and wind at 100 hPa in 

the different experiments are presented in Figure 8a–c. At 
this level, the South Asian anticyclonic circulation is similar 
to that at 300 hPa. However, the distribution of temperature 
is changed completely. The warm center over South Asia 
disappears and the temperature increases polewards. This is 
because the 100-hPa surface is located within the upper 
troposphere in the tropics, which is where the air is cold, 
whereas it is located within the stratosphere in the mid-high 
latitudes. 

The difference in the circulation at the 100-hPa level 
(Figure 8d and 8e) is similar to that at 300 hPa but the in-
tensity is greatly intensified. Most importantly, this 100-hPa 
anticyclonic center has a cold core, which contrasts with the 
warm feature of the anticyclone at 300 hPa. This implies 

that diabatic heating over the main TP can have considera-
ble influence on the spatial configurations of temperature 
and circulation near the tropopause.  

6.  Diabatic heating over the TP and potential 
vorticity forcing near the tropopause 

Figures 7d, 7e, 8d, and 8e show the differences in the tem-
perature and circulation in the upper troposphere and lower 
stratosphere between the experiments with and without TP 
diabatic heating. In the following, we consider the signifi-
cance of diabatic heating of the TP on weather and climate 
by analyzing both the similarities of the differences in cir-
culation and the contrasts of the differences in temperature 
between 100 and 300 hPa, as excited by TP thermal forcing. 

 

Figure 8  As in Figure 7, but for the air temperature (shading, unit: K) and wind field (vectors, unit: m s–1) at the 100-hPa level. 
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6.1  Existence of a maximum anticyclonic circulation 
near the tropopause 

Suppose there exist a level pc between 100 and 300 hPa, i.e.: 

pc(x, y), 100 hPa<pc<300 hPa. 

The upper-layer anticyclone is cold above, warm below, 
and neutral at pc:  

 
0,  ( , )p cT p p x y   . (1) 

We first prove that this neutral anticyclone is the strong-
est anticyclone in the upper troposphere. In a polar coordi-
nate system, the thermal wind relation can be written as 

 
ln

sv R T

p f 
 

 
 

, (2) 

or as 

 sv R T

p fp 
 

 
 

, (3) 

where  denotes the radial distance and vs is the tangential 
wind, which is positive when the wind is anticlockwise in 

the Northern Hemisphere. Because at the pc level, 0,
T







 

following the thermal wind relation (3): 0sv

p





. Thus, the 

circulation obtains its maximum at the level pc. Differenti-
ating both sides of eq. (3) with respect to pressure p leads 
to: 
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sv R T R T
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Because following eq. (1), 0,
T







 at p=pc, we get: 
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, p=pc.  (5) 

From Figures 7d, 7e, 8d, 8e, and 9, near the center (r→0) 
and near the boundary (r→rb) of the difference anticyclone 
in the upper troposphere, the temperature increases from 
100 to 300 hPa, satisfying the following conditions: 

b
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0,       .

T
r

p

T
r r

p

  
  


 

Substituting the above into eq. (5) leads to:  

 
2

2
0sv

p





, p=pc.  (6) 

Therefore, from eqs. (3) and (6), we have proved that the 
tangential wind speed reaches its minimum at the pc level in 
the vertical direction, i.e., the anticyclonic circulation at the 
level p=pc is the strongest anticyclone in the upper tropo-
sphere (100–300 hPa). 

The existence of a strong anticyclone in the upper tropo-
sphere provides important dynamic conditions for the de-
velopment of the local monsoonal meridional circulation. 
This is because the response of the atmospheric meridional 
circulation to axisymmetric heating possesses two distinct 
types of circulation: the thermal equilibrium (TE) type and 
the angular momentum conservation (AMC) type (Schnei-
der, 1977, 1987; Schneider and Lindzen, 1977; Held and 
Hou, 1980). Based on the dynamic equation set, Plumb and 
Hou (1992) derived the transformation criteria between the 
TE and AMC (their eqs. (7) and (8)). In the mid-high lati-
tudes, atmospheric inertial stability is strong and the re-
sponse obtains a TE-type solution. In the tropics and sub-
tropics, when absolute vorticity becomes small or even neg-
ative, the criteria deviate and the response obtains an AMC- 
type solution, and the monsoonal meridional circulation can 
develop easily. Figure 10 shows the distributions of abso-
lute vorticity at 150 hPa in the different experiments and 
their differences compared with the CTL run. The results 
demonstrate that either surface SH or LH over the main TP 
can reduce the absolute vorticity above the TP by more than 
2×105 s1 (Figure 10d and 10e), forming a region of mini-
mum absolute vorticity just over the TP (Figure 10a). This 
helps the excitation of the monsoonal meridional circulation 
to the south of the TP (Figure 6d and 6e) in conjunction 
with the northern branch of the South Asian summer mon-
soon. These results indicate that the existence of the strong-
est anticyclone circulation at the p=pc level, induced by TP 
thermal forcing, provides important conditions necessary 
for the development of the meridional circulation in the 
Asian monsoon area. 

6.2  Location of strongest anticyclone circulation is 
near the tropopause 

From Figures 7 and 8, the thermal configuration of the  

 

Figure 9  Schematic indicating the formation of the area of minimum PV 
forcing near the tropopause due to thermal forcing over the main TP. Vec-
tor indicates anticyclonic circulation; “C” and blue color denotes cold 
temperature, and “W” and pink color denotes warm temperature. 
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Figure 10  Mean summer distribution of absolute vorticity (shading, unit: 105 s1) at the 150-hPa level for the experiments of CTL (a), TP_NS (b), TP_NL 
(c), CTL minus TP_NS (d), and CTL minus TP_NL (e). Dotted regions in (d) and (e) denote statistical significance of the difference above the 95% level. 

anticyclone in the upper troposphere can be constructed and 
it is presented in Figure 9. The anticyclone is warm from the 
p=pc level downward and its intensity decreases downward 
according to (2). The anticyclone is cold from the p=pc level 
upward and its intensity should decrease upward as well, 
following the same argument. In addition, from eq. (3), we 
have:  

 
 s

R p T
v

f p 
 

  


. (7) 

This implies that the upward or downward vertical rate of 
decrease of the anticyclone at p=pc is proportional to the 
vertical distance p  from pc and to the horizontal temper-

ature gradient T   , but it is inversely proportional to the 

atmospheric pressure p. Comparing Figure 7d with Figure 
8d reveals that the temperature difference between the anti-
cyclone center at 35°N, 75°E and its border at 35°N, 105°E 
is about 2°C at both 300 and 100 hPa, which indicates simi-

larity of the horizontal temperature gradient T    within 

the anticyclone at 300 and 100 hPa. According to (3), away 

from the p=pc level, the downward rate of decrease of in-
tensity ( )s dv p   is slower than the upward rate of de-

crease ( )s uv p  . In other words, the warm anticyclone in 

the upper troposphere is a relatively deeper system, whereas 
the cold anticyclone aloft is shallower. 

Assuming the tangential wind speed decreases downward 
from p=pc to 300 hPa by ( )s dv , and upward from pc to 

100 hPa by ( )s uv , then from eq. (7), we get: 
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Because the anticyclone is stronger at 100 hPa than at 
300 hPa, then 
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then 

 ( 100) (300 )c cp p   . (9) 

Therefore, the strongest anticyclone must be located at 
the p=pc level, which is very close to 100 hPa near the 
tropopause, i.e., the diabatic heating of the main TP in 
summer can induce the strongest anticyclonic circulation 
near the tropopause. 

6.3  Minimum potential vorticity forcing near the 
tropopause 

Importantly, the thermal characteristics of the anticyclone 
(i.e., cold aloft and warm below) cause the in situ static sta-
bility z   to become a minimum, such that the potential 

vorticity per unit mass at the anticyclonic center becomes a 
minimum, i. e.: 

 ( ) MinimumP f
z

  
  


, p=pc.  (10) 

Figure 11 presents the longitude–height cross sections of 
the potential vorticity difference between the CTL run and 
the two sensitivity experiments. The latitude chosen for 
producing the cross section is along the latitude where the 
difference anticyclone center is located (refer to Figures 8d, 
8e, 10d, and 10e). It shows that either surface SH or LH 
over the main TP can generate a center of minimum poten-
tial vorticity forcing at the level close to the tropopause 
(100–150 hPa). Compared with that induced by LH (Figure 
11b), the center of minimum potential vorticity forcing in-
duced by surface SH (Figure 11a) is located further west-
ward and northward, and it is much stronger, with a maxi-
mum intensity of >1.2 PVU (1 PVU=106 K m2 s1 kg1). 
Because this forcing center is located within the westerly 
flow, it can trigger a downward-propagating Rossby wave 

train, as presented in Figures 7d, 7e, 8d, and 8e. It is evident 
that diabatic heating of the main TP can change the config-
uration of temperature and circulation in the upper tropo-
sphere and generate a source of minimum potential vorticity 
forcing near the tropopause and within the westerly flow, 
which influences the circulation and climate in the Northern 
Hemisphere.  

7.  Discussion and conclusions  

Based on numerical modeling, this study investigated the 
characteristics and interactions of surface SH and LH in 
summer over the main TP with an elevation >2 km. Their 
impacts on vertical motion and the local monsoonal merid-
ional circulation were analyzed, and their influences on the 
temperature and circulation of the upper atmosphere over 
the monsoonal area were highlighted.  

The results demonstrated that surface SH of the TP can 
generate convective precipitation over the TP and produce 
LH, whereas LH over the TP can increase (decrease) pre-
cipitation over the southern (northern) TP and reduce (in-
crease) the in situ surface SH. This indicates the existence 
of a feedback or interaction process between the two types 
of diabatic heating. 

Surface SH over the main TP can generate ascent of air 
over the TP and regions to its south, significantly intensifying 
the southerly flow in the lower layer and the northerly flow 
aloft in the area of the Asian monsoon, such that the local 
monsoonal meridional circulation is enhanced. However, LH 
over the TP can produce an ascent of air over the southern TP 
and a descent of air over the northern TP and thus, its influ-
ence on the monsoonal meridional circulation is weaker. 

Both SH and LH over the TP can enhance the warm center 
in the upper troposphere and the anticyclonic circulation 

 

Figure 11  Potential vorticity difference exited by heating of the main body of the TP (unit: PVU=106 K m2 s1 kg1). (a) CTL minus TP_NS along 35°N 
due to surface sensible heating; (b) CTL-TP_NL along 32.5°N due to latent heating. Dotted regions denote statistical significance of the difference above the 
95% level. 
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over South Asia, and shift its center northwestward; how-
ever, the impact of surface SH is stronger. The upper-layer 
anticyclonic circulation, induced by diabatic heating over 
the TP, is accompanied by warm temperatures at 300 hPa 
and by cold temperatures at 100 hPa, while its intensity at 
100 hPa is stronger than at 300 hPa. The warm anticyclone 
in the upper troposphere is a deeper system, while the cold 
anticyclone aloft is a shallower system. Based on the ther-
mal wind relation, it was shown that the anticyclone in-
duced by TP heating is the strongest circulation near the 
tropopause, which favors the development of the AMC type 
of monsoonal meridional circulation. 

By changing the configuration of temperature and circu-
lation in the upper troposphere, diabatic heating of the TP 
can induce a prominent center of minimum potential vorticity 
near the tropopause. Because this center is located within the 
mid-latitude westerlies, it can excite a downstream-propa-     
gating Rossby wave train and thus, affect the circulation and 
climate of the Northern Hemisphere. 

It is noted that two essential questions remain unsolved: 
how the warm anticyclone at 300 hPa is formed, and why 
this anticyclone changes to a cold system at 100 hPa. These 
issues will be discussed in the second part of this study. 
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