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Abstract    Based on analysis and simulation, the interaction of thermal forcing between the Tibetan Plateau (TP) and Iranian
Plateau (IP) in summer is investigated. Associated influences on water vapor transport in the Asian subtropical monsoon region and
the formation of a cold center in the lower stratosphere over Eurasia are also investigated. Results show that surface sensible heating
(SH) over the two plateaus not only have mutual influences but also feedback to each other. SH over the IP can reduce the SH and
increase the LHover the TP, whereas the SH over the TP can increase surface heating over the IP, thereby reaching quasi-equilibrium
among the SH and LH over the TP, IP SH and atmosphere vertical motion. Therefore, the so-called Tibetan-Iranian Plateau coupling
system (TIPS) is constructed, which influences atmosphere circulation. In the TIPS system, interaction between surface SH and
LH over the TP plays a leading role. SH of the IP and TP influences on other regions not only have superimposed effects but
also mutually offset. Accounting for contributions to the convergence of water vapor transport in the Asian subtropical monsoon
region, TP SH contributes more than twice that of the IP. The combined influence of SH over TP and IP represents the major
contribution to the convergence of water vapor transport in that region. In addition, the heating effect of TIPS increases the upper
tropospheric temperature maximum and lifts the tropopause, cooling the lower stratosphere. Combined with large-scale thermal
forcing of the Eurasian continent, the TIPS produces a strong anticyclonic circulation and the South Asian High that warms the
upper troposphere and cools the lower stratosphere, thereby affecting regional and global weather and climate.
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1.          Introduction
The highest and largest plateau in the Northern Hemisphere,
the Tibetan Plateau (TP), is in the subtropical region of Asia.
The TP and its neighboring Iranian plateau (IP) both have
dynamic and thermal influences on atmosphere circulation.
The dynamic and thermal forcing of topography vary with

* Corresponding author (email: gxwu@lasg.iap.ac.cn)

the circulation background. Because the equivalent topogra-
phy height caused by a heat source is inversely proportional
to intensity of the basic flow (Held, 1983; Chen, 2001), ther-
mal forcing is a very important external forcing in summer
while subtropical flow is weak. Because the tropical land-sea
distribution and Asian large-scale orography are important in
the formation and evolution of the Asian summer monsoon
(Yeh et al., 1957; Wu et al., 2007, 2009, 2012a; Liu et al.,
2007a, 2007b, 2012), the influences of thermal forcing over
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the TP and IP on Asian circulation and climate must be clar-
ified to improve regional weather and climate prediction.
The atmospheric heat source over a plateau is closely re-

lated to the sensible heating (SH) of the land-atmosphere cou-
pling system. It is interesting that the latent heat (LH) release
(LH) caused by the elevated TP surface SH, which is demon-
strated by numerical experiments, is consistently located in
the southeast part of the plateau (Wu et al., 2007). This is
different from mobile circulation and precipitation anomalies
that are induced by SH from sea surface temperature anoma-
lies (SSTA). The atmospheric response to an SSTA in the In-
dian Ocean presents a two-stage thermodynamic adaptation
(Wu et al., 2000). In this study, precipitation and low-level
anticyclonic circulation were found over East Asia-western
Pacific, outside the SSTA heat source area, thereby affect-
ing a climate anomaly in China. Over the TP, a quasi-stable
regional distribution of precipitation increased soil moisture
and decreased surface temperature, and LH release associated
with precipitation was usually negatively correlated with in
situ SH. The elevated SH over the TP then produced a unique
distribution of LH. Such a formation mechanism and compre-
hensive effects on the Asian monsoon are different from the
impacts of non-elevated SH and LH at sea level. However,
this difference is not clear nowadays.
There are major differences of free-air thermal structure be-

tween the TP and IP, causing the center of the South Asian
High (SAH) to always be located either above the TP or IP in
summer (Zhang et al., 2002). This represents a dipole mode,
i.e., the TP and IP modes. Both modes have characteristics of
warm temperature at the surface. In the IP mode, vertical cir-
culations below the 400 hPa level over the IP have two main
peaks, rising in the east and sinking in the west. But above
400 hPa, there is one single thermodynamic adaptation circu-
lation, which is rising in the east and sinking in the west. At
this time, the TP has prevailing westerly winds in upper tro-
posphere and ascending motion, which is strong in the east
but weak in the west. In the TP mode, there is consistently
strong ascending over the TP. At that time, however, the ver-
tical circulation below 400 hPa over the IP still has two peaks
(rising in the east and sinking in the west), demonstrating the
strong surface SH. Above 400 hPa over the IP, vertical motion
has changed to consistent sinking. Thus, the circulation in the
mid and upper troposphere over the TP and IP (TIP) tends to-
ward a thermodynamic Sverdrup adaptation circulation, con-
sistent with TIP heating (Liu et al., 2001). This means that the
thermal structure of the IP and heat source of the TP interact.
Such interaction influences the SAH location and controls the
spatiotemporal variability of the Asian summer monsoon.
Recent studies have shown that a large Bowen ratio is main-

tained over the IP in both spring and summer, revealing that
the dominant heating in the boundary layer is SH (Liu et al.,
2015). The three dimensional heating field over the TP in
summer has a non-uniform structure, with SH in the west

but LH in the southeast (Luo and Yanai, 1984; Yanai et al.,
1992; Yanai and Wu, 2006; Zhou et al., 2009). Regardless of
whether SH or LH of the TP forces a Gill-type Sverdrup bal-
ance circulation, strong sinking motion develops west of the
heating. The numerical experiments of Liu et al. (2007a) and
Wu et al. (2012b) showed that the TP intensifies the sinking
over the IP, and the IP forcing strengthens eastward water va-
por transport over the Arabian Sea. Thus, precipitation over
the northern part of South Asia and southeast part of TP is
enhanced, altering thermal conditions of the TP and its im-
pacts on the IP. Based on the above analysis, we propose that
the heat source of the TP and IP together with the moisture
transport to South Asia constitutes a mutual feedback cou-
pling system called the Tibetan-Iranian Plateau coupling sys-
tem (TIPS), which affects the Asian and global climate (Fig-
ure 1). This paper demonstrates the above hypothesis through
analysis combined with numerical simulation. We also inves-
tigate physical processes of interaction between the IP and TP
heating, and the contribution to water vapor transport in the
Asian monsoon region.
The upper troposphere (UT)-lower stratosphere (LS)

(UTLS) above the TP and adjacent Asian monsoon region
is a center of water vapor, ozone, CO and other atmospheric
components (Bian, 2009; Solomon et al., 2011). Because of
large-scale heating of Eurasia and the dynamic and thermo-
dynamic influence of orography in the TP region, the UTLS
has a unique anticyclonic circulation (Figure 2a). The SAH
extends upward from the mid and upper troposphere at 400
hPa to the lower stratosphere at 50 hPa. The warm anticy-
clone in the upper troposphere is deep and is superimposed
by a cold anticyclonic in the LS (Wu et al., 2016). At the
same latitude over the Pacific and Atlantic oceans, there is
a stationary distribution of cooling in the troposphere and
warming in the stratosphere.
The stationary structure of the temperature should  be  re-

Figure 1            Schematic figure of a feedback coupling system (TIPS) com-
posed of thermal forcing over Tibetan Plateau, Iranian Plateau, and water
vapor transport in South Asia.
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Figure 2            Zonal deviation of geopotential height (contour, gpm) and temperature (shading, K) along 30°N: (a) average in summer (JJA) based on CFSR
reanalysis data, and tropopause (red solid line) represented by potential vorticity PV=2 PVU contour; (b) wind field (arrows, m s−1, and PV, contours and
shading, PVU) at 125 hPa level. 1 PVU=10−6K kg−1 m2 s−1.

lated to the height of the tropopause at the UTLS. Figure 2
shows two-unit contours of potential vorticity (PV) (2 PVU,
1 PVU=10−6 K kg−1 m2 s−1), which can approximately repre-
sent the location of the tropopause (Hoskins et al., 1985). Fig-
ure 2a shows the tropopause over the Eurasian continent near
the 125 hPa level, higher than in other areas at the same lati-
tude. This is because the tropopause height gradually lowers
northward, from ~16 km near the equator to the polar region.
The southern part of the SAH is in the troposphere around
125 hPa, while its northern part is in the stratosphere. Wa-
ter vapor and other atmospheric quantities can be transported
to the stratosphere through a strong anticyclonic circulation
(Figure 2b). The cooling area of the LS is an important area of
air dehydration and water vapor transport to the stratosphere
(Holton et al., 1995; Holton and Gettelman, 2001), and the
vertical structure and variation of temperature in this area has
a major influence on the UTLS atmospheric composition bal-
ance. It is unclear how the LS cold center is generated. Un-
derstating the unique feature of a high tropopause and the re-
lationship between the cold center and the plateaus’ thermal
forcing is necessary.
Part I of this study (Wu et al., 2016, referred to as DH-I)

analyzed the characteristics and interaction of double heating
(SH and LH) over the TP in summer, based on numerical sim-
ulation. DH-I compared the impacts of SH and LH on the re-
gional meridional circulation during the monsoon season. It
demonstrated that the double heating can induce an absolute
vorticity minimum and abnormal vorticity forcing near the
tropopause, enhancing the Asian monsoon meridional circu-
lation and influencing the circulation in the Northern Hemi-
sphere. This paper is part II of the study, which explains the
difference and interaction of SH between the IP and TP in

summer, based on DH-I. It quantifies the contribution of TIP
SH on water vapor convergence over the Asian subtropical
monsoon region and investigates the influence of TIPS SH on
the Eurasian continent UTLS high tropopause and cold-cen-
ter structure of the LS.

2.          Data, model and experimental design
The observational data used include MODerate resolution
Imaging Spectroradiometer (MODIS) land-surface temper-
ature with horizontal resolution 500 m (Wan, 2008), and
TRMM 3B43 monthly precipitation data with horizontal
resolution 0.25°× 0.25° (Huffman et al., 2007). These data
have the same temporal coverage as the model simulation,
which was for 2004–2010. NCEP Climate Forecast System
Reanalysis (CFSR) data (Saha et al., 2010) were used for
1979–2009 atmospheric circulation analysis.
Because the high-resolution Weather Research and Fore-

casting (WRF) model can more reasonably capture complex
topography and land surface processes, we used WRF3.5 as
in DH-I (but with a newer version) to conduct simulation and
sensitivity tests for the IP-TP-East Asia region. The initial
and lateral boundary conditions including SST were all from
CFSR four times per day (00, 06, 12, and 18 UTC). The Lam-
bert map projection was used in theWRF domain, with a cen-
ter point at 35°N, 85°E. Horizontal resolution was 30 km, and
there were 201 and 361 north-south and east-west grid points,
respectively (with 5 points as a buffer at the boundary). The
model used terrain following coordinates with 31 vertical lev-
els, and 50 hPa was the model top. Figure 3a shows the model
domain and terrain height in the plateau region. This covered
most areas  of  the Eurasian continent  and adjacent  oceans.
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Figure 3            WRFmodel domain and elevation in m (a); simulated average surface sensible heating (Wm−2) of test CTL in summer (b), land surface temperature
in °C (d), precipitation in mm d−1 (f), observed land surface temperature in °C (c), and precipitation in mm d−1 (e) from satellite. Vectors in (e) and (f) represent
850 hPa wind field from CFSR and CTL separately.

Parameterization schemes of physical processes in the model
included the WSM6 microphysical (Hong and Lim, 2006),
Grell-3D cumulus convection (Grell and Freitas, 2014),
CLM land surface model (Oleson et al., 2013), MYJ plan-
etary boundary layer (Janjić, 1994), Goddard shortwave
radiation (Chou and Suarez, 1994; Chou et al., 1998), and
RRTM longwave radiation (Mlawer et al., 1997) schemes.
Four experiments were designed, each of which included

seven summers between 2004 and 2010. All experiments
were started at 00 UTC on 1 May and ended at 18 UTC on
31 August of each year. The last three months of output data
were used for analyses. The normal run of the WRF model
is defined as the control test (CTL), based on the physical
schemes introduced in last paragraph. Similar to DH-I, be-
cause our goal was to investigate the interaction of thermal
forcing and its influence between the two plateaus, we de-
signed three groups of sensitivity tests (Table 1): IP no SH
test (IP_NS), TP no SH test (TP_NS), and both the TP and IP
no SH test (TIP_NS). In these three tests, surface SH was set
to zero where elevation was >500 meters on the IP in IP_NS,
elevation >1500 meters on the TP in TP_NS, and those two
regions of the plateaus in TIP_NS, wherein there was no heat
exchange from the land surface to atmosphere (Figure 3a). In
these steps, the energy balance of land surface processes was
not changed, as in the sensitivity experiments of Liu et al.
(2001) and DH-I. The reason for choosing different thresh-
olds in the various sensitivity tests was that the average ele-
vation of the IP main body (~1500 meters) is lower than that
of the TP (~4500 m).

Table 1        Details of experiment design

Experiment Detail

CTL Background: climatology

IP_NS No sensible heating over Iran Plateau (≥ 0.5 km)

TP_NS No sensible heating over Iran Plateau (≥ 1.5 km)

TIP_NS No sensible heating both over Iran Plateau
and over Tibetan Plateau

3.          Simulated climatology in summer

Figure 3b shows the climatological distribution of SH from
the CTL test. There is a large-value region over the Arabian
Peninsula, IP, Central Asia, Western India, and western TP.
The greatest SH is >110Wm−2. This is much less over the In-
dochina Peninsula and East Asian monsoon region. SH over
the TP decreases from about 130 W m−2 in the west to about
50 W m−2 in the east. This is because weak westerly winds at
the surface and strong precipitationweakens SH over the east-
ern TP (Liu et al., 2015; Wu et al., 2016). These results are
similar to those fromCFSR reanalysis (Figure 1c of Zhu et al.,
2012). The simulated land surface temperature from the CTL
(Figure 3d) is similar to theMODIS observations (Figure 3c).
WRF successfully simulated the distribution of high temper-
ature over the Arabian Peninsula, IP and surrounding regions,
and the distribution of low temperature over the high-altitude
TP. The simulated precipitation of the CTL (Figure 3f) is very
similar to TRMM observations (Figure 3e), with their spa-
tial correlation coefficient reaching 0.87. WRF successfully
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simulated tropical precipitation centers and the East Asian
Summer Monsoon in regions such as the west coast of India,
eastern Bay of Bengal to southern slope of the TP, Indochina
Peninsula, and South China Sea. The simulated 850 hPa wind
was also similar to CFSR reanalysis data.
Figure 4 shows the summer distribution of mean precip-

itation and 850 hPa wind field from each sensitivity test.
Roughly speaking, these are similar to the CTL results (Fig-
ure 3f) south of 20°N in the tropical andWest Pacific regions.
This is because the differences between the sensitivity tests
and CTL are the SH over the main body of the IP and/or TP.
The similar distributions indicate that the tropical land-sea
distribution outside the IP and TP and SH at low elevations
of those plateaus have a decisive influence on the tropical
summer monsoon. Although the influence of high-elevation
SH on the above regions is not dominant, from the analysis
below we will see that this influence is still very prominent.
However, precipitation over the IP is obviously reduced
without IP SH (Figure 4a). Precipitation over the TP is also
clearly reduced without TP SH (Figure 4b and c).

4.          Interaction between IP SH and TP SH

The difference between the CTL and sensitivity experiments
approximately reflect the effect of the plateaus’ SH. SH of
the IP generates a cyclonic circulation around that plateau in
lower layers,  enhances the  southwest  monsoon circulation,

Figure 4            Mean precipitation (shading) and 850 hPa wind field (vectors)
from simulation of summer. (a) IP_NS, (b) TP_NS, and (c) TIP_NS. Square
indicates Asian Subtropical Monsoon zone.

and induces strong convergence over the plateau (Figure 5a
and b). Thus, precipitation is intensified over the eastern IP,
northern India, and southern TP (Figure 5b), which increases
SH and the Bowen ratio over the IP and western TP and de-
creases them over the central and eastern TP (Figure 5a and
c).
SH of the TP also generates a cyclonic circulation around

that plateau at the surface and lower levels, and a strong cy-
clonic convergent flow over the TP area (Figure 6a and b).
Consequently, there is enhanced precipitation from the north-
ern Bay of Bengal to southeastern TP, and a strengthened
East Asian monsoon. TP SH also substantially weakens pre-
cipitation over the IP and western TP, and from India to the
western Bay of Bengal (Figure 6b). In addition, SH of the
TP increases SH and the Bowen ratio over the middle west
of the Eurasian continent and the two plateaus, but reduces
them over the Indochina Peninsula and East Asian monsoon
regions (Figure 6c).
Figure 7 shows the combined influences of SH on the cir-

culation and precipitation over the IP and TP. Both large-
scale topographic features are heat sources. SH of the IP was
greatly strengthened (by 10–40Wm−2) in the TP SH test (Fig-
ure 6a). Compared with Figure 6, the responses of surface cir-
culation, precipitation, heating (Figure 7a and b) and Bowen
ratio (Figure 7c) to thermal forcing from the two large-scale

Figure 5            Difference of simulations for Iranian Plateau with and without
surface sensible heating in summer (CTL-IP_NS): (a) sensible heat flux
(shading) and surface wind field (vectors), (b) precipitation (shading) and
850 hPa wind field (vectors), and (c) Bowen ratio. Dotted areas indicate
significance at 0.1 level of the difference of (a) sensible heat flux, (b)
precipitation, and (c) Bowen ratio.
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Figure 6            Difference of simulations for Tibetan Plateau with and without
surface sensible heating in summer (CTL-TP_NS): (a) sensible heat flux
(shading) and surface wind field (vectors), (b) precipitation (shading) and
850 hPa wind field (vectors), and (c) Bowen ratio. Dotted areas indicate
significance at 0.1 level of the difference of (a) sensible heat flux, (b) precip-
itation, and (c) Bowen ratio.

Figure 7            Difference of simulations for Iranian-Tibetan Plateau with and
without surface sensible heating in summer (CTL-TIP_NS): (a) sensible heat
flux (shading) and surface wind field (vectors), (b) precipitation (shading)
and 850 hPa wind field (vectors), and (c) Bowen ratio. Dotted areas indicate
significance at 0.1 level of the difference of (a) sensible heat flux, (b) precip-
itation, and (c) Bowen ratio.

topographic features are very similar to the corresponding in-
fluence of TP SH alone. These results suggest that the influ-
ence of the TP is much stronger than that of the IP on regional
climate.
We also found that the influence of SH over the two plateaus

not only have mutual influences but also negative feedback
on each other (Figures 5–7). Their impacts on other regions
not only have superposition but also offset each other. Both
increased the Bowen ratio over the Arabian Peninsula and
reduced precipitation. They also enhanced precipitation from
the northern Bay of Bengal to southeastern TP; the influence
of the TP was stronger.
However, the meridional circulations generated in northern

India were opposite. IP SH enhanced southwesterly water va-
por transport from the Arabian Sea to northern India (Figure
5a and b) and increased precipitation over the IP and northern
India (Figure 5b). However, southward airflow caused by TP
SH descended along the isentropic surface around the west
side of the TP, decreasing precipitation (Figure 6b). This in-
creased SH and the Bowen ratio over northern India and the
IP (Figure 6a and c). On the contrary, SH of the IP weakened
SH over the TP (Figure 5a) by increasing the moisture con-
vergence and precipitation (Figure 5a and b). The weakened
TP SH fed back to the excited circulation and ascending mo-
tion over the central and eastern TP. The release of condensa-
tional heating was suppressed and the meridional circulation
induced by TP SH was further weakened. Under the com-
bined influence of IP and TP SH, descending motion over the
IP weakened and a new atmospheric thermodynamic equi-
librium was established. Thus, the observed quasi-equilib-
rium coupling system (TIPS) was generated, which involves
IP SH, TP SH and LH, and atmospheric vertical motion. Be-
cause of the elevated SH of the TP and its greater water va-
por to its east, the feedback between SH and LH over the TP
(DH-I) plays a leading role in the TIPS thermodynamic equi-
librium.

5.          Contribution to water vapor transport in
subtropical monsoon region

Figure 8 shows a longitude-pressure distribution of specific
humidity and vertical circulation along the central latitude
(30°N) of the main body of the TP. This clearly depicts the
mutual influence of SH of the two plateaus. In the CTL (Fig-
ure 8a), westerly flow in the upper troposphere is consistently
sinking west of 70°E and rising east of 80°E, characteristics
of the summer subtropical quadruplet-heating pattern (Wu et
al., 2009). In the lower troposphere below 500 hPa over the
IP, there is shallow ascent over the central and eastern por-
tions and descent over the western parts of the two high-alti-
tude areas of the IP. There is deep subsidence above 400 hPa.
Ascending motion dominates over the entire TP from the sur-
face to lower stratosphere. From the tests with or without IP
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Figure 8            Pressure-longitude distribution of simulated specific humidity (shading) and circulation (u,W×200) along 30°N in summer. (a) CTL, and differences
of with and without sensible heating; (b) CTL-IP_NS; (c) CTL-TP_NS; (d) CTL-TIP_NS. Dotted and arrow areas in (b)–(d) indicate significance at 0.1 level.

SH we found that SH of the IP can generate ascent reach-
ing the tropopause. Water vapor near the surface is lifted to
the mid and upper troposphere (Figure 8b). Subject to atmo-
spheric thermal adaptation (Wu and Liu, 2000), SH in the two
high-altitude areas of the IP induce ascent in the east and de-
scent in the west over these areas respectively. Heating of the
IP also substantially increased the water vapor content over
the TP and produced a large range of ascending motion di-
rectly to the upper troposphere over the central and eastern
TP. With SH over the TP (Figure 8c), there was consistent
ascent east of 80°E and increased water vapor content, but
consistent descent to the west of 80°E and a corresponding

water vapor decrease. Thus, SH over the IP was enhanced at
its surface (Figure 6b). The change of water vapor content
was greatest near the surface layer, >3 g kg−1.
With coexisting TP and IP SH (Figure 8d), changes of cir-

culation and water vapor east of 80°E were similar to that
when only TP SH was considered (Figure 8c). Strong sub-
sidence caused by TP surface heating was west of the heat-
ing region and neighboring Central Asia. The ascent caused
by IP heating was suppressed (Figure 8b), so the subsidence
in upper layers over the two high-altitude portions of the IP
formed. In the lower atmosphere below 500 hPa, there re-
mained ascent to the east of those portions and descent in the
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west (Figure 8d). These results further support the hypothesis
that the TIPS coupling system exists.
The ascent over the eastern IP and low-level cyclonic cir-

culation generated by SH of the IP transport warm moist air
to the north of India and increased moisture over the TP and
its southern portion (Figures 5a, c and 8b). Otherwise, the
thermodynamic circulation generated by TP SH mainly in-
creasedwater vapor over the eastern and southern TP and East
Asia. In order to quantitatively estimate the SH contribution
of the two plateaus to moisture transport and precipitation in
the Asian subtropical monsoon zone, we defined 20°–35°N
and 65°–120°E (square in Figures 4) as the Asian subtropi-
cal monsoon area and calculated average summer water va-
por flux (V q) and its divergence ( V q( )). The contribution
of plateau SH is the difference between the CTL and corre-
sponding sensitivity tests (Table 2). Water vapor convergence
in the subtropical monsoon area was −1.55×10–5 kg m−2 s−1
in the CTL. This is consistent with the CFSR data, indicat-
ing that the water budget of the subtropical monsoon was de-
scribed very well. Thus, we could quantitatively evaluate the
contribution of heating to the various terrain features to water
vapor convergence of the Asian subtropical monsoon.
Seen from Table 2, the SH contributions of the IP, TP, and

TIPS to water vapor convergence in the Asian subtropical
monsoon were −0.20×10–5 kg, −0.45×10–5 kg and −0.92×10–5
kg m−2 s−1, respectively. Compared with the CTL, they ac-
counted for 12.9%, 29%, and 59.4% of total convergence.
The contribution of TP SH was about 2.2 times that of the
IP, and that of TIP SH was nearly 60% when both IP and
TP SH were considered, which was 18% greater than that
of simple linear superposition from the IP and TP SH tests
(41.9%). This is related to the feedback of condensational
heating caused by TP SH (DH-I). Precipitation induced by
surface heating of the two plateaus increased substantially
over northeastern India, Bangladesh, and the northern In-
dochina Peninsula (Figures 5b, 6b and 7b). According to po-
tential vorticity theory, LH associatedwith convective precip-
itation produces a cyclonic circulation anomaly near the sur-
face. Enhancedwesterlywinds in the south greatly strengthen
moisture transport in the tropical vapor transport belt. Owing
to the positive feedback between condensational heating and
moisture transport, the enhancements of water vapor conver-
gence and precipitation were much stronger than linear com-
bination of the impacts of surface SH over the IP and TP.

6.          Influence of TIPS on tropopause in mon-
soon region and configuration of cold center
near tropopause

In DH-I, we addressed the influence of TP heating on the cir-
culation and temperature at UTLS, theoretically explaining
the formation of the strong anticyclone in the upper tropo-
sphere based on the thermal wind relation. We found that the
anticyclonic circulation induced by TP heating warmed the
mid and upper troposphere but cooled layers around 100 hPa.
In this section, we further discuss the physics of the temper-
ature distribution near the tropopause by examining the tem-
perature and flow in the CTL and sensitivity tests.
Figure 9 shows the difference of temperature and flow at

UTLS with and without plateau SH, representing the indi-
vidual or joint influences of the two plateaus’ surface ther-
mal forcing. At 300 hPa, either the IP or TP heating could
invigorate the warm anticyclone in the upper troposphere.
The anticyclonic circulation and warm center generated by
the IP heating are relatively weak. The warming is ~1 K
from IP heating and >3 K from TP heating (Figure 9a and c).
The warm anticyclonic circulation generated by TP heating
is much stronger. This greatly enhanced surface SH over the
IP through westward propagation of Rossby waves, and also
produced a weak warm anticyclonic circulation over the IP
(Figures 6a and 9c). The joint influence of the two plateaus’
SH formed a strong, warm anticyclonic circulation in the up-
per troposphere. This circulation had a double center over the
Eurasian continent, showing the dipolemode of the SAH. The
intensity of the warm center over the TP was >4°C (Figure
9e), or 2/3 that seen in Figure 2a. The anticyclonic circula-
tionmentioned abovewas in thewesterlies, so surface heating
of the two plateaus could stimulate Rossby wave propagation
downstream and further influence the circulation and climate
of the Northern Hemisphere (Figure 9).
The distribution of circulation differences at 100 hPa in

each test was similar to that at 300 hPa, but with greater inten-
sity. There was a temperature difference change from warm-
ing at 300 hPa to cooling at 100 hPa (Figure 9). The cold
anomaly over the TP was >2 K when considering only TP
surface heating, similar to the results of DH-I (Figure 8d in
Wu et al., 2016). However, the cold center greatly intensified
upon considering both TP and IP surface SH, which was >3
K. These results confirm the conclusion of DH-I that surface

Table 2       Water vapor divergence from CFSR reanalysis data and CTL simulation of Asian subtropical monsoon region (20°–35°N, 65°–120°E, square in
Figures 4) in summer, and their difference and its percentage relative to CTL between tests with and without sensible heating

CFSR CTL CTL-IP_NS CTL-TP_NS CTL-TIP_NS

Water vapor convergence
(×10–5 kg m−2 s−1) −1.55 −1.55 −0.20 −0.45 −0.92

Percentage of the difference relative to CTL
between with and without the SH tests (%) 12.9 29.0 59.4
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Figure 9            Difference between background test CTL and tests without sensible heating of temperature (shading), wind field (vectors) at 300 hPa ((a), (c), and
(e)) and 100 hPa ((b), (d), and (f)) separately. (a), (b) CTL−IP_NS; (c), (d) CTL-TP_NS; (e), (f) CTL-TIP_NS. Dotted and arrow areas indicate significance at
0.1 level.

SH of the elevated plateau can induce a strong anticyclonic
circulation and inverse vertical temperature change below
and above the tropopause.
As shown in Figure 2a, the SAH is a deep subtropical

anticyclone over the Eurasian continent. Its formation is
a response to three types of large-scale diabatic heating in
atmospheric circulation, including continental-scale quadru-
plet-heating and large-scale orographic heating (Wu and
Liu, 2003; Wu et al., 2009; Liu et al., 2004). There is also
high pressure in the upper troposphere over North America,
but this high is weaker than over the Eurasian continent
because of the small size of the former continent and weaker
orographic heating. Thus, the warm center is weaker and
its horizontal and vertical spatial scale smaller over North
America.
Wu et al. (2015) developed the temperature-vertical heat-

ing gradient relationship T-Qz and demonstrated that the SAH
should be warm in the troposphere. Because of condensa-
tional LH of the Asian summer monsoon, radiative cooling,
and surface SH over western Eurasia, a warm anticyclonic
center appears above the subtropical upper troposphere. Such
awarm center is west of themonsoon heating and east of cool-
ing in the subtropics. However, it is not clear why the warm
anticyclone changes to a cool one in the LS.
Now we diagnose the reanalysis data. Figure 10a and b

show the vertical profile of temperature and lapse rate over
the TP and eastern Pacific along 30°N. Deviation from the
zonal mean is shown in Figure 10c. Temperature over the TP

uniformly decreases with height below 150 hPa, but this de-
crease slows above that level. Temperature begins to increase
with height above 100 hPa. The temperature lapse rate begins
to be positive at a lower level at the Eastern Pacific (Figure
10a and b). If the height of a temperature lapse rate of −3 K
km−1 is defined as the tropopause, then the tropopause over the
TP is around 100–110 hPa, while it is 175 hPa over the East-
ern Pacific. The zonal-mean height of the tropopause along
30°N is between the above two levels (~125 hPa), near the
height of tropopause defined by 2 PVU in Figure 2a. The
lower tropopause over the Pacific leads to a warmer tem-
perature than at the same latitude in the LS, and the higher
tropopause over the TP leads to a cooler temperature. The
maximum value of warm or cold deviation of air temperature
over the TP is close to 6 K (Figure 10c). These results reiter-
ate that the change of tropopause height has a great influence
on the temperature distribution near the tropopause, and vice
versa.
Returning to the sensitivity tests, According to the above

definition in the tests with SH over the TP, in the CTL and
IP_NS, the tropopause is at ~125 hPa. However, in the tests
without TP SH, TP_NS and TIP_NS, the tropopause is lower,
near 160 hPa (Figure 11a and b). The temperature deviation
is positive below 160 hPa for the difference between the CTL
and sensitivity tests, whereas it is negative above 160 hPa.
Themaximum cold deviation of air temperature is 3 K, forced
by TIP SH, and is 2 K when only considering TP SH. These
results show that surface SH over the TP  and  IP,  especially
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Figure 10            Profile of air temperature (a), lapse rate (b), and zonal deviation (c) along 30°N from CFSR reanalysis data in summer. Red line shows Tibetan
Plateau (90°E) and blue line eastern Pacific (150°W); black line in ((a), (b)) represents zonal mean.

Figure 11            Profile of air temperature (a), lapse rate (b) and difference between background test CTL and tests without plateau surface sensible heating (c) from
simulation of Tibetan Plateau (37°N, 95°E). In (a) and (b), red line represents TIP_NS, purple line TP_NS, blue line IP_NS, and black line CTL. In (c), red line
represents CTL-TIP_NS, purple line CTL-TP_NS, and blue line CTL-IP_NS.

SH over the TP and its associated LH, not only increases air
temperature in the troposphere but also raises the tropopause
height there. As a result, the temperature decreased in the LS
and the strongest cold center was at 100 hPa (Figure 9).

7.          Discussion and conclusions
Based on diagnosis and simulation, we analyzed the influ-
ence of SH and its interaction over the TP and IP. We in-
vestigated the contribution of moisture transport of the two
plateaus in the subtropical Asian monsoon. We also clari-
fied the mechanism by which the plateau SH influences the
tropopause height and temperature structure at the UTLS. The
results are as follows.
(1) SH over the two plateaus have mutual influences. The

zonal circulation excited by the SH of TP sinks over the IP,
warming the atmosphere and reducing relative humidity and
precipitation. This enhances surface SH over the IP. The cy-
clonic circulation near the surface forced by IP SH can aug-

ment precipitation over northeastern India and the TP by in-
tensifying low level convergence, which then weakens sur-
face SH over the TP. Meanwhile, the weakened SH over the
TP feeds back to the circulation and ascending motion over
the central and eastern TP, suppresses condensational LH, and
further weakens air subsidence and surface SH over the IP.
This positive–negative feedback between the surface SH of
IP and TP adjust and adapt to each other continuously, so as
to reach a quasi-equilibrium as observed in IP SH-TP SH and
LH, and atmosphere vertical motion, forming the TIPS cou-
pling system. Among the feedback processes, the interaction
between SH and LH over the TP plays a major role in this
thermodynamic equilibrium.
(2) The influence of SH over the IP and TP on other regions

not only has a superimposition effect but can also offset each
other. They both increase the Bowen ratio over the Arabian
Peninsula, weakening the precipitation there. They also en-
hance precipitation from the northern Bay of Bengal to the
southeastern TP. The directions of the meridional circulation
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induced by the two plateaus are opposite over northern India.
The IP SH enhances southwest moisture transport from the
Arabian sea to northern India, increasing precipitation there.
However, northerlies caused by TP SH subside along the isen-
tropic surface around the western TP, decreasing precipitation
in northern India and IP region. In addition, IP surface SH
leads to the convergence of surface flow over the IP and in-
creases precipitation.
(3) Regarding the contributions of moisture convergence

of the two plateaus to the Asian subtropical monsoon, TP SH
contributed 29%, over twice that of the IP (13%). Owing to
the feedback of condensational LH induced by SH over the
TP, the contribution rates of the IP and TP were near 60%,
much greater than linear superposition of their individual SH.
(4) SH of the TIPS and its associated LH increased the

temperature in the troposphere and lifted tropopause, cool-
ing the lower stratosphere. With the combined influence of
diabatic heating of the two large-scale terrain features and
Eurasian large-scale thermal forcing, a strong anticyclonic
circulation developed, characterized by warming in the up-
per troposphere and cooling in the lower stratosphere.
Compared with global circulation models, the regional

model used in this study has the advantage of better simula-
tion of regional terrain. However, the lateral boundary and
coupled processes will have a certain impact on the simu-
lation results. Thus, further research with a global climate
model is needed.
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