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ABSTRACT

To cherish the memory of the late Professor Duzheng YE on what would have been his 100th birthday, and to celebrate
his great accomplishment in opening a new era of Tibetan Plateau (TP) meteorology, this review paper provides an assess-
ment of the atmospheric heat source (AHS) over the TP from different data resources, including observations from local
meteorological stations, satellite remote sensing data, and various reanalysis datasets. The uncertainty and applicability of
these heat source data are evaluated. Analysis regarding the formation of the AHS over the TP demonstrates that it is not
only the cause of the atmospheric circulation, but is also a result of that circulation. Based on numerical experiments, the
review further demonstrates that land–sea thermal contrast is only one part of the monsoon story. The thermal forcing of the
Tibetan–Iranian Plateau plays a significant role in generating the Asian summer monsoon (ASM), i.e., in addition to pumping
water vapor from sea to land and from the lower to the upper troposphere, it also generates a subtropical monsoon–type
meridional circulation subject to the angular momentum conservation, providing an ascending-air large-scale background for
the development of the ASM.
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1. Introduction
For a long time, the Tibetan Plateau (TP) has been visual-

ized as an elevated heat source in summer, based originally
on the reports of explorers that cumulonimbus and severe
convective weather occur frequently in this season. A field
observation during the Italian Expedition in 1914 at Depsang
(35.3◦N, 78.0◦E) (Alessandri and VenturiGinori, 1931; also
refer to Flohn, 1957) confirmed this visualization: “. . . In
summer near noon the average atmospheric lapse rate may
be dry-adiabatic in the boundary layer, near moist-adiabatic
above the condensation level, and slightly supper-adiabatic
in the lowest 100–200 m”. These observations were summa-
rized in a paper by Flohn (1957), in which the author, based
on observational data, also reported the existence of “. . . a
thermal anticyclonic cell in the mid troposphere above the
Highland”. The year of 1957 was destined to be memorable
in the study of the climate impacts of the TP. Prior studies had
treated the TP mainly as a dynamical obstacle. However, that
year, it was YE and his colleagues (Yeh et al., 1957) who first
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recognized and formulated mathematically the heat source of
the TP and its weather and climate effects. In the same year,
besides these pioneering studies, many scholars investigated
the circulation, heat sources, and atmospheric thermal bal-
ance in the area surrounding the TP, revealing their impacts
on the distribution of temperature and circulation over Asia
(Chu, 1957a, 1957b, 1957c; Yang and Lo, 1957). Indeed, a
new era of TP meteorology had commenced.

Local change in atmospheric potential temperature (PT)
is determined by its horizontal advection, vertical convection
or adiabatic process, and the atmospheric heat source (AHS).
Based on synoptic diagnosis of the late spring period from 12
May to 12 June, and of the mature monsoon period from 7–16
July in 2008, Seto et al. (2013) showed that horizontal PT ad-
vection in the upper troposphere above 250 hPa is important
for local PT change, and vertical moist convection in associ-
ation with latent heat (LH) is essential in the middle tropo-
sphere from 450–250 hPa. Using observations from a field
experiment at the observation site BJ(31.4◦N, 91.9◦E) over
the eastern TP in the pre-monsoon season of 2004, Taniguchi
and Koike (2007) identified a significant diurnal PT increase
near the tropopause in the afternoon, and showed that it coin-
cided with active cumulus convection. On the other hand,
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from May to August in the upper troposphere, there is a
warm area located to the southwest of the TP. Data diagno-
sis, numerical simulation and theoretical study by Tamura et
al. (2010), Taniguchi et al. (2012), and Wu et al. (2015b) all
revealed that this upper-tropospheric warm center is formed
due to significant adiabatic air descent accompanied by re-
markable flow convergence aloft. This convergence flow is
linked with the upper-tropospheric divergent flow induced
by strong and heavy convection in the tropical Indian Ocean
from the south, and by those in the East Asian monsoon area
from the east and southeast.

The AHS affecting the local PT change includes radiative
heating/cooling from the atmosphere and the Earth’s surface,
LH release due to condensation, and diffusive sensible heat
(SH). For decades, many studies have been devoted to un-
derstanding the AHS over the TP and the surrounding area,
and its weather and climate impacts (Luo and Yanai, 1984;
Chen et al., 1985, 2003; Yanai et al., 1992; He et al., 2011).
Accordingly, several consensuses have been reached, as sum-
marized below:
• Over the TP, the AHS is negative in winter and positive

in summer;
• Before the onset of the Asian summer monsoon (ASM)

and over the TP, surface sensible heating prevails over the LH
release in the free atmosphere, and the SH flux prevails over
the LH flux at the ground surface;
• During ASM months, LH release due to condensation

dominates over the southern and eastern TP, whereas SH
dominates over the western TP;
• The LH release of the ASM in the region south of the TP

and over the northern Bay of Bengal (BOB) is much stronger
compared to the SH over the TP (Chen and Li, 1981, 1982).
However, as discussed by Kuo and Qian (1982), this heat
source is induced by the TP forcing;
• The variation in the AHS over the TP takes place on a

variety of time scales, either induced by the TP heating itself
(e.g., Zhang et al., 1991; Liu et al., 2007) or due to interac-
tion between the thermal status of the TP and the atmospheric
circulation (Duan and Wu, 2008, 2009).
•Monsoon is usually considered as a consequence of the

atmospheric response to the seasonal change in land–sea ther-
mal contrast (Li and Yanai, 1996; Webster et al., 1998; Liang
et al., 2005). The AHS of the TP and its variability can also
strongly affect the ASM, as well as the weather and climate
in Asia and even over the Northern Hemisphere (Zhao and
Chen, 2001; Wu et al., 2015a).

Because of the sparseness of observational data, the low
accuracy of remote sensing data, and the model-dependence
of reanalysis data, the above consensuses remain qualitative.
Besides, how the SH over the TP is formed and how it varies
in accordance with other climate systems has yet to be ex-
plored in sufficient depth. In this review, a brief introduction
of the AHS over the TP is presented in section 2. Specifi-
cally, the uncertainty and applicability of different kinds of
data over the TP are evaluated, and the general nature of
the AHS over the TP, including its elevation-dependence, is
demonstrated. In section 3, the formation and variation of

the AHS over the TP in different seasons is discussed. The
variation of the surface sensible heating over the TP during
the ASM onset in 1989 and its attribution are also reviewed.
The mechanisms underlying the impacts of the AHS on the
ASM and climate are presented briefly in section 4, followed
by concluding remarks in section 5.

2. AHS over the TP
2.1. Data quality: uncertainty and applicability

Recently, Duan et al. (2014) provided a comprehensive
report on the uncertainty in quantitative estimation of the
AHS over the TP, and concluded that the uncertainty comes
not only from the sparseness of meteorological observations,
but also from the different elevations of the observing sta-
tions. Figure 1a shows that most of the 73 meteorological
stations over the TP are located its center and east (east of
85◦E), with only two stations in its west. Based on a 5-
km high-resolution (2160×1081) orography dataset retrieved
from the U.S. Navy Fleet Numerical Oceanography Center,
they further demonstrated that the number of grids with ele-
vations higher than 5 km MSL in the TP domain (25◦–40◦N,
75◦–105◦E) accounts for 31% of the total grid number in the
domain, and the number of grids higher than 4 km accounts
for 64% of the total. However, none of the meteorological
stations is located above 5 km, and only 17 stations are lo-
cated above 4 km. Consequently, a large area is not included
in the dataset. Besides, no direct observations of surface heat
flux and vertical heating profiles at most stations also con-
tributes to the problem.

Reconstructed data on surface fluxes, atmospheric vari-
ables, and radiation, based on satellite remote sensing, are
frequently used for presenting the AHS (e.g., Duan and Wu,
2008; Yang et al., 2011a, 2011b; Ma et al., 2014a, 2014b).
However, these data suffer from problems relating to accu-
racy and temporal and spatial coverage, and usually need
to be calibrated. Reanalysis data can provide both tempo-
rally and spatially continuous data series and are widely em-
ployed in presenting the thermal status of the TP. However,
various model errors can result in a model-dependent cli-
mate that may deviate from reality and lead to serious biases.
Zhu et al. (2012) analyzed the spatial distribution of sum-
mertime (June– August) averaged surface SH flux from eight
data sources. These datasets included five reanalysis datasets
(NCEP-1, NCEP-2, CFSR, JRA-25, and ERA-40), two land
surface model outputs [G2 Noah, GLDAS; and version 2 SiB
(SiB2) output by Yang et al. (2009, 2011a; YSiB2)], and es-
timated SH based on China Meteorological Administration
station observations (ObCh). The results, shown in Fig. 2,
demonstrated that the distribution pattern varied from one set
to another, with the assimilated one (YSiB2, Fig. 2g) based
on the land surface model (SiB2) closest to the “observed”
estimates (Fig. 2h).

2.2. Applicability and variability
Zhu et al. (2012) compared eight datasets of summer
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Fig. 1. (a) Terrain height (units: m) over and around the TP and the locations of 73 meteorological stations across the
TP. Open triangle, solid circles, and stars denote the stations with elevations at 2–3 km, 3–4 km, and 4–5 km, respec-
tively. Elevation-dependence of the (b, c) spring mean and (d, e) linear trend of the Ta, Ts, Ts−Ta [units: ◦C and ◦C (10
yr)−1], V [units: m s−1 and m s−1 (10 yr)−1], and local surface SH flux (SHF) and LH released to the atmosphere due to
condensation [units: W m−2 and W m−2 (10 yr)−1], during 1984–2007, and averaged from 71 stations over the central
and eastern TP. The trends are statistically significant at the 95% confidence level. The blue-, yellow-, and red-colored
bars in (b–e) are for the areas with terrain height of 2–3 km, 3–4 km, and 4–5 km, respectively.

(June–August) mean surface SH flux averaged over the TP
in terms of their climatology, interannual variability and lin-
ear trend during 1980–2006. They reported serious differ-
ences in the distribution patterns of surface SH flux, and con-
cluded these differences were due to the different climate bi-

ases among the various models. However, when studying the
intrinsic variability, they found that a dataset averaged over
the TP can successfully present the variability because, by
removing the models’ mean climate, the model bias can to
a large extent be eliminated. Figure 3 shows the interannual
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Fig. 2. Spatial distribution of the climatology of summer (June–August) mean SH flux on the TP from eight sources
(units: W m−2): (a) NCEP-1; (b) NCEP-2; (c) CFSR; (d) ERA-40; (e) JRA-25; (f) G2 Noah; (g) YSiB2; (h) ObCh.
The black curve stands for 3000 m height and dark circles for stations; see text for details. [Reprinted from Zhu et al.
(2012)].

variation and linear trends of the summertime surface SH flux
(Fig. 3a), ground-air temperature difference (Fig. 3b), and
wind speed at 10 m above the surface (Fig. 3c), averaged over
the TP. The results demonstrate that good agreement exists
among different datasets in terms of the interannual variation
and climate trend. This is significant because it implies it is
possible to use the area-mean AHS averaged over the TP in
different datasets as an index to study the variability of the
AHS over the TP and its climate impacts. This is because the
model-induced systematic bias of the dataset concerned can
be substantially reduced when temporal variation is studied.

2.3. AHS over the TP and its elevation-dependence
The above conclusion has been supported by a series of

studies. Figure 4 presents the July-mean vertical profiles of
various kinds of heating averaged over the western TP (29◦–

38◦N, 78◦–90◦E) and eastern TP (27◦–40◦N, 90◦–105◦E),
based on NCEP reanalysis data (Wu et al., 2009). The profiles
share similar features: in summer, the AHS is positive be-
low σ = 0.8 (terrain following coordinate) over the west and
σ = 0.7 over the east, and almost vanishes aloft. The atmo-
spheric cooling comes from longwave radiation, with a max-
imum cooling of 4 K d−1 over the west and 3 K d−1 over the
east at σ = 0.85, indicating the existence of an inversion layer
below σ = 0.85. All other processes, including shortwave ab-
sorption, vertical diffusive heating, large-scale latent heating
and convective heating, contribute to the positive AHS over
the TP. Whilst large-scale latent heating with a warm maxi-
mum of about 4 K d−1 dominates in the lower troposphere,
convective heating with a warm maximum of about 2 K d−1

prevails in the upper troposphere. The most remarkable fea-
ture is the existence of a huge diffusive sensible heating of
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Fig. 3. Interannual variation and linear trends of the summer (June–August) mean (a) surface SH flux (units: W m−2), (b)
ground-air temperature difference (units: K), and (c) wind speed at 10 m (units: m s−1), averaged over 76 stations on the TP.
[Reprinted from Zhu et al. (2012)].

Fig. 4. The 1980–97 July-mean vertical heating profiles over (a) the western
TP area (29◦–38◦N, 78◦–90◦E) and (b) the eastern TP area (27◦–40◦N, 90◦–
105◦E), based on NCEP–NCAR reanalysis data (units: K d−1). Lines with
“plus” signs, open circles, filled circles, open squares, and filled squares repre-
sent longwave radiative cooling, shortwave radiative heating, vertical diffusive
heating, large-scale condensation heating, and convective condensation heating,
respectively. Red solid lines indicate total heating. [Reprinted from Wu et al.
(2009)].
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11 K d−1 located at the surface. As will be discussed, such a
strong surface sensible heating imposes great influence on the
regional and even global climate. The results shown in Fig. 4
demonstrate the main similarities in the vertical distributions
of different components of the AHS between the eastern and
western parts of the TP, whilst at the same time revealing the
existence of small differences between the two parts in their
finer detail. It is worth noting that, in the process of reanaly-
sis, surface observations are included for assimilation. There-
fore, the accuracy of reanalysis data for the eastern part of the
TP is expected to be better than for the western part, because
of the greater density of surface observations.

The AHS over the TP is elevation-dependent. As shown
by Duan et al. (2014), whilst the surface air temperature (Ta)
and surface ground temperature (Ts) decrease with increasing
elevation of the TP, the surface wind increases with height
(Fig. 1b). Accordingly, the surface SH flux increases with
height (Fig. 1c), and reaches almost 100 W m−2 at the 4–5-km
layer. Because the surface sensible heating depends on the
surface wind speed and the temperature difference between
the underlying ground surface and surface air, i.e., Ts − Ta,
and because with increasing height the Ta decreases faster
than the Ts, as shown in Fig. 1b, the increasing surface SH
flux with increasing elevation is not only due to the increas-

ing wind speed, but also to the increasing land–air tempera-
ture difference (Ts−Ta). In general this is true because, under
the convective–radiative-equilibrium constraint (Molnar and
Emanuel, 1999), the lapse rate of Ts is estimated to about 3
K km−1, which is smaller than the normal atmospheric lapse
rate of 6 K km−1. On the other hand, the LH released to the
atmosphere due to condensation in cloud decreases with in-
creasing height, since less water vapor is contained within
a more elevated atmospheric column, and since the conver-
gence of water vapor flux is much stronger in low layers
than in high layers of the atmosphere. The linear trends also
change with different TP elevation (Figs. 1d and e). Both the
Ta and Ts warming is stronger at lower than higher elevations
(Fig. 1d), while the surface wind speed shows a weakening
trend in all layers. Accordingly, the surface sensible heating
is weakened in all layers, with the greatest weakening being
about 8 W m−2 (10 yr)−1 and occurring in the highest layer
of 4–5 km (Fig. 1e); whereas, the LH over the TP presents a
weak increase of less than 2 W m−2 (10 yr)−1 in all layers.

2.4. AHS over the TP in different data resources
Duan et al. (2014) also compared different reanalyses in

terms of their spring means and linear trends of the AHS
and its components over the TP, as shown in Fig. 5. Good

Fig. 5. The (a) spring mean and (b) linear trend of the AHS, LH, RC, and SHF over the cen-
tral and eastern TP during 1984–2007, determined on the basis of observational data and three
reanalysis datasets. Units for the climate mean and trend are W m−2 and W m−2 (10 yr)−1, re-
spectively. Bars indicate uncertainty at the 95% confidence level, based on standard deviation.
All results in the reanalysis data have been interpolated onto the locations of 71 stations and
ISCCP radiation flux data to estimate RC at the stations. [Reprinted from Duan et al. (2014)].
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agreement exists in the climate means among three reanaly-
sis datasets (Fig. 5a): in spring, the LH is stronger than the
surface sensible heating, and the total AHS over the TP is
more than 70 W m−2. Compared to station data, these re-
analysis data share the same bias: the condensation heating
and the total AHS are overly strong, while the surface sensi-
ble heating is excessively weak. On the other hand, Fig. 5b
demonstrates a decreasing trend in surface SH flux in both
observation and reanalysis, which is in good agreement with
the results obtained by Zhu et al. (2012), as shown in Fig. 3,
wherein the decreasing trend of the surface sensible heating is
shown to be mainly due to the weakened surface wind during
the study period. However, significant discrepancies among
different datasets exist with respect to the trend estimation of
the LH, the radiative heating (RC), and the total AHS.

3. Formation and variation of the AHS over
the TP

Most previous studies assumed the TP as a heat source
and then investigated its impacts on weather and climate.
However, the climate system is a nonlinear, open, and dissi-
pative system involving multi-sphere interactions. The vari-
ation of weather and climate in a region is usually caused
simultaneously by different factors. For instance, the per-

sistent occurrence of the “south-flood–north-drought” pattern
over East China from the 1980s to the beginning of the 21st
century is attributed to the interdecadal weakening of the TP
thermal forcing (Duan and Wu, 2008; Liu et al., 2012; Wu
et al., 2012a), but is also well interpreted by the interdecadal
change of the western Pacific subtropical high (Zhou et al.,
2009). This implies the existence of coordinative impacts on
the East Asian summer monsoon from the two systems. In
other words, the formation of the AHS over the TP should be
closely related with the atmospheric circulation in the cou-
pled climate system.

3.1. Wintertime AHS over the TP
In winter, strong westerly flow impinges upon the TP di-

rectly, and mechanical forcing should prevail over its ther-
mal impact (Held, 1983). However, condensation heating still
exists, particularly over its western and southern rims. By
applying EOF analysis to ERA-40 data, Yu et al. (2011a,
2011b) identified the first EOF of the AHS over the TP as
the condensation heating over its southwestern slope (Fig.
6a), and its regressed 500-hPa circulation presents a wave
train emanating from the North Atlantic in association with
the North Atlantic Oscillation (Fig. 6b). A cyclonic circula-
tion center of this wave train is located to the west of the TP,
with strong west-southwesterly flow located to the southwest

Fig. 6. Distributions of (a) the first interannual variation mode of the column-integrated diabatic heating
in January over the TP, and (b) the regressed 500-hPa wind and geopotential height exceeding the 95%
confidence level (shading; orange and blue coloring indicates positive and negative, respectively), based
on ERA-40. [Reprinted from Yu et al. (2011b)].
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of the TP, which generates upslope ascending flow over the
southwestern TP and thereby produces a heat source in that
region. Thus, the AHS over the TP in winter is formed due to
a specific atmospheric circulation.

3.2. Intra-seasonal oscillation of the circulation and the
AHS over the TP

There is a spectacular occurrence of persistent rainfall
over southern China in early spring from March to May (here-
after, PRES) (Tian and Yasunari, 1998). Wan and Wu (2007)
demonstrated that the occurrence of PRES is mainly due to
a certain type of TP forcing in early spring in which cold
northerly advection and warm and moist southerly advec-
tion meet over South China, resulting in persistent rainfall
in that region. By applying EOF analysis to the daily rain-
fall anomaly time series in southern China for the period
March–May from 1980 to 2008, Pan et al. (2013) found that
PRES possesses a pronounced 10–20-day intraseasonal os-
cillation (ISO). During the dry phase, PRES is inactive and
less than normal rainfall occurs over South China, and vice
versa. They also found that, during the dry phase, the TP
is a heat sink, which induces surface divergent flow from
the central TP extending eastwards to South China, leading
to descending air and reduced precipitation locally (Fig. 7a).
During the wet phase, the TP is a heat source, which induces
surface convergent flow from the central TP extending east-
wards to South China, leading to in-situ ascending air and
intensified local precipitation (Fig. 7d). The results demon-
strate that TP surface sensible heating/cooling plays a signif-
icant role in controlling the nature of PRES. Further diagno-
sis of their results shows that, during the dry/wet phase at
500 hPa, a warm anticyclone/cold cyclone occupies the TP
region (Figs. 7b and e). From the longitude–height cross sec-
tion averaged over 30◦–40◦N, as shown in Figs. 7c and f, a
prominent baroclinic Rossby wave pattern can be identified,
i.e., the temperature field lags the geopotential height field
and tilts westwards with increasing height. During the dry
phase (Fig. 7c), the western TP is in front of a trough accom-
panied by ascending air, whereas the area from the central TP
to eastern China is behind another trough accompanied by de-
scending air. Conversely, during the wet phase (Fig. 7f), the
western TP is in front of a ridge accompanied by descend-
ing air, whereas the area from the central TP to eastern China
is behind another ridge accompanied by ascending air. Dur-
ing the dry/wet phase, warm/cold advection dominates the TP
surface (Figs. 7c and f), resulting in negative/positive temper-
ature differences between the underlying land and the surface
air, as well as downward/upward surface SH flux. There-
fore, the surface sensible cooling/heating of the TP during the
dry/wet PRES phase can be attributed to the ISO behavior of
the baroclinic Rossby wave propagation in the atmosphere.

3.3. ASM onset and the TP AHS
Wu and Zhang (1998) showed that, in 1989, in associ-

ation with the three stages of ASM onset, i.e., the sequen-
tial monsoon onsets over the BOB, South China Sea (SCS),
and India (IND), the mean temperature at 300 hPa over the

TP showed three separate abrupt increments, each being pre-
ceded with a period of remarkable increase in surface sensi-
ble heating over the TP (Fig. 8a). This is because, during the
three-stage onset period, there were synoptic-scale tempera-
ture perturbations propagating eastwards from Europe to the
TP region along the AB route shown in Fig. 8b. Thus, before
each abrupt warming over the TP, there had been cold advec-
tion (figure not shown; refer to their Figs. 13 and 14). The
three cold episodes of advection into the TP region (which
occurred before 22 April, 15 May, and early June, respec-
tively; refer to Fig. 8a and their Fig. 5) resulted in a local
increase in the land–air temperature difference, leading to the
increase in surface sensible heating. The increased SH over
the TP could intensify the surface cyclonic circulation sur-
rounding the TP, which in turn could enhance the transport
of water vapor from the Indian Ocean to continental South
Asia. In addition, the authors demonstrated that, during this
period, a northward propagation of the Madden–Julian Os-
cillation (MJO) circulation system occurred along the route
CD from the southern Indian Ocean, as well as a westward
propagation of the three tropical cyclones/typhoons from the
northwestern Pacific (120◦–140◦E) along route EF (refer to
their Figs. 13 and 14). The northward propagation of the MJO
and the westward propagation of the tropical cyclones were
both characterized by strong upper-tropospheric divergence
and ascending air. When these low-frequency atmospheric
oscillations from different directions were phase-locked over
the Asian monsoon area, abundant surface water vapor was
uplifted by the strong upper-layer divergence, resulting in se-
vere precipitation. The three-stage procedure of ASM onset
was thus produced. These results imply that increased surface
sensible heating over the TP before onset of the ASM is also
due to the influence of the transient atmospheric circulation.

In summer, the interannual variation of the TP AHS is
dominated by LH over its central and eastern parts. Jiang et
al. (2016) found that, in July–August, the interannual vari-
ation of the AHS over the central and eastern TP is signif-
icantly affected by convection around the western Maritime
Continent. All the results listed above indicate that the AHS
over the TP is not only the source of atmospheric circulation,
but is also the result of that atmospheric circulation. To un-
derstand the impacts of the TP on weather and climate, we
need to consider the TP AHS as part of the climate system.

4. Impacts of the AHS over the TP on the ASM
and climate

The elevated TP intersects many isentropic surfaces in the
lower troposphere. Along its slope, the surface sensible cool-
ing in winter causes the near-surface air to slide downwards
and diverge towards its surroundings, whereas the surface
sensible heating in summer results in near-surface air con-
verging towards the TP and sliding upwards. Therefore, the
functioning of the seasonal change in TP surface sensible
heating looks like a giant air pump standing in the central
and eastern Eurasian continent, driving the surrounding air
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( b ) ( e )
( a ) ( d )

( c ) ( f )
Fig. 7. The 10–20-day filtered meteorological fields for the period March–May from 1980 to 2008: (a, d) 10-m
surface streamline and SH flux (shading; units: W m−2); (b, e) 500-hPa streamline and air temperature (shading;
units: K); (c, f) the 30◦–40◦N-averaged pressure–longitude cross sections of air flow (vectors; u in m s−1, and
−200ω in Pa s−1), geopotential height (contours; units: gpm), and air temperature (shading; units: K). Panels (a–c)
are for the dry phase of PRES over South China, and (d–f) are for the wet phase. The double red curve and blank
red arrow in (a) and (d) denote, respectively, the surface divergence/convergence line and flow. Only those results
that are statistically significant at the 95% confidence level are shown (shading). The TP with terrain above 1500 m
is outlined by the solid red curve in the top and middle panels, and by grey shading in the bottom panels. [Reprinted
from Pan et al. (2013)].

masses downwards in winter and upwards in summer, and
regulating the seasonal change in the large-scale circulation
in Asia. This has been termed the SH- driven air pump, or
SHAP in short (Wu et al., 1997, 2007, 2015a). The TP SHAP
in summer transports large quantities of water vapor from sea
to land and from the lower troposphere to the upper tropo-

sphere to feed the continental ASM (Wu et al., 2012b). This
effect was demonstrated well by the different structures of the
South Asian summer monsoon (SASM) obtained from a pair
of AGCM experiments, as presented in Fig. 9, in which lon-
gitudinally averaged (80◦–90◦E) vertical–meridional cross
sections of pressure vertical velocity during summer are
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Fig. 8. The (a) evolution of surface SH flux (units: W m−2) and 300-hPa temperature (◦C) averaged over the TP and (b) prop-
agation routes of the transient temperature system (AB), the MJO (CD), and tropical cyclones from the northwestern Pacific
(EF), during the onset of the ASM (April–June) in 1989. The green arrows in (a) indicate the onset of summer monsoon over
the BOB, SCS and IND, respectively. The green shaded region in (b) indicates the locations of the East Asian monsoon area
(EAMA) [Reprinted from Wu and Zhang (1998)].

Fig. 9. Structure of the SASM, showing the longitudinally aver-
aged (80◦–90◦E) vertical–meridional cross sections of pressure
vertical velocity (shaded and contour interval: 2×10−2 Pa s−1)
for experiments (a) CON and (b) IPTP M, in which the surface
sensible heating over the Iranian Plateau and TP was not al-
lowed to heat the atmosphere. The vertical coordinate is in hPa.
The black shaded denotes the topography. The thick red line
on the bottom of (b) denotes the latitude where surface sensible
heating was removed. [Reprinted from Wu et al. (2012b)].

presented. In the control experiment (CON; Fig. 9a), strong
ascending motion developed over the northern Indian Ocean
and over the southern slope of the TP, representing the south-
ern and northern branches of the SASM, respectively. In the
other experiment, IPTP M (Fig. 9b), which was the same
as CON except the surface sensible heating of the Iranian
Plateau and TP was not allowed to heat the atmosphere, al-
though strong vertical ascending motion over the northern In-
dian Ocean associated with the southern branch of the SASM
still existed without any significant change in intensity, the
ascending motion over the southern slope of the TP, which
existed in CON and presented as the northern branch of the
SASM, disappeared completely in IPTP M and was replaced
by descending motion. Comparing the results between these
two experiments indicates that, without the thermal pumping
of the Iranian Plateau and TP, the continental ASM cannot
develop. However, how TP forcing contributes to the devel-
opment of the prevailing ascending motion in the vast ASM
area remained unknown.

4.1. Large-scale ascending motion and regional mean
meridional circulation

The atmospheric vertical motion in summer in the sub-
tropics and in different longitudinal sectors is presented in
Fig. 10. Remarkable descending motion prevails over the
eastern Pacific region (160◦E–90◦W), whereas strong as-
cending motion prevails over the Asian monsoon region
(70◦–90◦E). The distinct difference in vertical motion is
closely linked to the distinct difference in meridional circu-
lation in these two regions.

The atmospheric response to an axisymmetric forcing
takes two distinct regimes (Schneider and Lindzen, 1977;
Schneider, 1977, 1987; Held and Hou, 1980). In the extrat-
ropics, the planetary vorticity is large and the Rossby defor-
mation radius is small, where the thermal equilibrium (TE)
regime dominates. Whereas, in the tropics, the planetary
vorticity is small and the Rossby deformation radius is large;
perturbations can develop and even induce meridional cir-
culation, where the angular momentum conservation (AMC)
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Fig. 10. Cross sections of the July-mean meridional circula-
tion (streamlines), absolute vorticity (units: 10−5 s−1; color-
shaded), and the zero-zonal wind curve (white dashed line) for
the (a) eastern Pacific (160◦E–90◦W) regional mean and (b)
Asian monsoon area (70◦–90◦E) mean. The vertical coordinate
is in hPa. [Reprinted from Wu et al. (2016a)].

regime prevails. Wu et al. (2016a) further demonstrated that
the AMC regime can be divided into two types: one is a kind
of Hadley meridional circulation (H-AMC, Fig. 10a) with its
rising/sinking arm located in the equatorial/subtropical re-
gion; and the other is a kind of monsoonal meridional cir-
culation (M-AMC, Fig. 10b) with its rising arm located in
the subtropical region. Since the atmospheric vertical motion
W is proportional to the vertical change of absolute vorticity
advection,

W ∝ ∂

∂z
[−VVV · ∇∇∇( f + ζ)] , (1)

where VVV is horizontal wind, f is the Coriolis parameter,
and ζ is relative vorticity, the implication is that an in-
crease/decrease in absolute vorticity advection with increas-
ing height can produce ascending/descending air. Because
absolute vorticity advection decreases with height along the
H-AMC meridional circulation, and increases with height
along the M-AMC meridional circulation, the H-AMC is thus
accompanied by descending air and a westerly vertical sheer;
whereas, the M-AMC is accompanied by ascending air and
an easterly vertical sheer. This implies that the large-scale
background of ascending motion in the ASM area must be re-
lated to the monsoonal-type meridional circulation, M-AMC.
Therefore, in this section, we present the physical basis on
how the AHS over the TP plays a significant role in the gener-
ation of such a monsoonal-type AMC meridional circulation.

4.2. Tropical and subtropical M-AMC meridional circula-
tion

Based on the GCM SAMIL, Wu et al. (2012a) conducted
a pair of idealized experiments. One, named TRO, possessed
an idealized African–Eurasian continent with the presence of
the tropical continents of India and the Indochina Peninsu-
lar, by which the southern branch of the SASM was pro-
duced along 10◦N (Fig. 11a). The other was the same as
TRO except an idealized Tibetan–Iranian Plateau (termed
TPIR) was added, in which not only the southern branch
of the SASM, but also its northern branch to the north of
15◦N and the East Asian summer monsoon, were also suc-
cessfully captured (Fig. 11b). The difference between the re-
sults of these two experiments is shown in Fig. 11c, from
which it is clearly demonstrated that the land–sea thermal
contrast is only one part of the monsoon story, and that the
large-scale orography (TP and Iranian Plateau) plays a sig-
nificant role in the formation of the ASM, particularly the
northern branch of the SASM and the East Asian summer
monsoon.

The mean meridional circulations (v,−ω) (v and −ω de-
note meridional and vertical velocity, respectively) averaged
over the longitudinal domain between 90◦ and 120◦E in these
two experiments are shown in Fig. 12. The land–sea thermal
contrast in the TRO experiment generates an M-AMC circu-
lation (Fig. 12a); however, this meridional circulation is lim-
ited to the tropics, with its rising arm located to the south of
10◦N and the descending arm in the southern tropics. In the
TPIR experiment, in addition to this tropical meridional cir-
culation, which exists due to the land–sea thermal contrast, a
remarkable subtropical M-AMC is generated to the south of
35◦N (Fig. 12b). The difference in the results between TPIR
and TRO, as shown in Fig. 12c, indicates that the remark-
able meridional circulation occurs mainly in the subtropics,
just to the south of the TP. It is due to the excitation of this
subtropical M-AMC that close coupling between the tropical
and subtropical circulations and between the lower and up-
per tropospheric circulations is established. All these results
indicate that it is due to the TP forcing that the subtropical
M-AMC is generated.

4.3. SHAP-induced subtropical M-AMC meridional cir-
culation

The atmospheric isentropes are usually horizontally lo-
cated and intersect with high mountains in the lower tropo-
sphere. When an air parcel moves on an isentrope and im-
pinges on the mountain slope, if there is no surface heating
on the slope, the air parcel will stay on the same isentropic
surface and move horizontally around the mountain. In such
a case, there is no ascending air, no cloud formation, and no
precipitation. If there is surface sensible heating on the slope,
according to SHAP theory, the air parcel will be heated by
the surface and pumped upwards from the low PT level to the
high PT level. Ascending air is thus induced on the windward
side of the mountain, as shown in Figs. 12b and c.

But how can TP thermal forcing generate such a strong
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Fig. 11. July-mean wind vectors at σ = 0.991 (arrows; units: m s−1) and precipitation (shading;
units: mm d−1) in experiment (a) TRO, (b) TPIR, and (c) their difference (TPIR − TRO). The
heavy curve denotes the orographic contour at 700 m, the heavy red dashed line denotes the
continental boundary, and the heavy blue dashed line indicates the 10◦N, where the southern
branch of the SASM is located. Refer to Fig. 10 in Wu et al. (2009, 2012a) and Fig. 6 in Liang
et al. (2005).

subtropical M-AMC circulation? According to the criteria
for defining the thermal equilibrium regime and AMC regime
proved by Plumb and Hou (1992), small and even negative
absolute vorticity occurring in the subtropics is conducive to
the development of the AMC regime. To understand how
the subtropical M-AMC is generated, Wu et al. (2016b) con-
ducted another series of summertime AGCM experiments,
one of which was a control experiment and the other was
the same except the surface sensible heating over the main
TP with elevation higher than 2 km was not allowed to heat
the atmosphere. By calculating the difference between the
results, the impacts of the surface sensible heating over the
main TP could be evaluated. Figure 13a shows the difference
between the results of the two experiments in terms of the
distribution of absolute vorticity at the 150-hPa level. The
TP heating produces a belt of negative absolute vorticity dif-
ference between 30◦N and 40◦N. A remarkable negative ab-
solute vorticity difference center of more than −1.5 × 10−5

s−1 is located over the Pamir. Accordingly, along 35◦N, a
negative potential vorticity (PV) difference develops over the
TP, with a strong negative center of more than −1 PVU lo-

cated over the western TP and near the tropopause (Fig.
13b). These results demonstrate that the TP surface sensible
heating causes significant changes in the upper-tropospheric
temperature and circulation above the TP, resulting in mini-
mum static stability (not shown), absolute vorticity, and PV
near the tropopause. According to the criteria of Plumb and
Hou (1992), the subtropical M-AMC meridional circulation
is generated. The north–south horizontal advection of abso-
lute vorticity in such an M-AMC meridional circulation is
negative in the lower troposphere and positive in the upper
troposphere. According to Eq. (1), a background of large-
scale ascending air in the ASM area is thus produced due to
the TP thermal forcing.

The results reviewed in this section demonstrate that, in
addition to its pumping effects on the atmospheric circula-
tion, the AHS over the TP—particularly its surface sensi-
ble heating—can produce minimum absolute vorticity and
PV above the TP through changing the atmospheric thermal
structure. Subject to the AMC constraint, a strong subtropical
monsoonal-type meridional circulation is thus generated, and
large-scale ascending air is produced over the vast ASM area,
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Fig. 12. Mean meridional circulation (v,−ω) averaged over the eastern continental domain be-
tween 90◦E and 120◦E in experiment (a) TPO, (b) TPIR, and (c) their difference (TRIP − TRO).
The vertical coordinate is in hPa. The shading in (b, c) denotes the TP’s shape across 87.5◦E.
The vertical pressure velocity ω is amplified by 60 in the plots. The heavy blue dashed line
indicates the 10◦N, where the southern branch of the SASM is located. [Reprinted from Wu et
al. (2012a)].

which provides a favorable background for the development
of the ASM.

5. Concluding remarks

This review comprises three parts: an assessment of the
uncertainty and applicability of various data resources con-
cerning the AHS over the TP; the formation of the AHS over
the TP and its interaction with the atmospheric circulation;
and the roles of TP forcing in the formation of the M-AMC
type meridional circulation and the ASM.

It has been demonstrated that considerable uncertainty
exists in the spatial pattern of the AHS over the TP, differing
from one dataset to another. Such uncertainty is present in
reanalysis data because the modeled climate usually deviates
from the observed climate. However, the mean AHS averaged
over the TP is applicable in studies on variation because, in

such circumstances, the bias of the modeled mean climate
can to a large extent be eliminated. The review of results
from analyses of the formation of the TP AHS reveals that
the TP AHS is not only the cause of the atmospheric circu-
lation, but also a result of that circulation. From numerical
experiments, the land–sea thermal contrast only accounts for
one part of the tropical monsoon. The surface sensible heat-
ing of the Iranian Plateau and TP plays a significant role in
the formation of the ASM; in addition to its effects in pump-
ing water vapor from sea to land and from the lower to upper
troposphere to feed the continental monsoonal precipitation,
it also generates a strong subtropical monsoonal meridional
circulation subject to the AMC constraint, which provides
the ascending-motion background necessary for the devel-
opment and maintenance of the ASM. From these aspects,
we can conclude that the Asian monsoon is formed because
of the response of the atmospheric circulation to the sea-
sonal changes in land–sea thermal contrast and the thermal
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Fig. 13. Distribution of the difference between the experiments
with and without surface sensible heating over the main body of
the TP: (a) absolute vorticity at 150 hPa (shading; units: 10−5

s−1). The gray contour denotes TP topography; (b) PV along
35◦N (units: PVU = 10−6 K m2 s−1 kg−1). The gray shading
denotes topography. Dotted regions denote that the statistical
significance of the difference is above the 95% level. [Reprinted
from Wu et al. (2016b)].

status of the large-scale orography. However, this does not
mean that the mechanical forcing of the TP is not important to
the ASM. Actually, when the southwesterly flow in the lower
troposphere impinges on the Hengduan Mountains, it cannot
climb over but is instead deflected and turns to easterly flow
along the slope of the TP, forming the monsoon trough over
North India. Although the TP exerts direct impacts on the
Asian monsoon and climate, the thermal conditions over the
TP are influenced by the forcing from the atmosphere, the
cryosphere, and the remote oceans. Further studies, there-
fore, are required to understand how the AHS over the TP
is formed, and how the TP, together with other mechanisms,
affects weather and climate.
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