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ABSTRACT
This paper reviews recent advances regarding land–atmosphere–ocean coupling associated with the
Tibetan Plateau (TP) and its climatic impacts.Thermal forcing over the TP interacts strongly with that over
the Iranian Plateau, forming a coupled heating system that elevates the tropopause, generates a monsoonal
meridional circulation over South Asia and creates conditions of large-scale ascent favorable for Asian
summer monsoon development. TP heating leads to intensification and westward extension (northward
movement) of the South Asian High (Atlantic Intertropical Convergence Zone), and exerts strong impacts
on upstream climate variations fromNorth Atlantic toWest Asia. It also affects oceanic circulation and
buoyancy fields via atmospheric stationary wave trains and air–sea interaction processes, contributing to
formation of the Atlantic Meridional Overturning Circulation.The TP thermal state and
atmospheric–oceanic conditions are highly interactive and Asian summer monsoon variability is controlled
synergistically by internal TP variability and external forcing factors.

Keywords:Tibetan and Iranian Plateau system, atmospheric heat source, Asian summer monsoon,
upstream climate, Atlantic Meridional Overturning Circulation

INTRODUCTION
The Tibetan Plateau (TP), which possesses a vari-
ety of complex landscapes, has average elevation of
4 km and its highest peak (Qomolangma; Everest)
extends into the upper troposphere. The TP covers
approximately 2.5× 106 km2, that is approximately
25% of China’s land area, and constitutes the largest
plateau on earth. Located in the subtropics of the
eastern Afro-Eurasian continent, its longitudinal–
latitudinal position, elevation, size and steep slopes
(to the south and east) are the reasons for the con-
siderable importance of the TP regarding the global
climate. Its dynamic blocking effect in winter leads
to division of the impingingwesterly flow into north-
ern and southern branches, which merge on the lee
side of the plateau to form the strong East Asian jet
stream downstream [1,2].The pioneering studies of
Yeh et al. [3] and Flohn [4] demonstrated that the
TP is an atmospheric heat sink in winter but a heat
source in summer.They initiated a new era of inves-

tigationof plateaumeteorology, and thebookMeteo-
rology of the Qinghai-Xizang Plateau [5] summarizes
many related achievements from subsequent stud-
ies.

Owing to the rapid progress of observational
tools, computer technology, and numericalmethods
since the 1980s, the dynamics of theTP climate have
been studied comprehensively, and in-depth investi-
gations have revealed many features of the variation
of the TP climate and of the climatic impact of the
plateau on various timescales. Previous studies have
mainly concentrated on the impact of the TP on the
climate inAsia. In particular, the impact of theTPon
the formation, intensity and variability of the Asian
summer monsoon (ASM) has been investigated in-
tensively [6–15]. It has also been reported recently
that the TP strongly affects the climate in its ‘up-
stream’ (relative to the prevalent westerly flow) re-
gions [16–19].The influence of the TP on the ASM
system is complex, and challenges and controversies
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regarding potential mechanisms have prompted dis-
cussions that have improved the overall understand-
ing. One such example is the debate on the relative
importance of TP thermal forcing versus mechani-
cal forcing in maintaining the South Asian summer
monsoon, which is reviewed here.

The effect of TP orography on oceanic proper-
ties emerged as an important issue in recent years
in relation to the understanding of the formation of
modern oceanic circulations [20–24]. Studies have
shown that the modern-state thermohaline circu-
lation, that is deep-water formation in the North
Atlantic, is forced by the present-day distribution
of high mountains, whereas it would occur in the
Pacific if there were no mountains [25,26]. Fresh-
water transport is known as a major driver of this
switch. Reduction of water vapor transport from
the Pacific to the Atlantic because of high moun-
tains contributes to increased (decreased) salinity
and enhanced (reduced) deep-water formation in
the North Atlantic (Pacific) [23,25]. However, it
remains unknown which mountains play the most
important role in shaping the modern oceanic cir-
culation and the transient response of the oceanic
circulation to orographic forcing remains unclear.

To date, most related studies have assumed a
heat source over the TP and subsequently have in-
vestigated its influence on atmospheric circulation.
However, the climate system is a fully coupled sys-
tem and thus multisphere interactions must affect
the heat source over the TP. This prompts ques-
tions concerning how the thermal status of the TP
and of the oceans might interact through the at-
mospheric circulation, and how the TP and oceans
might synergistically influence regional and global
climate. Here, recent advances in the understand-
ing of both the variations of the atmospheric heat
source/sink (AHS) over the TP and the influences
of the TP on the atmospheric circulation (e.g. the
ASM and ‘upstream climate’ over West Asia, North
Africa, Europe and North Atlantic) and the Atlantic
Meridional Overturning Circulation (AMOC) are
reviewed. Moreover, the feedback of the oceans
on the AHS over the TP and the synergistic im-
pact of the TP and ocean forcing on the ASM are
considered.

AHS OVER THE TP AND ASSOCIATED
CIRCULATION
TP heating and elevation dependence
For a given location and a given period, an AHS is
defined as a net heat gain/loss:

AHS = SH + LH + RC,

where SH denotes surface sensible heat flux, LH is
the latent heat released to the atmosphere associated
with the change of water phase and RC is the con-
vergence of the net radiation flux of the air column.
Since the studies of Yeh et al. [3] and Flohn [4], con-
siderable effort has been devoted to understanding
the AHS over the TP and its impact on bothweather
and climate based on observations, process diagno-
sis, and numerical model experiments [5,27–31].
It has been revealed that the TP AHS is weakly
negative in winter and strongly positive in sum-
mer.The July mean distributions of 200-hPa geopo-
tential height and AHS over the TP are shown in
Fig. 1a [32]. In addition to the strong tropical heat-
ing, a unique feature in the extratropics shown in
Fig. 1a is the remarkable heating of >300 W m−2

over the southern slopes of the TP, which is compa-
rable in magnitude to that associated with tropical
convection. A continental-scale South Asian High
(SAH) at 200 hPa can also be seen over Eurasia with
its center located over the southwestern border of
the TP.

Diabatic heating over the TP is dependent
on elevation in all seasons [33]. LH reaches its
maximum (minimum) in summer (winter) and it
decreases with height in all seasons (Fig. 1b, left col-
umn) because the water vapor content at the lower
elevated boundary is larger than that at the higher
elevated boundary. Conversely, maximum SH is in
spring and it increases with height throughout the
year, except in winter when there is uneven snow
accumulation over the TP (Fig. 1b, next to left col-
umn). The increase in SH with height is partially a
result of the increasing wind speed (Fig. 1b, next to
right column) and of the temperature difference be-
tween the land surface and surface air (Tg −Ta)with
elevation (Fig. 1b, right column). It is understood
that the increase in SH with height is of significance
in forcing the atmospheric circulation.

Annual cycle and variability of the AHS
over the TP
Owing to the complex conditions of the land sur-
face, even state-of-the-art general circulationmodels
(GCMs) and reanalysis products show large biases
in reproducing the land surface processes over the
TP [34]. The accumulation of routine meteorologi-
cal records and field observation data has facilitated
recent studies conducted to elucidate TP diabatic
heating. Typically, SH is estimated using the bulk
aerodynamic scheme and the total heat source is
calculated by additionally considering precipitation
and the radiant flux derived from satellite data. Zhao
et al. [35] used the latest TP observations and satel-
lite data to depict the monthly climatology of the
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Figure 1. Atmospheric heating over the TP and its variation. (a) July mean from reanalysis data of geopotential height
(contours, unit: dgpm) at 200 hPa and total diabatic heating (shading, unit: W m−2) [32]. (b) Elevation dependence of mean
latent heat released to the atmosphere through condensation (LH, unit: W m−2), local surface sensible heat flux (SH, unit:
W m−2), surface wind speed (V, unit: m s−1), and ground–air temperature difference (Tg − Ta, unit: ◦C) for spring (MAM),
summer (JJA), autumn (SON) and winter (DJF), averaged from 158 stations over the TP during 1979–2014. The blue, green,
yellow and red bars are for areas with terrain height of 1.5–2.0, 2.0–3.0, 3.0–4.0 and 4.0–5.0 km, respectively. (c) Climatic
mean (solid line; unit: W m−2) and monthly variance (bars) of each component of the TP heat source, as determined by
averaged observational data from 73 stations. Red denotes SH, green denotes LH, blue denotes RC and black gives their
sum [35]. (d) Evolutions of JJA means (averaged over the TP stations) of Tg, Ta, (Tg − Ta), V, and the parameterized surface
sensible heat flux V (Tg − Ta). Heavy curves correspond to 11-year running mean [37].
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annual cycle of various components of TP AHS and
variance (Fig. 1c). It is shown that over the TP, SH
dominates the AHS in spring, especially in March
and April when SH (50–70 W m−2) is much larger
than LH (5–20Wm−2). InMay, the TP SH reaches
its peak of the entire year. However, with the arrival
of the rainy season, LH increases rapidly inMay and
June and it exceeds SH in late May and early June.
Reaching its peak in July as the major component of
the total heat source, LH surpasses SH throughout
the summer and thus becomes the most important
component of the AHS. The net radiant flux be-
haves as a cooling effect throughout the year, but
the cooling effect in spring and summer (−40 to
−70 W m−2) is smaller than in autumn and winter
(−80 to −110 W m−2). The variance of SH in
spring is larger than that of LH and the largest value
is in May. The variance of LH in summer is larger
than that of SH and it reaches a peak of 300 W2

m−4 in August. These results are consistent with
the features revealed by station observations and
reanalysis products (e.g. [33,36]).

Yu et al. [33] used the latest station observa-
tions to examine the temporal characteristics of TP
SH variation. Their results indicated that for inter-
annual and interdecadal variations of SH, the influ-
ence of the change in either density or drag coef-
ficient is insignificant, while the main contributors
are the changes in surface wind speed (V) and the
temperature difference between the land surface and
surface air (Tg − Ta). Liu et al. [37] designed a pa-
rameter of SH, V (Tg − Ta), to investigate the in-
terannual and interdecadal variations of SH over the
TP. As shown in Fig. 1d, the interannual variation of
(Tg − Ta) is comparable with that of V, whereas the
relative change in V is larger than that in (Tg − Ta)
on the interdecadal timescale. During the analysis
period,Tg,Ta and (Tg −Ta) all increased,whereasV
decreased from 1980 to the end of the previous cen-
tury but then increased after 2003. Consequently,
the parameterized SH over the TP presents a weak-
ened trend in summer before the end of the previous
centurybut an increased trend since thebeginningof
this century. This could exert strong impact on the
climate variation in surrounding areas, as shown in
the following.

AHS over the TP and associated
circulation in winter and summer
Figure 1c shows that the AHS over the TP is cool-
ing (heating) in winter (summer). The correspond-
ing vertical profiles of the varied heating also present
strong seasonal contrast. In winter, the SH, LH and
shortwave radiation heating over the TP are all weak

and they cannot compensate the longwave radiation
cooling throughout the troposphere (Fig. 2a). The
profile of total AHS indicates the existence of a re-
markable inversion below the height σ = 0.85. In
summer, all types of heating develop strongly in dif-
ferent layers of the troposphere with the strongest
SH of approximately 9 K day−1 near the surface and
their sum far exceeds the longwave radiation cooling
in the troposphere (Fig. 2b).

Thecooling inwinter andheating in summerover
the broad scale of the TP as well as that of the conti-
nents, exert a strong impact on atmospheric temper-
ature and circulation. Cross sections of the monthly
mean potential temperature and meridional circula-
tion along 90◦E in January and July (Fig. 2c and d)
showcold (warm) temperatures over continental ar-
eas and warm (cold) temperatures over oceans in
January (July). In January, the strongest cooling and
strongest air descent occur over the TP and to its
south (Fig. 2c). In July, the warmest potential tem-
perature is just above the TP, consistent with pre-
vious findings [29]. Strong ascent prevails from the
southern TP to the tropical Indian Ocean (Fig. 2d).
Seasonal changes in the thermal contrast between
land and oceans, and between the two hemispheres,
drive surfacemovement of air from the winter hemi-
sphere into the summer hemisphere, and from the
continents to the oceans in winter but from the
oceans to the continents in summer (Fig. 2e and f).
A prominent reversal of the monthly mean circu-
lation deviated from the annual mean occurs over
the TP area. In January, surface air is pumped away
from the TP toward Africa and the Southern Hemi-
sphere (Fig. 2e), whereas the opposite occurs in July
(Fig. 2f), signifying the seasonal reversal of theAsian
monsoonal flows. The process repeats annually and
appears as a gigantic air pump. As this air pump is
driven primarily by the SH of the TP [10,38], it has
been defined as the TP SH-driven air pump. In ad-
dition to the large-scale land–sea thermal contrast,
the TP thermal pumping exerts strong influence on
theonset,maintenance and seasonal evolutionof the
ASM.

TP FORCING AND ASM
TP forcing and ASM onset
The onset of the ASM is affected by the TP [39].
One of the key dynamic processes for monsoon on-
set is a reduction of upper-level absolute vorticity
[40,41]. Stationary planetary waves are able to pro-
duce an intensified thermally direct circulation over
areas with low absolute vorticity [42]. Springtime
heating over the continent and the TP can force a
stationary wave and ascent over the plateau, forming
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Figure 2. Tibetan Plateau SH-driven air pump: (a and b) vertical profiles of different components of heating rate (unit: K
day−1) averaged over the TP (20◦–40◦N, 70◦–100◦E) with elevation above 1.5 km; (c and d) cross sections along 90◦E of
monthly mean potential temperature (unit: K) and circulation (vectors, unit: m s−1) projected onto the cross sections, and (e
and f) deviations from the annual mean of monthly mean streamlines at 10 m above the surface. Data are from the NCEPII
reanalysis for the period 1979–2014. The left column is for January and the right column is for July. The red contours in (e)
and (f) indicate the 1.5-km elevation of the TP (refer to [10]).

divergence collocated with non-negligible absolute
vorticity off the equator and decreasing the upper-
level vorticity.Thus, the lower-latitude circulation is
rapidly adjusted into a thermally direct regime with
an intensified monsoonal-type meridional circula-
tion located to the south of theTP, leading to abrupt
monsoon onset [43].The earliest ASMonset occurs
over the eastern Bay of Bengal (BOB) [44]. Numer-
ical experiments have revealed that the location of
this monsoon onset is anchored by TP forcing, that
is moving the ‘TP’ westward by 30◦ longitude leads
to a similar westward displacement of the location of
the earliest ASM onset [45].

Previous studies have also revealed that TP forc-
ing in spring creates favorable conditions of cou-
pling between the upper and lower circulations for
convection development and ASM onset over the

easternBOB. In spring, the subtropical westerly flow
over Asia remains strong and it impinges directly on
the TP in themid–lower troposphere, forming a sta-
tionary circulation dipole over Asia with an anticy-
clonic (a cyclonic) gyre to the north (south) of the
TP [10,46]. The southwesterly flow in front of the
cyclonic gyre transports ample water vapor from the
BOB to the Indochina Peninsula, causing frequent
spring rainfall and leading to northwestward move-
ment of the SAH with its center over the northern
IndochinaPeninsula.Thus, strongdivergentflowde-
velops over the southeastern BOB, reducing the lo-
cal vorticity aloft and forming upper-layer pumping
[47].

In the lower troposphere, a cold northwesterly
flow along the TP-induced cyclonic gyre sweeps
over India where the surface temperature is high.
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Strong SH is generated, forming a prominent surface
cyclonic circulation over the Indian Peninsula with
a strong southwesterly coastal flow over the north-
western BOB. Strong air–sea interaction is thus trig-
gered in the BOB, forming a unique springtime
warm pool with sea surface temperature (SST) of
>31◦Cin theBOBand stimulating thedevelopment
of strong convection over the south of the warm
pool [48]. When this lower-layer convection is cou-
pledwith the vorticityminimumaloft and the upper-
layer pumping from the SAH, the ASM starts to
erupt over the southeastern BOB.Therefore, it is the
TP-induced local air–sea interaction and the land–
sea thermal contrast over South Asia in spring that
causes the earliest ASM onset over the southeastern
BOB.

Two types of heating and the
Tibetan–Iranian Plateau coupling system
Similar to the TP, the thermal forcing of the Ira-
nian Plateau can generate a cyclonic circulation in
the lower troposphere, which conveys water vapor
from the Arabian Sea to India and the TP, con-
tributing to regional rainfall. Thereby, the SH in-
crease over the Iranian Plateau can lead to SH de-
crease and LH increase over the Tibetan Plateau
[49]. In return, the SH increase/decrease over the
Tibetan Plateau can intensify/weaken sinking mo-
tions to its west, causing SH increase/decrease over
the Iranian Plateau. Thus, a quasi-equilibrium state
between the SH and LH over the Tibetan Plateau,
vertical atmospheric motion over the TP and the
Iranian Plateau, and SH over the Iranian Plateau
is reached. This so-called Tibetan–Iranian Plateau
coupling system (TIPS) (Fig. 3a) can significantly
influence atmospheric circulation [50]. It has been
demonstrated that interaction between the SH and
LH over the TP plays a leading role in the TIPS.The
impacts of Iranian Plateau SH and TP SH on the
climate of other regions can reinforce or offset each
other. Their combined influence signifies the domi-
nant regional water vapor transport. The heating of
the TIPS warms the atmosphere aloft, elevates the
tropopause and enhances anticyclonic circulation in
the upper troposphere with two anomalous centers
over theTibetan–IranianPlateau (TIP) (Fig. 3b and
c).Theanomalous centers arewarm in theupper tro-
posphere but cold in the lower stratosphere, leading
to development of minimum absolute vorticity near
the tropopause over the plateaus [51]. Subject to
angular momentum conservation [52], a monsoon-
type meridional circulation is generated with its de-
scending branch in the Southern Hemisphere and
its ascending branch over the southern TIP. East-
erly vertical shear and large-scale ascent thusdevelop

over South Asia (Fig. 3d), creating a favorable back-
ground for ASM development.

Impacts of TP heating on ASM
precipitation
The TP can influence the ASM through air–sea in-
teraction, mid-latitude wave propagation and even
aerosol forcings [53–55]. The surface heating effect
of the TP is a crucial physical process in controlling
the relationship of the TP and other weather and cli-
mate systems [56–59]. It has been shown that heat-
ing over the TP correlates well with Indian summer
monsoon rainfall in the early (20 May to 15 June)
and late (1 September to 15October)monsoon sea-
son [60]. This together with the El Niño–Southern
Oscillation (ENSO)explains a substantial portionof
the interannual variability in early and late seasonal
rainfall, and it provides potential for predictability.

The TP thermal impact on the ASM can also
be detected on the decadal timescale. As shown
in Fig. 1d, the SH of the TP has declined from
the mid-1970s to the end of the 20th century.
Data diagnosis and numerical experiments [37,61]
have demonstrated that reduction of the SH of
the TP in spring and summer weakens the forced
near-surface cyclonic circulation. Consequently, the
summertime southerlies that usually prevail over
eastern China are weakened, and the rain belt asso-
ciated with the ASM remains over South China, in-
stead of moving northward. The distribution of pre-
cipitationdifference between the last and second last
decades of the 20th century is shown in Fig. 4b. An
apparent anomalous pattern can be seen with en-
hanced rainfall over South China and reduced rain-
fall overNorthChina, presenting a north–south see-
saw axis over East China (see the two brown boxes
in Fig. 4b), that is the so-called ‘South flood–North
drought’ pattern.

For a steady-state frictionless atmosphere in the
subtropics, the meridional wind v and the vertical
gradient of diabatic heatingQ can be well expressed
as in the following Sverdrup balance [62]:

βν ≈ ( f + ζ )θ−1
z (∂Q/∂z),

θz �= 0, �V · ∇ζ → 0.

Following the thermal wind relation between tem-
perature and meridional wind v, and assuming nor-
mal distributions for both diabatic heating Q and
temperature T, then T and Q approximately satisfy
the following relation [63]:

T(x) ≈ λ2(∂Q(x)/∂x),
where λ2 is a positive coefficient. It implies that
the heating-induced temperature anomalyT(x) lags
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Figure 3. (a) Schematic of the TIPS feedback coupling system comprising the thermal forcing over both the TP and the
Iranian Plateau and the water vapor transport over South Asia. (b) Differences in temperature (shading, unit: ◦C), wind field
(vectors, unit: m s−1) at 100 hPa between the control experiment and the experiment without sensible heating over the
TIP. Stippling indicates where the temperature difference exceeds 95% significance level; and wind difference significant
above the 95% level is plotted in black. (c) As for (b) except for 300 hPa; and (d) cross sections of the July mean meridional
circulation (streamlines), absolute vorticity (shading, unit: 10−5 s−1), and zero-zonal wind curve (white dashed line) for the
Asian monsoon area (70◦–90◦E) [50,51].
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Figure 4. (a) Schematic of the T-QZ mechanism. The warm center and SAH in the upper troposphere present on the eastern
end of the cooling and to the west of the heating (blue arrow, monsoon heating; purple arrow, vertical descent; black arrow,
vertical shear of meridional wind; and brown arrow, Coriolis force); and decadal changes in JJA mean climate between the
periods of 1991–2000 and 1981–1990 of (b) precipitation based on the PREC/L dataset (unit: mm d−1), (c) 200-hPa geopotential
height (unit: gpm), and (d) 200–400 hPa mass-weighted temperature (unit: K) based on ERA40 reanalysis data [63]. The two
pairs of boxes in (b) indicate the south–north seesaw and the west–east seesaw.

the heating Q(x) by one-quarter phase, as shown
schematically in Fig. 4a. Thus, increased convec-
tional heating can enhance the upper-tropospheric
warm center together with the SAH to the west, in-
tensifying the sinking motion further to the west.
This agrees well with the observed climatic mean
longitudinal distributions of temperature and di-
abatic heating along the subtropics in the upper
troposphere [63]. During the final two decades
of the 20th century, as the SH over the TP
decreased (Fig. 1d) and the precipitation over
South China increased (Fig. 4b), the SAH and the
upper-tropospheric warm center intensified (Fig. 4c
and d), while precipitation over North India and
Bangladesh decreased (Fig. 4b).Namely, the rainfall
anomaly presents awest–east seesawalong theAsian
subtropics (see the two red boxes in Fig. 4b).The re-
sults demonstrate that anomalous heating over the
TP exerts an important impact on the configuration
of climate anomalies, at least over the ASM area.

Debate on the maintenance of the South
Asian summer monsoon
In a recent model experiment in which the main
part of the TP was removed but the Himalayas were
retained, the simulated South Asian summer mon-
soon was found to be largely unaffected and thus
a new hypothesis was proposed. This hypothesis

considers the Himalayas as a thermal isolator that
prohibits the cold dry northerly flow (with low en-
tropy) from themid-latitudes, whichmeans the high
entropy air in the lower layers over India can be cou-
pled with the warm center in the upper troposphere
throughmonsoonal convection over SouthAsia [64,
hereafter BK10; 65].This new hypothesis has stimu-
lated debate on the maintenance of the South Asian
summermonsoon [66–69], which has advanced the
overall understanding of the relevant science.

The barrier hypothesis was reexamined by con-
ducting a series of independent numerical exper-
iments that included full TP, barrier and no-TP
configurations [70]. The proposed barrier-induced
blocking mechanism was not found and the sensi-
ble heating on the slopes of the TP was considered a
driver of the SouthAsianmonsoon. It transpires that
the key is the surface sensible heatingon the slopesof
the Himalayas, which was retained in BK10’s exper-
imental design such that the thermal pumping effect
of the TP was included. Once the surface sensible
heating on the slopes of the Himalayas is removed,
the northern branches of the South Asian summer
monsoon and the East Asian summer monsoon dis-
appear [69]. Physically, the surface insolation in
summer is higher to the north of the TP than to
its south, and the prevailing wind in the lower tro-
posphere across the TP is southerly because the
land–sea thermal contrast in summer produces a

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article-abstract/7/3/534/5728522 by guest on 17 June 2020



542 Natl Sci Rev, 2020, Vol. 7, No. 3 REVIEW

continental-scale surface cyclonic circulation over
the continent and because the TP is located in the
eastern Afro-Eurasian continent [67]. Thus, there is
no northerly advection, which means the presence
of a thermal isolator for preventing cold dry inva-
sion from the north is not required [68]. Second,
as mentioned above (Fig. 4a), descending motion
occurs under the central and western SAH and the
upper-tropospheric warm center. There is no con-
vection for coupling the high energy in the lower
troposphere and the warm center above. The high
surface entropy over India in summer associated
with monsoon development is indeed mainly a re-
sult of its high water vapor content, which, as de-
scribed above, is transported from the Arabian Sea
and BOB via the TIP thermal pumping [68]. The
ASM is in fact controlled thermally by both the
land–sea contrast and the elevated heating of the
TP [69].

The above does not mean that the mechanical
barrier effect is unimportant.This effect inwinter not
only splits the impingingwesterly flow into northern
and southern branches but also blocks the northerly
flow in the lower troposphere. The cold intrusion
into India thus becomes a deflected northwesterly
or northeasterly flow [68]. In summer, the TP bar-
rier effect causes the prevailing southerly flow to
climb its southern slope, forming heavier precipi-
tation when there is surface heating on the sloped
surface. If there were no surface heating, the barrier
effect would cause the impinging southerly flow to
deflect around the TP and thus there would be no
monsoon over northern India [67].

IMPACTS OF THE TP ON UPSTREAM
CLIMATE OVER WEST ASIA, EUROPE,
AFRICA AND THE NORTH ATLANTIC
The climate over Asia and Africa/Europe is strongly
linked by zonal–vertical overturning circulation in
the lower latitudes and wave-train patterns in the
higher latitudes, which are related to divergent
and rotational portions of the atmospheric motion,
respectively. While the latitudinal heating gradi-
ents between warmer continents and cooler oceans
has been recognized as the dominant forcing of
ASM formation and development since the time of
Halley [71], longitudinal heating gradientswere also
believed important for themonsoon [72–76].Given
that large latent heating occurs in the monsoon re-
gion and radiative cooling is dominant in the African
desert region, and given that the longitudinal gradi-
ent of total heating between Asia and North Africa
in summer is of the same order of magnitude as the
latitudinal gradient across theAsianmonsoon region

[76,77–79], it has been hypothesized that the longi-
tudinal heating gradient is a potential factor that in-
fluences ASM variability.

Although the increase in anthropogenic aerosols
and greenhouse gases might play a role in the dry-
ing trend of Sahel rainfall since the 1950s [80–83],
a recent study by He et al. [84] revealed that the
strengthened latentheating associatedwith theASM
could explain the long-term decrease in Sahel rain-
fall through an anomalous zonal–vertical circulation.
The robustness of this feature can be demonstrated
by model experiments with enhanced heating over
either South Asia or Southeast Asia. More recently,
Sy et al. [85] related the climate link between South
Asia and the Sahel to variationof the tropical easterly
jet stream in the upper troposphere.

In higher latitudes, especially during the cold sea-
sons, the interaction between the TP and wave-train
patterns, including Rossby wave propagation, is an
issue of considerable interest. Within this context,
both the influence of atmospheric teleconnection
patterns on the climate over the TP and adjacent re-
gions [10] and the impact of the ASM on the high-
latitude upstream climate have attracted certain re-
search interest. For example, Rodwell and Hoskins
[86,87] claimed that the characteristic Mediter-
ranean climate was a Rossby-type response to
Indian summer monsoon heating, while Zhao et al.
[88] found that the origin of summer climate sig-
nals over the North Atlantic and European regions
could be traced to the Asian continent. The effects
of large-scale orography on the Northern Hemi-
sphere climate including themonsoonal climate and
mid-latitude dry climate have been discussed widely
[89–91].The dry climate over central Asia is well re-
produced in model experiments with mountains be-
cause of the stationary waves during the cold sea-
sons and the South Asian monsoon circulation dur-
ing summer that are induced particularly by the TP.
In contrast, a moist climate appears in experiments
without mountains, indicating the crucial role of the
TP in formation of the central Asian climate [90].

It is important to consider the role that the TP
might have in the connection between the plateau
and the upstream climate or its impact on the up-
stream climatic variation. Model experiments have
demonstrated that the TP plays an important role in
modulating both the downstream East Asian mon-
soon and the upstream desert climate [92]. TP heat-
ing also drives the variability of Pakistan monsoon
rainfall via a TP-induced Rossby wave response in
the upper troposphere and weakened water vapor
transport from the BOB to Pakistan [19]. Further-
more, a significant positive relationship exists be-
tween the tropospheric temperature over the TP
and rainfall over the central–eastern Sahel during
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Figure 5. JJA climatology of (a) sea level pressure (shading, unit: hPa) and 850-hPawind (vectors, unit: m s−1), (c) tropospheric
temperature (shading, unit: ◦C, averaged from 700 to 200 hPa where the terrain is <3000 m and from 500 to 200 hPa
where the terrain is >3000 m) and 200-hPa winds (vectors, unit: m s−1) in the control experiment. (b) and (d) Corresponding
differences between the TP heating and control experiments, respectively. The differences between the TP heating and
control experiments are shown in (e) for 30◦–40◦N averaged omega (shading, unit: Pa s−1, multiplied by -100) and zonal–
vertical circulation (vectors; zonal wind in m s−1, and omega in Pa s−1, multiplied by -100), and in (f) for 75◦–105◦E averaged
omega (shading, unit: Pa s−1, multiplied by -100) and meridional–vertical circulation (vectors; meridional winds in m s−1,
and omega in Pa s−1, multiplied by -100). Differences are also shown in (g) for surface temperature (unit: ◦C) and in (h) for
precipitation (unit: mm d−1). Dots indicate the values that significantly exceed the 95% confidence level. In (b), (d), (e) and (f),
the values of wind differences significantly above the 95% confidence level are plotted in black vectors. Dashed green lines
indicate the TP region where the terrain is >1500 m. Black shading represents terrain height.

summer. This is manifest through an anomalous
zonal–vertical cell with ascent over the TP and
descent over the Mediterranean, as well as an
anomalous meridional cell with rising motion over
the Sahel [18].

A series of experiments with earth system mod-
els has illustrated that TP heating exerts strong im-
pact on the climate overWest Asia, theMiddle East,
North Africa, South Europe and the North Atlantic
[16,18]. Figure 5 presents the changes in horizon-
tal circulation, tropospheric temperature and ver-
tical circulation associated with heating of the TP
surface from surface albedo reduction. According

to the so-called SH-driven air pump effect [10,93],
TP heating leads to increases in regional tropo-
spheric temperature and thickness of the air column
(Fig. 5c and d). In the upper troposphere, the SAH
intensifies and extends westward, and to the west
of the TP, a distinct Rossby wave response emerges
with anomalous anticyclonic circulation and warm-
ing throughout the entire troposphere. In the lower–
middle troposphere, the Atlantic subtropical high
intensifies and moves northwestward (Fig. 5a and
b), accompanied by northward shifts of the Atlantic
Intertropical Convergence Zone (Fig. 5h) and the
local Hadley circulation (not shown). Moreover,
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Figure 6. Schematic of the impact of TP heating on upstream climate. Red contours in-
dicate the changes in 200-hPa geopotential height and blue contours denote changes
in sea level pressure (solid contours, positive anomalies; dashed contours, negative
anomalies). A (C) indicates anticyclonic (cyclonic) anomalies. Green (red) vectors rep-
resent upward (downward) anomalies.

features of a thermally driven circulation are appar-
ent (Fig. 5e and f). An anomalous zonal–vertical
cell appears with an ascending branch over the TP
and a descending branch over the Mediterranean
Sea, and an anomalous meridional–vertical cell oc-
curs with an ascending branch over the TP and a
descending branch over India and adjacent regions.
Therefore, subsidence strengthens over theMediter-
ranean and the North Atlantic, decreasing rainfall
(Fig. 5h) and increasing surface temperature corre-
spondingly (Fig. 5g). In short, as depicted by the
schematic in Fig. 6, warming, anomalous ascent, a
low-level cyclone and a high-level anticyclone occur
when heating increases over the TP, inducing an-
ticyclonic anomalies (intensified SAH and Atlantic
subtropical high), reduced rainfall andwarmingover
the Mediterranean Sea and extratropical North At-
lantic through both the Rossby wave response and
the thermally driven vertical circulation. Within this
framework, changes in the tropical divergent part
and the extratropical rotational portion of the atmo-
spheric circulation related to TP heating are empha-
sized. Limited evidence indicates that the effect of
the northern portion of the TP relative to its south-
ern counterpart favors a circumglobal pattern that af-
fects the climate of theNorthAtlantic, SouthEurope
and North Africa (figure not shown).

It is also interesting to elucidate the relative im-
portance of TP heating to Asian continental heat-
ing regarding modification of the upstream climate
variations. Based on the relative changes in circula-
tion patterns, surface temperature and rainfall, TP
heating accounts for approximately 40–50% of the
climate signals induced by Asian continent heating,
although the TP domain occupies only one-third of
the area of the Asian continent according to numer-
ical model experiments [16].

Given the interactive nature between SST and
its overlying atmosphere, the North Atlantic SST
signals caused by the thermal impact of the TP in
turn influence the variations of upstream climate.
The feedbackof these SSTsignals accounts for above
20%of the total upstream signals caused byTPheat-
ing, as assessed by numerical model experiments
with andwithoutAtlantic SSTvariations [17].Com-
pared with experiments in which TP heating is in-
cluded but Atlantic SST variation is excluded, an
anomalous wave pattern characterized by three pos-
itive centers (over the extratropical North Atlantic,
Arctic Ocean and to the east of Japan) and four neg-
ative centers (over the central North Atlantic, North
Europe, northeastern North America and north-
western Pacific) appears when Atlantic SST varia-
tion is involved. Corresponding to the circulation
pattern, rainfall increases over northeastern North
America and North Europe but decreases over
the northwestern Atlantic. Because of the reduced
strength of the westerlies related to the reduced
strength of the thermal low over subtropical Africa,
the increase in Sahel rainfall is less evident when the
change in Atlantic SST is considered (Fig. 5h).

Previous studies have also revealed that the heat
source over the TP can be affected by early spring
SST anomalies over the North Atlantic through a
stationarywave train that crosses theNorthAtlantic,
North Europe and the TP, and then modulates the
subtropical westerly jet stream [94]. Given the var-
ious timescales and spatial domains of Atlantic SST
variation, the impact of the TP on upstream regions
is much more complex when the feedback of differ-
ent types of Atlantic SST variation is considered.

TP EFFECT ON THE AMOC
The rapid uplift of the TP began approximately
50 Ma (million years ago) and was accelerated at
approximately 10–8 Ma [95,96]. It triggered estab-
lishment of the Indian and East Asian monsoons
at around 9–8 Ma, resulting in enhanced aridity
in the Eurasian interior and an intensified westerly
jet stream in winter in the Northern Hemisphere
[97–99], as well as increased dust transport to the
North PacificOcean [99].These features could have
resulted in freshening and cooling of the North Pa-
cific and weakening of the Pacific meridional over-
turning circulation [100]. However, the timing of
significant uplift of the TP was close to that of the
establishment of the AMOC [101, and references
therein]. In contrast, the Rocky Mountains were
fully developed by 45 Ma, far earlier than the estab-
lishment of the AMOC. Paleoclimatic evidence im-
plies an important role of the TP in the formation of
modern thermohaline circulations.
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Figure 7.AMOC index and patterns. (a) Percentage change in the AMOC index (black curve), which is defined as themaximum
streamfunction in the range of 0◦–10◦C isothermal between 20◦N and 70◦N in the Atlantic. Gray curves show the AMOC
changes in 10 ensemble runs. (b) Changes in sea surface salinity (SSS; blue, unit: psu), temperature (SST; red, unit: ◦C), and
density (SSD; black, unit: kg m−3), SSS-induced SSD change (dashed blue) and SST-induced SSD change (dashed red). In (b),
all variables are averaged over the region 40◦–65◦N, 10◦–60◦W and 0–30 m. (c) and (d) Mean AMOC in control experiment
(Real) (contour, unit: Sv, 1 Sv= 106 m3 s−1) and its change (shading, unit: Sv) in Stage-I and Stage-II, respectively, which are
defined in (a). All changes are obtained from TP removal experiments (NoTibet), with respect to Real (adapted from [105]).

The AMOC, one of the key elements of the
global climate system, is commonly recognized
as being sustained by North Atlantic deep-water
formation (NADW)on short timescales [102–104].
Considering both the thermal and the mechani-
cal effects of the TP, Fallah et al. [22] conducted
topography-sensitive experiments with a coupled
GCM (CGCM) and found that the TP could signif-
icantly affect both the North Atlantic SST and the
AMOC. Recent investigations into the effect of the
TP on the AMOC using the fully coupled climate
model, demonstrated that removing the TP would
result in collapse of the AMOC [105].

Figure 7 shows the changes in the AMOC
index and its pattern in response to TP removal.
The AMOC is enhanced by as much as 20% in
the first few decades of model integration and
then weakened by more than 80% after 300 years
(black curve, Fig. 7a), which is a feature confirmed
by 10 ensemble runs (gray curves, Fig. 7a). The
experimental result implies the importance of
the TP in the establishment of the AMOC in the
modern climate. The quasi-equilibrium response
of the AMOC (year 300–400) is comparable with
that in experiments when freshwater is hosed into
the North Atlantic [106–108]. The spatial patterns
of AMOC changes in the initial stage (Stage-I) and
the quasi-equilibrium stage (Stage-II) are plotted
in Fig. 7c and d, respectively. The patterns exhibit
a marginally positive anomaly in Stage-I (Fig. 7c)

and a significant reduction of downward mass
transport in the subpolar North Atlantic in Stage-II,
that is collapse of the AMOC (Fig. 7c and d). The
AMOC comprises a wind-driven circulation and a
thermohaline circulation [109]. The wind-driven
circulation in the tropics is affectedminimally by TP
removal (Fig. 7c and d); thus, the major influence
of the TP on the AMOC is from the thermohaline
branch.

Surface buoyancy change in the NADW region
(40◦–65◦N, 10◦–60◦W) is the key factor determin-
ing the response of the AMOC [110]. The sea sur-
face density (SSD) averaged in the NADW region
increases slightly during the first 50 years and then
decreases remarkably subsequently (Fig. 7b), con-
sistent with the evolution of the AMOC. The SSD
change can be further split into the change induced
by SST and that attributable to sea surface salin-
ity (SSS). The North Atlantic SST is cooled during
the entire 400 years (red solid line), which increases
SSD (red dashed line). However, SSS increases dur-
ing the first few decades and then decreases during
the remainder of the integration (blue solid line),
driving SSD changes accordingly (blue dashed line).
In general, the SSD increase during Stage-I leads to a
stronger AMOC, of which 30% is attributable to sur-
face cooling and 70% to surface salinization, while
the SSD decrease later on is exclusively attributed
to surface freshening, resulting in the collapse of the
AMOC.
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Figure 8. Wave train, westerlies and water vapor trans-
port. Brown ribbon and arrows show schematically the sta-
tionary wave structure and corresponding winds at 850-hPa
geopotential height in Real. Purple ribbon and arrows are
the same as the brown ones, except for NoTibet. Red dots
(blue stars) represent the high- and low-pressure centers in
Real (NoTibet). Blue arrows are the wind changes in NoTibet
with respect to Real, showing enhanced westerlies. Red ar-
rows represent the change in vertically-integrated water va-
por transport in NoTibet with respect to Real. Green shading
represents the change in water vapor convergence in NoTi-
bet, and negative values mean that the ocean gains fresh-
water from the atmosphere. The TP is indicated by the gray
patch.

The mechanism via which the TP affects the
AMOC presented by Yang and Wen [105] is
summarized in Fig. 8. Removing the TP would in-
tensify the westerlies over the North Atlantic, en-
hancing ocean surface evaporation that would result
in greater heat loss to the atmosphere through LH
and SH fluxes, and strengthen the southward Ek-
man flow, which would bring additional cold water
from the Greenland–Iceland–Norwegian seas into
the North Atlantic. Atmospheric processes are vital
in Stage-I. SSS increase in the first few decades af-
terTP removal is attributed to the intensifiedwester-
lies that enhance evaporation and cold-water advec-
tion from the north. However, the subsequent SSS
decrease is because of greater freshwater transport
from the tropical Pacific to the North Atlantic along
the so-called atmospheric river [111], converging
over the North Atlantic and leading to freshening
of the upper ocean (red vectors and green shading,
Fig. 8).This surface fresheningweakens theNADW,
triggering a decline of AMOC. The teleconnection
pattern shown in Fig. 8 is established mainly via at-
mospheric processes [112–115]. Oceanic processes
do not contribute to the teleconnection; instead,
they respond to the teleconnection. In other words,
the TP affects the oceanic circulation and buoyancy
fields via atmospheric processes [22].

Themodeling results of Yang andWen [105] are
qualitatively consistent with those of previous stud-
ies by Fallah et al. [22], Maffre et al. [23] and Su
et al. [116], that is removal of the TP results in

collapse of the AMOC. However, the detailed pro-
cesses that lead to AMOC collapse are different in
different studies. For example, Fallah et al. [22] em-
phasized the role of reduced northeastward heat ad-
vection from the North Atlantic in weakening of the
AMOC. Maffre et al. [23] concluded that the west-
ward freshwater transfer across Africa is critical to
the freshening of the Atlantic and thus to the weak-
ening of the AMOC. Su et al. [116] identified the
critical factor as northward moisture transport over
the North Atlantic. However, these studies did not
show the transient change in the AMOC.The study
of Yang andWen [105] showed initial strengthening
of the AMOC in response to TP removal, followed
by subsequent weakening. Moreover, they empha-
sized that the atmospheric moisture relocation from
the tropical Pacific to the North Atlantic is the key
that triggers the weakening of the AMOC, and the
positive feedback between the southward expansion
of sea ice and theAMOCdecline leads to theAMOC
shutdown eventually. These mechanisms are differ-
ent from thosediscussed inprevious studies.Thedis-
crepancies in the mechanisms reflect the complexity
of the effect of the TP on global ocean circulations.
Consequently, further sensitivity experiments using
different models are needed.

TP AND OCEANS: SYNERGISTIC CLIMATE
INFLUENCE
Although the TP and its thermal status are treated as
a forcing source for generating regional and remote
anomalies in atmospheric and oceanic circulations,
the TP forcing itself should be considered a result
of atmospheric and oceanic circulations. This is
because the heating source and mechanical forcing
of the TP are determined by various atmospheric
variables such as wind, temperature, humidity and
ground surface heat flux. Revealing how TP forcing
is manifest could help elucidate the role of TP forc-
ing in the framework of land–air–sea interactions.
In recent decades, the interaction between the TP
and oceans, together with their synergistic role
regarding the Asian monsoon, has drawn increasing
attention. The consensus is that the TP can interact
with remote oceans through westerly jet streams,
Rossby waves, local atmospheric circulations and
teleconnections. Here, two aspects are discussed:
the interaction between the TP and the oceans, and
their synergistic influence on the East Asian summer
monsoon.

The persuasive research method adopted to
clarify the impact of the TP on oceans is to use
climatic models CGCMs (e.g. [8,117–119]) and
to conduct experiments with different degrees of
global terrain elevation. It was found that the Asian
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Figure 9. Schematic showing the role of spring TP heating in alternating North Pacific SSTA.

monsoon climate and Indo-Pacific SSTs respond
significantly to TP forcing via changes in cloud radi-
ation and wind evaporation processes. Because the
Pacific Ocean is located downstream of TP along
the westerly belt, the in situ SST anomaly (SSTA) is
inevitably related to TP thermal forcing. Zhao et al.
[115] found that the atmospheric circulations over
the TP and the North Pacific are closely related and
hence, they proposed the concept of the Asia Pacific
Oscillation. Nan et al. [120] further argued that the
tropospheric temperature over the TPmight induce
a warm SSTA in the equatorial central–eastern
Pacific through the Asia Pacific Oscillation.

As mentioned above, the AHS over the TP in
spring is dominated by SH. Based on GCM experi-
ments,Duan et al. [121] found thatTPheating could
affect the western Pacific subtropical high by chang-
ing the equatorial Pacific SST. Sun et al. [122] also
indicated thatTPSHin spring could affect theNorth
Pacific by generating an anomalous barotropic at-
mospheric circulation. As a result, the underlying
SST is altered significantly through sea surface heat
exchange and Ekman transport (Fig. 9).

In addition to the significant impacts of the TP
on North Atlantic SST, SSS and the AMOC, pre-
vious studies have also focused on the thermal ef-
fect of the TP on air–sea interaction in the Indian
Ocean, especially in summer. Wang et al. [123] em-
ployed a regional climate model to examine the re-
lationship between the thermodynamic processes of
the TP in summer and air–sea interaction in the In-
dian Ocean, and indicated that TP thermal forcing
could obviously reduce the northern Indian Ocean
SST by enhancing southwesterly winds.Meanwhile,
monsoonal convective activity around the regions of
decreased SST in the northern Indian Ocean was
suppressed. A similar result was reported byHe et al.

[124] following comparison of atmospheric GCM
andCGCMexperiments. It is further concluded that
air–sea interactionprocesses can somehowoffset the
impact of TIP thermal forcing on the surrounding
atmospheric circulation, and that upwelling (down-
welling) motion in the east (west) along the equa-
torial Indian Ocean can be detected from CGCM
experiments. Almost at the same time, another in-
dependent work by Baldwin et al. [125] showed
that with TP topography included in a CGCM, the
northwestern Pacific SSTwould respond as a dipole
pattern andupwellingwouldbe enhanced in theAra-
bian Sea, resulting in local SST cooling. All these re-
sults indicate the non-negligible role of large-scale
topography in the regulation of global SSTs and
ocean currents.

In addition to the remote influence of the TP, re-
mote forcing fromglobal oceans on the thermal con-
ditions of the TP has also been emphasized in recent
years. In the mid–high latitudes, the contributions
from atmospheric internal modes, for example the
North Atlantic Oscillation, and oceanic variability
such as the North Atlantic Tripolar SST pattern, on
the interannual variation ofTPdiabatic heating have
been revealed ([94,126]). On longer timescales, Shi
et al. [127] found that convection (temperature)
over the plateau was suppressed (increased) dur-
ing the warm phase of the Atlantic multidecadal
Oscillation.

It is noteworthy that the relationship betweenTP
thermal forcing and global and regional SSTAs ex-
hibits strong seasonality. In early spring, the general
circulation over the TP and Asian monsoon regions
is still in the winter state and the AHS over the
TP is influenced mainly by the mid–high-latitude
circulation in the Northern Hemisphere. After the
onset of the Southeast Asian monsoon in early May,
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accompaniedbyweakening andnorthward retreat of
the westerly jet stream, the relationship between the
tropical oceans, especially the IndianOcean, and the
TPdiabatic heating shows amore intimate intercon-
nection. Specifically, the Indian Ocean Basin Mode
(IOBM) can significantly affect the heating condi-
tion of the TP by altering the local meridional circu-
lation and suppressing or enhancing ascent over the
TP [35]. In terms of a pure Indian Ocean Dipole,
through response of the barotropicRossbywave, the
negative geopotential height over northern India can
inducewarmhumid southwesterly flows that benefit
the snow cover over the TP. In contrast, the anoma-
lies of moisture are insignificant in relation to a pure
El Niño effect. However, there is significant positive
partial correlation between TP snow cover in the
preceding spring/summer and ENSO at the end
of the year [128]. Overall, both tropical and mid-
latitude ocean signals can affect the thermal condi-
tions of the TP, but their relative importance and
the influencing pathways depend on timescales and
seasonal phases.

The interannual variability of theEastAsian Sum-
merMonsoon(EASM) is controlledby atmospheric
internal variability and external forcing. Through
data diagnosis and numerical simulations, the rela-
tive importance of the thermal forcing of the TP and
the first leading mode of the Indian Ocean SSTA,
that is the IOBM, with regard to the interannual
variability of the EASM circulation was investigated
[129]. Results demonstrated that stronger thermal
forcing of the TP could enhance the SAH in the
upper troposphere, strengthen the southwesterly
(northerly)wind over southern (northern)China in
the lower troposphere, and hence intensify the main
rainfall belt of the EASM, which normally extends
from the middle–lower reaches of the Yangtze
River to Japan. Conversely, the positive phase of
the IOBM could drive an anticyclonic anomaly over
the northwestern Pacific in the lower troposphere,
consistent with the dominant mode of the EASM
circulation system. Overall, the positive phase of the
IOBM and the stronger AHS over the TP are both
favorable for above normal EASM precipitation.

PROSPECTS
Despite the recent advances in studies of the ther-
mal status of the TP and of its climate impacts, many
unknowns and challenges remain.

It has been demonstrated that the elevated ther-
mal status of the TIPS exerts significant impact on
atmospheric circulations and the global climate, par-
ticularly the maintenance of the ASM. However,
mechanisms for generation and maintenance of the
monsoon can be different from that responsible for

its variation on different timescales. Given the ex-
istence of both the land–sea thermal contrast and
the thermal forcing of large-scale orography in the
current climate system, the relative contributions to
monsoon variability of themechanical forcing of the
TP versus its thermal forcing and of the remote ef-
fects versus the local thermal impacts remain unclear
and require further study.

Improved understanding of the thermal status of
the TP and of its climate impact is helpful for en-
hancing the skill of climate prediction. Knowledge
of clouds and their role in TP climate variations re-
mains limited because of the sparse observations be-
fore the 1970s. Since 2006, with the launch of the
CloudSat andCALIPSO satellites, the vertical struc-
ture of clouds and their radiative effects over the TP
have been the focus of considerable research inter-
est [130,131].However, current climatemodels and
even reanalysis systems still cannot simulate ade-
quately the vertical structure of clouds [132]. To im-
prove simulations of clouds and precipitation over
the TP, additional efforts are required to reveal the
roles of the physical processes of both the planetary
boundary layer and the underlying surface of the TP
in shaping shallow and deep convective clouds.

Thepreviously sparsedistributionofmeteorolog-
ical observation stations over the TIP areameant in-
formation for quantification of the land–air coupling
processes over the TP was insufficient. The Chinese
Meteorological Administration, together with the
provinces near the plateau, has now provided 2 bil-
lion Yuan (RMB) to construct an improved obser-
vation network over the TP comprising more than
6000 automatic weather stations before 2023. This
network is expected to lead tomarked improvement
in our understanding of the coupled land–air pro-
cesses and the thermal features of the TP, as well as
their variations.

Correlation diagnosis, statistical analysis and nu-
merical modeling have all been used widely to reveal
the impacts ofTP forcingondownstreamcirculation
and climate, whilst dynamic approaches are helpful
for improved understanding of these impacts. From
the potential vorticity–diabatic heating (PV-Q) per-
spective, it is known that the strong diurnal change
in surface heating of the TP in summer significantly
influences the land–air coupling and provides
favorable background conditions for the genesis of a
plateau vortex during the night [133]. In winter, the
impinging westerly flow is split into northern and
southern branches in the lower layer by theTP [1,2].
These branches thenmerge on the lee side of the TP
to form remarkable convergence in the boundary
layer and to generate positive PV near the surface
over the eastern TP (where the elevation is near
the middle of the troposphere). Eastward advection
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of the generated positive PV along the westerly
basic flow can initiate cyclogenesis and ascent that
result in anomalous circulation and climate anoma-
lies downstream of the plateau through processes
study [134,135].

Many African and European regions are highly
populated and the regional ecosystems and envi-
ronments are susceptible to global climate change;
therefore, better understanding of the impact of the
TPon its upstreamclimate is very important because
of the strong link between the TP and its upstream
regions. Although previous studies have demon-
strated numerous changes in the upstream climate
that appear linked to the conditions of the TP, the
physical processes through which the plateau might
exert its influence remain unclear. For example,
in the mid–high latitudes, the rotational portion of
atmospheric motion is dominant and forcing, such
as that derived from the TP, usually generates wave-
train patterns. Therefore, it is important to con-
sider whether the changes in TP conditions directly
‘block’ the eastwardpropagating signals causing vari-
ations of the upstream climate, or generate signals
that propagate eastward (and even globally) across
the North Pacific and North America to affect re-
gions to the west of the plateau. Future investiga-
tions are needed to provide answers to the many
related important questions.

Understanding the modulation of the TP on
air–sea interaction is challenging in the study of
climate dynamics. Despite encouraging progress in
exploration of the interactions between the TP
and global oceans, various important issues remain
unaddressed. For example, it will be important to
determine how suchmodulation influences the vari-
ability of the ASM and the ENSO–monsoon re-
lationship. Moreover, the question of whether the
melting of Arctic sea ice is related to continuous
weakening of the TP heat source is of fundamen-
tal importance. In addition, further investigation is
required to establish the optimal method for mea-
suring the relative importance of external forcing
(e.g. ocean signals, the North Atlantic Oscillation
and others) to the variability of the TP heat source
against its self-sustained variability.
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