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ABSTRACT: As the highest and most extensive plateau in the world, the Tibetan Plateau (TP) has remarkable effects on
global climate. Through coupled model sensitivity experiments with and without the TP, we show that the TP can affect
the Arctic directly via orography-forced stationary waves, and influence the Antarctic indirectly via stationary waves forced
by sea surface temperature (SST) in the Indian Ocean. These far-reaching impacts occur mainly in wintertime. The fast at-
mospheric processes play an important role; particularly, the midlatitude westerly flow, which is stronger and closer to the
equator in winter, provides a favorable condition for the eastward and poleward energy propagation of the forced waves.
In the Northern Hemisphere, removing the TP causes a wave train traveling from the Asian continent to the North
America–Atlantic Ocean region, resulting in intensified westerlies and thus an enhancement of stratospheric polar vortex
and Arctic cooling. The pathways are northeastward directly in the upper level due to the background westerlies, while
they are eastward and then northeastward in the lower level, modulated by the winter monsoon. To the south, the TP per-
turbation causes an anomalous cross-equatorial flow, leading to an anomalous SST dipole pattern in the Indian Ocean in
the austral winter; this generates stationary waves propagating energy southeastward from the tropical Indian Ocean to the
Antarctic, resulting in a Rossby wave train circulating around the Antarctic. Our study identifies the seasonality and path-
ways of the TP affecting the polar regions, which may help to understand the role of the TP in the future climate changes
in polar regions.
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1. Introduction

As the highest and most extensive plateau in the world, the
Tibetan Plateau (TP) has played a crucial role in shaping Earth’s
climate (e.g., Yeh 1957; Yeh and Gao 1979; Yanai et al. 1992;
Yanai and Wu 2006; Cheng and Wu 2007; Wu et al. 2007,
2012a,b; Duan and Wu 2008; Yao et al. 2012). Paleoclimatic evi-
dence suggests the uplift of the TP can be traced back to approx-
imately 50 Ma (million years ago); it was accelerated about
10–8 Ma (Harrison et al. 1992; Molnar et al. 1993). This uplift is
thought to have promoted the evolution of Asian monsoon cli-
mate and central Asian aridity (Ramstein et al. 1997; An et al.
2001). Paleoclimatic evidence and model results also suggest
that the TP may have contributed to the formations of polar ice
caps (Raymo et al. 1988; Ruddiman and Kutzbach 1989; Raymo
and Ruddiman 1992) and global thermohaline circulations, par-
ticularly the formation of the Atlantic meridional overturning

circulation (AMOC) (Su et al. 2018; Wen and Yang 2020; Yang
andWen 2020).

The TP exerts remarkable influences on regional and
global climate through its thermal and mechanical effects
(e.g., Kutzbach et al. 1989; Liu and Yin 2002; Wu et al. 2007,
2015; Boos and Kuang 2010; Molnar et al. 2010). In summer, the
TP acts as a strong heat engine that enhances the Asian mon-
soon, in particular its associated precipitation (Kutzbach et al.
1989; Hsu and Liu 2003; Duan andWu 2005). Such heating effect
drives a cyclonic circulation in the lower troposphere, pumping
the warm and moist air from the surrounding surface areas to
the upper troposphere. The thermal effect is thought to be domi-
nant in the boreal summer. In winter, its mechanical effect is
more important because of the strong impinging flows upon the
TP (Duan and Wu 2005; Wu et al. 2012a,b). The winter wester-
lies impinging upon the orography can generate an “asymmetric
dipole” pattern, with a large-scale anticyclonic (cyclonic) circula-
tion upstream (downstream) in the upper level, and a large anti-
cyclonic (cyclonic) circulation to the north (south) in the lower
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level, which intensifies the winter cold break from Siberia (Wu
et al. 2007). Previous studies have emphasized the role of the TP
in the Asia–Pacific climate, whereas its remote impact, especially
on the Arctic and the Antarctic, is rarely mentioned.

Polar regions are significant parts of the climate system, and
have intense feedbacks on the global climate via strong coupling
between ice sheets, atmosphere, and surrounding seas (Budikova
2009; Vihma 2014). Paleoclimatic evidence suggests that the cli-
mate in the Arctic and the Antarctic has undergone tremendous
changes since the Cenozoic. Antarctic glaciation may have
started around 43 Ma, and then expanded in the early Oligocene
around 34 Ma (Miller et al. 1987; Zachos et al. 2001). Arctic
ice appeared since the late Miocene of;10–6 Ma (Lear et al.
2000) because of the bipolar cooling events during the Ceno-
zoic. The timing was close to that of the TP uplift. Model results
showed that the global cooling in the Cenozoic may have been
caused by the uplift of the TP, which promoted an increase in
chemical weathering rate, lowering the concentration of atmo-
spheric CO2 and thus leading to the growth of large ice sheets
in both hemispheres and of polar ice caps (Raymo et al. 1988;
Ruddiman and Kutzbach 1989; Raymo and Ruddiman 1992).
Therefore, the role of the TP on polar regions deserves an in-
depth investigation.

This study focuses on how and to what extent the TP can af-
fect the polar regions, using a fully coupled climate model of
CESM1.0. We attempt to answer the following questions: What
are the pathways of the TP’s influence? In which season is the
teleconnection robust? By comparing the sensitivity experiments
with and without the TP, we demonstrate that the TP can affect
the Arctic directly by TP-forced stationary waves, and the Ant-
arctic indirectly via the stationary waves forced by anomalous
sea surface temperature (SST) in the tropical Indian Ocean.
Atmospheric processes play important roles. Removing the TP
leads to an enhancement of the westerlies in the Northern Hemi-
sphere (NH) and a deepening of the stratospheric polar vortex
that cools the Arctic in the upper troposphere and lower strato-
sphere. The warming over the TP region and the large-scale
southwesterly wind induce warm poleward advection, which
warms up the Arctic in the lower level. Removing the TP also
causes a weakening of the westerlies in the Southern Hemi-
sphere (SH) and temperature changes around the Antarctic via
stationary waves generated over the Indo-Pacific oceans. The
background westerlies in the midlatitudes determine that it is in
the boreal (austral) winter that the perturbation over the TP can
affect the Arctic (Antarctic) most.

This paper is organized as follows. An introduction to the
model and experiments is given in section 2. The TP’s effects on
the Arctic and Antarctic are demonstrated in sections 3 and 4,
respectively. A summary and discussion are given in section 5.

2. Model and experiments

The model used in this study is the Community Earth Sys-
tem Model (CESM1.0) of the National Center for Atmo-
spheric Research (NCAR). The CESM1.0 is a fully coupled
global climate model that provides state-of-the-art simulations
of Earth’s past, present, and future climate states (http://www2.
cesm.ucar.edu/). CESM is composed of an atmosphere model

(Community Atmosphere Model; CAM4) (Park et al. 2014),
land surface model (Community Land Model; CLM4) (Lawrence
et al. 2012), ocean model (Parallel Ocean Program; POP2)
(Smith et al. 2010), sea ice model (Community Ice Code: CICE4)
(Hunke and Lipscomb 2010), and one coupler (CPL7). The
CAM4 uses the grid T31_gx3v7, with the horizontal resolution of
about 3.758 3 3.758 and 26 vertical levels. The CLM4 has the
same horizontal resolution as the CAM4. The POP2 has 60 verti-
cal levels, and a uniform 3.68 spacing in the zonal direction. In the
meridional direction, the grid is nonuniformly spaced: it is 0.68
near the equator, gradually increases to the maximum 3.48 at

(a) Real

(b) NoTibet

(c) Flat

(d) OnlyTibet

FIG. 1. Topography configuration in coupled model experi-
ments. (a) Realistic topography used in Real (the control run),
(b) modified topography without the Tibetan Plateau (TP) used
in NoTibet, (c) modified topography with flat global topography
used in Flat, and (d) modified topography with only TP topogra-
phy used in OnlyTibet. Here high-resolution topography data
with horizontal resolution of 0.178 3 0.178 are used to plot this
figure.
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358N/S, and then decreases poleward. The CICE4 has the same
horizontal grid as the POP2. No flux adjustments are used in
CESM1.0.

Two groups of experiments with different orography were
carried out (Fig. 1). The first group includes a 2400-yr control
run and a 400-yr sensitivity experiment without the TP orog-
raphy. The control run (named “Real”) has realistic geome-
try, orography, and continents in the model (Yang et al. 2015)
(Fig. 1a). The sensitivity experiment (named “NoTibet”)
starts from year 2001 of Real and is integrated for 400 years,
with the orography around the TP set to 50 m above the
mean sea level (Fig. 1b). The second group includes a 1200-yr
control run with a global flat continent (named “Flat”) and a
400-yr sensitivity experiment with only the TP available
(named “OnlyTibet”). In Flat, the global orography is reset as
50 m above mean sea level (Fig. 1c). OnlyTibet is similar to
Flat, except that the TP region has realistic orography, and it
starts from year 801 of Flat and is integrated for 400 years
(Fig. 1d). All conditions except for the TP orography in these
experiments comply with the standard configuration and a
preindustrial CO2 level of 285 ppm. These experiments are
single orography sensitivity tests, rather than paleoclimate
simulation experiments in which one should prescribe several
geologic boundary conditions simultaneously.

The responses of the Arctic and Antarctic to the TP re-
moval are obtained by subtracting the results of Real from
those of NoTibet (NoTibet minus Real). For comparison,
the responses due to the TP presence are obtained by subtract-
ing the results of Flat from those of OnlyTibet (OnlyTibet
minus Flat). Since the responses of the Arctic and Antarctic
to TP removal are opposite to those with TP presence and
they have roughly the same magnitude, we focus on the re-
sults from NoTibet and Real in the following sections. We
investigate the seasonality and pathways of the TP affecting
the polar regions. The boreal winter (austral summer) is
December–February (DJF), and the boreal summer (austral
winter) is June–August (JJA).

We performed six atmospheric general circulation model
(AGCM) experiments using the CAM4 of CESM1.0 to fur-
ther investigate the influence of the TP on the Antarctic via
atmospheric pathway. The atmospheric model is driven by pre-
scribed SSTs obtained from Real or NoTibet. All the AGCM
experiments have the real-world orography. The global SST ex-
periments, named Real_SST and NoTibet_SST, are forced by
the prescribed global SST from the mean seasonal cycle of Real
and NoTibet, respectively. The tropical SST experiment, named
NoTibet_TroSST, is forced by the prescribed tropical SST from
NoTibet. Outside the tropics, the SST is prescribed as in Real.
Three regional tropical SST experiments, named NoTibet_
TroIO, NoTibet_TroPac, and NoTibet_TroAtl, are similar to
NoTibet_TroSST, except that they are forced by prescribed
tropical Indian Ocean SST, tropical Pacific SST, and tropical
Atlantic SST, respectively. We performed another two experi-
ments to examine the effects of size and sign of forcing on the
Rossby wave train in the SH. These two experiments, named
NoTibet_TroIO_1.5, NoTibet_TroIOPac_1.5, are forced by the
prescribed SST in the tropical Indian Ocean and Indian–Pacific
Ocean, respectively. More details on the regions of the tropical
forcing are listed in Table 1.

All these AGCM experiments are integrated for 30 years
each, starting from year 2001 of Real. The changes are ob-
tained by subtracting the results of Real_SST from each sen-
sitivity experiment. The averaged changes over years 1–30
are used for analysis. We use Student’s t test to examine the
statistical significance of our results. We found that most
changes are significant at the 95% confidence level, which is
expected because altering the TP topography induces strong
mechanical forcing and strong responses around the globe.

3. From the Tibetan Plateau to the Arctic

a. Transient changes in the Northern Hemisphere

In response to the TP removal, a significant cooling occurs
in the upper troposphere and stratosphere in the Arctic

TABLE 1. List of the experiments used in this study.

Model Experiment Description

Fully coupled Real 2400-yr control run with realistic topography
NoTibet 400-yr run with TP topography removed, starting from year 2001 of Real
Flat 1200-yr control run with flat global topography
OnlyTibet 400-yr run with real TP topography, starting from year 801 of Flat

AGCM Real_SST 30-yr run forced by the global SST from Real climatology with seasonal cycle
NoTibet_SST 30-yr run forced by the global SST from NoTibet climatology with seasonal cycle
NoTibet_TroSST SST in tropical oceans (208S–208N) from NoTibet; SST in the other regions from

Real
NoTibet_TroIO SST in tropical Indian Ocean (208S–208N, 508–1608E) from NoTibet; SST in the

other regions from Real
NoTibet_TroPac SST in tropical Pacific (208S–208N, 1608E–808W) from NoTibet; SST in the other

regions from Real
NoTibet_TroAtl SST in tropical Atlantic (208S–208N, 808W–208E) from NoTibet; SST in the other

regions from Real
NoTibet_TroIO_1.5 SST in 208S–208N, 508–1608E set to 1.58C
NoTibet_TroIOPac_1.5 SST in 208S–208N, 508E–908W set to 1.58C
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Year

1

90

200

300

(a1) (b1)

(a2) (b2)

(a3) (b3)

(a4) (b4)

400

20

(a5)

(a6)

(b5)

(b6)

FIG. 2. Pressure–latitude section showing changes in (left) zonal mean air temperature (shading; 8C) and specific hu-
midity (contours; g kg21), and (right) surface air temperature (SAT; 8C) in NoTibet with respect to Real. (from top to
bottom) The changes are averaged over year 1 and years 15–25, 85–95, 190–210, 290–310, and 380–400. Stippling rep-
resents the temperature changes are significant at the 95% confidence level based on Student’s t test.
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(Fig. 2a). This cooling appears immediately after the TP
removal (Fig. 2a1), reaches the maximum strength in
about 20 years (Fig. 2a2), and remains steady thereafter
(Figs. 2a3–a6), suggesting the atmospheric processes reach
quasi-equilibrium state quickly. Figure 2a implies a robust
pathway and mechanism that can convey the perturbation
swiftly and efficiently from the TP to the Arctic. The seasonal-
ity, pathways, and mechanism of the TP affecting the Arctic
through atmospheric processes are the foci in this subsection.

In response to the TP removal, the NH in general becomes
warmer and wetter in the first several decades due to atmo-
spheric processes (Figs. 2a1–a3); it then becomes colder and
drier due to ocean processes (Figs. 2a4–a6), that is, the slow-
down and final shutdown of the AMOC, which was reported
for these same experiments in detail in Yang and Wen (2020).
Fast response (the first 100 years) is the focus in this paper,
which results mainly from atmospheric processes, as the ocean
has yet to adjust. When the TP is removed, there is immediately
a strong surface warming over the TP region (Fig. 2b1), result-
ing mainly from the lapse rate effect in the troposphere. The
changes of atmospheric zonal mean temperature around the
TP are roughly barotropic (Fig. 2a1). In the first 100 years,
the lower-level subpolar and Arctic regions become warmer
because of a large-scale poleward heat transport from the
TP region (Figs. 2b1–b3). The surface cooling over the Arc-
tic in the later stage (Figs. 2a4 and 2b4) is mainly caused by
the ocean dynamics. The upper-level cooling over the Arctic
is mainly related to the atmosphere dynamics. Two different
dynamics lead to a significant baroclinic response in the at-
mosphere over the Arctic. Through this sensitivity experi-
ment, we demonstrate that the climate perturbation over
the TP has a quick and strong influence on the Arctic. Iden-
tifying the quick atmospheric processes will help us reveal
the seasonality and pathways via which the TP affects the
Arctic. In Fig. 2 most changes are significant at the 95% con-
fidence level, suggesting the robust connection between the

TP and the Arctic. For visual clarity, we do not show signifi-
cance test in other figures in this section.

It is in the boreal winter that the TP can really affect the
Arctic (Fig. 3a). In the boreal summer, even the local change
over the TP region is suppressed, and the remote response
over the Arctic is negligible (Fig. 3b). In winter, the Arctic up-
per-level cooling appears first in the lower stratosphere; it
becomes strong in the upper troposphere and the whole
stratosphere in 100 years (Fig. 3a3). This strong winter cool-
ing is mainly due to the deepening of the winter polar vortex
(Fig. 4b). Figure 4b shows the wintertime intensified wester-
lies and cooling center in the polar region. The polar low is
enhanced significantly in winter. The polar vortex refers to a
planetary-scale westerly flow that encircles the pole in the
mid-to-high latitudes (Waugh et al. 2017). Removing the TP
leads to intensified westerlies in mid-to-high latitudes in the
upper level, suggesting the deepening of the polar vortex
(a cyclonic geopotential height anomaly over the polar region
in Fig. 4b), causing cooling in the Arctic. In summer, the
upper-level atmospheric circulation is hardly changed over
the Arctic (Fig. 4c). Here, we stress that the responses dur-
ing the first 10 years (not shown) showed a resemblance to
those during the first 100 years (Figs. 4 and 5), suggesting a
quick adjustment of atmospheric circulation to the TP re-
moval and the long-lasting effect of atmospheric processes.

The upper-level jet change can be seen more clearly in Fig. 5.
The responses are roughly barotropic and significantly stronger
in the stratosphere (Figs. 5a1,a2). The intensified westerly wind,
accompanied by reduced meridional wind (not shown), suggest-
ing an enhanced Northern Annular Mode (NAM; Ruddiman
and Kutzbach 1989; Thompson et al. 2000; Thompson and
Wallace 2001). The enhanced westerlies around 608N indicate
an enhancement of the stratospheric polar low (Matsuno 1971;
Li and Wang 2003; Waugh et al. 2017). The wintertime re-
sponses of zonal wind are similar to the annual mean results,
but with much larger amplitude (Fig. 5a2). The westerlies

Year=1 90

(a1) Winter DJF (a2)

(b1) Summer JJA (b2)

20

(a3)

(b3)

FIG. 3. Pressure–latitude section showing changes in zonal mean air temperature (shading; 8C) in (top) boreal winter and (bottom) boreal
summer in NoTibet with respect to Real. (from left to right) The changes are averaged over year 1, years 15–25, and years 85–95.
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around 308N become weaker because removing the TP
weakens the subtropical jet stream on the eastern side of
the orography (Manabe and Terpstra 1974). The summer-
time responses are completely different because the NH
westerlies have remarkable seasonal variation in both inten-
sity and north–south displacement. In the boreal winter, the
upper-level planetary westerlies shift southward and the TP
is located directly at the path of the westerlies (Chiang et al.
2015). The TP acts as a huge barrier that can reduce the
westerlies (Ruddiman and Kutzbach 1989; Wu et al. 2015).
In contrast, the upper-level planetary westerlies shift north-
ward and become weaker in the boreal summer. Therefore,
only the northern edge of the TP lies in the path of the west-
erlies, while the remainder is in the easterlies. Removing

the TP causes warming over Asia at a lower altitude in the
boreal summer (Fig. 3b), which induces an anomalous cy-
clone below the stratosphere (Fig. 4c), and thus weakens the
westerlies (easterlies) in higher (lower) latitudes at a lower
altitude of about 150 hPa (Fig. 5a3).

The perturbation of the TP can affect upward wave prop-
agation, leading to changes in stratospheric wind and polar
vortex. In the boreal winter, the background westerly wind
(Fig. 5a2) in the stratosphere over the Arctic is favorable to the
upward propagation of Eliassen–Palm flux (E-P flux; Eliassen
and Palm 1960; Holton and Hakim 2013). Removing the TP
reduces the upward wave propagation, with divergence of
the E-P flux at the stratospheric vortex (Fig. 5b2), resulting
in the enhancing westerly wind and polar vortex, and thus

Annual mean Winter DJF Summer JJA

(b1) (b3)(b2)

(a1) (a2) (a3)

FIG. 5. Quasi-equilibrium changes in (top) zonal mean zonal wind (shading; m s21) and (bottom) E-P flux (vectors; 106 m2 s22) and its
divergence (shading; m s22) in NoTibet with respect to Real, averaged over years 1–100. Gray contours in (a) show the mean zonal wind
in Real. Results are for the (a1),(b1) annual mean, (a2),(b2) boreal winter, and (a3), (b3) boreal summer. The E-P flux is multiplied by
the square root of 1000/pressure to aid visualization, while its divergence is not scaled.

(b) Winter DJF (c) Summer JJA(a) Annual mean

FIG. 4. Quasi-equilibrium changes in Northern Hemisphere atmosphere circulations averaged over 100–200 hPa in NoTibet with respect
to Real for the (a) annual mean, (b) winter, and (c) summer, averaged over years 1–100. Contours represent geopotential height change (m),
shading is for temperature change (8C), and vectors are for wind change (m s21). The TP region is marked by the enclosed green contour.
Vectors less than 2 m s21 are omitted for clarity.
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the Arctic cooling. By contrast, the stratospheric winds are
easterlies in the boreal summer, which inhibit the upward
wave propagation (Fig. 5b3), leading to trivial changes in
the Arctic stratosphere after removing the TP.

b. Responses and pathways in the upper level

The perturbation caused by the TP removal propagates
northeastward from the TP region along the longitude of
1008–1208E to the subpolar region, enhancing the westerlies
around 608N significantly. This occurs only in wintertime.
Figure 6 shows changes in atmospheric circulations, air tem-
perature, wave activity flux and its divergence averaged
over 100–200 hPa. The propagating pathways are clearly ex-
hibited in the winter patterns of geopotential height and
wind (Fig. 6a2). Wave activity flux also explicitly reveals the en-
ergy source of the enhancement of westerlies at 608N (Fig. 6b2).
The TP-forced stationary wave carries energy northeastward
and diverges near 608N, leading to an energy conversion from
perturbation kinetic energy to mean kinetic energy (i.e., the en-
hancement of planetary-scale westerlies) (Fig. 6b2).

Changes in upper-level atmosphere circulations follow the
classical theories of potential vorticity (PV) dynamics and sta-
tionary wave dynamics (Charney and Eliassen 1949; Held
1983; Son et al. 2019). First of all, in the winter pattern of at-
mospheric circulation changes, there is a large-scale anoma-
lous low above the TP, accompanied by an anomalous high

downstream of the TP (Fig. 6b2). This occurs because of the
PV constraint (i.e., z/H5 constant, where z is relative vortic-
ity and H is the thickness of the atmosphere column). Ne-
glecting surface friction and considering constant planetary
vorticity f, removing the TP leads to a stretching of H and
thus an increase of z over the TP (i.e., an anomalous cyclonic
circulation over the TP). The opposite occurs downstream of
the TP, where the compressingH leads to a decrease of z (i.e.,
an anomalous anticyclonic circulation). Bear in mind that in
winter the planetary-scale westerlies expand southward to
;208N, so that it can be fully affected by the TP change. In
contrast, the summer planetary-scale westerlies retreat north-
ward, and easterlies dominate over most of the TP; thus, the
perturbations over the TP are locally trapped (Fig. 6a3).

The wave activity flux and its divergence shown in Fig. 6b
help us understand the pathways and energy conversion asso-
ciated with the TP-forced stationary Rossby waves. They
are calculated following the Takaya–Nakamura method
(T-N flux; Takaya and Nakamura 1997, 2001). The T-N flux is
the extended form of the E-P flux; it is extensively used to ex-
amine the horizontal propagation of the energy associated
with the group velocity of stationary Rossby waves (Qiao and
Feng 2016; White et al. 2017). The divergence of the wave ac-
tivity flux represents where the wave disturbances are emit-
ted and absorbed by the mean flows (Takaya and Nakamura
2001). The TP acts as a strong source of Rossby waves

EP flux and DivergenceGeo. Height, Wind and T

(a1) Annual Mean (b1)

(a2) Winter DJF (b2)

(a3) Summer JJA (b3)

FIG. 6. (left) As in Fig. 4, but for the Mercator projection. (right) Quasi-equilibrium change in wave activity flux
(vectors; m2 s22) and its divergence (shading; 106 m s22) averaged over 100–200 hPa in NoTibet with respect to Real.
Positive (negative) value represents divergence (convergence). Results are shown for the (top) annual mean, (middle)
boreal winter, and (bottom) boreal summer. All these values are averaged over years 1–100. The TP region is marked
by the enclosed green contour. Vectors less than 2 m s21 are omitted for clarity.
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(Charney and Eliassen 1949; Hoskins and Karoly 1981). Re-
moving the TP excites the planetary stationary wave, with
its energy propagating northward to northern Eurasia and
eastward to the North Atlantic (Fig. 6b2). The divergence of
the T-N flux in the high latitudes suggests that the wave per-
turbation energy is emitted and converted to mean kinetic
energy, which is used to enhance the background westerlies.
This energy propagation and conversion are clear in the bo-
real winter (Fig. 6b2). Conversely, in the boreal summer the
TP-excited wave energy is locally trapped (Figs. 6a3,b3) and
thus has no effect on the atmospheric circulation in the high
latitudes.

In summary, for the upper-level atmospheric circulation,
the TP perturbation in winter can affect the Arctic swiftly and
efficiently via atmospheric processes, because the background
planetary-scale westerlies favor the northeastward propaga-
tion of the wave energy (Holton and Hakim 2013). However,
in the boreal summer, the planetary westerlies retreat north-
ward and most of the TP region is controlled by the easterlies;
the TP perturbation is locally trapped with negligible influ-
ence on the high latitudes.

c. Responses and pathways in the lower level

For the lower-level atmospheric circulation, the pathways
conveying the local TP warming to the Arctic are similar to
those in the upper-level atmosphere. This perturbation propa-
gation occurs also in winter only (Fig. 7). However, since the
lower-level atmospheric circulation over the Asian continent
is dominated by monsoon circulation, remarkably different

from the planetary circulation in the upper-level atmo-
sphere, the mechanisms of the TP affecting the Arctic are
also different.

Let us first examine the climatological atmosphere state in
the NH. In winter, the Siberian high and Aleutian low domi-
nate the Asian continent and subpolar Pacific, respectively
(Fig. 7a1), and the winter northerly monsoon dominates over
East China. In summer, the subtropical high dominates over
the tropical and North Pacific; and the Asian continent is un-
der low pressure (Fig. 7b1). The summer southerly monsoon
dominates over East China. It implies that perturbation over
the TP can hardly affect the high latitudes under the winter
northerly than under the summer southerly. However, our
sensitivity experiments show the opposite.

In response to the TP removal, the winter Siberian high
and Aleutian low are weakened significantly, leading to strong
southwesterly anomalies along the eastern coast of the Asian
continent, extending from the east of the TP to the Arctic
(Fig. 7a2). The strong surface warming over the TP region is
thus advected eastward and northeastward by the large-scale
southwesterlies (Fig. 7a3). In contrast, the impact of local warm-
ing over theTPon theArctic is negligible in summer (Fig. 7b3), al-
though thewarmingmagnitude over the TP is stronger in summer
than in winter (Fig. 7b2). This is because summer low pressure
over the whole Asian continent (Fig. 7b1) restrains the local TP
perturbation fromdivergence (Figs. 7b2,b3).

We emphasize that for the lower-level atmosphere, the path-
ways of the TP affecting the Arctic are controlled by the mon-
soon system. The local warming over the TP cannot propagate

Winter DJF Summer JJA

(a1) (b1)

(a2) (b2)

(a3) (b3)

FIG. 7. (top) Surface wind (vectors; m s21) and sea level pressure (shading; hPa) in Real. (middle) Quasi-equilibrium
changes in SAT (shading; 8C) and surface wind (vectors; m s21) in NoTibet with respect to Real. (bottom) As in the
middle panels, but for quasi-equilibrium changes in SAT advection [uT/x1 yT/y]. Results are shown for boreal
(left) winter and (right) summer, averaged over years 1–100. The TP region is marked by an enclosed green contour.
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directly northward to inland Asia in winter due to the blocking
of background northerlies, while it can in summer with the help
of the southerlies. Therefore, the pathways in the boreal winter
are eastward from the TP to the western Pacific and then north-
eastward to the Arctic, whereas the pathways in the boreal
summer are northward to North Asia but are blocked near
608N by anomalous easterlies.

4. From the Tibetan Plateau to the Antarctic

a. Temperature change over the tropics and Antarctic

In response to the TP removal, a dipole-like change oc-
curs in the tropical Indian Ocean, an El Niño–like change
occurs in the tropical Pacific, and a Rossby wave–like change
occurs in the Southern Ocean (Fig. 8). These changes are much
stronger in the austral winter (Fig. 8b) than in the austral sum-
mer (Fig. 8c). Changes in the SH austral winter are significant
at the 95% level, based on Student’s t test, while they are not
significant in the austral summer. For visual clarity, we do not
show significance in other figures in this section. Figure 8 shows
the quasi-equilibrium changes in surface air temperature (SAT)

averaged over years 1–30 after the TP is removed. The tropical
Indian Ocean SST change is due to the weakening South Asian
monsoon (Liu and Yin 2002; Boos and Kuang 2010; Chen et al.
2014): the weakening southerlies over the tropical Indian Ocean
in the boreal summer (i.e., austral winter) lead to a weakened
latent heat loss and thus SST warming there (Chen et al. 2021).
The tropical Pacific SST change is due to the weakened trade
wind (Wen and Yang 2020). We are particularly interested in
the Rossby wave–like temperature change near the coast of the
Antarctic: a cooling to the west of the Ross Sea, a warming in
the west of the Amundsen Sea, and cooling over the eastern
Bellingshausen Sea and Weddell Sea (Fig. 8a2). We ask the fol-
lowing questions: Through which pathways does the TP affects
the high-latitude SH, and why is the response in austral winter
much stronger than that in austral summer?

b. Seasonality and pathways

First of all, we stress that the most important atmospheric
process in the TP affecting the Antarctic is still the stationary
Rossby wave, similar to that in the NH. However, in the NH
it is the TP-forced stationary wave, whereas in the SH it is the
Indian Ocean SST-forced stationary wave. We want to em-
phasize that the tropical SST changes contributes little to the
response in NH. Second, the atmosphere response in the SH
is roughly barotropic, whereas that in the NH is baroclinic
(Fig. 2). Finally, it is in the boreal or austral winter that the
TP affects the polar region the most.

The TP-influenced pathways on the Antarctic are clearly
defined by the Rossby wave train structure, which occur
mainly in the austral winter (Fig. 9a). The remarkable Rossby
wave with wavenumber 5 connects the tropical Indian Ocean
with the Antarctic (Fig. 9a2). The wave train structure in
our study is consistent with that in previous studies that in-
vestigated the teleconnection between the tropical Indo-
Pacific and the Antarctic (Nuncio and Yuan 2015; Purich
and England 2019; Wang et al. 2019; Gillett et al. 2022).
This suggests that the tropical oceans act as a bridge in
conveying the TP-forced perturbation in the NH to the SH.

A series of AGCM experiments with prescribed SST forc-
ing further suggests that the Rossby wave train is forced by
the SST change in the tropical oceans; the tropical ocean must
act as a bridge in conveying the NH atmospheric perturbation
to the SH, and the direct teleconnection between the TP and
the Antarctic via the atmospheric bridge alone is less likely.
Figure 9a shows differences from the fully coupled CESM ex-
periments NoTibet and Real. Figure 9b shows differences from
the two global SST-forced AGCM experiments (NoTibet_SST
and Real_SST). The differences between Fig. 9a and Fig. 9b
can be neglected. Figure 9c shows results from an AGCM ex-
periment with prescribed tropical SST, namely NoTibet_
TroSST. It is seen that, except for the NH, the changes in the
SH in Fig. 9c are almost identical to those in Fig. 9b. This sug-
gests the important role of the tropical upper ocean in the
Rossby wave train in the SH. The picture of the TP affecting
the Antarctic is that the perturbation caused by the TP first af-
fects the tropical ocean–atmosphere system; then, the tropical
upper ocean change forces stationary wave that can propagate

SAT
(a) Annual Mean

(b) Winter JJA 

(c) Summer DJF

FIG. 8. Changes in SAT (shading; 8C) in NoTibet with respect to
Real, averaged over years 1–30: (a) annual mean, (b) austral win-
ter, and (c) austral summer. In the ocean, SAT is roughly equal to
SST. The TP region is marked by an enclosed green contour. Stip-
pling represents the SAT changes are significant at the 95% confi-
dence level based on Student’s t test.
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southeastward. We suggest that the direct impact of the NH
perturbation on the SH via the atmosphere bridge alone is
negligible. This agrees well with previous studies (Wills and
Schneider 2016, 2018; Tewari et al. 2021), which suggested
the orography-forced waves cannot directly influence the
other hemisphere due to the absorption of waves at the
equator.

More AGCM experiments with prescribed regional SST
forcing confirm that the Rossby wave train is forced by the
perturbation in the tropical Indian Ocean. When forced by
the dipole-like pattern in the tropical Indian Ocean, the
Rossby wave train is perfectly reproduced (Fig. 10a), which
occurs mainly in the austral winter (Fig. 10a2). When forced
by the El Niño–like pattern in the tropical Pacific, the Rossby
wave train in the SH is very weak (Fig. 10b). When forced by
the SST anomaly in the tropical Atlantic, the Rossby wave
train in the SH is also very weak (Fig. 10c). Besides, even the
weak Rossby waves in Figs. 10b2 and 10c2 have different
structures from those in Figs. 9 and 10a. This suggests that the
size and sign of the forcing itself are important to the Rossby
wave structure.

Removing the TP leads to weakened cross-equatorial south-
erlies over the Indian Ocean in the boreal summer (austral
winter). This drives a positive Indian Ocean dipole (IOD)-
like SST pattern in the Indo-Pacific (Chen et al. 2021). The
latter excites a stationary Rossby wave, emanating from

the Indo-Pacific to the Antarctic. The wave train in the SH
causes an anticyclone circulation over the Amundsen Sea and
a cyclone circulation over the Weddell Sea. The anomaly
northerlies over the western Amundsen Sea induce warm ad-
vection and thus SST warming. In contrast, the anomalous
southerlies over the Antarctic Peninsula cause a cooling center
over the Weddell Sea and eastern Bellingshausen Sea (Fig. 8).

The amplitude of Rossby wave train in the austral winter
is stronger than that in the austral summer. The seasonality
of the TP–Antarctica teleconnection is also due to the sea-
sonality of the background winds in the SH (Li et al. 2015).
In the austral winter, the Indian Ocean SST-forced station-
ary wave is located entirely within the planetary westerly
belt, and the subtropical jet is strong, so the stationary
Rossby waves can emanate energy from the tropical Indian
Ocean to higher latitudes and excite Rossby wave train over
the Southern Ocean. In the austral summer, however, the
westerly belt shrinks southward, the subtropical jet is weak,
and the tropics are dominated by the easterlies; thus, the
Rossby wave train is not clear.

The atmospheric responses in the SH are roughly barotropic
(Fig. 11 vs Fig. 9). The anomalous geopotential height and
wind at 200 hPa (Fig. 11) have the same structures as those
near the surface (Fig. 9), except with stronger magnitude in
the upper level, which is roughly inversely proportional to the
pressure.

Fully Coupled Global SST Forced Tropical SST Forced

(a1) Annual Mean

(a2) Winter JJA

(b1)

(b2)

(b3)

(c1)

(c2)

(c3)(a3) Summer DJF

FIG. 9. Changes in surface wind (vectors; m s21) and sea level pressure (shading; hPa) from (left) fully coupled runs (NoTibet minus
Real), (center) the AGCM runs (NoTibet_SST minus Real_SST), and (right) the tropical-SST-forced AGCM experiments (NoTibet_
TroSST minus Real_SST), averaged over years 1–30. All these values are obtained by subtracting their corresponding zonal mean values.
The dashed red rectangle denotes the forcing region in which SST is prescribed by using that of NoTibet. Results are for the (from top to
bottom) annual mean, austral winter, and austral summer, respectively. The TP region is marked by enclosed green contour.
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The propagation direction and wavenumber of the Rossby
wave train are also related to the size and sign of the forcing
itself. We see that the IOD-like forcing generates the Rossby
wave train with wavenumber 5 (Fig. 12a). If a uniform 1.58C
SST warming replaces the IOD-like forcing, the Rossby wave

train has wavenumbers 3 and 4 (Fig. 12b). If the forcing re-
gion doubles its size in the zonal direction, the forced Rossby
wave train has wavenumbers 2 and 3 (Fig. 12c). These three
AGCM experiments show clearly that the wavelength of the
forced response is comparable with the size of the forcing

Tropical Indian SST Forced Tropical Pacific SST Forced Tropical Atlantic SST Forced

(a1) Annual Mean

(a2) Winter JJA

(a3) Summer DJF

(b1)

(b2)

(b3)

(c1)

(c2)

(c3)

FIG. 10. As in Fig. 9, but for three different AGCM experiments: (left) tropical Indian Ocean SST-forced runs (NoTibet_TroIO),
(center) tropical Pacific SST-forced runs (NoTibet_TroPac), and (right) tropical Atlantic SST-forced runs (NoTibet_TroAtl). The
dashed red box shows the region where the prescribed SST is applied.

(a) Fully Coupled (b) Global SST Forced (c) Tropical SST Forced

(d) Tropical Indian SST Forced (e) Tropical Pacific SST Forced (f) Tropical Atlantic SST Forced

FIG. 11. (a) Changes in wind (vectors; m s21) and eddy geopotential height (shading; m) at 200 hPa from fully coupled runs averaged
over years 1–30. (b)–(f) As in (a), but for the results from AGCM runs. The dashed red box in (b)–(f) denotes the forcing region in which
SST is prescribed. All values are for the austral winter.
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itself, which can be exactly predicted by the classical sta-
tionary wave dynamics. In addition, the propagation direc-
tion of the forced waves is also determined by the ratio of
zonal and meridional scales Ly/Lx of the forcing, that is,
Cgx/Cgy ; Ly/Lx, where Cgx and Cgy are the zonal and meridi-
onal group velocities, respectively. In the case of Ly ; Lx, the
wave energy propagates southeastward first and then east-
ward at the high latitudes, as shown in Fig. 12a. In the case
of Lx . Ly, the wave energy propagates mostly southward
first and then eastward at the high latitudes, as shown in
Figs. 12b and 12c. These are also predictable based on the
classical wave dynamics.

In summary, the TP affecting the SH is mainly bridged by
the tropical Indian Ocean. Through perturbing the cross-
equatorial southerlies over the Indian Ocean, the SST anom-
aly can generate the stationary Rossby wave that propagates
southeastward to high latitudes and then generate Rossby
wave train circulating the Antarctic. The SH response is
roughly barotropic, with its magnitude stronger in the austral
winter than in the austral summer.

5. Summary and discussion

Through sensitivity experiments with and without the TP,
we identified the connections between the TP and polar re-
gions. After a sudden change of the TP topography, the atmo-
sphere adjusts immediately and reaches a quasi-equilibrium
state quickly. We focus on the fast atmospheric processes in
this paper. The slower ocean processes and equilibrium re-
sponses are investigated in these same experiments in our pre-
vious papers (Yang et al. 2020; Yang and Wen 2020). The TP
affecting on the Arctic occurs mainly in the boreal winter,
through energy propagation via topography-forced stationary
waves. The TP effect on the Antarctic occurs also mainly in
the austral winter, through energy propagation via SST-forced
stationary waves, which are excited by the Indian Ocean SST
anomaly caused by the anomalous cross-equatorial current.
The latter is due to the adjustment of the South Asian sum-
mer monsoon to the TP change. In general, the change
around the TP can affect the polar region significantly in
winter (boreal or austral). The seasonality and pathways of
the TP affecting the Arctic and Antarctic are summarized in
Fig. 13.

Background mean flow is the key factor to both the season-
ality and pathways of the TP affecting the Arctic. In the

boreal winter, the planetary westerly belt controls the upper
atmosphere over the TP region, while the northerly monsoon
controls the lower atmosphere over the Asian continent. These
provide favorable conditions for the downstream propagation
of the forced Rossby waves. In the upper level, the TP-forced
stationary waves can carry energy directly northeastward to the
Arctic (Fig. 13a). This northeastward propagation of energy
owes also to the comparable zonal and meridional scales of
the TP topography (Pedlosky 1987). In the lower level, the
TP-forced stationary waves have to propagate eastward
first, due to the blocking of the northerlies, and then go
northeastward, helped by the anomalous southerlies over

(a) IOD-liked SST Forced (b) 50E160E 1.5 SST Forced (c) 50E270E 1.5 SST Forced

FIG. 12. Changes in wind (vectors; m s21) and eddy geopotential height (shading; m) at 200 hPa averaged over years 1–30 in experi-
ments forced by tropical ocean SST. (a) As in Fig. 11d, (b) for NoTibet_TroIO_1.5, and (c) for NoTibet_TroIOPac_1.5. The dashed red
box denotes the forcing region. All values are for the austral winter.

(a) Boreal winter 200hPa

(b) Boreal winter surface

(c) Austral winter for SH

FIG. 13. Schematic diagrams showing TP–Arctic and TP–
Antarctica teleconnections. (a),(b) The TP–Arctic connection
in the boreal winter at 200 hPa and the surface, respectively.
(c) The TP–Antarctica connection in austral winter. In (a) and (b),
the gray shading denotes the TP region. The blue arrow denotes the
pathways. Red arrows in (a) denote background westerlies, and black
arrows in (b) denote background monsoon. The letter W represents
the strong surface warming over the TP region. Shading in (c) shows
the IOD-like SST pattern. Black arrows denote the reduced souther-
lies in the tropical Indian Ocean. Red (blue) circles represent low
(high) pressure anomalies.

J OURNAL OF CL IMATE VOLUME 361410

Unauthenticated | Downloaded 02/12/23 12:37 PM UTC



the region between the east coast of the Asian continent
and western Pacific (Fig. 13b). In the boreal summer, the
upper-level planetary westerly belt shrinks northward, and
the lower-level atmosphere is dominated by the southerly
monsoon; the energy of TP-forced stationary waves is more
likely to be trapped locally. The baroclinic structure of
background winds over the Asian continent leads to baro-
clinic responses in the Arctic atmosphere (Fig. 2).

The fundamental dynamics in the TP affecting the Antarctic
is similar to that in the NH. In the austral winter, the TP per-
turbation can affect the SH via altering the cross-equatorial
southerlies. Confirmed by a series of AGCM experiments, it is
the SST-forced stationary waves over the Indian Ocean that
carry energy southeastward, generating Rossby wave train
circulating the Antarctic continent (Fig. 13c). In the austral
winter, the tropical easterlies over the Indian Ocean are weak,
and the SH planetary westerlies can reach lower latitudes,
providing favorable conditions for the downstream propa-
gation of the planetary waves. Different from that in the
NH, the response in the SH is barotropic since the ocean–
continent contrast in the SH is far less remarkable than that
in the NH.

This study provides a more comprehensive picture of the TP’s
roles in global climate. Previous works on the TP paid much
more attention to its impacts on Asia-Pacific climate than on po-
lar regions. We trace the TP’s impacts on the remote Arctic and
Antarctic and identify the pathways and seasonality of the TP
affecting these regions. These connections are confirmed by the
Flat and OnlyTibet experiments. The atmosphere responses in
the polar regions to a sudden uplift of the TP have roughly the
same amplitude and opposite phase to those in NoTibet with re-
spect to Real, suggesting that the presence of the TP can lead to
a stratospheric warming (Ren et al. 2019) and surface cooling
over the Arctic, a weakened (intensified) annular mode in the
NH (SH), a warming over the Antarctic Peninsula, and a
weakening of the Antarctic bottom water circulation. These
sensitivity experiments, although highly idealized, give a useful
quantitative estimate of the TP’s roles in global climate, and
provide an interesting viewpoint to better understanding of cli-
mate change in the polar regions.

This study can also help us understand past climate changes
at the geological time scale. Paleoclimatic evidence revealed
that the global climate has undergone tremendous changes
since the Cenozoic, including a long cooling process marked
by the development of polar ice caps and a significant reorga-
nization of global atmospheric–oceanic circulations (Miller
et al. 1991; Zachos et al. 2001). These might have some con-
nections with the gradual uplift of the TP during the Ceno-
zoic. Through the late Eocene to the early Oligocene, the
oceanic circulations transformed from the Southern Ocean
deep-water dominating mode to the present mode charac-
terized by North Atlantic deep-water sources (Wright and
Miller 1993; Davies et al. 2001; Via and Thomas 2006), con-
sistent with our previous studies of the global thermohaline
in response to the TP uplift (Yang and Wen 2020; Wen et al.
2021). However, our coupled model results showed a generally
colder (warmer) climate in the NH in the absence (presence) of
the TP. We demonstrate the feedback of the thermohaline

circulation change on the global climate is critical, which is ab-
sent in previous modeling studies (e.g., Ruddiman and Kutz-
bach 1989). The establishment of the AMOC since the
gradual uplift of the TP helps establish a more northward
ocean heat transport from the SH, and thus a warmer NH
(colder SH). We show that the direct effect of the TP uplift
may act against the global cooling and development of ice
caps in the NH, but appear to favor the ice-cap formation in
the SH. The global cooling since the Cenozoic derived from
paleoclimatic evidence may be due to an enhanced chemical
weathering rate resulting from the TP uplift or to changes in
astronomical parameters.

The conclusions obtained in this paper are consistent with
previous findings. For example, removing the TP can weaken
the South Asian summer monsoon, consistent with the studies
of Boos and Kuang (2010) and Chen et al. (2014). The telecon-
nection between the Indo-Pacific and the Antarctic was re-
ported previously (Nuncio and Yuan 2015; Purich and
England 2019; Wang et al. 2019; Gillett et al. 2022). Lowering
the NH orography would cause the midlatitude westerlies to
be more zonal (Manabe and Terpstra 1974; Ruddiman and
Kutzbach 1989; Liu and Yin 2002). The weakened Siberian
high and Aleutian low in winter in the absence of the TP are
also consistent with previous findings (Manabe and Terpstra
1974; Hahn and Manabe 1975; Kutzbach et al. 1993; Liu and
Yin 2002; Lee et al. 2013). Some previous studies determined
that the Mongolian Plateau plays a vital role in the NH up-
per-level wintertime circulations (White et al. 2017), using
AGCMs. We have performed coupled model experiments
with only the TP region removed (208–458N, 608–1308E), in
which the response is similar to that in NoTibet, suggesting the
TP’s dominant role in polar region. Note that previous studies
used AGCMs and we use coupled models with full ocean dy-
namics, which can better study the TP’s role with regard to
global climate.

The conclusions drawn in this paper could be affected by
model bias, version, and resolution; thus, they may be model
dependent. In this study, the model resolutions for atmosphere
and ocean components are rather coarse. The SST simulation
bias may affect the responses in the Antarctic. In addition, our
experiments were carried out with fixed atmospheric CO2 con-
centration (285 ppm) at the preindustrial level, which was
lower than that during the TP uplift period (Lowenstein and
Demicco 2006). The higher atmospheric CO2 concentration
(up to 1000 ppm) during the late Eocene should have affected
the polar surface temperature change. In addition, the results
obtained in our study in response to a sudden TP change may
not be consistent with the climate change in response to the
gradual uplift of the TP from paleoclimate viewpoint. Studies
using other models with various background climate parame-
ters are needed in the future, for a better understanding of the
TP’s role in shaping polar climate.
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