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ARTICLE INFO ABSTRACT

We examine the links between the thermal condition of the troposphere over the Tibetan Plateau with the
atmospheric circulation and climate over the Eurasian continent. The temperature of the troposphere over the
Tibetan Plateau is higher than the temperature in other regions at the same latitude and is consistent with the
temperature of the Eurasian troposphere on an interannual timescale. The higher temperature of the troposphere
over the Tibetan Plateau leads to anomalous south-north temperature gradients from mid-latitudes over the
Eurasian continent to its two flanks, accompanied by anomalous easterly and westerly winds in the upper tro-
posphere in the subtropics and at higher latitudes. Anomalous anticyclonic circulations and subsidence motions
appear between the anomalous easterly and westerly winds and contribute to the high surface air temperature
over West Asia, Central Asia and East Asia via anomalous vertical temperature advection in the troposphere and
change in the amount of solar radiation incident on the surface. The enhanced East Asian summer monsoon
associated with the high temperature of the troposphere over the Tibetan Plateau also partly contributes to the
high surface air temperature over East Asia via horizontal temperature advection. The westerly wind anomalies
in the north of the mid-latitudes over the Eurasian continent indicate the enhancement and northward shift of
the mid-latitude westerly jet. This is related to anomalous upward motion and higher precipitation in Northeast
China and North China. Sensitivity experiments based on an atmospheric model verify the impact of anomalous
tropospheric heating over the Tibetan Plateau in summer on the atmospheric circulation over the Eurasian
continent.
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1. Introduction

The Tibetan Plateau is the highest plateau in the world and has
remarkable dynamic and thermodynamic effects on the atmospheric
circulation in Asia (Ye and Gao, 1979; Wu et al., 1997). The blocking
effect of the Tibetan Plateau in the boreal winter forces the mid-latitude
westerly jet stream to diverge and form northern and southern branches
(Yeh, 1950). The surface sensible heat over the Tibetan Plateau in
spring drives ascending motion locally and modulates the Asian-Aus-
tralian monsoon (Wu et al., 1997). In summer, the Tibetan Plateau acts
as a source of heat and heating of the atmosphere over this vast ele-
vated region affects the evolution of the Asian summer monsoon, the
monsoon climate in East Asia and South Asia, and the desert climate of
Central Asia (e.g. Luo and Yanai, 1984; Yanai et al., 1992; Zhang et al.,
2004; Duan and Wu, 2005). The snow cover over the Tibetan Plateau,
as a source of external forcing, is regarded as a sensitive indicator of the
climate in South Asia and East Asia on interannual and interdecadal
timescales (e.g., Ose, 1996; Robock et al., 2003; Zhang et al., 2004; Zhu
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et al.,, 2015; Wang et al., 2017). Precipitation over northwestern China
before the rainy season, summer precipitation over the Yangtze River
valley and the extent of the mei-yu are all closely related to the win-
ter-spring snow cover on the Tibetan Plateau (Chen and Wu, 2000; Qin
et al., 2006; Wu and Qian, 2003; Wang et al., 2017).

The Tibetan Plateau not only has an impact on the climate in the
Asian monsoon region, but also remotely modulates the atmospheric
circulation and climate in other areas. The physical mechanism of this
remote influence is mainly through large-scale teleconnections and
planetary/Rossby waves. Branstator, 2002 and Zhao et al. (2007) pro-
posed that low-frequency disturbances and thermal anomaly of the
Tibetan Plateau can propagate energy outward in the form of planetary
waves along the westerly jet and connect with the extratropical atmo-
spheric circulation. Nan et al. (2009) showed that the springtime tro-
pospheric temperature anomaly over the Tibetan Plateau can cause
anomalous winds over the tropical central-western Pacific and change
the sea surface temperature over the tropical central-eastern Pacific via
a teleconnection between Asia and the north Pacific Ocean. Lin and Wu
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Fig. 1. (a) Climatology of the JJA vertically (500-200 hPa) averaged eddy air temperature (°C) (the difference of the air temperature from its zonal mean) during the
time period 1979-2018. (b) Time series of the normalized and detrended JJA TTT index (the vertically (500-200 hPa) and regionally (25°N-45°N, 65°E-105°E)

averaged air temperature) during the time period 1979-2018.

(2011) showed that the variability of snow cover over the Tibetan
Plateau in the preceding autumn is significantly correlated with the
winter surface air temperature (SAT) over North America via the Pa-
cific-North America teleconnection. Wu et al. (2016) showed that
anomalies in the snow cover on the Tibetan Plateau can trigger a tel-
econnection pattern across the Eurasian continent, leading to summer
heatwaves in southern Europe and northeastern Asia.

The remote atmospheric circulation associated with the heating of
the Tibetan Plateau not only involves large-scale teleconnections and
the planetary/Rossby wave response, but also a uniform tropospheric
temperature response over the Eurasian continent. Zhao et al. (2012)
showed that anomalies in the Asian tropospheric temperature can
propagate westward and lead to a uniform change in the tropospheric
temperature in the Atlantic-Eurasian region. Recent studies have
shown a uniform change in the tropospheric temperature at the same
latitude as the Tibetan Plateau over the Eurasian continent related to
the heating over the Tibetan Plateau (Lu et al., 2018; Nan et al., 2019).

This study focuses on the response of the uniform tropospheric
temperature over the Eurasian continent to the Tibetan Plateau heating
and examines the corresponding atmospheric circulation and climate
over the Eurasian continent. The remainder of the paper is as follows.
Section 2 describes the datasets, methodology and model used in this
study. Section 3 presents the variation in the Tibetan tropospheric

temperature (TTT) and its relationship with Eurasian atmospheric cir-
culation and climate. Section 4 further investigates the atmospheric
responses to the heating of the Tibetan Plateau and Section 5 presents
our conclusion and discussion.

2. Data, methodology and model

We use the 1979-2018 European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis dataset (ERA-Interim;
Simmons et al., 2007) with a 0.75° X 0.75° resolution. The variables
include the surface pressure, surface downward solar radiation flux,
medium and low cloud cover, air temperature, vertical velocity, and
zonal and meridional winds. The SAT is obtained from the NASA
Goddard Institute for Space Studies (GISS) dataset on a 2.0° X 2.0°
global grid. The 160 station monthly precipitation and SAT datasets
(1979-2018) in China are also used.

Correlation and composite analyses are used to detect the relation
between the thermal condition of the Tibetan Plateau and the atmo-
spheric circulation and climate over the Eurasian continent. Student's t-
test is used to assess the statistical significance of the results of the
composite and correlation analysis. Unless specified, the 95% con-
fidence level is used to highlight significant signals. We concentrate on
the analysis of the results averaged over the boreal summer months



S. Nan, et al.

70N

Atmospheric Research 247 (2021) 105212

60N A

50N 1

40N 1%0.

30N A

20N A

10N

EQ T - T T
0 20E 40E 60E

80E 100E 120E

140E 160E

100

200 A

300 1

400 A

500 A

600 -
700 4

it

20W

0 20E  40E

80E 100E 120E 140F

=
-1.2 -09 -0.6 -0.3

| R I
0.3 0.6 098 1.2 1.5

Fig. 2. Composite differences in (a) the vertically averaged (500-200 hPa) air temperature (°C) and (b) the air temperature (°C) along 30° N between the high and low
TTT index cases. The thick and black line in part (a) represents the 1500 m topographic contour. The black shaded areas in part (b) indicate the topography. The
shaded areas in part (a) and the stippled areas in part (b) are significant at the 95% confidence level.

(June-July-August, JJA).

The National Center for Atmospheric Research Community
Atmospheric Model, version 3 (CAM3) (Collins et al., 2004) is used to
assess the impact of heating by the Tibetan Plateau. CAM3 uses a T42
grid and has 26 vertical levels. The sea surface temperature scheme is
set as the climatology with the annual cycle included.

We change the TTT with the CAM3 model by adjusting the type of
vegetation. The climate-vegetation relationship is commonly separated
into (1) the effect of climate on vegetation and (2) the effect of vege-
tation on climate (Cai et al., 2014, 2015). However, vegetation can also
be used to force an atmospheric model. A change in the type of vege-
tation can lead to variations in atmospheric heating through the ad-
justment of the albedo of the vegetation (Zhao et al., 2012; Nan et al.,
2019). We therefore carry out two numerical experiments with the
CAM3 model: CAM3-tree and CAM3-bare. In CAM3-tree, the type of
surface vegetation at each grid point within the Tibetan Plateau (i.e.

above 1500 m) is set to ‘broadleaf evergreen tropical tree’. The CAM3-
bare experiment is the same as CAM3-tree except that the type of sur-
face vegetation at each grid point within the Tibetan Plateau is set to
‘not vegetated’. The differences between CAM3-tree and CAM3-bare are
used to examine the impact of a thermal condition anomaly of the Ti-
betan Plateau on the atmospheric circulation over the Eurasian con-
tinent. The two experiments are integrated for 20 years. To avoid spin-
up in the numerical experiments, only the last 10 years are used in our
analysis.

3. Relation of TTT with the atmospheric circulation and climate
over the Eurasian continent

3.1. Tropospheric temperature over the Tibetan Plateau/Eurasian continent

Relative to the oceans, continents are a source of heat in the summer
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Fig. 3. (a) Climatology of the JJA zonal wind (ms™ 1) during the time period
1979-2018. (b) Composite difference in the zonal wind (ms™ Y along 45° N
between the high and low TTT index cases. (c) Composite difference in the
zonal wind (m:s™1) along 30° N between the high and low TTT index cases. (d)
The axes of the westerly jet in the high (red) and low (green) TTT index cases.
The thick and black line in part (a) represents the 1500 m topographic contour.
The black shaded areas in parts (b) and (c) indicate the topography and the
stippled areas are significant at the 95% confidence level.
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months. Eurasia is the largest continent and the Tibetan Plateau is the
highest plateau. As a result, the heating effect of the Tibetan Plateau is
important in the boreal summer. Fig. 1a shows the climatology of the
vertically averaged (500-200 hPa) eddy tropospheric air temperature
(the difference in air temperature from the zonal mean) calculated for
the time period 1979-2018 (Fig. 1a). The highest eddy temperature is
seen over the Eurasian continent, with the center over the Tibetan
Plateau, indicating that the TTT is the highest tropospheric temperature
at this latitude. This result is consistent with the work of Zhao et al.
(2010). The heating of the Tibetan Plateau mainly comes from the
surface sensible heat and condensation heating associated with the
Asian monsoon and orographically forced rainfall (Liu et al., 2001,
2004). The tropospheric temperature reflects this heating synthesis.
Therefore, consistent with the work of Nan et al. (2019), we use the TTT
index to measure tropospheric thermal condition of the Tibetan Pla-
teau.

The TTT index is calculated using the vertically (500-200 hPa) and
regionally (25°N-45°N, 65°E-105°E; with the region approximately
above the 1500-m topographic altitude) averaged air temperature
during summer. The time series of the TTT index shows a clear inter-
annual variation and a significant upward trend of 0.23 °C/10 years
(> 95% confidence level) from 1979 to 2018. Because we focus on the
relationship between the thermal condition of the Tibetan Plateau and
the atmospheric circulation over the Eurasian continent on an inter-
annual timescale, the TTT index is detrended (Fig. 1b). Unless specified,
the trends of other variables are also removed in this study.

To detect variations in the distribution of the tropospheric tem-
perature and the atmospheric circulation related to the interannual
variability of the TTT from a composite analysis, we select the seven
highest and lowest TTT index years on the basis of the JJA TTT index
(Fig. 1b). The years with the highest TTT index are 1981, 1984, 1998,
2006, 2013, 2016, and 2018 (the high TTT index cases) and the years
with the lowest TTT index (the low TTT index cases) are 1983, 1989,
1992, 1993, 2004, 2009, and 2015.

Fig. 2a shows the composite difference in the 500-200 hPa air
temperature between the high and low TTT index cases. Significant
positive anomalies appear at mid-latitudes over the Eurasian continent
(MEC) between 20°N-50°N, with centers in West Asia, East Asia and
Northeast Asia, indicating an increase in the MEC tropospheric tem-
perature associated with a high TTT index. The correlation analysis of
the detrended JJA TTT index with the 500-200 hPa tropospheric
temperature over the Eurasian continent indicates a similar result (not
shown). In the longitude-height cross-section of air temperature along
30° N (Fig. 2b), significant positive anomalies appear in the mid- to
upper troposphere, spanning East Asia, Central Asia and West Asia.
These results indicate that the tropospheric heating of the Tibetan
Plateau is not isolated in summer and is of a similar nature to Eurasian
tropospheric heating on an interannual timescale. These results are in
agreement with those of Zhao et al. (2010) and Nan et al. (2019).

3.2. Linkage of the change of TTT with atmospheric circulation anomalies
over the Eurasian continent

The positive MEC temperature anomaly in Fig. 2 implies anomalous
meridional temperature gradients between the MEC and its two flanks.
Based on thermal wind theory, the anomalous temperature gradient
from mid-latitudes to the subtropics is accompanied by negative ver-
tical shear between the upper and lower tropospheric zonal geostrophic
winds (Nan et al., 2019). To the north of the MEC, the anomalous
meridional thermal gradient between the MEC and higher latitudes
implies positive vertical shear between the upper and lower tropo-
spheric zonal geostrophic winds and an enhanced Eurasian westerly jet.
Previous studies have also shown the close relation between the Eur-
asian westerly jet and the contrast in temperature between the MEC and
higher latitudes. Zhang et al. (2006) reported that the seasonal evolu-
tion of the Eurasian westerly jet is associated with the meridional
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Fig. 4. Composite differences in the (a) 200, (b) 500 and (c) 850 hPa horizontal wind vectors (ms~ 1) between the high and low TTT index cases. The shaded areas in
parts (a—c) are significant at the 95% confidence level. The white areas over land in part (c) are the regions below the surface.

temperature contrast in the upper troposphere over the Eurasian con-
tinent. Subsequent studies have tied the intensity and meridional shift
in the westerly jet to heating by the Tibetan Plateau and the tempera-
ture contrast between the Tibetan Plateau and the higher latitudes of

Eurasia (Kuang and Zhang, 2005; Zhang et al., 2019). We investigate
the relation between the change of TTT and the Eurasian westerly jet.

Fig. 3a shows the climatology (1979-2018) of the JJA 200 hPa
zonal winds. In the boreal summer, the strong westerly flow—that is,
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the Eurasian westerly jet—prevails over the mid- to high latitudes of the
Eurasian continent, with a maximum wind speed > 30 m/s near 40° N.
The Tibetan Plateau is located on the southern flank of the westerly jet
in summer.

Fig. 3b shows the longitude-height cross-section of the composite
difference in the zonal winds along 45° N. There are significant positive
anomalies (weak negative anomalies) in the mid- to upper (lower)
troposphere. The positive vertical shear of the zonal winds between the
upper and lower troposphere is in accord with the anomalous tropo-
spheric temperature gradient from the MEC to the north (Fig. 2a) and
indicates an enhancement of the westerly jet.

Fig. 3c shows the longitude-height cross-section of the composite
difference in the zonal winds along 30° N. Significant negative
anomalies appear in the mid- to upper troposphere, indicating weak-
ening of the westerly winds in the mid- to lower latitudes of the Eur-
asian continent and in agreement with the anomalous tropospheric
temperature gradient from the MEC to the south. The enhancement of

the westerly winds at mid- to high latitudes and the weakening of the
westerly winds at mid- to low latitudes imply a northward shift in the
westerly jet. Fig. 3d shows the axes of the westerly jet in the high and
low TTT index cases. The axis of the westerly jet shifts further north in
the high TTT index cases than in the low TTT index cases, especially in
West Asia and East Asia.

These features are also seen in the horizontal wind fields. Fig. 4a
shows the composite difference in the 200 hPa horizontal wind field
between the high and low TTT index cases. Anomalous easterly and
westerly winds blow over the Eurasian continent at latitudes 25°N-35°N
and 40°N-50°N, respectively, supporting the enhancement and north-
ward shift of the Eurasian westerly jet. Anticyclonic circulations appear
between the anomalous easterly and westerly winds, centered over
West Asia near (35° N, 30° E), Central Asia near (40° N, 80° E) and East
Asia near (40° N, 120° E) (Fig. 4a). The anomalous anticyclonic circu-
lations over East Asia and Central Asia also can be seen in the mid-
troposphere (Fig. 4b), with the centers slightly to the south relative to
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topographic contour and the stippled areas are significant above the 95% confidence level.

those at 200 hPa. West Asia underlies the southern extension of an
anomalous anticyclonic circulation centered at about (60° N, 50° E) at
500 hPa. There are anomalous cyclonic circulations over the Indochina
Peninsula, the Indian Peninsula, and northern Africa to the south of the
anomalous easterly winds over the MEC. This anomalous feature differs
remarkably from the atmospheric circulation to the north of the
anomalous easterly winds. At 850 hPa (Fig. 4c), an airflow blows over
East Asia from the western Pacific and South China Sea toward main-
land China, with the prevalence of southerly winds over South China,
North China, and Northeast China, indicating an enhanced East Asian
summer monsoon. Consistent with the anomalous anticyclonic circu-
lation in the mid- to upper troposphere over the MEC (Fig. 4a and b),
anomalous subsiding motion appears over West Asia, Central Asia and
East Asia (Fig. 5).

3.3. Linkage of the change of TTT with climate anomalies over the Eurasian
continent

The anomalous anticyclonic circulation and subsiding motion as-
sociated with a high TTT may cause the climate anomaly over the
Eurasian continent. Previous studies have shown that anticyclonic cir-
culation favors high-pressure blocking and is related to heatwaves (e.g.,
Namias, 1991; Galarneau et al., 2012; Drouard and Woollings, 2018).
Fig. 6 shows the correlation map between the JJA TTT index and the
GISS SAT during the time period 1979-2018. Significant positive cor-
relations appear over West Asia, Central Asia and East Asia and corre-
spond to the anomalous anticyclonic circulation and subsiding motion
in mid-latitudes (Figs. 4 and 5). Negative correlations appear over the
subtropics to the south of the anomalous easterly winds (Fig. 4b),
especially over south Asia. Significant positive and weak negative
correlations between the JJA TTT index and the SAT appear at mid-
latitudes and in the subtropics over the Eurasian—African region, re-
spectively. The positive-negative demarcation line is along the anom-
alous easterly winds (Fig. 4a and b). This result connects the thermal
condition of the Tibetan Plateau to the SAT over the Eurasian continent.
The anomalies in the meridional temperature gradients from the MEC
to the north and south, associated with the high TTT, contribute to the
anomalous anticyclonic circulation and subsiding motion over the mid-
to high latitudes of Eurasia and the high SAT over West Asia, Central
Asia and East Asia.

To further clarify the physical processes responsible for the linkage
between the JJA TTT and the SAT over West Asia, Central Asia and East
Asia, we calculate the heat budget anomalies in terms of thermo-
dynamic equation:

1 B T T\ Q 1 BT
VT +ofxs - o)+ 2 fap = L4
n-nt [ " C"(P ap) cp]p p-nh w?

Where Vj, is the horizontal wind, w is the vertical velocity, Q is non-
adiabatic heating, T is temperature, P is air pressure,P is the lower
boundary (here, the surface pressure), P, the upper boundary (here,
100 hPa), C, is specific heat of dry air at constant pressure, « is the ratio
of gas constant to specific heat at constant pressure. Fig. 7a presents the
composite difference in horizontal temperature advection vertically
integrated from the surface to 100 hPa between the high and low TTT
index cases. Significant positive values appear over East Asia (northern
China), indicating that the horizontal temperature advection anomaly
associated with the high TTT contributes to the local increase in the
SAT. This is mainly due to the enhanced East Asian summer monsoon
(Fig. 4c), which transports a high-temperature air flow to northern
China. The high SAT over East Asia (northern China) is therefore as-
sociated with the high TTT results from the horizontal temperature
advection anomaly caused by the enhanced East Asian summer mon-
soon. Only small-area significant positive anomalies appear over the
regions in Central Asia and West Asia with significant positive corre-
lations between the JJA TTT index and the SAT, indicating that there is
only a limited contribution of horizontal temperature advection to the
high SAT over Central Asia and West Asia.

Fig. 7b shows the composite difference in the vertical temperature
advection vertically integrated from the surface to 100 hPa between the
high and low TTT index cases. Significant positive anomalies con-
tributing to the high SAT appear in East Asia (the Yangtze River—Yellow
River region), Central Asia, and West Asia. Combined with the anom-
alous subsiding motion over East Asia, Central Asia and West Asia
(Fig. 5), we suggest that the relation between the JJA TTT and the SAT
over East Asia (the Yangtze River-Yellow River region), Central Asia,
and West Asia is partly due to the vertical temperature advection
anomaly caused by the anomalous subsiding motion over these regions.

The anomalous subsiding motion associated with the high TTT
(Fig. 5) also results in the change in non-adiabatic heating in these
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Fig. 7. Composite differences in the (a) horizontal and (b) vertical temperature advection (°C-day’1) vertically integrated from the surface to 100 hPa between the
high and low TTT index cases. The thick black lines represent the 1500 m topographic contour and the stippled areas are significant above the 95% confidence level.

regions. Fig. 8a shows the composite difference in the surface down-
ward solar radiation flux between the high and low TTT index cases.
Significant positive anomalies appear over East Asia (the Yangtze Riv-
er-Yellow River region) and some regions of Central Asia and West
Asia, indicating that more solar radiation reaches the land surface. The
amounts of medium and low cloud cover decrease (Fig. 8b and c),
which allows more solar radiation to warm the surface. The anomalous
subsiding motion over East Asia, Central Asia and West Asia associated
with the high TTT (Fig. 5) therefore contribute to the decreased
amounts of medium and low cloud cover, leading to an increase in the
surface incident solar radiation and the high SAT in these regions.

In general, the high SATs over West Asia and Central Asia associated
with the high TTT mainly result from the increased tropospheric ver-
tical temperature advection and surface incident solar radiation re-
sulting from the anomalous subsiding motion. The anomalies in the
tropospheric vertical temperature advection and surface incident solar
radiation over East Asia resulting from the anomalous subsiding motion

and the anomaly in the horizontal temperature advection due to the
enhanced East Asian summer monsoon jointly lead to the high SATs at
this region.

The changes in TTT therefore changes the meridional temperature
gradients from the MEC to the north and south, leading to the anom-
alous anticyclonic circulation and anomalous subsiding motion over the
mid- to high latitudes of Eurasia, an enhanced East Asian summer
monsoon and the high SAT over West Asia, Central Asia, and East Asia.

Previous studies have indicated that the interannual anomaly of
East Asian summer monsoon is closely related to the location and in-
tensity of the westerly jet, in addition to the Arctic Oscillation and the
sea surface temperature (Chang et al., 2000a, 2000b; Liao et al., 2004;
Kuang and Zhang, 2006; Li and Pan, 2006; Xuan et al., 2011; Gong
et al., 2011). We therefore investigated further the relation between the
thermal condition of the Tibetan troposphere and the climate over East
Asia. Fig. 9a shows the correlation map between the JJA TTT index and
the precipitation at 160 stations in China. Significant positive values
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appear in North China and Northeast China, indicating that the in-
creased precipitation in these regions is associated with the increased
TTT. Consistent with Fig. 6, Fig. 9b shows the close relation of the TTT
and the SAT in eastern China, especially over the Yangtze River—Yellow
River region. Fig. 9a and b together show that when the TTT increases,
precipitation in North China and Northeast China and the SAT over the
Yangtze River-Yellow River region also tend to increase.

The increase in precipitation in North China and Northeast China
and the SAT over the Yangtze River—Yellow River region associated
with the high TTT are related to anomalies in the vertical motion over
East Asia. Fig. 9c shows the composite difference in the vertical velocity
along 110°E-120°E between the high and low TTT index cases. Sig-
nificant positive values appear in the mid- to upper troposphere over
the Yangtze River-Yellow River region, indicating the local subsiding
motion anomalies, which favor an increase in the local SAT. Significant
negative values appear over North China and Northeast China, in-
dicating that the ascending motion anomalies facilitate the increase in
the local precipitation. The patterns of precipitation and the atmo-
spheric circulation over East Asia are consistent with those associated
with the northward shift in the westerly jet (Xuan et al., 2011). Thus the
thermal condition of the Tibetan Plateau is probably linked with the
variability of the East Asian climate through the westerly jet.

These analyses show that the temperature in the mid- to upper
troposphere over the Tibetan Plateau is highest at the same latitude in
summer and that the variability of TTT is coincident and similar to the
Eurasian tropospheric temperature on an interannual timescale. The
high TTT is accompanied by an increase in the mid- to upper tropo-
spheric temperature over the MEC. The high-temperature air leads to
the anomalous southward (northward) temperature gradient to the
subtropics (higher latitudes), accompanied by an anomalous easterly
wind over 25°N-35°N and an anomalous westerly wind over 40°N-50°N
in the mid- to upper troposphere. These features indicate the en-
hancement and northward shift in the Eurasian westerly jet. The
anomalous anticyclonic circulation and subsiding motion appear be-
tween the anomalous easterly and westerly winds. Accordingly, the SAT
increases over West Asia, Central Asia, and East Asia. The enhanced
East Asian summer monsoon, associated with the high TTT, also con-
tributes to the high SAT over East Asia via horizontal temperature ad-
vection. The northward shift in the westerly jet over East Asia is related
to increased precipitation in North China and Northeast China. It is
unclear whether the atmospheric circulation anomalies associated with
the TTT reflect an influence of the heating anomalies over the Tibetan
Plateau. The following section uses a climate model to investigate the
influence of the heating anomaly over the Tibetan Plateau on the at-
mospheric circulation over the Eurasian continent.

4. Model results

The difference in the type of vegetation indicates a lower albedo
over the Tibetan Plateau in the CAM3-tree relative to the CAM3-bare,
which can change the heating effect of the Tibetan Plateau. The dif-
ference between CAM3-tree and CAM3-bare will therefore present an
enhanced heating effect of the Tibetan Plateau.

Fig. 10a shows the composite difference in the vertically
(500-200 hPa) averaged temperature between CAM-tree and CAM-
bare. Significant positive values appear over the Eurasian continent at
latitudes 25°N-45°N, with the strongest center of 1.4 °C over the Tibetan
Plateau. This indicates that the increased mid- to upper tropospheric
temperature over the Tibetan Plateau is forced. The longitude-height
cross-section of air temperature along 30° N (Fig. 10b) shows that the
influence of the heating effect of the Tibetan Plateau also stretches
westward. Significant positive values appear in the mid- to upper tro-
posphere over East Asia, the Tibetan Plateau, Central Asia and West
Asia. The results imply that the anomalous temperature gradients from
the MEC to the south and north are well simulated. These are consistent
with the observations (Fig. 2), which demonstrates the thermal forcing
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of the Tibetan Plateau on both the Eurasian tropospheric temperature
and the temperature gradients from the MEC to the south and north.
Fig. 11 shows the composite differences in the zonal wind along
45°N and 30°N between CAM-tree and CAM-bare. Significant positive
and negative values appear in the mid- to upper troposphere along 45°N
and 30°N, respectively, which are generally similar to those in Fig. 3b
and c and indicate the northward shift in the Eurasian westerly jet in
CAM-tree relative to CAM-bare. Fig. 12 shows the composite difference
in the horizontal wind fields between CAM-tree and CAM-bare. In the
mid- to upper troposphere (Fig. 12a and b), anomalous westerly and
easterly winds appear at mid- to high latitudes (40°N-50°N) and at mid-
to lower latitudes (30°N-40°N), respectively, which further supports the
enhancement and northward shift of the Eurasian westerly jet. Between
the anomalous westerly and easterly winds, anomalous anticyclonic
circulation occurs over West Asia, Central Asia, and East Asia. Southerly
wind anomalies in the lower troposphere (Fig. 12c) prevail from South
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China to Northeast China, indicating an enhanced East Asian summer
monsoon. These simulated results are similar to the observations
(Figs. 3 and 4), showing the impact of the increased heating effect of the
Tibetan Plateau on the enhancement and northward shift in the Eur-
asian westerly jet, the anticyclonic circulation anomalies over mid-la-
titudes over the Eurasian continent and the enhancement of the East
Asian summer monsoon.

The anomalous upward motion over East Asia appears between
35°N-50°N in the mid- to upper troposphere (Fig. 13c), consistent with
observations (Fig. 9¢). Anomalous subsiding motion appears over
southern China (Fig. 13c), but is not significant. Corresponding to the
anomalous vertical motion, the model successfully simulates the in-
crease in precipitation over North China and Northeast Asia (Fig. 13a).
The area of the simulated positive precipitation anomaly extends to the
Yangtze River-Yellow River region—that is, wider than the observed
anomaly. The increased precipitation in the Yangtze River-Yellow
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the stippled areas are significant above the 95% confidence level.

River region cools the atmosphere and therefore the simulated positive
precipitation anomaly in the Yangtze River-Yellow River region is in-
correct and may lead to failure of the SAT simulation (Fig. 13b).

Enhanced heating over the Tibetan Plateau therefore triggers the
increase in tropospheric temperature over the MEC, the anomalous
temperature gradient from the MEC to its two flanks, the enhancement
and northward shift in the Eurasian westerly jet, the anomalous antic-
yclonic circulation in the mid- to upper troposphere over West Asia,
Central Asia, and East Asia, the enhancement of the East Asian summer
monsoon, and the anomalous upward motion over North China and
Northeast China.

12

5. Summary and discussion
5.1. Summary

Using the monthly data from ERA-Interim database, SAT data from
GISS, and SAT and precipitation from 160 stations in China for the time
period 1979-2018, we investigated the temporal variation in the
summer TTT, its relation with the tropospheric temperature over
Eurasia and its linkage with the Eurasian atmospheric circulation and
climate anomalies. The TTT is higher than the tropospheric temperature
in other regions at the same latitude and the tropospheric temperature
over the MEC increases in association with the high TTT. The increase
in TTT leads to anomalous gradients in the tropospheric temperature
from the MEC to its two flanks and anomalous westerly and easterly
winds on its northern and southern flanks, respectively, in the mid- to
upper troposphere. Anomalous anticyclonic circulation and subsiding
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motion appear between the anomalous westerly and easterly winds,
with centers in West Asia, Central Asia, and East Asia. These features
contribute to the high SAT in these regions via the anomalous vertical
temperature advection in the troposphere and the surface incident solar

13

radiation. The enhanced East Asian summer monsoon in association
with the high TTT also contributes to the high SAT over East Asia via
horizontal temperature advection. The westerly wind anomalies in the
mid- to upper troposphere over the MEC indicate the northward shift in
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the mid-latitude westerly jet, which is related to the anomalous upward
motion and higher than normal precipitation in Northeast China and
North China.

We carried out sensitivity experiments using an atmospheric model
with a prescribed sea surface temperature scheme, in which the
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tropospheric heating over the Tibetan Plateau was changed by ad-
justing the type of surface vegetation. These experiments also showed
the consistency of the thermal conditions of the troposphere over the
Tibetan Plateau and the MEC and their impact on the anomalous
easterly winds in the south of the MEC, the anomalous westerly winds
to the north of the MEC, the anomalous anticyclonic circulation and
subsiding motion at the mid- to upper troposphere over West Asia and
Central Asia and East Asia, the enhancement and northward shift in the
Eurasian westerly jet, the enhancement of the East Asian summer
monsoon and the increased precipitation over North China and
Northeast China. These results suggest that anomalous tropospheric
heating over the Tibetan Plateau in summer can affect the atmospheric
circulation and climate over the Eurasian continent.

5.2. Discussion

Zhao et al. (2014) showed that the change in tropospheric tem-
perature over Central Asia can also affect the meridional displacement
of the subtropical westerly jet over western and central Asia. It has a
significant correlation coefficient of 0.42 (> 99% confidence level)
with the original JJA TTT index (not detrended). The original TTT
index (not detrended) shows a significant upward trend. However, the
tropospheric temperature over Central Asia did not show a significant
downward or upward trend during the time period 1979-2018.
Therefore their high correlation implies that the interannual variability
of the TTT is consistent with that over Central Asia. Nevertheless, the
trends in tropospheric temperature vary with the regions of the Eur-
asian continent.

The Tibetan Plateau is a source of heat in summer and is located in
the region of anomalous easterly winds associated with the high TTT
(Fig. 4a and b). Anomalous anticyclonic (cyclonic) circulations appear
to the north (south), in a similar pattern to the model of Gill (1980). The
typical Gill model is the response to symmetrical heating at the surface
of a tropical ocean. The Tibetan Plateau is located in the northern
hemisphere and supplies heat to the atmosphere in the mid- to upper
troposphere. Further investigations are required to determine whether
heating by the Tibetan Plateau obeys the Gill theory.
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