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ABSTRACT: The Tibetan Plateau (TP), known as the “Third Pole,” profoundly affects weather and climate at regional
and global scales. In this study, we investigate the characteristics of heat waves in China and their association with the TP
heat source. The results show that during the summertime from 1980 to 2020, the frequency of heat wave days that hit east-
ern China and northwest China increased at rates of 0.09 and 0.24 days yr21, respectively, accompanied by an increase in
the atmospheric heat source (AHS) over the TP by over 2 W m22 yr21 under the background of global warming. The en-
hanced TP heat source induces an anomalous upper-tropospheric anticyclone, which caused the western Pacific subtropical
high and South Asia high to be stronger and closer to each other, causing descending motions over eastern China and con-
sequently more heat waves. At the same time, the enhanced TP heat source weakened the westerlies, thereby favoring the
occurrence and maintenance of the anticyclone centered in northwest China and creating more heat waves due to strong
descending motions. Therefore, the association between the TP heat source and heat waves in China provides relevant in-
formation for studying the mechanism and future changes of heat waves.

SIGNIFICANCE STATEMENT: The Tibetan Plateau significantly affects the surrounding weather and climate. We
find that there are some linkages between the Tibetan heat source and heat waves in China. The stronger the Tibetan
heat source is, the more heat waves hit China. The enhancement of the Tibetan heat source could induce an anomalous
upper-tropospheric anticyclone by affecting the western Pacific subtropical high and South Asia high, consequently
causing descending motions over eastern China and the resulting heat waves. The weaker westerly due to the enhanced
Tibetan heat source favors the occurrence of the anticyclone centered in northwest China, leading to more heat waves
by descending motions. This study reveals a potential contributor to heat waves in China, providing some clues for bet-
ter prediction in the future.
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1. Introduction

Heat waves are a type of extreme weather that frequently
hits all corners of the world (Lyon 2009; Cerne and Vera
2011; Cowan et al. 2014; Lu and Kueppers 2015; Rohini et al.
2016; Ward et al. 2016; Sun et al. 2018), threatening human sur-
vival, industrial and agricultural production, social and economic
development, water resources, and the ecological environment
(Andersen et al. 2005; Tan et al. 2007; Pechan and Eisenack
2014; Brás et al. 2021; Miller et al. 2021; Adélaïde et al. 2022).
Persistent high temperatures accompanied by less rainfall can en-
hance drought, resulting in a reduction in the quality and yield of
agricultural and forestry products (Bustan et al. 2004; Teskey et al.
2015). For example, the European heat wave in 2003 led to a
significant decrease in agricultural yields and caused a decline of
30% in total primary productivity in Europe (Ciais et al. 2005).

Most importantly, heat waves have serious effects on hu-
man health and even lead to human deaths. The European
heat wave in 2003 resulted in more than 70 000 deaths
(Robine et al. 2008). Statistics indicate that during heat
wave days, the risk of death increases by 3.74% in 43 U.S.
cities (Anderson and Bell 2011). In addition, heat waves
can lead to social unrest (Sanz-Barbero et al. 2018). Due to
the enormous impact of heat waves on nature and human
beings, they have become a hot topic in the fields of eco-
nomic development, social stability, and ecological and life
safety.

With global warming, considerable evidence has proven that
heat waves have become stronger, longer, and more frequent
over the past decades at a global scale (Meehl and Tebaldi
2004; Coumou and Rahmstorf 2012). It was found that both
the intensity and extent of the heat wave that occurred in east-
ern Europe from July to September 2010 exceeded the heat
wave occurring in Europe in 2003 (Barriopedro et al. 2011;
Dole et al. 2011). Moreover, more intensive and extensive heat
waves are expected to continue hitting Earth in the coming
decades (Cowan et al. 2014; Lau and Nath 2014). China is one
of the countries that has been strongly affected by climate
change in recent decades, with significant increases in extreme
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temperature and frequent heat waves (Ren et al. 2011; You
et al. 2011; Ding et al. 2010; Luo and Lau 2017). In 2013, south-
ern China experienced its strongest heat wave since 1951
(Zhou et al. 2014).

Observations and numerical simulations show that heat
waves are influenced by many factors such as atmospheric circu-
lation anomalies (You et al. 2011; Lau and Nath 2012; Wang
et al. 2017), sea surface temperature anomalies (Hu et al. 2011),
precipitation deficits (Liu et al. 2015), land surface processes
(Zampieri et al. 2009), and urbanization (Lin et al. 2018). In par-
ticular, heat waves are significantly modulated by wave trains
and long-term blocking high pressure in the Northern Hemi-
sphere at middle and high latitudes (Schneidereit et al. 2012;
Pfahl and Wernli 2012; Brunner et al. 2017). Meanwhile,
Sutton and Hodson (2005) and Black and Sutton (2007)
found that anomalies of large-scale atmospheric circula-
tion caused by changes in sea surface temperature in the
Mediterranean contributed to generating the European
heat wave in 2003. Another key factor is the local land sur-
face state, in particular the presence of dry soil moisture
anomalies (Weisheimer et al. 2011). Dry soil conditions
and persistent high pressure systems amplify soil moisture
and temperature feedbacks and enhance surface warming
(Fischer et al. 2007; Teuling et al. 2010). Moreover, the
simulation results of M. Wang et al. (2013) show that ur-
banization has increased the average temperature of the
Beijing–Tianjin–Hebei region by 0.68C in the past 20 years,
and heat waves have increased in both frequency and in-
tensity in this region.

In addition, topography has an important impact on heat
waves. Large-scale topography plays a fundamental role in
setting the location of stationary climatological waves (Chang
2009; Held et al. 2002) and thus also determines the location
of atmospheric blocking (Narinesingh et al. 2020), which then
effects the frequency and the location of heat waves. Jiménez-
Esteve and Domeisen (2022) found that the increased block-
ing upstream of the topography could drive an increase in
heat waves. On the other hand, foehn winds generated on the
leeward sides of large mountains can lead to extreme warming
events (Speirs et al. 2010). Chen and Lu (2015) noted that the
circulation in western North China is influenced by the
downwelling topography on its western side, causing warm
and dry air to sink on the leeward side, forming foehn winds
and greatly increasing the temperature in the lower tropo-
sphere in the North China Plain, resulting in heat waves.

The Tibetan Plateau (TP), with an average altitude of over
4000 m, is known as the “Third Pole.” As the highest plateau
in the world, the dynamic and thermal effects of the TP pro-
foundly influence weather anomalies, climate change, mate-
rial transportation such as dust, black carbon, cloud, and
energy exchange in the surrounding areas (Duan et al. 2006;
Yanai and Wu 2006; G. Wu et al. 2012; Xu et al. 2014; Tan
et al. 2021; Zhao et al. 2023). Many researchers have studied
the influence of TP thermal effects on atmospheric circulation.
Reiter and Gao (1982) suggested that the heating of the TP dur-
ing spring has an important role in the development and changes
in the South Asia high. The uplifted TP heat source causes warm-
ing in the upper troposphere, which is closely associated with the

outbreak of the Asian summer monsoon (He et al. 1987). Zhou
et al. (2009) even suggested that thermal processes over the TP
may affect climate on a global scale by regulating atmosphere–
ocean interactions. In recent years, significant surface and tropo-
spheric warming have occurred over the TP, and this warming
tendency is much greater than that in neighboring regions at the
same latitude (Liu and Chen 2000; Niu et al. 2004; Duan et al.
2006).

Few studies have been conducted on the association of at-
mospheric heat source (AHS) over the TP with heat waves
in eastern and northwest China. This study analyzes the var-
iability of heat sources over the TP and the characteristics
of heat waves in eastern and northwest China and discusses
the mechanisms of TP heat sources that influence heat
waves in these regions of China. Following the introduction
of sections 1 and 2 presents the data and methods used in
this study. In section 3, the distribution and tendency of
heat waves in China, the TP heat source, and the mecha-
nism by which TP heat sources influence heat waves in
China are discussed. Section 4 gives a summary of the main
results.

2. Data and methodology

a. Datasets

Due to the lack of observational data on the TP, reanalysis
data are typically used to calculate the heat source of the TP
(Chan and Nigam 2009; Zhang et al. 2009; Zhu et al. 2012;
Duan et al. 2014; Xie and Wang 2018; Li et al. 2019; Sun et al.
2021; Xin et al. 2022). In this study, we use the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis,
version 5, (ERA5) data (Hersbach et al. 2020) to calculate the
AHS over the TP in the summer during 1980–2020. Here the
summer is defined as June–August.

The temperature, u component of wind, y component of
wind, vertical velocity, specific humidity, and geopotential data
on pressure levels (1000–100 hPa; 0.258 3 0.258; 1980–2020;
Hersbach et al. 2019a) from ERA5 are used to calculate the
AHS and the atmospheric circulation indices and to analyze the
mechanism of TP heat sources affecting heat waves. In addition,
the 2-m temperature data on single level from ERA5 are used
to investigate the characteristics of heat waves (0.258 3 0.258;
1980–2020; Hersbach et al. 2019b).

b. Methods

1) CALCULATION OF THE TP HEAT SOURCE

Based on the atmospheric thermodynamic equations, Yanai
et al. (1973) proposed a scheme for calculating theQ, which is
the AHS at each pressure level:

Q 5 Cp
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where T is the temperature,V is the horizontal wind vector, v is
the vertical velocity, p denotes the pressure, the surface pressure
p0 51000 hPa, u is the potential temperature, k 5 R/Cp, Cp 5

1004.64 J (K kg)21, and R 5 287 J (K kg)21. Assuming that
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v 5 0 at the top of the troposphere, integrating Eq. (1) over the
whole atmosphere, Eq. (2) is obtained:
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where ps 5 1000 hPa and pt 5 100 hPa. The term on the left

side of Eq. (2) (�ps
pt
Q dp) is the calculation of the whole layer

AHS adopted in this study. The three terms on the right side
from left to right in Eq. (2) denote the local time derivative of
temperature, temperature advection, and vertical diabatic heat-
ing, respectively.

2) DEFINITION OF HEAT WAVES

There are many definitions of heat waves (Smith et al. 2013;
You et al. 2017) based on different temperature data (daily maxi-
mum, daily minimum, daily average), different durations (one or
several days) and different temperature thresholds. Accord-
ing to different temperature thresholds, a heat wave can be
defined in two ways. In the first heat wave definition, a fixed
temperature threshold is used. For example, the World Mete-
orological Organization suggests that the criterion for heat
waves is a maximum daily temperature above 328C lasting
for more than 3 days (Smoyer-Tomic et al. 2003). In the sec-
ond definition, a percentage of a regional climatology factor
is used as the high temperature threshold, such as the 95th
percentile based on the daily mean temperature (Anderson
and Bell 2011).

This study adopts the first heat wave definition, with the
daily maximum temperature equal to or greater than 358C for
more than 3 consecutive days as the definition (Tan et al.
2007), which is given by the China Meteorological Adminis-
tration according to the geographical location and climate of
China. This definition has a uniform standard for heat waves
in each region, the threshold of 358C can better reflect the
characteristics of high temperatures during heat waves and is
more consistent with general perception and body feeling.

3) DEFINITIONS OF THE WPSH INDEX, SAH INDEX,
AND WESTERLY INTENSITY

Western Pacific subtropical high (WPSH) index: On the
500-hPa isobaric surface, within 1108E–1808 and north of 108N,
the area of the grid with geopotential greater than 5880 gpm is
defined as the WPSH area index:

Area indexWPSH 5∑∑(nij 3 cosfj)dxdy, (3)

where i is the latitudinal serial number of the grid point, j is
the longitudinal serial number of the grid point, u is the lati-
tude at the jth grid point, dx is the latitudinal grid point dis-
tance, and dy is the longitudinal grid point distance. If the
geopotential is greater than 5880 gpm, nij 5 1, otherwise the
nij 5 0.

The sum of the difference between the geopotential of all
grid points with geopotential greater than 5880 and 5880 gpm
is defined as the WPSH intensity index; and the longitude of
the westernmost position of the 5880-gpm contour in the
range of 908E–1808 is defined as the west extending point.

South Asian high (SAH) index: On the 200-hPa isobaric
surface, at 108–508N, 1108E–1808E, the area of the grid with
geopotential greater than 12 500 gpm is defined as the SAH
area index:

Area indexSAH 5∑∑(nij 3 cosfj)dxdy, (4)

where i is the latitudinal serial number of the grid point, j is
the longitudinal serial number of the grid point; u is the lati-
tude at the jth grid point, dx is the latitudinal grid point dis-
tance and dy is the longitudinal grid point distance. If the
geopotential is greater than 12 500 gpm, nij 5 1; otherwise,
nij 5 0.

The sum of the difference between the geopotential of all grid
points with geopotential greater than 12500 and 12500 gpm is
defined as the SAH intensity index; and the longitude of the east-
ernmost position of the 12500-gpm contour in the range of
908E–1808 is defined as the east extending point.

In addition, the average u-component wind in the range of
308–508N, 808–1208E at 200 hPa is defined as the westerly
intensity.

Due to the relatively narrow latitude ranges in this study,
we do not consider the actual area represented by a grid point
but weight them equally when computing the AHS, intensity
indices of WPSH, SAH, and the intensity of the westerlies.

3. Distribution and tendency of heat waves in China

Figures 1a and 1b show the spatial distribution and tendency
of the number of heat wave days in China during the summer of
1980–2020. As indicated in Fig. 1a, heat waves in China during
the past 41 years have mainly occurred in northwest China, east-
ern China, and the Sichuan Basin. Simultaneously, obvious ten-
dencies of heat wave days in the period 1980–2020 are found in
the above regions (Fig. 1b). In this study, considering the region
size, we mainly analyze the heat wave features in northwest
China and eastern China. As shown in Fig. 1c, the northern side
of the TP and west of the Yellow River is defined as northwest
China (enclosed by the red curve in Figs. 1a,b). The area in the
east side of the altitude of 500 m from the North China Plain to
southern China is defined as eastern China (enclosed by the
blue curve in Figs. 1a,b).

Within China, northwest China has the highest number of
heat wave days, mostly in the Tarim Basin, Junggar Basin,
Turpan Basin, and western Inner Mongolia. These four re-
gions, except the Turpan Basin, are distributed within the
Taklamakan Desert, Gurbantunggut Desert, and Gobi Desert.
The special land types such as desert and gobi and the desert
climate in these areas are important reasons for the frequent
occurrence of heat waves. On average, annual heat wave oc-
curs in the eastern Tarim Basin and Turpan Basin for more
than 40 days yr21, with a maximum of 74.0 days yr21, meaning
that, in a few areas, more than two-thirds of summer days
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have a daily maximum temperature of 358C or higher. The av-
erage annual number of heat wave days for the whole of
northwest China was 10.2 days yr21 during the past 41 years.
The number of heat waves in eastern China is less than those
in northwest China, with most heat waves occurring in the
middle and lower reaches of the Yangtze River and along the
Taihang Mountains from northern eastern China to the Huai
River. The heat wave days in the middle and lower reaches of
the Yangtze River are 20–25 days yr21, with a maximum of
31.2 days yr21. In the past 41 years, there have been 5.2 days
of annual mean heat wave days in eastern China.

There is a significant increase in heat waves in northwest
and eastern China (Fig. 1b). The average tendency of heat
wave days in northwest China is 0.24 days yr21; the area with
the largest increase is located in the eastern Tarim Basin with
a maximum value of 0.55 days yr21. On average, the increase
in heat wave days in eastern China is 0.09 days yr21; the areas
with the strongest increases are located mainly in the North
China Plain, which has an increase of 0.15–0.25 days yr21.
These increases are significantly larger in the middle and
lower reaches of the Yangtze River, where they are above

0.35 days yr21. Northwest and eastern China are facing severe
challenges of heat wave hitting.

Overall, it can be found that most of the heat wave events
occur after 2000 in eastern and northwest China, while the
heat wave low-occurrence years are concentrated before 2000.
It also indicates that the number of heat wave days is overall
higher in the recent 20 years after 2000 than for the years be-
fore 2000 (Fig. S1a in the online supplemental material). The
high-occurrence years of heat waves in northwest China are
mainly concentrated in three periods, 1994–2002, 2006–11, and
2015–17, whereas the heat waves in eastern China show a fluc-
tuating increase with three obvious peaks occurring in 1988,
2003, and 2013. On the whole, heat wave days in eastern
China are a third to a half of those in northwest China.

4. Association between China’s heat wave and TP
heat source

The thermal effect of the TP in summer has an important im-
pact on the surrounding weather and climate. Figure 2 shows
the spatial distribution and tendency of the AHS over the TP

FIG. 1. Spatial distribution of long-term (a) means (unit: days) and (b) trends (unit: days yr21) of the number of
heat wave days in summer during 1980–2020. The black dotted area in (b) indicates the trends are significant at the
90% confidence level. (c) Topography and regional divisions of the study area. The red and blue curves denote the
zones of eastern China and northwest China, respectively. The black curve is the contour at an altitude of 2000 m,
which indicates the TP.
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from 1980 to 2020. As shown in Fig. 2a, most of the TP acts as
a heat source in summer, with an average of 116.6 W m22.
The AHS is stronger over the eastern and southern TP than
over the western and northern TP. The AHS values over the
southeastern TP range from 200 to 400 W m22. The AHS
over most areas of the TP tends to be significantly enhanced,
with an average increase of 0.66 W m22 yr21 (Fig. 2b). The
enhancements are more obvious in the northeast, south-
west, and east of the TP, which are more than 2.5, 2, and
1.5 W m22, respectively. According to the time series of
the regional average AHS and its three components
(Fig. S2), the AHS and vertical diabatic heating indicate
increasing trends, while the temperature advection shows
decreasing trends. In terms of magnitude and tendency,
vertical diabatic heating accounts for the largest contribu-
tion to the AHS over the TP.

From Fig. 3a, the AHS over the TP is positively correlated
with the number of heat wave days in China. The areas where
heat waves are significantly correlated with the AHS on the
TP are mainly distributed in the heat wave high-occurrence
areas in northwest China and the middle and lower reaches of
the Yangtze River and southern eastern China. The correla-
tions between the AHS over the TP and heat waves are stron-
ger in northwest China than in eastern China (Fig. 3a). The
significant correlation coefficients between the AHS and heat
waves over the TP in northwest China are mostly in the range
of 0.3–0.4, and some regions can reach 0.5 or more. We also
give the results of correlation coefficients after detrending. As
shown in Fig. 3b, although the correlation between the AHS
over the TP and heat waves in China weakens after detrend-
ing, which implies that the linear trend plays a major role in
the significantly positive correlation between AHS over the

FIG. 2. Spatial distributions of long-term (a) means (unit: W m22) and (b) trends (unit: W m22 yr21) of the AHS
over the TP in summer during 1980–2020. The black dotted areas indicate the trends are significant at the 90% confi-
dence level. The black curve is the contour at an altitude of 2000 m, which indicates the TP.

FIG. 3. Spatial distribution of (a) correlation coefficients between regional average AHS over the TP and heat wave
days and (b) correlation coefficients between detrended regional average AHS over the TP and detrended heat wave
days in summer during 1980–2020. The black dotted areas indicate the correlations are significant at the 90% confi-
dence level. The red and blue curves denote the zones of eastern China and northwest China, respectively. The black
curve is the contour at an altitude of 2000 m, which indicates the TP. The red dashed boxes (TP: 288–328N; eastern
China: 228–278N) and blue dashed boxes (908–958E) in (b) indicate the locations of the cross sections of meteorologi-
cal element anomalies for the heat wave anomalous years in eastern China and northwest China in the later text,
respectively.
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TP and the heat wave days in China, it can be found that the
regions with significant positive correlation without detrend-
ing (such as southeastern China and eastern and northern
northwest China) still maintain positive correlation after de-
trending. In summary, the positive correlation of the AHS
over the TP with heat waves in northwest China and eastern
China suggests that the TP thermal effect in summer could
possibly contribute to the occurrence of heat waves in the sur-
rounding areas.

To investigate the effect of the TP heat sources on heat
waves in eastern China and northwest China, the 11 years
with higher and lower heat wave days in the two regions are
selected based on the first quartile and third quartile of the re-
gional average of heat wave days in eastern China and north-
west China in summer 1980–2020 after detrending (Fig. S1b),
respectively, which are listed in Table 1.

Figure 4 shows the anomalies of AHS over the TP in heat
wave anomalous years, which are the average AHS over the TP
in the heat wave high-occurrence years of eastern China minus
the average AHS over the TP in the heat wave low-occurrence
years of eastern China. For the heat wave anomalous years of
eastern China (Fig. 4a), the positive anomalies of AHS over the
TP are mainly distributed in the southwestern and northeastern
areas of the TP, with anomalies above 40 W m22, and the anom-
alies are stronger in the southwestern TP. Meanwhile, the spatial
distributions of the AHS anomalies over the TP are similar to the
tendencies of the AHS in Fig. 2b. It is suggested that the strength-
ening of the AHS in these regions may cause the positive AHS
anomalies over the TP in heat wave anomalous years of eastern
China. The distribution of the AHS anomalies over the TP in the
heat wave anomalous years of northwest China is also dominated
by positive anomalies over the southwestern and northeastern
TP (Fig. 4b). These positive anomalies of AHS are stronger than
those in the heat wave anomalous years of eastern China, espe-
cially over the southwestern TP, where the positive anomalies are
more than 90 W m22 (Fig. 4b). Besides, the regional average
AHS anomalies over the TP in the heat wave anomalous years of
eastern China (2.96 W m22) are lower than those of northwest
China (7.10 W m22). Although the spatial distributions of the TP
heat source anomalies during the years with heat wave anomalies
in eastern and northwest China are similar, there are still some
differences due to the different heat wave high-occurrence and
the low-occurrence years of eastern and northwest China.

5. Mechanism of TP heat source influencing heat waves
in China

a. The effect of TP heat source on the formation of heat
waves in eastern China

The anomaly of the TP heat source may cause changes in the
atmospheric circulation and weather systems in the surrounding
and downstream areas. From Fig. S3a, the area and intensity of
the WPSH have expanded and intensified, accompanied by
westward extension during the past 41 years with the increase in
the AHS over the TP. The AHS over the TP is positively corre-
lated with the area index and intensity index of the WPSH,
which are negatively correlated with the west extending point of

the WPSH, indicating that the stronger the TP heat source in
summer is, the stronger the intensity and larger the range of the
WPSH. The area and intensity of the SAH also show expanding
and strengthening tendencies (Fig. S3b), as well as the eastward
extension of the eastern extension point. The AHS over the TP
is positively correlated with the area index, intensity index, and
east extending point of the SAH, indicating that the stronger
the TP heat source is in summer, the stronger the SAH. After
detrending (Table 2), although the correlations of the detrended
AHS over the TP with the detrendedWPSH index and SAH in-
dex become weaker, it still shows that the stronger the AHS
over TP, the larger the area and the stronger the intensity of the
WPSH and SAH. Some studies also show that the strengthening
of TP heat source has an important effect on the WPSH and
SAH. (Shi et al. 2019; Liu et al. 2020; Ge et al. 2019). Zhong
et al. (2008) showed that in years with stronger (weaker) sum-
mer heat sources over the TP, the WPSH strengthened (weak-
ened) and extended westward (retreated eastward); the SAH
also strengthened (weakened) and expanded eastward (ex-
tended westward). The above analysis indicates that the in-
crease in the AHS over the TP has close relationships with the
SAH around the TP andWPSH downstream of the TP.

Furthermore, Table S1 gives the correlations of the three com-
ponents of the AHS over the TP with the WPSH and SAH indi-
ces. The area index and intensity index of the WPSH and SAH
are negatively correlated with temperature advection and posi-
tively correlated with vertical diabatic heating with the largest
correlation. After detrending (Table 2), the correlations of the
detrended AHS components over the TP with the detrended
WPSH index and SAH index weaken and are insignificant but
still indicate to some extent that the detrended area index and in-
tensity index of the WPSH and SAH are negatively correlated
with the detrended temperature advection and positively corre-
lated with the detrended vertical diabatic heating. The correla-
tions of the detrended AHS components over the TP with the
detrended WPSH index and SAH index are relatively weaker,
which, due to the linear trend, play a major role. Meanwhile,
some previous studies also indicate that the stronger the

TABLE 1. Heat wave high-occurrence years and low-occurrence
years of eastern China and northwest China in summer during
1980–2020 after detrending.

High-occurrence year Low-occurrence year

Eastern
China

Northwest
China

Eastern
China

Northwest
China

1981 1997 1982 1981
1983 1999 1986 1989
1988 2000 1987 1992
1990 2001 1993 1993
1992 2002 1996 2003
1998 2006 1997 2005
2003 2008 1999 2012
2005 2010 2008 2013
2010 2011 2014 2014
2013 2015 2015 2019
2017 2016 2020 2020
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vertical diabatic heating over the TP in summer is, the stronger
the WPSH and SAH. Zhu et al. (2023) found that the stronger
summer vertical diabatic heating over the TP is conducive to
the enhancement and mutual proximity of the SAH and the
WPSH by vertical motions over the TP and the western
Pacific. Lu et al. (2023) also concluded that the enhanced dia-
batic heating over the southern TP makes the SAH intensify
and extend eastward, accompanied by the WPSH intensifying
and extending westward.

Figure S4 shows the distribution of the correlation coefficients
of the WPSH indices and the SAH indices with the number of
heat wave days in summer from 1980 to 2020. It shows that the
WASH and SAH are significantly related to the heat waves in
eastern China. The area index and intensity index of the WPSH
are positively correlated with heat wave days during summer in
eastern China (Figs. S4a–c). The west extending point of the
WPSH is significantly negatively correlated with heat wave days
in eastern China. On the other hand, the area index, intensity in-
dex, and east extending point of the SAH are significantly posi-
tively correlated with the number of heat wave days in eastern
China in summer. After detrending, the correlations of the de-
trended WPSH index and SAH index with the detrended num-
ber of heat wave days weakens (Fig. 5), while the correlations of
the detrended WPSH index and SAH index with the detrended
number of heat wave days are similar with those without de-
trending. The correlations of the detrended area index and in-
tensity index of the WPSH with detrended heat wave days

during summer in eastern China can reach 0.2, especially in the
middle and lower reaches of the Yangtze River (Figs. 5a,b). The
correlation coefficients of the detrended west extending point of
the WPSH with detrended heat wave days in eastern China are
less than 20.3. The correlation coefficients of the detrended
area index, intensity index, and east extending point of the SAH
with the detrended number of heat wave days in eastern China
in summer range from 0.1 to 0.4.

The average 5880-gpm geopotential height contour at 500 hPa
and 12500-gpm geopotential height contours at 200 hPa in the
heat wave anomalous years of eastern China are used to repre-
sent the distribution of the WPSH and SAH in these years of
eastern China, respectively (Fig. 6). The WPSH extends west to
1288E and the SAH extends east to 127.58E in heat wave
high-occurrence years of eastern China, whereas the WPSH
shrinks eastward to 129.58E and the SAH shrinks westward
to 1258E in heat wave low-occurrence years. This means that
the larger and stronger the WPSH and SAH are and the
closer they are to each other, the more heat waves occur in
eastern China in summer. Consistent with the correlations
of the AHS over the TP with the west extending point of the
WPSH and the east extending point of the SAH (Table 2
and Table S1), when the TP heat source is strong, the
WPSH is more westward and the SAH is more eastward, in-
dicating that the TP heat source influences the occurrence
of heat waves in eastern China in summer by affecting the
WPSH and SAH.

FIG. 4. Anomalies of the AHS (unit: W m22) over the TP between the heat wave high-occurrence years and low-
occurrence years of (a) eastern China and (b) northwest China in summer during 1980–2020 after detrending. The
black dotted areas indicate the anomalies are significant at the 90% confidence level. The black curves are the con-
tours at an altitude of 2000 m, which indicates the TP.

TABLE 2. Correlations of the detrended AHS and components over the TP with the detrended WPSH index, SAH index and
westerly intensity in summer during 1980–2020.

WPSH SAH

Area
index

Intensity
index

West extending
point

Area
index

Intensity
index

East extending
point

AHS 0.129 0.151 20.146 0.118 0.169 20.038
Local time derivative of temperature 0.142 0.208 20.151 0.128 0.170 0.066
Vertical diabatic heating 0.118 0.135 20.128 0.105 0.150 20.047
Temperature advection 20.099 20.118 0.039 20.049 20.054 0.075
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To investigate the mechanism of the TP heat source that in-
fluences summer heat waves in eastern China, the distribution
of geopotential height fields at different layers and the latitu-
dinal cross section of mean geopotential height anomalies at

288–408N in the heat wave anomalous years of eastern China
are shown in Fig. 7. In the heat wave high-occurrence years of
eastern China, the center of the SAH is located over the south-
ern edge of the TP and extends eastward to the west Pacific, af-
fecting all of eastern China (Fig. 7a). The WPSH expands
westward to 1288E at 500 hPa (Fig. 7b). Generally, the lower
troposphere near the WPSH ridge axis is in descending motion,
with a small pressure gradient and weak wind speed, which is fa-
vorable for the occurrence of heat waves. Meanwhile, eastern
China is influenced by the WPSH at 850 hPa (Fig. 7c). From the
geopotential height anomalies (Figs. 7d–f), there are strong
anomalous anticyclones in the upper troposphere on the east
side of the TP, and the anomalous anticyclones extend southeast
from northern eastern China at 500 hPa to all of eastern China
at 850 hPa. This anomalous anticyclone migrated eastward from
the upper layers to the lower layers, which strengthened the
westward extension of the WPSH, resulting in the WPSH and
SAH being closer to each other.

The anomalies of geopotential height caused by the TP heat
source are a “cyclone–anticyclone–cyclone” distribution in mid-
latitudes region, showing a zonal wave train pattern over the Eur-
asian continent, which is more obvious in the middle and low
levels (Figs. 7d–f). This wave train pattern is also evident from
the cross section of the geopotential height anomalies (Fig. 7g).
The wave train–like pattern is related to the circumglobal tele-
connection revealed in previous studies (Ding and Wang 2005).
A significant correlation between heat waves in southeastern
China and the circumglobal teleconnection has been noted on in-
terannual time scales (W. Wang et al. 2013). The anomalous TP

FIG. 5. Correlations of the detrended (a)–(c) WPSH index and (d)–(f) SAH index with the detrended number of heat wave days in sum-
mer during 1980–2020. The black dotted areas indicate the correlations are significant at the 90% confidence level. The red and blue
curves denote the zones of eastern China and northwest China, respectively. The black curve is the contour at an altitude of 2000 m, which
indicates the main body of the TP.

FIG. 6. Distribution of the SAH at 200 hPa (12500-gpm contour
of geopotential height) and the WPSH at 500 hPa (5880-gpm con-
tour of geopotential height) for the summer of heat wave high-
occurrence years and low-occurrence years of eastern China during
1980–2020 after detrending. The green curve is the contour at an
altitude of 2000 m, which indicates the TP.
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heating can modify the atmospheric circulation by initiating
Rossby waves propagating eastward (Wang et al. 2008), thus af-
fecting the heat waves in eastern China.

The latitudinal wave train pattern caused by the TP heat
source makes WPSH and SAH close to each other, so we
check the latitudinal cross section in the vertical direction of
the geopotential height anomalies. From the mean cross sec-
tion of the geopotential height anomalies (Fig. 7g), an anoma-
lous high pressure exists over the TP and tilts slightly
eastward from the middle layers to the lower layers, affecting
the weather in eastern China. Meanwhile, anomalous high

pressure also exists over the west Pacific Ocean east of 1308E,
indicating that the WPSH is anomalously strong in heat wave
high-occurrence years of eastern China.

According to the spatial distribution of the anomalies of
AHS over the TP (Fig. 4a) and the correlation coefficients be-
tween detrended regional average AHS over the TP and de-
trended heat wave days (Fig. 3b), we select the location of the
cross section of the temperature, vertical velocity, wind field,
specific humidity, and their anomalies (see Fig. 3b). From the
latitudinal cross section of the mean vertical velocity, wind
field, temperature, specific humidity, and their anomalies at

FIG. 7. Mean summer geopotential height fields (color; unit: gpm) and horizontal wind fields (vectors; unit: m s21) of (a) 200, (b) 500,
and (c) 850 hPa in the summer of the heat wave high-occurrence years of eastern China and (d)–(f) the anomalies of geopotential height
(color; unit: gpm) and horizontal wind fields (vectors; unit: m s21) between the heat wave high-occurrence years and low-occurrence years
in summer during 1980–2020 after detrending. The blue curves in (a) and (b) are the contours at 12 500 and 5880 gpm, respectively. The
green curves are the contours at an altitude of 2000 m, which represent the TP. The purple dashed lines in (d) indicate the location of the
cross section of the anomalies of the mean geopotential height field in (g). (g) The cross section of the anomalies of the mean geopotential
height field at 288–408N between the heat wave high-occurrence years and low-occurrence year. The black shading indicates topography.
The dashed green lines indicate the location of eastern China. The black dotted areas in (d)–(g) indicate the anomalies are significant at
the 90% confidence level.
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288–328N, strong ascending motions exist from the lower layers to
upper layers over the TP (Fig. 8a) and over the Pacific Ocean east
of 1228E (Fig. 8b) in the heat wave high-occurrence years of east-
ern China. During these years, there are positive temperature
anomalies from the lower layers to 250 hPa over the TP (Fig. 8c),
corresponding to the region with positive heat source anomalies.
In the western Pacific east of 1228E, there are also strong positive
temperature anomalies from the lower layers to upper layers
(Fig. 8b). In eastern China, there are positive temperature anom-
alies over 400–700 hPa and near the surface, indicating strong
heat waves (Fig. 8d). Combined with the anomalous geopotential
in Fig. 7g, this indicates that both the SAH and the WPSH are
anomalously strong in the heat wave high-occurrence years of
eastern China.

As for the vertical velocity anomalies and wind field anoma-
lies, positive vertical velocity anomalies over the TP (Fig. 8e),
especially at 868–1028E, also correspond to the strong positive
anomalies of the TP heat source at 788–958E (Fig. 4b), indicating
that the strong TP heat sources cause the strong ascending mo-
tions in this region, and are conducive to maintaining the as-
cending motions and divergence of the upper tropospheric,
resulting in the stronger SAH. Meanwhile, there are also posi-
tive vertical velocity anomalies over the west Pacific east of
1238E (Fig. 8f), which are located north of 278N (due to the

location of the cross section in 228–278N). Generally, in the mid-
dle and upper troposphere, there are strong descending motions
on the south side of the WPSH ridge, ascending motions on the
north side and near the ridge, and descending motions near the
ridge in the lower troposphere. From Fig. 7b, it can be seen that
the ridge of the WPAH is located near 258N in the heat wave
high-occurrence years of eastern China. The positive vertical
velocity anomaly east of 238E shown in Fig. 8f is located
on the north side of the ridge of WPSH. Therefore, the posi-
tive vertical velocity anomalies near the ridge and north side
strengthen the descending motion on the south side of the
WPSH ridge, which strengthens the development of the WPSH.
As a result, strong negative vertical velocity anomalies occur
over eastern China (Fig. 8f), which causes the region to be con-
trolled by strong descending motions, resulting in frequent heat
waves.

The distribution of specific humidity anomalies corre-
sponds well with the distribution of vertical velocity anoma-
lies (Figs. 8e–h); specific humidity is increased in areas with
ascending motions but decreased in regions with descending
motion. The maximum positive specific humidity anomalies on
the TP occur near the surface at 858–1008E due to the variation
in water vapor near the surface (Fig. 8g), corresponding to nega-
tive vertical velocity anomalies over the TP that can bring more

FIG. 8. (a),(b) Cross section of the mean temperature (purple contours, unit: 8C), vertical velocity (color; unit: m s21, positive values in-
dicate ascending motion), wind field (vectors of u and w 3 1500; unit: m s21) and specific humidity (blue contours; unit: g kg21) over the
TP (288–328N) and eastern China (228–278N) in the summer of the heat wave high-occurrence years of eastern China and (c)–(h) the
anomalies between the heat wave high-occurrence years and low-occurrence years over (c),(e),(g) the TP and (d),(f),(h) eastern China.
The black shading indicates topography. The dashed green lines indicate the location of eastern China. The black dotted areas in (b)–(h)
indicate the anomalies are significant at the 90% confidence level.
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energy to the atmosphere. While negative specific humidity
anomalies exist in high layers above 700 hPa and near the sur-
face in eastern China (Fig. 8h), where strong negative vertical
velocity anomalies occur, the drier atmosphere indicates lower
precipitation in this region, which is favorable to the occurrence
and maintenance of heat waves.

Heat waves in eastern China are mainly influenced by the
WPSH and SAH, while the heat waves in northwest China
may be influenced by other factors.

b. The effect of TP heat source on the formation of heat
waves in northwest China

The subtropical westerly jet is divided into two branches
due to the blocking of the TP, and the northern branch is lo-
cated over northwest China, so we will discuss the relationship
of the TP heat source with westerlies and of the westerlies
with heat waves in northwest China. As shown in Fig. S5a, the
intensity of westerly at 200 hPa has weakened by 2–3 m s21

during the past 41 years, and is negatively correlated with the
AHS over the TP, and the correlation of the detrended AHS
over the TP with the detrended westerly intensity are also
negative (Table 3), indicating that the TP heat source can af-
fect the intensity of westerlies.

Figure 9 shows that the correlation coefficients between the
detrended intensity of westerlies and the detrended number
of heat wave days in northwest China are significantly nega-
tive. The correlation coefficients are less than20.4 in the east-
ern Tarim Basin, western Inner Mongolia, and Junggar Basin,
where heat waves are more frequent, which is basically same
as those without detrending (Fig. S5b). This indicates that the
intensity of westerlies is connected with heat waves in north-
west China, and the weakening of the westerly is favorable to
the occurrence of heat waves in northwest China.

The correlation between the intensity of westerlies and the
three components of the AHS over the TP is shown in Table S1.
The intensity of westerlies is negatively correlated with vertical
diabatic heating, while it is positively correlated with temperature
advection; the correlation of the detrended vertical diabatic heat-
ing over the TP with the detrended westerly intensity are also
negative, and the detrended temperature advection over the TP
is still positively correlated with detrended westerly intensity
(Table 3). Kuang et al. (2007) found that diabatic heating at the
upper and middle troposphere over the TP can affect the inten-
sity and shift of the westerly jet during June–July. The meridional
temperature difference caused by the horizontal temperature ad-
vection of heat source is the main factor determining the meridio-
nal shift of the westerly jet. Sato and Kimura (2005) also
found that the diabatic heating over the TP becomes much
stronger from June to September, causing the subtropical
westerly jet to retreat poleward. The northward shift of the
westerly jet in summer strengthens the westerly intensity at

high latitudes and weakens it at middle and low latitudes
(Nan et al. 2021). These results indicate that stronger vertical
heating and weaker temperature advection over the TP lead
to weaker westerlies, which is conducive to the formation
and maintenance of anticyclones, resulting in frequent heat
waves in northwest China.

For the heat wave high-occurrence years of northwest China,
the WPSH and SAH also exist (Figs. 10a,d). However, the in-
tensity and area of the SAH at 200 hPa in the heat wave high-
occurrence years of northwest China are significantly smaller
than those in eastern China. The west extending point of the
WPSH is farther eastward. The geopotential height anomalies
in the heat wave anomalous years of northwest China show a
“negative–positive–negative” pattern from northwest to south-
east (Figs. 10d–f), with the strongest anomalous anticyclone
over northwest China and the Mongolian Plateau, especially at
200 hPa. The anomalous high pressure (anticyclone) extends
vertically from near the surface to high levels, with a strong and
a weak anomalous low pressure on its left side and right side,
respectively, forming “omega” patterns. The low pressures on
both sides of the anomalous high pressure help keep the high
pressure stationary (Dole and Gordon 1983; Degirmendžić and
Wibig 2007).

The wind field anomalies are also larger in the heat wave
high-occurrence years of northwest China than in eastern China
(figure omitted), especially at 200 and 500 hPa. The wind speed
anomalies are negative over the whole westerly belt at 308–508N
at 200 hPa. The negative anomalies at 200 hPa are mainly at

TABLE 3. Correlations of the detrended AHS and three components over the TP with the detrended westerly intensity in summer
during 1980–2020. Two asterisks (**) indicate the correlation is significant at the 90% confidence level.

AHS Local time derivative of temperature Vertical diabatic heating Temperature advection

Westerly intensity 20.139 20.169 20.149 0.390**

FIG. 9. Correlation of the westerly intensity with the number of
heat wave days in summer during 1980–2020. The black dotted
areas indicate that the correlations are significant at the 90% confi-
dence level. The red and blue curves denote the zones of eastern
China and northwest China, respectively. The black curve is the
contour at an altitude of 2000 m, which indicates the TP.
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808–1208E and are more than 8 m s21. The negative anomalies
of the wind field at 200 hPa in eastern China are mainly at 308–
458N, 808–1358E and 458–608N, 408–808E and the intensity of
negative anomalies is only half of that in heat wave anomalous
years of northwest China, suggesting that the mechanisms af-
fecting heat waves in the two regions may be different.

From the meridional cross section of mean geopotential
height anomalies (Fig. 10g), a strong anomalous high pressure
near 200 hPa exists over the northern slope of the TP and the
Tarim Basin. The anticyclone (high pressure system) from
200 to 500 hPa is a stationary and persistent weather pattern,

which means the weather will mainly remain dry and stabilize
in a few days or weeks under the high pressure system. The
region controlled by the anticyclone is dominated by descend-
ing motions, which encounter the northern slope of the TP
and the Tianshan Mountains will be further strengthened by
the effects of downslope topography, forming a warm low
pressure in northwest China and blowing dry and hot easterly
winds (Fig. 10c), thereby resulting in heat waves.

Meanwhile, the diabatic heating over the TP can initiate
Rossby wave, with the upper tropospheric subtropical west-
erly jet retreating northward during summer, Rossby waves

FIG. 10. Mean summer geopotential height fields (color; unit: gpm) and horizontal wind fields (vectors; unit: m s21) of (a) 200, (b) 500,
and (c) 850 hPa in the summer of heat wave high-occurrence years of northwest China and (d)–(f) the anomalies of geopotential height
(color; unit: gpm) and horizontal wind fields (vectors; unit: m s21) between the heat wave high-occurrence years and low-occurrence years
during 1980–2020. The blue curves in (a) and (b) are the contours at 12 500 and 5880 gpm, respectively. The green curves are the contours
at an altitude of 2000 m, which represent the TP. The purple dashed box in (d) indicates the location of the cross section of the anomalies
of the mean geopotential height field in (g). (g) The cross section of the anomalies in the mean geopotential height field at 838–908E be-
tween the heat wave high-occurrence years and low-occurrence years. The black shading indicates topography. The dashed green lines in-
dicate the location of northwest China. The black dotted areas in (d)–(g) indicate that the anomalies are significant at the 90% confidence
level.
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can propagate northward on the north of the TP and then
form an almost stationary state, resulting in descending mo-
tion over the north of the TP (Sato and Kimura 2005; Hoskins
1996), which favors the appearance of heat waves in north-
west China.

From the meridional cross section of the mean vertical ve-
locity, wind field, temperature, and specific humidity at 838–
908E (see Fig. 3b) in the heat wave high-occurrence years of
northwest China (Fig. 11a), strong ascending motions exist
over the TP, with the strongest over the southern slope of the
TP. There are descending motions over the Tarim Basin and
Turpan Basin, with stronger ascending motion anomalies over
the TP and descending motion anomalies over northwest
China in the heat wave high-occurrence years of northwest
China (Fig. 11c). Positive temperature anomalies exist near
the surface in the Tarim Basin and Turpan Basin, suggesting
the high occurrence of heat waves (Fig. 11b). Over the north-
ern TP and the Tarim Basin, there are also positive tempera-
ture anomalies from 400 to 200 hPa, and the center of the
positive anomalies is located at approximately 250 hPa over
the Tarim Basin. Combined with Fig. 11g, this indicates that a
strong anomalous warm high pressure exists over northwest
China during the heat wave high-occurrence years. According
to the thermal wind principle, the variation in the westerlies
at 200 hPa is mainly modulated by the temperature gradient
caused by TP heating (Krishnamurti 1961; Schiemann et al.
2009). The existence of anomalous warm high pressure over
the Tarim Basin reduces the meridional temperature gradient

over northwest China and the TP, causing the westerlies to
weaken. The specific humidity in the heat wave anomalous
years of northwest China shows positive anomalies near the
surface of the TP (Fig. 11d) and is stronger than that in the
heat wave anomalous years of eastern China. The negative
specific humidity anomalies near the surface of Tarim Basin
and Turpan Basin, although not significant, could partly con-
tribute to maintain heat waves in northwest China.

6. Discussion and conclusions

a. Discussion

Based on correlation analysis and composite analysis, we
consider that the AHS over the TP can influence the heat
waves in eastern China thoughWPSH and SAH and influence
the heat waves in northwest China though westerlies.

According to the results after detrending, the correlations be-
tween TP heat source and heat waves in China are decreased,
and so are the correlations between TP heat source and indices
of both WPSH and SAH, which indicates that some of the cor-
relations are contributed by the linear trend, which is mainly
caused by global warming or lower-boundary forcing. Besides,
the interannual variability is generally due to atmospheric inter-
nal variability. Here, we consider that the relations of the
strengthening of TP heat source and the increase in heat waves
in China after detrending are due to the atmospheric internal
variability. As He et al. (2023) reported, a significant anomalous

FIG. 11. (a) Cross section of the mean temperature (purple contours; unit: 8C), vertical velocity (color; unit: m s21;
positive values indicate ascending motion), wind field (vectors of u and w 3 300; unit: m s21) and specific humidity
(blue contours; unit: g kg21) at 908–958E in the summer of heat wave high-occurrence years of northwest China and
(b)–(d) the anomalies between the heat wave high-occurrence years and low-occurrence years. The black shading in-
dicates topography. The dashed green lines indicate the location of northwest China. The black dotted areas in
(b)–(d) indicate that the anomalies are significant at the 90% confidence level.
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anticyclone located over the north TP was found during the
2022 summer heat wave in eastern China, and they concluded
that the anomalous anticyclone is a part of the wave train at
midlatitudes and can be considered as an atmospheric internal
variability. The anomalous anticyclones over the north and
northeast TP during the heat wave anomalous years in eastern
and northwest China are also found in Figs. 8 and 11, and these
two anomalous anticyclones are also part of the Rossby wave
train propagating along different directions, which can also be
considered as caused by the atmospheric internal variability.
Many studies have revealed the essential role of the midlatitude
wave train in the heat waves over eastern China (W. Wang et al.
2013, 2014; Chen and Zhou 2018; Gao et al. 2018), revealing the
impact of atmospheric internal variability.

In addition, He et al. (2023) suggested that the anomalous
easterlies over the TP during the 2022 summer are due to the
synergistic effects of internal atmospheric variability and
anomalous sea surface temperatures, which contributed about
2/3 and 1/3, respectively. It has also been suggested that cur-
rent anthropogenic influences are not enough to exceed the
impact of natural variability patterns on heat wave trends at
most subcontinental scales (Brown et al. 2008). These studies
conclude that for the variation of heat waves, the contribution
of interannual variation is greater than the linear trend.

Furthermore, we verify the above results by two sets of ex-
periments from phase 6 of the Coupled Model Intercompari-
son Project (CMIP6). The experiment of the Atmospheric
Model Intercomparison Project (AMIP) simulation of CMIP6
is used as a reference experiment (AMIP experiment; He et al.
2019). One of the CMIP6 Global Monsoons Model Intercom-
parison Project (GMMIP) Tier-3 experiments is used as a sen-
sitivity experiment (AMIP-TIP-nosh experiment; He et al.
2020). In the AMIP-TIP-nosh experiment, the vertical tem-
perature diffusion term in the atmospheric thermodynamic
equation, which is equivalent to the vertical diabatic heating,
is set to zero where topographies are above 500 m in the
mainland of Asia. Other detailed model settings are given in
the supplemental material.

As indicated in Fig. 12a, in the AMIP experiment, the TP is
shown to be a heat source in summer, and the high value area
of the AHS is mainly distributed in the south edge of the TP,
the eastern TP is also shown to be a strong heat source, which
is basically consistent with the distribution of Fig. 2a. The val-
ues of AHS calculated by the AMIP experiment are lower
than that calculated by ERA5, which is due to the fact that
the resolution of the vertical layers from 1000 to 100 hPa in
the AMIP experiment is lower than that of ERA5 data, mak-
ing the calculation smaller after integration in the vertical

FIG. 12. Spatial distribution of long-term means of the AHS over the TP from the (a) AMIP experiment (unit: Wm22)
and (b) AMIP TIP-nosh experiment (unit: W m22) in summer during 1980–2020. (c) Regional average of the AHS over
the TP from the AMIP experiment and AMIP TIP-nosh experiment (unit: W m22). (d) Spatial distribution of the differ-
ence in the AHS over the TP from the AMIP experiment and AMIP TIP-nosh experiment (unit: W m22). The black
curve is the contour at an altitude of 2000 m, which indicates the TP.
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direction. From the spatial distribution of AHS over the TP,
we regard the simulation results as basically reasonable. In
the AMIP TIP-nosh experiment (Fig. 12b), when the vertical
diabatic heating term in the atmospheric thermodynamic
equation is set to zero in the specified region, except for the
western TP and north edge of the TP, the rest of TP is shown
to be a cold source in summer. It also indicates the dominance
of vertical diabatic heating in the three components of the
AHS over the TP. From the differences between the two sets of
experiments (Fig. 12d), the areas with the largest differences are
mainly located in the southern and eastern TP, which are the
areas with stronger AHS over the TP. For the regional average,
the AHS over the TP is reduced by 136.62% after the vertical
diabatic heating is set to zero (Fig. 12c).

We calculated the heat wave days from the AMIP experi-
ment, as shown in Fig. 13. The spatial distribution of heat
wave days in China from the AMIP experiment is similar
to that from the ERA5 data, which also shows that heat waves
occur mainly in northwest China, eastern China, and the
Sichuan basin (Fig. 13a). The number of heat wave days simulated

by the AMIP experiment in northwest China is basically consis-
tent with that from the ERA5 data, while the AMIP experiment
has significantly overestimated the heat wave days in eastern
China. For the trend of heat wave days, the results of the AMIP
experiment are similar to that from ERA5 (not shown), with in-
creasing trends and comparable rates in northwest China, eastern
China, and the Sichuan basin. On the whole, the results un-
der AMIP experiment can reflect the characteristics of heat
waves in China to some extent. In the AMIP TIP-nosh exper-
iment (Fig. 13b), the number of heat wave days decreases sig-
nificantly in eastern China, while no heat wave is simulated
in northwest China. Comparing the differences between two
sets of experiments, it is found that the more heat waves are
simulated in the AMIP experiment, the more heat waves are
reduced in the AMIP TIP-nosh experiment (Fig. 13d). For
the regional average (Fig. 13c), the heat wave days in Eastern
China are reduced by 63.44% in the AMIP TIP-nosh experi-
ment compared with the results of AMIP experiment, while
no heat waves are simulated in northwest China in the AMIP
TIP-nosh experiment.

FIG. 13. Spatial distribution of long-term means number of heat wave days from the (a) AMIP experiment
(unit: days) and (b) AMIP TIP-nosh experiment (unit: days) in summer during 1980–2020. (c) Regional average
of the heat wave days of eastern China and northwest China from the AMIP experiment and AMIP TIP-nosh
experiment (unit: days). (d) Spatial distribution of the difference in the heat wave days from AMIP experiment
and AMIP TIP-nosh experiment (unit: days). The red and blue curves denote the zones of eastern China and
northwest China, respectively. The black curve is the contour at an altitude of 2000 m, which indicates the TP.

T A N E T A L . 791915 NOVEMBER 2023

Brought to you by Lanzhou University | Unauthenticated | Downloaded 10/27/23 02:43 AM UTC



Although there are some biases in the CMIP experiments,
and the range where the vertical diabatic heating sets to zero
in AMIP-TIP-nosh experiment is wider, we can still qualita-
tively find the association between the AHS over the TP and
the heat wave days in China.

In the background of recent trend of heat wave in eastern and
northwest China, it seems worthwhile to discuss potential future
changes of heat waves. We use the output of the medium-
resolution Beijing Climate Center Climate System Model, ver-
sion 2 (BCC-CSM2-MR), from CMIP6 to discuss future changes
in the number of heat wave days in eastern and northwest China
under different Shared Socioeconomic Pathway (SSP) scenarios
(see the online supplemental material for detailed model set-
tings). As shown in Fig. S7, compared with ERA5, the BCC-
CSM2-MR model also overestimates the number of heat wave
days in eastern China under the historical scenario, but the sim-
ulation of heat wave days in northwest China is relatively good
(Fig. S7a). The BCC-CSM2-MRmodel can simulate the increas-
ing trend of heat wave days in eastern and northwest China, the
distribution of the trend is similar to that of ERA5 (Fig. S7e),
and the simulation effect is generally reliable.

Under the scenarios of SSP1-2.6, SSP2-4.5, and SSP5-8.5
from the BCC-CSM2-MR mode, the numbers of heat wave
days in eastern and northwest China increase with the en-
hancement of emissions (Figs. S7b–d,i–k). In terms of trends,
the heat wave days in the SSP1-2.6 scenario show a significant
increasing trend in the North China Plain, the middle and
lower reaches of the Yangtze River, and northwest China,
with a weak decreasing trend in the southern coastal region
(Fig. S7f). In the SSP2-4.5 and SSP5-8.5 scenarios, the number
of heat wave days increases significantly throughout eastern
and northwest China; the increasing trend in the number of
heat wave days in eastern and northwest China is substantially
higher than in the SSP1-2.6 scenario, with the high value area
of variation of heat wave days shifted southward in eastern
China (Figs. S7g,h).

In terms of regional averages, the number of heat wave
days in eastern and northwest China tends to increase under
all three scenarios, and the increasing trend of heat wave days
increases with the enhancement of emissions (Fig. S8). Com-
pared to the historical scenario, the average number of heat
wave days in eastern China increases in the future by an aver-
age of 83.71%, 95.42%, and 135.67% under the scenarios of
SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. For northwest
China, the average number of heat wave days under SSP1-2.6,
SSP2-4.5, and SSP5-8.5 scenarios increased by 94.08%,
163.24%, and 275.26%, respectively (Fig. S8b).

b. Conclusions

In summary, during the past 41 years, heat wave days in
most regions show increasing tendencies, with rates of 0.09
and 0.24 days yr21 in eastern China and northwest China, re-
spectively. Meanwhile, the AHS over the TP is stronger in the
eastern and southern TP and shows increasing tendencies that
are stronger in the southwestern TP over 2 W m22 yr21. The
AHS over the TP is positively correlated with heat waves in
eastern China and northwest China, and most of the correla-
tion coefficients range from 0.3 to 0.5.

In terms of the mechanisms, for eastern China (Fig. 14a),
due to the AHS anomalies over the TP, the anomalous as-
cending motions caused by the vertical diabatic heating of the
TP cause the WPSH and SAH to be stronger and closer. The
two high pressure systems form an anomalous anticyclone
over northern eastern China, leading the descending motions
to control eastern China, which causes more heat waves in
eastern China. For northwest China (Fig. 14b), the positive
anomalies of AHS over the TP are stronger than those in heat
wave anomalous years of eastern China. The stronger vertical
diabatic heating and weaker temperature advection over the
TP induce a weakened westerly at 200 hPa. The weakened
westerly at middle and low latitudes is favorable to the occur-
rence and maintenance of anticyclones over northwest China.

FIG. 14. Mechanisms of the TP heat source influencing heat waves in (a) eastern China and (b) northwest China.
The thick red arrow in (a) and the thin violet-red arrow in (b) indicate the enhanced TP heat source affecting heat
wave in eastern China is stronger than that in northwest China.

J OURNAL OF CL IMATE VOLUME 367920

Brought to you by Lanzhou University | Unauthenticated | Downloaded 10/27/23 02:43 AM UTC



The descending motions generated by the anticyclone are fur-
ther intensified by the downslope topography of the northern
slopes of the TP and the Tianshan Mountains, which induces
more frequent heat waves in northwest China.

In summary, the mechanisms of the AHS over the TP af-
fecting heat waves in eastern China and northwest China are
different. On the one hand, the AHS over the TP affects the
heat waves in eastern and northwest China through different
weather systems, with the AHS over the TP affecting the heat
waves in eastern China by influencing the WPSH and SAH,
and affecting the heat waves in northwest China by influenc-
ing the westerlies. On the other hand, the AHS over the TP
triggers wave trains eastward and northward to affect the cor-
responding weather systems and heat waves in the two re-
gions, respectively.

The factors affecting heat waves also include global warm-
ing and lower boundary forcing which contribute to the linear
trend, such as sea surface temperature anomalies, ice area
variations in the Arctic Ocean, and soil moisture anomalies or
urbanization. The Arctic sea ice loss under a warming climate
will induce more frequent quasi-barotropic ridges, which may
lead to more heat waves over western North America (Wang
et al. 2022). The sea ice concentration in the Barents–Kara
Sea can influence the spatial distribution of heat waves in
North China by modulating atmospheric circulation (Zhang
et al. 2022). Stronger heat waves occur over western Russia if
sea surface temperatures are anomalously warm in the Ba-
rents Sea and the Arabian Sea, as a result of the dynamic re-
sponse of the atmosphere (Sedláček et al. 2011). Drier land
surface conditions can amplify heat waves in Europe through
the feedback of atmospheric circulation (Merrifield et al.
2019).

Our research shows that TP heat sources have a close asso-
ciation with heat waves in the surrounding areas. Due to the
high sensitivity of the TP to climate change, we need to give
more attention to the relationship between the TP and sur-
rounding heat waves. In this paper, we investigate the associa-
tions between the two by using data analysis, and we will use
a numerical model to quantify the contribution of TP heat
sources affecting heat waves in the surrounding area due to
linear trend and interannual variability in future research.
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López-Ossorio, and J. Dı́az, 2018: Heat wave and the risk of
intimate partner violence. Sci. Total Environ., 644, 413–419,
https://doi.org/10.1016/j.scitotenv.2018.06.368.

Sato, T., and F. Kimura, 2005: Impact of diabatic heating over the
Tibetan Plateau on subsidence over northeast Asian arid re-
gion. Geophys. Res. Lett., 32, L05809, https://doi.org/10.1029/
2004GL022089.
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