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Abstract
In the summer (July and August) of 2022, unprecedented heat wave occurred along the Yangtze River Valley (YRV) over East 
Asia while unprecedented flood occurred over western South Asia (WSA), which are located on the eastern and western sides 
of Tibetan Plateau (TP). Here, by analyzing the interannual variability based on observational and reanalysis data, we show 
evidences that the anomalous zonal flow over subtropical Tibetan Plateau (TP) explains a major fraction the extreme events 
occurred in 2022. As isentropic surfaces incline eastward (westward) with altitude on the eastern (western) side of the warm 
center over TP in summer, anomalous easterly (westerly) flow in upper troposphere generates anomalous descent (ascent) 
on the eastern side of TP and anomalous ascent (descent) on the western side of TP via isentropic gliding. The anomalous 
easterly flow is extremely strong to reverse the climatological westerly flow over subtropical TP in 1994, 2006, 2013 and 
2022. The easterly flow in 2022 is the strongest since 1979, and it generates unprecedented descent (ascent) anomaly on the 
eastern (western) side of TP, leading to extreme heat wave over YRV and extreme flood over WSA in 2022. The anomalously 
strong easterly flow over subtropical TP in 2022 is dominated by atmospheric internal variability related to mid-latitude wave 
train, while the cold sea surface temperature anomaly over the tropical Indian Ocean increases the probability of a reversed 
zonal flow over TP by reducing the meridional gradient of tropospheric temperature.
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1  Introduction

In the summer of 2022, different types of extreme climate 
events occurred in East Asia and western South Asia. Long-
lasting heat wave occurred in East Asia throughout July and 
August (JA), with the JA-mean daily-maximum temperature 
anomaly above 3 K along the Yangtze River Valley (YRV) 
and its vicinity relative to the past 44-year climatology, 
and the temperature was extremely high in Sichuan Basin, 
Chongqing and the Yangtze River Delta where the JA-mean 
daily-maximum temperature anomaly is higher than 4 K 
(Fig. 1a). Even with the linear warming trend removed, the 
temperature still ranks the highest over many areas along the 
YRV (stippling in Fig. 1b), suggesting the dominant role of 

interannual climate variability. Meanwhile, unprecedented 
flood swept western South Asia (WSA), with a two-month 
averaged precipitation anomaly exceeding 400 mm above 
the climatology in southern Pakistan (Fig. 1c). Positive pre-
cipitation anomaly not only covers WSA but also extends 
to Iran Plateau and the Arabian Peninsula in West Asia 
(Fig. 1c,d). Although the absolute rainfall anomaly (in the 
unit of mm) over the desert region in West Asia does not 
exceed 100 mm (Fig. 1c), the percentage rainfall anomaly 
is extremely high, reaching 400–800% of the local climatol-
ogy (Fig. 1d). Understanding the mechanism for the extreme 
events is of urgent need due to their large social impacts.

The Asian climatology is characterized by moist cli-
mate over East Asia and arid hot climate over West Asia. 
The WSA (Pakistan and its vicinity) is a transition region 
between the South Asian monsoon climate and desert cli-
mate. Persistent and abundant precipitation occurs along 
YRV to south Korea and Japan in early summer from June to 
mid July, which is called Meiyu in China, Changma in Korea 
and Baiu in Japan (Zhou et al. 2009a; Ha et al. 2012; Ding 
et al. 2020). In contrast, arid hot climate controls West Asia 
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and WSA, where surface air temperature exceeding 50 °C 
is often observed (Rashid et al. 2020; Zerafati et al. 2021; 
Karzani et al. 2022) and sand storms often occur (Middleton 
1986; Littmann 1991; Cao et al. 2015). It is interesting that 
the pattern of anomalous Asian climate in the summer of 
2022 is "opposite" to the climatology. The climatologically 
wet YRV in East Asia was extremely hot and dry, while 
WSA and West Asia appeared anomalously cool and wet in 
2022 (Fig. 1). Another interesting feature is that the regions 
with the greatest precipitation and temperature anomalies in 
2022 are located at about 30°N on the eastern and the west-
ern sides of the Tibetan Plateau (TP), respectively (Fig. 1). 
It is unclear whether these two concurrent extreme events 
are dynamically connected.

Atmospheric circulation anomalies directly modulate 
the variability of seasonal mean temperature and precipita-
tion. In general, heat wave in summer is associated with 
local descent anomaly which suppresses the formation of 
cloud and precipitation but increases the shortwave radia-
tion arrived at the land surface (e.g., Hsu et al. 2017; Wang 
et al. 2017; Chen and Zhou 2018; Chen et al. 2019; Gao 
et al. 2021). The variability of precipitation is also directly 
controlled by local vertical velocity anomaly, and anomalous 

ascent (descent) leads to excessive (deficient) precipitation 
(e.g., Huang et al. 2015; Ni and Hsu 2018; He and Li 2019). 
Anomalous cyclone (anticyclone) system in the boundary 
layer may induce ascent (descent) through Ekman pump-
ing (e.g., Wu et al. 2009, 2010; Xie et al. 2009; Hamouda 
and Kucharski 2019), but the relation between horizontal 
flow and vertical motion is not so straightforward in the free 
troposphere due to the absence of friction. For example, 
strong ascending motion prevails in the eastern part of the 
South Asian high pressure system in the upper troposphere 
over TP (Ye and Wu 1998; Wu et al. 2015; Yu et al. 2017) 
and also over the western flank of the western Pacific sub-
tropical high (Sun and Ying 1999; Liu and Wu 2004; Zhou 
et al. 2009b). Until now, it is not clear how the extreme 
Asian summer climate in 2022 is connected to anomalous 
atmospheric circulation and how the anomalous vertical 
motion is generated.

Both lower-boundary forcing and atmospheric internal 
dynamics regulate the interannual variability of the atmos-
pheric circulation (e.g., Deser et al. 2017; Chen and Zhou 
2018; Wang et al. 2020). Sea surface temperature (SST) 
anomalies, particularly the SST anomalies over tropical 
Indian Ocean (TIO), was claimed to play an essential role 

Fig. 1   Anomalous temperature and precipitation in the summer 
(July–August) of 2022. a Raw Tmax anomaly relative to the 1979–
2022 climatology (unit: K). b Same as (a) but the linear warming 
trend is removed. c Precipitation anomaly (unit: mm). d Percentage 
precipitation anomaly (unit: %, non-linear contour interval adopted). 
The stippling indicates that  the anomaly is the highest or the lowest 

in 2022 among the 44  years since 1979. The location of TP with a 
surface pressure less than 700 hPa is marked by thin black curve. The 
black box indicates the YRV region (27°–33°N, 100°–120°E) and the 
orange box indicates the WSA region (25°–35°N, 60°–75°E) adopted 
for regional averaging
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in the interannual variability of the Asian climate in summer 
(Yang and Liu 2008; Wu et al. 2009, 2010; Xie et al. 2009, 
2016). Anomalously warm SST over TIO in summer may 
lead to excessive precipitation along the YRV by stimulat-
ing anomalous atmospheric circulation, which accounts for 
the great flood occurred along the YRV in 2020 (Takaya 
et al. 2020; Pan et al. 2021; Zhou et al. 2021). It is reason-
able to speculate that a cold SST anomaly over TIO may 
result in dry and hot summers over the YRV such as in 2022. 
However, SST anomalies cannot determine the atmospheric 
circulation anomalies in a specific year, and the stochastic 
atmospheric internal variability also plays an important role 
(He et al. 2016; Chen and Zhou 2018; Wang et al. 2020; Liu 
et al. 2022). Up to now, it is unclear how the extreme Asian 
summer climate in 2022 is connected with the SST anoma-
lies and atmospheric internal variability.

Based on observational (including reanalysis) dataset, 
this study investigates the mechanism connecting atmos-
pheric circulation anomalies with the interannual variability 
of temperature/precipitation over YRV and WSA, and we 
aim to address the following questions: (1) What is the key 
atmospheric circulation anomaly responsible for the extreme 
climate over subtropical Asia in 2022, as seen from their 
interannual relationship? (2) What is the underlying mecha-
nism connecting the anomalous atmospheric circulation with 
subtropical Asian climate, and why is the atmospheric cir-
culation so extreme in the summer of 2022?

2 � Data and Method

This study adopts the following datasets. (1) Gridded daily-
maximum temperature (Tmax) at 0.5° resolution for global 
land areas released by Climate Prediction Center (CPC) in 
National Oceanic and Atmospheric Administration (see Data 
Availability Statements). (2) The version 2.3 of monthly rate 
of precipitation released by Global Precipitation Climatol-
ogy Project (GPCP), which has a resolution of 2.5° (Adler 
et al. 2003). (3) The ERA5 monthly reanalysis dataset on 
atmospheric circulation and temperature at pressure levels, 
which has a resolution of 0.25° (Hersbach et al. 2020). (4) 
The Extended Reconstructed SST version 5 (Huang et al. 
2017) on global oceans with a resolution of 2°. For all these 
datasets, the 44 summers from 1979 to 2022 are adopted 
for analysis.

Following Chen and Zhou (2018), we focus on the two-
month season of July and August (JA) for each year. Differ-
ent from the widely used three-month period from June to 
August, "summer" in this work refers to JA, since extreme 
heat waves along YRV usually occurs in JA while June is the 
main Meiyu season. The JA-mean Tmax for each summer is 
calculated as the 62-day averaged value from 1st July to 31st 
August, and the JA-mean precipitation rate, atmospheric 

circulation and SST for each summer are calculated as the 
arithmetic average of the monthly mean values for July 
and August. The JA-accumulated precipitation (unit: mm) 
is obtained by multiplying the JA-mean precipitation rate 
(unit: mm/day) by a factor of 62 days. The 44-year average 
from 1979 to 2022 is defined as the climatology, and the raw 
anomaly for each year is obtained by subtracting the 44-year 
climatology. The de-trended anomaly is obtained by sim-
ply removing the linear trend for the time series of the raw 
anomaly over the 44 years, and the word "anomaly" refers to 
de-trended anomaly throughout the paper unless particularly 
stated. Based on the de-trended anomalies, linear regres-
sion and correlation analyses are performed to investigate 
the interannual variability, and the statistic significance is 
determined based on the Student's t test.

Regional averaged Tmax for YRV and regional averaged 
precipitation for WSA are calculated, respectively, based 
on the box regions marked in Fig. 1. The YRV region is 
selected as the 100°–120°E, 27°–33°N box (black box in 
Fig. 1), which is a densely populated region where extreme 
heat wave occurred in 2022. The WSA area is selected as the 
60°–75°E, 25°–35°N box covering Pakistan and its vicin-
ity (orange box in Fig. 1), which is the continental region 
with the strongest positive precipitation anomaly as seen in 
Fig. 1c. The WSA box does not include the desert region in 
West Asia to the west of 60°E, because the interannual pre-
cipitation variability over the arid region deviates strongly 
from normal distribution and regression/correlation analysis 
is not applicable. The results for the desert areas over West 
Asia are only shown in the spatial pattern plots.

3 � Results

3.1 � Anomalous Asian summer climate in 2022

Figure 1a, b shows the anomalous Tmax for JA in 2022, in 
terms of raw anomaly and de-trended anomaly. The Tmax 
for JA in 2022 shows positive anomaly over eastern TP and 
along the YRV, with a maximum anomaly exceeding 4 K in 
the Sichuan basin (about 105°–110°E around 30°N). The 
Tmax in the summer of 2022 is the highest since 1979 at 
most of the grid points near 30°N within 85°–120°E (shown 
as stippling in Fig. 1a). Meanwhile, negative Tmax anom-
aly is seen over WSA in the summer of 2022, and the raw 
Tmax anomaly exceeds − 4 K and it is the lowest since 1979 
in some areas of Pakistan (stippling in the orange box in 
Fig. 1a). After removing the linear warming trend, negative 
Tmax anomaly covers almost all areas from WSA to the 
Arabian Peninsula, while the de-trended Tmax anomaly over 
East Asia is still the highest since 1979 at many grid points 
along the YRV and over eastern TP (Fig. 1b).
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Figure 1c,d shows the anomalous precipitation for JA 
in 2022, in terms of accumulated precipitation amount 
and percentage anomaly. One prominent feature is the 
positive precipitation anomaly over WSA, which exceeds 
400 mm in southern Pakistan (Fig. 1c). Over West Asia, 
the JA-accumulated rainfall anomaly is less than 100 mm 
(Fig. 1c), but it reaches 400 ~ 800% of the local clima-
tology over the Iran Plateau and Arabian Peninsula and 
even exceeds 800% at some regions (Fig. 1d). The appar-
ent difference between Fig. 1c and Fig. 1d results from 
the rainfall climatology. Indeed, West Asia is dominated 
by desert climate with very scarce climatological rainfall, 
while the climatological rainfall is relatively abundant over 
WSA in summer since it is a transition region between the 
monsoon climate in South Asia and the desert climate in 
West Asia. The positive precipitation anomaly over WSA 
and West Asia is physically consistent with the local nega-
tive Tmax anomaly (Fig. 1b, d), since excessive rainfall 
acts to decrease local surface air temperature (Trenberth 
and Shea 2005; Hu et al. 2019). Over East Asia, negative 
precipitation anomaly extends from the southeastern TP to 
YRV, while positive anomaly appears over northern China 
(Fig. 1c,d), which are also physically consistent with the 
Tmax anomaly (Fig. 1b).

Figure 2 shows the time series for the regional averaged 
quantities. The raw Tmax anomaly over YRV in the sum-
mer of 2022 is 3.4 K (hollow black bar in Fig. 2a), which is 
the highest since 1979. It shows a linear warming trend of 
0.47 K per decade (red line in Fig. 2a), which is statistically 
significant at the 95% confidence level. The linear trend has 
caused a Tmax anomaly of 1.1 K in 2022 relative to the 
1979–2022 climatology. The de-trended Tmax anomaly over 
YRV is 2.3 K in 2022, which is still the highest since 1979 
(solid blue bar in Fig. 2a). The de-trended Tmax anomaly in 
2022 is higher than the extreme heat wave events in 1994, 
2006 and 2013 which were widely studied (e.g., Guan and 
Yamagata 2003; Ding et al. 2010; Sun et al. 2014; Wang 
et al. 2016; Chen et al. 2018). Supposing the warming trend 
is linear, the warming trend explains about 1/3 (1.1 K) of the 
raw Tmax anomaly over YRV in 2022, and the interannual 
temperature variability explains the other 2/3 (2.3 K).

It is evident that the summer of 2022 in WSA is the wet-
test since 1979, followed by the summer of 1994 (Fig. 2b). 
The regional averaged precipitation over WSA shows a weak 
increasing trend (red line in Fig. 2b), but this trend is insig-
nificant at the 95% confidence level. The raw precipitation 
anomaly over WSA in JA of 2022 reaches 214 mm (hollow 
black bar in Fig. 2b), and the de-trended anomaly is 191 mm 
(solid blue bar in Fig. 2b). The time series for the de-trended 
precipitation anomaly over WSA has a correlation coefficient 
of 0.57 with the de-trended Tmax anomaly over YRV, which 
is statistically significant at the 95% confidence level, sug-
gesting that hot summers over the YRV region are usually 

wet summers over the WSA region. This connection has 
been noted by Liu et al. (2015), and it suggests a possible 
dynamic connection between the extreme events over YRV 
and WSA occurred in 2022.

3.2 � Connection with atmospheric circulation 
anomalies

Anomalous local descent is directly responsible for heat 
wave by suppressing cloud/precipitation formation and 
increasing shortwave radiation arrived at the surface (Hsu 
et al. 2017; Chen and Zhou 2018; Chen et al. 2019), while 
excessive (deficient) precipitation is associated with anoma-
lous ascent (descent) according to the simplified form of 
moisture budget equation (Huang et al. 2015; Ni and Hsu 
2018; He and Li 2019). As the vertical velocity near the sur-
face is more affected by local terrain (Galarneau et al. 2012; 
Nie et al. 2016), we mainly focus on the pressure velocity 
(ω, negative/positive value indicates ascent/descent) in the 
upper troposphere averaged within 200–500 hPa to under-
stand the large-scale dynamics. Figure 3a,b re-examines the 
correlation coefficients of JA-mean Tmax and precipitation 
anomalies with local ω in the upper troposphere. Evidently, 
Tmax has a significant positive correlation with local ω in 
most areas outside the plateau region, and the correlation 
coefficients are above 0.6 at most grid points over eastern 
China (Fig.  3a). Meanwhile, the seasonal precipitation 
anomaly has a negative correlation with local ω over most 
grid points except over the desert regions (Fig. 3b).

As vertical velocity has a direct effect on Tmax and pre-
cipitation variability, Fig. 3c shows the anomalous ω in the 
upper troposphere in 2022. Anomalous descent appears over 
YRV and the southeastern flank of TP, which caused the 
anomalously hot and dry condition from the southeastern 
TP to YRV. Meanwhile, anomalous ascent appears over 
WSA and West Asia (Fig. 3c), which overlaps the flood-
ing region over WSA and West Asia see (Fig. 1). Indeed, 
the regional averaged descent anomaly over YRV and the 
ascent anomaly over WSA in 2022 are both the strongest 
since 1979 (Fig. 2c). The climatological ω in subtropical 
Asia (near 30°N) is characterized by descent on the western 
side of TP and ascent over central-eastern TP and the east-
ern side of TP, and the 80°E meridian separates the descent 
region to the west and the ascent region to the east (Fig. 3d). 
The anomalous ω in 2022 shows an opposite spatial pattern 
to the climatological ω over subtropical Asia. As shown in 
the 27°-33°N averaged vertical profile (Fig. 4a), anomalous 
descent appears through the entire troposphere to the east of 
80°E while anomalous ascent appears to the west of 80°E 
in the summer of 2022. The anomalous vertical velocity to 
the west of 80°E is noisy in the lower troposphere (Fig. 4a), 
possibly because of the forcing of the complex terrain on the 
low-level circulation (Galarneau et al. 2012; Nie et al. 2016).
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In summer, the upper troposphere over TP is a warm 
center (Yanai et  al. 1992; Ye and Wu 1998; Wu et  al. 
2015). Climatologically, the highest potential temperature 
(θ, proportional to entropy) is located at about 30°N, 80°E 
over western TP (contours in Fig. 3d), generating strong 
but opposite zonal gradient of θ on the western and east-
ern sides of 80°E. The isentropic surfaces in the mid and 
upper troposphere, indicated as contours in Fig. 4a, show a 
sinking structure over TP and incline eastward (westward) 
with altitude to the east (west) of 80°E. Climatologically, 
the interface between tropical easterly flow and mid-latitude 

westerly flow is located at the southern flank of TP (gay line 
in Fig. 3c), and westerly flow prevails over TP. Since adi-
abatic flow moves along isentropic surfaces (Rodwell and 
Hoskins 1996; Hoskins et al. 2003; Wu et al. 2020; Boos and 
Pascale 2021), subtropical westerly flow generates descent to 
the west of 80°E and ascent to the east of 80°E. Rodwell and 
Hoskins (1996) proposed the "monsoon-desert" mechanism 
to explain the formation of desert climate from Mediterra-
nean to West Asia, and they emphasized that the descend-
ing air parcels on the western side of TP originate from the 
west along the westerly flow rather than from the South 

Fig. 2   Time series for the 
regional averaged values over 
YRV and WSA from 1979 to 
2022. a Regional averaged 
raw Tmax anomaly (hollow 
black bar) over YRV, its trend 
(red line) and the de-trended 
anomaly (solid blue bar). b 
Same as a but for the regional 
averaged precipitation anomaly 
over WSA. c Regional averaged 
vertical velocity in the upper 
troposphere (200-500 hPa aver-
age, unit: 10−2 Pa/s) over YRV 
(hollow black bar) and WSA 
(solid blue bar) regions
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Asian monsoon region. Previous studies also suggested that 
the zonal-elongated ascent and rain band over subtropical 
East Asia is generated by the westerly flow from TP to the 
downstream (Sampe and Xie 2010; Kong and Chiang 2020). 
Given the unique atmospheric thermal structure over TP, the 
zonal flow over TP is crucial for the vertical motion on the 
western and eastern sides of TP.

However, easterly wind anomaly appears in 2022 in the 
mid-upper troposphere over TP and its vicinity (Fig. 4b), and 
geostrophic component accounts for a major fraction of it 
while the ageostrophic component is very small (figure not 
shown). Based on the climatological potential temperature 
distribution ( � ) and the geostrophic components of the zonal 
and meridional wind anomalies ( u′

g
, v

′

g
 ) in 2022, the tempera-

ture advections ( u�

g

��

�x
andv

�

g

��

�y
 ) in pressure coordinates are 

calculated and shown in Fig. 4c,d. The anomalous easterly 
flow in 2022 produces anomalous cold (warm) advection to 
the east (west) of the climatological warm center over TP 
(Fig. 4c), and the magnitude of the zonal advection is much 
greater than the meridional advection associated with the 
anomalous meridional flow (Fig. 4d). Based on the quasi-
geostrophic theory, cold (warm) advection by geostrophic 

flow induces descent (ascent) (Hoskins et al. 2003; Sampe 
and Xie 2010; Wu et al. 2020). Thus we hypothesize that the 
anomalous easterly flow may be responsible for the strong 
ascent/descent anomalies on the western/eastern sides of TP.

In order to quantitatively measure the direction and 
strength of zonal flow over subtropical TP, we define an 
easterly flow index (EI) by averaging the 200–500 hPa mean 
zonal wind within the 27°–33°N, 60°–120°E box and mul-
tiplying it by − 1. This region includes the TP and a fraction 
of the upstream and downstream regions, and we still call 
it "TP" for short. By multiplying − 1, a positive (negative) 
value of EI indicates easterly (westerly) flow over TP, and 
the regressed anomalies onto the EI anomaly for interannual 
variability are in phase with the observed anomalies in 2022. 
Figure 5a shows the year-by-year time series of EI and its 
anomaly. No significant long-term trend is detected for EI, 
but it is characterized by robust interannual variability. The 
EI is negative for most years with an average of − 2.6 m/s, 
suggesting that climatological westerly flow prevails over 
subtropical TP around 30°N. However, the EI values are 
positive in 1994, 2006, 2013 and 2022, and they show that 
the JA-mean zonal flow reversed in these four years (solid 
blue bars in Fig. 5a). Indeed, extreme heat wave events also 

Fig. 3   a Correlation coefficients between Tmax anomaly and local 
vertical velocity at interannual time scale, with stippling indicat-
ing the statistically significant correlation above the 95% confidence 
level. b Same as a but between precipitation and local vertical veloc-
ity. c Anomalous vertical velocity in 2022 (shading, unit: 10−2 Pa/s), 
with stippling indicating where the amplitude of anomaly exceeds the 

2 standard deviation of interannual variability. The gray line indicates 
the climatological interface between tropical easterly wind and mid-
latitude westerly wind, and the purple line indicates the interface in 
2022. d The climatology of 200–500 hPa averaged vertical velocity 
(shading, unit: 10−2 Pa/s) and potential temperature (contours with an 
interval of 2 K)
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occurred over subtropical East Asia in 1994, 2006 and 2013 
(see Fig. 2a) and these events were widely studied (e.g., 
Guan and Yamagata 2003; Ding et al. 2010; Sun et al. 2014; 
Wang et al. 2016; Chen and Zhou 2018). During the past 
44-year period, the strongest easterly flow over subtropical 
TP is seen in 2022, with an EI value of + 1.8 m/s (original 
wind speed, not anomaly), followed by the summer of 1994 
(Fig. 5a) when WSA experienced the second largest positive 
precipitation anomaly during the past 44 years (see Fig. 2b).

As the subtropics is a transition region between tropical 
easterly flow and mid-latitude westerly flow, the seasonal 
mean latitude for the interface between tropical easterly flow 
and mid-latitude westerly flow is shown in Fig. 5b for each 
year, based on the 200–500 hPa averaged zonal wind within 
60°-120°E. The climatological E/W interface is located at 
about 28.4°N but it shows interannual variability (Fig. 5b). 
The latitude of E/W interface has a correlation coefficient 
of 0.94 with EI anomaly, suggesting that westerly flow is 
weaker and easterly flow may prevail over subtropical TP 

when the E/W interface shifts northward. In the summer 
of 2022, the seasonal mean latitude of the E/W interface is 
30.7°N, which is the most extreme northward shift during 
the past 44 years (Fig. 5b), and a large fraction of the south-
ern TP is located in the tropical easterly belt (see the purple 
line in Fig. 3c for the E/W interface in 2022).

In order to disentangle the effect of anomalous zonal 
flow over TP on the interannual variability of Asian climate, 
Fig. 6 shows the regressed anomalies of de-trended Tmax, 
precipitation, and atmospheric circulation in JA onto the EI 
anomaly based on the past 44 summers. Anomalous easterly 
flow over TP (positive EI anomaly) is associated with posi-
tive Tmax anomalies over East Asia covering eastern TP, 
YRV, Korean Peninsula and Japan, and also negative Tmax 
anomalies over WSA including Pakistan, northwest India 
and Arabian Peninsula (Fig. 6a). Meanwhile, anomalous 
easterly flow over TP is also associated with negative pre-
cipitation anomalies over East Asia from the YRV to Japan, 
and positive precipitation anomalies over the WSA including 

Fig. 4   The vertical profile for the 27°-33°N averaged anomalies in 
the JA of 2022. a Vertical velocity anomaly (unit: 10−2 Pa/s). b Zonal 
wind anomaly (unit: m/s). c Temperature advection (unit: K/day) by 
the geostrophic component of zonal wind anomaly. d Temperature 
advection by the geostrophic component of meridional wind anomaly. 
The 27°–33°N averaged potential temperature climatology is marked 

as contours in a with an interval of 5 K. The geostrophic wind com-
ponent is calculated based on the horizontal gradient of geopoten-
tial height to calculate temperature advection in c, d, which is only 
slightly different from the total wind which contains a small ageos-
trophic wind component
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Pakistan and northwestern India (Fig. 6b). Statistically sig-
nificant positive precipitation anomalies are also seen over 
the desert regions over West Asia, but their magnitudes 
are small due to the scarce mean state precipitation. The 
pattern of the regressed Tmax and precipitation anomalies 
onto the EI anomaly shares a similar pattern to the observed 
Tmax and precipitation anomalies in 2022, suggesting that 
the reversed zonal flow over TP may play a key role in the 
anomalous Asian climate in 2022.

How does the anomalous zonal flow over TP modulates 
subtropical Asian climate? Fig. 6c shows the regressed 
vertical velocity anomalies in the upper troposphere 
(200–500 hPa averaged) onto EI anomaly. Associated with 
anomalous easterly flow over TP, anomalous descent appears 
over a belt region covering the southeastern TP, the YRV 
and Japan, and anomalous ascent appears on the western 
side of TP over the WSA and West Asia. As seen from the 
27°–33°N averaged profile (Fig. 6d), 80°E is a critical lon-
gitude where anomalous descent (ascent) appears on its 
east (west) side associated with anomalous easterly flow, 
consistent with the climatological thermal structure with 
a warm center at about 80°E. Hence isentropic gliding is 
the key mechanism connecting the anomalous zonal flow 
over TP with the anomalous vertical motion on the eastern 
and western sides of the warm center (Rodwell and Hoskins 

1996; Hoskins et al. 2003; Wu et al. 2020; Boos and Pascale 
2021). As adiabatic flow moves along isentropic surfaces, 
westward-moving air parcels descend to the east of 80°E and 
ascend to the west of 80°E following the sloping isentropic 
surfaces (gray contours in Fig. 6d). The anomalous vertical 
motion primarily induced by the isentropic gliding may be 
further amplified by diabatic feedback processes, such as 
the latent heating feedback due to suppressed (enhanced) 
precipitation and latent heating in the descending (ascend-
ing) region (Rodwell and Hoskins 1996; Hoskins et al. 2003; 
Wu et al. 2020).

The linkage between the anomalous zonal flow over TP 
and the anomalous vertical motion may also be understood 
from the perspective of horizontal temperature advection. 
As a warm center exists in the upper troposphere over TP 
and the temperature decreases from 80°E to its eastern 
and western sides, anomalous easterly geostrophic wind 
may generate cold (warm) advection on the eastern (west-
ern) side of the warm center if the air parcels move along 
isobaric surfaces. To balance the cold (warm) horizontal 
advection, adiabatic flow must descend (ascend) to gener-
ate adiabatic heating (cooling). Indeed, it is well accepted 
that warm/cold advection by horizontal circulation gen-
erates adiabatic ascent/descent (e.g., Barlow et al. 2005; 
Sampe and Xie 2010; Liu et al. 2015; Kong and Chiang 

Fig. 5   a Time series for the 
EI (solid blue bar) in summer 
and its anomaly (hollow black 
bar), where the EI is defined 
as the 200–500 hPa averaged 
zonal wind within 27°-33°N, 
60°-120°E multiplied by − 1. b 
The latitude of the 60°–120°E 
averaged interface between 
tropical easterly wind and mid-
latitude westerly wind, based on 
200–500 hPa mean zonal wind
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2020), and it is equivalent to the explanation based on the 
concept of isentropic gliding. However, caution should be 
taken that adiabatic flow actually move along isentropic 
surfaces rather than isobaric surfaces.

Figure  7 further evaluates the contribution of EI 
anomaly to the regional averaged quantities from a linear 
regression perspective. The EI anomaly has a high correla-
tion coefficient of 0.86 with the regional averaged Tmax 
anomaly over YRV region (Fig. 7a), suggesting that the 
seasonal mean Tmax in summer over YRV is almost deter-
mined by the anomalous zonal flow over TP. Based on the 
linear regression equation listed in Fig. 7a, the observed 
EI anomaly in 2022 corresponds to a Tmax anomaly of 
1.8 K over YRV, which is close to the observed anomaly 
of 2.3 K. This also suggests that the anomalous zonal 
flow over TP is the dominant dynamic mechanism for the 
anomalously high temperature over YRV in 2022. The 
correlation coefficient between EI anomaly and precipita-
tion anomaly over WSA is 0.56 for the 1979–2022 period, 
which is statistically significant at the 95% confidence 
level. Based on the linear regression equation shown in 
Fig. 7b, the EI anomaly in 2022 corresponds to a pre-
cipitation anomaly of about 60 mm over the WSA region, 

which accounts for about 1/3 of the observed anomaly of 
192 mm.

3.3 � Relative roles of SST anomaly and atmospheric 
internal variability

Figure 8a shows the correlation coefficients between EI 
anomaly and the SST anomalies. Significant negative cor-
relation is seen along equatorial central-eastern Pacific 
and tropical Indian Ocean (TIO), suggesting that the cold 
SST anomalies over equatorial Pacific and TIO in summer 
favor an easterly wind anomaly over TP. The observed (de-
trended) tropical SST anomaly in 2022 is also character-
ized by cold SST anomaly over TIO and equatorial central-
eastern Pacific (Fig. 8b). Previous studies suggested that the 
basin-wide warm (cold) SST anomalies over TIO in summer 
is a delayed response to the El Niño (La Niña) condition in 
the preceding winter and spring (Yang and Liu 2008; Wu 
et al. 2009, 2021; Xie et al. 2009), and the cold SST anomaly 
over TIO in the summer of 2022 is indeed associated with 
La Niña condition in the preceding winter and spring (figure 
not shown). Previous studies mostly focused on the impact 
of warm SST anomaly over TIO on the excessive summer 

Fig. 6   The regressed seasonal mean anomalies in summer onto the EI 
anomaly. a Tmax anomaly (unit: K), b Precipitation anomaly (unit: 
mm), c Vertical velocity anomaly (unit: 10−2  Pa/s), d Vertical pro-
file of 27°–33°N averaged vertical velocity anomaly (unit: 10−2 Pa/s, 
color bar is the same as in c). All the quantities shown here indicates 

the anomalies corresponding to + 1 m/s of EI anomaly, and the stip-
pling indicates the regressed values statistically significant at the 95% 
confidence level. The gray contour in d indicates the climatological 
potential temperature, which is the same as in Fig. 4a
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rainfall along YRV such as in 2020 (e.g., Takaya et al. 2020; 
Pan et al. 2021; Zhou et al. 2021), but less attention was paid 
to the opposite case.

Figure 8c shows the time series for the regional aver-
aged SST anomaly over TIO within 20°S–20°N, 40°–110°E, 
referred as TIO-SSTA index. There is indeed a remarka-
ble linear warming trend of TIO-SSTA index (red line in 
Fig. 8c), which may mask the cold SST anomaly over TIO 
in 2022 if the trend is not removed. Indeed, during the recent 
cases when extreme heat waves occurred in YRV such as in 
1994, 2006 and 2013, the SST anomalies over TIO are all 
negative (Fig. 8c), suggesting the potential contribution of 
the SST anomaly over TIO. As the SST anomalies over dif-
ferent sectors of tropical oceans are not independent, we lin-
early removed the variability associated with the TIO-SSTA 
index at each oceanic grid point by regressing it onto the 
TIO-SSTA index shown in Fig. 8c, and obtained the residual 
SST variability. Figure 8d shows the correlation coefficient 
between the residual SST variability and EI anomaly. No sta-
tistically significant correlation is seen in the tropical ocean 
(Fig. 8d), suggesting that the TIO SST anomaly in summer 
has integrated the tropical SST signals which have an impact 
on the EI anomaly. Therefore, it is reasonable to explain the 
contribution of tropical SST anomalies on the EI anomaly 
by only considering the TIO sector.

Figure 8e, f shows the regressed tropospheric tempera-
ture (TT, 900–200  hPa averaged) anomalies and upper 

tropospheric zonal wind (200–500 hPa averaged) anomalies 
onto the TIO-SSTA index shown in Fig. 8c. A warm SST 
anomaly over the TIO stimulates a warm TT anomaly in the 
tropics to the south of 30°N, but it cannot effectively warm 
the troposphere in the extra-tropics (Fig. 8e). As a result, 
the meridional gradient of TT is enhanced at about 30°N, 
leading to a westerly wind anomaly in the upper troposphere 
over TP (Fig. 8f) under the constraint of the thermal wind 
relationship. Indeed, previous studies also proposed that the 
warm (cold) SST anomaly over TIO in summer stimulates 
a warm Kelvin wave, forming a wedge-like warm (cold) TT 
anomaly over the TIO (Xie et al. 2009, 2016; Zhang et al. 
2022). In the summer of 2022, an opposite case to Fig. 8e, 
f occurred, and the cold SST anomaly over TIO reduced 
the meridional temperature gradient and induced an easterly 
wind anomaly over TP.

Figure 9a shows the scatter plot for the EI anomaly as 
a function of TIO SST anomaly for the past 44 years. A 
negative correlation of − 0.51 exists between these two 
quantities, which is statistically significant at the 95% 
confidence level. The SST anomaly over TIO is − 0.28 K 
in 2022 (see Fig. 8c), and it may stimulate an EI anomaly 
of − 0.42*(− 0.28) = 1.2 m/s based on the linear regression 
equation of Y =  − 0.42X (dashed purple line in Fig. 9a), 
which is about 1/3 of the observed EI anomaly of 3.7 m/s in 
2022 (red dot in Fig. 9a). Therefore, the TIO SST anomaly 
contributed to about 1/3 of the easterly wind anomaly over 

Fig. 7   a Scatter plot for the regional averaged Tmax anomaly over 
YRV as a function of the EI anomaly for the past 44 years. b Scatter 
plot for the regional averaged precipitation anomaly over WSA as a 
function of EI anomaly. The red dot indicates the year of 2022 and 

the blue dots indicate the other 43 years. The linear regression equa-
tion and correlation coefficient are marked on the upper-right corner 
of each panel
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TP in 2022, and atmospheric internal variability may explain 
a major fraction of the other 2/3. Indeed, idealized climate 
model simulations suggest that SST anomalies explain no 
more than 30% of the interannual climate variability over 
subtropical Asia (He et al. 2016, 2017).

Based on the linear regression equation of Y =  − 4.2X 
as listed in Fig. 9a, we removed the linear impact of TIO-
SSTA index on the EI anomaly and obtained the residual EI 
anomaly for each year. The residual EI anomalies for the past 
44 years still have substantial interannual variability, with 
a standard deviation of σ = 1.4 m/s. Supposing that the EI 
is normally distributed with a climatology of − 2.6 m/s and 
σ = 1.4 m/s (see Fig. 5a), the probability for EI > 0 is only 
2.6% (black curve in Fig. 9b). In other words, the probabil-
ity for a reversed JA-mean zonal flow over TP is only 2.6% 
in the absence of TIO SST variability. The SST anomaly 
over TIO in 2022 stimulates an EI anomaly of 1.2 m/s as 
shown in Fig. 9a, and it shifts the distribution of EI right-
ward by 1.2 m/s (blue curve in Fig. 9b), assuming that the 

atmospheric internal variability is independent on the SST 
anomalies (fixed σ). This shift increases the probability for 
reversed JA-mean zonal flow over TP from 2.6% to 14.4%. 
Hence the cold SST anomaly over TIO in 2022 not only 
enhances the anomalous easterly flow over TP but also 
increases the probability for reversed total zonal flow over 
TP by about 5 times.

In order to examine how atmospheric internal variabil-
ity further enhances the easterly anomaly over TP in 2022, 
Fig. 10 shows the atmospheric circulation anomalies over 
the entire Eurasian continent. In the upper troposphere 
(Fig. 10a), a wave train pattern appears over the Eurasian 
continent, characterized by an anomalous anticyclone over 
Eastern Europe, an anomalous cyclone on the western 
side of the Lake of Baikal, and an anomalous anticyclone 
over northern China (marked with "A", "C", "A" letters in 
Fig. 10a), resembling an Eurasian (EU) or circum-global 
teleconnection (CGT) pattern (Ding and Wang 2005, 2007). 
In summer, the climatological westerly jet core is located 

Fig. 8   a Correlation coefficient between EI anomaly with tropical 
SST anomalies at interannual time scale based on the past 44 years, 
and the stippling indicates where the correlation coefficient is sta-
tistically significant at the 95% confidence level. b The SST anoma-
lies in 2022. c Time series for the regional averaged SST anomalies 
over TIO within 20°S–20°N, 40°–110°E (blue bar, trend removed), 
and the red line indicates the linear trend. d Same as a but the signal 

of TIO SST anomaly (shown in c) is linearly removed from the SST 
anomaly at all grid points before calculating the correlation coeffi-
cient. e Regressed tropospheric (900–200 hPa averaged) temperature 
anomalies (unit: K) onto EI anomaly. f Regressed upper tropospheric 
(500–200  hPa averaged) zonal wind anomalies (unit: m/s) onto EI 
anomaly. The stippling in (e) and (f) indicates where the regressed 
anomalies are statistically significant at the 95% confidence level
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at about 40°–50°N (the gray shading in Fig. 10a), and the 
anomalous anticyclone over northern China acts to intensify 
the westerly jet in the mid-latitude East Asia but weakens the 
westerly flow over TP (Fig. 10a). Indeed, many studies have 
revealed the essential role of the mid-latitude wave train in 
the heat waves over YRV (e.g., Wang et al. 2013, 2014; 
Chen and Zhou 2018; Gao et al. 2018) and precipitation over 
WSA (Lau and Kim 2012; Jiang and Ting 2017; Di Capua 
et al. 2021).

In the mid latitudes, anomalous ascent (descent) appears 
where there is an anomalous southerly (northerly) flow along 
the wave train (Fig. 10a). Indeed, the meridional temperature 
gradient is much greater than the zonal gradient in most 
areas over mid latitudes and the isentropic surfaces gener-
ally incline northward with altitude. Therefore, southerly 
(northerly) flow effectively stimulates upward (downward) 
motion through isentropic gliding in mid latitudes, consist-
ent with the fact that ascent (descent) generally appears 
on the eastern (western) section of a trough or cyclone in 
weather chart. However, as already shown in this work, the 
anomalous vertical motion on the eastern and western sides 
of subtropical TP is more closely related to the zonal flow 
rather than the meridional flow, due to the unique thermal 
structure over TP. Given that the climatological isentropic 
surfaces primarily incline eastward (westward) with altitude 
on the eastern (western) side of subtropical TP (contours 
in Figs. 4a and 6d), anomalous zonal flow can effectively 

stimulate anomalous vertical motion via isentropic gliding. 
Therefore, the unique climatological thermal structure over 
TP explains why the linkage between horizontal flow and 
vertical motion around TP is different from the mid latitudes.

In the lower troposphere (Fig. 10b), the atmospheric cir-
culation anomalies in 2022 over mid latitudes are generally 
in phase with those in the upper troposphere, exhibiting a 
barotropic structure. Over South Asia, anomalous easterly 
wind appears in the lower troposphere (Fig. 10b), suggest-
ing an anomalously weak South Asian summer monsoon 
circulation. Therefore, the strength of monsoon circulation 
cannot explain the excessive rainfall over WSA in 2022. 
There is a weak anomalous anticyclone extending from 
the western North Pacific (WNP) to southern China in the 
lower troposphere (Fig. 10b). As previous studies showed 
that an anomalous anticyclone over the WNP favors exces-
sive precipitation along the YRV by generating ascent and 
transporting water vapor (Xie et al. 2009; Hu et al. 2017; 
Zhou et al. 2021), this anomalous anticyclone cannot explain 
the observed descent anomaly and hot dry condition over 
YRV in 2022. There is a lower tropospheric pathway through 
which warm/cold SST anomaly over the TIO stimulates an 
anomalous anticyclone/cyclone in the lower troposphere 
over WNP (e.g., Wu et al. 2009; Xie et al. 2009; Jiang et al. 
2013; Zhou et al. 2021), but this mechanism does not play a 
dominant role in 2022. Instead, the anomalous anticyclone 
over WNP in 2022 may be a passive Rossby wave response 

Fig. 9   a Scatter diagram for the EI anomaly as a function of TIO SST 
anomaly based on the past 44 years, where the year of 2022 is marked 
as red dot. b Fitted normal distribution of the EI anomaly assuming 

the linear impact of TIO SST anomaly is removed from the EI anom-
aly (black curve), and the shift of the distribution forced by an SST 
anomaly over TIO as observed in 2022 (blue curve)
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to the suppressed latent heating over subtropical East Asia 
and WNP (Wu et al. 2009; Xie et al. 2009), and the anoma-
lous descent from YRV to WNP results from the reversed 
zonal flow in the upper troposphere arising from both atmos-
pheric internal variability and the forcing by negative SST 
anomaly over TIO.

4 � Summary and Concluding Remarks

Unprecedented heat wave along YRV and flood over WSA 
occurred in the summer of 2022, on the eastern and the 
western sides of TP, respectively. From the perspective 
of interannual variability, this study investigated how 
these extreme events in 2022 are connected with anoma-
lous atmospheric circulation, and identified the essential 
role of the reversed zonal flow over TP. We explained 
the mechanism how the anomalous zonal flow over TP 

Fig. 10   Anomalous vertical velocity (shading, unit: 10−2  Pa/s) and 
horizontal wind (vectors) in 2022, averaged within (a) 200–500 hPa 
and (b) 600–900 hPa. The shading in (a) indicates the jet core region 

where the climatological zonal wind exceeds 10  m/s. Note that the 
reference length scales for the wind vectors are different for (a) and 
(b)
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generates anomalous vertical motion on the eastern and 
western sides of TP, and examined the relative roles of the 
SST anomalies and atmospheric internal variability in the 
circulation anomaly. The major findings are summarized 
as follows.

(1)	  Interannual climate variability explains a major 
fraction of the extreme heat wave over YRV and the 
extreme flood over WSA in 2022. Even with the long-
term linear trend removed, the seasonal mean Tmax 
over the YRV and the precipitation amount over the 
WSA in 2022 are still the highest since 1979. The sum-
mertime Tmax over the YRV has a significant warming 
trend of 0.47 K/decade, and it accounts for about 1/3 of 
the raw Tmax anomaly over YRV in 2022 relative to the 
1979–2022 climatology, while the precipitation amount 
over the WSA does not have a significant long-term 
trend in the past 44 years. Based on the interannual 
variability, an anomalous easterly flow over subtropical 
TP is associated with both anomalously hot condition 
over YRV (correlation: 0.86) and anomalously wet con-
dition over WSA (correlation: 0.56). Associated with 
an extreme northward shift of the interface between 
tropical easterlies and mid-latitude westerlies, easterly 
flow controls subtropical TP in the summer of 2022, as 
well as in 1994, 2006 and 2013. The anomalous east-
erly flow over subtropical TP in 2022 is the strongest 
since 1979, and it is the prime culprit for the extremely 
hot YRV and extremely flooding WSA in 2022.

(2)	 The zonal flow over TP modulates the climate vari-
ability over subtropical Asia by stimulating vertical 
motion on the eastern and western sides of TP, primar-
ily through isentropic gliding. As the upper troposphere 
over TP is a warm center, the isentropic surfaces incline 
eastward (westward) with altitude on the eastern (west-
ern) side of TP (schematically shown as red curves in 
Fig. 11). Climatologically, seasonal mean westerly flow 
prevails over TP, and descent (ascent) is generated on 
the western (eastern) side of TP when air parcels move 
eastward along the sloping isentropic surfaces (arrows 
in Fig. 11a), leading to hot arid climate in WSA and 
West Asia and moist climate in East Asia (Fig. 11a). 
However, in the summer of 2022, easterly flow pre-
vails over subtropical TP. The easterly flow generates 
descent on the eastern side of TP and ascent on the 
western side of TP via isentropic gliding, leading to 
extremely hot dry condition over the YRV and cool 
wet condition over the WSA and West Asia (Fig. 11b), 
just like a swap of the climates between the eastern 
and western sides of TP. The above mechanism shown 
in Fig. 11 is also valid for anomalous westerly/east-
erly flow, and it is the key mechanism connecting the 

anomalous zonal flow over TP with climate variability 
on the eastern and western sides of subtropical TP.

(3)	 The anomalous zonal flow over TP is dominated by 
atmospheric internal dynamics but also forced by the 
basin-wide SST anomalies over TIO. The warm (cold) 
TIO SST anomaly in summer associated with preceding 
El Niño (La Niña) condition acts to enhance (weaken) 
the westerly wind over TP, by warming (cooling) 
tropical troposphere and enhancing (weakening) the 
meridional temperature gradient over subtropical Asia 
under the constraint of the thermal wind relationship. 
Although the TIO SST is subject to a linear warming 
trend, negative SST anomaly over TIO is evident in 
2022 if the warming trend is removed. Linear regres-
sion shows that the negative SST anomaly over TIO 
in 2022 explains about 1/3 of the anomalous easterly 
flow over TP in 2022, and it increases the probability 
of reversed seasonal mean zonal flow over TP by about 
5 times. The rest of the easterly wind anomaly over TP 
in 2022 is explained by atmospheric internal variability 
associated with a wave train in the mid latitudes.

Fig. 11   Schematic diagram illustrating the mechanism how subtropi-
cal Asian climate is connected to the zonal flow over TP. a Clima-
tological westerly flow prevails. b Easterly flow prevails. The red 
curves sinking over TP indicate the climatological isentropic sur-
faces. As adiabatic flow moves along isentropic surfaces, westerly 
flow generates descent (ascent) on the western (eastern) side of TP, 
and vice versa for the easterly flow over TP (blue arrows). See the 
text for details. This figure is designed using images from Flaticon.
com
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Based on the interannual relationship, the anomalous 
zonal flow over TP almost determines the interannual Tmax 
variability over YRV (Fig. 7a), but its control on the precipi-
tation over WSA is relatively weak and it only explains about 
1/3 of the precipitation anomaly over WSA in the summer of 
2022 (Fig. 7b). Indeed, precipitation is strongly affected by 
local processes and synoptic disturbances besides the sea-
sonal mean large-scale atmospheric circulation, such as the 
interaction of low-level circulation with local topography 
over WSA (Galarneau et al. 2012; Nie et al. 2016), stochastic 
noise related to meso-scale systems such as tropical cyclones 
(Hussain and Lee 2009; Paulikas and Rahman 2015), and the 
feedback of local and remote diabatic heating anomalies on 
atmospheric circulation over WSA (Vellore et al. 2015; Nie 
et al. 2016; Jiang and Ting 2017, 2019; Wang et al. 2019), 
which deserve further study. On the other hand, while the 
anomalous zonal flow over TP dominates the interannual 
Tmax variability over YRV and the extreme heat wave in 
2022, the ongoing global warming may further amplify heat 
waves and increase the frequency of extreme heat waves 
(e.g., Sun et al. 2014; Li et al. 2020; Cao et al. 2021). More 
efforts are needed to estimate how anthropogenic forcing has 
increased the frequency of extreme heat waves like the heat 
wave over YRV in 2022.
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