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Abstract
Heat waves (HWs) can pose a serious threat to human health and natural ecosystems. Meanwhile, the mid-lower reaches of 
the Yangtze River are known as one of the most vulnerable regions suffering such disasters. At the mention of their potential 
drivers, the western North Pacific subtropical high (WNPSH) has been widely accepted as the key atmospheric circulation 
regulating these high-temperature extremes. Although considerable studies have proved the importance of the WNPSH, not 
enough work pays attention to the HWs which are not caused by the anomalous WNPSH. This study utilizes the instantane-
ous co-recurrence ratio α based on the Dynamical System (DS) method to quantify the forcing strength from the WNPSH to 
HWs, and classify HWs into four types according to their value of α and spatial pattern of the 500 hPa geopotential height, 
as high-α1, 2 and low-α1, 2. Results show that coverage by the WNPSH is not a necessary condition for the formation of 
HWs, which may also result from the anomalous South Asian high (SAH) and tropical cyclones (TCs), and the value of α 
can indicate whether the HWs are coupled with the WNPSH or not. Furthermore, the mechanisms behind these anomalous 
atmospheric systems are also different. The eastward-extended SAH in high-α HWs is associated with the latent heat of 
local condensation induced by the abnormal rainfall, while accompanied by an eastward-propagating wave train in low-α1. 
The intensification of the WNPSH in high-α HWs are attributed to both meridional and zonal wave trains originating from 
the maritime Continent and Western Europe, respectively, and the anomalous TCs in low-α2 are mainly due to the warmer 
sea surface temperature over the basin-wide equatorial Pacific, which may heat the bottom atmosphere and provide the 
convective instability.

Keywords  Heat waves · Coupling strength · The western North Pacific subtropical high · The South Asian high · Tropical 
cyclones

1  Introduction

Heat waves (HWs) are extremely high-temperature events 
lasting for several days, which have drawn increasing pub-
lic attention in recent years due to their severe impacts on 
human health, regional ecosystems and varieties of social 
developments (Johnson et al. 2005; Robine et al. 2008; Gas-
parrini and Armstrong 2011; Matthews et al. 2017). These 
hot extremes have been found going through a rapid growth 
stage under global warming in terms of their frequency, 
intensity and temporal duration (Ding et al. 2010; Perkins 

et al. 2012; Li et al. 2021a, b), and this upward trend is pro-
jected to even accelerate in the future (Imada et al. 2018; 
Lee and Min 2018; Fischer et al. 2021), calling on proper 
management of the heat-related risk and comprehensive 
understandings on the mechanisms behind such disasters.

As for the potential mechanisms behind HWs, the western 
North Pacific subtropical high (WNPSH) has always been con-
sidered as one of the most important atmospheric circulations 
that dominate the HWs in East Asian monsoon region (Wang 
et al. 2016; Lee and Lee 2016; Chen et al. 2018). For instance, 
the abnormal hot summers in 2013 and 2016 over eastern 
China and in 2018 over Korea are all associated with a signifi-
cant intensification and shift of the WNPSH (Peng 2014; Ding 
et al. 2018). The anticyclone induced by the WNPSH favors 
HWs mainly through the following physical processes: (1) by 
generating strong descending motion and warming the surface 
via adiabatic heating; (2) by decreasing the local rainfall and 
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cloud cover and increasing the short-wave radiation received 
at the surface; (3) by giving rise to intense warm advection 
at the western flank of the anticyclone; (4) by influencing the 
local land-air interaction and strengthening the upward sensi-
ble heat due to soil moisture deficit. Although the WNPSH has 
been widely used to explain the formation and persistence of 
HWs, there are still some severe HWs occurring without the 
anomalous WNPSH, indicating that the connection between 
HWs and the WNPSH may not be stable, and there are some 
other systems driving these high-temperature extremes.

Compared with extensive studies on the impacts from the 
WNPSH on HWs, insufficient work is devoted to the HWs 
which are not induced by the WNPSH, not to speak of the 
coupling strength between them. The instantaneous metric 
α from Dynamical System method has been proved useful 
in many studies when quantifying the interaction between 
two variables over a given region (Luca et al. 2020a, b; Guo 
et al. 2022a). Huang et al. (2022) found α between sea sur-
face temperature and sea air temperature can characterize 
the ENSO diversity properly, and it can also recognize some 
well-defined sea surface temperature patterns which are usu-
ally overlooked by other ENSO indices. Previous studies 
usually apply this metric to measure the compounding effect 
in bivariate extremes (e.g. warm-dry, wet-windy extremes, 
and day-night hot extremes), in fact this metric can also 
demonstrate the forcing strength from one variable to the 
other (in our work, from the WNPSH to HWs) as one direc-
tion of the coupling strength, which may be unidirectional, 
bidirectional or more complex. Note that HWs may also 
have an impact on the WNPSH, but the coupling strength α 
does not distinguish the direction, and we omit this direction 
empirically since the scale of HW is much smaller than that 
of the WNPSH in both spatial and temporal perspective, and 
consider the WNPSH and HWs as cause and effect, respec-
tively. In this way, we could estimate whether the HWs result 
from the WNPSH or not, and answer the question ‘is the 
WNPSH a necessary condition for HWs’.

This paper is structured as follows. Section 2 introduces 
the datasets and methods. Section 3 demonstrates the differ-
ent spatiotemporal features of HWs with different coupling 
strength, and whether the WNPSH is a necessary condition 
for HWs, if not then what other mechanisms lead to the 
high temperature. At last, we present the drivers of these 
anomalous systems and a brief discussion and summary are 
made in Sect. 4.

2 � Data and methods

2.1 � Study region and datasets

This study mainly focuses on the Heat waves (HWs) over 
the pentagonal region known as the mid-lower reaches of 

the Yangtze River, which is depicted in Fig. S1, east of 
111° E, between 26° N and 35° N with two different end-
points 120° E and 122.5° E, similarly defined as previous 
studies (Luo and Lau 2018; Li et al. 2021a, b; Guo et al. 
2022a, b). This region serves as one of the most essential 
socio-economic centers in China, as well as the most densely 
populated area (Zhu et al. 2011). Unfortunately, it is also 
remarkably vulnerable to summertime HWs, which usually 
induce disproportionally severe damage to local society, eco-
environment and agriculture (Robine et al. 2008; Gasparrini 
and Armstrong 2011; Perkins 2015). Therefore, it is of vital 
importance to understand the underlying mechanisms of 
HWs to aid accurate prediction and early warning systems. 
To describe variations of the western North Pacific subtropi-
cal high (WNPSH), we adopt geopotential height at 500 hPa 
over 15° N–40° N and 110° E–150° E (Fig. S1), which is 
widely applied in previous studies (Zi et al. 2021; Yang et al. 
2022). We also examine the performance of stream function 
and eddy geopotential height at the same level, which is 
constructed to remove the increase associated with global 
warming, and results show no significant difference, since 
the Dynamical System method is not sensitive to non-sta-
tionarities, including internal low-frequency variability or 
varying external forcing (Messori and Faranda 2020).

The daily maximum 2m temperature (Tmax) and geo-
potential height at 500 hPa (Z500) involved in the calcula-
tion of coupling strength are obtained from ERA5 gridded 
reanalysis (Hersbach et al. 2020), both cover a span from 
1981 to 2020 with a horizontal resolution of 0.25° × 0.25°. 
In composite analysis of large-scale atmospheric and oce-
anic features, we adopt daily geopotential height, zonal and 
meridional wind, vertical velocity and air temperature at 
multiple pressure levels from NCEP/NCAR-R1 (Kalnay 
et al. 1996), and outgoing longwave radiation (OLR) from 
NOAA (Lee 2014), all with a 2.5° spatial resolution. The 
Pacific Decadal Oscillation (PDO) index used in this study 
is provided by WMO Climate Explorer (http://​clime​xp.​
knmi.​nl/​start.​cgi), and the series of El Niño decaying sum-
mers are provided by NOAA Physical Sciences Laboratory 
(https://​psl.​noaa.​gov). Daily sea surface temperature (SST) 
is obtained from OISSTv2, covering the same period and 
with a 0.25° spatial resolution (Reynolds et al. 2002). We 
note that the compositing maps from NCEP/NCAR-R1 are 
generally the same as those from ERA5 (figures not shown 
here), hence we adopt the low-resolution one to save com-
puting time.

In this study, we mainly focus on the boreal summer-
time season (June–July–August; JJA) from 1981 to 2020. 
Anomalous fields are defined as departures from the daily 
climatology of the study period by removing the mean value 
on each calendar day. To retrieve convinced results, we also 
apply 5-day moving average filter and find no qualitative 
change (figures not shown here).

http://climexp.knmi.nl/start.cgi
http://climexp.knmi.nl/start.cgi
https://psl.noaa.gov
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2.2 � Definition of heat waves

Although there is no absolutely universal definition of 
HWs so far, there are some thresholds that have been 
widely tested and accepted in substantial studies. Here we 
follow the definition of HWs by Rousi et al. (2022), which 
contains three perspectives: intensity, describing the tem-
perature ranges reached; duration, describing the temporal 
persistence; extent, describing the spatial area covered. In 
this study, we define a HW as follows:

Temperature threshold Tmax should exceed the 90th 
percentile of its distribution in the studying period based 
on a centered 15-day window (Fischer and Schär, 2010).

Temporal duration A heat wave has to persist at least 
3 consecutive days, with an interruption for no more than 
1 day (Perkins and Alexander 2013).

Spatial coverage We define a heat wave when it covers 
an area of a fraction 0.6 within a 4° × 4° sliding window 
(Stéfanon et al. 2012). Different fractions and windows are 
tested and no qualitative difference is found.

It should be pointed out that these criteria are all 
applied to each grid point, therefore the selected HWs 
ought to have spatial configurations, not merely a binary 
time series.

2.3 � Quantification of coupling strength

In this study, we apply Dynamical System (DS) method to 
quantify the coupling strength α between HWs and WNPSH 
at each time step, by considering Tmax and Z500 as two 
dynamical systems. DS method originates from the com-
bination of extreme value theory and Poincare recurrences 
(Lucarini et al. 2012; Faranda et al. 2020), and it takes the 
observed variable as a dynamical trajectory x(t) in high-
order phase-space, which includes both temporal and spatial 
information, thus is adept in characterizing the evolution 
of atmospheric flows, which are often chaotic and quasi-
periodic, especially in capturing their non-linear features. 
The point �

x
 on this trajectory denotes a two-dimensional 

map at a given time over the studying region (see Fig. 2 
in Guo et al. 2022a), and we use a logarithmic function 
g(x (t), �x) = − log[dist (x (t), �x)] to measure the distance 
between �

x
 and a point on the trajectory x(t) , with ‘dist’ as the 

Euclidean Norm. We consider recurrences as those points 
close to �

x
 , implying their spatial configurations are highly 

analogous. Note that this function takes large value when 
the distance approaches 0. Taking the high 98th quantile of 
the time series g(x (t), �x) as threshold sX, we can extract 
the exceedances u(t, �) = g(x (t), �)−s

X
 , whose cumulative 

probability distribution P[u(�x)] converges to the exponential 
form of a Generalized Pareto Distribution (GPD) function 
(Faranda et al. 2017):

When involving two variables x(t) and y(t) (e.g. Tmax 
and Z500 in our study), an instantaneous metric α can be 
calculated to quantify the co-recurrence ratio between them 
(Huang et al. 2022):

where �[−] representing the number of cases satisfying the 
condition [ − ] . The metric 0 ≤ � ≤ 1 could quantify the 
extent to which the points close to the given states on two 
trajectories occurs synchronously at each time step, in other 
words, the concurrent local similarity of the two variables 
in phase-space, thus indicating temporal-spatial covaria-
tions between two variables over a given region, and may 
be interpreted as a proper measurement of coupling strength. 
Note that this index does not imply the direction of causality, 
since the order of the variables does not affect the value of 
α, and the relation it indicates may be unidirectional, bidi-
rectional and even more complex. More detailed informa-
tion about α and DS method can be found in Faranda et al. 
(2020), Guo et al. (2022a) and Huang et al. (2022). Related 
Matlab code is provided by Faranda et al. (2020).

Here we define the HWs with α below the threshold of 
20th percentile of α distribution for all summertime HWs 
as low-α ones, and α exceeding 80th percentile as high-α 
ones (Fig. S2). The choice of such thresholds is a balance 
between the two-sided requirements of selected samples that 
can be regarded as extremes and having plenty of events to 
meet statistical demands. Reasonable variations are tested 
and there is no qualitative discrepancy found. Time series 
of α and HWs are shown in Fig. S3.

3 � Results

3.1 � Different characteristics of high‑α and low‑α 
HWs

The general relationship between summertime Tmax over 
the mid-lower reaches of the Yangtze River and Z500 over 
the western North Pacific can be revealed in the scatter 
plots of the region-averaged anomaly of the two variables 
(Fig. 1a), from which we can find a weakly positive rela-
tion between Tmax and Z500 with the correlation coef-
ficient as 0.23. As expected, the Tmax anomaly of HWs 
chiefly concentrates upon the right section of Fig. 1a, most 
of which exceed zero value, and the relatively low Tmax 
may be attributed to the dipolar pattern of air temperature 
over the study region (Guo et al. 2022a; Huang et al. 2022). 

(1)P[u(�
x
)] ≃ exp

[
−�(�

x
)
u(�

x
)

�(�
x
)

]
,

(2)𝛼x,y(𝜁x, 𝜁y) =
𝜈[g(x(t), 𝜁x) > sx|g(y(t), 𝜁y) > sy]

𝜈
[
g(x(t), 𝜁x) > sx

] ,
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However, the anomaly of Z500 exhibits a much wider range 
from − 60 to 60 m. This phenomenon is more significant for 
low-α HWs compared with high-α ones (Fig. 1b), implying 
that the underlying forcing from the WNPSH to HWs may 
vary from case to case.

The spatial patterns of high-α and low-α HWs also show 
different configurations (Fig. 2). While low-α HWs mainly 
appear in the southwestern part of the study region, the 
highest frequency of high-α HWs centers upon the eastern 
coastal region, with the lowest frequency appearing in the 
northwestern part. The pattern of all HWs exhibits a com-
bined feature from both high-α and low-α HWs, with its 
center located at the central part of the study region. Fur-
thermore, the magnitude of the frequency for high-α HWs 
is obviously larger than that for low-α ones, indicating that 
the spatial coverage of high-α ones is more extensive when 

comparing with low-α ones, since the number of the selected 
HWs is generally equal (110 cases for high-α ones and 119 
for low-α ones), and correspondingly high-α HWs tend to 
cause more serious damage to the local development.

There is a large discrepancy in the seasonality between 
these two kinds of HWs from 1981 to 2020 (Fig. 3). The 
frequency of high-α HWs exhibits a single-peaked struc-
ture and reaches its top in mid-summer, while two peaks 
are found in low-α HWs with one in early summer and the 
other one in the late, and the number of low-α HWs in mid-
summer is visibly lower. These seasonal features of high-α 
and low-α HWs are actually related to zonal and meridional 
shifts of the WNPSH in boreal summer, which will be fur-
ther discussed in the later Sect. 4.1.

Since the region-averaged Z500 in HWs exhibits large 
discrepancies (Fig. 1), and coupling strength α does not 

Fig. 1   Scatter plots of the region-averaged anomaly of Tmax versus Z500 for a JJA and b selected high-α and low-α HWs. The color of the dots 
denotes the value of coupling strength between Tmax and Z500

Fig. 2   Frequency of a all, b high-α and c low-α HWs on each grid point normalized by the number of days in the corresponding cluster
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differentiate their spatial structures (Guo et  al. 2022a), 
we ought to apply cluster analysis before the later com-
posite analysis to avoid HWs with same α but contrast-
ing patterns offsetting each other. In this study, we utilize 
K-means cluster method to Z500 over the western North 
Pacific (15° N–40° N, 110° E–150° E) in high-α and low-α 
HWs, respectively, and use the Calinski–Harabasz criterion 
to determine the optimal number of groups (Caliński and 
Harabasz 1974), which is two for both types of HWs. The 
Calinski–Harabasz value and scatter plots for each type are 
shown in Figs. S4 and S5. The first cluster of high-α HWs 

(hereafter, high-α1) exhibits a meridional dipolar pattern 
over the mid-lower reaches of the Yangtze River, with its 
extremely high temperature centered more southward com-
pared with that in high-α2 HWs, in which maximum Tmax 
is rather located in the northeastern part of the study region 
(Fig. 4). However, the magnitude of Tmax in low-α1 and 
low-α2 is slightly smaller relative to high-α HWs, and their 
extreme centers are biased to the southwest inland, which is 
consistent with the results shown in Fig. 2. Additionally, we 
could find positive temperature anomalies over an extensive 
extent for both high-α and low-α HWs, extending beyond the 
study region to the western North Pacific and parts of the 
Tibet Plateau, suggesting that these extreme events are virtu-
ally regional disasters instead of local ones, and it is vital to 
further study such extremes and the possible mechanisms 
behind them.

3.2 � Physical mechanisms behind high‑α and low‑α 
HWs

The WNPSH has been found of great importance in domi-
nating its surrounding weather and climate state, and its 
intensity, westward extension and meridional shift are also 
known to have a significant impact on HWs and heavy pre-
cipitation over eastern China (Luo and Lau 2017; Zhang 
et al. 2017; Qiao et al. 2021). The anomalous anticyclone 

Fig. 3   The number of high-α and low-α HWs occurring on each cal-
endar day in JJA after 31-day running average from 1981 to 2020

Fig. 4   Composite maps of 
Tmax anomaly for a, b high-α 
and c, d low-α HWs. Stippling 
illustrates statistical significance 
at the 0.05 level by Student’s 
t-test. The green pentagon is 
the location of the mid-lower 
reaches of the Yangtze River
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it causes in the middle and low troposphere could directly 
enhance the descending motion and warm the surface tem-
perature adiabatically, and the associated decrease in rainfall 
and cloud cover may lead to an increase in net short-wave 
radiation received and also elevate the surface temperature 
via diabatic heating. In this study, we choose 5880 gpm as 
the edge of the WNPSH, and find great enhancement and 
westward extension of the WNPSH in high-α HWs, with its 
west endpoints reaching 110° E and almost entirely cover-
ing the mid-lower reaches of the Yangtze River (Fig. 5a, b). 
Significant positive anomaly can be found in both clusters 
of high-α HWs over the western North Pacific, whereas the 
center in high-α1 is more southward and in high-α2 more 
northward, which is highly in accord with the Tmax center 
shown in Fig. 4, suggesting that the HWs and the WNPSH 
are strongly coupled in these two clusters. Additionally, there 
is a low-pressure system cutting off the contiguous WNPSH 
in high-α2, pushing the west part of the WNPSH moving 
more northwestward and preventing its eastward withdrawal, 
thus leading to a prolonged anticyclonic circulation control-
ling over the Yangtze River Valley, which is favorable for 
the persistence of HWs. However, the WNPSH in low-α1 
still remains at sea with a slight westward extension, and 
its anomalous positive center appears in Japan and Korea 
instead of eastern China. Moreover, the Yangtze River Val-
ley in low-α2 is obviously affected by the anomalous trough 
over the Sea of Japan, which is proved as a northward-mov-
ing tropical cyclone (TC) later in this study, without vis-
ible influence from the WNPSH. The absence of WNPSH 

in low-α HWs demonstrates that these HWs are actually 
uncoupled with the WNPSH, in other words, overlain by 
the WNPSH is not a necessary condition for HWs over the 
mid-lower reaches of the Yangtze River, and the metric α 
can be utilized to distinguish them from the coupled ones.

Then what mechanism leads to the high temperature in 
low-α HWs? Previous studies found that the South Asian 
high (SAH) also plays a key role in regulating the surround-
ing atmospheric circulations, and its eastward-westward 
shifts could greatly impact the extreme events over eastern 
China (Wei et al. 2015; Ding et al. 2018; Shang et al. 2019; 
Cao et al. 2022). Figure 6 exhibits the anomalous SAH in 
each cluster, which is represented by 12,520 gpm contour 
at 200 hPa, and the associated divergence and horizontal 
winds. The SAH in low-α1 moves a little eastward and cov-
ers the southwest part of the mid-lower reaches of the Yang-
tze River, in line with the location of the highest Tmax in 
this type of HWs (Fig. 4c). The related convergence caused 
by the eastward-extended SAH encounters that from the 
anomalous anticyclone in midlatitudes at around 130° E, and 
nearly covers the whole area of the study region, thus lead-
ing to a strong sinking flow, which may heat the surface both 
adiabatically and non-adiabatically, and favor the formation 
of HWs. At the same time, an intensified and very eastward-
extended SAH in the upper troposphere can be found in the 
two clusters of high-α HWs (Fig. 6a, b). Together with the 
downstream WNPSH stretching westwards at the middle 
level, these two anomalous high-pressure systems can result 
in intense subsidence over the study region, then lead to an 

Fig. 5   Composite maps of geopotential height anomaly (shading), the 
5880 gpm contour (solid line) and its climatology in JJA (dash-dot-
ted line) at 500 hPa. Stippling illustrates statistical significance at the 

0.05 level by Student’s t-test. The green rectangle represents the study 
region as the western North Pacific
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extremely high temperature at surface. The relationship of 
the zonal shift between the WNPSH and SAH is known as 
the ‘face-to-face’ displacement or ‘back-to-back’ departure, 
which means that a westwards displacement of the WNPSH 
tends to be accompanied by an eastward shift of the SAH, 
and vice versa (Tao and Zhu 1964; Zhang et al. 2016). None-
theless, the SAH in low-α2 does not show much zonal shift, 
which is weaker than its climatology and shrinks especially 
at its west boundary. The anomalous convergence in these 
HWs is mainly caused by the strong cyclonic circulation 
northeast to the study region, whose center of divergence 
and horizontal flow are slightly misplaced at the upper level 
of the troposphere.

In the lower troposphere, we could also find anomalous 
descending motion in all types of HWs (Fig. 7), where the 
sinking flow in high-α HWs is attributed to the combined 
effect from the intensified WNPSH and SAH, while in 
low-α1 it is caused by the SAH solely, with the anoma-
lous subsidence resulting from the WNPSH lying over the 
western North Pacific instead of the mid-lower reaches of 
the Yangtze River. As for low-α2, the extreme subsidence 
caused by the SAH appears in the southern flank of the 
Tibetan Plateau, and the positive anomaly in our study 
region is literally part of the surrounding downdraft around 
the cyclone centered upon the Sea of Japan, which comes 
from the tropical region and has been quickly moving to 
the northwest from ten days ago (Fig. S6). The moving 

path from the southeast to the northwest of the negative 
anomaly has proved that the cyclonic circulation in low-α2 
is actually a TC from the tropical western Pacific, instead 
of an anomalous trough from the upstream mid-latitude. 
The relatively weaker and larger-scale negative anomaly 
before day 0 is due to the different tracks of TCs, since we 
apply K-means cluster analysis to the circulation only on 
day 0. The surrounding downdraft around a TC may also 
lead to a decrease in cloud cover and resultant increase 
in solar radiation, thus providing a favorable condition to 
generate HWs (Guo et al. 2022b).

To sum up, coverage by the WNPSH is not a necessary 
condition for HWs over the mid-lower reaches of the Yang-
tze River, and the coupling strength α computed from Tmax 
and Z500 can distinguish if the HWs are coupled with the 
WNPSH. High-α HWs are highly coupled with the inten-
sified WNPSH, with a great impact from the eastward-
extended SAH as well, while low-α HWs are uncoupled 
with the WNPSH, but caused by the SAH solely and the 
passing-by TCs. These differences can also be revealed in 
the vertical profile shown in Fig. S7, where the maximum 
value centers of the anomalous descending motion in high-α 
HWs are slightly lower at around 700 hPa, affected by the 
WNPSH which is located in the middle and low troposphere, 
but appearing at higher than 500 hPa in low-α1, which is 
exclusively influenced by the SAH. The anomaly in low-
α2 is relatively insignificant due to the configuration of the 

Fig. 6   Composite maps of divergence anomaly (shading), horizon-
tal wind anomaly (vectors), the 12,520 gpm contour (solid line) and 
its climatology in JJA (dash-dotted line) at 200  hPa. Black vectors 
denote either zonal or meridional winds pass the significance test at 

the 0.05 level by Student’s t-test, while gray not. Stippling illustrates 
statistical significance at the 0.05 level by Student’s t-test. The green 
pentagon represents the study region as the mid-lower reaches of the 
Yangtze River
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HWs and TCs, whose distance has exceeded the averaging 
range of the vertical profile.

3.3 � Drivers of the anomalous WNPSH, SAH, TCs

In order to further investigate the potential drivers of these 
anomalous atmospheric systems, we compare sea surface 
temperature (SST) conditional upon each cluster in Fig. 8. 
There is a well-organized La Niña-like pattern manifested 
in high-α2, with a little deformation in high-α1 and low-
α1, and an above normal SST anomaly in the Warm Pool. 
These asymmetric SST configurations could lead to the 
increase in the SST zonal gradients in the tropical Pacific 
and the associated enhancement of the rainfall in the mari-
time Continent, both of which have been found essential 
for triggering a meridional wave train along the eastern 
Asia and finally intensifying the WNPSH (Wang et al. 
2017; Qiao et al. 2021). These low-latitude signals are 
more obvious in the outgoing long-wave radiation (OLR) 
field (Fig. 9), where significant convective activity can be 
found over the maritime Continent for high-α1, high-α2 
and low-α1, and the following positive and negative center 
over the southern and northern China. The strength and 
location of these anomalous centers in the three types 

of HWs are slightly different, which exactly confirm the 
strength and location of the WNPSH discussed above. 
However, the OLR anomaly over the Warm Pool and the 
coastal region along the western North Pacific is mostly 
positive in low-α2, and absent of the meridional ‘nega-
tive–positive–negative’ signals (Fig. 9d), but the SST in 
the basin-wide tropical Pacific is abnormally higher 
(Fig. 8d), which may heat the bottom layer of the atmos-
phere and enhance the convective instability locally, thus 
in favor of the generation of TCs.

In this study, we also apply TN Wave Activity Flux 
(WAF) first proposed by Takaya and Nakamura (1997) to 
investigate the Rossby waves in midlatitudes. It is worth 
noting that there is a strong WAF at 500 hPa originating 
from the Western Europe and propagating eastward to the 
downstream along the westerly jet in high-α HWs, though 
with some vectors insignificant (Fig. 9a, b). The extra energy 
carried by WAF could also contribute to the intensification 
of the WNPSH. Whereas, the origination of significant WAF 
in low-α1 is more southward, located in the Mediterranean 
region without a clear propagation path, and the energy 
from high-latitude area mainly propagates to the west North 
Pacific instead of our study region, and even disappears in 
low-α2 (Fig. 9c, d). These different features of zonal and 

Fig. 7   Composite maps of vertical velocity anomaly (shading) and 
horizontal wind anomaly (vectors) at 850 hPa. Black vectors denote 
either zonal or meridional winds pass the significance test at the 0.05 
level by Student’s t-test, while gray not. Stippling illustrates statistical 

significance at the 0.05 level by Student’s t-test. The green pentagon 
represents the study region as the mid-lower reaches of the Yangtze 
River, and the gray area represents the Tibetan Plateau, where the 
850 hPa is already below the ground
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meridional wave trains could partly explain the disparity of 
the WNPSH between high-α and low-α HWs.

As for the anomalous SAH, previous studies have found 
that the climatological center of the SAH has a bimodal spatial 
structure, with one frequent region lying over the Tibetan Pla-
teau and the other one over the Iranian Plateau, both of which 

have a close interaction with the summertime monsoon (Wei 
et al. 2014). The excessive rainfall in East Asian and South 
Asian monsoon region could warm the upper troposphere 
though condensational heating and excite a local anticyclone 
at the upper level, thus leading to the eastward and westward 
extension of the SAH, respectively (Ren et al. 2015; Zhang 

Fig. 8   Composite maps of SST anomaly (shading). Stippling illustrates statistical significance at the 0.05 level by Student’s t-test. The green 
pentagon represents the study region as the mid-lower reaches of the Yangtze River

Fig. 9   Composite maps of OLR anomaly (shading) and WAF anom-
aly at 500 hPa (vectors). Black vectors denote either zonal or meridi-
onal WAF pass the significance test at the 0.05 level by Student’s 

t-test, while gray not. Stippling illustrates statistical significance at 
the 0.05 level by Student’s t-test. The green pentagon represents the 
study region as the mid-lower reaches of the Yangtze River
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et al. 2016; Chen et al. 2022). In high-α HWs, we could find 
strong convective activity over northern China and most area 
of the Indian Peninsula (Fig. 9a, b), as well as anomalous 
ascending motions shown in Fig. 7a, b. The abundant latent 
heat of condensation induced by the abnormal rainfall may 
reinforce the geopotential height anomaly locally at the east 
and west boundary of the climatological SAH, resulting in a 
great zonal expansion of the SAH as shown in Fig. 6a, b.

However, these abnormal rainfalls are absent in low-α 
HWs. In fact, the eastward extension of the SAH in low-α1 
is associated with the propagation of a wave train across the 
Eurasian continent (Fig. 10c). The ridge line of the anoma-
lous high-pressure system is located at around 70° E on days 
− 12 and relatively weak at its early stage, then moves gradu-
ally from days − 12 to − 6. The upstream wave trains in the 
mid-latitudes become legible on days − 6, with two positive 
centers on the south of Lake Baikal and Central Europe, and 
one significant negative center over the Iranian Plateau. There 
is also a strong WAF at 200 hPa originating from the cen-
tral part of North Atlantic, then converging to the center of 
the eastern anticyclone mentioned above. The inflow of wave 
energy rapidly strengthens the anomalous high on days − 3, 
and it further gets intensified and reaches its strongest over 
Northeast Asia on day 0, then splits into two on days + 3 with 
one segment still controlling over the mid-lower reaches of 
the Yangtze River, leading to a favorable environment for pro-
longed HWs. At its later stage from days − 6 to 0, the wave 
train centers propagate eastward continuously and form an arch 
shape across the Eurasian continent, which highly resembles 
the East Atlantic/Western Russia pattern with a slight eastward 
shift. Compared with the wave train propagating eastward in 
low-α1, the anomalous high in high-α HWs tends to intensify 
locally (Fig. 10a, b). The well-defined high-pressure system 
first appears on days − 9 over the Sea of Japan in both clusters 
of high-α HWs, while in high-α1 it emerges from a weak ridge 
but in high-α2 it is a merging of two separate anomalous high. 
Both of them get strengthened and propagate a little westward 
at the later stage, and entirely cover the study region on day 
0. The regional development of the abnormal high without 
zonal shift confirms the above conclusion that the increased 
rainfall heats the upper troposphere and induces the enhance-
ment of the SAH via local condensational heating, instead of 
wave activities from the remote upstream. Nevertheless, there 
is no visible high-pressure system affecting the study region in 
low-α2 (Fig. 10d), which is mainly influenced by TCs.

4 � Discussions and conclusions

4.1 � Discussion

The WNPSH has always been considered as the key system 
that dominates the HWs over East Asian monsoon region, 

but the relationship between the WNPSH and HWs seems 
not to remain constant. Liu et al. (2019) found that their 
connection is significantly modulated by the phase changes 
of the Pacific decadal oscillation (PDO). During the posi-
tive phases of the PDO, the strength of the WNPSH and 
the number of HWs are positively related with a correlation 
coefficient 0.65, but decreased to 0.12 during the negative 
phases. Considerable studies have proved that the interan-
nual variability of the WNPSH is influenced by the Indian 
Ocean (IO) basin-wide SST warming in El Niño decaying 
summer (Yang et al. 2006; Xie et al. 2009, 2010). During the 
positive PDO phases, SST in the IO is higher than that dur-
ing the negative phases, triggering a stronger Kelvin wave 
propagating eastward and generating a more intense anticy-
clone in the mid-lower troposphere over the western North 
Pacific, leading to the enhancement and westward extension 
of the WNPSH, which favors the formation of HWs over 
eastern China. In this work, we draw a similar conclusion. 
During the study period, we find 7 El Niño decaying years 
with positive PDO phase in total, among which there are 30 
high-α HWs but much fewer low-α HWs in 8 days. However, 
in the 3 El Niño decaying years with negative PDO phase, 
there is little difference between the number of the two types 
of HWs, with high-α HWs in 10 days and slightly more low-
α HWs in 13 days, suggesting that the value of coupling met-
ric α can distinguish the strength of the connection between 
the WNPSH and HWs modulated by the phase of PDO. We 
also examine some other well-known oscillations, such as 
North Atlantic oscillation, Pacific North American oscilla-
tion, Arctic oscillation and Madden–Julian oscillation, but 
find no noticeable result.

It is well-known that the location of the WNPSH has a 
significant annual cycle especially in boreal summer, mov-
ing northward and westward in early summer, and reaching 
the northernmost in mid-summer then retreating back at sea 
in late summer. The different locations of the WNPSH in 
high-α and low-α HWs in Fig. 5 are nicely consistent with 
the disparity in the seasonality between the two kinds of 
HWs shown in Fig. 3, suggesting the robustness of this cou-
pling strength α. As a rule of thumb, we select 5880 gpm as 
the boundary of the WNPSH similarly defined as previous 
studies. In fact, if we choose 5860 m as the edge, the study 
region in low-α1 may also be influenced by the WNPSH. 
Nonetheless, it does not change the value of the coupling 
strength α, exactly implying the potential pitfalls of tradi-
tional method, by which low-α1 may be classified into the 
cluster which is caused by the WNPSH, however, our results 
find that there is only a rather weak causality between these 
HWs and the WNPSH. It is also worth pointing out that HWs 
can be caused both dynamically and thermodynamically, 
and in this study we compute α using Tmax and Z500 over 
the given region to denote the coupling strength between 
HWs and the WNPSH from a dynamical perspective, in fact 
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Fig. 10   Composite maps of 
geopotential height anomaly 
(shading), WAF anomaly (vec-
tors), the 12,520 gpm contour 
(solid line) and its climatol-
ogy in JJA (dash-dotted line) 
at 200 hPa in different time 
lag (− 12, − 9, − 6, − 3, 0 and 
+ 3 days). The green dashed 
lines represent the ridge line 
of the high-pressure system 
affecting the study region. Black 
vectors denote either zonal 
or meridional WAF pass the 
significance test at the 0.05 level 
by Student’s t-test, while gray 
not. Stippling illustrates statisti-
cal significance at the 0.05 level 
by Student’s t-test. The green 
pentagon represents the study 
region as the mid-lower reaches 
of the Yangtze River
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this procedure can be further developed to investigate the 
relation between HWs and any other systems, for instance, 
the relation between HWs and the SAH, by replacing Z500 
with geopotential height at 200 hPa over the key region of 
the SAH, or other plausible thermodynamical mechanisms, 
which provides a novel way to investigate the interaction 
between two variables with their spatial structures involved.

Using model simulations to investigate HWs is a useful 
tool and has become a study hotspot recently (Wang et al. 
2020; Liao et al. 2021; Hirsch et al. 2021; Xie et al. 2022). 
Tang et al. (2023) have provided modelling evidence that the 
anomalous intensified SAH is responsible for the unprece-
dented 2022 Yangtze River Valley HWs, which is a result of 
the record-breaking rainfall in Pakistan. To further confirm 
our results, we also use a historical simulation from EC-
Earth3. EC-Earth3 has been found to be the best model sim-
ulating HWs over East Asia in CMIP6 (Kim et al. 2020), and 
it provides geopotential height at 500 hPa simultaneously. 
We find this historical simulation can reproduce the Tmax 
and Z500 pattern in the four types of HWs with a slightly 
smaller magnitude, however, the depiction of the WNPSH 
in this model is rather inaccurate (figures not shown here). 
These results indicate that more works are still needed for 
evaluating the performance of CMIP6 to ascertain the rela-
tionship between HWs and large-scale atmospheric circu-
lations found in observations, since previous studies have 
found that there is differential credibility of climate Modes 
in CMIP6 (Coburn and Pryor 2021).

4.2 � Conclusions

On the basis of DS method, we calculate the dynamical 
metric α to represent the coupling strength between HWs 
and the WNPSH by considering Tmax over the mid-lower 
reaches of the Yangtze River and Z500 over the western 
North Pacific as two dynamical systems in phase-space, then 
select the HWs into high-α and low-α ones taking the 80th 
and 20th percentiles of α distribution of all summertime 
HWs as the thresholds. We find that high-α HWs are more 
likely to center upon the eastern coastal region with a larger 
spatial extent, while low-α ones tend to appear in the south-
western inland and cover a relatively smaller area. As for 
their temporal features, most of high-α HWs occur in mid-
summer, whereas there are two peaks for low-α HWs with 
one in early summer and the other one in late summer. These 
characteristics in seasonality are related to the location of the 
summertime WNPSH. We further apply K-means clustering 
analysis to Z500 over the western North Pacific in order to 
avoid the potential counteraction caused by different spatial 
patterns, since the region-averaged Z500 has already shown 
a large variation. Finally, we obtain four typical clusters of 
HWs as high-α1, 2 and low-α1, 2.

Through composite analysis, we find that coupled with 
the WNPSH is literally not a necessary condition for HWs 
over the mid-lower reaches of the Yangtze River, and the 
metric α can be utilized to distinguish whether the HWs 
are caused by the WNPSH or not. For those high-α HWs 
coupled with the WNPSH, a significant sinking flow can 
be found over the study region, which is caused by the 
joint effect of the westward-extended WNPSH and the 
eastward-extended SAH. However, we could also find 
descending motion in low-α HWs, but it is attributed to 
the SAH by itself in low-α1, and being part of the strong 
downdraft around a TC in low-α2, neither with an obvious 
impact from the WNPSH. This anomalous subsidence may 
warm the surface temperature adiabatically, and lead to a 
decrease in the local cloud cover and a resultant increase 
in solar radiation, favoring the formation of HWs.

The intensification and westward extension of the 
WNPSH in high-α HWs mainly results from the excessive 
wave energy carried by a meridional wave train along east-
ern Asia, which is triggered by a La Niña-like SST pattern 
and the associated increase in zonal SST gradients in equa-
torial Pacific. A zonal WAF over Eurasia continent has 
also been found convergent to the downstream WNPSH, 
which helps enhance the WNPSH as well. These meridi-
onal and zonal signals are less significant in low-α1, and 
even disappear in low-α2, where the anomalous TCs are 
largely due to the warmer SST over the basin-wide tropical 
Pacific. The underlying drivers of the anomalous SAH in 
high-α HWs and low-α1 are also different. In high-α HWs, 
the zonal extension of the SAH arises from the latent heat 
of condensation induced by the abnormal rainfall over the 
northern China and the Indian Peninsula, while in low-α1 
it is induced by an eastward-propagating wave train along 
the westerly jet, akin to the East Atlantic/Western Russia 
pattern with a slight eastward migration.

In this study, we quantify the coupling strength between 
HWs and the WNPSH, and identify different spatiotempo-
ral features in differently coupled HWs, as well as dispa-
rate physical mechanisms. Our results emphasize that the 
WNPSH is essential but not necessary for HWs, and rather 
an important role of the SAH and TCs. In the prediction 
of HWs over the mid-lower reaches of the Yangtze River, 
we need pay more attention to the interactions between the 
WNPSH and SAH. This work contributes to the in-depth 
understandings on the formation of HWs, and helps better 
predict such disastrous extremes.
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