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A B S T R A C T

Recent extreme heatwaves in eastern China have caused escalating socio-economic and environmental vulner
abilities. This study identifies distinct sub-seasonal variability in summer heatwaves, with the North China Plain 
(NCP) prominently affected in June and the Yangtze River Valley (YRV) during July–August (JA). The Tibetan 
Plateau atmospheric heat source (TP AHS) exhibits corresponding spatial differences, displaying significant 
interannual co-variability with regional heatwave features. During June, an intensified TP AHS is accompanied 
by a southward displacement of the upper-level westerly jet stream, driving differential thermal advection and 
deep subsidence over the NCP. Spatially overlapping with this aloft downwelling, the westward expansion of the 
western Pacific subtropical high (WPSH) aligns with a positive horizontal temperature advection center over the 
NCP, closely tied to an anomalous mid-to-lower tropospheric cyclonic circulation along the northern flank of the 
WPSH. During JA, the enhanced TP AHS corresponds to a northward jet stream shift and a northwestward 
relocation of the South Asian High (SAH), establishing anomalous upper-level convergence over the YRV. These 
multi-scale circulation configurations, together with a V-shaped isentropic downglide structure radiating from 
the TP, form a coherent dynamic framework driving persistent subsidence over the YRV. Additionally, these 
dynamically aligned subsidence zones feature prominent cloud reduction that enhances surface downward solar 
radiation and sensible heat flux. Through a land–atmosphere coupling loop, these localized diabatic feedbacks 
structurally match the enhanced intensity and persistence of regional extreme heatwaves. These findings 
demonstrate that the TP AHS exhibits a month-dependent configuration structurally coupled with sub-seasonal 
heatwaves across eastern China, co-varying with 35–51% of the extreme heatwave days. This provides process- 
level insights into the physical linkages between upstream TP thermal anomalies and downstream thermody
namic extremes.

1. Introduction

In recent years, alongside the intensification of global warming, the 
frequency and intensity of extreme heatwaves have significantly 
increased worldwide, exerting profound impacts on human society, 
ecosystems, and economic development (Robine et al., 2008; IPCC, 
2021; Alizadeh et al., 2022; Wang et al., 2023). Eastern China, as a 
densely populated and economically developed region, faces prominent 
threats from extreme heatwaves (Sun et al., 2018, 2022; Piao et al., 

2010; Zhao, 2020; Zhang et al., 2024; Zhou et al., 2025). In 2013, a 
severe heatwave affected most regions of eastern China, causing the 
average summer temperature to rise by 0.82◦C and resulting in an 
estimated direct economic loss of 8 billion USD. By 2022, the situation 
had intensified, with a prolonged heatwave lasting approximately 79 
days in east-central China, leading to recorded unprecedented daily 
maximum temperatures in most regions (Hao et al., 2023; Jiang et al., 
2023; Liang et al., 2024; Ni et al., 2024; Tan et al., 2024; Ma et al., 
2025). Therefore, understanding the variability, associated 
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mechanisms, and predictable sources of extreme heatwaves in eastern 
China is critically important.

Previous studies have indicated that formation and evolution of 
extreme heatwaves in eastern China are closely associated with multiple 
factors, including global warming (Sun et al., 2014; Ma et al., 2017; 
Zhang et al., 2024), atmospheric circulation anomalies (Wang et al., 
2016; Li et al., 2021; Qian et al., 2024; Shi et al., 2025), sea surface 
temperature variations (Arblaster and Alexander, 2012; Chen and Zhou, 
2018; Jiang et al., 2025), urbanization processes (Yang et al., 2015; Lin 
et al., 2024; Zheng et al., 2024; Peng et al., 2024), and human activities 
(Freychet et al., 2017; Kong et al., 2024; He and Chen, 2024; Liang et al., 
2024). The western Pacific subtropical high (WPSH) is widely recog
nized as the primary atmospheric circulation system that exerts domi
nant control over the summer heatwaves across eastern China, 
particularly through its variations in intensity and westward expansion 
(Li et al., 2015, 2023; Luo and Lau, 2018; Choi and Kim, 2019; Deng 
et al., 2020; J. L. Jiang et al., 2024). Liu et al. (2019) found that a 
stronger and more westward-extending WPSH tends to increase heat
waves in eastern China. Additionally, in terms of the regional distribu
tion, the Yangtze River Valley (YRV) and south China experience 
particularly intense heatwaves (Luo and Lau, 2018; Cao et al., 2022; 
Peng et al., 2024; Hu et al., 2024), while northeast and north China have 
also faced growing heatwave impacts in recent years (Kang and Eltahir, 
2018; Tao and Zhang, 2019; Xiao et al., 2024). In June 2023, a 
record-breaking extreme heatwave occurred in North China Plain 
(NCP), with daily peak temperatures climbing above 40◦C in a wide
spread area (Qian et al., 2023). Notably, Deng et al. (2019) found that 
the primary influencing systems of extreme heatwaves differ substan
tially across different regions of eastern China (NCP, YRV, and South 
China), suggesting that a uniform spatial framework is insufficient for 
clarifying downstream meteorological responses.

Tibetan Plateau (TP), as a sensitive area to global warming, plays an 
important role in modulating the climate changes of East Asia and even 
the globe (Duan et al., 2006; Wu et al., 2007; Yao et al., 2019). The 
thermal conditions of the TP exert a profound influence on extreme 
weather events in East Asia (Wu et al., 2012, 2015; Ge et al., 2019; Dong 
et al., 2019; Diallo et al., 2022). Numerous studies have discussed the 
linkage between TP thermal conditions and Eurasian heatwaves (Wu 
et al., 2016; Shi et al., 2024; Dong et al., 2024a). Although studies on 
the relationship between TP's thermal effects and extreme heatwaves 
over eastern China are still relatively limited, they have increasingly 
attracted research attention in recent years (Wu et al., 2012; Deng et al., 
2023; W. Jiang et al., 2024; Dong et al., 2024b). Lu et al. (2024) con
trasted the responses of heatwave to TP thermal anomalies during the 
2013 and 2022 summers, highlighting the crucial effect of TP thermal 
variability. This relationship maintains its validity across various time 
scales, from decadal fluctuations (Wu et al., 2012) to long-term trends 
(Tan et al., 2023, 2025), throughout eastern and northwest China. In 
fact, heatwaves exhibit obvious subseasonal-to-seasonal (S2S) varia
tions, governed by different physical processes in different months 
(Wang et al., 2023). Jiang et al. (2023) analyzed the month-to-month 
variations of extreme heatwaves during the summer of 2022, and 
found that monthly mean atmospheric circulation anomalies were 
insufficient to account for the heatwaves in June; specifically, the July 
high temperature and drought events were closely associated with 
distinct local soil moisture, while anomalous atmospheric circulation 
patterns emerged as the dominant factor modulating the August 
heatwaves.

Unlike previous studies that primarily focused on case analyses or 
summer seasonal means of extreme heatwaves, this research utilizes 
long-term multi-source datasets to systematically examine the S2S 
variability of extreme heatwaves across eastern China during summer 
months. We evaluate its concurrent association with the atmospheric 
heat source (AHS) over the TP, and discuss the underlying physical 
mechanisms through comprehensive diagnostic analyses.

The remainder of this paper is organized as follows. Section 2

describes the data and methodology employed in our study. In Section 
3.1 and 3.2, we examine the S2S characteristics of summer heatwaves 
over eastern China and their association with TP AHS. Section 3.3 and 
3.4 present the associated large-scale circulation patterns and underly
ing physical mechanisms. Finally, Section 4 provides concluding re
marks and discusses the implications of our findings.

2. Data and methods

2.1. Data

The daily maximum surface (2 m) air temperature data, spanning 
1979 to 2022, were provided by the National Meteorological Informa
tion Center of the China Meteorological Administration (CMA). These 
station-based data were interpolated into a gridded format, known as 
CN05.1, featuring a high horizontal resolution of 0.25◦ × 0.25◦(Wu and 
Gao, 2013). To examine the large-scale atmospheric background and 
structural features of the heat source, the Japanese 55-year Reanalysis 
(JRA-55) dataset was employed (Kobayashi et al., 2015). The utilized 
variables include geopotential height (z), zonal and meridional winds (u, 
v), vertical velocity (ω), temperature (T), potential temperature (θ), 
shortwave radiation fluxes, surface sensible heating flux, and total cloud 
cover fraction. All reanalysis products feature a horizontal resolution of 
1.25◦ × 1.25◦ on standard pressure levels.

2.2. Methods

The thermal condition over the TP can be effectively characterized 
by the vertically integrated atmospheric apparent heat source (<Q1>), 
which provides a comprehensive measure of diabatic heating processes 
within the atmospheric column. In this study, it can be calculated via the 
residual budget equations (Yanai et al., 1973) using the JRA-55 rean
alysis dataset. The equations are given as follows: 

Q1 =Cp

[

∂T/∂t+V ⋅∇T+

(

p/ps

)k

ω(∂θ / ∂p)
]

, (1) 

〈Q1〉=
1
g

∫ Ps

200
Q1dp, (2) 

where Q1 is atmospheric apparent heat source on a single pressure level, 
and 〈Q1〉 represents its column-integrated counterpart calculated from 
the surface pressure (ps) to the 200 hPa level. The variable V denotes the 
horizontal wind vector, and p is the air pressure. Cp is the specific heat of 
dry air at constant pressure (1 004 J kg− 1 K− 1), g is the acceleration of 
gravity, and k ≈ 0.286.

The reliability of JRA-55-derived <Q1> over the TP has been 
extensively validated across multiple timescales (Wang et al., 2019a, 
2019b; Zhu et al., 2025). JRA-55 exhibits a robust spatial alignment 
with observations regarding long-term trends and shows high consis
tency with ERA-Interim on interannual scales. On S2S scales, discrep
ancies among multi-source reanalysis datasets narrow significantly, and 
JRA-55 successfully captures the periodic evolution of the summer TP 
heat source. Furthermore, it realistically reproduces the regional diurnal 
convective heating (Chen et al., 2014) and atmospheric thermal struc
tures comparably to ERA5 (Luo et al., 2025), confirming its high 
dependability for investigating TP AHS variability.

Extreme heatwave events can be defined using either absolute or 
relative threshold criteria. Relative thresholds, commonly based on 
percentile approaches, are highly effective for capturing geographical 
variations in temperature extremes. In contrast, absolute thresholds 
offer a more intuitive and standardized framework for localized impact 
assessments. In this study, we adopt the absolute threshold of 35◦C, as 
standardized by the CMA, to identify extreme heatwave events. This 
absolute criterion aligns closely with the 95th percentile-based relative 
threshold for summertime extreme high temperatures over key regions 
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of eastern China (Deng et al., 2019). Following the CMA's operational 
classification (Zhai and Pan, 2003), a specific day is designated as an 
extreme heatwave event when the daily maximum surface air temper
ature (Tmax) reaches or exceeds 35◦C.

To investigate the interannual variability of extreme heatwaves 
across eastern China and their associated mechanisms, all climate var
iables were first linearly detrended to eliminate the confounding signals 
of long-term warming trends. A 2–7-year band-pass Lanczos filter was 
subsequently applied to isolate the interannual signals. This filtering 
procedure was performed on the full dataset covering 1979–2022, while 
the subsequent diagnostic analyses were restricted to the reliable win
dow of 1981–2020 to thoroughly eliminate edge effects. Crucially, since 
band-pass filtering introduces pronounced artificial autocorrelation and 
systematically reduces the independent sample size, the effective de
grees of freedom were rigorously adjusted following Bretherton et al. 
(1999) before statistical testing. Owing to the reduction in the effec
tive sample size imposed by this conservative correction, a 90% confi
dence level was systematically adopted for mapping the anomalous 
circulation and thermodynamic fields. This choice is physically moti
vated to maintain the geographic continuity and large-scale geometric 
features; under stricter criteria, certain derivative variables that are 
highly sensitive to small-scale noise tend to become artificially frag
mented. To verify the statistical robustness of our findings, a more 
stringent 95% confidence threshold was applied. The resulting supple
mentary fields (Fig. S1–S5) exhibit highly convergent spatial patterns 
with the primary figures. Crucially, the prominent features in our target 
regions remain statistically significant at this elevated level, demon
strating that the core conclusions are insensitive to threshold selection.

3. Results

3.1. Sub-seasonal variations in heatwaves across eastern China

Fig. 1 illustrates the spatial distribution of the climatological mean 
extreme heatwave days across eastern China during the entire summer 
season (June–August) from 1979 to 2022. The spatial pattern reveals 
pronounced regional heterogeneity, characterized by two primary hot
spots where extreme heatwave events exhibit the highest frequency: the 

NCP and the YRV. In particular, core sectors with provinces such as 
Jiangxi and Hunan experience more than 30 extreme heatwave days per 
summer on average, highlighting a substantial regional exposure to 
persistent high-temperature conditions. Given the region's dense popu
lation and high concentration of economic activities, these localized 
thermal configurations imply considerable socio-economic and public 
health risks.

Further analysis indicates that this spatial heterogeneity of summer 
extreme heatwaves across eastern China is closely linked to its sub- 
seasonal variability, manifesting as substantial year-by-year fluctua
tions. Specifically, extreme heatwaves in the NCP mainly cluster in June, 
whereas the YRV experiences more frequent and intense heatwaves 
during July and August. To better characterize these temporal shifts, 
regional averages for these key domains were calculated for each month, 
followed by composite analyses of high-temperature days between 
strong and weak years (Fig. S6). The composite results further confirm 
the distinct, month-dependent sub-seasonal regimes of extreme heat
waves across eastern China.

Due to the highly congruent spatial patterns observed in July and 
August (Fig. S6), these two months (hereafter abbreviated as JA) were 
combined for subsequent analyses. A comparative composite analysis 
between strong and weak heatwave years–defined by a ±0.5 standard 
deviation (σ) threshold to balance statistical sample size and anomaly 
amplitude–reveals a significant prolongation of extreme heatwave du
rations. During JA, the positive composite differences of heatwave days 
are predominantly concentrated across the YRV region, with maximum 
anomalies exceeding 15 days, particularly in Hunan, Jiangxi, and Zhe
jiang provinces (Fig. 2c). In contrast, June exhibits a geographically 
distinct focus, with significant heatwave anomalies exceeding 6 days 
primarily restricted to the NCP (Fig. 2a and Fig. S6a).

The interannual time series of extreme heatwave frequency further 
highlight the distinct temporal behaviors between June (Fig. 2b) and JA 
(Fig. 2d). The variations between these two summer phases show 
remarkably low consistency with a non-significant correlation, further 
demonstrating that the early summer (June) and peak summer (JA) 
heatwave regimes over eastern China are closely tied to decoupled at
mospheric configurations. Importantly, sensitivity tests using stricter 
classification criteria (e.g., employing an anomaly threshold of ±1.0 σ) 
yield highly consistent results. This coherence demonstrates that the 
distinct temporal behaviors and decoupled interannual variations be
tween the two summer phases represent a robust physical feature rather 
than an artifact of threshold selection.

3.2. Relationship with TP atmospheric heat source

The thermal forcing over the TP during summer exhibits a close 
alignment with downstream weather systems, including the develop
ment of extreme heatwaves. To elucidate this linkage, we investigate the 
sub-seasonal relationship between TP thermal anomalies and extreme 
heatwaves over eastern China. As a prerequisite, we examine the sub- 
seasonal features of the interannual variability in the summer TP AHS. 
Fig. 3 presents the leading empirical orthogonal function (EOF) modes 
of interannual variability in the TP AHS during June and JA for the 
period 1981–2020, along with their corresponding principal compo
nents (PC1).

In June, the EOF1 pattern, which explains 28.75% of the total vari
ance, is characterized by broad coherent anomalies across most regions, 
contrasted by localized opposite-phase signals over the western and 
central TP (Fig. 3a). In contrast, the JA pattern features a distinct multi- 
pole structure with alternative anomaly centers arranged in a southeast- 
to-northwest orientation, accounting for 21.47% of the total variance 
(Fig. 3c). These results highlight that prominent sub-seasonal shifting 
also exists within the dominant modes of the TP AHS. Additionally, the 
associated PC1 time series for June and JA exhibit pronounced inter
annual fluctuations (Fig. 3b and d) and are significantly correlated with 
the corresponding heatwave indices shown in Fig. 2b and d (r = 0.36 and 

Fig. 1. Spatial distribution of the climatological mean extreme heatwave days 
(units: days) over eastern China during the summer season (June-July-August) 
from 1979 to 2022.
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0.40, respectively; p < 0.05). This robust co-variability implies a po
tential physical teleconnection between TP thermal forcing and down
stream heatwave regimes.

To further confirm this linkage, we conducted composite analyses of 
the TP AHS anomalies between strong and weak extreme heatwave 
years for June and JA, respectively (Fig. S7). Strikingly, the resulting 
composite difference patterns closely resemble their counterpart EOF1 
modes shown in Fig. 3a and c, thereby reinforcing the remarkable sub- 
seasonal characteristics of the TP thermal forcing. In June, signifi
cantly positive AHS anomalies are dynamically concentrated over the 
southern and southwestern TP, complemented by pronounced negative 
anomalies over the east-central sector (Fig. S7a), resembling the primary 
features of the EOF1 pattern. During JA, a well-defined multi-pole 
configuration emerges across the TP (Fig. S7b), which is highly 
congruent with the EOF1 modality and reflects the spatial features of 
downstream heatwave variability. These composite results further un
derscore a robust sub-seasonal coupling between the TP thermal 
anomalies and the occurrence of extreme heatwaves over eastern China.

To systematically investigate the statistical relationship between the 
TP AHS and downstream extreme heatwaves, we performed a composite 
analysis based on the PC1 time series of TP AHS. Years with high and low 
AHS anomalies were identified using a ±0.5 standard deviation 
threshold of the PC1 index, allowing for a robust comparison of 

downstream extreme heatwave activities under contrasting TP thermal 
conditions. As illustrated in Fig. 4a and b, the spatial anomalies of 
extreme heatwaves exhibit a striking sub-seasonal shift that closely co- 
varies with the seasonal evolution of the TP AHS. Specifically, positive 
TP AHS anomalies in June are predominantly accompanied by increased 
extreme heatwave frequencies over the NCP (Fig. 4a), whereas the peak- 
summer (JA) thermal anomalies over the TP correspond to a southward 
shift of the heatwave footprint toward the YRV region (Fig. 4b). These 
patterns align well with the independent composite analysis shown in 
Fig. 2, verifying the robust subseasonal co-variability between the TP 
AHS and downstream heatwave regimes.

Crucially, we quantified the statistical alignment between the two 
phenomena by calculating the fractional share of extreme heatwave 
days that concurrently occur with prominent TP AHS anomalies (Fig. 4c 
and d). In terms of statistical covariance, TP thermal forcing matches 
approximately 30%–60% of the extreme heatwave days across key areas 
of the NCP in June (Fig. 4c) and around 50% over the YRV during JA 
(Fig. 4d). Notably, the tightest statistical linkage occurs over the upper 
YRV, spanning eastern Sichuan and Chongqing in JA, where over 80% of 
extreme high-temperature days directly coincide with periods of 
enhanced TP thermal anomalies (Fig. 4d). This exceptionally high 
spatial correspondence aligns well with their immediate downstream 
location and geographical proximity to the eastern flank of the TP.

Fig. 2. Spatial distributions of the differences in extreme heatwave days during (a) June and (c) July–August (JA) between strong and weak extreme heatwave years 
over eastern China during 1981–2020. Hatched areas indicate regions exceeding the 90% confidence level based on a two-tailed Student's t-test. Panels (b) and (d) 
show the corresponding interannual time series of regionally averaged extreme heatwave days over eastern China (outlined by the green boxes) in June and JA, 
respectively, with red and blue dots marking the identified strong and weak years.
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Statistical analysis reveals a pronounced sub-seasonal contrast in 
extreme heatwave coverage across eastern China during 1981–2020. In 
June, a cumulative total of 3 207 grid points are affected by extreme 
heatwaves, whereas this number increases markedly to 15762 grid 
points during JA (Fig. 2a and c). Even considering that the temporal 
span of JA is twice that of June, this nearly five-fold expansion in cu
mulative spatial extent reflects a substantial intensification and broader 
geographical footprint of high-temperature extremes during peak sum
mer. When concurrent with prominent TP AHS anomalies, the over
lapping grid points total 1 127 (accounting for 35.1% of the June 
heatwave extent) over the NCP, and 8064 (accounting for 51.2% of the 
JA heatwave extent) over the YRV (Fig. 4a and b). Collectively, these 
statistical results demonstrate: (1) a multi-fold greater spatial coinci
dence between the TP AHS and eastern China heatwaves during JA 
relative to June, and (2) distinct regional preferences in their sub- 
seasonal co-variability, characterized by a dominant spatial alignment 
over the YRV during peak summer. Together, these findings highlight a 
pronounced sub-seasonal and regional heterogeneity within the TP AHS- 
heatwave relationship, providing empirical statistical insights that offer 
valuable sub-seasonal predictive implications for downstream extreme 
thermal events.

3.3. Large-scale circulation features and potential dynamic pathways

The sub-seasonal contrast in extreme heatwave distribution across 
eastern China is accompanied by distinct configurations of large-scale 
atmospheric circulation associated with TP thermal anomalies. Fig. 5
illustrates the upper-level westerly jet structures during June and JA, 
categorized by contrasting states of the TP AHS. In June (Fig. 5a and b), 
the climatological jet stream core is positioned south of 40◦N, extending 
zonally across the northern TP and downstream over the NCP. During 
years with an enhanced June TP AHS, a pronounced asymmetric 
configuration emerges, characterized by prominent positive westerly 
anomalies along the southern flank of the climatological jet axis.

This configuration corresponds to intensified vertical wind shear in 
the middle-to-upper troposphere over the targeted downstream region 
(30◦N–40◦N, Fig. 5b). In accordance with thermal wind balance, this 
enhanced vertical shear is structurally coupled with a steeper meridional 
temperature gradient aloft, coinciding with anomalous cold-air advec
tion in the upper troposphere. Within the framework of the quasi- 
geostrophic omega equation, this differential thermal advection acts 
as a key dynamic forcing that drives large-scale descending motion over 
the NCP (Fig. 6a). Crucially, while this forced downwelling originates 
aloft, its downward propagation induces deep, column-wide adiabatic 
compression, which efficiently suppresses local cloud formation and 
amplifies near-surface diabatic warming.

In contrast, during peak summer (JA), the climatological westerly jet 
stream migrates northward, positioning its core well north of 40◦N 
(Fig. 5c and d). Concurrently, an enhanced TP AHS is accompanied by a 
further northward shift of the jet stream axis, inducing a distinct easterly 
anomaly along its southern periphery directly overlying the YRV region 
(Fig. 5c and d). This configuration is highly coherent with pronounced 
localized subsidence (Fig. 6b), manifesting as a complex three- 
dimensional circulation response that is further elaborated through 
the coupled diagnostic framework of Fig. 7. Moreover, during the June- 
to-August transition, the YRV is structurally positioned on the right 
(equatorward) side of the upper-level jet exit region, a quadrant typi
cally characterized by upper-level convergence. This synoptic configu
ration spatially aligns with suppressed vertical motion, thereby 
providing a favorable dynamical background for the clustering of 
localized extreme heatwaves during JA.

Additionally, a coherent sub-seasonal transition in the vertical ve
locity field is observed over eastern China, featured by anomalous 
ascending motion over South China in June that shifts northward toward 
the NCP during JA (Fig. 6). This spatiotemporal evolution is highly 
synchronized with the sub-seasonal northward migration of the East 
Asian summer monsoon rain belt, further highlighting the tight dynamic 
linkage between large-scale circulation transitions and the development 

Fig. 3. Spatial patterns of the first leading empirical orthogonal function mode (EOF1) of the vertically integrated apparent heat source (<Q1>) over the TP in (a) 
June and (c) JA during 1981–2020, along with their corresponding principal component (PC1) time series shown in (b) and (d), respectively.
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of regional sub-seasonal thermal extremes.
We further examine the upper- and lower-level coupled circulation 

fields during JA (Fig. 7) to fully characterize the three-dimensional 
structures associated with the prominent zonal wind anomalies identi
fied in Fig. 5d. Horizontally, a pronounced barotropic anticyclonic 
anomaly is clearly evident over the NCP and adjacent coastal waters. 
Simultaneously, another prominent anticyclonic anomaly is centered to 
the west of the TP, forming a paired circulation structure flanking the 
TP. Positioned on either side of the TP, these dual anticyclonic config
urations jointly drive a robust easterly flow anomaly along and north of 
the 30◦N (Fig. 7a and c), consistent with Fig. 5d.

Radiating directly from intense convective heating over the TP, two 
distinct centers of positive potential temperature anomalies reside on 
the western and eastern flanks of the TP, establishing a characteristic V- 
shaped isentropic structure (Fig. 7b). Thermodynamically, this V-shaped 
thermal configuration couples with the flanking anticyclonic pair. In 
accordance with hydrostatic balance and quasi-geostrophic potential 
vorticity (QGPV) inversion, these deep tropospheric warm centers aloft 
modify local thickness fields, acting as negative PV anomalies that 
dynamically anchor the dual anticyclonic anomalies on both side of the 

TP. Within this coupled thermodynamic environment, the anomalous 
easterly flows flank the TP, laying the structural foundation for distinct 
localized vertical overturning responses between the upstream and 
downstream regions (Fig. 7d).

To explicitly clarify the underlying dynamics producing this asym
metric vertical velocity response—specifically why descent prevails to 
the east rather than the west of the TP—we interpret the structural 
configuration through the framework of thermally forced atmospheric 
adaptation and the adiabatic omega equation on isentropic surfaces (the 
upglide/downglide mechanism). In response to intense convective 
heating over the TP, the atmosphere exhibits a classic Gill-type ther
modynamic response that sustains the V-shaped slope of potential 
temperature surfaces away from the TP flanks, a configuration consis
tent with the theoretical framework of He et al. (2023). Under this 
geometric framework, the enhanced horizontal wind anomalies interact 
distinctively with these tilted isentropic surfaces. On the eastern flank of 
the TP (over the YRV region), the anomalous easterlies blow dynami
cally across the downstream thermal gradient, establishing a robust 
isentropic downglide process where the anomalous flow glides down
ward along the eastward-sloping potential temperature surfaces towards 

Fig. 4. Spatial patterns of the composite differences in extreme high-temperature days (days) over eastern China between strong and weak TP <Q1> years during (a) 
June and (b) JA from 1981 to 2020. Hatched areas indicate regions exceeding the 90% confidence level. Panels (c) and (d) illustrate the statistical proportions of 
extreme heatwave days concurrently occurring with prominent TP <Q1> anomalies relative to the total heatwave days in June and JA, respectively.
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the lower troposphere. In accordance with the adiabatic omega equa
tion, this isentropic downglide dynamically necessitates a deep, wide
spread layer of suppressed vertical motion (ω > 0) and adiabatic 
compression over the downstream YRV. Conversely, on the western 
upstream flank, the anomalous easterlies interact with the correspond
ing temperature gradient in an opposite geometric alignment, promot
ing complementary isentropic upglide that drives the ascending branch. 
This intuitive dynamic closure provides a comprehensive explanation 
for the three-dimensional asymmetric overturning surrounding the TP.

The South Asian High (SAH) and WPSH, two key atmospheric sys
tems modulating East Asian summer climate, demonstrate distinct, 
month-dependent configuration shifts rather than a uniform seasonal 
evolution pattern. In June, an enhanced TP AHS is tightly coupled with 
the concurrent abnormal strengthening and mutual approach of both the 
upper-level SAH and lower-level WPSH, which characteristically 
converge south of 30◦N (Fig. 8a). Horizontally, the displaced WPSH 
configuration closely aligns with a well-defined mid-to-lower-level 

anomalous cyclonic circulation centered over the Korean Peninsula and 
adjacent waters. Along the western and northwestern peripheries of this 
anomalous cyclone, robust northerly-to-northeasterly wind anomalies 
extend directly into the target NCP region (Fig. 8a). Crucially, as sub
stantiated by the 850 hPa thermodynamic diagnostics in Fig. 9a, these 
significant northerly wind components blow across the regional thermal 
gradient, establishing a substantial center of positive horizontal tem
perature advection over the NCP. This specific “northerly-driven warm 
advection” is fundamentally shaped by early-summer land-sea thermal 
contrast. During June, the rapidly insolated East Asian landmass be
comes significantly warmer than adjacent, relatively cool marine re
gions. As the anomalous cyclonic circulation scoops this pre-warmed 
continental air mass from inland and drives it southward via its western 
peripheral northerlies, it manifests as a distinct back-flow warming 
mechanism directly over the NCP. Consequently, this low-level hori
zontal warm advection acts as an additive pathway spatially super
imposed onto the upper-level forced adiabatic warming (Figs. 5 and 6). 

Fig. 5. Spatial configurations of the upper-level atmospheric circulation associated with contrasting TP AHS states during 1981–2020. Panels (a) and (c) show the 
composite differences of 200 hPa horizontal divergence (shaded, 10− 6 s− 1) in (a) June and (c) JA, respectively; solid red (blue) contours represent the anomalous 
zonal wind speeds, and dashed lines indicate the core axis of the westerly jet stream under strong (weak) TP AHS conditions. Panels (b) and (d) illustrate the 
meridional-vertical cross-sections of the differences in zonal wind (shaded, m s− 1), with contours indicating the climatological zonal wind (m s− 1) for June and JA, 
respectively. Hatched and dotted regions denote areas exceeding the 90% confidence level. The green boxes delineate the target region of eastern China.

Fig. 6. Meridional-vertical cross-sections of the differences in vertical velocity (shaded, 10− 2 Pa s− 1) and meridional-vertical wind vectors (where vertical velocity is 
multiplied by 100, and the vector scale is defined by the horizontal component in m s− 1) averaged over the eastern China longitudinal band (105◦-122.75◦E) 
associated with constrasting TP AHS states during 1981–2020. Panels (a) and (b) show the configurations for June and JA, respectively. Black shading denotes the 
terrain topography. Black vectors and white dots indicate regions exceeding the 90% confidence level.
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These two processes operate at different layers of the atmospheric col
umn, jointly amplifying the sub-seasonal clustering of extreme heatwave 
events over the NCP.

During peak summer (JA, Fig. 8b), a distinct configuration emerges 
as both the SAH and WPSH migrate markedly northward, with the SAH 
extending directly over the YRV region. Under enhanced TP AHS con
ditions, these two dominant pressure systems exhibit divergent longi
tudinal movements accompanied by relatively weaker intensities 
(Fig. 8b). As the WPSH retreats eastward and jumps northward, its 
northern flank corresponds to a broad low-level easterly wind anomaly, 
which aligns with the anomalous anticyclone situated further north over 
the Korean Peninsula (Fig. 8b). However, in stark contrast to the June 
configuration, these robust lower-level easterly anomalies do not pro
duce positive warm advection over the YRV; instead, they correspond to 
widespread negative temperature advection (cooling anomalies) across 

central-eastern China (Fig. 9b). This thermodynamic distribution is 
inherently constrained by the lower surface temperature of the marine 
air source relative to the intensely heated landmass during JA. Conse
quently, the suppressed vertical motion over the YRV during JA is not 
driven by low-level thermal advection, but is rather dynamically 
anchored by upper-level ageostrophic processes. Specifically, the 
northwestward relocation of the SAH leads to pronounced upper-level 
anomalous convergence aloft (Fig. 5c), which, in tandem with mid- 
tropospheric isentropic downglide, reinforces the deep subsidence 
over the YRV.

3.4. Diabatic heating processes

Beyond the atmospheric dynamic processes detailed above, localized 
thermodynamic and diabatic heating anomalies closely co-vary with the 

Fig. 7. Anomalous large-scale circulation and thermodynamic structures during JA associated with constrasting TP AHS states from 1981 to 2020. Panels show the 
composite differences of (a) geopotential height (shaded, gpm) and horizontal wind vectors (m s− 1) at 200 hPa, (b) potential temperature (shaded, K) at 200 hPa, (c) 
geopotential height (shaded, gpm) and horizontal wind vectors (m s− 1) at 850 hPa, and (d) zonal-vertical cross section of vertical velocity (shaded, 10− 2 Pa s− 1) and 
zonal-vertical wind vectors (where vertical velocity is multiplied by 100, and the vector scale is defined by the horizontal component in m s− 1) averaged along the 
target latitudinal band (21.75◦-42.25◦N). Contours in (b) and (d) indicate the corresponding climatological potential temperature (K) in JA. Red vectors and dotted 
areas indicate regions denote areas exceeding the 90% confidence level. The domain of eastern China is outlined by purple boxes in (a-c) and green dashed lines 
in (d).

Fig. 8. Composite differences of vertical velocity (shaded, 10− 2 Pa s− 1) and horizontal winds (vectors, m s− 1) at 500 hPa in (a) June and (b) JA between strong and 
weak TP AHS years. Solid and dashed lines represent the 12,500 gpm (red) and 5880/5870 gpm (blue) contours for strong and weak TP AHS years, respectively. 
Black vectors and dotted areas indicate regions exceeding the 90% confidence level.
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sub-seasonal distribution of eastern China heatwaves. Figs. 10 and 11
illustrate the spatial configurations of total cloud cover, surface down
ward solar radiation flux, and surface sensible heat flux during strong 
and weak TP AHS years.

During June, a prominent and statistically significant negative total 
cloud cover anomaly center is localized directly over the NCP (Fig. 10a). 
This widespread reduction in cloud shields diminishes the regional 
cloud-albedo reflection, thereby facilitating an enhanced downward 
shortwave radiation flux reaching the surface, with anomalies exceeding 
10 W m− 2 over the core NCP sector (Fig. 11a). Thermodynamically, this 
substantial radiative surplus exhibits a strong spatial coupling with the 
underlying continental surface energy partition, manifesting as a pro
found intensification of the surface sensible heat flux with positive 
anomalies exceeding 5 W m− 2 (Fig. 11c). This enhanced sensible heating 
configuration structurally co-modulates a favorable thermodynamic 
background for the localized clustering of June heatwave events over 
the NCP.

During JA, a distinctly different spatial configuration emerges as the 
core anomalies shift southward, aligning with the YRV sector. A 

massive, highly significant negative cloud cover anomaly locks over the 
YRV, with local decreases approaching − 9% (Fig. 10b). Under this clear- 
sky configuration, the downstream YRV region experiences maximized 
solar insolation, as evidenced by an extensive patch of significant posi
tive downward solar radiation anomalies exceeding 10 W m− 2 

(Fig. 11b). This intense downward radiative input is spatially synchro
nized with the escalation of surface sensible heat fluxes over the middle- 
to-lower reaches of the YRV (Fig. 11d). Consequently, these prominent 
diabatic configurations, superimposed on the dynamic adiabatic 
warming aloft, provide a coherent, data-driven depiction of the ther
modynamic environments that sustain localized extreme heatwaves 
across the changing sub-seasonal stages.

4. Summary and discussion

4.1. Summary

In recent years, eastern China has experienced a growing frequency 
of extreme high-temperature events, resulting in extensive socio- 

Fig. 9. Composite differences of the horizontal temperature advection (shaded, 10− 5 K s− 1) and wind field (vectors, m s− 1) at 850 hPa in (a) June and (b) JA between 
strong and weak TP AHS years. Dotted areas indicate regions exceeding the 90% confidence level.

Fig. 10. Composite differences of the total cloud cover (shaded, %) in (a) June and (b) JA between strong and weak TP AHS years. Dotted areas indicate regions 
exceeding the 90% confidence level.
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economic vulnerabilities and significant public health concerns. While 
previous investigations have identified various atmospheric circulation 
anomalies linked to East Asian summer heatwaves, they have primarily 
focused on seasonal-mean conditions or individual case studies. 
Consequently, the S2S variability and the underlying mechanism tran
sition of extreme heatwaves remain inadequately understood. Targeting 
this critical timescale, the present study demonstrates that the spatio
temporal heterogeneity of extreme heatwaves across different summer 
months is closely linked to distinct circulation systems and thermody
namic configurations associated with the TP AHS. The principal findings 
are summarized as follows. 

(1) Extreme heatwaves over eastern China exhibit pronounced S2S 
variability, characterized by distinct spatial shifts across different 
summer months. In June, extreme heatwaves predominantly 
cluster over the NCP, whereas during peak summer (JA), the YRV 
becomes the primary hotspot. This geographical migration 
perfectly matches the sub-seasonal evolution of the TP AHS, 
which exhibits a strong interannual co-variability with these 
regional warming footprints, accounting for approximately 35% 
of heatwave occurrences over the NCP in June and 51% over the 
YRV in JA.

(2) During early summer (June), an intensified TP AHS structurally 
co-varies with a southward displacement of the upper-level 
westerly jet stream, enhancing vertical wind shear and produc
ing upper-level differential thermal advection that corresponds to 
the deep subsidence over the NCP. In the lower troposphere, the 
strengthened and westward-extended WPSH remains securely 
positioned south of 30◦N. This expansion dynamically shapes an 
anomalous cyclonic circulation centered over the Korean Penin
sula and the adjacent Sea of Japan along the northern flank of the 
WPSH. Along the western periphery of this cyclonic anomaly, 
robust northerly-to-northeasterly winds scoop pre-warmed con
tinental air from the intensely insolated East Asian inland. This 
process drives a substantial back-flow warm advection over the 
NCP, which, spatially superimposed on the aloft dynamic subsi
dence warming, jointly accounts for the sub-seasonal clustering 
of June heatwave events over the NCP.

(3) During peak summer (JA), the enhanced TP AHS is accompanied 
by a distinctly different dynamic configuration, characterized by 
a marked northward shift of the westerly jet stream and a 
northwestward displacement of a weakened SAH. This structural 
reorganization aligns with the deep subsidence over the YRV. 
Physically, the northward-displaced jet axis features robust 
easterly anomalies along its southern flank, which, in tandem 

Fig. 11. Composite differences of (a, b) surface downward solar radiation flux and (c, d) surface sensible heat flux (W m− 2) in (a, c) June and (b, d) JA between 
strong and weak TP AHS years. Dotted areas indicate regions exceeding the 90% confidence level.
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with the characteristic V-shaped isentropic downglide radiating 
from the TP, presents a coherent tropospheric downwelling over 
the YRV. Concurrently, the northwestward shift of the SAH places 
the YRV under a region of anomalous upper-level convergence, 
establishing a vertically synchronized, deep tropospheric subsi
dence structure that co-varies with the localized clustering of 
YRV heatwaves.

(4) Additionally, these dynamic configurations are tightly coupled 
with coherent localized diabatic-radiative feedback mechanisms 
that exhibit clear sub-seasonal shifting centers (locking over the 
NCP in June and the YRV in JA). A significant depletion of total 
cloud cover matches reduced cloud-albedo reflection, accompa
nying an enhanced surface downward shortwave radiation flux 
and a substantial radiative surplus at the surface. This energy 
input is strongly coupled with the continental surface energy 
partition, manifesting as a profound intensification of surface 
sensible heat flux over the planetary boundary layer. This self- 
reinforcing land-atmosphere thermodynamic loop structurally 
aligns with the intensity and persistence of localized extreme 
heatwaves across the changing seasons.

4.2. Discussion

The structural coupling between TP thermal anomalies and down
stream extreme heatwaves over eastern China highlights a multi-scale, 
month-dependent thermodynamic configuration. This study demon
strates that the sub-seasonal variations of TP AHS show a clear spatial 
alignment with the structural adjustments of the atmospheric circulation 
and vertical thermodynamic profiles over downstream regions, thereby 
exhibiting a substantial relationship with the occurrence and develop
ment of extreme heatwave events.

Crucially, this sub-seasonal transition highlights a sophisticated 
seasonal-lock mechanism associated with the abrupt shift of the East 
Asian westerly jet. Specifically, our diagnostics reveal an intriguing 
structural asymmetry over the YRV: while this region is subject to upper- 
level convergence anomalies closely linked with the jet stream config
urations in both June and JA (Fig. 5a and c), it exhibits drastically 
different vertical velocity responses. In June, despite the presence of 
localized upper-level convergent forcing aloft, the YRV remains tightly 
embedded within the strong climatological westerly jet core and is 
heavily accompanied by the robust northward-advancing monsoon 
moisture and strong convective diabatic heating, which effectively 
counteracts the large-scale dynamic downwelling signal. In contrast, 
during JA, the massive poleward retreat of the jet stream core allows the 
jet-exit ageostrophic convergence to phase-lock and synergistically 
couple with the anomalous upper-level easterly flow. Consequently, the 
forced dynamic subsidence smoothly extends downward without 
convective obstruction, establishing deep adiabatic compression that 
matches the clustering of localized extreme heatwaves over the YRV.

Additionally, this state-dependence emphasizes that the downstream 
impact of TP AHS is non-isolated; rather, it co-varies in concert with 
broader planetary-scale drivers and interannual climate modes. To 
address the potential confounding influences of external ocean–atmo
sphere boundary forcings, partial correlation analyses were conducted 
by removing the concurrent signals of the El Niño–Southern Oscillation 
(ENSO) and the Indian Ocean Dipole (IOD). Notably, even after parti
alling out these dominant climate modes, the significant statistical as
sociation between the TP AHS and downstream extreme heatwaves 
persists robustly over the key target regions during both June and JA 
(Fig. S8 and 9). This critical piece of evidence strongly implies that the 
TP AHS possesses a relatively independent and intrinsic dynamical link 
with eastern China heatwaves, rather than acting as a mere passive 
reflection of major tropical oceanic variances. Nevertheless, it should be 
acknowledged that our current partial correlation framework primarily 
controls for tropical oceanic drivers (ENSO and IOD). Preceding land 
surface boundary conditions—most notably spring TP snow cover—can 

serve as a plausible common forcing that modulates both the summer TP 
thermal anomalies and downstream East Asian circulation (Wu et al., 
2012, 2016). Accounting for such lagged land-atmosphere coupling ef
fects remains a residual limitation of the present diagnostic scheme and 
warrants further quantitative disentanglement in future work.

However, in alignment with the intrinsic complexity of the climate 
system, this independent relationship does not preclude the existence of 
bidirectional thermodynamic feedbacks or concurrent external modu
lations. Both the TP AHS and downstream circulation anomalies remain 
embedded within a larger web of mid-to-high-latitude atmospheric 
variability (e.g., circumglobal wave trains, polar vortex shifts) and local 
land–atmosphere feedbacks (e.g., soil moisture and vegetation condi
tions) (Zhang et al., 2021; Tan et al., 2023). Therefore, while the sta
tistical link is highly robust and clear of major tropical artifacts, the 
observed simultaneous alignment should be interpreted as a synergistic, 
mutually amplifying co-variation under specific seasonal-lock back
grounds, rather than an unassailable, one-way linear causal trajectory.

Furthermore, to ensure the physical robustness of these diagnostic 
relationships and verify that the identified sub-seasonal thermodynamic 
configurations are not statistical artifacts of our specific composite 
baseline, a rigorous threshold sensitivity test was conducted. The strong 
and weak TP AHS years were re-selected using a stricter criterion based 
on the 90th and 10th percentile thresholds of the timeseries. Crucially, 
under this extreme percentile framework, the key dynamical 
signatures—including the upper-level jet-exit ageostrophic conver
gence, deep tropospheric subsidence over the YRV, and multi-scale 
circulation anomalies—remain qualitatively identical and highly 
robust, with the spatial patterns changing very little compared to our 
original composites (figures not shown). This robust consistency dem
onstrates that the synoptic-scale co-variations described herein repre
sent highly stable, intrinsic features of the East Asian climate system 
rather than being sensitive to arbitrary threshold choices.

Despite growing attention to the physical mechanisms of extreme 
heatwaves, many key questions remain unresolved. First, the relative 
fractional contributions of different drivers—including TP thermal 
features—are still poorly quantified, particularly in terms of their spatial 
and temporal heterogeneity across eastern China. Second, the potential 
nonlinear interactions between multi-scale systems remain largely un
explored. In particular, the possible synergistic amplification between 
TP thermal anomalies and large-scale circulation patterns (such as the 
subtropical high and westerly jet) warrants deeper investigation. To 
address these gaps, future research should prioritize three aspects: (1) 
integrating multi-source observational and reanalysis datasets to 
enhance spatiotemporal resolution; (2) employing high-resolution nu
merical models to capture fine-scale land–atmosphere and circulation 
interactions; and (3) combining dynamical and statistical attribution 
frameworks (e.g., intraseasonal phase-composite diagnostics and high- 
resolution numerical sensitivity experiments) to disentangle and pre
cisely determine the temporal precedence, phase-leading ISO dynamics, 
and fractional contributions of different forcing mechanisms under 
varying climate regimes. Such efforts will be instrumental in advancing 
our scientific understanding of compound drivers of extreme heat and 
will also support the development of more accurate forecasts and early 
warning systems for heatwaves under a changing climate.
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