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Decadal variability of summer extreme
heat in central-eastern China and its
synergistic effects by the North Atlantic
and tropical western Pacific SST
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It was found that the Central-eastern China’s summer extreme heat (CECSH) has a decadal variability
with a cycle of about 70 years and is significantly positively correlated with the Atlantic Multidecadal
Oscillation (AMO) core area sea surface temperature (SST; AMOcore) and the tropical western Pacific
SST (WPSST) in boreal summer. Diagnostic analyses such as synergistic diagnostic and linear
baroclinic model (LBM) experiments show that the warm AMO¢core and WPSST in boreal summer can
generate the localized heat dome (HD) over Mongolia to northeast China by exciting local convection
and subsequent propagation, respectively, which in turn directly influences the CECSH decadal
variability through compression of the atmosphere and temperature transport. The empirical models
of the CECSH decadal variability were constructed based on the AMO¢ore or the WPSST separately
and synergistically considering both, and the empirical model considering the synergistic effects of the

AMOcore and the WPSST had better simulation capability.

In recent years, extreme weather and climate events have become more
frequent around the world, and extreme heat has also increased in frequency
and intensity under the background of global warming'~. For example,
many areas of the world experienced record-breaking heat events in 2022.
On July 16-19, 2022, England experienced an unprecedented extreme heat
event, with Coningsby reaching 40.3 °C on the 19th, breaking the English air
temperature record by 1.5 °C and also marking the first time the air tem-
perature in England exceeded 40 °C'*"". In the late spring and early summer
of 2022, many areas of South Asia, including India and Pakistan, experi-
enced a prolonged period of extreme heat, with air temperatures con-
sistently exceeding the climatological mean state by up to 8 °C in some
months, leading to severe human casualties, agricultural production losses,
and glacial lake outbursts'>. Furthermore, severe summer extreme heat
events have occurred in many parts of Europe, the Mediterranean, and
North America'®"*"". Summer extreme heat has occurred more frequently
in the global region in recent years, which was also highlighted in the IPCC
ARG Synthesis Report'°.

In recent years, summer extreme heat in China has also become more
frequent and intense, and the Central-eastern China (CEC) region

(20°-40°N, 90°-120°E) has become the fastest developing center of summer
extreme heat in the Asian monsoon region'”. In the summer of 2022, many
areas of the CEC experienced the strongest extreme heat event from 1961 to
that time, and the immediately following summer of 2023 again surpassed
the summer of 2022 to set a new historical record®”'”~*. In addition, the CEC
region has also experienced higher frequency or intensity of summer
extreme heat events in 2018, 2019, 2020, 2021, and other recent years™ ™.
Stronger summer extreme heat for 6 consecutive years from 2018 to 2023 at
least means that the occurrence of the CEC’s summer extreme heat
(CECSH) is not just a contribution from annual variability, but there may
also be significant decadal variability that can persist over a longer period,
accompanied by the external forcing effects of anthropogenic warming.
CEC is one of the world’s major population centers with a high risk of
exposure to extreme heat””, and high frequency or intensity of summer
extreme heats can have important impacts on regional ecology, agricultural
production, health and energy deployment™ ™, especially if the summer
heat extremes persist for more than a decade. Thus, it is of great scientific
importance and societal value to study the decadal variability of the CECSH
and to identify its underlying mechanisms.
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There are more studies on the annual variability of the CECSH or
individual case analyses, but fewer studies on its long-term decadal
variability’*. For example, Chen and Lu™ analyzed the local circulation
differences corresponding to summer extreme heat in different regions of
eastern China, but it remains unclear how these local circulations are
modulated by other climate factors. Wang et al.”” found that the summer
North Atlantic Oscillation (NAO) and the northwest Pacific sea surface
temperature (SST) have synergistic effects on the extreme heat events in the
CEC on an interannual timescale, but the relationship on decadal timescales
has not been studied. Ding and Ke” investigated the spatial and temporal
characteristics of heat wave events in China between 1960 and 2013, and
pointed out that the decadal variability of heat wave events in China is
remarkable, but the reasons for this remain unexplained. Also, the decadal
here is limited to the last 50 or 60 years and may be more of a trend than a
true long period of decadal shift, e.g., China™ and America™ in the 1930s or
Prague-Klementinum® and Ukraine*' in the 1940s were also peak periods of
extreme heat. Compared to the recent extreme heat, the extreme heat of the
1930s and 1940s was clearly influenced by less human activity, suggesting
that the CECSH may have a decadal variability. Xie et al. ** analyzed the
decadal variability of annual temperature in the CEC and its mechanism, but
the decadal variability of summer extreme heat in the CEC has not yet been
investigated.

The external forcing signals on summer extreme heat, especially the
extreme heat trends of recent years, emphasized the effect of human
activities or the greenhouse effect"'>"”, but how can the extreme heat of the
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1930s be explained? For external oceanic forcings, such as El Nifio-Southern
Oscillation (ENSO), the tropical Indian Ocean, and the Atlantic Ocean, the
focus has also been limited to extreme heat in recent years, with more annual
or near-decadal trends’"”, again failing to show why the summer extreme
heat of the 1930s was another concentration period. Thus, it is essential to
study the long-series decadal variability of the CECSH. Here, the decadal
variability of the CECSH and its mechanism are analyzed on the basis of a
long time series of daily maximum temperature data from 1900 to 2019, and
itis found that the decadal variability of the CECSH undergoes a synergistic
effect of the Atlantic Multidecadal Oscillation (AMO; also known as the
AMV**) core area SST (AMOcogg) and the tropical western Pacific SST
(WPSST). The synergistic mechanism of the AMOcogg and the WPSST on
the decadal CECSH is revealed, and an empirical model for the decadal
CECSH with good predictive performance is constructed. It should be noted
that the study period of this paper ends in 2019 due to data availability and
also to avoid the impact of the super-anomalous extreme heat of the last two
years on this study.

Results

Decadal variability of the CECSH and its relation to the AMO¢core
and the WPSST

Firstly, the measured daily maximum temperatures from the Xujiahui
meteorological observatory in Shanghai, covering a long period from 1873
to the present, were used to test the reliability of the Berkeley Earth daily
maximum temperatures in the CEC. As shown in Fig. la, the summer-

(b)

] 0.6
}:\/‘) 18- —— AMOcore|
. : LN 1 ——WPSST |
Reope 15 -0.3
i =
L 9]
1 2
%12 1 - g
2 ] -0.0%
% ] L3
1 o
o - =
O 6 <<
/V e M 0.3
20N , : i |
| U /r{} 8 R |
L T T T T T T T T T \| -\ 77 T T ‘| T 0 T T T | T T T | T T T | T T T | T T T | T T T _06
90E 100E 110E 120E 1900 1920 1940 1960 1980 2000
-1 06  -0.2 0.2

(c) Cor(AMOcore, Summer heat days)

40N—

!

2N}

T T
90E 100E 110E

-1 -0.6 -0.2 0.2 0.6 1

Fig. 1 | The time series of the CECSH, AMOcogg, and WPSST and their rela-
tionship. a Correlation of boreal summer-averaged daily maximum temperature in
central-eastern China based on the Berkeley Earth data with that measured data
from the Xujiahui Meteorological Observatory in Shanghai. The blue outline indi-
cates the area of Central-eastern China (20°-40°N, 90°~120°E) in this study.

b Sequences of the 11-year smoothed mean CECSH (yellow line; days), and
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detrended AMOcorg (green line; °C), WPSST (blue line; °C) anomalies in the boreal
summer during the period 1900-2019. Correlation of boreal summer extreme heat
days in central-eastern China with the detrended boreal summer ¢ AMOcogrg and
d WPSST anomalies after 11-year smoothed mean during the period 1900-2019.
The black dot indicates the correlation coefficient above the 95% confidence interval
based on effective degrees of freedom.
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Fig. 2 | Continuous power spectrum of the CECSH, AMOcogg, WPSST, and
HD index. Continuous power spectrum of a CECSH (days) and detrended boreal
summer b AMOcorg, ¢ WPSST for the period 1900-2019, and d HD indices for the
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period 1900-2015. The dashed blue and red lines represent the confidence level at
90% and the reference red noise spectrum, respectively.

averaged daily maximum temperatures in most areas of the CEC based on
the Berkeley Earth data have strong correlations with the measured data at
the Xujiahui station in Shanghai, which verifies the reliability of the Berkeley
Earth daily maximum temperatures in the CEC region. Meanwhile, the high
correlation areas are mostly concentrated within the CEC, indicating that
the summer-averaged daily maximum temperatures in the CEC region have
better consistent change characteristics. Next, the Berkeley Earth data will be
used to study the decadal variability of the CECSH.

As shown in Fig. 1b, the CECSH has an obvious decadal variability,
with a mean value of 9.54 days from 1900 to 2019, roughly higher than the
mean value during 1914 to 1951, lower than the mean value during 1952 to
1998, and higher than the mean value again during 1999 to 2019, showing a
“more-less-more” decadal variation. Continuous power spectrum analysis
shows that the decadal variability of the CECSH is approximately on a 70-
year cycle and passes the significance test at the 90% confidence level (Fig.
2a). Although only nearly two cycles are covered from 1900 to 2019, pre-
vious studies'*** have shown that annual mean, winter mean, and winter
minimum temperatures in the CEC have similar decadal variability on a
roughly 50-70-year cycle, supporting the plausibility of the CECSH having
decadal variability on a roughly 70-year cycle. In addition, the continuous
power spectrum of summer temperatures in the CEC also shows a decadal
variability with a roughly 70-year cycle (figure not shown). The AMOcorg
and WPSST anomalies in boreal summer also show corresponding “posi-
tive-negative-positive” decadal variations as the CECSH (Fig. 1b), and the
continuous power spectra of the AMOcogg (Fig. 2b) and the WPSST (Fig.
2¢) show that the detrended AMOcorg and WPSST also have peaks at about
70 years, indicating that the decadal variability of both is also on a cycle of
about 70 years, which is consistent with the cycle of decadal variability of the
CECSH. These suggest that the decadal variability of the CECSH may have
some connection with the AMO¢org and the WPSST. In addition, it is well
known that recent extreme summer heat, especially since the 21st century,
has been influenced by more human activities than in the 1940s, and the
coincidence of the AMO¢org and WPSST with the CECSH of the 1940s

could also suggest that the AMOcorg and WPSST do have an important
influence on the CECSH.

Figure 1c, d shows the spatial correlations of the number of extreme
summer heat days over the CEC with the detrended AMOcogrg and
WPSST anomalies in boreal summer after an 11-year smoothed mean
during the period 1900-2019. The summer AMOcogg is correlated with
the number of summer extreme heat days in the CEC region on the
decadal timescale, especially in the west-central region, where the corre-
lation coefficients of almost half of the regions pass the significance test at
the 95% confidence level (Fig. 1c). Similarly, as shown in Fig. 1d, the
summer WPSST is also correlated with the number of summer extreme
heat days in the CEC on the decadal timescale. It should be noted that the
relationship shown in Fig. lc, d is not particularly strong, probably
because the interdecadal variability of summer extreme heat in CEC may
be synergistically influenced by the AMOcorg and the WPSST, and the
AMOcogg or the WPSST alone do not fully correspond to the inter-
decadal variability of the CECSH. In addition, combining Fig. 1c, d, it can
be found that the regions where the WPSST is significantly correlated with
the number of summer extreme heat days in the CEC are to some extent
spatially complementary to those where the AMOcogg is significantly
correlated, e.g., the AMOcogg is significantly correlated with the number
of summer extreme heat days in the regions of Qinghai and western
Sichuan to eastern Tibet, and is somewhat correlated but not significantly
correlated in the region of eastern Sichuan, while for the WPSST it is
significantly correlated with the number of summer extreme heat days in
the eastern Sichuan region, and somewhat correlated in the Qinghai
region, but not significant. These results suggest that the decadal varia-
bility of summer extreme heat in the central-eastern region of China may
be synergistically influenced by the AMOcogrg and the WPSST.

It should be noted that the AMOcorg and the WPSST were studied as
the main drivers of the decadal variability of CECSH as a result of attribution
analyses, and it was found that the decadal variability of CECSH is mainly
influenced by the AMOcogrg and the WPSST, but the influence of other
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climatic factors on the CECSH cannot be excluded, especially on its annual
variability.

Mechanisms by which the AMO¢ore and the WPSST influence
the decadal variability of the CECSH

It was found above that the CECSH decadal variability may be influenced
synergistically by the AMOcorg and the WPSST. But how do the AMOcorg
and the WPSST synergistically influence the interdecadal variability of the
CECSH? Based on the theory of the air-sea coupled bridge™, SSTs, especially
remote SSTs, influencing the regional climate are usually linked by an
atmospheric bridge. In the case of extreme heat, its occurrence is inevitably
directly influenced by local atmospheric changes such as subsidence
warming, warm air transport, and radiation enhancement'®*"*. Therefore,
we conjecture that the AMOcorg and the WPSST synergistically influence
the local climate factor in the CEC through atmospheric bridges, which in
turn influence the decadal variability of the CECSH. After a series of ana-
lyses, this conjecture is confirmed, and it is found that the AMOcorg and the
WPSST can synergistically form a local heat dome (HD) in the CEC, which
in turn influences the decadal variability of the CECSH. A detailed
description is given below.

CECSH decadal variability is directly influenced by the localized
heat dome. Figure 3a, b show the spatial correlations of the 400 and
1000 hPa geopotential height anomalies over the CEC and its sur-
roundings during boreal summer with the CECSH after an 11-year
smoothed mean, respectively. It can be seen that the CECSH is sig-
nificantly correlated with the geopotential height anomalies at 400 hPa in
the region from Mongolia to northeastern China on the decadal time-
scale, and has a non-significant negative correlation with the geopotential
height anomalies at 1000 hPa in the region of the CEC. As shown in Fig.
3¢, d, the composites of the boreal summer geopotential height anomalies
at400 and 1000 hPa in the CECSH high-value year (above 9.5 days, which
is the mean value of the CECSH from 1900 to 2019) on the decadal
timescale also show a consistent result, suggesting that the decadal
variability of the CECSH may be potentially related to the positive geo-
potential height anomalies at high levels located from Mongolia to
northeastern China, which can be viewed as a HD for the CEC. HD is a
phenomenon where high pressure at high altitude covers the ground like
a dome and can cause the atmosphere near the surface to heat up
dramatically®. The ability of HDs to cause an increase in extreme heat,
particularly as it has led to an increase in extreme heat in North America
in recent years, has attracted increasing attention from researchers™'~>".
Zhangetal.” point out that the impact of HDs on extreme heat, similar to
that in North America in 2021, will increase in the future under a
warming scenario. Liu et al. * also point out that the historically extreme
early summer heat in North China in 2023 is influenced by the HD, which
is similar to that in Fig. 3. These suggest that the decadal variability of the
CECSH may be under the direct influence of this localized HD.

Figure 4 explains the influence of this local HD on the CECSH by
analyzing the horizontal and vertical temperature transport. Figure 4a
shows the vertical distribution of the composite difference in the boreal
summer horizontal temperature transport anomalies at the northern
boundary (40°N) of the CEC during the high and low CECSH on the
decadal timescale, and it can be seen that anomalous horizontal temperature
transport to the south in the upper levels at and above 150 hPa, and to the
north below this level, accompanied by anomalous vertical temperature
transport down the CEC region (Fig. 4b). These results illustrate that this
local HD can increase the summer extreme heat in the CEC region by
compressing the atmosphere, triggering subsidence movements, and pre-
venting cold air from entering the CEC region, which is also consistent with
the mechanism by which HD affects extreme heats in the individual case
studies’. In addition, it can also be found that the vertically reversed tem-
perature advection patterns contribute to the establishment of a baroclinic
configuration characterized by vertical wind shear and thermal gradients—
key drivers of baroclinic instability. However, the subsidence observed

throughout the atmospheric column acts as a stabilizing mechanism,
effectively suppressing the vertical coupling processes essential for bar-
oclinic wave amplification and convective initiation.

Figure 5a shows the scatter plot of the CECSH versus the boreal
summer HD index on the decadal timescale. It can be seen that the decadal
CECSH has a good correspondence with the HD indices, when the HD
indices are positive, the value of the decadal CECSH is also larger, when the
HD indices are negative, the value of the decadal CECSH is smaller, and the
correlation coefficient between the CECSH and the HD index reaches 0.8,
and passes the significance test at the 95% confidence level based on the
effective degrees of freedom. These further illustrate that the decadal
variability of the CECSH is directly influenced by the localized HD here.

Relationship of the HD to the AMO¢core and the WPSST and the
underlying physical mechanism. How do the HD relate to the
AMOcorg and the WPSST? Figure 5b, ¢ show the scatter plot of the
boreal summer HD index versus the boreal summer detrended
AMOcorg and WPSST anomalies after standardization, respectively. It
can be seen that the HD index has a significant correspondence with both
the AMOcogrg and the WPSST anomalies on the decadal timescale, and is
generally positive when the AMO¢org or WPSST is a positive anomaly,
and negative otherwise. The correlation coefficients of the decadal
AMOcorg and WPSST anomalies with the HD index reached 0.65 and
0.73, respectively, and both passed the significance test with a confidence
level of 95% based on the effective degrees of freedom. Figure 6 shows the
correlation map of the boreal summer SST in the regions of the
AMOcorg and the tropical western Pacific with the boreal summer HD
index on the decadal timescale. It can be seen that the HD index is also
spatially significantly correlated with the SSTs over the AMO¢ogrg and
the WPSST region, further suggesting that there may be a potential link
between the HD with the AMOcogrg and the WPSST on the decadal
timescale.

It should be noted that there are some HD indices that deviate from the
fitted line when the standardized AMOcogg is between —1 and 0 (Fig. 5b),
and some HD indices that deviate from the fitted line when the standardized
WPSST is between 0 and 1 (Fig. 5¢), suggesting that the HD may not be
influenced by the AMOcogg or the WPSST alone. Figure 5d shows the
correspondence between the HD index and the bifactor constructed by
combining the AMOcogrg and the WPSST, and it can be seen that the
relationship between the bifactor and the HD index is improved compared
to either the AMOcqgrg or the WPSST alone, the correlation coefficient
reaches 0.78, exceeding the correlation with either the AMOcogg or the
WPSST alone. These results indicate that the HD is not influenced by the
AMOcogg or the WPSST alone, but rather by the synergistic influence of the
AMOcopg and the WPSST.

In order to identify the mechanisms by which the AMOcogg and the
WPSST influence the local HD, the decadal relationship between the HD
index and the geopotential height anomalies at different levels was analyzed.
Figure 7 shows the correlation map of 400, 600, 800, and 1000 hPa geo-
potential height anomalies in the boreal summer across the North Atlantic
to East Asia on the decadal timescale. It can be seen that the geopotential
height anomalies in the mid- to high-latitude regions of the North Atlantic
have a significant negative correlation with the HD index and gradually
weaken with increasing height, while in the Mediterranean Sea to East
European regions the correlation shifts from negative in the lower levels to
positive in the upper levels and gradually strengthen with increasing height.
This suggests that the AMOcogrg may propagate downstream to the East
Asian region at about 400 hPa by stimulating such local convection, which
has been pointed out by researchers in previous studies™*". In the Mongolia-
Northeast China region, the positive correlation between geopotential
height anomalies and the HD index gradually increases from lower to higher
levels, suggesting that the WPSST may produce a similar anomalous geo-
potential height field at about 400 hPa by stimulating convection.

To further reveal the mechanism by which the AMOcorg and the
WPSST synergistically influence the localized HD on the decadal
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Fig. 3 | Local geopotential height anomalies according to the CECSH. Correlation
of the boreal summer geopotential height anomalies at a 400 hPa and b 1000 hPa

with the CECSH after 11-year smoothed mean for the period 1900-2015. The black
dot indicates the correlation coefficient above the 90% confidence interval based on
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Fig. 5 | Scatter plots of the CECSH for the HD index, the HD index for the
AMOorg and the WPSST. a Scatter plot of the CECSH versus the boreal summer
HD index on the decadal timescale during the period 1900-2015. The red line is the
linear fit. R and p indicate the correlation coefficient and its p value. b, ¢ As in (a), but
for the boreal summer HD index versus the boreal summer detrended AMO¢corg
and WPSST anomalies after standardization, respectively. d Also similar to (a), but
for the boreal summer HD index versus the bifactor based on the AMOcogg and
WPSST anomalies.

timescale, the synergistic diagnostic results are displayed in Fig. 8. As
shown in Fig. 8a, when both the decadal AMOcorg and WPSST
anomalies are in the negative phase during the boreal summer, the
400h Pa level over Mongolia to northeast China represented negative
geopotential height field anomalies, which were unfavourable for the
generation of the localized HD. Also, when the decadal AMOcorg is
in positive phase and the decadal WPSST is not (Fig. 8b), and when
the decadal WPSST is in positive phase and the decadal AMOcorg is
not (Fig. 8c), there are no consistent positive geopotential height
anomalies at 400 hPa from Mongolia to northeast China, suggesting
that neither the AMOcorg alone nor the WPSST alone is capable of
generating the localized HD. The anomalous positive geopotential
height at 400 hPa occurs from Mongolia to northeast China when
both the decadal AMOcorg and the decadal WPSST are in positive
phase. These results confirm that the localized HD is synergistically
influenced by the AMOcorg and the WPSST.

Then, the roles of the AMOcogrg and the WPSST in synergistically
influencing the local HD were analyzed by performing linear baroclinic
model (LBM) experiments, respectively. As shown in Fig. 9, the AMOcorg
is capable of inducing positive geopotential height anomalies at mid to low
latitudes in the North Atlantic, especially negative geopotential height
anomalies at mid to high latitudes in the North Atlantic, and positive
geopotential height anomalies in the Mediterranean Sea to Eastern Europe,
all of which increase progressively with increasing height, corresponding to
the circulation in Fig. 7. This further confirms that the AMOcogrg can
influence the localized HD by triggering the above circulation and its
downstream propagation. As shown in Fig. 10, warm SSTs in the tropical
western Pacific can stimulate positive geopotential height anomalies, and
the center of the positive geopotential height anomalies gradually extends to
the northwest and strengthens with increasing height, corresponding to the
circulation in Fig. 7, confirming that the WPSST can stimulate the above
circulation and impede the downstream movement of the AMOcorg-

induced circulation, resulting in atmospheric buildup in the region from
Mongolia to northeastern China, which leads to the formation of the
localized HD.

Mechanism-based empirical model for the decadal variability of
the CECSH

Here, empirical models of the decadal variability of the CECSH are con-
structed with mechanistic underpinnings based on the AMOcogg and the
WPSST, respectively. The empirical model based on the AMOcogeg is as
follows:

Decadal CECSH, (f) = a, * Decadal AMOqopg(f) + ¢, * t4e, (1)
and the empirical model based on the WPSST is as follows:
Decadal CECSH, () = a, * Decadal WPSST(t) + ¢, * t4e, (2)

where t is time for year, the coefficients a;, ¢; and a,, ¢, are obtained by
minimizing the root mean square error based on the corresponding multiple
linear regression, respectively, e; and e, are the corresponding remaining
residual terms.

As shown in Fig. 11a, b, the empirical models constructed on the basis
of the AMOcogrg and the WPSST alone are both able to reproduce the
decadal variability of the CECSH, with observed values almost exclusively
within the 2- sigma uncertainty of the modelled values. And the correlation
coefficients between the two modeled CECSH and the observations reached
0.78 and 0.80, respectively, and the corresponding root mean square errors
were 1.78 and 1.71. Nevertheless, it should be noted that both models have
certain limitations, e.g., the AMOcorg-based model simulates a peak that
does not correspond to the observed peak around 1945 and under-simulates
the rapid increase of the decadal CECSH since 2010, while the WPSST-
based model under-simulates the peak intensity of the decadal CECSH
around 1945.

Decadal CECSH;(f) = a; # Decadal AMOgops(t) + by # Decadal WPSST(t) + c; * t-4e;

3)

As shown in Fig. 11¢, the empirical model (Eq. 3) constructed based on
the synergistic effects of the AMOcorg and the WPSST is able to significantly
improve the simulation capability of the decadal CECSH, with the correlation
coefficient between the observed and modeled decadal CECSH improving to
0.88 and the root mean square error reducing to 1.36. The model not only
reduced the uncertainty in its predictions, but was also able to simulate the
peak of decadal CECSH around 1945 and the rapid increase from 2010. In
addition, it is also confirmed again that the decadal variability of the CECSH is
synergistically influenced by the AMOcogg and the WPSST.

Hindcast experiments were conducted to check the predictive per-
formance of the decadal CECSH empirical model. As shown in Fig. 12,
hindcast experiments based on constructing the model over different per-
iods of time, as well as different prediction horizons, are shown to
demonstrate the stability of the decadal CECSH model. Figure 12a gives a
hindcast experiment based on data from 1900 to 1995 modelled for the
decadal CECSH from 1996 to 2000. It can be seen that the empirical model is
able to predict the 1996-2000 decadal CECSH relatively well. Similarly, Fig.
12b gives a hindcast experiment based on data from 1900 to 2014 modelled
for the decadal CECSH from 2015 to 2019. Figure 12c also shows a hindcast
of the decadal CECSH for the following 10 years (2010 to 2019) based on
modelling from 1900 to 2009. It can be seen that the hindcasted decadal
CECSH of the empirical model reproduces the observed CECSH well,
indicating that the empirical model has good stability, and further indicating
that the synergistic effect of the AMO¢org and the WPSST on the decadal
CECSH is stable.
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Fig. 6 | Relationship of the CECSH with the AMOcogg and the WPSST. Corre-
lation of the boreal summer SST in the regions of a the AMOcogg (20°-45°N,
75°-20°W) and b the tropical western Pacific (10°S-20°N, 150°-180°E) with the

boreal summer HD index on the decadal timescale during the period 1900-2015.
The black dot indicates the significance of the correlation coefficient above the 90%
confidence interval based on effective degrees of freedom.
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Fig. 7 | Relationship of the HD index with geopotential height anomalies. Cor-
relation of a 400 hPa, b 600 hPa, ¢ 800 hPa, and d 1000 hPa geopotential height
anomalies in the boreal summer in the North Atlantic to East Asia on the decadal
timescale during the period 1900-2015. The black dot indicates the significance of
the correlation coefficient above the 90% confidence interval.

Conclusion and discussion
In this study, the synergistic effects of the AMOcogrg and the WPSST on the
decadal variability of the CECSH are investigated, revealing the physical
mechanism that the AMOcorg and the WPSST generate the localized HD
in the CEC through synergistic interaction, which in turn influences the
decadal CECSH, and constructs the empirical model of the decadal CECSH,
which has a physical basis and is well simulated, based on the AMOcorg and
the WPSST.

In particular, the decadal variability of the CECSH is first analyzed
based on long time-series data, and it is found that the decadal variability of

the CECSH has a roughly 70-year cycle and is significantly related to the
North Atlantic SST (here defined as the AMO core area SST, AMOcorg)
and the tropical western Pacific SST (here defined as the WPSST). Secondly,
the local circulation corresponding to the decadal variability of the CECSH
is investigated, and it is found that the decadal variability of the CECSH is
directly influenced by the localized HD, whose upper level is located from
Mongolia to northeast China and the lower level is located in the CEC.
Thirdly, we propose and verify the mechanism hypothesis that the
AMOcogg and the WPSST synergistically influence the decadal CECSH
through the aforementioned local HD. It is found that the AMOcogg can
excite positive geopotential height anomalies at mid to high latitudes in the
North Atlantic and from the Mediterranean Sea to Eastern Europe, and
produce negative geopotential height anomalies at mid to low latitudes in
the North Atlantic, and both gradually intensify with increasing heights, and
are transported downstream at high altitudes around 400 hPa. The WPSST
can produce positive geopotential height anomalies in the tropical western
Pacific that gradually increase and extend north-westward with increasing
height, hindering upstream atmospheric movement and leading to atmo-
spheric accretion in Mongolia to northeast China, forming the localized HD.
This means that the synergistic effects of the AMOcogrg and the WPSST
favor the formation of the local HD that can influence the CECSH decadal
variability. Finally, the empirical models of the decadal CECSH are con-
structed based on the AMOcogg or the WPSST alone, and based on the
synergistic effects of the AMOcorg and the WPSST, respectively, and it is
found that the empirical model constructed based on the synergistic effects
of the AMOcorg and the WPSST can significantly improve the simulation
ability of the CECSH decadal variability. Hindcast experiments further
confirmed that the empirical model of the decadal CECSH constructed from
the AMOcorg and the WPSST has a good prediction performance.

The SST has better persistence relative to air temperature and circu-
lation, so it can be used to predict the decadal CECSH, but we construct an
empirical model for the CECSH based on the AMO¢org and the WPSST in
the same summer, so if it is to be better applied in climate prediction
operations, the predictive ability of the dynamical climate model to predict
the AMOcogrg and the WPSST needs to be assessed and objectively revised.
Senapati et al. * found that positive SST anomalies in the Atlantic tropics
can weaken the trade winds during the summer, leading to a shallower
mixed layer and lower heat capacity, which in turn affects the SST in the mid
to high latitudes of the North Atlantic, and thus the influence of Atlantic
tropical SST on the CECSH can be explored in terms of a leading effect to
obtain its forecast signals, which is worth a new study in the future. In

npj Climate and Atmospheric Science | (2025)8:201


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01092-y Article

5o MAMOcor: & WPSST

20N

120E 120E

(c) pWPSST \ pAMOc¢ore (d) pAMO¢ore & pPWPSST

20N
90E 120E
T .
-10 -6 -2 2 6 10
Fig. 8 | Composite of the geopotential height anomalies. a Composites of the AMOcorg (PAMOcorg) and non-positive WPSST (pWPSST) anomalies

boreal summer 400 hPa geopotential height anomalies in the East Asia for the joint ~ (pAMOcore\pWPSST), positive WPSST (pWPSST) and non-positive AMOcorg
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Fig. 9 | LBM experiment in accordance with the AMOcogg. The a 400 hPa, b 600 hPa, ¢ 850 hPa, and d 1000 hPa geopotential height anomalies derived from LBM with the
boreal summer background conditions and the thermal forcing sources localised as the positive AMOcorg, pattern.
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from LBM with the boreal summer background conditions and the thermal forcing sources localised as the positive WPSST pattern.

addition, we only analyzed the synergistic effects of the AMO¢org and the
WPSST on the decadal variability of the CECSH, and there may be other
climatic factors that can synergistically influence the CECSH, which also
need to be further investigated in the future. Della-Marta et al. * pointed out
that peaks of summer extreme heat were also observed in Europe in the
1930s to 1940s, and that the decadal variability of summer extreme heat
needs to be regrouped in the future from a global perspective.

Methods

Observational data

Daily maximum temperatures (Tmax) were obtained from the Berkeley
Earth dataset”, covering the period 1880-present, with a horizontal reso-
lution of 1° latitude x 1° longitude, which can well characterize the daily
maximum temperature in the CEC. Measured temperatures from the
Xujiahui meteorological observatory in Shanghai from 1873 to the present
were used to evaluate the effectiveness of the Berkeley Earth dataset in
characterizing the maximum temperature of the CEC. Monthly SST's were
obtained from the Hadley Centre Sea Ice and SST (HadISST) dataset™,
which covers the period 1870-present and is at a horizontal resolution of 1°
latitude x 1° longitude. Monthly geopotential heights, temperatures,

horizontal and vertical winds at 1000 to 1 hPa pressure levels were obtained
from the NOAA-CIRES-DOE 20th Century Reanalysis V3 (20CRv3)”,
which covers the period 1836-2015 and has a horizontal resolution of 1°
latitude x 1° longitude.

Definitions and indices

In this study, summer refers to the June-July-August. Extreme heat is
defined by a relative threshold of 90 percent, meaning the daily maximum
temperature above the 90th percentile defines an extreme heat day. It
should be noted that for each calendar day during the summer of
1900-2019, we calculated the 90th percentile threshold of daily Tmax at
individual grid points through a ranking analysis, where daily Tmax
values exceeding the local threshold were classified as extreme heat days.
The Central-eastern China is defined as the area of 20°-40°N, 90°-120°E,
which is framed in Fig. 1a. The CECSH is calculated by a regional weighted
average of the number of summer extreme heat days in Central-eastern
China. The AMOcogg is defined as the regionally weighted average SST in
the AMO core area (20°-45°N, 75°-20°W), and the WPSST is defined as
the regionally weighted average SST in the tropical western Pacific
(10°S-20°N, 150°-180°E), framed in Fig. 6a, b, respectively. The bifactor
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Fig. 11 | Empirical models of the decadal CECSH. Observed decadal CECSH (red
line) and modeled decadal CECSH (blue line) based on the boreal summer decadal
a AMOcogrg and b WPSST for the period 1900-2019, respectively. The shaded area
in light blue marks the 2-sigma uncertainty range of the modeled values. ¢ As in (a),
but the modeled decadal CECSH based on the combined influence of the decadal
AMOcorg and the decadal WPSST.

(AMOcorg, WPSST) corresponding to the CECSH was calculated by first
regressing the CECSH on the AMOcogrg and WPSST by multiple linear
regression to obtain the corresponding weight coefficients of the
AMOcorg and WPSST, and then multiplying the AMOcogrg and WPSST
by their respective weight coefficients and summing to obtain the sum.
The intensity of the heat dome (HD) is expressed by the difference
between the 400 hPa geopotential height anomalies in the Mongolia to
Northeast China (M-NGC; 40°-45°N, 95°-135°E) and the 1000 hPa geo-
potential height anomalies in the Central-eastern China (CEC), and the
HD index is calculated as follows:

H400y,_yc(t) — H10005c(1)

5 4)

HD index(t) =

where t denotes year, H400,,_yc denotes the regionally weighted average
400 hPa geopotential height anomalies in the M-NC region, and H1000 g
denotes the regionally weighted average 1000 hPa geopotential height
anomalies in the CEC region. It should be noted that our analyses showed
that the HD index based on the difference in geopotential height anomalies
at 300 or 500 hPa versus 1000 hPa is insensitive to the results compared to
the index derived based on 400, and 400 hPa was chosen to calculate and
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Fig. 12 | Hindcast tests of the decadal CECSH empirical model. Observed (red
line), model (blue line), and hindcasted (black line) decadal CECSH. a Hindcast for
the 1996-2000 decadal CECSH based on the model constructed with the AMO¢org
and WPSST for the period 1900-1995. The shaded area in light blue (black) marks
the 2-sigma uncertainty range of the modeled (hindcast) values. b As in (a), but for
the hindcast for the 2015-2019 decadal CECSH, based on a model constructed for
the period 1900-2014. ¢ As in (a), but for the hindcast for the 2010-2019 decadal

CECSH, based on a model constructed for the period 1900-2009.

analyze because it has the strongest relationship with the CECSH relative to
layers such as 300 and 500 hPa (not shown here).

The thermodynamic perturbation equation
Horizontal and vertical temperature transport are calculated using the fol-
lowing thermodynamic perturbation equations:

+ a2l 59T L RO =y WT + wT')
0x dy g

©)

where T (unit: K) is the temperature at the reference state, T’ (unit: K) is the
departure of the air temperature, #(unit: m s '), ¥(unit: m s ™), w(unit: ms™")
are the latitudinal, meridional and vertical winds at the reference state,
respectively, the #' (unit: m s™"), v/(unit: m s™"), w/(unit: m s™') are the
corresponding departures, x (unit: m) and y (unit: m) are distances in the
latitudinal and longitudinal directions, respectively, R (287 J kg ' K') is the
gas constant of dry air, y, and y are the dry adiabatic lapse rate and the real
atmospheric lapse rate, p is the pressure, g (9.806 m s?) is the acceleration
due to gravity.

g__ /£+ ’@
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The synergistic effect diagnostic method

The synergistic diagnostic method used here*>® allows the presence of
synergistic effects to be determined statistically. Suppose there are two
forcing factors F, and F,, which can be divided into positive (pF, or pF,)
and negative (nF, or nF,) respectively. When both forces are in the positive
phase, they can be expressed as pF; & pF,, when both forces are in the
negative phase, it is expressed as nF; & nF,.If F; is in positive phase and F,
is not, it can be expressed as F| \ F,, if F, is in positive phase and F is not, it
can be expressed as F, \ F; . If the response T is investigated in this study, the
difference between different events can be compared to see if there is a
synergistic effect.

The linear baroclinic model

The linear baroclinic model (LBM) developed by Watanabe and
Kimoto®' was applied to investigate the impact of the AMOcogg and
WPSST on the CECSH. A dry version of the LBM and the summertime
climatology with T21 horizontal resolution and 20 vertical layers
derived from the ERA reanalysis dataset were used in this study. The
LBM was integrated for 29 d and the results after stabilization were
used. More details on the LBM can be obtained from Watanabe and
Kimoto®'.

In addition, the test of significance used in this study was student’s
t-test, and the degrees of freedom of the series after the smoothing filter may
decrease, so the effective degree of freedom was used in the test of sig-
nificance. The detrending in the article is to remove the linear trend, unless
otherwise stated. Continuous power spectrum analysis and correlation
analysis were also utilized in this study and will not be described in
detail here.

Data availability

Berkeley Earth dataset is available at https://www.berkeleyearth.org/data/;
HadISST is available at https://www.metoffice.gov.uk/hadobs/hadisst/data/
download.html; 20CRv3 is available at https://psl.noaa.gov/data/gridded/
data.20thC_ReanV3.html; The measured daily maximum temperatures
from the Xujiahui meteorological observatory in Shanghai can be obtained
by contacting the author.

Code availability

The LBM code is available at https://ccsr.aori.u-tokyo.ac.jp/~lbm/sub/Ibm_
4.html; All other codes involved in this study are based on NCL and can be
available by contacting the author.
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