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Abstract

Climate change has led to an increase in the intensity and frequency of extreme high temperature events (HTE). However,
there is limited understanding of the impacts of pre-exsiting soil temperature (ST) anomalies on HTEs. Using observa-
tions, reanalysis data and numerical experiments, this study investigated the relationships between the May ST in the
Huanghuai region and the HTE on June 22 and 23, 2023, in North China. The results show that the ST on May 16 can
significantly affect the HTE on June 22 and 23 through its impact on the atmosphere by gravity wave. The ST anomaly
persistence can continue to influence the atmosphere and thus modulate subsequent HTE. Propagating from the initial ST
anomalies on May 16, subsequent anomalies in the atmosphere, ST and soil moisture affect the HTE on June 22 and 23
in 2023. Through this cascade, the role of the atmospheric anomalies grows progressively more dominant than that of
the ST and soil moisture anomalies over time. Moreover, in this individual case, land—atmosphere interactions on June
22 and 23 associated with antecedent ST enhance the HTE, but are not responsible for its occurrence. The conclusions
highlight the important role of antecedent ST in HTE, and may draw attention to the important role of antecedent ST in

HTE and other extreme events.
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1 Introduction

Global warming leads to the rising of the intensity and fre-
quency of extreme high temperature events (HTE) (Per-
kins-Kirkpatrick and Lewis 2020; Li et al. 2021; Lesk et al.
2022; TPCC 2023). Extreme HTE has an extensive impact
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on human health, local ecosystems, social economy (Sun
et al. 2014; Zhu et al. 2016; Zhang et al. 2017; Paniw et
al. 2022; Lu and Chen 2016; CMA Climate Change Centre
2022). As a densely populated region, North China (NC)
(114° E-121° E, 34.5° N-42.5° N) suffered from severe
HTE (Ding et al. 2010; Wei and Chen 2011; Wang et al.
2014; Ren et al. 2020).The frequency and intensity of HTE
in the NC gradually increased (Wu et al. 2022), and pro-
jected heatwave magnitude will increase in NC under the
RCP2.6, RCP4.5, and RCP8.5 scenarios (Xu et al. 2024).
From mid-June through early July 2023, an extreme HTE
occurred in NC (Xiao et al. 2024). The number of high tem-
perature (daily maximum temperature>35 °C) days in NC
reached 9.8 days in June, which was the fourth most in the
same period in history since 1961 (http://news.weather.com
.cn/2023/06/3632314.shtml). From June 21 to 30 in 2023,
the daily maximum temperature exceeded 40 °C at 124
observation stations in NC (http://news.weather.com.cn/20
23/07/3632644.shtml).

Both numerical simulations and diagnostic analyses
show that antecedent sea surface temperature, soil moisture
(SM) and concurrent synoptic circulation patterns have an
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important influence on the HTE in NC. The HTE in NC
is related to climate change, anthropogenic activity, land-
surface interaction and atmospheric circulation (Wu et al.
2021). The sea surface temperature over the Northwest
Pacific during April-May, the sea surface temperature ten-
dency over the North Atlantic and the central-eastern Pacific
from April to May, the 2-m temperature warming tendency
from December-January to April-May over Russia are the
important predictability sources of extreme high tempera-
ture days in NC (Li and Ye 2024). Soil moisture in spring
or early summer is also closely linked to summer THE in
NC (Wu and Zhang 2015; Zhang et al. 2015). Moreover,
synoptic circulation patterns play a key role in regional dry
and moist heat waves in NC (An and Zuo 2021), and the
severe HTE over NC in late June 2023 is accompanied by
anomalous anticyclone (Wang et al. 2024; Xiao et al. 2024).
Compared to current climate conditions, extreme three-day
HTE in NC in late June 2023 are projected to increase in
both frequency and intensity in future (Qian et al. 2024).

As a critical parameter characterizing soil thermal sta-
tus and land—atmosphere interactions, the effect of ante-
cedent soil temperature (ST) on atmosphere, especially its
contribution to extreme heat events, remains inadequately
studied. Due to the memeory of soil thermal anomalies, to
what extent can antecedent ST influence HTE? Numerical
experiments demonstrated that the deep ST on the previous
day can produce a meaningful impact on the HTE (Gomez
et al. 2016). In terms of climatological characterization of
HTE, spring ST over central Asia may lead to more HTE
in summer via the effects on geopotential height anoamlies
(Yang et al. 2019). However, the potential influence of ante-
cedent ST with lead times of weeks to months on a given
THE remains poorly understood, and this study focuses on
whether antecedent ST can influence the extreme HTE in
late June 2023 in NC.

2 Methodology
2.1 Data and statistical analysis

Daily maximum, minimum and average temperature obser-
vation data at 2 m in 2023 are from National Centers for
Environmental Information (https://www.ncei.noaa.gov/
maps/daily) and the site number in China is 408. Monthly
skin temperature (TSK) observation data at 1085 sites from
1960 to 2013 is provided by the China Meteorological
Administration (http://data.cma.cn/data/detail/dataCode/A
.0053.0002.S004.html). ERAS5-Land maximum air temper
ature at 2 m (Tmax) and ST daily data of four soil levels
(07, 7-28, 28-100, and 100-289 cm) in 2023 were used.
Monthly ERAS-land ST data at the four soil levels and air
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temperature at 2 m (T2m) from 1979 to 2023 were used.
The horizontal resolution of ERA5-land data is 0.1°x0.1°.
The daily Tmax observations are obtained from the China
Meteorological Administration (http://data.cma.cn/data/de
tail/dataCode/A.0012.0001.html), which spans the period
from 1951 to 2024.

To understand the antecedent ST signals associated with
the June Tmax, Pearson correlation coefficient was used to
analyze the relationships between the observed June Tmax
and the ERAS5-Land ST in both June and the preceding May.
The analysis utilized data spanning the period from 1979 to
2022.

2.2 Numerical experimental design

The numerical experiments were performed using the
Weather Research and Forecasting (WRF) model (Skama-
rock et al. 2008), and the version is 4.3. The simulation
domain is centered at (35° N, 100° E), and the total grid
points is 80 (west—east) x50 (south—north), with the hori-
zontal grid spacing is 100 km. Initial and boundary condi-
tions are provided by NCEP-FNL.

The control experiment (CTL) was performed starting
from May 15th to June 30th. In sensitivity experiments,
the area where ST anomalies were filled is from 110° E to
121° E and from 30° N to 40° N. This key region was identi-
fied based on the relationship (Sect. 3.2) between the June
Tmax and the ST in both June and May using ERAS5-Land
data. The added ST anomalies were referenced to the stan-
dard deviation of the observed skin temperature (TSK) in
May from 1960 to 2019 (Fig. 1). Given the global warming
trend, positive ST anomalies were incorporated into the ini-
tial ST conditions of the CTL. Five sensitivity experiments
(SEN, JUN1-STSM, JUNI1-ST, JUN20-STSM, JUN20-ST)
were conducted, starting from May 16, June 1, June 1, June
20 and June 20, respectively. The atmospheric and soil con-
ditions simulated by CTL at 0:00 on May 16th was used as
the initial condition of SEN after adding ST anomalies. The
initial atmospheric state for JUN1-STSM was taken directly
from the SEN run at 00:00 on June 1. The initial soil state
for JUN1-STSM was constructed by taking the SEN state
at 00:00 on June 1 and replacing its ST and SM fields with
the values from the CTL run at the corresponding time. In
JUNI1-ST, the initial atmospheric condition was the same
as the one simulated by SEN at 0:00 on June 1, and the
soil condition simulated by SEN at 0:00 on June 1 was used
as the initial soil condition of JUNI1-ST after the ST in it
were replaced by the one at the corresponding time in CTL.
Experimental details are provided in Table 1. The experi-
mental design of JUN20-STSM and JUN20-ST were similar
to those of JUN1-STSM and JUNI-ST (Table 1). The two
groups of experiments were designed to test the subsequent
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Fig. 1 ST anomalies used to initialize the SEN experiment, which were referenced to the standard deviation of TSK in May from 1960 to 2019.

The shaded region corresponds to the model domain

Table 1 Schemes of the numeri- Experiment Initial condition Initialization time  Lateral boundary
cal experiments Atmosphere ST SM
The ‘Initial condition’ column CTL NCEP-FNL NCEP-FNL NCEP-FNL May 15th NCEP-FNL
indicates that the model was SEN CTL CTL+ST anomalies CTL May 16th NCEP-FNL
initialized using the atmospheric  JUN1-STSM ~ SEN CTL CTL June 1st NCEP-FNL
?ﬁ‘déﬁ‘f S“rsfg‘l’\? States‘fm“; . JUNLsT SEN CTL SEN June Ist NCEP-FNL

e morSul CRPETITEN & JUN20-STSM SEN CTL CTL June 20th NCEP-FNL
the corresponding time listed in

JUN20-ST SEN CTL SEN June 20th NCEP-FNL

the ‘Initialization time’ column

Table 2 Calculation design for the separate impact of ST, SM and
atmospheric anomalies on June 1 (originating from the ST anomalies
on May 16) on subsequent states of atmosphere and land surface
Experiment

SEN - CTL
JUN1-STSM - CTL

Separate impact

Initial ST anomalies on May 16

Atmospheric anomalies on June 1
caused by ST anomalies on May 16
SEN — JUNI-ST ST anomalies on June 1 caused by
ST anomalies on May 16
JUN1-ST - JUN1-STSM SM anomalies on June 1 caused by

ST anomalies on May 16

atmospheric and land-surface responses after separately
removing the ST, SM, and atmospheric anomalies on June

1 and June 20, respectively. And these anomalies were
induced by the May 16 ST event. The ultimate objective is
to determine whether the impact of the May 16 ST anoma-
lies on the HTE on June 22 and 23 is mediated primarily
through the atmospheric pathway, the ST and SM pathway,
or both.

As shown in Table 2, the differences between SEN and
CTL were used to estimate the influence of the initial ST on
May 15 on the subsequent atmosphere and land surface. The
differences between SEN and JUNI-STSM were used to
estimate the response of the atmosphere and land surface to
the June 1 ST and SM anomalies (originating from the May
16 ST anomalies), with the June 1 atmospheric anomalies
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caused by the May 16 ST anomalies removed. The differ-
ences between SEN and JUN1-ST were used to estimate the
response of the atmosphere and land surface to the June 1
ST anomalies caused by the May 16 ST anomalies, with the
June 1 atmospheric and SM anomalies attributable to the
May 16 ST anomalies removed. The differences between
JUNI1-STSM and CTL were used to estimate the response
of the atmosphere and land surface to June 1 atmospheric
anomalies originating from the May 16 ST anomalies, with
the June 1 ST and SM anomalies caused by the May 16 ST
anomalies removed. The differences between JUN1-ST and
JUNI1-STSM represent the separate response of the atmo-
spheric and land surface to the June 1 SM anomalies origi-
nating from the May 16 ST anomalies. Similar assessments
were also conducted on June 20 using the differences among
SEN, JUN20-STSM and JUN20-ST.

3 Results

3.1 The characteristics of the HTE in observation,
ERA5-land and simulations

Figure 2 shows there is an extreme HTE in NC on Jun 22
and 23 in 2023, and Tmax exceeds 40 °C in some areas of
NC (Xiao et. al., 2024). The spatial distribution of the Tmax
of ERAS5-Land is in good agreement with observation in
NC (Fig. 2a, b). The Tmax on June 22 and 23 simulated
by CTL shows similar spatial characteristics to observa-
tion, but the area with Tmax above 34 °C is smaller, and the
simulated Tmax is lower in the eastern and northern parts of
NC (Shandong, Liaoning and the northern part of Jiangsu).
The CTL simulation can reproduce the high temperature in
Mongolia, India, Northwest China and NC (Fig. 2c). More-
over, the spatial distribution of Tmax simulated by the SEN
experiment is also similar to that of the CTL experiment, but

Tmax (NOAA)

Fig. 2 The spatial distributions of 2
the Tmax on June 22 and 23. a is "

the observed Tmax. b The Tmax

in ERAS-Land. ¢ The simulated o
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the Tmax is considerably higher in the Huanghuai region
(approximately 110°-121° E, 30°-40° N) (Fig. 2d). The sig-
nificant positive and negative Tmax anomalies induced by
the initial ST anomalies are located in the Huanghuai region
and northeastern China, respectively (Fig. 2¢).

3.2 The statistical relationship between antecedent
ST and the near surface temperature in June

The relationships between antecedent ST and the near sur-
face temperature in June are represented by the correlation
coefficients between the air temperature at 2 m in June and
the ST at the four soil levels in May and June from 1979 to
2022. In June, the correlation decreases with increasing soil
depth (Fig. 3a—d). Meanwhile, there was a statistically sig-
nificant linear relationship between ST in May in the Huang-
huai region and the June T2m in NC (Fig. 3e—h). Moreover,
the area with high correlation shifts from the top three soil
levels in NC to the four soil levels in the Huanghuai region,
and the May ST in the Huanghai region is closely related to
the June T2m in NC. In May, the correlation in the third soil
level is greater than one in the first and second soil levels.
Therefore, the May ST may have some physical connec-
tion with the June T2m, and then may alter the HTE in June
through atmospheric and soil conditions associated with the
T2m.

3.3 Theinfluence of antecedent ST on the Tmax on
Jun 22 and 23 in 2023

The positive ST anomalies on May 16 lead to the obvious
positive and negative Tmax anomalies in the Huanghuai
region and northeastern China on June 22 and 23 in 2023,
respectively, and the absolute value of the anomalies can
reach about 5 °C in some areas (Fig. 4a). The positive Tmax
anomalies in the Huanghuai region imply an enhancement
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Fig.3 The correlation coefficients between the Tmax in June and ante-
cedent ST (1979-2022). a, b, ¢ and d correspond to the 1st, 2nd, 3rd
and 4th soil layers in June, respectively. e, f, g and h correspond to the

of HTE in the southern part of NC, and this enhancement is
caused by the initial positive ST anomalies.

After removing the June 1 ST and SM anomalies that
originated from the May 16 ST anomalies, the remaining
atmospheric anomalies on June 1, which are also induced
by May 16 ST anomalies, can still generate a spatial pat-
tern of Tmax anomalies similar to that in Fig. 4b,though the
anomalies are weaker in magnitude.

Moreover, as shown in Fig. 4c and d, after removing the
atmospheric anomaly signals on June 1 caused by the May
16 ST anomalies, the June 1 ST and SM anomalies caused
by the May 16 ST anomalies can still produce the Tmax
anomalies that are spatially similar to those in Fig. 4b. Addi-
tionally, these Tmax anomalies are stronger than those in
Fig. 4a in northeastern China. Furthermore, the separate
impact of the June 1 SM anomalies is opposite to that of
the June 1 ST anomalies. While positive ST anomalies lead
to higher T2m, positive SM anomalies result in decreased
T2m. In other words, the atmospheric, ST and SM anoma-
lies on June 1 caused by the ST anomalies on May 16 can
all play an important role in the connection between the ST
anomalies on May 16 and the Tmax anomalies on June 22
and 23.

Furthermore, the atmospheric anomalies on June 20,
which caused by the ST anomalies on May 16, are capable
of producing the Tmax anomalies on June 22 and 23 simi-
lar to those in Fig. 4e, both in spatial extent and degree of
anomaly. However, the ST and SM anomalies on June 20,
which caused by the ST anomalies on May 16, have little
effect on the Tmax anomalies on June 22 and 23 (Fig. 4f

03 04 05 06 0.7 0.8

Ist, 2nd, 3rd and 4th soil layers in May, respectively. The warm-col-
ored shaded areas represent the 95% confidence level using the T test

and g). In other words, the June 20 atmospheric anomalies
caused by the May 16 ST anomalies mainly determine the
connection between the May 16 ST anomalies and the Tmax
anomalies in Fig. 4a. In contrast, the contributions from the
June 20 ST and SM anomalies caused by the May 16 ST
anomalies are negligible (Fig. 4f and g).

In summary, the ST anomalies on May 16 lead to sub-
sequent ST and SM anomalies, and the persistence of the
anomalies in soil can continuously affect the atmosphere. On
June 20, the ST and SM anomalies are no longer important
in the connection between the May 16 ST anomalies and the
Tmax anomalies in Fig. 4a. In other words, the concurrrent
local land—atmosphere interaction is not responsible for the
occurrence of the Tmax anomalies in Fig. 4a.

3.4 The physical processes related to the influence
of antecedent ST on the HTE in June

The initial ST anomalies can subsequently induce anoma-
lies in ST, SM and the atmosphere. The ST anomalies origi-
nating on May 15 propagate downward over time and can
persist through June. In the deep soil layers, these anomalies
can maintain a magnitude of no less than 0.4 °C (Fig. 5a).
The negative ST anomalies correspond to the positive SM
anomalies (Fig. 5a and b). The positive SM anomalies are
attributable to precipitation anomalies, which are caused
by atmospheric anomalies originating from the May 16
ST anomalies. Moreover, the impact of the May 16 ST
anomalies on subsequent ST is more pronounced than their
impact on subsequent SM. The separate impact of ST and
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Fig. 4 The Tmax anomalies on June 22 and 23 caused by ST, SM and
atmosphere anomalies. a The Tmax anomalies caused by the May 16
ST anomalies (SEN minus CTL). b The Tmax anomalies caused by
the June 1 atmosphere anomalies (JUN1-STSM minus CTL). ¢ The
Tmax anomalies caused by the June 1 ST anomalies (SEN minus
JUN1-ST). d The Tmax anomalies caused by the June 1 SM anomalies

atmospheric anomalies originating from the May 16 ST
anomalies on the ST condition on June 22 and 23 show the
similar characteristics to the impact from the May 16 ST
anomalies. The positive ST anomalies in late June origi-
nated from the atmospheric anomalies induced by the posi-
tive ST anomalies on May 16. The May 16 ST anomalies
propagated through subsequent atmospheric, ST, and SM
anomalies, ultimately leading to the atmospheric anomalies
in late June. Moreover, the SM anomalies induced by the
May 16 ST anomalies can generate the negative ST anoma-
lies and positive SM anomalies on June 22 and 23, conse-
quently resulting in negative Tmax anomalies on June 22
and 23 (Fig. 5g and h). The separate impacts of the June 20
and June 1 anomalies in ST, SM and atmosphere are simi-
lar, with both sets stemming from the May 16 ST anomalies
(Fig. S1).

The persistence of ST and SM anomalies in soil can affect
subsequent atmosphere. The May 16 ST anomalies in the
Huanghuai region lead to a significant increase in spatially
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(JUNI1-ST minus JUNI-STSM). e The Tmax anomalies caused by the
atmosphere anomalies on June 20 (JUN20-STSM minus CTL). f The
Tmax anomalies caused by the ST anomalies on June 20 (SEN minus
JUN20-ST). g The Tmax anomalies caused by the SM anomalies on
June 20 (JUN20-ST minus JUN20-STSM)

averaged atmospheric anomalies and land—atmosphere flux
anomalies in the simulation domain over time (Fig. 6). From
mid-June, the atmospheric temperature anomalies can reach
the order of 107! °C, while the geopotential anomalies can
reach the order of 101 m%/s? (Fig. 6a). Moreover, the anoma-
lies of heat fluxes and radiation fluxes can reach the order
of 102 W/m? after about June 10 (Fig. 6b). The response of
atmosphere to ST anomalies is controlled by atmospheric
thermodynamics and dynamical equations. Following the
introduction of the positive ST anomalies into the Huan-
ghuai region, ST anomalies trigger a rapid atmospheric
response through the excitation of gravity waves (Fig. 7). By
one hour after initiation, the region significantly affected by
gravity waves covers the area within 25°-42° N and 100°-
130° E; by the sixth hour, it has expanded to include Ban-
gladesh and the South China Sea (Fig. 7). The atmospheric
anomalies undergo sustained growth, driven by persistent
land surface anomalies originating from the May 16 ST
anomalies (Figs. 5 and 6). And the persistent forcing from
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Fig.7 The geopotential anomalies caused by positive ST anomalies at 0:00 on May 16 (SEN—CTL). The geopotential anomalies of 850 hPa after
5 min (a), 10 min (b), 20 min (¢), 40 min (d) and 60 min (e). f is the geopotential anomalies of 500 hPa after 6 h

the land surface anomalies caused by the May ST anoma-
lies leads to continuous adjustments in atmospheric wind
speed, geopotential height and other atmospheric variables
(Fig. 8). The impacted area is not limited to North China and
the Huang-Huai region, with distinct atmospheric anoma-
lies also present in other regions (Fig. 8).

orT oT RT  Q
=V, VT —w— + d 1
oD n Vi wap + Cppw—"_ P (1

where T and ¢ are air temperature and time, respectively; V},
and w are the horizontal and vertical velocities in the pres-
sure coordinate, respectively; Q represents nonadiabatic
heating, such as heat and radiation fluxes; p is air pressure,
solar radiation reflected by land surface, thermal radiation
emitted by land surface, sensible and latent heat fluxes,
respectively; 12 and ¢, are specific heat capacity at constant
pressure and dry air specific gas constant, respectively.
Following the fundamental atmospheric temperature
tendency equation derived from the first law of thermo-
dynamics (Eq. 1), the continuously enhanced atmospheric
anomalies lead to the Tmax anomalies on June 22 and 23,
and the Tmax anomalies were enhanced through land—
atmosphere interactions (Fig. 9). The anomalies of atmo-
spheric temperature and circulation produce warm and
cold advection (Fig. 9f), which contributes to the warm
and cold atmospheric internal energy anomalies in Huan-
ghuai and northeastern China, respectively (Fig. 9¢). The
warm atmospheric internal energy anomalies lead to
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positive downward longwave radiation anomalies in Huan-
ghuai (Fig. 9¢), which increases skin temperature (TSK) in
Huanghuai (Fig. 9h). The increased TSK then makes T2m
increases through the increased SH in Huanghuai (Fig. 9a),
while the opposite is true in northeastern China (Fig. 9a).
Moreover, horizontal heat transport near the land surface
also contributes to the near-surface temperature anomalies
(Fig. 9b). There are not significant downward solar radia-
tion anomalies in Huanghuai, which implies that downward
solar radiation is not responsible for the Tmax anomalies
on June 22 and 23 (Fig. 91). Meanwhile, the increased TSK
enhances upward longwave radiation, further warming the
atmosphere in Huanghuai (Fig. 9d). In summary, both tem-
perature advection anomalies and SH anomalies play a cru-
cial role in the Tmax anomalies in Fig. 4a.

4 Conclusion and discussion

Monthly temperature anomalies provide a backdrop for
daily extreme events (Yang et al. 2019; Hoogewind et al.
2025). Using ERAS5-Land data and observations, we found
that the T2m in June in NC is significantly related to the
May ST in the Huanghuai region, suggesting their potential
monthly-scale connection. Numerical simulations confirm
that the positive May 16 ST anomalies in the Huanghuai
region can lead to the positive Tmax anomalies in the south-
ern part of NC, and the anomalies can reach about 5 °C in
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Fig. 9 The anomalies of atmosphere and land surface fluxes on June
22 and 23 caused by the positive ST anomalies on May 16 (SEN —
CTL). a SH. b temperature advection at ground surface (VgradTO0).
¢ downward longwave radiation at ground surface (GLW). d upward
longwave radiation at ground surface (GLW+FIRA). e The vertical

integral of the internal energy of the atmosphere (CvT). f The vertical
integral of temperature advection of the atmosphere (VgradT). g The
wind of 850 hPa (Wind-850 hPa). h The skin temperature (TSK). (i)
The downward solar radiation (SWdown)
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some areas, which modulates the HTE in NC on June 22
and 23.

The May 16 ST anomalies lead to subsequent ST and SM
anomalies, and then continuously affect local and remote
atmosphere, with gravity waves being an important way.
Driven by persistent land surface anomalies, atmospheric
anomalies amplify over time. And then, the atmospheric
anomalies determine the influence of the May 16 ST on
the Tmax on June 22 and 23 through temperature advec-
tion anomalies. While not responsible for the occurrence
of the Tmax anomalies on June 22 and 23, the land—atmo-
sphere interactions on June 22 and 23 contributed to their
intensification. Temperature advection anomalies lead to
warm and cold atmospheric temperature anomalies in the
southern part of NC and northeastern China, respectively. In
NC, warmer atmospheric temperature increases downward
longwave radiation, leading to increased TSK. The anoma-
lies of TSK cause the T2m anomalies through SH. And the
anomalies of upward longwave radiation caused by the TSK
anomalies can lead to the atmospheric anomalies, which can
affect the downward longwave radiation.

Previous studies indicate that HTE may be influenced by
the ST of previous day, and that the climatological charac-
terization of HTE in summer may be affected by spring ST.
However, the potential influence of ST from days to even
a month prior on a given HTE remains unclear. This study
confirmed that ST has an important impact on the HTE one
month later through the atmosphere anomalies due to the
persistence of soil anomalies. Moreover, the anomalies in
ST and SM from the preceding day show a minimal effect
on the HTE in this study. Additionally, gravity wave is an
important way for ST to affect remote atmosphere. Under-
standing the antecedent signals and physical processes
associated with HTE provides deeper insight into their for-
mation mechanisms. Our findings highlight the critical role
of ST in subsequent extreme events.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s00382-0
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