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Synergistic impacts
Heatwaves (HWs) present a major hazard to our society and more extreme heatwaves are expected with
future climatic changes. Hence, it is important to improve our understanding of the underlying processes
that drive HWs, in order to boost our socioeconomic–ecological resilience. In this study, we quantified the
influences of key driving factors (large-scale atmospheric circulation, soil moisture, and sea surface tem-
perature) and their synergies on recent heatwaves in East Asia. We conducted a factor separation analysis
for three recent HW events by constraining the key factors in the regional Weather Research and
Forecasting model with their climatologies or pseudo-observations in different combinations. Our study
showed distinct spatial variations in the HW-controlling factors in East Asia. The synergistic interaction
of large-scale circulation and soil moisture was the most important factors in the 2013 Chinese HW.
During the 2018 HWs in Korea and Japan, the same stagnant large-scale atmospheric circulation played
a dominant role in driving the HW events. The land-atmosphere coupling via soil moisture, its interaction
with circulation, and SST exhibited stronger influences during the Korean HW than the Japanese HW. Our
analysis also revealed temporal variations in the factors driving Korean and Chinese HWs due to typhoon
passage and other multiple processes over heterogeneous surfaces (i.e., topographically induced Foehn
winds, large-scale warm advection from the warm ocean, spatial differences in soil moisture). Our find-
ings suggest that future heatwave-related studies should consider interactive contributions of key fac-
tors, their interplay with surface heterogeneities of complex terrain.
� 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heatwaves (HWs) present an increasing risk to society because
of their potential to threaten socio-ecological sustainability (e.g.,
health, food, and water security). Drastic increases in the fre-
quency, intensity, and persistence of HWs have been reported
worldwide (e.g., Meehl and Tebaldi, 2004; Perkins et al., 2012;
Lin et al., 2022; Neal et al., 2022; Dong et al., 2023). Particularly,
unprecedented HWs have occurred worldwide in the last decade
(e.g., Australia in 2018, Europe in 2019 and 2022, North America
in 2021, Siberia HW in 2020, and East Asia in 2022). This increase
in extreme temperature events demands an improved understand-
ing of heatwave drivers and underlying physical processes. Such
understanding is vital to facilitate sustainable development and
inform climate change adaptation policies to mitigate HW damage.

Atmospheric modeling studies have provided useful insights on
heatwave generation and reinforcement (e.g., Black et al., 2004;
Cassou et al., 2005; Seneviratne et al., 2013; Wehrli et al., 2019).
By controlling the factors driving the HWs with a series of sensitiv-
ity experiments, these modeling studies have resulted in substan-
tial progress in identification of driving processes of HWs.
Established driving factors include large-scale atmospheric circula-
tion (CIR) by persistent anticyclonic systems and the related heat
accumulation due to reduced cloud cover (e.g., Nakamura and
Fukamachi, 2004; Sui et al., 2007; Ding et al., 2010; Dole et al.,
2011; Pfahl and Wernli, 2012; Yoon et al., 2020; Choi et al., 2022),
soil moisture (SM) (e.g., Seneviratne et al., 2006, 2010; Hirschi
et al., 2011; Hauser et al., 2016), sea surface temperature (SST)
(e.g., Black et al., 2004; Cassou et al., 2005; Petch et al., 2020),
g).
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and topographically induced local wind patterns and urban heat
islands (e.g., Ma et al., 2014; Chen and Lu, 2015; Yoon et al.,
2018; Hong et al., 2019).

Importantly, these driving factors also interact with each other,
leading to varied HWs. For example, if HW is generated over dry
soil, HW intensity is then more likely to increase because of more
partitioning of surface energy into direct heat transfer into the
atmosphere (i.e., decrease in evaporative fraction (EF) defined as
the fraction of latent heat fluxes to surface net radiation) with
increased atmospheric water demand. Indeed, these land–atmo-
sphere coupling intensified HWs under stagnant CIR through the
reduction of SM and the related decrease in EF (Seneviratne
et al., 2006; Fischer et al., 2007; Lorenz et al., 2010; Hirschi et al.,
2011; Miralles et al., 2014). This SM–temperature feedback fosters
HW-favorable conditions and typically occurs over transitional cli-
mate zones between arid and humid zones (Koster et al., 2004;
Seneviratne et al., 2006; Jiang et al., 2023). Warm SST also drives
HW occurrence upon interaction of SST with stagnant CIR. This is
because intense HW can lead to an increase in air temperature
by releasing the heat stored in the upper ocean layer into the atmo-
sphere and by warm air advection inland (Frölicher and Laufkötter,
2018; Yeh et al., 2018; Petch et al., 2020; Wie et al., 2021).

Key feedback processes of HW generation and reinforcement
show spatio-temporal variation with changes in feedback strength
and weather conditions. For example, recent European HWs were
driven by SM reduction in 2003 and 2010 (Fischer et al., 2007;
Teuling et al., 2010; Dole et al., 2011; van Garderen et al., 2021),
by CIR patterns in 2015 (Duchez et al., 2016; Wehrli et al., 2019;
Rousi et al., 2022) but not by SST (Dole et al., 2011; Hauser et al.,
2016). African HWs in 2016 were related to high-pressure anoma-
lies and droughts induced by strong El Niño events (e.g., Iskandar
et al., 2018; Yuan et al., 2018; Wehrli et al., 2019). By performing
a series of global climate model simulations that used climatolog-
ical averages and observations of HW driving factors, Wehrli et al.
(2019) quantified the relative contributions of factors driving
recent HWs across different continents. Despite several studies
that consider the mechanisms that generate HWs, more research
is needed that considers the interaction between HW driving
mechanisms, and spatio-temporal variations in the physical mech-
anisms at regional scales.

East Asia is vulnerable to HWs because of its highly populated
megacities that have exhibited rapid economic growth since the
1980s. Because of the potentially disastrous socioeconomic
impacts of HWs in East Asia on food and water scarcity, it is neces-
sary to understand the physical mechanisms and relative contribu-
tions of factors driving extreme HWs. East Asia is climatologically
in a transitional climate zone. The land–atmosphere coupling is
strong, and evapotranspiration is therefore sensitive to SM
(Koster et al., 2006; Zhang et al., 2011; Zscheischler and
Seneviratne, 2017). Furthermore, East Asia is located adjacent to
the Pacific Ocean and in the eastern boundary region of the Eura-
sian continent, so it is expected that complex physical processes
are involved in HW generation. However, low-resolution global
atmospheric models are limited in their application to studying
HW driving mechanisms in this critical region. Their limitations
arise from the region’s small-scale surface heterogeneity due to
complex land use, land cover, and the topography (i.e., mountains
through to oceans). Recent studies suggested a single dominant
factor by the coupling of the atmosphere with soil moisture or
the anti-blocking of the large-scale pressure system in the Chinese
continent rather than by combination of various factors and feed-
back processes (e.g., Ha et al., 2020; Seo and Ha, 2022; Jiang et al.,
2023).

The objectives of this study are to examine the role of SM, SST,
and CIR as factors influencing recent HWs and their spatial and
temporal variations in East Asia. In this study, we used the
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Alpert–Stein factor separation methodology for the high-
resolution atmospheric model (Stein and Alpert, 1993), Weather
Research and Forecasting (WRF) model to identify underlying pro-
cesses of major recent HWs over complex terrain at regional scales
in East Asia. Particularly, our study quantifies the synergetic inter-
actions of driving factors and sensitivity of HWs to critical
variables.
2. Materials and methods

2.1. Heatwave events

Our study investigated three recent extreme HW events in East
Asia (Fig. 1). HWs in these regions was determined by the 90th per-
centile of the climatological TX as a threshold during summer sea-
son for the period of 1981–2009 (Perkins et al., 2012; Yoon et al.,
2020; Kawase et al., 2020). That is, heatwave events in these
regions were defined if the daily maximum air temperature (TX)
exceeded top 10% of TX for 1981–2009 for a given day of the year
for more than three days (Fig. 2). The mean TX anomaly from its
climatology for HWs in China was 5.1 �C during the HW period,
which was the hottest summer in 141 years before 2022 (Yuan
et al., 2016). The HW persisted in eastern China near the Yangtze
River valley for two weeks from August 5, 2013, and was termi-
nated by two typhoons. SM showed negative anomalies in south-
ern China (Fig. 3a). The percentage of averaged SM anomaly
during the HWs reached nearly –50% (with a z-score of –1.92),
with particularly dry regions found around the Yangtze River
valley.

HW cases were also reported in South Korea and southern Japan
in 2018, both of which were record-breaking HW events in their
respective countries (Korea Meteorological Administration; KMA,
2018; Japan Meteorological Agency; Jma, 2018). The 2018 Korean
HW persisted for 25 days (from July 12 to August 5) with a mean
TX anomaly of 5.4 �C (Fig. 2b). The 2018 Japanese HW persisted
for 11 days (from July 14 to July 25), with a TX anomaly of 4.9 �C
(Fig. 2c). There was a spatial gradient of SM between the western
and eastern Korean Peninsula (Fig. 3b). SM anomalies were
smaller, with –30% SM anomalies (z-score of –1.44) on the western
side of the peninsula. In Japan, SM anomalies were uniformly
distributed at –10% (z-score of –0.5) (Fig. 3c).
2.2. Model design

We used the regional climate model, WRF. The horizontal reso-
lution over East Asia (24�N–46�N, 108�E–142�E; Lambert confor-
mal map) is 25 km and the vertical layer consisted of 31 levels
up to 50 hPa. The physical packages of the simulation were the
same as those used by Lee et al. (2020) and the references therein
(Supplementary Data, Table S1). Initial and boundary conditions
are from 6-hourly European Centre for Medium-Range Weather
Forecasts reanalysis version 5 (ERA5) data (Hersbach et al.,
2020). The WRF model reproduced both the magnitude of TX and
its spatio-temporal variations in air temperature when compared
to ERA5 in the real simulation (i.e., ALL experiment in Supplemen-
tary Data, Table S1). There were underestimations in air tempera-
ture owing to relatively ample initial soil moisture than that in
ERA5, which has the potential to influence our results even though
factor analysis relies on differences between the various model
experiments (Supplementary Data, Fig. S1).

Factor analysis was performed by constraining model boundary
conditions with different combinations of climatological and
observational values, similar to previous modeling studies (e.g.,
Wehrli et al., 2019). The factor separation method has been used
to investigate the effects of atmospheric variables and surface



Fig. 1. Domain configuration for the WRF simulation with the ERA5 daily maximum temperature (TX) anomaly map for the study regions (HWs in China in 2013, South Korea
in 2018, and Japan in 2018).
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types on target processes, considering factors both individually and
in their combination (e.g., Stein and Alpert, 1993; Goyette, 2017).
Factor analysis does not give causality information but is an effec-
tive way to quantify the relative contribution of each factor and
factor combinations by conducting a series of sensitivity simula-
tions when it is combined with physical interpretation (Stein and
Alpert, 1993). This study applied Alpert–Stein factor analysis to
quantify the impacts of three key influential factors on HW gener-
ation and intensity (i.e., CIR, SM, and SST) with their related feed-
back processes reported in previous studies. In this study, we
performed eight sensitivity simulations to elucidate the key HW
driving factors by prescribing their climatological averages
(1981–2009) or pseudo-observations during the HW days to the
model outputs (Supplementary Data, Table S2). The contribution
of each factor was estimated by subtracting the simulated TX
between the sensitivity experiments. The interaction among multi-
ple factors was calculated as a combination of several simulations
(Supplementary Data, Table S3). All values were normalized by
their total anomalies and expressed as percentages of their relative
contributions to the respective TX anomaly.

There is the lack of realistic high-resolution SM observations for
the model validation and pseudo-observations of SM from reanal-
ysis data and offline land surface model (LSM) have been used for
the LSM consistency in the soil moisture related studies (e.g., Lim
et al., 2012; van den Hurk et al., 2012). Pseudo-observation of SM
is discussed at by Gómez et al. (2020) in more detail. In this study,
high-resolution pseudo-observational and climatological SM val-
ues were generated to isolate the SM impact on HW using High-
Resolution Land Data Assimilation (HRLDAS, version 3.7.1), driven
by ERA5 atmospheric data with a 4-year spin-up time in East Asia
based on Lim et al. (2012). The spin-up SM was relatively smaller
than that of ERA5, which contributed to cooler air temperature
simulated by the WRF (not shown here).

Atmospheric nudging is an effective way to constrain large-
scale features in the regional model (e.g., Song et al., 2018; van
Garderen et al., 2021). In this study, the nudging was applied every
6 h to impose the CIR in ERA5 above 700 hPa, so that atmospheric
boundary layer evolves freely, similar to the approach taken by
Wehrli et al. (2018). SST was prescribed every 24 h considering
the time-varying SST data from the ERA5 over the entire model
domain. The effect of the time lag between SST and air temperature
3

was imposed on the model simulations because all weather condi-
tions (including temperature) were simulated in the model simul-
taneously with these prescribed realistic and climatological SSTs.
3. Results

3.1. The 2013 Chinese heat wave

Previous studies have reported the western North Pacific sub-
tropical high (WNPSH) (Wang et al., 2018), SST (Li et al., 2015),
and SM (Jiang et al., 2023) as the main factors driving recent
HWs in southern China. Our results indicate that the impact of
CIR, SM, and CIR–SM synergy were crucial in generation and rein-
forcement of the 2013 Chinese HW, and that SST was not a key
feedback factor in this HW event (Fig. 4). Despite the strong spatial
correlation of TX with SM over southern China, we found that SM
alone did not lead to substantial HW occurrence (i.e., CSM is not the
dominant factor). The singular impacts of SM (CSM) and CIR (CCIR)
on the HW resulted in 31% and 22% of the total observed TX anom-
aly, respectively. Notably, the interaction between CIR and SM
(ICIR_SM), which has not been quantified in previous studies, played
a dominant role in this HW event, explaining 44% of the TX anom-
aly. Other synergistic effects had minor effects on the 2013 Chinese
HW (Fig. 4).

Strong and stable anticyclonic anomalies were observed over
southeastern China during the HW period in all the experiments
where observed CIR patterns were imposed in the model (e.g.,
Fig. 5a). The WNPSH abnormally extended its system further west
and persisted over eastern China during the HW period. The
pseudo-CIR-prescribed experiments (i.e., E_CIR, E_CIR-SM)
revealed that persistent subsidence by the WNPSH system led to
a large amount of surface shortwave radiation and decreased
precipitation, providing a favorable environment for heating
(Supplementary Data, Fig. S2a).

Drought and associated low SM before the HW event were also
important factors. The summer monsoon ended on June 28, 2013,
which was earlier than the annual norm. China experienced severe
drought with low precipitation and humidity, particularly along
the Yangtze River (Fig. 3) (Yuan et al., 2016). A reduction in SM
and a consequent decrease in EF (i.e., increase in sensible heat flux)



Fig. 2. Time series of TX using ERA5 2 m temperature data (black line) with the 90th percentile (gray line) from the last three decades for (a) China, (b) South Korea, and
(c) Japan. The periods highlighted in color correspond to the HW events considered in this study and indicate where the TX exceeded the climatological thresholds for at least
three consecutive days.
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Fig. 3. Spatial distribution of SM anomaly (deviation from the climatological values for 1981–2009) for the considered HWs in (a) China, (b) Korea, and (c) Japan. SM anomaly
given as a percentage from HRLDAS (left panel) and as a time series of yearly SM anomaly changes for each HW region from HRLDAS (10 cm depth, coral line) and ERA5 (7 cm
depth, olive line) (right panel). The HW periods are highlighted in gray.
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were apparent in the model, especially when pseudo-observational
SM was prescribed (Supplementary Data, Fig. S2b). This is similar
to results reported in previous studies in Europe, North America,
and East Asia (e.g., Betts et al., 1996; Seneviratne et al., 2006;
Miralles et al., 2019; Benson and Dirmeyer, 2021; Jiang et al.,
2023). Our results also showed that this moisture–temperature
coupling was critical in the transitional climate zones around the
Yangtze River valley. Our findings added that it was specifically
the combination of factors responsible for the HW generation,
and not the single factors alone.

With seasonal march of the CIR pattern, there were temporal
changes in the effect of CIR alone, as well as the synergistic effect
of CIR and SM (Fig. 6a and b). Notably, the TX anomaly varied
according to changes in CIR contribution. Under the stagnant high
pressure, a HW-favorable conditions were provided by significant
shortwave radiation reaching the surface (Supplementary Data,
Fig. S2). This process led to an increase in sensible heat and the
atmospheric water demand, resulting in continuous declines of soil
moisture. This mechanism was also confirmed in our study
through Evaporative Fraction (EF), indicating decreases in soil
moisture during the entire HW period (Supplementary Data,
Fig. S3b and Fig. S4a). During the mid-HW period of the maximum
TX anomalies, CIR, SM and CIR-SM contributions increased, but the
relative contribution of SM decreased because of more increases in
5

the CIR and CIR-SM effects. During the driest soil moisture period
in the late HW period, SM and CIR-SM contributions tended to
decrease because the weaken stagnant circulation by the effects
of typhoons and subsequent decreases in surface radiation
(Supplementary Data, Fig. S2). This indicates that temporal
changes in the WNPSH are critical for shaping the temporal
evolution of HW events in this region.
3.2. The 2018 Korean heat wave

Previous research has reported that persistent anticyclones over
the Korean Peninsula were the main factors controlling the 2018
HW (Liu et al., 2019; Shimpo et al., 2019; Ha et al., 2020; Ren
et al., 2020). CIR was the dominant factor in the 2018 Korean
HW, with a 65% contribution to the TX anomaly (Fig. 4) and stag-
nant high-pressure blocking caused heat accumulation near the
surface by anomalously high downward shortwave radiation
which was similar to the HW generation mechanism reported in
previous studies (Fig. 5b and Supplementary Data, Fig. S2c).

Singular impacts of SM (CSM) and SST (CSST) on the HW
explained approximately 15% of the total TX anomaly, respectively.
SST had a relatively larger impact than for the 2013 Chinese HW,
with a relatively higher SST around the Korean Peninsula (Supple-
mentary Data, Fig. S5). SST increased monotonically during the



Fig. 4. Relative contributions (in %) of the physical factors driving the TX anomaly
for the studied HW events. All values are averaged over the entire spatial domains
shown in Fig. 1. Each factor’s contribution is normalized by the simulated total TX
anomaly (ALL – CTL). Colors in the Venn diagram indicate contributions of singular
factors and the interaction of multiple factors.
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heatwave events and its correlation of TX was larger than 0.8 (not
shown here) but not a dominant factor for the HW. The combina-
tion of SST and CIR (i.e., negative ICIR_SST) reduced the total influ-
ence of SST, suggesting that there is an interactive process to
reduce warm SST impact on HW in this region which needs to be
investigated in future research. The contribution from the CIR–
SM interaction (ICIR_SM) was not as significant as in the 2013 Chi-
nese HW, possibly because of relatively ample soil moisture just
before the onset of the Korean HW event (i.e., SM memory effect).

Our findings also showed a significant temporal variability in
the dominant factor during the 2018 Korean HWs, particularly in
the CIR and SM contributions (Fig. 6c and d). The anomalous high
WNPSH was the dominant factor that contributed to the onset of
the HW, and CCIR maintained its strength until July 29th. This CIR
influence decreased as the SST influence increased gradually from
July 25th to 31st, when the Korean Peninsula was indirectly
affected by Typhoon Jongdari. The typhoon moved around the
southern edge of the strong high-pressure zone located over the
Fig. 5. Averaged pattern of 500 hPa geopotential height anomaly (black line contour) an
(CCIR) for the HW events over East Asia.

6

northern Korean Peninsula (Fig. 5b). However, the typhoon caused
substantial changes in the large-scale pressure pattern across East
Asia; hence, the CIR effects tended to decrease following the
typhoon, with decreases in the absolute magnitude of TX (Fig. 6c
and d). However, the absolute contribution of other drivers did
not change significantly compared to the CIR effect during the
typhoon passage (i.e., decoupling from the typhoon), and conse-
quently their relative contribution increased substantially because
of the lower impact of the CIR after the typhoon passage (Fig. 6d).

Wind direction changed from southwesterly to easterly after
the typhoon passage. The easterly wind enhanced large-scale
warm advection from the warm ocean to the Korean Peninsula,
leading to an increase in air temperature (Supplementary Data,
Figs. S2 and S3). The easterly wind produced temperature increases
over western Korea located on the lee side of the Taebaek Moun-
tains which extends in the north–south direction along the eastern
coast of the Korean Peninsula (Fig. 7). The 2018 HW in this region
has been reported as the Foehn effect by topography in previous
studies on this HW event (e.g., KMA, 2018; Wie et al., 2021).
Accordingly, the wind direction change contributed to the enlarged
contribution of the CIR–SST interaction; this effect decreased as the
easterly wind disappeared with the anticyclone re-stretching over
the peninsula (Fig. 6d).

We also speculate that dry and warm air from the easterly wind
reinforced the interaction between CIR and low SM conditions by
increasing the atmospheric demand for water and subsequent
evapotranspiration (Supplementary Data, Fig. S6). Indeed, there
were subsequent increases in the contribution of SM to the TX
anomaly after the typhoon passage (Fig. 6d). SM was comparable
to its climatology before the beginning of the HW (Fig. 3b), and
the singular SM effect was negligible in the early HW periods
(Fig. 6c and d). There was a 20% – 30% contribution of the SM–
CIR interaction before the typhoon passage. As SM gradually
decreased with the ongoing HW (Fig. 3b), the SM anomaly changed
from positive to negative (Fig. 3b) and contributed to the increas-
ing temperature throughout the entire HW period (Fig. 6c and d).
3.3. 2018 Japanese heat wave

The singular CIR was a dominant factor in the 2018 Japanese
HW, explaining 76% of the total TX anomaly (Fig. 4). This CIR con-
tribution was greater than that in the Korean and Chinese HWs.
Spatio-temporal variations in TX were well correlated with the sin-
gular contribution of CIR (Fig. 6e), similar to the 2018 Korean HW.
Previous studies also reported that 2018 HWs in East Asia were
primarily caused by the large-scale WNPSH (e.g., Shimpo et al.,
2019). Similar to the 2018 Korean HW, most of Japan was under
d 2-m air temperature anomaly, with color showing the singular CIR contribution



Fig. 6. Time series of physical driver contributions to absolute TX anomaly for HW cases in (a) China, (c) South Korea, and (e) Japan, with the relative contributions of each
factor shown as percentages in (b), (d), and (f). Absolute contribution is calculated from 3-day moving average TX data and relative contribution is calculated by normalizing
with total TX (ALL – CTL).

Fig. 7. Temporal changes in spatially averaged TX over the western (36�N–38�N, 126�E–128�E) and eastern (36�N–38�N, 128.5�E–129�E) regions of the Korean Peninsula
divided by the Taebaek Mountains. (a) CIR impact (E_CIR) on TX differences over the windward (E) and leeward (W) areas in Korea, and (b) the influence of SST (E_CIR-SM) for
the eastern and western region when pseudo-observational CIR is applied. The shaded periods show the period when the typhoon affected the Korean Peninsula.
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the influence of the same high-pressure system during the 2018
Japanese HW period. There were also increases in incoming net
shortwave radiation and thus sensible heat fluxes under the influ-
ence of this stagnant CIR (Supplementary Data, Fig. S2).
7

However, EF (i.e., relative contribution of direct heat into the
atmosphere) did not show substantial changes despite the
increases in surface shortwave radiation (Supplementary Data,
Fig. S2), possibly because of ample rainfall and the related high
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SM before the onset of the HW events (Fig. 3). This also explains
why contributions of SM and its interaction with CIR to the Japa-
nese HW were not as significant as for the Chinese and Korean
HWs (Fig. 4). The same CIR pattern affected Korea and Japan, but
the CIR contribution was relatively larger in Japan, with a
decreased effect of the interaction between CIR with SM. Impor-
tantly, even after the direct passing of Typhoon Jongdari through
Japan, the SM anomaly remained negative (Fig. 3). Heatwave inten-
sity, however, decreased with the changes in CIR induced by the
typhoon. This suggests that the CIR pattern plays an important role
in HW occurrence and intensity, but that SM influences were neg-
ligible in HW generation in Japan (Fig. 6f). SST was the second most
important factor in the 2018 Japanese HW, with a singular contri-
bution of approximately 10%, similar to that of the 2018 Korean
HW (Fig. 4). The contributions from interactions between other
influential factors were relatively small compared to those in other
regions.
4. Conclusions

This study conducted a factor separation analysis using the
high-resolution regional atmospheric model, WRF to quantify con-
tributions of key heatwave-controlling factors (i.e., large-scale cir-
culation, SM, and SST) to recent heatwaves in East Asia: the 2013
Chinese HW, the 2018 South Korean HW, and the 2018 Japanese
HW. To determine the contributions of the individual factors and
their interactions to HW intensities, we constrained the factors in
the model simulations using the corresponding climatology and
pseudo-observations.

Our analysis showed significant spatial disparities in contribu-
tion of the heatwave-controlling factors across the East Asian
region. Blockings of CIR, which caused strong surface radiative
forcing and dry conditions, were persistent across the HW regions,
but their contributions to HW intensity revealed regional differ-
ences in East Asia. During the 2013 Chinese HW event, SM and
its interaction with the CIR mainly controlled HW intensity. The
singular effect of CIR explained 20% of the TX anomaly in China.
Meanwhile, CIR was a dominant factor in the 2018 Korean and
Japanese HWs and exhibited no significant interactive impact with
SM on HWs. SST was only a minor contributing factor to the Chi-
nese HW, while it played a non-negligible role in the HW events
in Korea and Japan. We speculate that dry conditions before the
Chinese HW event increased the influence of SM, supporting that
eastern China was a SM–temperature coupling hotspot, where
evapotranspiration was strongly dependent on SM availability.

Temporal variations in contributions of the factors were appar-
ent in all regions with different processes. Temporal changes in
HW intensity were positively correlated with temporal changes
in CIR contribution across the study regions. During the Chinese
HW, HW intensity decreased with retreat of the high-pressure sys-
tem owing to typhoon passages and subsequent reduction of sur-
face shortwave radiation. The Korean and Japanese HW events
also experienced reductions in HW intensities by typhoon. In the
Japanese HW event, typhoon reduced the HW intensity and SM
influence increased as soil dried out. However, despite change in
the CIR by the typhoon during the Korean HW, HW intensity
increased again with changes in wind direction from the warm
ocean (i.e., large-scale warm advection by easterly winds) and
sharp reduction of SM. This wind direction changes led to further
temperature increases by the Foehn effect due to local warm east-
erly winds over the mountains located along the eastern coast of
the Korean Peninsula. Our findings indicate that typhoons, typical
summer events in East Asia, do not always alleviate HWs.
Typhoons could prolong and reinforce HW event with the interac-
8

tion with surface terrain and surrounding oceans, leading to
changes in the contribution of CIR, SM, and SST interactions.

Furthermore, we found that the interaction of different factors
tended to cancel each other in East Asia, but interactions con-
tribute to intensifying HWs at specific times (e.g., during and after
typhoon passages) and in specific regions (e.g., in China). The con-
tribution of such interactions has not been considered in previous
studies, and our findings suggest that singular factor effects may
have been overestimated in previous studies because the synergis-
tic effects were merged into the impacts of single factor
contributions.

Despite the limitations of the factor separation analysis in elu-
cidating causality, our analysis sheds light on understanding HW
generation mechanisms in East Asia when the factor separation
analysis is combined with the atmospheric mesoscale model and
the physical interpretation of the model outputs. Our findings
detail multifaceted perspectives to HW events, rather than simpli-
fying them to a single variable such as soil moisture or the blocking
of pressure systems in East Asia. Future work requires more atten-
tion to the interaction of driving factors and their role in the evo-
lution of HWs, as well as their direct causal relationships.
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