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Abstract

An extreme heatwave, in terms of intensity and duration, is projected to occur at the end of the
21st century (2071-2100) over the whole of East Asia. The projection is calculated using daily
maximum temperature data of 25 km horizontal resolution produced by 12 general circulation
model-regional climate model chains participating in the CORDEX-East Asia Phase 2 project. An
‘extreme’ heatwave is defined as one in which the heatwave magnitude (HWM), which is the
accumulated daily intensity of a heatwave during the heatwave period, is higher than the 95th
percentile of the HWM for the reference period (1981-2005). In historical simulations, heatwaves
have occurred mainly from April to June in India, in April and May in Indochina, from June to
August in China and Mongolia, and in July and August in the Korean Peninsula and Japan; most
heatwaves last three to four days. In India and Indochina, long-lasting and intense heatwaves occur
more often than in other regions. In future, heatwave intensity will increase, the average duration
of heatwaves will be approximately two to three weeks, and the heatwave season will be lengthened.
Therefore, extreme heatwaves will occur more frequently and strongly. Under two representative
concentration pathway scenarios (RCP2.6 and RCP8.5) and two shared socioeconomic pathway
scenarios (SSP1-2.6 and SSP5-8.5), the proportion of extreme heatwaves to all heatwave events will
increase from 5.0% (historical) to 8.0%, 20.8%, 19.3%, and 36.3%, and the HWM of the extreme
heatwave will be 1.4, 3.5, 3.0, and 9.0 times stronger, respectively. The main reason for the increase
in the HWM of extreme heatwaves is the increased duration rather than the daily intensity of the
heatwaves. In East Asia, the temporal and regional disparities of heatwave damage will be much
more prominent as extreme heatwaves become stronger and more frequent in these regions and
during the periods that are more affected by heatwaves in the present day.

1. Introduction East Asia, one of the regions vulnerable to climate

change, unprecedented heatwaves have occurred in

The frequency and intensity of heatwaves have been
increasing worldwide due to the acceleration of global
warming (Meehl and Tebaldi 2004, Zhao et al 2019,
Perkins-Kirkpatrick and Lewis 2020, IPCC 2021). In

© 2023 The Author(s). Published by IOP Publishing Ltd

recent years. For instance, the highest daily max-
imum temperature since observations commenced
was recorded in many parts of East Asia, includ-
ing South Korea and Japan, when record-breaking
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heatwaves occurred in 2018 (KMA 2019, WMO
2019). In India, a heatwave that ranked among the
deadliest global events occurred in 2015, the aver-
age number of heatwave days rose by 82.6% year-on-
year in 2019, and the average daily maximum tem-
perature in March was the highest in the 121 years
since meteorological observations began, as heat-
waves occurred early in 2022. In Hanoi, the highest
temperature in 100 years was recorded due to heat-
waves in 2019, and the longest heatwave since 1971
hit northern Vietnam in 2020.

It is expected that human, social, and economic
damage caused by heatwaves will be more severe,
because not only are the frequency and intensity of
heatwaves increasing but the timing of heatwaves is
also diversifying. In order to mitigate and prepare
for damage caused by heatwaves, it is essential to
identify regions and time periods that are relatively
more vulnerable to heatwaves, and to project changes
in extreme heatwaves with high intensity and long
duration. Based on climate modeling, many studies
have demonstrated increases in heatwaves over East
Asia under the green house gas emissions scenarios
(Guetal 2012, Im et al 2017, 2019, Mishra et al 2017,
Li et al 2019, Rohini et al 2019, Su and Dong 2019,
Wang et al 2019, Dong et al 2021, Xie et al 2021).
These studies had limitations in quantitatively com-
paring the characteristics of heatwaves in each region
of East Asia because they analyzed heatwaves only for
a specific country by applying different thresholds.
Recently, several studies investigated future changes
in heatwaves on a global scale (Perkins-Kirkpatrick
and Gibson 2017, Dosio et al 2018, Baldwin et al 2019,
Zhao et al 2019). However, some of those studies used
only the general circulation model (GCM) data that
have a coarse spatial resolution, so they were limited
when simulating detailed features of extreme events
on a regional scale. Several studies used fine-scale cli-
mate projections dynamically or statistically down-
scaled from GCM results, but offered limited reliab-
ility in future climate projections because they were
produced from a single GCM. In addition, most of the
aforementioned studies mainly focused on changes in
the annual average or annual accumulated values of
characteristic heatwaves.

The objective of this study is to investigate future
changes in extreme heatwaves with a long duration
and a strong intensity over the whole of East Asia at
the end of the 21st century by applying a heatwave
threshold considering spatiotemporal climate condi-
tions. Many studies demonstrated the added value
of the regional climate model (RCM) compared to
the GCM in simulating extreme events (Giorgi et al
2014, Torma et al 2015, Ahn et al 2016, Park et al
2020, Ciarlo et al, 2021). In this regard, a multi-model
ensemble of daily maximum temperature (Tmax)
data of 25 km horizontal resolution, downscaled by
12 GCM-RCM chains, consisting of combinations of
four GCMs and five RCMs, is used.
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2. Data and analysis method

2.1. Model and observation data

In order to project extreme heatwaves over the whole
of East Asia at the end of the 21st century, Tmax
data of 25 km horizontal resolution produced by
12 GCM-RCM chains participating in the Coordin-
ated Regional Climate Downscaling Experiment-
East Asia Phase 2 (CORDEX-EA2) (http://cordex-
ea.climate.go.kr/) international cooperation pro-
ject, which was established by the World Climate
Research Programme (WCRP) are used (figure S1).
We utilize global projections simulated by GCMs
from CMIP5 forced by representative concentration
pathway scenarios (RCP2.6 and RCP8.5) and from
CMIP6 forced by shared socioeconomic pathway
scenarios (SSP1-2.6 and SSP5-8.5). The configura-
tions of the 12 GCM-RCM chains are summarized in
table 1. The multi-model ensemble (ENS), which is
the average of GCM-RCM chains with equal weight-
ing, is mainly used to enhance the reliability of future
projections of Tmax. The average of HG2_CCLM,
HG2_RegCM, HG2_MMS5, MPI_WRE, MPI_CCLM,
MPI_MMS5, GFDL_WRE and GFDL_RegCM
(UKESM_WRE, UKESM_CCLM, UKESM_GRIMs,
and UKESM_RegCM) for historical, RCP2.6, and
RCP8.5 (historical, SSP1-2.6 and SSP5-8.5) simula-
tions are denoted ENS_CMIP5_HIS, ENS_RCP26,
and ENS_RCP85 (ENS_CMIP6_HIS, ENS_SSP126,
and ENS_SSP585), respectively. The average of
12 GCM-RCM chains for historical simulation is
denoted ENS_ALL_HIS.

Analysis is conducted over the whole CORDEX-
EA2 domain, as shown in figure 1. In order to
analyze the characteristics of heatwaves in each
region in East Asia with their various climate
zones, the whole domain is divided into eight sub-
domains: the Korean Peninsula (R1, 33-42° N,
125-130° E), East China (R2, 23-42° N, 104-123° E),
West China (R3, 31-42° N, 80-104° E), India (R4,
8-27° N, 74-84° E), Mongolia (R5, 42-52° N,
88-120° E), Japan (R6, 30-42° N, 130-145° E
and 42-45° N,140-145° E), Indochina (R7,
8-23° N,92-110° E), and Northeast China (RS,
42-54° N,120-135° E). Ocean grid values are masked
as missing values. The Tmax, which is a variable used
to define a heatwave, is calculated as the highest value
among the three-hourly temperature data, and then
is bias-corrected using a variance scaling (a method
to correct both mean and variance of a variable) to
reduce systematic bias in each model (Teutschbein
and Seibert 2012) (see SI). The analysis period is
25 years for the historical simulation (1981-2005)
and 30 years for RCP or SSP simulations (2071-
2100). While heatwaves occur in July and August in
most regions of East Asia including the Korean Pen-
insula, China, Mongolia, and Japan (Yeo et al 2019;
Gao et al 2018; Piver et al 1999; Yuan et al 2016),
they occur from April to June in India and Indochina
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Figure 1. CORDEX-East Asia Phase 2 domain and topography (unit: m). Boxed areas indicate the eight subdomains (R1-R8).
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(Thawillarp ef al 2015, Mishra et al 2017, Thirumalai
et al 2017, Kumar and Mishara 2019, Rachutorn et al
2019). Therefore, the heatwave occurrence period in
East Asia selected is from April 1 to September.

ERAD5 reanalysis data provided by the European
Center for Medium-Range Weather Forecasts is used
for model evaluation and bias correction. For this,
gridded Tmax data simulated by GCM-RCM chains
are interpolated into the ERA5 grid (0.25° x 0.25°)
by using simple inverse distance weighting.

2.2. Definition of a heatwave

It is difficult to compare characteristics of heat-
waves in each region of East Asia when the heat-
wave threshold is applied as an absolute value for an
entire region with different climate conditions. For
example, when people are exposed to the same tem-
perature, the people who live in a warm climate feel
thermally comfortable, whereas people who live in
a cold climate feel thermally uncomfortable. There-
fore, a heatwave threshold considered for regional and
temporal climate conditions is applied in this study.
The daily heatwave threshold is defined as the 90th
percentile of Tmax within a 31-day window centered
on each Julian day (i.e. 15 days before and after the
day) for the reference period (Russo et al 2015). A
heatwave is defined as a period where the Tmax is

above the heatwave threshold for three or more con-
secutive days.

The characteristics of a heatwave are estimated
using the method of Russo et al (2015). The heatwave
magnitude (HWM) is defined as the sum of the daily
intensities of the heatwave within a heatwave period,
where the daily intensity of heatwave (HWIA) is cal-
culated as follows:

Ta—Taspsp
Tasyr5p— Tasposp ( Td > T25y25p) ( 1 )

HWId = { .
0 (Ta < Tasposp)

In equation (1), T, is the Tmax on day d when the
heatwave occurs, T5s,25, and T,s75, denoting the 25th
and 75th percentiles, respectively, of the annual max-
imum temperature during the reference period. In
other words, HWId indicates the temperature anom-
aly on day d with respect to Ths»s,, normalized by the
climatological interquartile range (T5s,75, — T2505p)-
Therefore, the daily intensity of heatwave can be com-
pared across locations with different climate con-
ditions. If HWId = 3, it means that the temperat-
ure anomaly on a day when a heatwave occurs with
respect to the Ts,s), is three times the IQR.

HWM has the advantage of considering both the
daily intensity and the duration of the heatwave.
Hence, an extreme heatwave in terms of duration and
intensity is defined as a heatwave in which HWM is
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higher than the 95th percentile of the HWM for the
reference period and referred as HWMO95p heatwave.

3. Results

3.1. Evaluation of present-day simulated daily
maximum temperatures

In order to quantitatively evaluate the performance of
models in simulating Timax for the reference period,
a Taylor diagram is presented in figure S2. The spa-
tial correlation coefficients between ENS_ALL_HIS
and ERA5 (SCC) and the temporal standard devi-
ations of ENS_ALL_HIS, normalized by that of ERA5
(NSD) for Tmax before bias correction (Tmax_ORG)
ranges from 0.82 to 0.98 and from 0.82 to 1.05 in
the eight subdomains. In general, the simulated Tmax
in ENS_ALL_HIS are similar to ERA5 in East Asia.
The SCC for corrected Tmax via the variance-scaling
method (Tmax_VS) ranges from 0.97 to 1.00, and the
NSD for Tmax_VS is close to 1.0 in the eight subdo-
mains. The distribution range and shape of the prob-
ability distribution functions for Tmax_VS is more
similar than Tmax_ORG to those of ERA5 (figure S3).
These mean that the bias correction improve the spa-
tial variance and the correlation of Tmax. Therefore,
a heatwave is analyzed by using the bias-corrected
Tmax from the variance-scaling method.

In all of East Asia, which has various climate
types, not only the range of Tmax but also the tim-
ing of the annual maximum temperatures vary by
region. Figure S4 shows the spatial distributions of
Julian days with the highest five-day moving average
Tmax (hereafter, 5D_Tmax). In ERA5 (figure S4(a)),
5D_Timax is the highest in July or August in most
regions of East Asia including the Korean Peninsula,
China, Mongolia, and Japan, whereas it is the highest
in April or May for India and Indochina (Bangladesh,
Cambodia, Laos, Myanmar, Thailand, and Vietnam).
The month with the highest 5D_Tmax in eight sub-
regions derived from twelve GCM-RCM chains, is
also similar to that derived from ERAS5 (figure S5).
These results show that the timing of the annual max-
imum temperature is captured in historical simula-
tions quite well.

To investigate the characteristics of Tmax dur-
ing the period when heatwaves mainly occur in each
region of East Asia, the average Tmax for a total of
61 d, before and after 30 d from the Julian day with
the highest 5D_Tmax (Tmax_HP), at each grid point
are shown in figure 2. In ERA5 (figure 2(a)), the
Tmax_HP is relatively high in India and Indoch-
ina, although it is relatively low in West China,
where the Tibetan Plateau is located, compared
to other regions. Those climatological character-
istics of Tmax_HP according to latitude, longit-
ude, and terrain features are simulated quite well
in ENS_ALL_HIS (figures 2(b) and (g)). Figure S6
shows that bias for Tmax_HP over East Asia derived
from twelve GCM-RCM chains, ENS_CMIP5_HIS,

5
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ENS_CMIP6_HIS, and ENS_ALL_HIS compared
with ERAS5. Although those tend to underestimate
Tmax_HP, the magnitude of biases are not large. All
ensemble results show better performance in the daily
maximum temperature than each GCM-RCM chain.
The bias derived from ENS_CMIP6_HIS is larger
than that derived from ENS_CMIP5, which might
be because ENS_CMIP6_HIS is forced by only one
GCM, while ENS_CMIP5_HIS is forced by three
GCMs. Figure S7 shows that the magnitude of differ-
ence for Tmax_HP derived from ENS_CMIP5_HIS
or ENS_CMIP6_HIS and that derived from
ENS_ALL HIS are neither large. Therefore, the
analysis results for the present climate show only
ENS_ALL_HIS, even though a future change is cal-
culated based on the differences between ENS_RCP26
or ENS_RCP85 (ENS_SSP126 or ENS_SSP585) and
ENS_CMIP5_HIS (ENS_CMIP6_HIS).

3.2. Evaluation of simulated present-day heatwave
intensity and duration

The heatwave threshold is relatively high in July or
August on the Korean Peninsula, in China, in Mon-
golia, and in Japan, as well as in May for India and
in April for Indochina (figures S8(b)—(g)). These
months coincide with the month of the highest
5D_Tmax derived from ENS_ALL HIS (figure
S4(b)). The heatwave threshold is higher in India
and Indochina but lower in West China, than in
other regions (figure S8(a)), which is similar to
the spatial distribution of Tmax_HP derived from
ENS_ALL_HIS (figure 2(b)). Therefore, the heat-
wave threshold spatiotemporally captures the clima-
tological features of Tmax quite well.

Prior to future projections of extreme heat-
waves, the models performance on heatwave intens-
ity and duration for the historical period is examined.
Figures 3 and 4 show the spatial distributions for
climatology of the accumulated daily intensity of
heatwave and the heatwave frequency at various
durations, as well as bias derived from ERA5 and
ENS_ALL_HIS. In ERAS5, heatwave intensity is relat-
ively high in some parts of China, India, and Indoch-
ina, compared to other regions. Heatwave intensity is
highest in July or August on the Korean Peninsula, in
China, in Mongolia, and in Japan, as well as in May for
India and in April for Indochina. These periods coin-
cide with periods when the Tmax is the highest (figure
S4(a)). The frequency of heatwaves is higher in East
China and Indochina than in other regions, and most
heatwaves last three to four days over the whole of East
Asia. In India and Indochina, heatwaves that last more
than eight days occur, which is rare in other regions.
In ENS_ALL_HIS, the heatwaves intensity and the
frequency of heatwaves at various durations is overes-
timated in most regions of East Asia, including some
parts of China, India, and Indochina. Nevertheless,
spatial distribution of monthly accumulated intens-
ities of heatwaves and the frequency of heatwaves of
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Figure 2. Spatial distributions of average daily maximum temperatures for a total of 61 days, before and after 30 days from the
Julian day with the highest 5 days moving average daily maximum temperature (Tmax_HP) derived from (a) ERAS5,

(b) ENS_ALL_HIS, (c) ENS_RCP26, (d) ENS_RCP85, (¢) ENS_SSP126, and (f) ENS_SSP585. Bottom panels show (g) the bias
of ENS_ALL_HIS compared with ERA5, and future changes in Tmax_HP under (h) RCP2.6, (i) RCP8.5, (j) SSP1-2.6, and

(k) SSP5-8.5 scenarios (unit: °C). The grid points with black dots denote the 95% confidence level based on a Student’s ¢-test.

various durations are similar to those in ERA5. This
means ENS_ALL_HIS captures the intensity and dur-
ation of heatwaves in East Asia in the present day cli-
mate quite well.

3.3. Changes in daily maximum temperature

The delay in the Julian day with the highest Tmax
means that the length of the boreal summer will
be longer after the northern hemisphere’s summer
solstice. In all scenarios, the Julian day with the
highest 5D_Tmax is delayed in some parts of East
Asia (figures S4(h)—(k)). Therefore, the month with
the highest 5D_Tmax changes to August from July on

the Korean Peninsula in the SSP1-2.6 scenario (figure
S4(e)), and that changes to August from July on the
Korean Peninsula and in some parts of West China
and Mongolia, but changes to May from April for
Vietnam and Thailand in Indochina in SSP5-8.5 scen-
ario (figure S4(f)).

In all scenarios, Tmax_HP increases over the
whole of East Asia, particularly in the high-latitude
regions than in India and Indochina, which already
experience extreme temperatures in Historical
simulation (figures 2(h)-(k)). The area-averaged
Tmax_HP for East Asia increased from 26.2 °C (His-
torical) to 27.4 °C (RCP2.6), 30.2 °C (RCP8.5),
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Figure 3. Spatial distributions of the climatology of the accumulated daily intensity of heatwave derived from ENS_ALL_HIS. The
grid points with black dots denote the 95% confidence level based on a Student’s -test.
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29.4 °C (SSP1-2.6), and 33.6 °C (SSP5-8.5), respect-
ively, which means that Tmax_HP increase more in
the high emissions scenario.

3.4. Changes in extreme heatwave in terms of
intensity and duration

In this section, we analyze the future changes in
extreme heatwave in terms of intensity and duration,
as the Tmax increases over a 30 year period (2071-
2100). Figures 5 and S9 show the future changes in

the accumulated daily intensity of heatwave. In all
scenarios, the heatwave intensity increases over the
whole of East Asia, especially in India and Indoch-
ina, where the heatwave intensity is already high in
the present-day and in some parts of East and West
China. In the SSP5-8.5 scenario, the heatwave intens-
ity is also high in West Mongolia. In all scenarios,
the heatwaves intensity is highest in the same months
as in the Historical simulation because the intensity
increases even more in the months when it is already
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Figure 4. Spatial distributions of the climatology of the heatwave frequency at various durations derived from ENS_ALL_HIS

high in the Historical simulation (in July or August for
the Korean Peninsula, China, Mongolia, and Japan; in
May for India; in April for Indochina). Therefore, the
regional and temporal differences in the intensity of
heatwaves will become larger.

In addition, the heatwave intensity increases even
when heatwaves do not occur in the historical sim-
ulation: in June or September on the Korean Pen-
insula; May and September for East China; May or
September for West China; June for South India;
September for Japan; June or July for Indochina under
the RCP8.5 and SSP1-2.6 scenarios; May, June, and
September on the Korean Peninsula; April, May, and

September for East China; May and September for
West China; from June to September for South India
and Indochina; April and September for Mongolia;
June and September for Japan; September for North-
east China under the SSP5-8.5 scenario.

Longer lasting heatwaves may contribute to
increased risks from heatwaves due to prolonged
exposure. Figure 6 presents the climatology of the
heatwave frequency for various durations in East Asia
and the eight subdomains. In the RCP2.6 scenario,
the shorter the duration, the higher the frequency of
heatwaves over the whole of East Asia. In the RCP8.5
and SSP1-2.6 scenarios, the shorter the duration, the
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Figure 5. Spatial distributions of the accumulated daily intensity of heatwaves during the heatwave period derived from

(a) ENS_ALL_HIS, (b) ENS_RCP26, (c) ENS_RCP85, (d) ENS_SSP126, and (e) ENS_SSP585. Right panels show the future
changes in the accumulated daily intensity of heatwaves under (f) RCP2.6, (g) RCP8.5, (h) SSP1-2.6 and (i) SSP5-8.5 scenarios.
The grid points with black dots denote the 95% confidence level based on a Student’s ¢-test.
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higher the frequency of heatwaves in most regions,
except for India and Indochina, where the frequency
of heatwaves lasting more than 10 days is the highest
or as high as the frequency of heatwaves lasting three
or four days. In the SSP5-8.5 scenario, most heatwaves
last more than 10 days over the whole of East Asia. In
addition, heatwaves lasting more than 20 days, which
do not occur everywhere in East Asia in the Historical
simulation, occur in India and Indochina under the
RCP2.6 scenario and in all of East Asia under other
scenarios.

As long-lasting heatwaves will occur more often,
the average duration of a heatwave in East Asia
increases from 4.3 days (Historical) to 5.2 days
(RCP2.6), 12.7 days (RCP8.5), 9.9 days (SSP1-2.6),

and 22.4 days (SSP5-8.5). In India and Indochina,
the average duration of heatwaves is around two to
three weeks under the RCP8.5 and SSP1-2.6 scen-
arios, and one month under the SSP5-8.5 scenario,
which are much longer than in other regions.
Finally, we investigate the future changes in
extreme heatwaves, as their daily intensity increases
and the durations lengthen (figure 7). The threshold
of HWM95p heatwaves is high in some parts
of China, India, and Indochina, where the heat-
wave intensity is high in the Historical simulation
(figure 3). In the historical simulation, the propor-
tion of HWM95p heatwave to the total number of
heatwaves is similar in all of East Asia, while the
mean HWM of HWM95p heatwaves is higher in
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Figure 6. Climatology of heatwave frequency at various durations over (a) East Asia, (b) the Korean Peninsula, (c) East China,
(d) West China, (e) India, (f) Mongolia, (g) Japan, (h) Indochina and (i) Northeast China (unit: events).

India and Indochina than in other regions. In all
scenarios, the proportion and mean HWM of the
HWMO95p heatwave increase over the whole of East
Asia and increase more in East and West China, India,
and Indochina than in the other regions. There-
fore, the regional difference of the proportion and
mean HWM of HWM95p heatwave become large.
The area-averaged the proportion of HWM95p heat-
wave in East Asia increase from 5.0% (historical) to
8.0% (RCP2.6), 20.8% (RCP8.5), 19.3% (SSP1-2.6),
and 36.3% (SSP5-8.5), respectively. The mean HWM
of the HWM95p heatwave is 1.4 times (RCP2.6),
3.5 times (RCP8.5), 3.0 times (SSP1-2.6), 9.0 times
(SSP5-8.5) more intense than the historical simula-
tion. In other words, extreme heatwaves occur much
more frequently and intensely in East Asia, especially

the regions more affected by extreme heatwaves in
the present day.

The reasons for the increase in HWM of extreme
heatwaves are increases in daily intensity or duration
(or both daily intensity and duration) of the heat-
wave. In order to analyze the impact of daily intens-
ity and duration of heatwaves on increases in HWM
of extreme heatwaves, scatter plots for HWM95p
heatwave duration (HWD_HWMO95p) and aver-
ages for the daily intensity within the HWM95p
heatwave period (HWI_HMWO95p) in the eight
subdomains are presented in figure 8. The mean
for HWI_HWMO95p derived from ENS_ALL_HIS
(Mean_HWI) is relatively high on the Korean Pen-
insula, in India, and in Northeast China, and the
maximum HWI_HWM95p (Max_HWTI) is relatively
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high for India, Indochina, East China, and Northeast
China. Both the mean for HWI_HWMO95p derived
from ENS_ALL_HIS (Mean_HWD) and the max-
imum HWD_HWMO95p (Max_HWD) are relatively
long in India and Indochina.

If HWI_HWM95p is higher (lower) than
Mean_HWI, and if HWD_HWM95p is shorter
(longer) than Mean_HWD, the increase in the
daily intensity (duration) of heatwaves has a greater
impact on increases in HWM of HWM95p heat-
waves than increases in the duration (daily intens-
ity) of a heatwave. If HWI_HWM95p is higher
than Mean_HWI, and HWD_HWM95p is longer
than Mean_ HWD, the increase in both daily intens-
ity and duration of a heatwave has a greater

impact on the increase in HWM of HWM95p
heatwaves. In all scenarios, the main reason for
the increase in the HWM of HWM95p heatwaves
is an increase in HWD_HWMO95p rather than
HWI_HWM95p, except where both HWI_HWM95p
and HWD_HWMO95p increase over the whole of
East Asia (table S1). Additionally, in ENS_RCP85,
ENS_SSP126, and ENS_SSP585, HWMO95p heat-
waves in which HWT is higher than Max_HWI and in
which HWD is longer than Max_HWD occurs over
the whole of East Asia and even more occur in India
and Indochina (ENS_RCP85 and ENS_SSP126) or in
East and West China, India, Mongolia, and Indoch-
ina (ENS_SSP585) than in other regions. Since the
HWM of such heatwaves is larger than the maximum
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HWM derived from ENS_ALL_HIS, such extreme
heatwaves have never occurred in the present climate.

4. Conclusions

Unprecedented heatwaves, that have occurred in vari-
ous parts of East Asia in recent years, are expected
to occur more frequently, with both frequency and
intensity increasing due to global warming. Our study
projects extreme heatwaves in terms of intensity and
duration under RCP2.6, RCP8.5, SSP1-2.6 and SSP5-
8.5 scenarios at the end of the 21st century, over the
whole of East Asia, using Tmax data produced by 12
GCM-RCM chains.

To compare the characteristics of heatwaves in
East Asia where climate types vary, a heatwave
threshold considering spatiotemporal climate con-
ditions is applied. The GCM-RCM chain reason-
ably simulates the characteristics of heatwaves in the
present day. The duration of most heatwaves is three
to four days, and the heatwave intensity is the highest
in May for India, in April for Indochina, and in July or
August for most other regions of Fast Asia, including
the Korean Peninsula, China, Mongolia, and Japan.
In India and Indochina, long and intense heatwaves
occur more often than in other regions.

In the future, heatwaves will last, on average, two
to three weeks. The heatwave intensity will increase,
and the heatwave season will be longer over all of East
Asia. Therefore, extreme heatwaves will occur much
more frequently and intensely than in the present day.

It seems that the increase in the duration of heat-
waves has a greater impact on the increase in the mag-
nitude of extreme heatwaves than an increase in the
daily intensity of heatwaves. The increase in the fre-
quency and magnitude of extreme heatwaves will be
even higher in Indochina and India, which already
experience extreme temperatures, and some parts of
China, than in other regions.

In East Asia at the end of the 21st century, the
temporal and regional disparities of heatwave damage
will be much more prominent, as extreme heatwaves
become stronger and more frequent in the regions
and during the periods that are more affected by
heatwaves in the present climate. Additionally, the
occurrence timing of extreme heatwaves is expec-
ted to diversify. Future heatwaves will be exacerbated
in urban regions considering the urban heat island
effect, which could not be taken into account because
the data has a resolution limitation.
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