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Abstract

The adverse impacts of extreme heat on human health when a concurrent day-

time and nighttime heatwave (CDNHW) occurs are greater than when daytime

or nighttime heatwaves occur individually, because of the reduced recovery

time from heat exposure. This study projects increases in CDNHW over the

whole of East Asia 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 daily maximum and minimum temperatures,

which are used to define a CDNHW, are calculated of 3-hourly temperatures

of 25 km horizontal resolution produced by 12 general circulation model and

regional climate model chains participating in the Coordinated Regional Cli-

mate Downscaling Experiment East Asia phase 2 project. In Historical simula-

tion (1981–2005), occurrence period and occurrence rate of CDNHW from

April to September area-averaged in East Asia are 10.9 days and 0.9%, respec-

tively. In projections for the future (2071–2100), occurrence period and occur-

rence rate of CDNHW will be 3 weeks and 3.7% (RCP2.6), 2 months and 20.5%

(RCP8.5), 2 months and 15.6% (SSP1-2.6), and 3 months and 45.7% (SSP5-8.5).

In addition, it is expected that the CDNHW intensity will increase, and the

spatial extent of CDNHW will be extended. Although a CDNHW lasting less

than 3 days is the most common, the proportion of CDNHWs lasting more

than 10 days, compared to the total CDNHW frequency, will increase to 1.2%

(RCP2.6), 7.2% (RCP8.5), 6.1% (SSP1-2.6), and 17.3% (SSP5-8.5) from 0.2%

(Historical). Both occurrence rate and intensity of CDNHW will increase to a

relatively large extent in Indochina, East and West China, and India. If the

current greenhouse gas emissions continue, East Asia will experience unprece-

dented heat stress because the frequency and intensity of CDNHWs, which

rarely occur during present-day, will increase significantly over all regions by

the end of the 21st century.

Received: 1 July 2022 Revised: 26 December 2022 Accepted: 3 May 2023 Published on: 14 May 2023

DOI: 10.1002/joc.8111

Int J Climatol. 2023;43:4687–4701. wileyonlinelibrary.com/journal/joc © 2023 Royal Meteorological Society 4687

https://orcid.org/0000-0001-6046-3873
https://orcid.org/0000-0001-6958-2801
https://orcid.org/0000-0001-5053-6741
https://orcid.org/0000-0002-6749-010X
mailto:jbahn@pusan.ac.kr
http://wileyonlinelibrary.com/journal/joc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjoc.8111&domain=pdf&date_stamp=2023-05-14


KEYWORD S

CMIP5, CMIP6, concurrent heatwaves, CORDEX-East Asia phase 2, daytime heatwaves,
multi-GCM and multi-RCM chains, nighttime heatwaves, representative concentration
pathways (RCPs), shared socioeconomic pathways (SSPs)

1 | INTRODUCTION

The consecutive occurrence of hot days and hot nights
increases the adverse impacts of extreme heat on human
health, because the recovery time from heat exposure is
reduced (Fischer & Schar, 2010; Opitz-Stapleton
et al., 2016; Wang, Chen, et al., 2020; Zhang et al., 2020).
According to recent studies, the frequency of hot days and
hot nights is increasing, and that trend will accelerate in
East Asia, including South Korea (Choi & Lee, 2019; Hong
et al., 2018; Im et al., 2017), China (Chen & Dong, 2019;
Chen & Li, 2017; Ding et al., 2018; Guo et al., 2018; Hu &
Sun, 2020; Li et al., 2017, 2018; Wang, Feng, et al., 2020;
Wu et al., 2020; You et al., 2018; Zhang et al., 2020),
Mongolia (Tong et al., 2019), India (Ahsan et al., 2022;
Mukherjee & Mishra, 2018; Panda et al., 2014), Vietnam
(Opitz-Stapleton et al., 2016), most regions of Asia (Dong
et al., 2018), the Northern Hemisphere (Wang, Chen,
et al., 2020), and globally (Zhu et al., 2021).

It is expected that heat stress will be exacerbated due
to global warming, and it is especially necessary to ana-
lyse future changes in the concurrent daytime and night-
time heatwave (CDNHW), a phenomenon that extreme
hot temperatures last from day to night. Many previous
studies focused on future changes in hot days or hot
nights separately (Ahsan et al., 2022; Guo et al., 2018;
Hu & Sun, 2020; Im et al., 2017; Li et al., 2018; Opitz-
Stapleton et al., 2016; Wang, Jiang, et al., 2019; Wu
et al., 2020). Although most previous studies projected
CDNHWs in specific regions or countries, the threshold
for a CDNHW varied from study to study (Mukherjee &
Mishra, 2018; Ullah et al., 2022 for India, Su &
Dong, 2019, Wang, Feng, et al., 2020 for China). In other
words, there has never been a comprehensive and inte-
grated study that analysed CDNHWs over the whole of
East Asia. Some studies showing future changes in
CDNHWs by applying a united threshold to the northern
hemisphere or on a global scale used data from the gen-
eral circulation model (GCM) (Ma et al., 2022; Wang,
Chen, et al., 2020; Zhu et al., 2021).However, those stud-
ies based on GCM projections have limited data resolu-
tion when it comes to simulating extreme events related
to heat stress in East Asia with its complex topography.

In this study, we project a CDNHW by applying a
united threshold that considers spatial and temporal cli-
mate characteristics over the whole of East Asia by the
end of the 21st century by using 3-hourly temperature

data with a 25 km horizontal resolution produced by
12 general circulation model–regional climate model
(GCM-RCM) chains. The future simulations were based
on two Representative Concentration Pathway (RCP) sce-
narios (RCP2.6 and RCP8.5) for GCMs from coupled
model inter-comparison project phase 5 (CMIP5) and two
Shared Socioeconomic Pathway (SSP) scenarios (SSP1-2.6
and SSP5-8.5) for GCMs from CMIP phase 6 (CMIP6).

2 | DATA AND ANALYSIS
METHOD

2.1 | Model and observation data sets

This study utilizes the 3-hourly temperature data with a
25 km horizontal resolution from 12 GCM-RCM chains
in the Coordinated Regional Climate Downscaling
Experiment East Asia phase 2 (CORDEX-EA2) project
(Figure 1). Eight GCM-RCM chains (HG2_CCLM,

FIGURE 1 Twelve GCM-RCM chains. [Colour figure can be

viewed at wileyonlinelibrary.com]
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HG2_RegCM, HG2_MM5, MPI_WRF, MPI_CCLM,
MPI_MM5, GFDL_WRF, and GFDL_RegCM) are pro-
jections of three GCMs from CMIP5 under RCP2.6 and
RCP8.5 scenarios that are dynamically downscaled
using three or two RCMs. The other four GCM-RCM
chains (UKESM_WRF, UKESM_CCLM, UKESM_-
RegCM, and UKESM_GRIM) are projections of one
GCM from CMIP6 under SSP1-2.6 and SSP5-8.5 scenar-
ios dynamically downscaled using four RCMs. The con-
figurations of the 12 GCM-RCM chains are summarized
in Table S1. The multi-model ensemble (ENS), which is
the average of GCM-RCM chains with equal weighting,
is mainly used to enhance the reliability of future cli-
mate projections compared to a single model. The aver-
ages for HG2_CCLM, HG2_RegCM, HG2_MM5,
MPI_WRF, MPI_CCLM, MPI_MM5, GFDL_WRF, and
GFDL_RegCM (UKESM_WRF, UKESM_CCLM,
UKESM_GRIMs, and UKESM_RegCM) for Historical,
RCP2.6, and RCP8.5 simulations (Historical, SSP1-2.6,
and SSP5-8.5 simulations) are ENS_CMIP5_HIS,
ENS_RCP26, and ENS_RCP85 (ENS_CMIP6_HIS,
ENS_SSP126, and ENS_SSP585), respectively. The aver-
age of the 12 GCM-RCM chains for the Historical simu-
lation is named ENS_ALL_HIS. The analysis results for
the present climate show only ENS_ALL_HIS, even
though a future change is calculated based on the dif-
ferences between ENS_RCP26 or ENS_RCP85
(ENS_SSP126 or ENS_SSP585) and ENS_CMIP5_HIS
(ENS_CMIP6_HIS).

The analysis period is 25 years for the Historical
simulation (1981–2005) and 30 years for RCP and SSP
simulations (2071–2100). The analysis domain is the

whole CORDEX-EA2 domain (Figure 2) and ocean
grid points are masked as missing values. In order to
analyse the characteristics of a CDNHW in each region
in East Asia with its various climate zones, the whole
domain is divided into several 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), Indochina (R7, 8–23� N, 92–
110� E), and Northeast China (R8, 42–54� N, 120–
135� E). The daily maximum and minimum tempera-
tures, which are variables used to define a CDNHW,
are calculated from the highest and lowest values
among the 3-hourly temperature data. In Historical,
RCP, and SSP simulations, the period in which the
annual maximum values are high for both the daily
maximum and minimum temperatures varied between
mid-April and early September in all of East Asia. That
period is July and August on the Korean Peninsula and
in Northeast China, but is June to August in West
China, East China, and Mongolia. It is May to June in
India, from July to September in Japan, and from April
to June in Indochina. Therefore, the heatwave period
for all of East Asia is selected as April 1 to September
30 (Figure S1).

In order to evaluate the performance of the 12 GCM-
RCM chains, ERA5 reanalysis data provided by the
European Centre for Medium-Range Weather Forecasts
is used. Gridded data from 12 GCM-RCM chains are con-
verted to the ERA5 grid with 0.25� resolution using a
simple inverse distance weighting method to compare
model results with observations.

2.2 | Variance scaling

In order to reduce systematic bias in each model, the
daily maximum and minimum temperatures are bias-
corrected using variance scaling, which is a method to
correct both mean and variance in temperatures
(Teutschbein & Seibert, 2012). The observation data used
for bias correction is the aforementioned ERA5 reanalysis
data. In Equations (1)–(8) below, Tobs indicates daily
maximum or minimum temperature in the observation
data, while Tcontr and Tscen indicate daily maximum or
minimum temperature in Historical and RCP or SSP sim-
ulations, respectively. First, the mean of the Historical
simulation is corrected by adding the difference between
the long-term monthly mean observation data and the
Historical simulation: (μm Tobsð Þ−μm Tcontrð ÞÞ as seen in
Equation (1). Each mean for RCP or SSP simulations is
also corrected by adding the term that is assumed to

FIGURE 2 The CORDEX-East Asia phase 2 domain and

topography (unit: m). Boxed areas indicate the eight sub-

domains (R1–R8). [Colour figure can be viewed at

wileyonlinelibrary.com]
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remain unvaried, even for a future climate, expressed in
Equation (2).

T�1
contr=Tcontr+μm Tobsð Þ−μm Tcontrð Þ ð1Þ

T�1
scen=Tscen+μm Tobsð Þ−μm Tcontrð Þ ð2Þ

Thereafter, the mean corrected historical simulation,
T�1
contr, and the RCP or SSP simulation, T�1

scen, are shifted
on a monthly basis to a zero mean:

T�2
contr=T�1

contr−μm T�1
contr

� � ð3Þ

T�2
scen=T�1

scen−μm T�1
scen

� � ð4Þ

Then, the variances of T�2
contr and T�2

scen are corrected
based on the ratio of the standard deviation of Tobs to
that of T�2

contr σm Tobsð Þ and σm T�2
contr

� �� �
:

T�3
contr=T�2

contr �
σm Tobsð Þ
σm T�2

contr

� �
" #

ð5Þ

T�3
scen=T�2

scen �
σm Tobsð Þ
σm T�2

contr

� �
" #

ð6Þ

Finally, the mean- and variance-corrected Historical
simulations and the RCP or SSP simulation,
T�3
contr andT

�3
scen, are shifted back using the value sub-

tracted in Equations (3) and (4):

T�
contr=T�3

contr+μm T�1
contr

� � ð7Þ

T�
scen=T�3

scen+μm T�1
scen

� � ð8Þ

2.3 | Definition of CDNHW

In order to analyse a CDNHW in East Asia with various
climate zones, the threshold of a heatwave considering
spatial and temporal climate characteristics is needed.
Therefore, the daily thresholds of daytime and nighttime
heatwaves are defined as the 90th percentile of the daily
maximum and minimum temperatures, centred on a
31-day window (i.e., 15 days before and after a Julian
day) for the reference period (1981–2005), as referred to
in Russo et al. (2015). Daytime and nighttime heatwaves
are defined as a day where the daily maximum and mini-
mum temperatures exceed the daily thresholds for day-
time and nighttime heatwaves, respectively. The daily
intensities of daytime and nighttime heatwaves are
defined as follows (Russo et al., 2015):

In Equation (9), Tmax is the daily maximum tempera-
ture on day when a daytime heatwave occurs, while
Tmax25y25p and Tmax25y75p are the 25th and 75th percen-
tiles, respectively, for annual maximum values from daily
maximum temperatures during the reference period. In
Equation (10), Tmin is the daily minimum temperature on
day when a nighttime heatwave occurs, while Tmin25y25p

and Tmin25y75p are the 25th and 75th percentiles, respec-
tively, for annual maximum values from daily minimum
temperatures during the reference period. When
INT_DHW is greater than 0 and INT_NHW is less than
0, it is defined as an independent daytime heatwave
(IDHW), but when INT_DHW is less than 0 and
INT_NHW is greater than 0, it is an independent nighttime
heatwave (INHW). When both INT_DHW and INT_NHW
are greater than 0, it is a CDNHW. The daily intensity of a
CDNHW (INT_CDNHW) is defined as the sum of
INT_DHW and INT_NHW on the day the CDNHW occurs.
A day with the daily maximum or minimum temperature
is higher than daily threshold of daytime or nighttime

INT_DHW =
Tmax−Tmax25y25p

Tmax25y75p−Tmax30y25p
Tmax>Tmax25y25p
� �

0 Tmax≤Tmax25y25p
� �

8<
: ð9Þ

INT_NHW =
Tmin−Tmin25y25p

Tmin25y75p−Tmin25y25p
Tmin>Tmin25y25p
� �

0 Tmin≤Tmin25y25p
� �

8<
: ð10Þ
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FIGURE 3 Taylor diagrams of the 25-year (1981–2005) mean (a) daily maximum temperature (Tmax) and (b) daily minimum

temperature (Tmin) during the heatwave period in East Asia derived from ENS_ALL_HIS. Radial axes show the temporal standard

deviation of ENS_ALL_HIS normalized with ERA5, and the arcs denote the spatial correlation coefficients between ENS_ALL_HIS and

ERA5. The REF point (1.0) denotes where ENS_ALL_HIS exactly agrees with ERA5. In the legend, _ORG and _VS, respectively, indicate

non-bias corrected and bias-corrected Tmax or Tmin. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Spatial distributions of monthly mean daily maximum temperatures during the heatwave period from April to September in

East Asia derived from (top) ENS_ALL_HIS, and the future changes derived from (second from the top to the bottom) ENS_RCP26,

ENS_RCP85, ENS_SSP126, and ENS_SSP585 (unit: �C). The grid points where the difference is significant at the 95% confidence level based

on the Student's t-test are marked with green dots. [Colour figure can be viewed at wileyonlinelibrary.com]
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heatwave, although daily intensity is zero, is considered as
a hot day or hot night, not as a heatwave day.

3 | RESULTS

First, the performance of ENS_ALL_HIS in simulating the
daily maximum and minimum temperatures used to define
a CDNHW is evaluated over the eight sub-domains.
Figure 3 presents Taylor diagrams that show the temporal
standard deviations for ENS_ALL_HIS normalized with
ERA5 (NSD), and the spatial correlation coefficients
(SCCs) between ENS_ALL_HIS and ERA5. The closer to
the point marked REF (1.0), the more similar the perfor-
mance of ENS_ALL_HIS to ERA5. The SCC and NSD for
daily maximum temperatures derived from ENS_ALL_HIS
before bias correction (Tmax_ORG) appear within the
ranges 0.82–0.98 and 0.82–1.05, respectively, and those for
the daily minimum temperatures derived from ENS_ALL_-
HIS before bias correction (Tmin_ORG) appear within the
ranges 0.89–0.99 and 0.90–1.00, respectively. This means
simulated daily maximum and minimum temperatures in

ENS_ALL_HIS are similar to those of ERA5 in East Asia,
although there are some variations depending on the
region. The SCC for corrected daily maximum and mini-
mum temperatures derived from ENS_ALL_HIS via the
variance scaling method (Tmax_VS and Tmin_VS) appear
within the ranges 0.97–1.00 and 0.98–1.00, respectively.
Both NSDs for Tmax_VS and Tmin_VS are close to 1.0.
Likewise, in 12 GCM-RCM chains, simulated daily maxi-
mum and minimum temperatures are also similar to those
of ERA5 in East Asia and Tmax_VS and Tmin_VS are
closer to the REF than Tmax_ORG and Tmin_ORG
(Figure S2). In addition, through the probability distribu-
tion functions (Figure S3), we can see that the distribution
ranges and shapes for Tmax_VS and Tmin_VS are more
similar to those of ERA5 than Tmax_ORG and Tmi-
n_ORG. Hence, CDNHWs were analysed using Tmax_VS
and Tmin_VS in this study.

We investigate the temporal and spatial characteris-
tics of daily maximum (Tmax) and minimum tempera-
tures (Tmin) (Figures 4 and 5). In ENS_ALL_HIS, the
Tmax and Tmin are the highest from April to June for
India and Indochina; and in July or August for the

FIGURE 5 Same as Figure 4 but shows daily minimum temperatures. [Colour figure can be viewed at wileyonlinelibrary.com]
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Korean Peninsula, China, Mongolian, and Japan. In
India and Indochina, the Tmax and Tmin are higher than
other regions, while the monthly variability of those are
relatively small (Figure S4). Figure S5 shows the spatial
distributions of mean Tmax and Tmin during the heat-
wave period in East Asia from April to September derived
from ERA5, ENS_CMIP5_HIS, and ENS_CMIP6_HIS, as
well as the bias compared with ERA5. The magnitude of
bias for mean Tmax and Tmin derived from ENS_CMI-
P5_HIS is smaller than that derived from ENS_CMI-
P6_HIS, which may be because ENS_CMIP6_HIS is
forced by only one GCM, while ENS_CMIP5_HIS is
forced by three GCMs. However, the difference between
ENS_CMIP5_HIS and ENS_CMIP6_HIS is negligible
over East Asia, except for the mean Tmax in India. These
results indicate that ENS_SSP126 and ENS_SSP585 can
help to confirm that future projections of heatwaves
under SSP126 and SSP585 scenarios support those under

RCP2.6 and RCP8.5 scenarios. The temporal and spatial
characteristics of a daytime and nighttime heatwave
threshold is similar to the daily maximum and daily min-
imum temperatures (Figure S6).

In ENS_RCP26, ENS_RCP85, ENS_SSP126, and
ENS_SSP585, the Tmax and Tmin increase in all regions of
East Asia, especially, more increase in high-latitude region
and more increase during the period when temperatures
are already high in ENS_ALL_HIS. In addition, the Tmin
increase more than Tmax in East Asia expect for East
China and Indochina. The average of Tmax/Tmin during
the period from April to September increase from
22.5�C/13.9�C (ENS_ALL_HIS) to 23.6�C/15.1�C
(ENS_RCP26), 26.3�C/17.7�C (ENS_RCP85), 25.6�C/17.0�C
(ENS_SSP126), and 29.5�C/21.0�C (ENS_SSP585) in East
Asia. Therefore, the increases are large in the following
order: ENS_SSP585, ENS_RCP85, ENS_SSP126, and
ENS_RCP26. SSP5-8.5 and RCP8.5 (SSP1-2.6 and RCP2.6)

FIGURE 6 Pie charts showing independent daytime heatwave (IDHW), independent nighttime heatwave (INHW), and concurrent

daytime and nighttime heatwave (CDNHW) occurrence rates during the heatwave periods over all of East Asia and the eight sub-regions,

derived from (top row) ERA5, and (subsequently from top down) ENS_ALL_HIS, ENS_RCP26, ENS_RCP85, ENS_SSP126, and ENS_SSP585

(unit: %). [Colour figure can be viewed at wileyonlinelibrary.com]
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scenarios represent the high-emission (low-emissions) sce-
narios with the same radiative forcing of 8.5 W/m2 (2.6 W/
m2) by 2100, but the CO2 emissions at the end of the 21st
century in SSP5-8.5 (SSP1-2.6) scenario is approximately
21.0% (6.0%) higher than that in RCP8.5 (RCP2.6) scenario.
Therefore, the Tmax and Tmin under SSP scenarios are
higher than those under corresponding RCP scenarios.

Future changes in IDHWs, INHWs, and CDNHWs
due to the increase in daily maximum and minimum
temperatures were analysed. Figure 6 presents pie charts
showing the occurrence rates for IDHWs, INHWs, and
CDNHWs during the heatwave period in East Asia
(OR_IDHW, OR_INHW, and OR_CDNHW). In ERA5,
OR_IDHW, OR_INHW, and OR_CDNHW appear within
the ranges 1.2%–1.5%, 0.9%–1.7%, and 0.5%–1.2% in the
eight sub-regions, which means that CDNHWs occur
rarely than INHW and IDHW. Although ENS_ALL_HIS
tends to overestimate or underestimate OR_IDHW,
OR_INHW, and OR_CDNHW, depending on the sub-

region, the absolute values in the bias of those area aver-
ages in East Asia are very small (0.1%, 0.5%, and 0.3%,
respectively). This means OR_IDHW, OR_INHW, and
OR_CDNHW derived from ENS_ALL_HIS and ERA5 are
very similar. In ENS_RCP26, ENS_RCP85, ENS_SSP126,
and ENS_SSP585, OR_IDHW, OR_INHW, and
OR_CDNHW increase in all regions of East Asia. In addi-
tion, the regional differences in OR_IDHW, OR_INHW,
and OR_CDNHW are large compared to ENS_ALL_HIS
because the degree of the increase vary depending on the
region. In the current climate, the occurrence rate of a
CDNHW area-averaged in East Asia is 0.9%, which is
lower than for IDHWs (1.4%) and INHWs (1.6%). In the
future, the occurrence rates of CDNHWs area-averaged
in East Asia will increase to 3.7% (RCP2.6), to 20.5%
(RCP8.5), to 15.6% (SSP1-2.6), and to 45.7% (SSP5-8.5),
and will be higher in Indochina than in other regions.
Even, CDNHW more occurs than IDHW and INHW in
Mongolia and Japan (RCP2.6), on the Korean Peninsula,

FIGURE 7 Box plots

showing the climatology of the

(a) first date and (b) last date

when CDNHWs occur

(FD_CDNHW and

LD_CDNHW) and (c) the

climatology of the CDNHW

occurrence period

(OP_CDNHW) for grids in the

eight sub-domains. Each box

denotes the range from the 25th

percentile to the 75th percentile.

The line in the middle of the box

denotes the median. The upper

and lower whiskers indicate

maximum and minimum values.

[Colour figure can be viewed at

wileyonlinelibrary.com]
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and in East and West China, India, Mongolia, and Japan
(RCP8.5), on the Korean Peninsula, and in West China,
Mongolia, Japan, and Northeast China (SSP1-2.6), and in
all regions of East Asia (SSP5-8.5).

In order to examine the characteristics of a CDNHW,
first, the period in which the CDNHW mainly occurs in
each sub-domain is analysed. Box plots presented in
Figure 7 show the climatology of the Julian day when
CDNHW occurs first and last (first date and last date of
CDNHW) and the climatology of CDNHW occurrence
period, which is calculated as the difference between last
date and first date of CDNHW, for grids in the eight sub-
domain. In ENS_ALL_HIS, CDNHWs mainly occurs
from late July to mid-August on the Korean Peninsula,
from mid-July to early August in East and West China,
from early-May to early June in India, from early to late
July in Mongolia, from late July to mid-August in Japan,
from late April to early June in Indochina, and from mid
to late July in Northeast China. The area-averaged occur-
rence period of CDNHW in East Asia is about 10.9 days,
which is relatively long in East China, Mongolia, Japan,
and Indochina. In ENS_RCP26, ENS_RCP85,
ENS_SSP126, and ENS_SSP585, the first date of CDNHW

is earlier and last date of CDNHW is later than in
ENS_ALL_HIS, respectively (Tables S2 and S3). There-
fore, the occurrence period of CDNHW area-averaged in
East Asia extends to about 23.2 days (RCP2.6), 66.0 days
(RCP8.5), 59.3 days (SSP1-2.6), and 110.2 days (SSP5-8.5).
In other words, CDNHWs occur even when CDNHWs do
not usually occur in ENS_ALL_HIS. The occurrence
period is relatively longer in East and West China,
Mongolia, and Indochina (RCP2.6), in East and West
China and Indochina (RCP8.5 and SSP5-8.5) and in East
and West China, Mongolia, and Indochina (SSP1-2.6),
compared to other regions.

Figure 8 presents the frequency of CDNHWs of various
durations. In ENS_ALL_HIS (Figure 8a), the duration of a
CDNHW is mostly from 1 to 3 days in East Asia. Although
the frequency of all CDNHWs is high in Mongolia and
Japan, CDNHWs lasting more than 4 days occur more in
India and Japan than other regions. In ENS_RCP26,
ENS_RCP85, ENS_SSP126, and ENS_SSP585, the fre-
quency of all CDNHWs increases, with a CDNHW lasting
fewer than 3 days being the most common, as seen in
ENS_ALL_HIS. In particular, long-lasting CDNHWs,
which rarely occurs in ENS_ALL_HIS, occur. In

FIGURE 8 Frequency of concurrent daytime and nighttime heatwaves (CDNHWs) of various durations over the eight sub-regions for

(a) ENS_ALL_HIS, (b) ENS_RCP26, (c) ENS_RCP85, (d) ENS_SSP126, and (e) ENS_SSP585. [Colour figure can be viewed at

wileyonlinelibrary.com]
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ENS_RCP26 (Figure 8b), CDNHWs lasting more than
7 days occur on the Korean Peninsula, and in East China,
India, Japan, and Indochina. In ENS_RCP85 and
ENS_SSP126 (Figure 8c,d), CDNHWs lasting more than
7 days occur in all regions of East Asia, and those lasting
more than 10 days occur in most regions of East Asia
except for Mongolia and Northeast China. In ENS_ SSP585
(Figure 8e), CDNHWs lasting more than 10 days occurs in
all regions of East Asia. Therefore, the proportion of
CDNHWs lasting more than 10 days, compared to the fre-
quency of all CDNHWs, in East Asia will increase to 1.2%
(RCP2.6), 7.2% (RCP8.5), 6.1% (SSP1-2.6), and 17.3%
(SSP5-8.5) from 0.2% (Historical). These long-lasting
CDNHWs will occur more frequently in India and Indo-
china under RCP2.6 and RCP8.5 scenarios, in Japan and
Indochina under SSP1-2.6 scenario, and in India and Japan
under SSP5-8.5 scenario. Among the high-emission scenar-
ios, CDNHW lasting more than 10 days is three times more
frequent in SSP5-8.5 scenario than RCP8.5 scenario.

Finally, we investigated future changes in the inten-
sity of CDNHWs due to increases in the occurrence

periods and the number of days they last. Figure 9 and
Figure S7 show the spatial distributions for accumulated
intensity of CDNHWs derived from ENS_ALL_HIS,
ENS_RCP26, ENS_RCP85, ENS_SSP126, and
ENS_SSP585 and their differences. The spatial extent of
CDNHW, which is calculated as a percentage of CDNHW
area to the total sub-domain area, is shown in Figure S8.
In ENS_ALL_HIS, the accumulated intensity of CDNHW
from April to September is relatively high in West China
(except for the Tibetan Plateau), in some regions of East
China, India, and in Thailand and Cambodia in Indo-
china. The period when intensity of CDNHW is the high-
est over a broad area is May in India and Indochina, and
July or August on the Korean Peninsula, in China, in
Mongolia, and in Japan.

In ENS_RCP26, ENS_RCP85, ENS_SSP126, and
ENS_SSP585, not only the intensity of CDNHW more
increases, but also the spatial and temporal extent of the
CDNHW is more expanded. The intensity of CDNHW
increases in all regions of East Asia and that increases
more in East China, West China, India and in Indochina,

FIGURE 9 Spatial distributions for monthly accumulated intensity of concurrent daytime and nighttime heatwaves (CDNHWs) during

the heatwave period in East Asia from April to September for (top to bottom) ENS_ALL_HIS, ENS_RCP26, ENS_RCP85, ENS_SSP126, and

ENS_SSP585. [Colour figure can be viewed at wileyonlinelibrary.com]
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where the already more affected by CDNHW in
ENS_ALL_HIS. While, the intensity of CDNHW derived
from ENS_RCP26 decrease in the eastern part of East
China, the western part of West China, and Northeast
China. The increase in the intensities of CDNHWs is
larger in the order of SSP5-8.5, RCP8.5, SSP1-2.6, and
RCP2.6 scenarios. In particular, the increase is four times
stronger under SSP5-8.5 scenario than RCP8.5 scenario.
In addition, CDNHW occurs even in the period when the
CDNHW rarely occurs in ENS_ALL_HIS (in May, June,
and September on the Korean Peninsula, in April in East
China, in April and May in West China, from July to
September in India, in April and September in Mongolia,
from April to June in Japan, in September in Indochina,
and in April, May, and September in Northeast China).

4 | DISCUSSION AND
CONCLUSION

The adverse effects of extreme heat are expected to
increase due to global warming. In particular, CDNHWs
will have negative impacts not only on ecosystems and
human health, but across industries in all countries.
Although quantitatively analysing future changes in
CDNHWs (as well as daytime or nighttime heatwaves) is
important, few studies have analysed future changes in
CDNHWs over East Asia. In this study, CDNHWs over

the whole of East Asia by the end of the 21st century
(2071–2100) are projected under RCP2.6, RCP8.5,
SSP1-2.6, and SSP5-8.5 scenarios using 3-hourly tempera-
ture data with a 25 km horizontal resolution produced by
12 GCM-RCM chains participating in the CORDEX-EA2
project.

To evaluate the performance of GCM-RCM chains in
simulating daily maximum and minimum temperatures,
NSD, SCC, and probability distribution functions were
examined. As a result, the temporal and spatial climate
characteristics of bias-corrected daily maximum and min-
imum temperatures under the variance scaling method
were more similar to those of ERA5 than daily maximum
and minimum temperatures before bias correction. In
Historical simulation, the occurrence rate for CDNHWs
from April to September (area-averaged in East Asia) is
0.9%, which is very low in all regions of East Asia. A
CDNHW mainly occurs from July to August on the
Korean Peninsula, in China, in Mongolia, and in Japan,
and occurs from April to June in India and Indochina.
The occurrence period for CDHNWs from first to last
onset is about 1–2 weeks, and the duration of a CDNHW
is usually less than 3 days. The period when the intensity
of a CDNHW is the highest and when it covers the widest
area is in July or August on the Korean Peninsula, in
China, in Mongolia, and in Japan, and is in May for
India and Indochina. The accumulated intensity of a
CDNHW from April to September is higher in West

FIGURE 10 Composites of geopotential height at 500 hPa anomalies during daytime for IDHWs (top row) and CDNHWs (second row),

and during nighttime for INHWs (third row) and CDNHWs (bottom row) over eight sub-regions (unit: m) in historical simulation. The grid

points where the anomaly is significant at the 95% confidence level based on the Student's t-test are marked with black dots. [Colour figure

can be viewed at wileyonlinelibrary.com]

KIM ET AL. 4697

 10970088, 2023, 10, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8111 by Pusan N
ational U

niversity, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


China, except for the Tibetan Plateau, and in East China,
India, as well as Thailand and Cambodia in Indochina,
compared to other regions.

By the end of the 21st century, the occurrence period
for CDHNWs will be extended to 3 weeks (RCP2.6), to
2 months (RCP8.5 and SSP1-2.6), and to 3 months
(SSP5-8.5), and the occurrence rates for CDNHWs will
increase to 3.7% (RCP2.6), 20.5% (RCP8.5), 15.6%
(SSP1-2.6), and 45.7% (SSP5-8.5), as the daily maximum
and minimum temperatures from April to September will
increase in all regions of East Asia. Therefore, it is
expected that the intensity of CDNHWs will increase,
and the spatial extent of CDNHW will be expanded. The
period when the intensity of a CDNHW is the highest
and when it covers the widest area will be expected to be
the same period as in Historical simulation. CDNHWs
lasting less than 3 days are most common, but the fre-
quency of CDNHWs lasting more than 10 days will
increase significantly. The occurrence period and dura-
tion of CDNHWs will be longest and occurrence rate and
intensity of CDNHWs will be highest in Indochina, and
those are longer or higher in East China, West China,
and India, compared to other regions. More frequent,
intense, and prolonged CDNHWs occur over a broad area
in high-emission scenarios, particularly in SSP5-8.5 sce-
nario, because future warming in East Asia is more pro-
nounced under SSP scenarios than under corresponding
RCP scenarios.

The physical or dynamical mechanisms responsible
for the increase in intensity and frequency of CDNHWs
in each region of East Asia should be explored in-depth
in further study. Recently, many study attach the atten-
tion to CDNHWs, but underlying mechanism of
CDNHWs remains unclear. Very few studies show that
the persistent anticyclonic circulation is mainly associ-
ated with CDNHWs in East Asia regions (Li et al., 2021;
Luo et al., 2022 for China, Wang et al., 2020 in Northern
hemisphere). The anomalous anticyclone contributes to
surface warming through adiabatic heating, additional
solar radiation absorption, and offsetting the nighttime
radiative cooling (Choi & Lee, 2019; Hong et al., 2018; Im
et al., 2019; Kim et al., 2019; Lee & Lee, 2016; Noh
et al., 2021; Seo et al., 2021; Yoon et al., 2020; Yoon
et al., 2021 for Korean Peninsula, Freychet et al., 2017;
Hong et al., 2020; Luo & Lau 2017; Park et al., 2012;
Wang, Hui, et al., 2019; Wang, Jiang, et al., 2019 for
China, Joshi et al., 2020; Ratnam et al., 2016; Rohini
et al., 2016; Sandeep & Prasad, 2018 for India,
Erdenebat & Sato, 2016 for Mongolia, Nishi et al., 2022;
Noh et al., 2021 for Japan, Luo & Lao, 2018, for Indo-
china Peninsula). We carried out the composite analysis
of the daytime and nighttime geopotential height at
500 hPa (Z500) anomalies for CDNHW events using

6-hourly Z500 data. Considering local time, Z500 at
06 UTC and 18 UTC were used to composite mean for
daytime and nighttime hour, respectively. Figures S9 and
S10 show that the positive Z500 anomalies persist day
and night over the regions with CDNHW events in His-
torical simulation. In RCP and SSP scenarios, the magni-
tude of daytime and nighttime Z500 anomaly against
reference period climatology increases, which may be
one of the reasons for increase in CDNHWs.

Recently, the CDNHWs are receiving scientific atten-
tion, but the underlying mechanism related to that has
been poorly understood. Very a few studies show that the
persistent anticyclonic circulation is mainly associated
with CDNHWs in East Asia regions (Li et al., 2021; Luo
et al., 2022 for China, Wang et al., 2021 in Northern
hemisphere). In order to understand the underlying
mechanism associated with CDNHW in East Asia, first of
all, we carried out the composite analysis of the daytime
(06UTC) and nighttime (18UTC) geopotential height at
500 hPa (Z500) anomalies for CDNHW events. Figure 10
shows the composites of daytime or nighttime Z500
anomalies for each of IDHW, INHW, and CDNHW in
Historical simulation. It is founded that positive Z500
anomalies is dominant during the day and night when
IDHW and INHW occurs, and that persist day and night
when CDNHW occurs over each sub-region. In general,
under the anomalous anticyclone conditions, adiabatic
heating due to sinking motion and additional solar radia-
tion absorption due to reduction of cloud cover contrib-
ute to surface warming during the daytime. In addition,
warm advection caused by anomalous wind, and, the
reduction of nighttime radiative cooling due to anoma-
lous moisture advection, particularly in coastal areas as
well as the adiabatic heating elevates surface temperature
during the night (Choi & Lee, 2019; Hong et al., 2018; Im
et al., 2019; Kim et al., 2019; Lee & Lee, 2016; Noh
et al., 2021; Seo et al., 2021; Yoon et al., 2020, 2021 for
Korean Peninsula, Freychet et al., 2017; Hong
et al., 2020; Luo & Lau, 2017; Park et al., 2012; Wang,
Hui, et al., 2019; Wang, Jiang, et al., 2019 for China, Joshi
et al., 2020; Ratnam et al., 2016; Rohini et al., 2016;
Sandeep & Prasad, 2018 for India, Erdenebat &
Sato, 2016 for Mongolia, Nishi et al., 2022; Noh
et al., 2021 for Japan, Luo & Lao, 2018 for Indochina Pen-
insula). In RCP and SSP scenarios, the magnitude of day-
time and nighttime Z500 anomaly against reference
period climatology is much higher than the magnitude of
that in Historical simulation, which may be one of the
reasons for increase in CDNHWs (Figure S9 and
Figure S10). The physical or dynamical mechanisms con-
tributing to the increase in intensity and frequency of
CDNHWs in each region of East Asia should be explored
in-depth in further study.
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In summary, the frequency and intensity of
CDNHWs, which occur rarely during the heatwave
periods in the present climate, will increase significantly
by the end of the 21st century over the whole of East
Asia. These increases are expected to be greater in Indo-
china, India, East China, and West China, compared to
other regions.
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