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Abstract

Driven by four global climate models (GCMs) from the Coupled Model Intercomparison Project Phase 5 (CMIP5)
(i.e., CNRM-CM5, EC-EARTH, GFDL-ESM2M and MPI-ESM-LR) under the Representative Concentration Path-
way 8.5 (RCPS8.5) scenario, projections for future changes in heat waves over China are performed by Weather Research
Forecasting (WRF) model simulations for future (FTR, 2031-2055) and present (1981-2005) periods. Six heat wave indices
are applied to characterize heat waves based on their frequency, duration, magnitude, intensity, accumulated occurrence
days and severity. Analyses show that notable increases in heat wave indices cover all of China. More areas will endure
more frequent, longer lasting and more severe heat waves in the coming decades. The increasing tendencies of heat wave
indices in the FTR period are more significant than those at present, indicating that heat waves will intensify more rapidly in
the future. The impacts of climate changes on the accumulated properties of heat waves are more substantial than those on
the individual aspects of heat waves. It is also projected that stronger heat waves with prolonged durations and more severe
magnitudes will occur more often in the FTR period, whereas relatively weaker heat waves would occur less often. Hence,
the occurrence of extreme heat waves shows a more remarkable increase than the occurrence of moderate heat waves. The
changes in heat waves can be largely explained by the changes in the dominating high-pressure systems.
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1 Introduction

Global warming is an unequivocal fact, and many of the
observed changes in climate systems are unprecedented
over decades to millennia. The atmosphere and ocean have
warmed, the amounts of snow and ice have diminished,
and sea level has risen. The globally averaged combined
land and ocean surface temperature, as calculated by linear
trend, shows a warming of 0.85 °C over the period 1880
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to 2012 (IPCC 2014). The global mean surface tempera-
ture is expected to continue to rise by 1.4-5.8 °C over the
period from 1990 to 2100 due to the projected increases
in greenhouse gas concentrations in the atmosphere (Boo
et al. 2006).

The warming climate is likely to cause changes in the
characteristics of extreme weather events, as noted by, e.g.,
Meehl et al. (2000), Griffiths et al. (2005), Tebaldi et al.
(2006), Russo and Sterl (2011), Orlowsky and Seneviratne
(2011), and Sillmann et al. (2013). For example, under
global warming scenarios, heat waves, usually defined as
the extreme temperatures above a threshold near the upper
ends of the observed values, are expected to be more fre-
quent, intense and/or longer lasting (Meehl and Tebaldi
2004; Cowan et al. 2014; Dosio 2016). Associated with
these changes are higher risks of disastrous consequences
for human, natural and industrial systems. Prolonged periods
of extremely high temperatures and a dry atmosphere could
lead to an increase in the frequency and severity of forest
fire, tree mortality, agricultural loss, overburden electric-
ity and water facilities (Barriopedro et al. 2011; Field et al.
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2012; Unal et al. 2013). Moreover, more intense heat waves
would cause increased morbidity and mortality (Perkins
2015). Therefore, understanding the potential future changes
in heat waves has important implications for human and eco-
system acclimation. In addition, it is of considerable impor-
tance for policymakers to advance climate change adaptions
by evaluating the future risks and impacts caused by changes
in extreme temperatures (IPCC 2014). Many studies have
investigated the future projections of heat waves at global
and regional scales. Beniston et al. (2007) presented an
overview of changes in the extreme events over Europe and
found that regional surface warming could cause the fre-
quency, intensity and duration of heat waves to increase.
In addition, the intensity of extreme temperatures increases
more rapidly than the intensity of more moderate tempera-
tures over the continental interior due to increases in temper-
ature variability. Boo et al. (2006) investigated the possible
changes in extreme temperatures over Korea in the coming
century and reported that hot events are expected to be more
frequent and intense under the current climate change sce-
nario. With an ensemble of regional climate model (RCM)
simulations, it is suggested that there is a high probability
of heat waves of unprecedented severity over the continental
US by the end of the twenty-first century if a high emis-
sions path is followed (Kunkel et al. 2010). Based on the
results of a very high-resolution global model, Dosio et al.
(2018) demonstrated that heat wave magnitude is expected
to increase over Africa, South America, and Southeast Asia.
Compared to a world with an increase of 1.5 °C in global
average surface temperature, the frequency of extreme heat
waves would double across most of the globe under with
2.0 °C warming.

The projected changes in heat waves have also become
a great concern for China. Guo et al. (2016) investigated
the projection of heat waves over China using 12 Coupled
Model Intercomparison Project Phase 5 (CMIP5) models,
and the results showed that the frequency and intensity of
heat waves would increase more dramatically as the increase
in the global mean temperature attained higher warming tar-
gets. Under the Representative Concentration Pathway 4.5
(RCPA4.5) scenario, by the middle of the twenty-first century,
the heat wave duration index over China is expected to be
multiplied 2.6 times longer based on a multi CMIP5 model
ensemble (Yao and Luo 2012). Based on the output of 17
CMIP5 models, Zhang (2012) analyzed the spatiotemporal
features of 2.0 °C warming of surface temperatures over the
globe and in China under the RCP4.5 scenario and found
that surface warming over China occurs substantially faster
than the global mean. Most of the previous studies are based
on the multiple CMIPS5 models (Taylor et al. 2012), which
are global climate models (GCMs). With a coarse resolu-
tion, GCMs are limited with respect to some processes that
are influenced by e.g. topographical details, coastlines, and
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land-surface heterogeneities (Dosio 2016). Regional climate
models (RCMs) generally show improved skill at capturing
such detailed processes and have been widely used for simu-
lating extreme events (e.g. Fischer et al. 2007; Lhotka and
Kysely 2015; Wang et al. 2018). Yang et al. (2010) investi-
gated the projected change in heat waves over China from
one run of a regional model (PRECIS) using the IPCC Spe-
cial Report on Emissions Scenario A2. Ji and Kang evalu-
ated several kinds of extreme weather events over China
projected for the end of the twenty-first century (2080-2099)
with the regional climate model RegCM4. The Coordi-
nated Regional Climate Downscaling Experiment (COR-
DEX, http://werp-cordex.ipsl.jussieu.fr) was implemented
under the auspices of the World Climate Research Program
(WCRP). The CORDEX aims to advance and coordinate
the science and application of regional climate downscaling
through global partnerships (Giorgi et al. 2009; Giorgi and
Gutowski 2015). With the development of the RCMs and the
demand for higher resolution, the CORDEX is now under-
way to improve the experimental framework leading to its
second phase (CORDEX-II). With a domain focused on East
Asia (https://cordex-ea.climate.go.kr/main/modelsPage.do),
the second phase of CORDEX-East Asia (CORDEX-EA-II)
will use the new domain with 0.22°, or 25 km, resolution
(Zhou et al. 2016).

Considering the two predominant challenges that China
will experience in the coming decades (i.e., the increased
aging population and the continued urbanization), a more
vulnerable Chinese population is about to be exposed to the
threat of extreme heat. Lu and Chen (2016) call for more
attention paid to the temperature extremes, particularly on
high temperature extremes under global warming. Thus,
in this study, over the CORDEX-EA-II frame, the RCM
Weather Research and Forecasting (WRF) model is uti-
lized to investigate the future changes in heat waves over
China under the global warming scenario. Considering the
various local climate conditions over China, heat waves are
identified by a percentile-based definition and several heat
wave indices are applied to quantify heat waves’ properties.
Section 2 introduces the data, methods, and experimental
design. The Results and analyses are presented in Sect. 3.
Summary remarks are presented in the Sect. 4.

2 Data, method and experimental design
2.1 Model and experimental design

In this study, the WRF model (version 3.6.1, Skamarock
et al. 2008) is used to downscale the results of four GCMs
from the CMIP5: CNRM-CM5, EC-EARTH, GFDL-
ESM2M and MPI-ESM-LR. The WRF model has been
widely used for regional simulations of extreme temperatures
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over East Asia and shows good performance (Tang et al.
2016; Wang et al. 2018). The initial and boundary conditions
in the WRF simulations are provided by the four CMIP5
GCMs, which all show good performance in simulating the
regional climate of East Asia (Chen and Sun 2013; Bosmans
et al. 2018). Following the CORDEX-EA-II framework, the
simulation domain covers all of China and East Asia (Fig. 1)
at a resolution of 25 km. The historical runs (1981-2005) for
present climate are forced by the natural and anthropogenic
atmospheric composition and defined as the reference (RF)
experiments, whereas the future projections (2031-2055) are
forced by the warming scenario Representative Concentra-
tion Pathways 8.5 (RCP8.5) and defined as the future (FTR)
experiments. The simulation periods are from 1979 to 2005
for the RF experiments and from 2029 to 2055 for the FTR
experiments, of which the first 2 years are used as the spin-
up time in all the experiments.

The experimental physics options used in this study are
the same as those in the CORDEX-EA-I experiments (Tang
et al. 2016; Wang et al. 2018), including the microphys-
ics scheme of the WRF Single-Moment 5-class (WSM5)
(Lim and Hong 2010), the convective parameterization
scheme based on Kain and Fritsch (1990), the Yonsei Uni-
versity planetary boundary layer scheme (YSU PBL) (Hong
et al. 2006) and the NOAH land surface scheme (Chen and
Dudhia 2001).

2.2 Heat wave definition and validation data

In the present study, a heat wave is defined the same as that
in Wang et al. (2017b, 2018). A heat wave occurs when the
daily maximum temperature exceeds the temperature threshold
for at least 4 consecutive days. For each calendar day during
May—September, the temperature threshold is calculated as
the 90th percentile of a 21-day-long moving-center window

Fig. 1 The topography (color

(following Stefanon et al. 2012) over the reference period
(1981-2005). Likewise, we quantify heat waves based on the
six heat wave indices defined and used in Wang et al. (2017b,
2018), i.e., the number of heat waves in a given period (HWN),
mean heat wave duration (HWDU), mean heat wave magni-
tude (HWM), mean heat wave intensity (HWI), total heat
wave duration (HWF) and total heat wave intensity (HWTIL).
Among them, HWN, HWDU and HWM are single-aspect
indices that characterize three distinct aspects of heat waves,
whereas HWI, HWF and HWTI are integrative indices, which
merge several aspects into one single value. Furthermore, the
HWDU, HWM and HWI describe the characteristics of indi-
vidual heat wave events (i.e., their mean duration, magnitude
and intensity), whereas the HWN, HWF and HWTI character-
ize the accumulated properties of all heat wave events over a
period of time.

As in Wang et al. (2017b, 2018), for heat waves over a
specific period (e.g. 1 year or the whole research period), the
six heat wave indices are defined as follows:
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N D,
HWTI = Z Z(Tij — TR;) = HWIx HWF (6)

ro]

where N is the total number of heat wave events for this
period; for the heat wave i, its intensity, ZJD’ (Tij - TRij), is
calculated as the sum of the temperature deviation exceeding
the threshold throughout its duration D;. Tj; and TR;; are the
Tmax and the corresponding threshold for day j during this
heatwave.

To evaluate the model performance on simulating
observed heat wave events, daily maximum temperatures
over the period of 1981-2005 from 587 observational sites
across China are used (black dots in Fig. 1). This dataset is
provided by the National Meteorological Information Center
of the China Meteorological Administration (CMA), which
has been quality controlled and homogenized (Li et al.
2004). The dataset has been widely used for research on
extreme weather events in China (e.g., Ding et al. 2010;
Wang et al. 2015, 2018). For convenience of comparison, the
results of WRF simulations are interpolated to the observa-
tional sites using bilinear interpolation method. Geopotential
heights at the 500 hPa level (H500), derived from the new
Japanese 55-year Reanalysis by the Japan Meteorological
Agency (JRA-55, Ebita et al. 2011) is used to validate the
ability of WRF to simulating the atmospheric circulations
during heat waves.

3 Results

3.1 Evaluation of heat wave simulations
under present climate condition

In this section, we first evaluate the ability of the WRF
model to reproduce the observed heat waves under pre-
sent climate condition through the comparison between the
observed and simulated heat wave indices, and then depict
the overall capacity of the model to simulate the spatial vari-
ability of the observed heat waves by the Taylor diagram
(Taylor 2001).

Figure 2 shows the spatial patterns of the singular heat
wave indices in the observation and the WRF simulations
during the RF period (1981-2005). For HWN, high values
in the observation are mainly located at southeastern China
and Xinjiang province (Fig. 2a), which is consistent with
previous results from Wang et al. (2018). In WRF simu-
lations, the CNRM-CMS5 and EC-EARTH driven runs can
reasonably reproduce the HWN values over Xinjiang while
they underestimate the HWN values over southeastern China
and the middle reaches of the Yellow River (Fig. 2¢c, d). The
GFDL-ESM2M and MPI-ESM-LR driven runs appear to
better capture the spatial features of HWN with reasonable
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values over most of China (Fig. 2e, f). However, all the four
GCM-driven runs overestimate the HWN values over the
eastern Tibetan Plateau. Consequently, the ensemble of four
WREF simulations is able to reproduce the spatial patterns of
HWN values reasonably well, though with overestimation
over the eastern Tibetan Plateau and some underestimation
over southeastern China (Fig. 2b). The observed HWDU
shows relatively higher values along the Yellow River and
in southeastern China (Fig. 2g). The CNRM-CM5 and EC-
EARTH driven runs exhibit similar patterns of HWDU,
overestimating it over northwestern China but underes-
timating it over northeastern China (Fig. 2i, j). Likewise,
the GFDL-ESM2M and MPI-ESM-LR driven runs show
underestimated HWDU values over northeastern China and
overestimated HWDU over northwestern China. In addition,
they produce greater HWDU values than the observations in
southeastern China (Fig. 2k, 1), especially in the MPI-ESM-
LR driven run (Fig. 21). Accordingly, the ensemble of four
model simulations can generally capture the spatial distri-
butions of HWDU values but overestimates it over south-
eastern and northwestern China and shows underestimation
in northeastern China (Fig. 2h). For the observed HWM,
there is a progressive increase from the south to the north
of China (Fig. 2m). This phenomenon has been revealed in
previous studies and is caused by the more severe warming
over the northern China in recent decades (e.g., Wang et al.
2017a). The four GCM-driven runs show great consistency
in simulating the spatial distributions of HWM values and
exhibit a positive gradient of HWM values from south to
north China (Fig. 20-r). Among the four experiments, the
CNRM-CMS5 and EC-EARTH driven runs seem to perform
better for simulating the HWM values (Fig. 20, p), while
the GFDL-ESM2M and MPI-ESM-RL driven runs tend to
overestimate HWM values over the northern part of China
(Fig. 2q, r). Consequently, the ensemble results of four
model simulations show a reasonable representation for the
spatial distributions of HWM but overestimate its magnitude
over the northern part of China (Fig. 2n).

In addition to the single-aspect heat wave indices, the
evaluation is also performed on the integrative indices
(Fig. 3). For the HWI, which merges the properties of
HWDU and HWM, higher values are observed over north-
ern China (Fig. 3a), which is consistent with previous results
that heat waves in northern China are more severe than those
in southern China, as noted by Wang et al. (2017a). The
four GCM-driven runs can reasonably reproduce the spa-
tial patterns of HWI values (Fig. 3c—f). However, biases
exist in the simulations, especially in the GFDL-ESM2M
and MPI-ESM-LR driven runs (Fig. 3e, f). These WRF
simulations tend to overestimate the HWI values over the
middle and lower reaches of Yangtze River, as well as the
north part of China, with larger biases in the MPI-ESM-LR
driven simulation (Fig. 3f). Their ensemble characterizes the
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spatial distributions of HWI reasonably well but somewhat
overestimates its values over the middle and lower reaches
of the Yangtze River and northwestern China (Fig. 3b). As
the combination of HWN and HWDU, the observed HWF
values are higher over southeastern and northwestern China,
and lower over northeastern China (Fig. 3g). The WRF
model simulations driven by CNRM-CMS5 and EC-EARTH
can reasonably reproduce the spatial patterns of HWF but
overestimate HWF values over the eastern Tibetan Plateau
and underestimate its values over the southern and north-
eastern areas in China (Fig. 31, j). The GFDL-ESM2M and
MPI-ESM-LR driven runs can reasonably demonstrate the
spatial patterns of HWF, while overproduce the values in the
areas with high HWF and underestimate them in low-HWF
areas (Fig. 3k, ). The ensemble can reasonably reproduce
the spatial distribution of HWF but overestimates its values
over northwestern China and produces lower HWF values
over the northeastern areas in China (Fig. 3h). The integra-
tive index HWTI is the combination of HWI and HWN and
shows higher values over the northern regions of China in
the observations (Fig. 3m). The four GCM-driven runs can
reasonably reproduce the spatial features of HWTI, although
biases exist in the simulations of HWTI values (Fig. 3o-r).
The four WRF simulations tend to overestimate the HWTI
values over northwestern China (Fig. 30-r). In addition, the
GFDL-ESM2M and MPI-ESM-LR driven runs obviously
overestimate the HWTI values over southern part of China
(Fig. 3p-r). Accordingly, the ensemble results of the four
WREF simulations show a reasonable representation of the
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Fig.4 Taylor diagram for the spatial variabilities of a singular (i.e.,
HWN, HWDU and HWM) and b integrative (i.e., HWI, HWF, and
HWTI) heat wave indices in WRF runs driven by different GCMs.
The radial distance from the original point represents the ratio
between the observed and simulated spatial standard deviations for
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spatial features of the HWTI values, whereas the HWTI val-
ues over northwestern China are overestimated (Fig. 3n).
The Taylor diagram is used to quantitatively evaluate the
ability of the WRF model to simulate the spatial variability
of the heat wave indices (Fig. 4). The radial coordinate gives
the standard deviation of the model results divided by the
standard deviation of the observed values, which compares
the magnitude of spatial variability of the heat wave indices.
The angular coordinate is the correlation coefficient between
the model results and the observation. For the singular
indices (i.e., HWN, HWDU and HWM, Fig. 4a), the WRF
model simulations show a greater ability to reproduce the
HWM with correlations higher than 0.75. The performance
of the WRF model in reproducing the spatial variability of
HWN and HWDU varies depending on the driving GCMs,
with correlations ranging from 0.2 to 0.5. Moreover, for each
of the three singular-aspect heat wave indices, the ensemble
result of the four GCM-driven runs shows improved skill in
reproducing the spatial variability, with higher correlation
with the observation, and a standardized deviation closer
to the observation. For the three integrative indices (HWI,
HWF and HWTI, Fig. 4b), the four GCM-driven runs can
reasonably reproduce their spatial features with correlations
between 0.3 and 0.7, although the simulations tend to over-
estimate their spatial variability. Consistent with the results
for the singular heat wave indices, the model ensemble
shows better representations of the spatial variability in the
integrative heat wave indices than the individual simulations
among the four GCM-driven runs, with higher correlations
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simulated heat wave indices. The distance from the REF point dem-
onstrates the normalized centered root mean square error (RMSE)
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with the observations and better representation of the stand-
ard deviations.

The evaluation of the model results for the present climate
is performed not only for the RCMs, but also for the corre-
sponding driving GCMs. The WRF model is not always able
to improve the performances of all the four driving GCMs.
However, added value is gained in simulating the spatial var-
iability in WRF simulations compared to most of the driving
GCMs, and in simulating the temporal variability driven by
GFDL-ESM2M and MPI-ESMLR. In particular, the inter-
model spread of results produced by GCMs is reduced in the
WREF simulations (see the discussion of Fig. S4-S8 in the
supplementary material). Dosio et al. (2015) evaluated the
downscaling of CMIP5 GCMs (MPI-ESM-LR, HadG2M2-
ES, CNRM-CMS and EC-EARTH) over CORDEX-Africa
with COSMO-CLM and similar results were found.

3.2 Synoptic circulation during heat waves

The anomalous high-pressure system is a common feature to
sustain most heat wave events (Matsueda 2011; Pezza et al.
2012). To assess the ability of the WRF model to reproduce
the synoptic circulation dominating heat wave events, the
H500 anomalies during heat waves derived from reanalysis
data are compared to those produced by the WRF model.
Following Zittis et al. (2016), the synoptic circulation dur-
ing heat waves are analyzed based on three sites at different
locations. According to Zittis et al. (2016), anticyclones that
sustain heat waves can have a radius of more than 1,000 km;
hence, the three sites located at eastern (45°N, 123°E),
northwestern (42°N, 85°E) and southeastern China (25°N,
115°E) are approximately representative of the domain of
China. We created the maps of H500 anomalies averaged
for heat wave occurrence days over the three selected sites
during the reference period (1981-2005) for the observed
and the simulated heat waves in the four WRF simulations.
The H500 anomalies are obtained by removing the average
of H500 from May to September during 1981-2005. For
the observed heat waves, the H500 data from the JRAS5
reanalysis is used, whereas the simulated heat waves use the
H500 produced by the four GCM-driven WRF runs.

The average H500 anomalies in the observations and the
ensemble of four WRF simulations are shown in Fig. 5. It
has been demonstrated that each of the three sites is domi-
nated by anomalous high-pressure systems when heat waves
occur (Fig. 5a, c, e). The spatial pattern and magnitude of the
HS500 anomalies can be generally captured by the ensemble
of WRF simulations (Fig. 5b, d, f), and the WRF model is
able to correctly locate the high value centers of the H500
anomalies. According to the observations and our simula-
tions (Fig. 5a—d), heat waves at the sites over northeastern
and northwestern China are controlled by the center of H500
anomalies directly overhead. Such structures are usually
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known as blocking high and were positioned in the same
region for a longer period than expected (Perkins 2015).
Under the control of blocking highs, warm air over the mid-
high latitudes cannot mix with cold air and builds up, thus
causing warm weather events, such as the great 2010 heat
wave in Russia. Moreover, adiabatic heating due to subsid-
ence over the center of blocking highs is also important
for heat wave generation (Matsueda 2011). For the site in
southeastern China (Fig. Se, f), the circulation pattern is
similar, although the center of the high-pressure system is
more to the eastward of heat waves. Such anomalous high-
pressure systems are usually associated with Rossby wave
propagations and are responsible for numerous heat waves
at lower latitudes (Hudson et al. 2011; Pezza et al. 2012). It
should be noted that such anomalous high-pressure patterns
for heat waves in different regions are produced by each of
the four WRF simulations (see Fig. S1-S3 in supplementary
material).

3.3 Future changes in heat waves

The following analyses investigate the future changes in heat
wave characteristics by comparing heat wave indices over
the RF (1981-2005) and the FTR (2031-2055) periods. The
first subsection focuses on the changes in the climatological
features of heat waves, whereas the second subsection con-
centrates on the changes in the characteristics of individual
heat wave events.

3.3.1 Future changes in the climatological heat wave
indices

Figure 6 illustrates the spatial distributions of future changes
in heat wave indices projected by the model ensemble
between future projection (2031-2055) and current climate
(1981-2005). It should be noted that the changes in heat
waves herein cover the period of 25 years. To assess the
robustness of the projected heat wave changes, both the
absolute changes (FTR-RF) and the ratios of changes to
the intermodel spread are shown. The intermodel spread
is defined as the standard deviation among the results in
the four WRF simulations. A ratio> 1.0 indicates a robust
ensemble result, while a ratio < 1.0 means that relatively
high uncertainty exists among the multi-model simulations;
thus, the result of the model ensemble cannot be qualified as
robust (Li and Zhou 2010).

For HWN, positive changes cover all of China with great-
est increase over 70 events in southern China and in part
of the Tibetan Plateau, while the changes are weaker over
northeastern China (Fig. 6a). The corresponding ratios to the
intermodel spread are higher than 3.0 over the whole domain
of China, with the maximum exceeding 10.0 in the northern
part of China. These results indicate the robustness of the
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projected changes in the model ensemble, and especially
higher over the northern China. The changes in HWDU
exhibit a similar spatial pattern to those of HWN, with
maximum increase over 1 day/event occurring over south-
ern China, part of the Tibetan Plateau and part of Xinjiang
Province (Fig. 6b). However, comparing to the projected
changes in HWN, the projected changes of HWDU are less
robust, with the rations of changes to the intermodel spread
generally within the range of 1.0-3.0 and less than 1.0 over
the central eastern China. Regarding the HWM, the strong-
est increases of over 0.5°C/day are located in northeastern
China, followed by the changes over southern China, the
eastern Tibetan Plateau and northwestern China (Fig. 6c¢).
The robustness of the projected changes of HWM is higher
than those of HWDU but lower than those of HWN, with

the ratios to the intermodel spread over most of China higher
than 1.0 but lower than 4.0. As the combination of HWDU
and HWM, HWI shows the greatest increase above 4.0°C/
event over northeastern China, southern China, and the east-
ern Tibetan Plateau (Fig. 6d). The ratios of changes to the
intermodel spread is generally within the range of 1.0-4.0.
HWF and HWTI would experience changes with similar
patterns, demonstrating higher increases over the west and
south parts of China that are very high robust, that the ratios
to the intermodel spread are higher than 2.0 over most of
China and higher than 5.0 over the northern China.

The above results cover the robustness or uncertainty in
the future changes of heat waves projected by the model
ensemble. It has been demonstrated that the projected
changes in heat waves are qualified as robust over most of
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China. In addition, the projected changes in the accumulated
properties of heat waves, i.e., HWN, HWF and HWTI show
higher robustness than those of HWDU, HWM and HWI,
especially over the northern part of China.

Figure 7 shows the percentages of areas for heat wave
indices with different values over the RF and FTR periods.
The distinctions between heat wave characteristics in RF
and FTR periods are obvious. For both the singular and

integrative heat wave indices, the future projected heat
waves in the model ensemble show increases in their mean
value and spatial variability, except for HWI (statistic val-
ues in Table 1). The four WRF simulations driven by dif-
ferent GCMs exhibit great consistency in the projections of
heat wave changes (Fig. 7a—f), although with the existence
of intermodel spread. The shift towards higher values and
increased variabilities of heat wave indices indicate that
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Table 1 The mean and standard deviation (STD) for each heat wave
index at the 587 observation sites in the model ensemble in the RF
(1981-2005) and FTR (2031-2055) periods

RF RCP
Mean STD Mean STD
HWN 19.87 (1.92) 4.33 (0.20) 70.3 (5.42) 20.57 (3.44)
HWDU 5.20 (0.15) 0.42 (0.12) 5.94(0.18) 0.83(0.16)
HWM 1.81(0.15) 0.45(0.02) 2.18 (0.09)  0.48 (0.02)
HWI 9.78 (1.16)  2.33 (0.37) 13.22(1.02)  2.08 (0.28)
HWF 104.69 (12.91) 28.97 (3.08)  434.43 199.11 (32.29)
(46.35)
HWTI 197.45 (40.05) 66.10 (10.95) 922.40 232.70 (32.66)
(130.73)

The intermodel spread is given in the bracket. Unit: HWN (events),
HWDU (days/event), HWM (°C/day/event), HWI (°C/event), HWF
(days), and HWTI (°C)

more areas will be exposed to more frequent, prolonged,
severe and intense heat waves in the coming decades.
Moreover, the changes in heat waves are more obvious
in terms of HWN, HWF and HWTI (Fig. 7a, e, f) as their
values in RF and FTR rarely overlap, indicating that the
impacts of climate changes on the accumulated properties
of heat waves are more substantial. The very low values of
the intermodel spread (Table 1, in the bracket) among the
four WRF simulations are in agreement with the results
in Fig. 6 and further confirm the robustness of heat wave
changes projected by the model ensemble. Thus, the fol-
lowing analyses and discussions are mainly based on the
ensemble results of four WRF simulations.

(a) HWN . ) (b) HWDU

To understand the future changes in heat waves more pre-
cisely, the future changes projected by the model ensemble
for the six heat wave indices are also expressed by a ratio
((FTR-RF)/RF), which is a representative of their sensitivity
to climate changes and shown in Fig. 8. For the HWN, the
ratios show higher values above 3.0 over Xinjiang, southern
China and the middle to lower reaches of the Yellow River
(Fig. 8a). The ratios of the changes in HWDU are generally
lower than those for HWN, with values greater than 0.1 over
most areas of China, except for parts of northeastern and
southern China and the upper reaches of the Yellow River
(Fig. 8b). The relative changes in HWM also have lower
values than those of HWN, which are ranging from 0.1 to
0.5 over most areas of China, with the maximum values
above 0.3 in the southern, eastern and the middle to lower
reaches of the Yellow River (Fig. 8c). The HWI shows a
similar spatial pattern of relative changes to that of HWM,
with maximum values above 0.5 over the above-mentioned
areas (Fig. 8d). The spatial patterns of relative changes in
HWF and HWTI are similar to those of HWN but with
even higher magnitude, which can reach 4 and 8, respec-
tively (Fig. 8e, f). The results show that the changes in the
accumulated properties of heat waves, i.e., the frequency,
total days and total intensity, are more sensitive to climate
changes than the mean duration, severity and intensity of
heat waves. Consistent with the above analyses, the results
highlight the considerable accumulated impacts of climate
change on heat waves. Moreover, all six heat wave indices
show higher change ratios over northwestern and southern
China and the middle to lower reaches of the Yellow River,
indicating that heat waves over these regions are more sen-
sitive to the changing climate. These findings should raise
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awareness of the need for disaster preventions over these
regions.

To investigate the changes in the interannual variability of
heat waves, the interannaul variations of heat wave indices
in the model ensemble averaged over all of China during
RF and FTR periods are shown in Fig. 9. For heat waves
in the RF period, all the six indices show clear interannual
variations and exhibit notable increasing trends, which are
all significant at the 99% confidence level with the excep-
tions of HWM and HWI (Fig. 9c¢, d). The values of all six
heat wave indices in the FTR period are obviously increased
compared to those in the RF period, with the minimum val-
ues generally higher than the maximum values in the RF
period. Moreover, all the six heat wave indices exhibit sig-
nificant increasing trends in the FTR period and the trends
are higher than those in the RF period, except for HWM
(Fig. 9¢), indicating a more rapid increase in heat wave indi-
ces in the future. The increasing trends of HWN, HWF and
HWTTI in the FTR period are more than 3 times of those in
the RF period, which are much greater than the changes in
the other heat wave indices. This is consistent with the above
results shown in Figs. 7 and 8, suggesting that the climate
changes impose more considerable impacts on the accumu-
lated properties of heat waves.

3.3.2 Future changes in the probability of heat wave
events

The above results investigate the changes in the climatol-
ogy and interannual variability of the averaged heat wave
indices. In this section, we focus on the changes in char-
acteristics in the view of individual heat wave events (i.e.,

(a) (b)

the duration, magnitude, and intensity during a heat wave
event). Global warming is expected to increase the prob-
ability of warm temperature extremes. Understanding the
probability distribution of future temperature extremes has
important implications for human and ecosystem acclima-
tion (Guirguis et al. 2018). The probability density functions
(PDFs) of HWI, HWDU and HWM in the model ensemble
for all the heat wave events in the RF (1981-2005) and FTR
periods (2031-2055) are presented in Fig. 10. For HWI, the
mean value in the FTR period is projected to be twice of
that of the RF period, and it demonstrates a wider range of
values with a significant increase in the standard deviation.
Consequently, there is a notable change in the shape of the
PDF, with the probability of weak heat waves with HWI
values lower than 2.5 °C generally decreases, while the prob-
ability of stronger heat wave events increases in the future
(Fig. 10a). Such changes are also prominent for the heat
wave duration and magnitude, with significant increases in
the mean values and standard deviations (Fig. 10b, c). The
changes in the PDFs of HWI, HWDU and HWM indicate
that stronger heat waves with prolonged duration and greater
magnitude will occur more often in the FTR period, while
weaker heat waves would occur less often and are shorter
and more moderate on average. Additionally, the projected
changes in the PDFs of heat wave events are consistent in
the four WRF simulations (Fig. S9).

To specifically estimate the future changes in the occur-
rences of heat waves with different intensities, heat waves
are classified into four categories by the HWI. The classifi-
cation criteria are as follows: 0 °C < normal <4 °C < mod-
erate <8 °C < severe < 12°C< extreme (Wang et al. 2018).
It can be noticed in Fig. 10a that the probability of normal
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(2031-2055)

heat waves is decreased while that of moderate to extreme
heat waves is increased in the FTR period. Figure 11a shows
the histograms of frequency changes (FTR-RF) for heat
wave occurrences in the model ensemble in each category.
The frequency is expressed as a percentage. It’s shown that
the frequency of normal heat waves is reduced in the FTR
period, whereas the frequency of moderate to severe heat
waves is increased, with the most obvious increase in the
frequency of extreme heat waves. The spatial patterns of
absolute changes in heat wave occurrences for different
categories are shown in Fig. 11b—e. Consistent with results
in Fig. 11a, among the four categories, the occurrence of
extreme heat waves shows the most remarkable increase in
the coming decades (Fig. 11e), followed by the moderate
and severe heat waves (Fig. 11c, d), and the normal heat
waves show the least increase (Fig. 11b). Moreover, for the
extreme heat wave events, the strong increases dominate
all of China (Fig. 11e), whereas the increases in normal
to severe heat waves are relatively higher over southern
China (Fig. 11b—d), which is consistent with the results in
Fig. 6a. These results exhibit a challenging situation for
human health and the environment in China, under which
extremely high temperatures will be dramatically increased
in the upcoming years, and more attention should be paid
on the adaption strategies to address such crises. It should
be noted that such changes in heat wave occurrences show
great consistency among the four WRF simulations (Fig.
S10-S11).

3.3.3 Future changes in the large-scale circulation

As discussed above, high-pressure systems are fundamen-
tal for sustaining heat waves. Considering the significant
relationship between heat wave events and the synoptic
circulation, it is reasonable to connect the changes in heat
wave characteristics to the changes in the related synoptic
circulation. First, we analyze the synoptic circulation dur-
ing heat waves in the FTR period (2031-2055). Similar to

Fig. 5, the H500 anomalies in the model ensemble during
heat waves at the three sites in the FTR period are shown
in Fig. 12. Heat waves in different regions of China in
future decades are also dominated by significant high-pres-
sure systems (Fig. 12a—c). Herein, for each grid, we define
that high-pressure system conditions occur when the daily
H500 exceeds the average H500 during May to September
over the reference period (1981-2005). Figure 13 shows
the future changes (FTR-RF) in the total high-pressure
system days (a), mean duration of high-pressure systems
(b), and the mean magnitude of H500 anomalies during
heat wave periods (c). The changes in the total days of
high-pressure systems correspond well to the changes
in HWN (Fig. 6a), with a spatial correlation above 0.7.
The changes are distributed with a decreasing trend from
south to northeast China, with higher changes located over
southern China, dominating the higher increase of HWN
(Fig. 13a). Moreover, the changes in the mean duration of
high-pressure systems match the changes in the HWDU
very well (Fig. 6b), with a significant spatial correlation of
0.39. The greatest changes in the mean duration of high-
pressure systems co-occur with the highest increase of
HWDU over southern China and with weaker changes in
northeastern China (Fig. 13b). In addition, the changes in
the mean values of H500 anomalies over heat wave periods
show good agreement with the changes in HWM and HWI
(Fig. 6c, d), presenting higher increases over southern
China, the Tibetan Plateau and part of northeastern China
(Fig. 13c), exhibiting a spatial correlation of 0.3 with the
changes in HWI (Fig. 6d). It can be concluded that the
increased frequency and duration of high-pressure systems
in the future can reasonably account for the changes in
the frequency and duration of heat waves. In addition, the
changes in the magnitude of the high-pressure systems
during heat waves can explain the changes of heat wave
intensity to a great extent. In other word, the changes in
the characteristics of heat waves are closely related to the
changes in the dominance of high-pressure systems.
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4 Conclusions

In this study, the future changes in heat waves over China
are investigated by the WRF model under the warming sce-
nario RCP8.5, with the aim of supporting policy making and
strategy adaptions for China and motivating to call for more
public attention on climate change and its consequences. The
initial and boundary conditions in the WRF simulations are
provided by four GCMs from CMIP5 (i.e., CNRM-CMS5,
EC-EARTH, GFDL-ESM2M and MPI-ESM-LR). The
simulations include historical runs under present climate
condition (1981-2005), which is defined as the reference
period (RF), and the future projection (2031-2055, FTR).
Heat waves in historical runS and future projections are both
defined based on present-day standards. Six heat wave indi-
ces, including singular and integrative indices (i.e., HWN,
HWDU, HWM, HWI, HWF and HWTI) are used to measure
different aspects of heat wave characteristics.

We first evaluate the ability of the WRF model to repro-
duce the heat waves in the present climate. The results show
that the model runs driven by the four GCMs can reproduce
the spatial patterns of all heat wave indices in the present
climate reasonably well, although differences exist among
the four simulations. Moreover, the ensemble of the four
model experiments generally shows a better presentation for
the spatial pattern and magnitude of heat wave indices, with
higher spatial correlation and lower biases. Heat waves are
generally dominated by regionally anomalous high-pressure
systems. The WRF model shows the capability to correctly
capture the spatial location and magnitude of the synoptic
circulation that dominates heat waves.

The spatial distributions of changes in heat wave indi-
ces (FTR-RF) show that increased changes in all heat wave
indices cover almost all of China. Moreover, the histograms
of the percentages of areas for heat wave indices with dif-
ferent values exhibit a shift towards increased mean value
and variability, indicating that more areas will experience
more frequent, longer lasting, more severe heat waves in the

(c, unit: m). The high pressure means the daily H500 value exceeding
the mean H500 during May to September for 1981-2005

coming decades. To further investigate the sensitivity of heat
waves to climate changes, the future changes of the six heat
wave indices are also expressed as ratios ((FTR-RF)/RF).
Results show that all the six heat wave indices show higher
change ratios over northwestern and southern China as well
as the middle to lower reaches of the Yellow River, indicat-
ing that heat waves over these regions are more sensitive to
the changing climate. The impacts of climate changes on
the accumulated properties of heat waves (i.e., HWN, HWF
and HWI) are more substantial than the singular indices, i.e.,
HWDU, HWM and HWI. The projected interannual varia-
tions of the six heat wave indices exhibit notable increas-
ing trends, which are more significant than those in the RF
period, indicating that the heat waves will intensify more
rapidly in the future.

We further focus on the changes in the characteristics
of individual heat wave events by analyzing the changes in
the PDFs of HWDU, HWM, and HWI. The results indicate
that stronger heat waves with longer durations and stronger
intensities will occur more often in the FTR period, while
weaker heat waves will occur less often. By quantitatively
classifying heat waves into four categories based on their
intensities, namely, normal, moderate, severe and extreme
heat waves, it is shown that the frequency of normal heat
waves is reduced in the FTR period, whereas the frequency
of moderate to severe heat waves is increased, especially the
frequency of extreme heat waves. It is also noted that south-
ern China is expected to face greater risk from the increased
heat waves. More attention should be paid to the adaption
strategies to address such crises.

The changes in the characteristics of heat waves can be
attributed to the changes in the synoptic circulation. It is
indicated that the changes in the total days and mean dura-
tion of the high-pressure systems correspond well to the
changes in the heat wave frequency and mean duration. In
addition, the changes in the magnitude of H500 anomalies
during heat waves can explain the changes of heat wave
intensity to a great extent.
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Additionally, it should be noted that, although there are
intermodel differences, the projected changes in heat waves
are largely consistent among the four WRF simulations
driven by different GCMs, especially for the accumulated
properties of heat waves.
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