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Abstract

Based on the multi-model ensemble mean of CMIP6 simulations, the future changes in frequency, intensity and duration of
Compound (both daytime and nighttime) heatwaves (HWs) in summer over China at various global warming levels (GWLs)
under the SSP3-7.0 and SSP5-8.5 are assessed. HWs over China become more frequent and hotter, and the duration of HWs
becomes longer compared to those in the recent climate. The magnitudes of these changes are primarily dependent on GWLs,
but they are not very sensitive to the scenarios. At 4 ‘C GWL, the frequency of HWSs increases by more than fivefold under
both scenarios, and the intensity (duration) of HWs averaged under the two scenarios is 2.28 “C hotter (3.59 days longer) than
the one in the recent climate over the entire China. Meanwhile, the maximum duration of HW events can reach more than
25 days in summer in comparison with 8 days in the recent climate. The changes in HW properties are regionally dependent
at the four GWLs. For example, the largest increase in HW frequency is over the Northwest China, the largest increase in
intensity in HWs is seen over the Northeast and Northwest, and the largest increase in HW duration is over the Southwest
China. The extreme rare events (50-year and 100-year events) in the recent climate would become the norm over China
and four sub-regions at 4 ‘C GWL. Overall, seasonal mean warming dominates the changes in HW properties over China at
the different GWLs. The seasonal mean warming in summer across China is related to the increases of longwave radiation,
partly due to increase in greenhouse gas forcing and partly resulted from increased water vapor and the increase of shortwave
radiation (under the SSP5-8.5) over eastern China related to decreases in aerosols and total cloud cover. Furthermore, the
regional variations in the water vapor over China are consistent with atmospheric circulation changes. The seasonal mean
surface warming results in enhanced upward sensible and latent heat fluxes, leading to increased summer mean daily maxi-
mum and minimum of near-surface air temperature and the enhancement of HWs properties over the entire China. Changes
of shortwave radiation tend to play a weaker role for surface warming under the SSP3-7.0 than those under the SSP5-8.5,
which is related to increased aerosol changes under the SSP3-7.0.

Keywords Summer compound heatwaves - Future projections - Global warming levels - China

1 Introduction agriculture, economy, and natural ecosystems. (e.g., Rob-

ine et al. 2008; Coumou and Rahmstorf 2012; Seneviratne

Heatwaves (HWs) are weather events characterized
by extreme hot surface air temperature anomalies that
persist for several days (Coumou and Rahmstorf 2012;
Seneviratne et al. 2014; Sun et al. 2014; Perkins 2015),
and thus leading to devastating impacts on human health,
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et al. 2014; Hatfield and Prueger 2015; Lesk et al. 2016,
Kornhuber et al. 2020; Bras et al. 2021; Alizadeh et al.
2022). For instance, a record-breaking HW hit central
Europe in the summer of 2003 with a reduction of cereal
production over 23 million tonnes compared to 2002. It
caused a destruction of large areas of forests and the eco-
nomic losses were estimated to exceed 13 billion euros (De
Bono et al. 2004). According to the World Meteorological
Organization, the number of deaths related to HWs during
2001-2010 increased by 2300% compared with the num-
ber during 1991-2000 (WMO 2013). Hence, these adverse
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impacts of HWs highlight the importance of studying how
HWs will change in response to global warming.

In recent decades, the occurrence of heatwaves (HWs)
has been more frequent across the world (Donat et al.
2013; Su and Dong 2019a; Liao et al. 2021; Perkins-Kirk-
patrick and Lewis 2020; Singh et al. 2021). Regionally,
HWs are also becoming more frequent and severe over
China (Piao et al. 2010; Ye et al. 2014; Sun et al. 2014;
Wang et al. 2017; Zhao 2020; Wang and Yan 2021). Since
the late 1990s, the frequency of the extreme HWs has
increased most significantly over North China and cen-
tral northern China, while the occurrence of mild HWs
has increased most significantly over Jianghuai and South
China (Xie et al. 2020). The hottest summer during period
1955-2013 over Eastern China took place in 2013 and
the average number of heatwave days was 31 days, which
was over twice as many as the climatological average of
1955-1984 (Sun et al. 2014). Li et al. (2021) showed that
the occurrence of HWs with both intensity and duration
exceeding the 100-year return level increased by 16%
in China during 1998-2017 compared with the period
1961-1997. According to the occurrence time and differ-
ent impacts, HWs can be divided into Compound HWs
(hot in both day and night), Daytime HWs and Nighttime
HWs (Gershunov et al. 2009; Luo et al. 2022). Chen and
Li (2017) found that Compound HWs and Nighttime HWs
increased significantly in frequency, duration, intensity
and areal extent during 1961-2010. Some recent studies
have shown that anthropogenic forcing plays the dominant
role for the decadal changes of HWs over China (Frey-
chet et al. 2018; Chen et al. 2019; Su and Dong 2019a)
in which the greenhouse gas changes influence all three
types of HWs and the anthropogenic aerosol has signifi-
cant impacts on Daytime HWs (Su and Dong 2019a).

As the global mean surface temperature (GMST)
increases under different future forcing scenarios, it is
expected that there will be an increase of warm extremes
over China (Zhou et al. 2014; Hu and Sun 2020; Chen and
Dong 2021). Previous studies mainly focused on the future

Table 1 The list of models used in this study

Model Resolution (lon X lat) Members
1 BCC-CSM2-MR 320x 160 1
2 FGOALS-g3 180 80 1
3 CNRM-CM6-1 256 x 128 1
4 ACCESS-ESM1-5 192x 144 3
5 ACCESS-CM2 192x 144 3
6 MIROC6 256 x 128 3
7 IPSL-CM6A-LR 144x 143 1
8 MRI-ESM2-0 320x 160 5
9 NorESM2-LM 144 x 96 1
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changes of HWs, defined by daytime maximum temperature
(Guo et al. 2017; Kong et al. 2020; Zhang et al. 2020). For
example, by applying the dynamical downscaling simula-
tions of RegCM4, the ensemble results showed that the
increasing rates of HWs are 0.33 per decade for frequency
and 0.38 °C per decade for magnitude under RCP4.5 sce-
nario over China towards the end of twenty-first century
(Xie et al. 2021). Wang et al. (2019) also used the Weather
Research Forecasting (WRF) model simulations with initial
and boundary conditions from four CMIP5 GCMs to inves-
tigate future changes of HWs over China. They found that
HWs will intensify more rapidly than the present period and
the strong HWs with prolonged durations and more severe
magnitudes will occur more frequently in the future. The
frequency of extreme HWs will also increase rapidly with
global warming (Sun et al. 2018).

In contrast to the influence of HWs, which occur on day-
time or nighttime, Compound HWs combine both Daytime
HWs and Nighttime HWs and can have severe impacts on
society (Chen and Zhai 2017; An and Zuo 2021). Wang et al.
(2020) suggested that the compound HWs will be the most
frequent type that populations are exposed to after 2030 in
the Northern Hemisphere. Hence, it is also worthwhile to
focus on the future changes of Compound HWs over China.
However, a very limited number of studies have discussed
it. Su and Dong (2019b) investigated the future changes
between the mid-twenty-first century (2045-2055) and
present day (1994-2011) by using an atmospheric general
circulation model coupled to an ocean mixed layer model
under the RCP4.5. The frequency of Compound HWs in
the future is projected to be 4-5 times as many as that in
the present day. The intensity and duration are projected
to be double relative to the present day. The frequency of
Compound HWs at the end of the twenty-first century (e.g.,
2081-2100) relative to the present day (e.g., 1995-2014)
is projected to increase across the whole of China, but the
greatest changes occur over Northwest China and southern
China (Xie et al. 2022). However, these previous studies
mainly focused on a fixed time period in future projections.

In December 2015, the parties of the United Nations
Framework Convention on Climate Change (UNFCCC
2015) signed the Paris Agreement and proposed a goal as
‘holding the increase in the global average temperature to
well below 2.0 ‘C above pre-industrial levels and pursu-
ing efforts to limit the temperature increase to 1.5 “C above
pre-industrial levels.’. Accordingly, the evaluation of future
projections based on target global warming levels (GWLs),
instead of a fixed time period, has become increasingly
important. However, based on projections of future emis-
sions, it is thought that there is only a 5% chance to limit
GMST warming to below 2 °C (Raftery et al. 2017). In par-
ticular, Raftery et al. (2017) projected that the likely range
of GMST increase is 2.0-4.9 “C with a median of 3.2 °C by
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Fig.2 Time series of 20-year moving global mean surface tempera-
ture anomalies (relative to 1850-1900 pre-industrial period) from
CMIP6 models. Black line is historical simulations and blue (red)
line represent SSP3-7.0 (SSP5-8.5) scenario. Solid lines indicate the
multi-model ensemble mean, and shading the interquartile ranges.
Vertical dashed lines indicate the calendar year for the ensemble
mean to reach 1.5 °C, 2 °C, 3 C and 4 C GWLs

the end of the twenty-first century. Furthermore, only 14% of
the temperature related discussions in the IPCC AR6 report
are about GWLs exceeding 2 “C (Jehn et al. 2022), and the
impacts of higher end warming scenarios of 3 “C and above
are less emphasized (Jehn et al. 2021). Hence, it is necessary
to focus on the future changes at the target GWLs at 1.5 C,
2°C, 3 °C and 4 C to assist the government in making policy
decisions and mitigating the risks associated with these hot
extremes.

The Coupled Model Intercomparison Project Phase 6
(CMIP6) models provide the most up-to-date simulations

physical processes related to the changes of HW properties
are elucidated in Sect. 4. The conclusions and discussions
are summarized in Sect. 5.

2 Data and methods
2.1 Data

This study uses the historical simulations and future pro-
jections from CMIP6 (Eyring et al. 2016). The historical
simulations cover the past period 1850-2014. The future
projections cover the period 2015-2100 with different sce-
narios of external forcings. Here, we use two scenarios. The
first is the SSP3-7.0, which has a medium to high radiative
forcing of 7.0 W m~2 by 2100. The SSP3-7.0 has a par-
ticularly high aerosol emissions and it fills a gap between
the RCP6.0 and RCP8.5 in CMIP5 forcing pathways (IPCC
2022). The second scenario used is the SSP5-8.5 which rep-
resents the highest forcing pathway with a radiative forcing

@ Springer
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Fig.3 The simulated spatial patterns of the frequency (top two rows,
units: events a '), intensity (middle two rows, units: °C) and duration
( bottom two rows, units: days) of Compound HWs in the recent cli-

of 8.5 W m~2in 2100 (O'Neill et al. 2016). The models and
ensemble numbers used are listed in Table 1. These models
can well represent the historical temperature distributions
over China (Yang et al. 2021; You et al. 2021).

The model outputs of daily minimum temperature (Tmin),
maximum temperature (Tmax), daily mean temperature,
as well as monthly radiation and atmospheric circulation
variables are analyzed in the following sections. In order
to calculate the multi-model ensemble mean, the bilinear
interpolation method is used to regrid the model outputs to

@ Springer

6

6.5 7 7.5 8

mate (1995-2014), and at the 1.5 °C, 2 °C, 3 “C and 4 ‘C GWLs under
the SSP3-7.0 and SSP5-8.5

a common 1.5°% 1.5° grid to facilitate the intercomparison.
The ensemble members of historical simulations and future
projections in each model are the same. The HWs properties
of each ensemble member are calculated individually. To
treat each model equally, the multi-member mean is calcu-
lated in each model first and then the multi-model ensemble
mean is derived by all models.

Based on the topography and regional climate over China
(Song et al. 2011), we focus on the changes over the entire
China and its four subregions (Fig. 1), which are Northeast
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Fig.4 The spatial patterns of changes in the frequency (a-h, units:
events a” 1), intensity (i—p, units: °C) and duration (q—x, units: days)

of Compound HWs at 1.5 C (2 'C; 3 C; 4 °C) GWL relative to the

and North China (NEC; 35°-54° N, 105°-134.5° E), South-
east China (SEC; 21°-35° N, 105°-123° E), Southwest
China (SWC; 21°-37° N, 73°-105° E) and Northwest China

T
1.4 1.6 2 2.4 2.8

recent climate (1995-2014) under the two scenarios. Dots denote
regions where at least 7 out of the 9 models agree on the sign of
changes

(NWC; 37°-50° N, 73°-105° E). This study focuses on the
changes during summer (June—August).
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Fig.5 Box plots of the regionally averaged changes in the frequency
(a, units: events a™h, intensity (b, units: ‘C) and duration (¢, units:
days) of Compound HWs at 1.5 °C (2 C, 3 C, 4 C) GWL relative
to the recent climate (1995-2014) under the two scenarios over the
entire China and subregions. With each box, the horizontal lines

Table2 The spatial pattern correlation coefficients of the future
changes in frequency, intensity and duration of Compound HWs at
different GWLs between the SSP3-7.0 and SSP5-8.5

1.5°C 2°C 3°C 4°C
Frequency 0.91 0.96 0.95 0.87
Intensity 0.74 0.84 0.90 0.89
Duration 0.67 0.89 0.94 0.91

2.2 Methods
2.2.1 Definition of HWs

In order to define Compound HWs, a relative threshold on
each calendar day is calculated as the daily 90th percentile
of Tmax or Tmin based on 15-day window centered on that
day during the baseline period of 1961-1990 (Della-Marta
et al. 2007). Compound HWs are identified when the daily
Tmax and Tmin exceed the baseline 90'" percentile for at
least three consecutive days.

@ Springer
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from top to bottom denote the maximum value, the 75th percentile,
the median value, the 25th percentile and the minimum value of the
9 models. The dot represents the multi-model ensemble mean whose
sign agrees with at least 7 out of the 9 models

Three features, that is frequency, intensity and duration,
are used to characterize Compound HWs. The frequency is
the accumulated number of Compound HW events within
a year. The intensity of each event is calculated by averag-
ing the daily Tmax and Tmin temperature anomalies above
the corresponding thresholds within the event. The duration
is the number of days from the beginning to the end of an
event. The intensity and duration of events for a year are
computed by averaging the intensity and duration of events
occurring in that year. In addition, the max-duration event,
which is used to present extreme long-lasting Compound
HWs in a given year, is also analyzed.

2.2.2 Time windows of the 1.5 °C, 2 °C, 3 °Cand 4 °C global
warming levels

According to the IPCC ARG6 report (Lee et al. 2021),
1850-1900 and 1995-2014 are defined as the pre-indus-
trial period and the recent climate period, respectively.
The global warming levels refer to the GMST under the
two scenarios which is 1.5 °C, 2 °C, 3 °C and 4 °C higher
than the GMST during the pre-industrial period. To reduce
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Fig.6 The ratios relative to the recent climate (1995-2014) of fre-
quency (a), intensity (b) and duration (¢) of Compound HWs at
the 1.5 °C; 2 °C; 3 °C and 4 C GWLs under the two scenarios over

the uncertainty in calculating the warming threshold-
crossing times due to interannual variability, a 20-year
running average is used to smooth the GMST time series
(Liu et al. 2020). A 20-year window, which has 10 years
before and 9 years after the year that exceeds the four
global warming thresholds, is used to obtain relatively
stabilized future climate states at different GWLs. Each
member in CMIP6 model owns its individual time window
of each GWLs. Figure 2 shows the GMST anomalies rela-
tive to the pre-industrial period. All members can reach
3 C GWL under the two scenarios. All members under the
SSP5-8.5 can reach the 4 °C GWL by the end of the 21st
century, but only 14 members (6 models) can reach this
target under the SSP3-7.0. The differences of HWs prop-
erties between different GWLs and the recent climate are
regarded as the future changes of HWs (Domeisen et al.
2023). Consistence among models is performed by at least
7 out of 9 models agreeing on the sign of multi-model
ensemble mean changes.

14 15 16 17 18 19

the entire China and subregions. The first row in each panel is the
regional averaged properties over the entire China and subregions in
the recent climate (units are eventsea™!, °C and days, respectively)

2.2.3 Probability ratios of compound HWs

The probability ratio (PR) is defined as the ratio of the prob-
ability of Compound HWs at different GWLs to the prob-
ability in the recent climate (Sun et al. 2018) and this ratio
quantifies the changing probability of an event in future
relative to present climate. The extreme Compound HWs
are events with a 50-year or 100-year return periods in the
recent climate. The thresholds of these two relatively rare
extreme events are obtained by Gumbel extreme value dis-
tribution function which is helpful to identify the temporal
distribution of meteorological extreme values with various
return periods (Gumbel 1942; Zhou et al. 2009; Yao et al.
2018). Therefore, PR for these extreme rare events is cal-
culated by P,/P,, in which P, is the probability of 50-year
(100-year) events at different GWLs and Py, is 2% (1%) for
50-year (100-year) events in the recent climate.
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Fig.7 The Kernel probability density functions (PDFs) of frequency
(a), intensity (b), duration (¢) and max-duration (d) of Compound
HWs over the entire China in the recent climate (black), 1.5 C,

3 Projected changes of compound HWs
properties

3.1 The changes of compound HWs at different
global warming levels

The models chosen for this study represent some main char-
acteristics and spatial variations of Compound HWs in terms
of frequency, intensity and duration during the historical
period (Supplementary Fig. S1). The multi-model ensem-
ble mean captures the locations of high value centers of the
three properties across China, especially over the eastern
part of China. The pattern correlation coefficient of inten-
sity between model simulations and observations can reach
0.90. However, the correlation coefficient of frequency and
duration is only about 0.21 and 0.06, respectively. These low
correlations suggest that model have some biases in simu-
lating climatological spatial distributions of frequency and
duration. To show if model can capture observed changes
during the historical period, the linear trends of Compound
HW properties during the period 1961-2020 in observations
and model simulations over various regions are analyzed
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2 °C, 3 °C and 4 'C GWLs. Solid (Dashed) lines represent SSP 3-7.0
(SSP5-8.5). Grey solid (dashed) line represents the threshold of
50-year (100-year) event based on the recent climate of 1995-2014

and results are given in Supplementary Fig. S2. Although
there are biases over the western China with HW proper-
ties underestimated by 20-25% in model simulations, the
model can well reproduce the observed trends over the other
regions. Furthermore, the multi-model mean of CMIP6 can
well represent the historical temperature distributions over
China with pattern correlation coefficients over 0.95 (Sup-
plementary Fig. S3). The differences between model simu-
lations and observations show relatively large biases over
the western China than the other regions, with cold biases
being associated with underestimated trends of HW proper-
ties. Although the biases might affect the model simulated
HWs over the western China, the models can capture the
main features of observed trends of HWs during the histori-
cal period, giving the fidelity using such models to assess
future changes.

The spatial patterns of frequency, intensity and duration
of the Compound HWs in the recent climate and at different
GWLs are shown in Fig. 3 and the future changes in these
properties are given in Fig. 4, respectively. The largest fre-
quency of Compound HWs appears over Northwest China
with a value of 1.76 events per year (hereafter as events
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Fig. 8 The probability ratios of frequency, intensity and duration of a 50-year (a—c) and 100-year (d—f) Compound HWs at the 1.5 °C; 2 °C; 3 C
and 4 'C GWLs relative to the recent climate (1995-2014) under the two scenarios over the entire China and subregions

a~!) in the recent climate. With the increasing of GMST, the
largest frequency of Compound HWs is much larger, with
a value of 3.57 (4.37; 6.13; 7.11) events a~'atthe 1.5°C
(2°C; 3°C; 4 C) GWL. In terms of future changes, the fre-
quency of Compound HWSs increases significantly over the
entire China, especially over Northwest China and Southeast
China with a maximum increase of 1.71 (2.74; 4.45; 5.81)
events a~! at the 1.5 °C (2 °C; 3 °C; 4 C) GWL (Fig. 4a-h).
The magnitude of intensity of Compound HWs increases
from south to north with a range of 1.17-6.50 “C in the recent
climate. However, the intensity increases with increasing
GWL. Specifically, the range of Compound HWs intensity
is 1.50-6.36 (1.79-6.61; 2.66-7.17; 3.61-8.31) C over
China at the 1.5 “C (2 °C; 3 °C; 4 'C) GWL. The largest future
changes of intensity occur over the Northwest China, with
an increase by 0.72 (1.06; 2.11; 3.46) “C at the 1.5 °C (2 'C;

3 °C; 4 'C) GWL (Fig. 4i—p). Particularly, the enhancements
of intensity among models become more consistent over the
entire China above the GWL of 3°C.

For duration, the Compound HWs last longer over west-
ern China and Southeast China with a maximum duration of
5.87 days in the recent climate. However, the duration is pro-
longed with increasing GWLs, with the maximum duration
of 7.85 (9.75; 15.71 and 26.79) days at the 1.5 C (2 °C; 3 °C;
4 °C) GWL. The regional differences of the future changes
at the 1.5 °C and 2 ‘C GWLs are relatively small compared
with the 3 °C and 4 °C GWLs (Fig. 4g—x). At the 3 C (4 C)
GWL, the duration increases significantly over the entire
China and the largest changes appear over Southeast China
with a value of 10.27 (21.28) days.

The regionally averaged changes of Compound HWs
properties over the entire China and subregions are shown
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Fig.9 The spatial patterns of changes in summer mean Tmax (a-h, units: ‘C) and Tmin (i—p, units: ‘C) at 1.5 °C (2 C; 3 C; 4 ‘C) GWL relative
to the recent climate (1995-2014) under the two scenarios. Dots denote regions where at least 7 out of the 9 models agree on the sign of changes

in Fig. 5. The frequency over the entire China increases
by about 0.99 (1.75; 3.37; 4.53) events a~!atthe 1.5 °C
(2 °C; 3 C; 4 'C) GWL compared with the recent climate
(Fig. 5a). The largest change of regional averaged frequency
appears over NWC with a range of 1.31-4.95 events a~!.
The intensity of Compound HWs intensifies significantly
over the entire China (0.34; 0.63; 1.39; 2.28 °C). However,
the intensification over NEC and NWC is larger than the
other subregions. SEC shows the smallest intensification of
0.23-2.12 °C (Fig. 5b). In terms of duration, Compound HWs
last longer over the entire China by 0.35 (0.73; 1.82; 3.65)
days at the 1.5 °C (2 °C; 3 'C; 4 ‘C) GWL relative to the recent
climate, especially over SWC with a value of 4.92 days at
the 4 °C GWL (Fig. 5¢). The increase of duration over NWC
is the weakest among all subregions. It can be seen that the
amplifications in these three properties increase with the
GWLs over the entire China and subregions. However, the
future changes in Compound HWs vary nonlinearly with the
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GWLs (Supplementary Fig. S4). For example, the increase
in the frequency of HWs is smaller when moving from the
3 °C to 4 'C GWL compared to the 1.5 °C to 3 °'C GWL, which
is related with the increased changing rate of duration. More
short duration HWs change to long duration HWs, leading
to the decreased changing rate of frequency. The changing
rate of intensity is almost linear which is related to the linear
variation of surface air temperature with GWLs. Further-
more, in some boxes of Fig. 5, there is a large spread among
the models. For frequency, this spread is the smallest at the
4 C GWL compared with the other GWLs. However, for
duration, the model spread increases with increasing GWL.

Although there is considerable sensitivity in the proper-
ties of Compound HWs to the GWLs, we do not find a large
sensitivity to the emissions scenario. That is, the spatial pat-
terns of changes in the frequency, intensity and duration of
Compound HWs at different GWLs are similar under the
SSP3-7.0 and SSP5-8.5. Table 2 provides the spatial pattern
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correlations between SSP3-7.0 and SSP5-8.5 of the future
changes and they show high correlations of about 0.67-0.96.
These high spatial pattern correlations, together with similar
magnitudes of HW properties changes (Figs. 4 and 5) indi-
cate that the future changes of Compound HWs are primarily
determined by the GWLs and are not very sensitive to the
scenarios.

Figure 6 further illustrates the changes in properties of
Compound HWs by showing the ratios of future changes
relative to the recent climate at different GWLs. The ratios
of frequency are much larger than the other two proper-
ties, which can reach 2.26 (3.26; 5.47; 7.07) times of the
frequency during the recent climate at the 1.5 ‘C (2 C;
3 °C; 4 °C) GWL over the entire China under the SSP5-
8.5. From 1.5 to 4 ‘C GWL, the frequency increases by
about 3.5 times. For intensity and duration, the ratios at

the four GWLs over the entire China are around 1.08-1.90
times of those during the recent climate. SWC exhibits
the largest ratios with a range of 2.38-9.51 (1.08-1.80;
1.07-2.20) in frequency (intensity; duration). These ratios
mean that the frequency can reach 1.50—6.00 events a~! at
different GWLs in comparison with 0.63 events a~! in the
recent climate. The intensity will be 3.35-5.58 °C hotter
and duration will be 4.46-9.17 days longer at different
GWLs in the future climate in comparison with those in
the recent climate.

3.2 The probability ratios of extreme Compound
HWs

Figure 7 shows the probability density functions (PDFs) of
Compound HWs over the entire China in the recent climate
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and different GWLs. The PDFs of the four HW properties at
different GWLs shift rightward from the recent climate with
the largest shift seen at the 4°C GWL. These shifts indicate
both means of HW properties and extreme rare HW events
increase with increasing GWL. Heatwave events become
more frequent and the temperatures of each event become
hotter at different GWLs than those in the recent climate
(Fig. 7a and b). For duration (Fig. 7c and d), the shapes of
PDFs at different GWLs become more flattened and right-
skewed than the shape in the recent climate, which indicate
large increases in extreme long duration events at the four
GWLs. Compared with the other three GWLs, the duration
becomes much longer at the 4°C GWL (Fig. 7c). The longer
duration can constrain the increase of frequency, leading to
the weak frequency variance at the 4°C GWL (Fig. 7a). The
shapes of the PDFs for max-duration are similar to PDFs
shapes of mean duration. In particular, Fig. 7d shows that the
duration of extreme long-lasting Compound HWs at the 4°C
GWL can reach more than 25 days in summer in comparison
with 8 days in the recent climate. In contrast to the PDFs
of frequency and duration, the PDFs of intensity show that
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changes are dominated by a rightward shift with little change
in shape for increasing GWLs in comparison with the one in
recent climate (Fig. 7b). For the most intense events which
occur at the 4°C GWL, the variance of intensity increases
compared with the recent climate. Supplementary Figure S5
shows the regional averaged PDFs over the four subregions.
The main features in changes of PDFs for intensity, duration
and max-duration over subregions are similar to the features
of changes over the entire China.

To illustrate how the extremely rare HW events will
change at different GWLs, the grey lines in Fig. 7 show
the thresholds of 50-year and 100-year events based on
the recent climate. The probabilities of these two kinds of
extremely rare events increase significantly with increasing
GWLs and they will become much more frequent in the
future. Furthermore, the quantitative analysis about prob-
ability ratios of these two extreme Compound HWs over
different regions is summarized in Fig. 8. In particular,
the PRs for frequency (Fig. 8a, d) are much larger than the
PRs of intensity and duration. However, the regional dif-
ferences in the PRs are not obvious among the subregions.
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The PRs of the two extreme rare events increase gradually
with the increasing of GWLs. Especially, the PRs are close
to 50 (100) for the 50-year (100-year) event at the 4 C
GWL, which indicates these two kinds of extreme rare
events will become 1-year events. For intensity (Fig. 8b,
e), the probabilities of the two extreme rare events show
weak changes at the 1.5 °C and 2 'C GWLs relative to the
recent climate. At the 3 “C and 4 ‘C GWLs, NWC exhibits
the largest PRs with a value of 29.08 and 44.87 (37.11
and 81.58) for the 50-year (100-year) event, so that the
50-year (100-year) event in the recent climate will become
a 1.7-year and 1.1-year (2.7-year and 1.2-year) event in the
future. From the 1.5 °C to 4 °C GWL, the PRs of duration
of 50-year (100-year) event over the entire China increase
from 4.57 (3.54) to 48.57 (93.21) (Fig. 8c, f). The PRs of
duration over SWC are the largest among the subregions.
At the 4°C GWL, the 50-year and 100-year events over
SWC will become 1-year and 1.2-year events, respectively.

In summary, the analyses about HW properties change
at different GWLs suggest that HWs over China become
more frequent, event temperature becomes hotter, and
event duration becomes longer at different GWLs than
those in the recent climate. The magnitudes of these
changes depend on GWLs but they are not very sensitive
to scenarios. Specifically, at the 4 °C GWL, the frequency
of HWs increases by more than fivefold under both sce-
narios, and the intensity (duration) of HWs averaged under
the two scenarios is 2.28 °C hotter (3.59 days longer) than
the one in the recent climate over the entire China. Fur-
thermore, the maximum duration of HW events can reach
more than 25 days in summer at 4 ‘C GWL in comparison
with 8 days in the recent climate. The extreme rare events
(50-year and 100-year events) in the recent climate would
become the norm over China and four sub-regions at 4 'C
GWL.

4 The responsible physical processes
related to the changes of compound HWs
properties

4.1 Theroles of seasonal mean temperature
and temperature variability changes on HW
property changes

Future changes in the properties of HWs in global warming
worlds can be contributed by the changes in the climatologi-
cal seasonal mean temperature and the changes in tempera-
ture variability (Argueso et al. 2016; Su and Dong 2019a).
Figure 9 shows the future changes of summer mean Tmax
and Tmin at different GWLs relative to the recent climate.
Overall, the spatial patterns of the temperature change are
similar at the four GWLs. However, the future changes of

seasonal mean temperature do show significant regional dif-
ferences. In particular, the magnitude of temperature change
increases from south to north and the largest increase at each
GWL appears over Northwest China, which is consistent
with the larger increase of future changes in frequency and
intensity of HWs over the northern part of China.

Figure 10 shows the PDFs of daily Tmax and Tmin
averaged over the entire China and the four subregions.
The PDF shapes of Tmax and Tmin at different GWLs
and recent climate have similar distribution patterns
except a shift to increasing temperatures with increas-
ing GWL. After removing the corresponding local mean
temperature at the different GWLs, the distributions of
daily temperature anomalies at different GWLs are very
similar. Therefore, the Tmax and Tmin at different GWLs
have similar daily to sub-seasonal time scale variability.
However, the PDFs of Tmax anomalies at the 4 C GWL
under the SSP3-7.0 do show some differences from other
PDFs (Fig. 10k—o0), but this may be due to the fact that
only 6 models can reach the 4°C GWL under this scenario
compared with 9 models at other GWLs. Supplementary
Figure S6 illustrates the PDFs of Tmax anomalies with
the same model members at the four GWLs and they show
very similar distributions, suggesting that slightly different
PDF distributions at the 4 ‘C GWL under the SSP3-7.0 in
comparisons with those in other GWLs shown in Fig. 10
are mainly due to less model members reaching 4 ‘C GWL
under this scenario.

To further assess the roles of seasonal mean temperature
changes and temperature variability changes on HW prop-
erty changes, reconstructed Tmax and Tmin time series for
each GWL are made by adding the summer climatologi-
cal mean Tmax and Tmin differences between two periods
(GWL minus the recent climate) to the original daily Tmax
and Tmin time series during the recent climate. In this way,
the reconstructed time series at each GWL have the same
temperature variability as the original time series during
the recent climate but with the seasonal mean warming
added. Therefore, any difference in Compound HW prop-
erties between the reconstructed time series at each GWL
and the time series during the recent climate are due to the
seasonal mean warming signal. In contrast, the differences in
Compound HW properties between the original time series
for future climate and reconstructed time series are due to
temperature variability. Figure 11 shows that the role of the
seasonal mean warming dominates the changes in the HW
properties at the different GWLs over the entire China, espe-
cially for increases in frequency. For each subregion, the
seasonal mean warming also plays a dominant role on the
changes in the HW properties (Supplementary Fig. S7). The
importance of seasonal mean warming is consistent with the
previous studies that the seasonal mean temperature changes
control future HWs across the world and in different regions
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«Fig. 12 Spatial distributions of the changes in surface clear-sky
downward longwave radiation (a—d, units: W m’z), 850 hPa wind
(e-h, vector, units: m s_l), 700 hPa relative humidity (i-l, units:
%), water vapor (m—p, units: kg m™2), precipitation (q—t, units: mm
day’l), and latent heat (u—x, units: W m~2, positive values mean
upward) at 1.5 C (2 °C; 3 °C; 4 C) GWL under the SSP5-8.5 rela-
tive to the recent climate. Shading in e-h and dots in a—d; i—x denote
regions where at least 7 out of the 9 models agree in the sign of
changes

(Argueso et al. 2016; Su and Dong 2019a; Zhao et al. 2019).
Therefore, it’s reasonable to analyze the changes of physi-
cal variables in climatological seasonal mean state between
different GWLs and the recent climate to discuss the respon-
sible physical processes. Due to the difference in radiative
forcing between the SSP5-8.5 and SSP3-7.0, the physical
processes of these two scenarios will be analyzed separately.

4.2 The physical processes under the SSP5-8.5

Figure 12 shows seasonal mean changes in some key vari-
ables at different GWLs relative to the recent climate. The
surface clear-sky downward longwave radiation increases
significantly over China, with large increases over NWC
and eastern China (Fig. 12a—d). The magnitudes of changes
increase with increasing GWLs. These increases are likely
to be partly due to the increase in greenhouse gas forcing
and partly due to the increase of water vapor in the atmos-
phere related to warming (Fig. 12m—p). The southwesterly
wind anomalies over SEC and the anomalous moist air flow
from the Pacific Ocean (Fig. 12e-h) lead to increased mois-
ture transport over eastern China, and is likely responsible
for large increases in water vapor and increase in relative
humidity there (Fig. 12i-1). The anomalous wind along the
east periphery of the Tibetan Plateau will also transport
water vapor to NWC (Fig. 12m—p). The increases in clear
sky downward longwave radiation tend to warm the sur-
face. As the temperature differences between the surface and
atmosphere increase, upward sensible heat fluxes from the
surface to the atmosphere will also increase. The increased
water vapor is also associated with increasing precipitation
across China (Fig. 12q-t). The increased precipitation is
beneficial for the increases of soil moisture through a posi-
tive feedback, since the water added to the land surface
during rainfall leads to increased evaporation and this can
lead to further precipitation in return (Douville et al. 2001;
Sehler et al. 2019). Influenced by the strong controlling
of soil moisture on evapotranspiration, the increased soil
moisture contributes to the increase of water vapor in the
atmosphere, which absorbs both shortwave and longwave
radiation. (Fig. 12u—x, Xu et al. 2019). Due to the condensa-
tion during a precipitation event, the latent heat is released
from water vapor and therefore transfers from the surface to
the atmosphere. The increased upward sensible heat fluxes

and the release of positive latent heat are beneficial for the
warming of air temperature (Song et al. 2022). Hence, the
increased heat fluxes are responsible for the stronger, longer
and more frequent Compound HWSs over China in the future
climate.

The spatial patterns of some variables related to changes
of aerosol forcing are illustrated in Fig. 13. Atthe 2 °C; 3 °C
and 4 °C GWLs, the aerosol optical depth (AOD) at 550nm
decreases significantly over eastern China (Fig. 13c, d).
However, due to the relatively weak changes of aerosol emis-
sion at the 1.5°C GWL compared with the recent climate,
there is a large spread in AOD at 550nm across models and
there are even positive changes over the NEC (Fig. 13a).
Influenced by aerosol-radiation interactions (Hatzianastas-
siou et al. 2007; Boucher et al. 2013), the decrease of AOD
at 550nm results in the increase of net surface clear-sky
shortwave radiation (Fig. 13e—h), which will also tend to
warm the surface over eastern China. Larger changes in net
surface shortwave radiation than clear sky shortwave radia-
tion over eastern China indicate that part of surface short-
wave radiation changes is related to an increased shortwave
cloud radiative effect (Fig. 13i-1), induced by decreases in
total cloud cover (Fig.13m—p), related to aerosol-cloud inter-
actions (Boucher et al. 2013). These increases in net surface
shortwave radiation also make contributions to the surface
warming.

Considering the regional differences in HWs proper-
ties changes, the large increases in frequency and inten-
sity of Compound HWs over the NWC are consistent with
large increases in Tmin in the region (Fig. 9), which is
likely related to the large increases in longwave radiation.
Therefore, increases in both shortwave and longwave
radiation appear responsible for increases in Tmax and
Tmin over eastern China, leading to larger increases in
frequency over the SEC and intensity over the NEC. Dura-
tion changes show large increases in SWC and SEC where
model climatology also show long duration of Compound
HWs, suggesting that duration changes might depend on
the model climatology.

In summary, the surface warming across China seen in
summer in the future climate is related to an increase in
longwave radiation, partly resulted from the increase in
greenhouse gas forcing and partly resulted from increased
water vapor, and an increase in shortwave radiation over
eastern China related to decreases in aerosols. The regional
variations in the water vapor over China are consistent with
atmospheric circulation changes. These seasonal mean sur-
face warming results in enhanced upward sensible and latent
heat fluxes, consistent with increased summer mean Tmax
and Tmin and the enhancement of Compound HW's proper-
ties over China. Moreover, with the increasing of GWL, the
magnitudes of the changes increase, which indicates that the
influence of these processes on Compound HWs intensifies.
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Fig. 13 Spatial distributions of the changes in aerosol optical depth W m~2), and total cloud cover (m—p, units: %) at 1.5 °C (2 °C; 3 C;
(AOD) at 550 nm (a—d, units: 107, results are based on 5 models 4 C) GWL under the SSP5-8.5 relative to the recent climate. Dots

in which AOD is available), net clear-sky surface shortwave radia- denote regions where at least 7 out of the 9 models agree in the sign
tion (e-h, units: W m_z), net surface shortwave radiation (i-l, units: of changes, but only 3 out 5 models in AOD
4.3 The physical processes under the SSP3-7.0 variables. There is a distinct difference in the changes of

AOD at 550 nm compared with the ones under the SSP5-
The physical processes for the longwave radiation changes ~ 8.5. The AOD at 550 nm increases significantly over eastern
at different GWLs under the SSP3-7.0 are shown in Sup- China (Fig. 14a—d), which leads to the reduction of net clear-
plementary Fig. S8. Many characteristics of changes are  sky surface shortwave radiation (Fig. 14e-h). Therefore, the
similar to the processes under the SSP5-8.5 and so are not ~ net clear-sky surface shortwave radiation plays an opposite
discussed in detail here. The low-level wind anomalies lead  role under the SSP3-7.0, which leads to surface cooling. As a
to increased water vapor in the atmosphere over eastern  result of the decreases in total cloud cover (Fig. 14m-p), the

China. The moistening atmosphere is contributing to sig-  net surface shortwave radiation only increases over the NEC
nificant increase of surface clear-sky downward longwave  at the 1.5 C and 2 'C GWLs (Fig. 14i, j) and the changes of
radiation across China. the net surface shortwave radiation over eastern China at the

Considering the role of shortwave radiation under the 3 °C and 4 'C GWLs (Fig. 14k, 1) are much weaker and there-
SSP3-7.0, Fig. 14 shows the future changes of the related  fore they play a weaker role for surface warming than the
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Fig. 14 Spatial distributions of the changes in AOD at 550 nm (a—d,
units: 107, results are based on 5 models in which AOD is available),
net clear-sky surface shortwave radiation (e-h, units: W m™2), net
surface shortwave radiation (i-l, units: W m_z), and total cloud cover

ones under the SSP5-8.5. The increased shortwave and long-
wave radiation over eastern China contribute to increases in
both Tmax and Tmin and are responsible for large increases
in HW frequency and intensity.

To sum up, the surface warming in summer over China
under the SSP3-7.0 is mainly contributed by the increased
longwave radiation with weak contribution from changes in
net surface shortwave radiation. The seasonal mean surface
warming results in enhanced upward sensible and latent heat
fluxes, leading to increases in Tmax and Tmin and resulting
in the increase of Compound HWs across China.

(m—p, units: %) at 1.5 C (2 °C; 3 C; 4 C) GWL under the SSP3-7.0
relative to the recent climate. Dots denote regions where at least 7 out
of the 9 models agree in the sign of changes, but only 3 out 5 models
in AOD

5 Conclusions

Under the influence of global warming, there will be an
increase of warm extremes over China. This study quanti-
fied the expected changes in the frequency, intensity, and
duration of summer Compound Heat Waves (HWs) over
China using CMIP6 simulations and explored the associ-
ated physical processes. In particular, the future changes of
summer Compound HWs over China is explored at global
warming levels (GWLs) representative of changes in global
mean surface temperature at the 1.5 °C, 2 °C, 3 ‘C and 4 'C
based on the multi-model ensembles of CMIP6 under the
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SSP3-7.0 and SSP5-8.5. The main conclusions can be sum-
marized as follows.

The spatial climatological distributions of the proper-
ties of Compound HWs have similar patterns in the recent
climate and in the future four GWLs under two scenarios.
Therefore, one important conclusion is that the magnitudes
and spatial distributions of future changes of Compound
HWs are primarily dependent on GWLs and they are not
very sensitive to scenarios. The heatwave events over China
become more frequent, event temperature becomes hotter,
and event duration becomes longer at different GWLs than
those in the recent climate. However, the magnitudes of
changes increase with increasing GWL. For example, at a
4 C GWL, the frequency of HWs increases by more than
fivefold under both scenarios, and the intensity (duration)
of HWs averaged under the two scenarios is 2.28 ‘C hotter
(3.59 days longer) than those in the recent climate over the
entire China. Furthermore, the maximum duration of HW
events can reach more than 25 days in summer at 4 °C GWL
in comparison with 8 days in the recent climate.

Although the changes in frequency, intensity and duration
of Compound HW scale broadly across China with GWL,
these properties show some regional differences. For exam-
ple, the increases of the occurrence of Compound HWs over
NWC are the largest among the subregions. Furthermore,
NEC and NWC show the greatest intensification in intensity
and the increases in duration over SWC are much longer than
the other regions.

The probability ratios (PRs) of the extreme rare Com-
pound HWs over China increase with increasing GWLs. The
50-year and 100-year rare events are projected to become
1-year event at the 4 ‘C GWL across China. NWC shows the
largest PRs of intensity at the 3 °C and 4 °C GWLs, so that
the 50-year (100-year) high-intensity event is projected to
become a 1.7-year and 1.1-year (2.7-year and 1.2-year) event
in the future. The PRs of duration over SWC are the largest
among the subregions and the 50-year and 100-year long-
duration events over SWC are projected to become 1-year
and 1.2-year events, respectively.

The summer seasonal mean changes in Tmax and Tmin
dominates the changes in Compound HW properties over
China at the different GWLs. However, the processes leading
to the changes in Tmax and Tmin are scenario dependent.
Under the SSP5-8.5, the surface warming across China is
related to the increases of longwave radiation, partly resulted
from increase in greenhouse gas forcing and partly resulted
from increased water vapor and the increases of shortwave
radiation over eastern China related to decreases in aero-
sols. The regional variations in the water vapor over China
are consistent with atmospheric circulation changes. This
seasonal mean surface warming results in enhanced upward

@ Springer

sensible and latent heat fluxes, leading to increased sum-
mer mean daily maximum and minimum of near-surface
air temperature (Tmax and Tmin) and the enhancement of
Compound HWs properties over the entire China. Under
the SSP3-7.0, the surface warming in summer over China
is mainly contributed by the increased longwave radiation
with weak contribution from changes in net surface short-
wave radiation related to increased aerosol changes under
this scenario. The seasonal mean surface warming results in
enhanced upward sensible and latent heat fluxes, leading to
increases in Tmax and Tmin and resulting in the increase of
Compound HWs across China. In terms of the regional dif-
ferences of changes in HWs properties, the large increases in
frequency and intensity are mainly contributed by the long-
wave and shortwave radiation.

Our results suggest that China would face a future with
projected frequency increase, intensity enhancement and
duration extension of HWs. Considering the severe impacts
of HWs on human well-being and ecosystem (Yin et al.
2023), our results provide important context for the devel-
opment of mitigation and adaption decisions to reduce the
adverse impacts of HWs on society.

This study provides a view on the future changes of sum-
mer Compound HWs and the related physical processes
at different GWLs. The results are based on multi-model
ensembles of CMIP6 and, thus, more robust than results
from a single model. Nevertheless, as demonstrated in
Fig. 5, there is a large spread of future projections in Com-
pound HWs properties among the models. Unfortunately, the
reasons for this model uncertainty are still unclear. Under-
standing this spread is an important question and needs fur-
ther study in order to improve predictions of future changes
in HWs over China.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-023-07001-4.
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