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ABSTRACT

Observational analysis indicates significant decadal changes in daytime, nighttime, and compound (both
daytime and nighttime) heat waves (HWs) over China across the mid-1990s, featuring a rapid increase in
frequency, intensity, and spatial extent. The variations of these observed decadal changes are assessed by the
comparison between the present day (PD) of 1994-2011 and the early period (EP) of 1964-81. The compound
HWs change most remarkably in all three aspects, with frequency averaged over China in the PD tripling that
in the EP and intensity and spatial extent nearly doubling. The daytime and nighttime HWs also change
significantly in all three aspects. A set of numerical experiments is used to investigate the drivers and physical
processes responsible for the decadal changes of the HWs. Results indicate the predominant role of the
anthropogenic forcing, including changes in greenhouse gas (GHG) concentrations and anthropogenic
aerosol (AA) emissions in the HW decadal changes. The GHG changes have dominant impacts on the three
types of HWs, while the AA changes make significant influences on daytime HWs. The GHG changes in-
crease the frequency, intensity, and spatial extent of the three types of HWs over China both directly via the
strengthened greenhouse effect and indirectly via land—atmosphere and circulation feedbacks in which GHG-
change-induced warming in sea surface temperature plays an important role. The AA changes decrease the
frequency and intensity of daytime HWs over Southeastern China through mainly aerosol-radiation in-
teraction, but increase the frequency and intensity of daytime HWs over Northeastern China through AA-
change-induced surface—atmosphere feedbacks and dynamical changes related to weakened East Asian
summer monsoon.

1. Introduction summer of 2003 caused about 66 000 deaths (e.g., Schir
and Jendritzky 2004; Robine et al. 2008), and the record-
breaking heat wave over western Russia during July
2010 yielded a death toll of 11000 and grain harvest
losses of 30% (e.g., Coumou and Rahmstorf 2012;
Matsueda 2011). The disastrous impact of heat waves on
human lives, agriculture, and economies highlights the
urgency of understanding the changes of heat waves and
associated physical processes.

Since the mid-1990s, heat waves have become more
frequent and severe across China (You et al. 2017; Li
etal.2017; Luo and Lau 2017; Wang et al. 2017; Freychet

Heat waves, commonly defined as prolonged periods
of excessive hot weather, are a distinctive type of high-
temperature extreme (Perkins and Alexander 2013;
Perkins 2015). These high-temperature extremes show
increasing occurrence in recent decades as the global
mean temperature rises (e.g., Alexander et al. 2006;
Donat et al. 2013), leading to severe damage to human
society and ecosystems (e.g., Meehl and Tebaldi 2004;
Fischer et al. 2007; Coumou and Rahmstorf 2012;
Seneviratne et al. 2014; Sun et al. 2014). For instance, the

extreme long-lasting heat wave over Europe during the
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et al. 2018a). Several devastating heat waves in recent
decades, such as the July—August 2013 heat wave in
Central and Eastern China and the 2015 summer heat
wave in Western China, have caused considerable
damage to agricultural production and human health
(e.g., Sun et al. 2016; Ma et al. 2017). The July—-August
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2013 heat wave in Central and Eastern China lasted
more than 30 days (Zhou et al. 2014; Ma et al. 2017), and
the regionally averaged surface air temperature broke
the historical record, exceeding the observed 1961-90
climatology by 1.89°C. The 2015 summer registered the
hottest summer over Western China, with the area-
averaged summer daily mean, maximum, and minimum
surface air temperatures breaking the historical records
(Sun et al. 2016). In addition, Northeastern China
experienced a hot summer in 2014, which was associated
with decrease in precipitation (Wilcox et al. 2015a).

Previous studies demonstrated a crucial role of an-
thropogenic activity in increasing the occurrence of the
extreme temperatures and long-lasting heat waves over
China (Wen et al. 2013; Sun et al. 2014; Lu et al. 2016;
Freychet et al. 2017, 2018a,b; Chen and Dong 2019), as
well as intensifying the magnitude of the extreme tem-
peratures (Yin et al. 2017). Most of those studies focused
on all combined anthropogenic impact, rather than the
individual effect of anthropogenic forcing. For instance,
the individual role of changes in greenhouse gases con-
centrations (GHG) and anthropogenic aerosol (AA)
emissions in the changes of long-lasting heat waves are
not clear.

Different anthropogenic forcings influence the atmo-
spheric temperature through distinct thermodynamic
and dynamical processes, but the mechanisms related to
the responses of heat waves (HWs) to different an-
thropogenic forcings have not yet been fully understood.
The increase in GHG concentrations warms the atmo-
sphere by absorbing more outgoing longwave radiation
(e.g., Cubasch et al. 2001; Dong et al. 2009). At the same
time, the atmospheric temperature is also affected by
the circulation changes due to the GHG concentration
changes. The increased GHG concentrations enhance
the southern part of the East Asian summer monsoon
(EASM) circulation, which results from the competing
effects of the increase in moisture static energy related
to the strengthened land—-sea thermal contrast and the
midtroposphere convective barrier associated with re-
duced relative humidity in a warming world (Lau and
Kim 2017; Lau et al. 2017). In addition, the strengthened
land-sea thermal contrast is determined by the direct
GHG radiative effect (Li and Ting 2017; Tian et al.
2018). The changes of AA emissions affect the surface
and atmospheric temperature by directly scattering and
absorbing the solar radiation through aerosol-radiation
interaction and by changing the cloud properties
through aerosol-cloud interaction (e.g., Rosenfeld et al.
2008; Stevens and Feingold 2009; Tao et al. 2012; Li et al.
2016b). Both the local AA emission changes and the
remote AA emission changes have an impact on the
summer extreme temperatures over China through
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aerosol change-induced precipitation—soil moisture—
cloud-temperature feedbacks (Dong et al. 2016a,b).
Local summer warming associated with reduced pre-
cipitation leads to a decrease in evaporation and less
cloud cover since the precipitation deficit induces drying
soil. Increased solar radiation at the surface associated
with less cloud cover and decreased upward latent heat
fluxes associated with reduced evaporation cause a
positive feedback to the surface warming. Moreover, the
dynamical feedbacks of the reduced EASM circulation
and rainfall, which, induced by the weakened land-sea
thermal contrast and more stable atmosphere in re-
sponse to the increase in AA emissions, could also have
an impact on atmospheric temperature (Guo et al. 2013;
Li et al. 2016b, 2018b; Tian et al. 2018).

Up to now, the heat waves are precisely classified into
three categories (e.g., Chen and Li 2017; Chen and Zhai
2017): daytime (only hot in day), nighttime (only hot at
night), and compound ones (hot in both day and night),
since extreme high temperature at night, inducing great
heat-related morbidity and mortality (Hajat et al. 2006;
Gosling et al. 2009), is as disastrous as that in daytime.
These three types of heat waves are of different features
and associated with different mechanisms (e.g., Chen
and Li 2017; Chen and Zhai 2017; Hong et al. 2018).
However, most of the previous studies focused on the
characteristics and changes of daytime heat waves (e.g.,
Ding et al. 2010; Guo et al. 2017; Luo and Lau 2017; Lu
and Chen 2016; Wang et al. 2017). The changes of
compound and nighttime heat waves, especially the
drivers and physical mechanisms for the recent decadal
change, are not well understood (You et al. 2017; Li et al.
2017; Luo and Lau 2017). Also, the individual contri-
butions of changes in GHG concentrations and AA
emissions to the recent decadal changes in heat waves
are not evaluated and the associated physical processes
are not revealed yet, since the previous studies assessed
all anthropogenic impacts together (e.g., Sun et al. 2016;
Ma et al. 2017). Therefore, the main aims of this work
are to revisit the time evolutions in the three types of
heat waves over China in observations with a focus on
the recent decadal changes across the mid-1990s, to
quantify the relative roles of changes in GHG concen-
trations and AA emissions in shaping these decadal
changes, and to understand the associated physical
processes.

The structure of this paper is organized as follows: The
observed decadal changes in heat waves over China are
revisited in section 2. The model and experiments are
described briefly in section 3. The simulated changes in
response to different changes in anthropogenic forcings
are shown in section 4. The physical processes re-
sponsible for simulated changes in heat waves forced by
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different anthropogenic forcings, such as GHG con-
centrations and AA emissions, are illustrated in section
5. Conclusions are summarized in section 6.

2. Observed decadal changes in heat waves
over China

a. Observational datasets

Observations used in this are the homogenized data-
sets of daily maximum temperature 7},,x and minimum
temperature 7p,;, at 753 stations over China during
1960-2013 (Li et al. 2016a). Regarding the distinct local
climate in China, the HWs over three subregions are
also analyzed, which are Southeastern China (SEC,
south of 35°N and east of 105°E), Northeastern China
(NEC, north of 35°N and east of 105°E), and Western
China (WC, west of 105°E). There are 334, 224, and 195
stations in SEC, NEC, and WC, respectively (Fig. 2g
shows the distributions of the stations over these three
subregions). This study focuses on the extended summer
(May-September) HWs.

b. Definition of HWs

A HW is defined as a weather event with daily tem-
perature exceeding a threshold continuously for a few
days (e.g., Perkins and Alexander 2013). Both absolute
and relative thresholds could be used to define a heat
wave. The absolute threshold is a fixed temperature
value, such as 35°C (e.g., Tan et al. 2007; Sun et al. 2014),
while the relative threshold is decided by local climate,
varying at different places on different dates (Stefanon
et al. 2012). Concerning the various climate types in
China, the relative threshold is employed to define the
heat waves in this study and it has also been widely used
in some previous studies (e.g., Li et al. 2017; Wang et al.
2017). The relative threshold on each calendar day is
calculated as the daily 90th percentile of Tyax O Tiin
based on 15-day samples centered on that day during the
baseline period of 1964-81 (i.e., total samples 15 X 18 =
270 days; Della-Marta et al. 2007). A HW is defined
when the daily temperature is higher than the relative
threshold for at least 3 days. All the HWs are catego-
rized as three independent types:

1) Compound HW—at least three consecutive days with
simultaneous hot days and hot nights (7,.x = 90th
percentile and T,;, = 90th percentile).

2) Daytime HW—at least three consecutive hot days
(only Tpax = 90th percentile), without consecutive
hot nights.

3) Nighttime HW—at least three consecutive hot nights
(only Thin = 90th percentile), without consecutive
hot days.
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Three indicators, that is, frequency, intensity, and
spatial extent, are used to measure the HWs in a year.
The frequency is represented by the accumulated oc-
currence of events within a year. The intensity of each
event is calculated by averaging the everyday tempera-
ture anomalies within an event, which are obtained by
subtracting the corresponding threshold from the daily
temperatures. Particularly, the intensity of compound
HWs is the sum of the averaged T\,.x and Ty,;, anoma-
lies. The intensity for a year is computed by averaging
the intensity of events occurring in that year. The spatial
extent is calculated through a “frozen grid” scheme
(Jones et al. 1986). The mainland of China is divided into
1.875° longitude X 1.25° latitude boxes, with a total
number of N. There are n(i) stations in total situated
in box i, in which nh(i, t) stations experience at least
one extreme event during the extended summer in year ¢.
Then the spatial extent in year ¢ is computed as
Zﬁig’[nh(i, t)/n(i)] X 1.875 X 110 X 1.25 X 110, in which
110 denotes an approximate distance per unit longitude/
latitude.

c. Observed decadal change

Figure 1 shows the time evolution of the area-
averaged frequency and intensity as well as the spatial
extent of the compound, daytime, and nighttime HWs.
The time series of the three properties of compound and
nighttime HWs seems to be dominated by linear trends
on low-frequency time scales, while those of daytime
HWs are featured by abrupt decadal changes. These
could be attributed to that the changes in compound and
nighttime HWs are predominantly contributed to by the
changes of GHG concentrations, which show an in-
creasing trend (Le Quéré et al. 2009), and the changes in
daytime HWs are partly influenced by the AA changes,
which show significant decadal changes across mid-
1990s (Lamarque et al. 2010), which are indicated by
the results in section 4. Interestingly, the frequency and
intensity of one type of HWs are highly correlated with
the correlation coefficient for all of China of 0.90, in-
dicating highly coupled interannual variations of fre-
quency and intensity of one type of HWs. However, the
interannual variations are not the concern of this study,
which will not be explored more in this paper.

All three type HWs over China experienced an abrupt
decadal change across the mid-1990s, characterized by
increases in frequency, intensity, and spatial extent
(Fig. 1). These rapid decadal changes are robust fea-
tures, and they are not sensitive to the baseline period
used to find the relative thresholds and define HWs. In
the rest of this paper, HWs are defined using the rela-
tive thresholds based on the period of 1964-81. Com-
pared with daytime and nighttime HWs, compound HWs
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FIG. 1. Time series of area-averaged (left) frequency (events per year), (center) intensity (°C), and (right) spatial extent (10° km?) of (a)—(c)
compound, (d)-(f) daytime, and (g)—(i) nighttime HWs in extended summer over the whole mainland of China (black solid lines),
Northeastern China (blue dashed lines), Southeastern China (orange dashed lines), and Western China (green dashed lines). Black dashed
lines denote the time means of area-averaged indicators. Red solid lines represent the decadal variations of area-averaged indicators,
obtained by a 9-yr running average. The black solid and dashed, as well as the red solid lines are for the left Y axis, while the dashed blue,
orange, and green lines are for the right Y axis.

exhibited the most dramatic changes in all three aspects.
The frequency of compound HWs during 1994-2011
[present day (PD)] is almost triple that during 1964-81
[early period (EP)], rising from 0.67 events per year to
1.85 events per year (Table 1). These two periods were
chosen to avoid years with a strong impact of volcanic
eruptions (Dong et al. 2017). The intensity of compound
HWs doubled the value of the EP after mid-1990s, with

(Table 1). The spatial extent expanded from 8.38 X 10°
to 8.86 X 10°km? (Table 1) compared to the whole
China area of 9.63 X 10°km?. The nighttime HWs also
showed decadal increases in all three aspects. The

TABLE 1. Area-averaged decadal changes of the properties for the
three types of HWs over China in observations.

the value changing from 1.42° to 3.09°C (Table 1). The Frequency . Spatial

spatial extent of compound HWs expanded from 3.66 X (events per Intensity extent

10° to 6.97 X 10°km? (Table 1). The decadal changes of year) (O (107 km’)
daytime HWs show some similar features in compari- Ep PD EP PD EP  PD

son with the compound ones, but with relatively small Compound HWs  0.67 185 142 3.09 366 697
magnitude. The frequency and intensity of daytime Daytime HWs 236 306 126 155 839 886

HWs increased by 0.7 events per year and 0.29°C Nighttime HWs 180 376 086 127 761 9.06
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frequency of nighttime HWs exhibited a sharp increase
across the mid-1990s, changing from 1.76 events per year
to 3.72 events per year, which means that there are on
average two more nighttime HWs over China in every
summer during the PD relative to the EP (Table 1). The
intensity of nighttime HWs enhanced significantly by
0.41°C (Table 1). The influencing area increased by
about 20% (Table 1). In addition, the frequency and
intensity of the three types of HWs averaged over the
three subregions show similar rapid decadal changes as
those averaged over all of China. Moreover, all the area-
averaged changes above are calculated based on station
data. The area-averaged changes are also computed af-
ter interpolating station data to regular grids, and they
are nearly identical to the ones based on station data.
Figure 2 illustrates the spatial patterns of the decadal
changes in frequency and intensity of the three types of
HWs over China across the mid-1990s in observations.
Nearly all the decadal changes in each indicator of the
three types of HWs are positive throughout China, but
with different spatial patterns. The occurrence of com-
pound HWs increased the most over the northern part of
China, mid-lower reaches of the Yangtze River, and the
delta of the Pearl River, with an increase in frequency of
more than 2.0 events per year (Fig. 2a). The changes of
intensity of compound HWs share a similar spatial dis-
tribution with the frequency (Fig. 2b), with the maxi-
mum of intensity changes located at the northern part of
China (about 4.8°C). The spatial patterns of changes in
frequency and intensity for daytime and nighttime HWs
show some distinct features with increases in both fre-
quency and intensity for nighttime HWs being stronger
than those for daytime HWs (Figs. 2c—f). The significant
increase in frequency of daytime HWs primarily ap-
peared in the northern part of China, especially in the
western part of China with a value of about 2.5 events
per year (Fig. 2c), while the significant intensification in
magnitude of daytime HWs of around 0.6°C mainly oc-
curred in the central part of China (Fig. 2d). The fre-
quency of nighttime HWs increased significantly in the
northern part of China (Fig. 2¢), with a range of 1.5-3.0
events per year. The largest increase is situated on the
south flank of the Tibetan Plateau with the maximum of
6.2 events per year. The intensity of the nighttime HWs
is significantly enhanced in the northern part of China
(Fig. 2f), with the maximum of 1.1°C. Interestingly, the
nighttime HWs in Central-Eastern China exhibited a
large increase in frequency and intensity, while the
daytime HWs over there showed the opposite changes,
with frequency decreasing and intensity weakening
slightly and the compound HWs over there displayed
little changes. Previous studies investigating the linear
trends of the HWs also reported similar changes in these
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three types of HWs in Central-Eastern China (Ding
et al. 2010; Chen and Li 2017; Freychet et al. 2017).
However, the physical mechanism for the trends in these
three type HWs is still not clear.

3. Model and experiments design

The above results show that the observed three types
of HWs exhibited significant decadal changes across the
mid-1990s. A set of numerical experiments is performed
to assess whether the anthropogenic forcings (GHG
concentrations and AA emissions) contribute to these
decadal changes in observations, and what the relative
roles of the individual forcings are, and what the main
physical processes involved are.

a. Model and experiments design

This study used an atmosphere—ocean—-mixed layer
coupled model, the Met Office Unified Model-Global
Ocean Mixed Layer 1 (MetUM-GOML1; Hirons et al.
2015), by performing a set of numerical experiments to
estimate the contributions of combined GHG and AA
changes or individual forcing change on the decadal
changes of three type HWs in China. MetUM-GOMLI1
is a coupled model comprising the atmosphere compo-
nent of the Met Office Unified Model at the fixed sci-
entific configuration Global Atmosphere 3.0 (GA3.0;
Arribas et al. 2011; Walters et al. 2011) and a multi-
column K-profile parameterization (MC-KPP) mixed
layer ocean model. The vertical MC-KPP columns are
configured over 100 levels within a depth of 1000 m
using a stretch function, so the vertical resolution of MC-
KPP is 1.2m at the surface and about 2m over the first
41.5m near the surface. Since MC-KPP includes only
vertical mixing processes and does not include ocean
dynamics, the corrections of temperature and salinity
are applied. In the corrections, the mean ocean advec-
tions are represented by the prescribed seasonally
varying 3D temperature and salinity fluxes, which also
account for the biases in atmospheric surface heat and
freshwater fluxes. The frequency of coupling between
atmospheric and oceanic components is once every 3 h.
The advantages of this atmosphere—ocean—-mixed layer
coupled model are less computational time and smaller
biases in simulated sea surface temperature than the
fully coupled ones (Hirons et al. 2015; Dong et al. 2017,
Luo et al. 2019). All experiments are run at the hori-
zontal resolution of 1.875° longitude X 1.25° latitude
with 85 vertical levels in the atmosphere.

Table 2 summarizes the performed experiments in this
study. First of all, a relaxation experiment (RO) for 12
years was performed. In the relaxation experiment, the
PD GHG and AA forcings (Lamarque et al. 2010, 2011)



4220

JOURNAL OF CLIMATE VOLUME 32
(a) Frequence of compound HWs (b) Intensity of compound HWs
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(c) Frequence of daytime HWs
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FIG. 2. Spatial patterns of differences in (left) frequency (events per year) and (right) intensity (°C) of
(a),(b) compound, (c),(d) daytime, and (e),(f) nighttime HWs between the PD and EP. The slashes highlight the
regions where the changes are statistically significant at the 90% confidence level based on a two-tailed Student’s
t test. (g) Distributions of 753 stations in the China station dataset. The three subregional groups are marked with
different color dots. The dots in green, orange, and purple represent the subregions of NEC, SEC, and WC,
respectively.
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TABLE 2. Summary of numerical experiments. Note that a slightly different period of 1970-81 for the aerosol forcing in the EP is used since
aerosol emissions data before 1970 were not available.

Abbreviation Experiment Ocean Radiative forcing
RO Relaxation run Relaxation to “present day” (PD, 1994 PD GHGs over 1994-2011 and AA
2011) mean 3D ocean temperature and emissions over 1994-2010 with AA
salinity to diagnose climatological after 2006 from RCP4.5 scenario
temperature and salinity tendencies (Lamarque et al. 2010, 2011)
C-EP EP (1964-81) Climatological temperature and salinity EP mean GHG and EP mean AA
tendencies from relaxation run emissions
C-PD PD (1994-2011) with GHG PD mean GHG and PD mean AA
and AA forcings emissions
C-PD-GHG PD (1994-2011) with GHG PD mean GHG and EP mean AA
forcing emissions
C-PD-AA PD (1994-2011) with AA EP mean GHG and PD mean AA
forcing emissions

are used and the ocean temperature and salinity were
relaxed to a PD (1994-2011) climatology, which is de-
rived from the Met Office ocean analysis (Smith and
Murphy 2007). The climatological seasonal cycle of daily
mean 3D ocean temperature and salinity corrections are
obtained from the relaxation experiment. These ocean
temperature and salinity corrections are then applied to
the free-running coupled experiments. Four other time-
sliced experiments are performed by using different
forcings, that is, the C-EP experiment forced by the EP
(1964-81) mean GHG concentrations and appropriate
AA emissions, the C-PD experiment forced by the PD
(1994-2011) mean GHG concentrations and AA emis-
sions, the C-PD-GHG experiment forced by the PD
mean GHG concentrations, but the appropriate EP
mean AA emissions, and the C-PD-AA experiment
forced by the PD mean A A emissions, but the EP mean
GHG concentrations. All experiments are run for 50
years and use the climatological PD sea ice extent from
HadISST (Rayner et al. 2003). The same set of experi-
ments was used to investigate the forced decadal sum-
mer precipitation change over East Asia in Tian et al.
(2018) and the decadal changes of temperature extremes
over China in Chen and Dong (2019). The last 45 years
of each experiment are used for analysis. The HWs in
the experiments are defined the same way as in obser-
vations, except that the relative threshold on each day is
calculated as the daily 90th percentile of Tyax O Tiin
based on 15-day samples centered on this day during the
last 45 years of the C-EP experiment (i.e., total samples
15 X 45 = 675 days). The difference between a pair of
experiments that include and exclude a particular forc-
ing indicates the response to that forcing. The difference
between C-PD and C-EP indicates the combined effect
of changes in both GHG concentrations and AA emis-
sions (hereafter ALL forcing). The impact of changes in
GHG concentrations (hereafter GHG forcing) is the
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difference between C-PD-GHG and C-EP and the im-
pact of changes in AA emissions (hereafter AA forcing)
is the difference between C-PD-AA and C-EP. Statis-
tical significance of the mean changes is assessed using a
two-tailed Student’s ¢ test.

b. Model climate for Ty,.x and Toin

The climatological means of Tp,,x and Ty, in the
C-PD experiment for the extended summer are compared
with the observed ones during PD (Fig. 3). The observed
Tmax means show more or less uniform distributions
over the southeastern part of China, with values higher
than 29°C, decreasing northward with values about 23°—
26°C over the northeastern part of China. Over Western
China, a low-value center is located over the Tibetan
Plateau and a high-value center over the northwestern
part of China with temperatures above 29°C (Fig. 3a).
The climatological means of observed T, exhibit a
large meridional gradient over the eastern part of China,
with the maximum higher than 23°C on the southeast
coast of China and a minimum of 8°-11°C over North-
east China. The spatial distribution of Ty, over Western
China shows a minimum (less than 2°C) over the Tibetan
Plateau and a high value (14°-20°C) over the north-
western part of China, which is similar to the spatial
pattern in Ty, (Fig. 3b). The spatial patterns of clima-
tological extended-summer means of Ty,x and Ty, in the
C-PD experiment and regional magnitudes agree
well with the observed ones, with pattern correlation
coefficients of 0.82 for T}, and 0.88 for T,,;, (Figs. 3c,d).
The observed Ty,,x distributions are reproduced by the
model over the southeastern and northwestern parts of
China with a value above 29°C, but they are slightly
underestimated over the Tibetan Plateau and northeastern
part of China (Fig. 3d). The observed T, distributions
are also well simulated by the model, with some un-
derestimation over the Tibetan Plateau (Fig. 3c). These
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F1G. 3. Climatological means of extended-summer-mean (May-September) Tpax and T, (°C) during the PD
(1994-2011) (a),(b) in observations and (c),(d) in the C-PD experiment.

results indicate that the model reproduce many features of
the extended-summer climatological means of Tj,,x and
Tmin In Observations, suggesting that the model used in this
study is appropriate for investigating the response of the
temperature extremes related to HWs to different an-
thropogenic forcings.

4. Model simulated responses to different
anthropogenic forcings

a. Spatial pattern of responses to different forcings

Figure 4 shows the spatial patterns of changes in fre-
quency and intensity of the compound HWs in response
to different anthropogenic forcings in model experi-
ments. The significant increases in the frequency and
intensity throughout China and their spatial distribu-
tions in observations (Figs. 2a,b) are well reproduced by
the ALL forcing experiment (Figs. 4a,b). The spatial
patterns of the increases in the model experiment are
consistent with the observed ones with a relatively large
increase in frequency and strong enhancement in in-
tensity over the northern part of China and mid-lower
reaches of Yangtze River, though the magnitudes of the
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changes in response to ALL forcing for increases in
frequency are smaller than the observed ones. These
results demonstrate that the observed decadal increases
in occurrence and intensity of compound HWs over
China across the mid-1990s are predominantly attrib-
uted to the anthropogenic GHG and AA changes.

Furthermore, the changes of compound HWs in re-
sponse to GHG forcing share very similar patterns with
the changes in the ALL forcing experiment (Figs. 4c,d),
while the changes driven by the AA forcing are rela-
tively weak, except for some local significant decreases
in frequency and intensity over SEC (Figs. 4e,f). Thus,
comparing the responses to only GHG with those to
only AA changes indicates that the GHG changes play a
dominant role in the increase in frequency and intensity
of compound HWs. In addition, the model over-
estimates the increase in frequency of compound HWs
over the southwestern part of China, which results from
the GHG impact (Figs. 2a and 4a,c).

The changes of daytime HWs in response to the dif-
ferent forcings are shown in Fig. 5. The principal fea-
tures of the changes of daytime HWs in the ALL forcing
experiment are significant increases in frequency and
intensity over the northern part of China (Figs. 5a,b).
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FIG. 4. Spatial patterns of changes in (left) frequency (events per year) and (right) intensity (°C) of compound
HWs in response to changes in (a),(b) ALL forcing, (c),(d) GHG forcing, and (e),(f) AA forcing, masked by the
China boundary. The slashes highlight the regions where the differences are statistically significant at the 90%

confidence level based on a two-tailed Student’s ¢ test.

These main features show some similarities with the
observed changes (Figs. 2¢,d). However, the changes in
the intensity of daytime HWs over the northern part of
China are overestimated, but those over the central part
of China are underestimated. Both the GHG and AA
forcing changes are important to the changes of daytime
HWs. Responses to the GHG forcing share similar
spatial patterns with those in the ALL forcing experi-
ment, with a small difference in the magnitude of
changes, indicating the dominant role of GHG changes
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in affecting the daytime HWs (Figs. 5c,d). Changes of
the daytime HWs induced by the AA impact exhibit
dipole patterns over China, with increases over northern
China and decreases or weak changes over southern
China (Figs. 5e.f). In addition, the responses to AA
forcing are of more significance for daytime HWs than
for compound HWs, implying greater AA impact on the
daytime HWs.

Responses of the nighttime HWs to the different
forcings are shown in Fig. 6. In comparison with
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FIG. 5. Spatial patterns of changes in (left) frequency (events per year) and (right) intensity (°C) of daytime HWs
in response to changes in (a),(b) ALL forcing, (c),(d) GHG forcing, and (e),(f) AA forcing, masked by the China
boundary. The slashes highlight the regions where the differences are statistically significant at the 90% confidence

level based on a two-tailed Student’s ¢ test.

observed changes shown in Fig. 2, the model reproduces
significant increases in the frequency and intensity of the
nighttime HWs over the northern part of China in re-
sponse to ALL forcing changes (Figs. 6a,b). Comparison
between responses to different forcings illustrates that
the significant changes of the nighttime HWs in the
model simulations are primarily due to the GHG
changes (Figs. 6¢,d) with impacts of changes in AA be-
ing generally weak (Figs. 6e,f). Additionally, the in-
creases in frequency over the southeastern part of China
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are overestimated because the GHG changes induce
strong increases there, but the AA changes result in
weak decreases.

b. Area-averaged responses to different forcings

The area-averaged changes in frequency and intensity
and changes in the spatial extent of the three types of
HWs over all of China and all three subregions for both
observations and model experiments are demonstrated
in Fig. 7. Quantitatively, the changes of the three types
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FIG. 6. Spatial patterns of changes in (left) frequency
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(events per year) and (right) intensity (°C) of nighttime

HWs in response to changes in (a),(b) ALL forcing, (c),(d) GHG forcing, and (e),(f) AA forcing, masked by the
China boundary. The slashes highlight the regions where the differences are statistically significant at the 90%

confidence level based on a two-tailed Student’s ¢ test.

of HWs in response to ALL forcing changes simulated
by models are in some agreement with observations, not
only over China as a whole, but also over the individual
subregions, though the magnitudes of the changes in the
model are slightly different from the observed ones.
For the compound HWs, in response to ALL forcing,
the area-averaged changes in frequency and intensity
over the whole mainland China are 0.75 events per year
and 1.07°C, which are about 2/3 of the observed 1.18
events per year and 1.67°C (Figs. 7a,b), and the change
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in spatial extent over all of China is 3.54 X 10°km?, very
close to the 3.31 X 10°km? in observations (Fig. 7c).
Moreover, the simulated increases in frequency (in-
tensity) averaged over the SEC and WC are very similar
to the observed changes, but increases in frequency
(intensity) over the NEC are weaker than the observed
changes. The simulated changes in spatial extent over
the three subregions are also consistent with observa-
tions. Furthermore, the changes of GHG explain most
responses in the simulated changes of compound HWs
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FIG. 7. Area-averaged changes in (left) frequency (events per year), (center) intensity (°C), and (right) spatial extent (km?) of
(a)—(c) compound, (d)—(f) daytime, and (g)—(i) nighttime HWs over all of China, NEC, SEC, and WC in observations and simulations forced by
ALL forcing, GHG forcing, and AA forcing. The error bars indicate the 90% confidence intervals based on a two-tailed Student’s ¢ test.

over all of China or over the three subregions, indicating
the predominant role of GHG changes in affecting the
compound HWs.

For the daytime HWs, the changes in frequency and
intensity averaged over all of China and the three sub-
regions in the ALL forcing experiment are close to those
in the observations, with simulated changes over all of
China of 0.93 events per year and 0.38°C, compared to
the observed ones of 0.70 events per year and 0.29°C
(Figs. 7d,e). The simulated change in spatial extent is
overestimated (Fig. 7f). Similar to the compound HWs,
the area-averaged changes of the daytime HWs are
primarily induced by the GHG changes. However, un-
like the compound HWs, the changes of daytime HWs
over the NEC and SEC are significantly influenced by
the AA changes. The changes in frequency and intensity
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of daytime HWs over the NEC in response to AA
forcing are 0.35 events per year and 0.15°C, while they
are —0.28 events per year and —0.12°C over the SEC.
These significant increases over the NEC and decreases
over the SEC are consistent with the dipole pattern
of AA-induced changes in frequency and intensity
(Figs. 5e,f).

For nighttime HWs, the simulated changes in most
aspects agree well with the observed ones except that
the change in frequency over NEC and the GHG
changes play a key role in leading to the changes in
frequency, intensity, and spatial extent. The changes in
frequency and intensity of nighttime HWs averaged
over all of China in response to ALL forcing are 1.66
events per year and 0.36°C, close to the 1.96 events
per year and 0.41°C in observations (Figs. 7g,h). The
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simulated change in spatial extent is greater than the
observed changes in the whole region, SEC, and WC
(Fig. 7i).

There is some nonlinearity in the changes in fre-
quency and intensity for all three type HWs, especially
strong for daytime HWs over the SEC in response to
GHG and AA changes in model simulations, evidenced
by the sum of the responses to separate GHG and AA
forcing being not equal to the response to the ALL
forcing. The nonlinearity is weak for changes of daytime
HWs averaged over all of China and over two other
subregions and all the area-averaged changes of com-
pound and nighttime HWs. The nonlinearity of re-
sponses to different forcings has noticed by previous
studies (Feichter et al. 2004; Ming and Ramaswamy
2009; Shiogama et al. 2013). However, detailed discus-
sion of this nonlinearity is beyond the scope of this study.

The results above indicate that the observed decadal
changes in the frequency, intensity, and spatial extent of
compound, daytime, and nighttime HWs over China
across the mid-1990s are primarily forced by the changes
in anthropogenic forcings, such as GHG concentrations
and AA emissions. The impacts of GHG changes and
that of AA changes are different in many aspects. GHG
changes contribute dominantly to the increases in all
aspects of the three types of HWs over most regions in
China, while AA changes significantly increase the fre-
quency and intensity of the daytime HWs over NEC but
decrease them over SEC.

5. Physical processes responsible for the simulated
decadal changes of HWs

The physical processes responsible for the decadal
changes of the three types of HWs in response to dif-
ferent forcings are discussed in this section by di-
agnosing the seasonal mean responses. The changes of
HWs could be contributed by the changes in the clima-
tological seasonal mean temperature and the changes in
temperature variability. The contribution of changes in
variability is estimated by calculating the properties of
three types of HWs in the C-PD simulation by removing
the climatological extended-summer 7p,.x and Ty,
differences between the C-PD and C-EP simulations
relative to the C-EP simulation and by comparing these
new estimated changes with changes diagnosed from the
original C-PD simulation relative to C-EP simulation.
Results indicate that removing the climatological mean
state change nearly eliminates changes (not shown) in
all properties of the three types of HWs over China seen
in response to ALL forcing. These indicate little con-
tribution of changes in temperature variability and
suggest that the decadal changes of the three types of
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HWs in response to ALL forcing are predominantly
attributed to the changes in the climatological seasonal
mean temperature between the C-PD and C-EP simu-
lations. This conclusion is in agreement with Argueso
et al. (2016) who showed that seasonal mean tempera-
ture changes control future heat waves in most regions
globally. Therefore, it is reasonable to examine the
changes in the climatological seasonal mean state to
discuss the associated physical processes.

a. Induced by GHG forcing

The spatial patterns of extended-summer-mean changes
of some key variables in response to GHG changes are
illustrated in Fig. 8. The increased downward clear-sky
surface longwave (LW) radiation (6.01 Wm ™ ? over NEC,
6.64 Wm ™ over SEC, and 5.35Wm ™ ? over WC, Fig. 8a)
indicates the warmer atmosphere induced by the increase
in GHG concentrations via the greenhouse effect and
related feedbacks. The downward surface clear-sky LW
radiation increases more over SEC because of the greater
increase of water vapor in the atmosphere (2.08kgm 2
over SEC; Fig. 8b). The enhanced moisture transported
from the South China Sea to SEC and moisture transport
convergence (not shown) are responsible for moistening
atmosphere over SEC. The enhanced moisture transport
is induced by more water vapor evaporated from the
warmer ocean and the southwesterly anomalies around
the coast in SEC (Fig. 8d), which are related to the
strengthened land-sea thermal contrast resulting from
larger warming over land than over ocean (Fig. 8c). The
enhanced moisture transport convergence over SEC is
attributed to the increased moisture static energy related
to more water vapor transport and the enhanced western
North Pacific subtropical high (Fig. 8d) induced by the
strengthened local Hadley circulation resulting from the
increased tropical sea surface temperatures in response to
GHG changes (Tian et al. 2018). These circulation and
sea surface temperature responses are consistent with the
previous studies (Lau and Kim 2017; Lau et al. 2017). The
increase of net surface SW radiation is significant over
NEC and WC (0.91Wm 2 over NEC and 2.06 Wm >
over WC; Fig. 8e¢), which warms the land surface in situ.
The positive anomalies of the shortwave cloud radiative
effect (SW CRE; 1.77Wm ™2 over NEC and 1.75Wm >
over WC; Fig. 8f) associated with the reduction of cloud
cover over NEC and WC (Fig. 8g) result in the increased
surface SW radiation. The reduction of cloud cover over
NEC and WC is associated with a large decrease in rel-
ative humidity (Fig. 8h) since the water vapor in the at-
mosphere over land is mainly controlled by transport
from the ocean and is constrained by ocean warming and
increases less than saturation specific humidity following
the Clausius—Clapeyron relationship because of stronger
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FIG. 8. Spatial patterns of extended-summer-mean response to changes in GHG forcing (C-PD-GHG
minus C-EP): (a) surface clear-sky downward LW radiation (Wm™2); (b) water vapor (kgm™2);
(c) surface temperature (°C); (d) horizontal wind at 850hPa (ms™'); (e) net surface SW radiation
(W m™2); (f) surface SW CRE; (g) total cloud cover (%); and (h) relative humidity at 700 hPa (%).
Positive values of radiation mean downward. The black dots in (a)—(c) and (¢)—(h) and the blue shading in
(d) highlight regions where the changes are statistically significant at the 90% confidence level based on a
two-tailed Student’s ¢ test.
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warming over land than over ocean (e.g., Dong et al.
2009; Boé and Terray 2014). In summary, the seasonal
mean land surface and therefore surface air temperature
(Tmax and Tp;,) during extended summer increases di-
rectly by the strengthened greenhouse effect over all of
China and indirectly by the positive LW feedback related
to the increase in water vapor over SEC associated with
circulation changes in response to GHG changes and by
the positive SW feedback corresponding to the decrease
in cloud cover over WC and NEC in which GHG change-
induced warming in sea surface temperature plays an
important role for the water vapor and circulation changes.
As a result, all the frequency, intensity, and spatial extent
of these three types of HWs are increased. Particularly, the
positive LW feedback over SEC plays an important role in
the increase in frequency of compound and nighttime
HWs, while the positive SW feedback over WC and NEC
dominates the increase in frequency of daytime HWs and
the increase in intensity of all three types of HWs.

b. Induced by AA forcing

The spatial patterns of summer mean changes of some
key variables in response to AA changes are illustrated
in Fig. 9. The total aerosol optical depth (AOD) in-
creases over most part of China (Fig. 9a), resulting in
the reduction of the surface clear-sky SW radiation
(—2.97Wm 2 over China; Fig. 9b) through aerosol-
radiation interaction, then leading to surface cooling. In
particular, the surface air temperature over SEC (—0.28°C;
Fig. 9h) decreases greatly because of the much larger
decrease in surface SW radiation (—6.37Wm™ * over
SEC; Fig. 9¢). However, although the AOD increases
over NEC around 40°N, the surface SW radiation does
not decrease much, because significant positive changes
of SW CRE over NEC (1.42Wm ™2 over NEC; Fig. 9d)
contributed to by the decrease in cloud cover (Fig. 9e)
offset the decrease in surface clear-sky SW (Fig. 9b) and
warm the surface air (Fig. 9h). The decrease in cloud
cover is associated with the decrease in rainfall over NEC
(Fig. 9f), which is featured by weakened EASM induced
by the decreased land-sea thermal contrast and weak-
ened atmospheric stability (Tian et al. 2018). In addition,
Zhang et al. (2017) addressed that the increase in AA
emission induces the increase in the frequency of summer
drought over North China by using phase 5 of the Cou-
pled Model Intercomparison Project (CMIP5) model
simulations. Furthermore, the reduced precipitation over
NEC leads to a decrease in soil moisture (Fig. 9g) and
decrease in evaporation (not shown), reducing the up-
ward latent heat fluxes (not shown). This increased SW
radiation due to decreased cloud cover and the reduced
upward latent heat fluxes due to decreased soil moisture
and evaporation exert a positive feedback to warm the
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surface and therefore surface air (Fig. 9h). Therefore, it is
the decrease in surface clear-sky SW radiation related to
the increase of AOD (Figs. 9a,b) that induces the de-
creases in frequency and intensity of daytime HWs over
SEC through aerosol-radiation interaction. On the other
hand, it is the increased SW CRE over NEC (Fig. 9d)
related to weakened EASM overwhelming the de-
crease in clear-sky SW radiation (Fig. 9b) and the local
precipitation—soil moisture—temperature interactions
that jointly cause the increases in the frequency and
intensity of daytime HWs over NEC.

6. Conclusions

The decadal changes across the mid-1990s of three
types of HWs, that is, compound HWs, daytime HWs,
and nighttime HWs, during extended summer (May-
September) are detected on the aspects of frequency,
intensity, and spatial extent by using the Chinese station
dataset. A set of numerical time-sliced experiments is
performed by an atmosphere—ocean—-mixed layer cou-
pled model to assess the role of anthropogenic forcings,
including changes in GHG concentrations and AA
emissions, in generating the decadal changes of the three
types of HWs, and to evaluate the different contribu-
tions of individual GHG forcing and individual AA
forcing to the HW decadal changes and to understand
physical processes involved. The principle results are
concluded as follows.

The three types of HWs over China experienced sig-
nificant rapid decadal changes across the mid-1990s,
noted by an increase in frequency, an enhancement in
intensity, and an expansion in spatial extent. The com-
pound HWs change most remarkably in all three as-
pects. The changes of daytime and nighttime HWs are
also significant, though not as dramatic as changes of the
compound HWs.

Results of the model simulations demonstrate that the
anthropogenic forcing, including changes in GHG con-
centrations and AA emissions, has played a predomi-
nant role in generating the observed decadal changes in
the frequency, intensity, and spatial extent of the three
types of HWs. The spatial patterns of changes of the three
types of HWs are well reproduced by the atmosphere—
ocean—-mixed layer coupled model MetUM-GOMLI1 in
response to changes in GHG and AA forcings together
(ALL forcing). Quantitatively, simulated changes in fre-
quency and intensity over China and over three sub-
regions in response to ALL forcing are also comparable
to the observed changes.

Individually, GHG changes dominantly result in the
simulated changes of the three types of HWs in response
to ALL forcing, while AA changes make a relatively
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weak contribution, and the changes in GHG and AA
forcing have distinct impacts on the changes of the three
types of HWs. Changes in GHG concentrations play a
crucial role in increasing the frequency, intensity, and
spatial extent of all three types of HWs over China.
Changes in AA emissions have a weak influence on
compound and nighttime HWs. However, AA changes
significantly increase the frequency and intensity of
daytime HWs over NEC and decrease them over SEC.

The GHG changes increase the frequency, intensity,
and spatial extent of the three types of HWs both di-
rectly via the strengthened greenhouse effect and in-
directly via atmosphere and circulation feedbacks in
which GHG change-induced warming in sea surface
temperature plays an important role. Over the sub-
regions of WC and NEC, the warmer atmosphere due to
the increase in GHG concentrations, accompanied by
limited increase in water vapor in the atmosphere, re-
sults in the reduction of cloud cover. Increased surface
downward SW radiation, resulting from positive SW
cloud radiative effect over WC and NEC, heats the
surface and warms the surface air as a positive feedback.
Over the subregion of SEC, the increase of water vapor
in the atmosphere—induced by the enhanced moisture
transport and moisture transport convergence over SEC
due to the circulation changes and warming in sea sur-
face temperature in response to GHG changes—has a
positive feedback on surface warming.

The AA changes significantly decrease the frequency
and intensity of daytime HWs over SEC through
aerosol-radiation interaction and increase them over
NEC by the AA change-induced rainfall change and
atmosphere—surface feedbacks related to the weakened
East Asian summer monsoon. Increased AOD over the
eastern part of China directly reduces the surface SW
radiation and decreases the surface temperature and
surface air temperature over SEC and therefore the
frequency and intensity of daytime HWs. Reduced
cloud cover over NEC, resulting from the decrease in
convection in response to AA changes, increases the
surface SW radiation and warms the surface and surface
air. The reduced rainfall also leads to decreased upward
latent heat fluxes due to decreased soil moisture,
which—combined with the increased SW radiation re-
lated to less cloud cover—tends to warm the surface.
These surface feedbacks overwhelm the direct cooling
impact induced by the increase in AA emissions and
lead to increases in the frequency and intensity of day-
time HWs over NEC.

The results demonstrate the dominant contributions
of anthropogenic changes, especially the increased
GHG concentrations, to the observed decadal changes
in frequency, intensity, and spatial extent of the three
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types of HWs over China during extended summer
across the mid-1990s. The GHG changes raise the mean
surface air temperature and air-column temperature,
increasing all the aspects of the three types of HWs over
nearly all of China with important water vapor feed-
backs associated with GHG-induced sea surface tem-
perature changes. The AA changes have different local
impacts. Local interaction between reduced precipita-
tion, cloud cover, soil moisture, evaporation, and tem-
perature related to a weakened East Asian summer
monsoon play an important role in warming the surface
atmosphere over NEC and therefore changing the
properties of daytime HWs.

Looking for a few decades ahead, GHGs will continue
to increase while aerosol emissions over China are ex-
pected to decrease. China will experience more HWs of
different types over different regions with greater se-
verity, and the areas affected by severe HWs will also be
expanded. Therefore, better strategies for adaptation
and mitigation against different types of HWs over dif-
ferent regions would benefit the people and society.

This paper primarily investigates the individual roles
of GHG concentrations and AA emissions in the de-
cadal change of the three types of HWs over China.
There are some other factors that could affect the de-
cadal change of HWs over China, such as land-use and
land-cover change (Findell et al. 2017; Li et al. 2018a)
and the phase shift of the Atlantic multidecadal oscil-
lation, which might have contributed to warming over
the Eurasian continent around the mid-1990s (Hong
et al. 2017). More effort is needed to quantify their
contributions to the recent decadal changes of HWs
over China.

Moreover, the responses to AA forcing are influenced
not only by the AA emissions, but also by climatology,
aerosol transport and deposition, and chemical pro-
cesses in the model. All these processes affect the dis-
tribution of the aerosol burden (e.g., Wilcox et al. 2015b)
and suggest a possible model dependence of the re-
sponses to AA forcing. Wang et al. (2019) pointed out
that there is a large intermodel spread of responses to
AA forcings in different climate models. The model
dependence and intermodel uncertainty of the re-
sponses call for improved models to investigate the re-
sponses to AA forcings.
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