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ABSTRACT

The frequency and duration of observed concurrent hot and dry events (HDEs) over China during the growing season
(April–September) exhibit significant decadal changes across the mid-1990s. These changes are characterized by increases
in HDE frequency and duration over most of China, with relatively large increases over southeastern China (SEC), northern
China  (NC),  and  northeastern  China  (NEC).  The  frequency  of  HDEs  averaged  over  China  in  the  present  day  (PD,
1994–2011) is double that in the early period (EP, 1964–81); the duration of HDEs increases by 60%. Climate experiments
with the Met Office Unified Model (MetUM-GOML2) are used to estimate the contributions of anthropogenic forcing to
HDE decadal changes over China. Anthropogenic forcing changes can explain 60%–70% of the observed decadal changes,
suggesting  an  important  anthropogenic  influence  on  HDE  changes  over  China  across  the  mid-1990s.  Single-forcing
experiments indicate that the increase in greenhouse gas (GHG) concentrations dominates the simulated decadal changes,
increasing  the  frequency  and  duration  of  HDEs  throughout  China.  The  change  in  anthropogenic  aerosol  (AA)  emissions
significantly decreases the frequency and duration of HDEs over SEC and NC, but the magnitude of the decrease is much
smaller than the increase induced by GHGs. The changes in HDEs in response to anthropogenic forcing are mainly due to
the response of climatological mean surface air temperatures. The contributions from changes in variability and changes in
climatological mean soil  moisture and evapotranspiration are relatively small.  The physical processes associated with the
response of HDEs to GHG and AA changes are also revealed.
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Article Highlights:

•  Concurrent hot and dry events in China’s growing season exhibit significant decadal increases in frequency and duration
in the mid-1990s.
•  Anthropogenic forcing greatly influences these decadal changes, especially increased GHG concentrations.
•  Simulated changes in response to anthropogenic forcing stem mainly from the response of climatological mean surface
air temperatures.

 

 
 

 1.    Introduction

Flash  droughts  are  rapidly  developing  extreme  dry
events  on  subseasonal  to  seasonal  scales,  accompanied  by
abnormally  high  temperatures  (Svoboda  et al.,  2002).
Though  different  from  conventional,  slowly  evolving
droughts,  flash  droughts  also  have  devastating  impacts  on
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ecosystem  productivity,  food  security,  and  water  supply
(Yuan  et al.,  2015; Lesk  et al.,  2016; Zhang  and  Yuan,
2020), and can cause substantial economic losses (Wallander
et al.,  2013).  For example,  the extreme flash drought event
over South China in the autumn of 2019 affected crop produc-
tivity in an area of 2.35 million hectares, led to water shortages
for residents and livestock, and caused an economic loss of
15.08 billion yuan (Wang et al., 2020).

Flash droughts are categorized into two types according
to  their  causes:  heatwave  and  precipitation-deficit  flash
droughts (Wang and Yuan, 2018). Heatwave flash droughts
are driven by high surface air temperature anomalies, which
lead to sharp increases in evapotranspiration and rapid reduc-
tions in soil moisture (Otkin et al., 2015; Ford and Labosier,
2017; Wang and Yuan, 2018). Heatwave flash droughts are
also named concurrent  hot  and dry extreme events  (HDEs;
Zhang  et al.,  2019; Tian  et al.,  2021).  These  compound
extreme events are always related to more severe heatwaves
with higher intensity and longer duration than hot extremes
only  (Shi  et al.,  2021).  HDEs  have  become  more  frequent
worldwide owing to more frequent temperature extremes in
a  warming  climate  (Hao  et al.,  2013; Wu  et al.,  2022),
thereby raising the risk of disaster and exposure of popula-
tions (Liu et al., 2021). HDE occurrence in China increased
by  109%  from  1979  to  2010,  with  warming  temperatures
being  the  main  contributor  to  this  increase  (Wang  et al.,
2016; Zhang  et al.,  2022).  The  population  exposure  to
HDEs in East China more than doubled after the late 1990s
(Yu and Zhai, 2020).

There are significant decadal changes in high tempera-
ture  extremes  and  heatwaves  over  China  across  the  mid-
1990s in observations, including a rapid increase in frequency
(Chen and Dong, 2019; Su and Dong, 2019). Thus, it is impor-
tant  to  understand  whether  these  decadal  changes  in  heat
extremes  affect  decadal  changes  in  HDEs  across  the  mid-
1990s, as well as the mechanisms of these decadal changes.
Previous  studies  have  revealed  the  driving  processes  of
HDEs  over  China  (Tian  et al.,  2021).  For  instance,  it  has
been  demonstrated  that  subsidence  anomalies,  associated
with the Silk Road pattern and the boreal summer intrasea-
sonal  oscillation,  are  responsible  for  the  occurrence  of
HDEs over  China  (Tian et al.,  2021; Liu  and Zhou,  2021).
The trends (Wang et al., 2016; Zhang et al., 2019) and predic-
tion performance (Yuan et al., 2019; Zhang et al., 2019; Wu
et al.,  2021)  have  also  been  investigated.  However,  the
decadal  changes  in  and  drivers  responsible  for  these
changes have not been explored. Therefore, this work aims
to  investigate  the  decadal  changes  in  HDEs  over  China,
explore the drivers of those changes, and understand the phys-
ical processes that link those drivers to HDE changes.

Modeling  results  suggest  that  the  response  to  anthro-
pogenic  forcing  plays  a  dominant  role  in  the  decadal
changes in the East Asian summer monsoon (EASM), temper-
ature  extremes,  and  heatwaves  over  China  across  the  mid-
1990s  (Tian  et al.,  2018; Chen  and  Dong,  2019; Su  and
Dong, 2019). Both the changes in greenhouse gas (GHG) con-

centrations and anthropogenic aerosol (AA) emissions make
significant contributions. However, the physical mechanisms
associated with the response to GHG and AA changes differ.
The increased GHG concentrations have enhanced the south-
ern part of the EASM circulation (Lau and Kim, 2017; Lau
et al., 2017) and increased the frequency and intensity of heat-
waves over China (Su and Dong, 2019). The increased AA
emissions have weakened the EASM circulation and rainfall
(Tian et al., 2018), increased the frequency and intensity of
daytime heatwaves over  northeastern China,  and decreased
them  over  southeastern  China  (Su  and  Dong,  2019).  Wu
et al. (2022) suggested that anthropogenic forcings have con-
tributed a lot to the variability of HDEs over China in recent
decades. Thus, this study investigates the individual roles of
anthropogenic  forcings  in  decadal  changes  in  HDEs  over
China, including the associated physical processes.

The  structure  of  this  paper  is  as  follows.  The  decadal
changes in HDEs over China in observations are presented
in section 2. Section 3 describes the model and experiments.
The HDE changes in response to anthropogenic forcing are
assessed in section 4. The associated physical processes are
illustrated in section 5. Conclusions are summarized in sec-
tion 6.

 2.    Observed  decadal  changes  in  concurrent
hot and dry events over China

 2.1.    Observational and reanalysis data

Homogenized  data  of  daily  mean  temperature  over
China are used in this study (Li et al., 2016). The daily soil
moisture  (SM)  and  evapotranspiration  (ET)  data  are  from
the  Japanese  55-year  Reanalysis  (JRA-55; Kobayashi  and
Iwasaki 2016).

 2.2.    Definition of HDEs

We adopt the same definition of HDEs as Mo and Letten-
maier  (2015)  and  compute  them  from  pentad  data.  The
HDE analysis in this study is focused on the growing season
(April–September),  during  which  HDEs  are  most  likely  to
occur (Hunt et al.,  2009).  An HDE pentad is  defined when
all three of the following requirements are satisfied: (1) Tano

> 1 Std; (2) ETano > 0; (3) SM% < 40%, where Tano is anoma-
lies  of  surface  air  temperature,  Std  is  standard  deviation,
ETano is anomalies of ET, and SM% is SM percentile relative
to its record. For each pentad and each grid point, the standard
deviation  of  surface  air  temperature,  the  climatological
mean ET, and the SM percentile are computed based on the
period  1960–2016.  An  HDE  event  consisting  of  one  or
more consecutive pentads meeting the above HDE criteria is
obtained from the HDE pentad data. Frequency and duration
diagnostics are applied to measure the HDE activity in each
year. The frequency is obtained by accumulating the occur-
rence  number  of  HDE  events  within  a  year  (yr−1),  noting
that a single event may last more than one pentad. The dura-
tion  is  calculated  by  averaging  the  duration  of  all  HDE
events within a year (pentad).
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 2.3.    Observed decadal changes

Figures 1a and b show that the frequency and duration
of HDEs averaged across China abruptly increase after  the
mid-1990s. The decadal changes in this study are represented
by  the  differences  between  a  “present  day ”  period  (PD;
1994–2011)  and  an  early  period  (EP;  1964–1981).  The
HDE  frequency  is  1.33  yr−1 in  PD,  double  the  value  of
0.64 yr−1 in EP. The duration averaged over China increases
by 60% from 0.45 pentads in EP to 0.73 pentads in PD. It is
interesting to note that the frequency and duration of HDEs
averaged  over  China  are  highly  correlated.  The  correlation
coefficient  is  0.95.  However,  this  interannual  correlation is
not  discussed,  because  this  study  focuses  on  the  decadal
changes in HDEs.

Figures  1c and d illustrate  the  spatial  patterns  of  the
decadal changes in HDE frequency and duration over China
across  the  mid-1990s  in  observations.  The  spatial  patterns

are quite similar. The HDE frequency and duration increase
over most of China, with relatively large increases over north-
eastern China (NEC; 40°–54°N and east of 120°E), northern
China  (NC;  32°–42°N,  105°–120°E),  and  southeastern
China  (SEC;  21°–32°N,  east  of  105°E),  but  decrease  over
northwestern China, which may be related to the increase in
SM in situ (Hu et al., 2019), since HDEs are associated with
increased  temperature  and  ET  and  decreased  SM.  Among
the  three  sub-regions  in  eastern  China,  HDEs change most
dramatically over NEC, with the frequency increasing by a
factor of five and the duration by a factor of three in PD com-
pared  to  EP.  The  changes  in  HDE  frequency  and  duration
over  NC  and  SEC  are  also  remarkable,  but  smaller  than
those over NEC. The HDE frequency over NC and SEC in
PD  doubles  that  in  EP;  the  duration  over  these  two  sub-
regions increases by 60%–80%. Although HDEs change sig-
nificantly over the Tibetan Plateau, these changes are not dis-

 

 

Fig. 1. (a, b) Time series of area-averaged (a) frequency (units: yr−1) and (b) duration (units: pentads) of HDEs in the
growing season over mainland China (black solid lines),  SEC (blue dashed lines),  NEC (orange dashed lines),  and
NC (green dashed lines). Black dashed lines in (a, b) denote the time means of area-averaged metrics. Red solid lines
in (a, b) represent the decadal variations in area-averaged metrics, obtained with a 9-year running average. The black
solid and dashed, as well as the red solid lines in (a, b) use the left-hand y-axis, while the dashed blue, orange and
green lines use the right-hand y-axis. (c, d) Spatial patterns of differences in HDE (c) frequency (units: yr−1) and (d)
duration  (units:  pentads)  between  PD  and  EP.  The  slashes  in  (c,  d)  highlight  the  regions  where  the  changes  are
statistically significant at the 90% confidence level, based on a two-tailed Student’s t-test. The boxes in (c) represent
the sub-regions of SEC, NC and NEC, respectively.
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cussed  further  because  the  SM  in  JRA-55  (as  well  as  in
other reanalyses) used to define the HDEs is not reliable in
this region (Xu et al., 2018).

 3.    Model experiments and performance

The above results indicate that HDEs over China exhib-
ited  significant  decadal  changes  across  the  mid-1990s  in
observations. Numerical experiments are performed to esti-
mate  the  contribution  of  anthropogenic  forcing  to  these
decadal changes, including changes in GHG concentrations
and AA emissions, and to reveal the associated physical pro-
cesses.

 3.1.    Model and experimental design

A  set  of  numerical  experiments  performed  by  the
Global  Ocean  Mixed  Layer  2.0  configuration  of  the  Met
Office  Unified  Model  (MetUM-GOML2; Hirons  et al.,
2015; Peatman  and  Klingaman,  2018),  which  is  an  atmo-
sphere–ocean–mixed-layer coupled model, is used to assess
the  contribution  of  the  combined  and  individual  GHG and
AA forcings to the decadal changes in climate. The model is
the same as that employed by Luo et al. (2019). The experi-
mental setup [Table 1; same as Table 1 in Luo et al. (2019)]
is the same as that in previous studies that investigated the
decadal changes in the South Asian summer monsoon (Luo
et al.,  2019)  and  South  China  Sea  summer  monsoon  (Lin
et al.,  2020).  The  decadal  changes  in  summer  precipitation
over  East  Asia  (Tian  et al.,  2018),  temperature  extremes
over  China  (Chen  and  Dong,  2019),  and  heatwaves  over
China (Su and Dong, 2019) were investigated by performing
the  same  experiments  using  an  earlier  configuration,
MetUM-GOML1.  The  advantages  of  MetUM-GOML2  are
its computational efficiency and its  smaller biases in simu-
lated  sea  surface  temperature  (SST)  than  coupled  models
with dynamic oceans. However, its lack of internal variability
modes, such as El Nino–Southern Oscillation, may compli-
cate  the  analysis  of  the  response  to  prescribed  forcing
(Hirons et al., 2015; Dong et al., 2017; Luo et al., 2019).

The HDE events in the model are defined according to
the same criteria as in observations, except that the standard
deviation  of  surface  air  temperature,  the  climatological

mean  ET,  and  SM  percentile  are  computed  based  on  both
the C-EP and C-PD experiments.

The difference between any one of the PD experiments
forced by a particular forcing and the C-EP experiment indi-
cates the response to that forcing. The combined impact of
changes in GHGs and AAs (hereafter ALL forcing), the indi-
vidual  impact  of  GHG  changes  (hereafter  GHG  forcing),
and the individual impact of AA changes (hereafter AA forc-
ing)  are  all  examined.  A  two-tailed  Student’s t-test  is
applied  to  assess  the  statistical  significance  of  the  mean
changes.

 3.2.    Model performance in simulating HDEs during PD

The HDE frequency and duration in the C-PD experiment
are compared with those in observations for PD (Fig. 2). In
observations, the HDE frequency and duration share similar
spatial  patterns,  with  relatively  high  values  over  SEC,  NC
and NEC (Figs. 2a and c), and relatively low values over west-
ern China. The spatial patterns of observed HDE frequency
and duration are reproduced by MetUM-GOML2 (Figs.  2b
and d), though the frequency and duration over NC are under-
estimated and the duration over SEC is overestimated. The
area-averaged quantities of the HDE frequency and duration
across China in the C-PD experiment (1.09 yr−1 and 0.61 pen-
tads)  are  close  to  those  observed  (0.90  yr−1 and  0.51  pen-
tads). The simulated area-averaged HDE frequency and dura-
tion over NEC (1.68 yr−1 and 0.87 pentads) and the HDE fre-
quency over SEC (1.76 yr−1) are also similar to observations
(1.56  yr−1,  0.81  pentads,  and  1.53  yr−1).  These  agreements
in the spatial pattern and area-averaged HDE frequency and
duration between MetUM-GOML2 and observations indicate
the model can capture the main observed features of HDEs
over China.

 4.    Model-simulated  responses  to  different
anthropogenic forcings

 4.1.    Spatial pattern of responses to different forcings

Figure 3 shows the spatial patterns of changes in HDE
frequency and duration in response to different anthropogenic
forcings  in  MetUM-GOML2  experiments.  The  HDE  fre-

 

Table 1. Summary of numerical experiments.

Abbreviation Experiment Ocean Radiative forcing

R0 Relaxation run Relaxation to PD (1994–2011) mean 3D
ocean temperature and salinity to
diagnose climatological temperature and
salinity tendencies

PD GHGs over 1994–2011 and AA emissions
over 1994–2010 with AA after 2006 from
RCP4.5 scenario (Lamarque et al., 2010,
2011)

C-EP Early period (EP, 1964–81) Climatological temperature and salinity
tendencies from relaxation run

EP mean GHG and EP mean AA emissions

C-PD Present day (PD, 1994–2011)
GHG and AA forcings

Climatological temperature and salinity
tendencies from relaxation run

PD mean GHG and PD mean AA emissions

C-PD-GHG Present day (PD, 1994–2011)
GHG forcing

Climatological temperature and salinity
tendencies from relaxation run

PD mean GHG and EP mean AA emissions

C-PD-AA Present day (PD 1994–2011)
AA forcing

Climatological temperature and salinity
tendencies from relaxation run

EP mean GHG and PD mean AA emissions
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quency  and  duration  significantly  increase  over  most  of
China  in  response  to  ALL  forcing  (Figs.  3a and b);  the
changes in frequency and duration share similar spatial pat-
terns,  with  relatively  large  increases  over  SEC  and  NEC.
The  ALL-forced  HDE  changes  are  consistent  with  the
observed  changes  (Figs.  3c and d),  though  the  simulated
response  is  weaker  than  the  observed  changes,  especially
over NC.

Comparing the changes forced by GHG and AA forcings
shows that the GHG changes cause the increase in HDE fre-
quency and duration.  The  spatial  patterns  of  these  changes
in response to GHG forcing are similar to those in response
to  ALL forcing  (Figs.  3c and d),  but  the  magnitude  of  the
GHG-forced changes is slightly larger than the ALL-forced
ones. The AA-forced changes are weak, but local decreases
in  HDE  frequency  and  duration  are  significant  over  SEC
and NC (Figs. 3e and f).

 4.2.    Area-averaged responses to different forcings

Figure  4 illustrates  the  area-averaged  changes  in  HDE
frequency and duration throughout China and the three sub-
regions  of  NEC,  NC  and  SEC  in  observations  and  model

experiments.  The  exact  quantities  are  summarized  in
Table  2.  The  averaged  responses  of  HDEs to  ALL forcing
basically agree with observations throughout China and the
three sub-regions. The increases in China-averaged HDE fre-
quency  and  duration  in  the  ALL  forcing  experiment  are
0.53 yr−1 (77% of the observed 0.69 yr−1) and 0.17 pentads
(61% of the observed 0.28 pentads), respectively. In the sub-
regions, the ALL-forced changes in HDE frequency and dura-
tion over SEC are similar to observed. These results suggest
that  the  observed  decadal  changes  in  HDE  frequency  and
duration  across  the  mid-1990s  throughout  China  and  over
SEC  can  be  primarily  attributed  to  anthropogenic  forcing.
However,  the simulated changes in frequency and duration
over  NC  and  NEC  are  much  weaker  than  the  observed
changes.  On  the  one  hand,  these  regional  discrepancies
between  model-simulated  changes  and  observed  changes
might  reflect  model  deficiencies  in  responses  to  anthro-
pogenic forcing or a missing external forcing, such as volcanic
forcing or solar forcing (e.g., Song et al., 2014; Shim et al.,
2019), which are not included in our model experiments. On
the other hand, decadal SST variability, such as the Pacific
Decadal  Oscillation  (e.g., Qian  and  Zhou,  2014; Zhang

 

 

Fig. 2. Climatological means of the HDE frequency (units: yr−1) and duration (units: pentads) during PD (1994–2011)
in (a, c) observations and (b, d) the C-PD experiment.
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et al., 2020) and the Atlantic Multidecadal Oscillation (e.g.,
Qian et al., 2014; Zhang et al., 2020), might also be an impor-
tant  factor  for  the  observed decadal  changes.  These  modes
of  variability  are  not  simulated  in  MetUM-GOML2,
because the model lacks ocean dynamics.

The  GHG  and  AA  changes  have  opposite  effects  on
HDEs (Figs. 3 and 4). GHG forcing increases the HDE fre-
quency and duration across China and the three sub-regions,
but  AA  forcing  significantly  decreases  them,  except  over
NC. The magnitude of GHG-forced changes is much larger
than the AA-forced changes, indicating the dominant role of

GHG forcing in anthropogenically forced increases in HDE
frequency and duration over China.

 5.    Physical  processes  responsible  for  the
simulated decadal changes in HDEs

 5.1.    Role  of  mean  state  changes  in  decadal  changes  in
HDEs over China

Since HDEs vary in timescale from subseasonal to sea-
sonal, decadal changes in HDEs could be influenced by any

 

 

Fig. 3. Spatial patterns of changes in HDE (a, c, e) frequency (units: yr−1) and (b, d, f) duration (units: pentads) in the
growing season in response to changes in (a, b) ALL forcing, (c, d) GHG forcing, and (e, f) AA forcing, from EP to
PD, masked by China’s boundary. The slashes highlight the regions where the differences are statistically significant
at the 90% confidence level, based on a two-tailed Student’s t-test.
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combination  of  changes  in  the  mean  state  or  variability  of
the  three  variables  in  the  HDE  criteria  (temperature,  SM,
and ET). In this section, we first explore their relative contri-
butions to the changes in HDE frequency and duration. New
temperature,  SM,  and  ET  time  series  are  constructed  by
adding the climatological differences between the C-PD and
C-EP experiments to the time series in the C-EP experiment.
The differences between the HDE properties in the newly con-
structed  time  series  and  those  in  the  C-EP  experiment  are
the  changes  in  HDEs  due  to  the  mean  state  changes.  The
changes in HDEs due to the variability changes are the differ-
ences between the forced HDE changes and the changes in
HDEs due to the mean state changes. The climatological dif-
ferences between the C-PD and C-EP experiments are calcu-
lated  on  different  timescales,  such  as  six  months  (April–
September), three months (April–June and July–September),
and  one  month,  to  examine  the  sensitivity  of  the  results  to
the timescale of the mean state.

Figure 5 shows the area-averaged changes in HDE fre-
quency and duration across China and the three sub-regions
due to mean state changes. These mean state changes cause
increases  in  the  China-averaged  HDE frequency  and  dura-
tion  comparable  to  those  in  the  ALL  forcing  experiment
(Figs.  5a and b),  indicating  that  the  changes  in  HDEs  in
response  to  anthropogenic  forcing  are  mainly  due  to  mean

state  changes,  not  changes  in  variability.  The  changes  in
HDE frequency and intensity due to mean state changes on
different timescales are quite similar, demonstrating that the
HDE changes due to mean state changes are not very sensitive
to  the  timescales  of  mean  state  changes  (Figs.  5a and b).
Changes  in  mean  temperature  are  responsible  for  most  of
the increase in HDE frequency and duration, while the influ-
ence  of  mean  SM changes  and  mean  ET changes  are  very
weak and insignificant (Figs. 5c and d). The results above sug-
gest that, in these model experiments, anthropogenic forcing
affects HDEs over China mainly through changing mean tem-
perature.

The contributions of mean climate changes and variabil-
ity  changes  to  the  observed  decadal  changes  in  HDEs  are
also estimated (Fig.  6).  In observations,  it  is  also the mean
changes  that  predominantly  induce  the  decadal  changes  in
HDEs.  However,  HDE  changes  result  not  only  from
changes in mean temperature but also from changes in mean
SM and ET (Fig. 6). The changes in mean temperature and
ET result  in the decadal changes in China-averaged HDEs.
The  changes  in  mean  temperature  and  SM  determine  the
decadal changes in HDEs over NEC and NC. The changes
in  mean  temperature  play  an  important  part  in  the  decadal
changes  in  HDEs  over  SEC,  while  the  roles  of  changes  in
mean SM and ET are also substantial.

 

Table 2. Area-averaged HDE changes in observations and model experiments.

HDE property Area OBS

Forcings

ALL GHG AA

Frequency (yr−1) China 0.69* 0.53* 0.74* −0.16*
SEC 1.11* 0.67* 0.92* −0.20*
NEC 1.48* 0.53* 0.74* −0.12
NC 0.90* 0.28* 0.26* −0.1*

Duration (pentads) China 0.28* 0.17* 0.24* −0.07*
SEC 0.37* 0.25* 0.32* −0.01*
NEC 0.67* 0.15* 0.22* −0.04
NC 0.41* 0.10* 0.11* −0.07*

* HDE changes significant at the 90% confidence level based on a two-tailed Student’s t-test.

 

 

Fig.  4. Area-averaged changes in HDE (a)  frequency (units:  yr−1)  and (b)  duration (units:  pentads)  in  the growing
season  averaged  over  China,  SEC,  NC,  and  NEC,  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 t-test.
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The above results suggest that the roles of SM and ET
in the HDE changes simulated by MetUM-GOML2 are very
different from those observed. This inconsistency is caused
by the very weak responses of  both SM and ET to anthro-
pogenic  forcing  simulated  by  the  model.  The  smaller

changes in HDEs in the ALL forcing experiment relative to
the observed ones (Fig. 4) are possibly also due to the weak
responses of SM and ET, since the ALL-forced changes in
HDE frequency and duration  (Fig.  5)  are  very  close  to  the
HDE  changes  only  induced  by  the  mean  temperature

 

 

Fig. 5. Area-averaged changes in HDE (a, c) frequency (units: yr−1) and (b, d) duration (units: pentads), due to (a, b)
mean  changes  on  different  timescales  and  (c,  d)  three-month  mean  changes  in  different  variables,  averaged  over
China,  SEC,  NC  and  NEC,  in  simulations  forced  by  ALL  forcing.  The  error  bars  indicate  the  90%  confidence
intervals based on a two-tailed Student’s t-test.

 

 

Fig.  6. Area-averaged  changes  in  HDE  (a)  frequency  (units:  yr−1)  and  (b)  duration  (units:  pentads),  due  to  three-
month  mean  changes  in  different  variables,  averaged  over  China,  SEC,  NC  and  NEC,  in  observations.  Red  bars
indicate the HDE changes due to all  the mean changes in temperature, SM and ET. Orange bars indicate the HDE
changes due to both mean changes in temperature and SM. Yellow bars indicate the HDE changes due to both mean
changes in temperature and ET. Dark blue, sky blue and light blue bars indicate the HDE changes due to individual
mean changes in temperature, SM and ET. The error bars indicate the 90% confidence intervals based on a two-tailed
Student’s t-test.
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changes  in  observations  (Fig.  6).  These  weak  responses
might  be  a  model  deficiency  in  response  to  anthropogenic
forcing or missing external forcing changes, such as volcanic
forcing and solar forcing (e.g., Song et al., 2014; Shim et al.,
2019), or other factors, such as the Pacific Decadal Oscillation
and  Atlantic  Multidecadal  Oscillation,  which  might  have
played  a  role  in  the  observed  decadal  changes  (e.g., Qian
and Zhou, 2014; Qian et al., 2014; Zhang et al., 2020).

 5.2.    Physical  processes  for  changes  induced  by  GHG
forcing

The  associated  physical  processes  are  investigated  by
examining the  changes  in  the  mean state.  The  three-month
timescale  is  chosen  to  calculate  the  mean  state  changes,
because the HDE changes related to the three-month mean
state changes are relatively close to those in the ALL forcing
experiment, compared to the one- and six-month mean state
changes  (Figs.  4a and b).  Then,  the  mean  responses  in
April–May–June (AMJ) and July–August–September (JAS)
are diagnosed separately.

Figure 7 illustrates the mean changes during AMJ and
JAS  in  some  key  variables  in  response  to  GHG  changes.
The increased surface air temperature over China is related
to increased downward surface longwave (LW) radiation dur-
ing AMJ and JAS (Figs. 7a and b), via the enhanced Green-
house  Effect  and  related  feedbacks  associated  with  the
GHG-induced  increases  in  atmospheric  water  vapor
(Figs. 7c and d).

The  relatively  large  increase  in  the  downward  surface
LW  radiation  over  NC  during  AMJ  and  over  SEC  during
JAS  are  both  related  to  the  increase  in  atmospheric  water
vapor  (Figs.  7c and d).  During  AMJ,  the  increased  water
vapor  over  NC  results  from  more  moisture  transport  from
the ocean via the easterly and southeasterly anomalies over
NC  (Fig.  7e).  These  easterly  and  southeasterly  anomalies
are associated with the anticyclonic circulation anomalies cen-
tered over NEC, likely resulting from the East Asia/Pacific
teleconnection  exerted  by  positive  precipitation  anomalies
over the Philippine Sea (Huang and Sun, 1992) due to local
warmer SSTs (not shown) and enhanced convection character-
ized by increased cloud cover and decreased surface short-
wave  (SW)  radiation  (Figs.  7g and h).  During  JAS,  the
increased atmospheric  water  vapor  over  SEC (Fig.  7d)  can
be  attributed  to  more  moisture  transport  from  the  South
China Sea to SEC, which is partly due to increased evapora-
tion under a warming climate and partly due to anomalous
moisture  transport  via  the  southwesterly  anomalies  along
the  coast  of  SEC,  resulting  in  anomalous  moisture  conver-
gence over SEC. These southwesterly anomalies are related
to  the  enhanced  western  North  Pacific  subtropical  high
(Fig. 7f) in response to GHG changes (Lau and Kim, 2017;
Lau et al., 2017; Tian et al., 2018).

Specifically,  net  surface  SW  radiation  increases  over
the  southern  part  of  NEC  and  SEC  during  AMJ  (Fig.  7g).
These  increases  in  SW  radiation  are  associated  with  a
decrease in cloud cover (Fig. 7h). There are anticyclonic circu-
lation  anomalies  over  SEC  and  NEC  (Fig.  7e),  favoring

descent, which decreases cloud cover (Fig. 7h). Besides, the
northeasterly  anomalies  along the  coast  of  SEC,  restricting
moisture  transport  from  the  South  China  Sea  to  SEC
(Fig.  7e),  also  contribute  to  lower  relative  humidity  and
reduced cloud cover.

In summary, the increase in the seasonal mean surface
air  temperature  during  AMJ  and  JAS  is  induced  partly  by
the  enhanced  Greenhouse  Effect  over  China  during  both
AMJ  and  JAS,  and  partly  by  the  positive  feedback  of
increased  atmospheric  water  vapor  over  NC  during  AMJ
and  over  SEC during  JAS,  due  to  the  circulation  and  SST
changes  in  response  to  GHG  increases.  In  addition,  the
increase  in  SW radiation over  SEC and NEC during AMJ,
resulting  from  the  decrease  in  cloud  cover,  which  is  also
related  to  the  circulation  and  SST  changes  in  response  to
GHG  changes,  plays  a  role  in  surface  warming  in  these
regions. Because of the increased seasonal mean surface air
temperature,  both  the  frequency  and  duration  of  HDEs
increase over most of China.

 5.3.    Physical  processes  for  changes  induced  by  AA
forcing

Figure  8 illustrates  the  mean  changes  during  JAS  in
some  key  variables  in  response  to  AA  changes.  Since  the
HDE  changes  over  China  during  AMJ  in  response  to  AA
changes are small  (not shown) but the HDE frequency and
duration  over  SEC  and  NC  decrease  significantly  during
JAS,  only  the  physical  mechanisms  associated  with  HDE
changes during JAS are discussed.

The  significant  decrease  in  net  surface  SW  radiation
(Fig. 8a) leads to surface cooling over SEC and NC (Fig. 8b).
The decreased net surface SW radiation over most parts of
China is mainly due to the decrease in net surface clear-sky
SW  radiation  (Fig.  8c),  resulting  from  the  increased  total
aerosol optical depth (AOD) (Fig. 8d) via aerosol–radiation
interaction (Boucher et al., 2013). In addition, the increased
cloud cover over SEC and NC contributes to decreased sur-
face net SW radiation, partly due to aerosol–cloud interaction
(Albrecht,  1989; Boucher  et al.,  2013)  and  partly  due  to
aerosol changes induced by atmospheric feedbacks resulting
from circulation changes (Fig. 8e) (e.g., Dong et al., 2019).
The southwesterly anomalies over SEC and NC (Fig. 8f), con-
veying  more  water  vapor  transport  from  the  South  China
Sea and favoring more precipitation (not shown), are partly
responsible for the increased cloud cover over SEC and NC
(Fig.  8g).  The  southwesterly  anomalies  are  on  the  western
flank of the anticyclonic circulation anomalies over the north-
western Pacific, which is associated with anomalously cool
SSTs  over  the  tropical  western  Pacific.  Therefore,  the
reduced surface clear-sky SW radiation due to the increased
AOD,  and  the  increase  in  cloud  cover,  related  to
aerosol–cloud  interaction  and  the  surface  and  atmospheric
feedbacks  resulted  from  AA-forced  circulation  changes,
jointly  result  in  the  decrease  in  the  surface  air  temperature
over  eastern  China,  which  decreases  the  HDE  frequency
and duration over SEC and NC during JAS.

In response to AA forcings, the surface air temperature

FEBRUARY 2024 SU ET AL. 241

 

  



 

 

Fig.  7. Spatial  patterns  of  the  mean  response  to  changes  in  GHG  forcing  (C-PD-GHG  minus  C-EP):
surface clear-sky downward LW radiation during (a) AMJ and (b) JAS; water vapor during (c) AMJ and
(d) JAS (units:  kg m−2);  horizontal wind at 700 hPa during (e) AMJ and (f) JAS (units:  m s−1);  (g) net
surface SW radiation during AMJ; and (h) total cloud cover during AMJ (%). Positive values of radiation
indicate downward fluxes, and the unit is W m−2. The black dots in (a–d) and (g–h) and the blue shading
in (e, f) highlight regions where the changes are statistically significant at the 90% confidence level based
on a two-tailed Student’s t-test.
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over NC is decreased during JAS but increased during AMJ
(not shown), albeit leading to negligible HDE changes. The
AA-forced increase  in  surface  air  temperature  during  AMJ
agrees  with  the  previous  findings  of  Su  and  Dong  (2019),
who reported that the surface air over NC is warmed by the
increased  surface  net  SW  radiation  induced  by  the  AA-
forced  circulation  changes  during  the  extended  summer
(May–September).  Comparing  those  responses,  it  is  sug-
gested  that  the  circulation  changes  induced  by  the  surface

air temperature increase over NC in response to AA forcings
occur primarily in early summer but not in late summer.

 6.    Conclusions

(1) Significant decadal changes in HDE frequency and
duration during the growing season (April–September) over
China  were  observed  in  the  mid-1990s.  These  decadal
changes  are  assessed  here  by  comparing  the  HDEs  in  PD
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Fig. 8. Spatial patterns of the mean response to changes in AA forcing (C-PD-AA minus C-EP) during JAS: (a) net
surface SW radiation; (b) surface air temperature (units: °C); (c) net surface clear-sky SW radiation; (d) total AOD at
0.55  μm;  (e)  total  cloud  cover  (%);  and  (f)  horizontal  wind  at  700  hPa.  Positive  values  of  radiation  indicate
downward fluxes, and the unit is W m−2. The black dots in (a–e) and the blue shading in (f) highlight regions where
the changes are statistically significant at the 90% confidence level based on a two-tailed Student’s t-test.
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(1994–2011) to  those in EP (1964–81).  The frequency and
duration of HDEs increase over most of China, with relatively
larger increases over SEC, NC and NEC. The frequency of
HDEs averaged over China in PD is double that in EP; the
duration of HDEs increases by 60%. Over NEC, the frequency
in PD is  five times that  in EP; the duration increases more
than threefold. The HDE frequency over NC and SEC in PD
is double that in EP; the duration over these two sub-regions
increases by 60%–80%.

(2) Model experiments indicate that anthropogenic forc-
ing can explain 60%–70% of the observed decadal changes
in HDEs, suggesting an important anthropogenic influence.
The increase in GHG concentrations increases the HDE fre-
quency and duration across China. Although the increase in
AA emissions over China significantly decreases the HDE fre-
quency  and  duration  over  SEC  and  NC,  the  magnitude  of
the decrease is much smaller.

(3) The changes in mean state play a dominant role in
simulated HDE decadal changes over China. The mean tem-
perature changes induce nearly all the HDE changes, while
the changes in mean SM and ET contribute little, because of
the weak simulated responses of SM and ET to anthropogenic
forcing.  These  weak  responses  are  inconsistent  with
observed changes, which may lead to the weaker simulated
decadal  changes  in  HDEs.  The weak responses  of  SM and
ET,  and  therefore  HDEs,  might  be  a  model  deficiency  in
response to anthropogenic forcing, or due to missing external
forcing changes, such as volcanic forcing and solar forcing,
or other factors, such as the Pacific Decadal Oscillation and
Atlantic Multidecadal Oscillation, which might have played
a role in observed decadal changes.

(4)  The  increased  GHG  concentrations  increase  the
HDE frequency and duration over most of China. GHG forc-
ing increases the seasonal mean surface air temperature dur-
ing AMJ and JAS, via the enhanced Greenhouse Effect during
both  periods;  the  moistened  atmosphere  over  NC  during
AMJ, and over SEC during JAS, associated with the circula-
tion and SST in response to GHG changes; and the increase
in SW radiation over SEC and NEC during AMJ, resulting
from decreased cloud cover, which is also related to the circu-
lation and SST responses to GHG changes.

(5) The increase in AA emissions reduces the HDE fre-
quency and duration over SEC and NC during JAS by cooling
the  surface,  through  reducing  the  net  surface  SW.  The
decrease  in  net  surface  SW  is  jointly  induced  by  the
aerosol–radiation interaction and the increased cloud cover,
which is related to both aerosol–cloud interaction and the cir-
culation and SST changes in response to AA changes.

Although the simulated responses to anthropogenic forc-
ing  appear  to  capture  some  features  of  observed  decadal
changes  in  HDE  frequency  and  duration  over  China,  it  is
important  to  note  that  the  results  may  be  sensitive  to  the
model  or  experimental  design.  For  example,  this  work  is
based on time-slice experiments forced by changes in GHG
concentrations and AA emissions. External forcing changes
associated with volcanic forcing and solar variability are not

considered.  Additionally,  the  oceanic  component  of  the
model  used  is  a  mixed-layer  model,  in  which  the  ocean
dynamic  processes  are  not  fully  considered.  Therefore,  the
simulated changes in SST and some other variables may not
be the same as those in fully coupled general circulation mod-
els  (CGCMs).  Hence,  the  conclusions  of  this  study  should
be tested in different models. It would be worth comparing
our results with CGCM simulations that consider the temporal
evolution of the climate changes, such as CMIP6 historical
simulations  (Eyring  et al.,  2016)  and  DAMIP  (Detection
and Attribution Model Intercomparison Project) simulations
(Gillett et al., 2016). Additionally, the roles of low-frequency
SST  mode  variability  over  different  ocean  basins  should
also  be  assessed  in  order  to  fully  understand  observed
decadal changes in HDEs over China.
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