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Contribution of anthropogenic influence
to the 2022-like Yangtze River valley
compound heatwave and drought event
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In August 2022, an unprecedented compound heatwave and drought event (CHDE) lasting 24 days
occurred in the Yangtze River valley (YRV), leading to a severe reduction of the crop, fresh water, and
power supply. We constructed a joint cumulative probability distribution of heatwave and drought
intensity, and found that the lowest probability-based index (PI) of 0.06 in 2022 was estimated as a 1-
in-662-year event over the 1961-2022 climate. We then detected the fingerprint of greenhouse gas
forcing to the observed Pl in a generalized extreme value framework, but not the aerosol forcing,
suggesting the leading contribution of greenhouse gas forcing on such extreme CHDE. Furthermore,
anthropogenic influence had increased the probability of such CHDE by more than 10 times compared
to the counterfactual climate. Also, the Pl decreased from about 0.30 at the present climate to about
0.14 at the 3 °C global warming level, indicating that CHDE will become more extreme over YRV.

Extreme climate and weather events can destroy the ecosystems and
economies, which are the major concern for human society'. When
extreme events occur simultaneously or consecutively, they have
greater damage to the society and environment than individual
extreme events, which is called compound extreme event’. As the most
common type of compound extreme events, the occurrence of com-
pound heatwave and drought event (CHDE) is closely associated with
the thermodynamic negative relationship between temperature and
rainfall’. Usually, the persistent heatwave events always cause moisture
deficiency and low rainfall, and result in severe drought’. On the other
hand, the drought increases (decreases) the releases of atmospheric
sensible (latent) heat, further promoting the intensity of heatwave
events* ™. Under the global warming background, the CHDE frequency
represents a significant increase tendency over the most global land
area from the past period (1983-1999) to the relatively warmer recent
period (2000-2016)’, accompanied by an increased occurrence prob-
ability of such events in future climate projections®'’, which has
proved to be the most harmful compound extreme events that produce
threat on agriculture, water availability, energy production, and human
health' . For example, in the summer of 2010, CHDE in Russia
caused an estimated 55,000 deaths, a drop of 25% in annual crop

production, and more than one million hectares burned areas'®".

Considering the possible increase of CHDE in response to human-
induced global warming, there is an urgent need to reveal the contribution of
anthropogenic influence to the CHDE. How is the CHDE detected and
attributed? First, it is important to define CHDE using an appropriate
method. Numerous studies have defined the CHDE according to different
combinations, such as the composite index of rainfall and surface air tem-
perature (SAT)", the composite anomalies of meteorological drought and
SAT", and the combined deficit of potential evapotranspiration and
rainfall”’. After these CHDE indices were constructed via the bivariate
copula method™"** or time of emergence method™, we then could estimate
the intensity or frequency of CHDE in both observations and climate model
simulations under different forcings and conduct the detection and attri-
bution analysis. For example, Pan et al.** used the bivariate copula method to
define CHDE and demonstrated that anthropogenic climate change had
significantly increased the likelihood of summer CHDE in six continents of
the world. Zhang et al.” also evidenced that anthropogenic forcing had
contributed to the increased CHDE over the global land areas, with the
increasing trend exceeding 0.17/decade from 1951 to 2010, while the trend
of CHDE was merely —0.008/decade under natural forcing. However, when
the attribution analysis was conducted for the heatwave and drought events
separately, the occurrence probability of heatwave events was always higher
than those of drought events under anthropogenic forcing than natural
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forcing, and thus the occurrence probability of CHDE tended to be lower
(higher) than heatwave (drought) event™. As such, it is important to select
an appropriate method to define the CHDE for the regions that we are
concerned with, which is an essential precondition for robust detection and
attribution results.

In the summer of 2022, several regions over the Northern Hemisphere
suffered from record-breaking heatwave and drought events, including the
Yangtze River valley (YRV) in China®™, western Europe”, western
America®, and the Horn of Africa®. Specifically, the YRV experienced an
unprecedented CHDE during the summer of 2022 that lasted from early
August until the end of August (Fig. 1a, ¢), with the duration of the heatwave
event and drought event at more than 530 and 180 stations over the YRV
setting the longest records since 1961, respectively (Supplementary Fig. 1).
Such a CHDE led to hydrological droughts and electricity shortages, which
affected more than 4.08 million hectares of crops, 4.3 million people and
350,000 livestocks™. As suggested by recent studies, the individual heatwave
event was rarer than the drought event over the YRV in 2022 summer
according to the historical observations'®, which corresponded to a more
significant response of the heatwave event to the anthropogenic influence
than the drought event, with an increasing occurrence probability of such a
heatwave event under anthropogenic forcing than natural forcing by about
11 times’. Despite we have a general understanding of a much larger
increase in the occurrence probability of heatwave events than drought
events in response to the ongoing global warming, comparing the response
of August 2022-like CHDE in the YRV that contains the heatwave and
drought events at the same time to different external forcings remains a
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Fig. 1 | The 2022 summer (June-July-August) Ty, and rainfall anomalies
relative to the 1981-2010 climatology. Evolution of (a) the Ty, and c the 5-day
running-mean rainfall averaged over the YRV (26°-33° N, 102°-123° E) during
the 2022 summer (black line). b The observed T,,., anomalies (unit, °C) and

puzzle. Thus, in this study, we focus on the following questions: Whether
anthropogenic forcing as a whole and individual forcing (e.g., anthro-
pogenic aerosols and greenhouse gases) have imposed a detectable influence
on the August 2022-like CHDE over the YRV? How will the likelihood of
such events change in the future?

In this study, we found that anthropogenic forcing had increased the
probability of CHDE as severe as the 2022 case over the YRV by more than
10 times over the present climate, which will become more frequent and
severe under medium emissions in the future. Our results will provide a
reference for understanding and preparing for compound extreme events in
East Asia.

Methods

Observational and model-simulated data

We obtained the daily surface maximum temperature (T),,) and rainfall
datasets from the National Meteorological Information Center of China,
which covered 751 meteorological stations over the YRV from 1961 to
2022°**, The simulations of the two variables from 9 climate models were
acquired from phase 6 of the Coupled Model Intercomparison Project
(CMIP6)*. Each model included simulations based on all external (ALL)
forcing, greenhouse gas (GHG) forcing, anthropogenic aerosol (AER) for-
cing, and natural (NAT) forcing, as well as at least three ensemble members
for each simulation (Table 1). The selection of all 9 models was due to that a
much larger model spread can cover the observed PI as much as possible,
with the muti-model ensemble close to the observations. The ALL forcing
simulations that ended in 2014 were extended to 2022 using shared
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(d) rainfall anomaly
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and the dashed line represented 35 °C in (a). Stippling indicates exceeding one
standard deviation.
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Table 1 | List of CMIP6 models and simulations used in this article, together with their horizontal resolutions

Model name Merged historical and Historical NAT Historical aerosol Historical GHG Horizontal
SSP2-4.5 simulations simulations simulations simulations resolution

ACCESS-CM2 3 3 3 3 1.25%x1.88
ACCESS-ESM1-5 5 3 3 3 1.25x1.88
CanESM5 25 10 10 10 2.81x2.81
FGOALS-g3 3 3 3 3 2.25 x2.00
HadGEM3-GC31-LL 4 4 4 4 1.25x1.88
IPSL-CM6A-LR 4 6 6 6 1.26 x 2.50
MIROC6 24 3 10 25 1.41x1.41
MRI-ESM2-0 5 5 5 5 1.12x1.12
NorESM2-LM 3 3 3 3 1.88x2.50

Also shown is the ensemble size of simulations in historical, SSP2-4.5, aerosol, GHG, and NAT.

socioeconomic pathway2-4.5 (SSP2-4.5) simulations®, and the other for-  (3) Gumbel copula

cing simulations that ended in 2020 were extended to 2022 by repeating data

from 2019 to 2020°*”. The CMIP6 simulations were interpolated to the Colt, v) = e{f[(—ln w'+(-lnv?]"'} , 0 el,+00) (5)

same spatial resolution of 2° x 2° through area-weighted averaging prior to
analysis.

Definition of CHDE

The heatwave and drought events were respectively identified when the
daily Ty,ax exceeded the 90th percentile and daily rainfall below the
10th percentile for at least five consecutive days during the summer
(June-July-August)******. Note that a 5-day running mean had been
conducted to the daily rainfall before analysis due to its unevenness.
Then we used the bivariate copula method to construct the joint
cumulative probability distribution of heatwave and drought to define
CHDE*"***"**, Based on this method, heatwave and drought could be
considered simultaneously, which helps to identify the severity of
CHDE and has been used to conduct the detection, attribution, and
projection”"*”. The copula model (C) of heatwave (X) and drought (Y)
can be defined as*:

F(x,y) = CIF(X), G(Y)] O

where F(X) = P(X <x) and G(Y) = P(Y <y) were marginal cumulative
probability distributions of heatwave and drought events, respectively. Here,
thex and y represented the threshold of heatwave events and drought events,
respectively. The F(X) can be regarded as the probability of neither a
heatwave event nor a drought event. Then, the complementary part of their
cumulative probability can be defined as:

PI = P(X=x,Y=y) = 1 + C[F(X),G(Y)] — F(X) — G(Y) (2)

where the PI can denote the severity of CHDE, which ranges from 0 to 1,
with a higher (lower) PI representing a weaker (stronger) CHDE'. Based on
previous studies* ™, the exponential and gamma distributions were chosen
to calculate the marginal cumulative probability distributions of the heat-
wave and drought event, respectively. Besides, the three Archimedean
copulas applied in this study are as follows"”:

(1) Clayton copula

Co(u,v) = (u_e +v 0 1)71/6, 0 € [0, +00) (3)
(2) Frank copula

—Ou __
Co(u,v) = —éln(l + (e

Further, we used the root mean square error (RMSE), the Akaike
information criterion (AIC), and the Kolmogorov-Smirnov statistic D,, to
choose the optimal copula method. The RMSE, AIC, and D,, are expressed
as:

RMSE = \/ % S (Cp(i) - Ce(z’))z (6)
AIC = nln MSE + 2m )

D, = sup|C,() - C.(0)| ®)

where n is the sample size; C, denotes the computed values of the parametric
copula; C, denotes the observed values of the probability obtained from the
empirical copula; InMSE denotes the mean square error; m is the number of
independently adjusted parameters; and sup denotes the upper bound. The
model is more efficient when RMSE, AIC, and D,, are smaller. As shown in
Supplementary Table 1, the RMSE, AIC, and D,, for the considered copulas
were compared. Based on the comparison it was determined that the
Gumbel copula had minimum RMSE, AIC, and D,, among all of the con-
sidered copulas. Therefore, the Gumbel copula was selected to construct the
joint cumulative probability distribution of heatwave and drought.

Optimal fingerprinting method

Based on the generalized extreme value (GEV) distribution, the optimal
fingerprinting method was used to assess whether anthropogenic forcing
was detectable in the 1961-2022 CHDE observations***. The cumulative
distribution function for a GEV distributed G (z) is given by Coles™:

z—

6 =ep| - (14652 140

(o (o

where g, 0> 0, and ( are the location, scale, and shape parameters, respec-
tively. The probability-weighted moments are adopted to estimate these
parameters, which is more robust than maximum likelihood estimation for
relatively short samples™’. Then, the optimal fingerprinting method of the
climate model simulated response X of the extreme event to the external
forcing is expressed as:

Yoo =6+ X, B (10)
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Fig. 2 | The extremity of CHDE over the YRV (26°-33° N, 102°-123° E) during the
2022 summer. a Scatterplot of the Tx24day and Dx24day averaged over the YRV for
the period of 1961-2022 summers in observations. b Evolution of the normalized

Tx24day (red line), Dx24day (blue line), and the associated PI (black line) during the

1961-2022 summers. The red dot indicates the year of 2022, and the isolines are for
the return period in (a). The correlations between the PI and the Tx24day (Dx24day)
are indicated at the top right in (b). Note that the climatology is based on the period
1981-2010.
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Fig. 3 | The scaling factors of PI under different external forcings. Best estimation and 5-95% CI of the scaling factors from fingerprinting analyses of PI over the YRV
during 1961-2022 summers under a ALL, b NAT, ¢ GHG, and d AER forcings. The dots and error bars indicate the best estimation and the 5-95% CL

where y represented the observed extreme event, ¢ denoted the internally
generated residual variability, and 8 was the scaling factor that was estimated
by a total square method. Subscripts s and ¢ denoted the region and time,
respectively. By assuming that the spatiotemporal patterns of model
responses were identical to the observations, we can obtain the 5 which was
suitable for the whole region. Furthermore, a two-stage spatiotemporal
block bootstrap procedure was used to estimate the uncertainty of the 8 due
to the internal variability in models and observations®. Because the
automated identification approaches were subject to uncertainty from

sampling variability, and the statistical procedures for the detection of
spatial inhomogeneity may not be much efficien”, the model simulations
were interpolated to the same spatial resolution of 5° x 5° to conduct the
optimal fingerprinting method.

Estimation of the risk of CHDE

The occurrence frequency p of an event with intensity x can be estimated by
the probability of exceeding x in the fitted GEV distribution, and the return
period T can be expressed as T = 1/p. Also, the probability ratio (PR) was
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other forcings (gray), and the dashed line denotes the threshold of observed PI.
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used to quantify the extent of anthropogenic influence on the likelihood of
extreme events as the one observed over the YRV during 2022%. The PR was
expressedas: PR = p, /p,, where p; and p, were the probabilities of extreme
events as severe as the observed one under external forcing and NAT force,
respectively.

Results

Identification and evolution of the CHDE in 2022

Figure 1a shows the evolution of observed Ty,.x averaged over the YRV
(26°-33°N, 102°-123° E) during the 2022 summer. It was found that a long-
lasting heatwave event occurred over the YRV in August, which started on
August 2 and ended on August 25 with a duration of 24 days (Fig. la).
Simultaneously, the persistent heatwave induced a severe drought event
over the YRV, with the regional-mean rainfall below the 10th percentile
persisting 17 days from August 8 to August 24 (Fig. 1c). This was a typical
high-intensity and long-lasting CHDE, accompanied by the T, anomalies
and accumulated rainfall deficit anomalies during 2-25 August 2022
averaged over the YRV exceeding 6.0 °C (Fig. 1b) and 100 mm (Fig. 1d),
respectively. Accordingly, we used the normalized values of maximum T,,x
(Tx24day) and rainfall deficit anomalies (Dx24day) for 24 consecutive days
in summer to represent the severity of such a CHDE as the 2022 one™*. To
facilitate the analysis of the concurrent events, the Dx24day was defined as
the 24-day rainfall anomalies accumulation multiplied by (—1) to ensure the
in-phase linkage with the Tx24day. In the following, we will elaborate on
how the likelihood of such CHDE over the YRV has changed in response to
the anthropogenic forcing as a whole and to individual forcings such as
anthropogenic aerosols and greenhouse gases.

To represent the extremity of the CHDE in the 2022 summer across the
historical period, Fig. 2a showed the scatterplot of the normalized Tx24day
and Dx24day averaged over the YRV during the 1961-2022 summers. We
can see that the Tx24day and Dx24day were between —2 and 2 in majority
years, and both indices in 2022 set the highest historical record since 1961
(Fig. 2a). Correspondingly, the probability-based index (PI) had a lowest
value of 0.06, with a return period of about 662 years (106 to >10,000 years
for 5-95% confidence interval (CI); Supplementary Fig. 2) during the his-
torical period, more than 10 times larger than the return period (~50 years)
of PI (0.10) in 2013 summer, which ranked the second strongest CHDE
since 1961 (Fig. 2). On the other hand, the PI presented a stronger corre-
lation with the Tx24day than Dx24day, where the correlation coefficients
between the PI and the two indices were —0.91 and —0.82, respectively (all
exceed the 99.9% CI; Fig. 2b). Also, the decreasing trend of the PI (—0.013/
decade) since 1961 indicated that the CHDE over the YRV have become
more extreme against the background of the ongoing global warming, which
was consistent with the increasing trend of the Tx24day (0.2/decade) and
different from the observed Dx24day trend of near 0 during the same period.
Note that the results were almost unchanged if we used the Tx17day and
Dx17day in each summer to construct the PI (Supplementary Fig. 3). These
results suggested a stronger contribution to the CHDE by the heatwave
event than drought event over the YRV.

Detection and attribution of the CHDE in 2022

Based on the fingerprinting method designed particularly for climate
extremes, we compared the observed and climate models simulated time
series of PI during 1961-2022 summers to detect the possible anthropogenic
influence on the CHDE over the YRV under different external forcings, as
shown in Fig. 3. The 5-95% Cls of the scaling factors exceeded 0 for all nine
models under ALL forcings (Fig. 3a), indicating that the anthropogenic
forcing signals were well detected. The estimated scaling factors under GHG
forcings were almost the same as under ALL forcings (Fig. 3a vs ¢), which
can well detect the role of GHG forcings in the observed change of CHDE
over the YRV during the historical period. In contrast, the 5-95% Cls of the
scaling factors of the PI were not significantly different from 0 for eight
models under NAT forcings and AER forcings, suggesting a much weaker
role of the nature variability and aerosol forcings to CHDE (Fig. 3b, d).
Again, the detection results of PI were quite similar to those of Tx24day
anomalies rather than Dx24day anomalies (Fig. 3 vs Supplementary Fig. 4
and Fig. 3 vs Supplementary Fig. 5), so the human-induced increase of
heatwave event accounted for the leading contributions to the more extreme
CHDE in response to the ongoing global warming. Overall, the finger-
printing analyses detected the significant impact of anthropogenic global
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Fig. 5 | The future projection of PI, Tx24day anomalies, and Dx24day anomalies.
The 5-year running-mean of the summertime (a) PI, b Tx24day anomalies, and

¢ Dx24day anomalies averaged over the YRV from 1961 to 2100 in observations (red
line) and CMIP6 multi-model ensemble mean (black line). The historical period
(1961-2014) and the future period (2015-2100) are based on historical ALL forcings
and SSP2-4.5 simulations, respectively. Note that shading denotes the range of
ensemble models, and the climatology is based on the period 1981-2010.

warming on the CHDE like the 2022 case over the YRV, which was largely
contributed by the GHG forcings.

Furthermore, we quantified the probability of extreme CHDE as severe
as the 2022 case over the YRV in different external forcings under the
present climate of 2000-2022 summers. The probability density function
(PDF) of PI under ALL forcings was more skewed to the left than under
NAT forcings, representing a higher probability of the occurrence of
extreme CHDE in response to the ongoing global warming (Fig. 4a).
Because the considered 9 climate models were unable to simulate the
observed PI of 0.06 in 2022 under NAT forcings, we fitted the GEV dis-
tribution using the observed PI during 1961-2022 summers and chose the
1st percentile of 0.10 as the threshold to compare the occurrence probability
of extreme CHDE under different forcings. The likelihood of PI lower than
the threshold was 2.74% (5-95% CI: 1.91-3.80%) under ALL forcings and
0.47% (5-95% CI: 0.24-0.58%) under NAT forcings, corresponding to an
estimated probability ratio (PRa1;) 0of 9.92 (5-95% CI: 6.59-17.00) between
ALL forcings and NAT forcings (Fig. 4a). The PDF of the PI under the GHG

forcings was similar with that under ALL forcings, which showed a pro-
nounced leftward shift compared to that under NAT forcings with an
estimated PRgyg of 11.66 (5-95% CI: 7.50-21.67) (Fig. 4b). Although the
PDF of the PI under the AER forcings represented a similar structure with
the NAT forcings, the probability of PI lower than the threshold (0.73%
(5-95% CI: 0.56-0.85%)) under the AER forcings was slightly larger than
NAT forcings (0.47% (5-95% CI: 0.24-0.58%)) (Fig. 4c). Note that both
PR 1y and PRgyg obviously increased when we improved the extremity of
the observed threshold from 5th to 1st percentile (Supplementary Table 2).
It suggested that the anthropogenic forcings had increased the probability of
the CHDE over the YRV as severe as the 2022 one (<0.2 percentile) by more
than 10 times compared to NAT forcings under the present climate, and
GHG forcing played a dominant role. Also, if we repeated the results under
the climate of 1961-2022 summers, the probability of such an event under
ALL forcings and GHG forcings was considerably larger than NAT forcings
(Supplementary Fig. 6), despite a lower PR,y and PRgyg than those under
the climate of 2000-2022 summers (Fig. 4 vs Supplementary Fig. 6). In
summary, the August 2022-like CHDE was impossible in the pre-industrial
climate and exceptionally rare even now, but the likelihood of such CHDE
had already increased due to anthropogenic climate change.

Projection of the CHDE in the future

On the basis of understanding the crucial role of anthropogenic influ-
ence to the extreme CHDE like the 2022 case, we further investigated the
changes in the severity of CHDE over the YRV in the future. Accord-
ingly, Fig. 5 shows the 5-year running-mean time series of observed PI,
Tx24day anomaly, and Dx24day anomaly during the 1961-2022 sum-
mers, as well as the three variables simulated by the climate models from
1961 to 2100. These simulations for the periods of 1961-2014 and
2015-2100 were derived from historical ALL forcings and
SSP2-4.5 simulations, respectively. It was found that the PI increased
from the 1960s to early 1980s and decreased afterward in observations
(Fig. 5a), which primarily resulted from the decreasing (increasing)
tendency of the persistent heatwave intensity before (after) the early
1980s (Fig. 5b). The considered climate models had large biases in
simulating the evolution of PI and Tx24day anomaly during the 1960s
and 1970s, and well simulated the downward (upward) trend of the PI
(Tx24day anomaly) since the 1980s (Fig. 5a, b). Furthermore, we pro-
jected the future change of PI and Tx24day anomaly averaged over the
YRV under SSP2-4.5 simulations, and found that the considered climate
models represented a consistently decreasing PI from about 0.30 at
present climate to about 0.14 at a global warming level of 3 °C (relative to
climatology in CMIP6 models) (Fig. 5a, b and Supplementary Fig. 7),
accompanied by a more and more leftward (rightward) shift of the PI
(Tx24day anomaly) in the subsequent 20-year moving windows during
2021-2100 (Supplementary Fig. 8a, b). The estimated PRgsp was about
38.60 (5-95% CI: 24.14-68.28) at the 3 °C global warming level relative
to NAT forcings (Supplementary Fig. 8a). On the other hand, the con-
sidered climate models did not reproduce the evolution of observed
Dx24day anomalies during the historical period, particularly for the
periods before the 1980s and since 2010s (Fig. 5c). The projected
Dx24day anomaly showed a slight decrease with large uncertainty in the
future (Fig. 5¢), with the PDFs appearing little difference between the
SSP2-4.5 simulations during 2021-2100 and NAT forcings during the
present climate (Supplementary Fig. 8c). Therefore, the heatwave events
provided a dominant contribution to the CHDE over the YRV in the
future, and the persistently decreasing of PI caused the CHDE more and
more extreme.

Discussion

The YRV experienced along-lasting CHDE from 2 to 25 August 2022 with a
duration of 24 days. Both maximum temperature anomalies over 24 days
(Tx24day) and rainfall deficit anomalies over 24 days (Dx24day) in the
2022 summer set the highest historical record in the past 60 years.
Accordingly, we constructed a PI using the joint cumulative probability
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distribution of Tx24day and Dx24day in summer to measure the intensity of
CHDE, and found that the 2022 CHDE was regarded as the strongest CHDE
with the lowest PI (0.06) since 1961 and the longest return period of about
662 years (106 to >10,000 years for 5-95% CI) over 1961-2022 climate.
Based on the fingerprinting method designed particularly for climate
extremes, we detected the signals of the anthropogenic forcings on the
observed PI time series during 1961-2022, but not the NAT forcing and
AER forcing, suggesting the leading contribution of GHG forcing on such
extreme CHDE.

Subsequently, we quantified the anthropogenic influence to the like-
lihood of the extreme CHDE:s as severe as the 2022 case over the current
2000-2022 climate, and found a pronounced leftward shift of the PI's PDF
under the ALL (GHG) forcings relative to NAT forcings, while the prob-
ability of PI lower than the threshold was almost the same under AER
forcings and NAT forcings. In other words, the anthropogenic forcings had
significantly increased the probability of the CHDE over the YRV as severe
as 2022 by more than 10 times compared to NAT forcings under the present
climate, with GHG forcing providing a dominant contribution. Also, we
projected the changes in the severity of CHDE over the YRV under
SSP2-4.5 simulations in the future, and found the PI represented a persis-
tently decreasing trend from about 0.30 at the present climate to about 0.14
at a global warming level of 3 °C (relative to climatology in CMIP6 models),
which primarily resulted from the increasing tendency of the persistent
heatwave intensity and indicated that CHDE will become more extreme in
the future.

To highlight the importance of the heatwave event to the CHDE, the
Dx24day in each summer was calculated based on the same period of
Tx24day in the present study. This is because the drought event was induced
by the persistent heatwave event over the YRV in August 2022, due to the
fact that the heatwave event had a longer duration and started (ended)
earlier (later) than the drought event (Fig. 1). As a result, the drought event
may not be the strongest one during some summers, leading to an under-
estimation of the CHDE intensity. When using the strongest Tx24day and
the strongest Dx24day in each summer to construct the PI, we found the
results were almost unchanged, as evidenced by the correlation coefficient
between the two-time series of PI during the 1961-2022 summer to be 0.96
(Supplementary Fig. 9).

Previous studies have suggested that the internal variability was
the main factor leading to the CHDE over YRV in 2022 summer”***,
and we further verified that such an event will become more common
under the background of GHG forcing despite large uncertainties still
remaining in this study. On one hand, the considered 9 climate models
were unable to simulate the observed PI of 0.06 in 2022 under NAT
forcings, and we chose the 1st percentile of the observed PI of 0.10
during the 1961-2022 summers as the threshold instead. On the other
hand, much larger biases originated from the simulated variability of
drought than heatwave in these climate models (Fig. 5b vs ¢). Thus, we
would like to analyze more large ensemble simulations that covered the
observed threshold to reduce the uncertainties of the current results,
and use the observed heatwave-drought relationship to constrain the
future change of the drought and CHDE intensity over the YRV in the
future study.

Data availability

The CMIP6 model data were downloaded from https://esgf-nodellnl.gov/
projects/cmip6/. The observational data were available from http://data.
cma.cn/en.
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