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ABSTRACT

A severe drought occurred in East China (EC) from August to October 2019 against a background of long-term
significant warming and caused widespread impacts on agriculture and society, emphasizing the urgent need to understand
the mechanism responsible for this drought and its linkage to global warming. Our results show that the warm central
equatorial Pacific (CEP) sea surface temperature (SST) and anthropogenic warming were possibly responsible for this
drought event. The warm CEP SST anomaly resulted in an anomalous cyclone over the western North Pacific, where
enhanced northerly winds in the northwestern sector led to decreased water vapor transport from the South China Sea and
enhanced descending air motion, preventing local convection and favoring a precipitation deficiency over EC. Model
simulations in the Community Earth System Model Large Ensemble Project confirmed the physical connection between the
warm CEP SST anomaly and the drought in EC. The extremely warm CEP SST from August to October 2019, which was
largely the result of natural internal variability, played a crucial role in the simultaneous severe drought in EC. The model
simulations showed that anthropogenic warming has greatly increased the frequency of extreme droughts in EC. They
indicated an approximate twofold increase in extremely low rainfall events, high temperature events, and concurrently dry
and hot events analogous to the event in 2019. Therefore, the persistent severe drought over EC in 2019 can be attributed to
the combined impacts of warm CEP SST and anthropogenic warming.
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Article Highlights:

¢ In August—October 2019, East China experienced severe drought, with the lowest precipitation and highest temperature
since 1960.

¢ Drought was naturally driven by the extremely warm CEP SST.

¢ Global warming has enhanced the probability of severe drought.

Introduction

storf, 2012; Lott et al., 2013; Williams et al., 2015; Ma et

Large-scale persistent drought can cause significant
water shortages, economic losses, and adverse social con-
sequences, with far-reaching impacts on the increasingly glob-
alized world (Sternberg, 2011). Over the past decade,
record-breaking extreme drought events have occurred
more frequently (Lewis et al., 2011; Coumou and Rahm-
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al., 2017; Li et al., 2018; Zeng et al., 2019), which has
triggered intensive discussions on whether these droughts
are related to global warming (Coumou and Rahmstorf,
2012; Dai, 2013; Trenberth et al., 2014; Williams et al.,
2015; Huang et al., 2016; Ma et al., 2017; Hoell et al.,
2019). It has been suggested that the intensity and duration
of droughts have been enhanced due to the increased sur-
face drying and evaporation under global warming
(Trenberth, 2011; Huang et al., 2016). While global warm-
ing may not cause droughts directly, when droughts occur,
they are increasingly likely to exhibit more rapid onsets and
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to be more intense as a result of global warming (Trenberth
et al., 2014). In fact, accurate attribution of a drought
requires accounting for the impacts of natural variability,
such as the El Nifio—Southern Oscillation (ENSO), Pacific
Decadal Oscillation, and North Atlantic Oscillation (NAO)
(Dai, 2013; Trenberth et al., 2014, 2015). Anthropogenic
warming has substantially increased the overall likelihood
of some regionally extreme droughts beyond the impacts of
natural variability (Lott et al., 2013; Williams et al., 2015;
Ma et al., 2017; Hoell et al., 2019).

China is a drought-prone country that is sensitive to
global warming (Yang et al., 2012; Feng et al., 2014; Wang
et al., 2015; Li et al., 2018; Zhang et al., 2018; Zeng et al.,
2019). Droughts in China have occurred more frequently
and severely, with longer durations and larger affected
areas, under global warming (Yu et al., 2014). Most areas of
the country are projected to become drier as a consequence
of increasing evaporation, and extreme droughts will
increase dramatically in the future warming climate (Wang
and Chen, 2014). The occurrence of droughts in China is
also closely linked to other factors. It has been demon-
strated that the decline in Barents Sea ice in spring can
enhance hot drought events in summer over northeastern
China (Li et al., 2018). The atmospheric circulation anom-
alies induced by remote forcing from the tropical Pacific
and North Atlantic oceans provide important contributions
to severe droughts in China (Zhang et al., 2013; Feng et al.,
2014; Wang et al., 2015). ENSO, one of the most powerful
modes of climate variability that influence the world cli-
mate, has been extensively demonstrated to exert signific-
ant impacts on climate over China (e.g., Ashok et al., 2007;
Feng et al., 2016; Yu et al., 2017; Ren et al., 2018; Li et al.,
2019; Gao et al., 2020; Wang et al., 2020). Different ENSO
phases yield pronounced anomalous patterns of seasonal pre-
cipitation and circulation in China, and the relationship
between ENSO and precipitation in China is strongly depend-
ent on the type of ENSO event (Ashok et al., 2007; Feng
and Li, 2011; Zhang et al., 2011; 2013; 2014; Yuan and
Yang, 2012; Feng et al., 2016; 2017; Li et al., 2019). Addi-
tionally, the phase transition from La Nifia to El Nifio is one
of the important precursors of prolonged spring—summer
droughts in northern China (Zhang et al., 2018). Moreover,
the upstream quasi-stationary wave pattern strengthened by
land—atmosphere coupling provided an important contribu-
tion to the persistent drought in Northeast China from
spring to summer of 2017 (Zeng et al., 2019).

The middle and lower reaches of the Yangtze River con-
stitute a developed economic zone in East China (EC),
where frequent droughts have occurred in recent decades
(Wu et al., 2006; Yang et al., 2013; Zhang et al., 2014,
2016). Considerable effort has been made to understand the
factors influencing EC droughts (e.g., Wu et al., 2006; Sun
and Yang, 2012; Jin et al., 2013; Lu et al., 2014; Feng et al.,
2016 Huang et al., 2019). Droughts in EC are likely
triggered by El Nifio Modoki-like sea surface temperature
(SST) anomalies (Dai, 2011; Feng and Li, 2011; Zhang et
al., 2011; 2013; 2014; Feng et al., 2016; Zhang and Zhou,
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2015; Li et al., 2019) and by a positive NAO phase (Sun
and Yang, 2012). Drought magnitudes in this region are anti-
cipated to shift from moderate and severe in the past to
extreme and exceptional in the future (Sun et al., 2019). Previ-
ous studies have significantly improved our understanding
of EC droughts. However, few attribution studies have been
conducted with respect to extreme drought events in EC.

In August—October 2019, this region experienced the
most severe meteorological drought of the past four dec-
ades, characterized by a long duration and persistent high tem-
peratures. This drought devastated crops across more than
2.3 million hectares of farmland and caused direct eco-
nomic damage that amounted to greater than US$ 2.1 bil-
lion (http://society.people.com.cn/n1/2019/1106/c1008-314
39555.html). Whether severe droughts of this type are likely
to increase under anthropogenic global warming is of great
concern for both the public and policymakers. Thus, this
study aims to understand the possible mechanisms respons-
ible for this most severe EC drought and to further explore
its linkage with natural climate variability and anthropo-
genic global warming.

2. Data and methods

2.1. Data description

A total of 2474 in-situ daily precipitation and surface
air temperature (SAT) datasets covering the period
1960-2019 were collected from the National Meteorolo-
gical Information Center of the China Meteorological Admin-
istration (http://cdc.nmic.cn/home.do). Data were interpol-
ated to a 0.5° x 0.5° grid using iterative improvement object-
ive analysis with a search radius of 3°, 2°, 1°, 0.5°, respect-
ively, using the “obj_anal_ic_Wrap” function in the NCAR
command language (www.ncl.ucar.edu/Document/Func-
tions/Contributed/obj_anal_ic_Wrap.shtml). The monthly
reanalyses of atmospheric components were derived from
the Japanese 55-year reanalysis (JRA-55), with a horizontal
resolution of 1.25° x 1.25° (Kobayashi et al., 2015). Vari-
ables included surface pressure, meridional and zonal
winds, pressure velocity, and specific humidity. Global
monthly SSTs with a horizontal resolution of 2° x 2° were
taken from the National Oceanic and Atmospheric Adminis-
tration Extended Reconstructed SST dataset, version 5
(Huang et al., 2017).

To understand the potential contribution of anthropo-
genic forcing to seasonal extreme EC droughts, simulations
from the Community Earth System Model Large Ensemble
(CESM-LE) datasets were used. By simulating climate traject-
ories over the period 1920-2100 multiple times with small
atmospheric initialization differences, but using the same
model and external forcing, the CESM-LE project provides
a comprehensive resource for studying climate change in
the presence of internal climate variability (Kay et al.,
2015). There are 40-member ensembles of fully coupled simu-
lations for the period 1920-2100 included in the CESM-LE
project. All CESM-LE simulations use the Community
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Earth System Model, version 1, with the Community Atmo-
sphere Model, version 5 (CESM1-CAMS). CESM1-CAMS5
consists of coupled atmosphere, ocean, land, and sea-ice com-
ponent models. Here, the outputs from fully coupled preindus-
trial control (PIC) simulations over 1800 years and histor-
ical climate simulations (hereafter “All-forcing”) over the
period 1920-2019 were used. The All-forcing simulations
include both anthropogenic and natural forcing agents from
approximately 1850 to the present. The PIC run has con-
stant forcing, set at 1850 levels, and thus enables assess-
ment of internal climate variabilities in the absence of cli-
mate change.

2.2. Methods

We adopted the generalized extreme value (GEV) distri-
bution to fit the August—October distributions of climate vari-
ables and to estimate the corresponding return periods exceed-
ing the year 2019. The least-squares linear regression
method was used to estimate the linear trends in climate vari-
ables. The climatological base period was defined as
1960-2019. The statistical significances of the trends and
the correlation coefficients were calculated using a two-
tailed Student’s #-test.

To quantify the contribution of anthropogenic global
warming to the frequency of extreme EC droughts, based on
the method of Swain et al. (2018), we calculated percent-
age changes in the frequency F of extreme EC drought
events with the return intervals for the observed 2019
August—October drought in the All-forcing simulations relat-
ive to the PIC simulations:

Fan—Fric

Afan Fric

Corresponding significances were examined by compar-
ing the frequencies of the extreme EC drought events in the
All-forcing simulations with the resampled (bootstrapped) fre-
quencies in the PIC simulations. An F,y value falling out-
side the sampled range of Fpic variability with 90% confid-
ence indicated that an anthropogenic climate change signal
was statistically significant. Meanwhile, the 5%—-95% uncer-
tainty range of AFy; was also estimated using the bootstrap
resampling method, and the corresponding best estimates
were approximated based on the median.

3. Results

3.1. Characteristics of the drought event over EC in
2019

The spatial pattern of anomalous precipitation and
SATs from August to October in 2019 over EC (Fig. 1)
shows a rainfall anomaly of less than —180 mm and a warm
SAT anomaly of 1.8°C (Figs. 1a and b), indicating the concur-
rence of a strong precipitation deficiency and a high-temperat-
ure event in 2019. Most stations over the middle and lower
reaches of the Yangtze River experienced extremely low pre-
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cipitation and high temperatures, which broke records since
1960 at many stations. To understand the general variabil-
ity in SATs and precipitation in EC, the time series of EC
area-averaged precipitation and SAT anomalies from 1960
to 2019 were calculated, and they are shown in Figs. 1c and
d. EC precipitation and SATs showed substantial interan-
nual variability. In terms of the area-mean precipitation defi-
cit, it was clear that the EC drought from August to Octo-
ber in 2019 was unprecedently severe, with 144 mm less pre-
cipitation than normal and a return period of 94 years (Fig.
Ic). The concurrent high temperature was ranked the
highest since at least 1960, with a warm anomaly of 1.8°C
and a return period of 65 years. Although the EC area-mean
August—October precipitation levels showed a slight decreas-
ing trend from 1960 to 2019, this trend was not statistically
significant and was considered negligible. At the same time,
the EC area-mean August—October SAT exhibited a signific-
ant warming trend of 0.86°C (60 yr)~L.

To document the atmospheric circulation patterns
related to the EC drought from August to October in 2019,
the corresponding anomalous circulations are illustrated in
Fig. 2 and Fig. 3. In the climatological August—October
period, a moisture transport branch from the South China
Sea, carried by southeasterly winds, supplied precipitation
over EC (Fig. 2a). However, in August—October 2019, a
strong cyclonic anomaly occurred over the western North
Pacific (WNP), and two strong anticyclonic anomalies
appeared over the regions to the east of Japan and in the
Bay of Bengal (Fig. 2b). The northeasterly wind anomalies
on the northwestern side of the anomalous WNP cyclone
occurred over EC, and southwestward moisture transport
anomalies prevailed over EC (Fig. 2c). These simultaneous
anomalous circulation patterns from the 2019 EC drought
were similar to the composite structures associated with the
El Nifio Modoki, also known as the central Pacific El Nifio
(Zhang et al. 2011, 2014). Consequently, the precipitable
water levels in EC were much lower than normal and were
not favorable for producing precipitation in EC. The anomal-
ous water vapor transport partly contributed to the EC precip-
itation deficiency from August to October 2019.

Vertical motion is another important factor affecting
the precipitation and SAT anomalies. Figure 3 shows the
zonal- and meridional-vertical circulation composite of
anomalous winds and pressure velocities in 2019 averaged
over EC from August to October. It is noted that, as a result
of cold—dry moist enthalpy advection associated with the
northerly component of the western flank of the WNP cyc-
lonic anomalies (Ham et al., 2007, Wu et al.,, 2017),
extremely anomalous downdrafts predominated in the tro-
posphere over EC. The enhanced descending motion pre-
vented convection and precipitation and increased solar
radiation heating at the surface (Fig. 3c); its associated
adiabatic warming facilitated higher surface temperatures
and maintained a local anticyclone. Therefore, the co-
occurrence of severe drought and high temperature in EC
from August to October 2019 was directly caused by
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Fig. 1. (a) Precipitation anomalies (unit: mm) and (b) SAT anomalies (unit: °C) from August to October of 2019
compared to those from 1960 to 2019. White and black dots identify stations where August—October precipitation
(SAT) anomalies in 2019 were below (exceeded) the S5th (95th) percentile threshold and broke the lowest
precipitation (highest SAT) record since 1960, respectively. (¢, d) Time series of August—October (c) precipitation
anomalies (unit: mm) and (d) SAT anomalies (unit: °C) averaged over EC [indicated by the blue rectangular box
bounded by (24°-34°N, 110°-120°E) in (a, b)].

3.2. Linkage with El Niiio Modoki-like SST anomalies

The previous results imply that the local factors that facil-
itated the severe drought in EC from August to October

strengthened air descent and reduced moisture transport
from the South China Sea, induced by the anomalous NWP
cyclone.
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Fig. 2. (a) August—October mean climatology of vertically integrated water vapor transport
(units: kg m~! s71), (b) wind anomalies at 850 hPa (units: m s~!) and (c) vertically integrated
water vapor transport anomalies (vectors; units: kg m~! s~!) and water vapor anomalies
(shading; units: kg m2) from August to October of 2019. The letters A and C in (b) mark the
centers of anomalous anticyclones and cyclones, respectively. The blue boxes indicate the EC
region. Vectors in (b, ¢) are shown in black where the values fall outside the 5th—95th
percentile range in at least one direction. Shading in (c) is stippled by white dots where the
values fall outside the 5th—95th percentile range.
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2019 were associated with an extensively anomalous cyc-
lone over the NWP. However, the atmospheric circulation
regime responsible for the local circulation anomalies over

EC deserves further investigation. A number of studies have
demonstrated that the atmospheric circulation anomaly
responsible for drought in EC is possibly a response to the
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Fig. 3. August—October 2019 anomalies of (a) zonal—vertical
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m s~1) and sign-reversed pressure velocities (units: 102 Pa s71)]
averaged over 24°-34°N, and (b) meridional-vertical
circulation [vectors indicate a composite of meridional winds
(units: m s!) and sign-reversed pressure velocities (units:
102 Pa s71)] averaged over 110°-~120°E. Shading indicates the
sign-reversed pressure velocity (units: 102 Pa s7!) and is
stippled by white dots when the values fall outside the
5th—95th percentile range. Vectors are shown in black when
they fall outside of the 5th—-95th percentile range in at least one
direction. The green lines indicate the EC region, while the
black filled areas denote topography. (c) August—October
2019 anomalies (units: W m=2) in the downward solar
radiation flux reaching the Earth’s surface, shown stippled by
white dots when anomalies fall outside the 5th—95th percentile
range.

VOLUME 37

SST anomalies in tropical oceans, especially those strongly
linked to the ENSO phenomenon (Dai, 2011, 2013; Feng
and Li, 2011; Zhang et al., 2011, 2013, 2014, 2015, 2018;
Jin et al., 2013; Wang et al., 2015; Feng et al., 2014, 2016;
Ma et al.,, 2017). To investigate the connection between
SST anomalies and EC droughts, we calculated the
August—October SST anomalies that were linearly congru-
ent with the interannual variability of EC precipitation by
regressing the SST anomalies onto the sign-reversed
detrended EC area-mean precipitation from 1960 to 2019.
The regression map between EC area-mean precipitation
and SST revealed that the most obvious SST anomalies
closely linked to EC precipitation variability were mainly
centered on the tropical Pacific. A decrease in August—Octo-
ber EC area-mean precipitation corresponded to a tripole pat-
tern of SST anomalies over the tropical Pacific. The signific-
ant warm anomalies in the central equatorial Pacific (CEP)
were flanked by cold anomalies in the western and eastern
equatorial Pacific and extended northeastward to the east-
ern extratropical Pacific (Fig. 4a), resembling the anomal-
ous SST pattern during El Nifio Modoki (Ashok et al.,
2007). This indicates that when the tropical Pacific SST exhib-
its an El Nifio Modoki-like anomaly, EC experiences a precip-
itation deficit, consistent with previous studies (Feng and
Li, 2011; Zhang et al., 2011, 2014; Feng et al., 2016). Dur-
ing the severe drought in August—October 2019, extremely
warm SST anomalies prevailed over the CEP, while cold
SST anomalies appeared over the western and eastern equat-
orial Pacific (Fig. 4b). This implies that the warm CEP SST
anomaly may have played an important role in the anomal-
ous circulation associated with the severe EC drought from
August to October 2019.

To explore the possible effects of the El Nifio Modoki-
like SST anomaly on the EC drought, regression maps of
the atmospheric circulation patterns in August—October
against the standardized El Nifio Modoki Index [EMI,
shown in Fig. 4c and defined using the method of Ashok et
al. (2007)] from 1960 to 2019 are shown in Fig. 5. Warm con-
ditions over the CEP are associated with significant cyc-
lonic circulation anomalies in the lower troposphere over
the WNP (Fig. 5a). The significant northerly wind anom-
alies on the west side of the anomalous cyclone over the
WNP reduce the northward water vapor transport from the
South China Sea to EC, leading to an apparent anomalous
southward integrated vapor transport and significant negat-
ive integrated moisture in EC. The anomalous cyclone over
the WNP is not favorable for the accumulation of moisture
in EC and thus plays an important role in the induction of pre-
cipitation deficiencies in EC, which is followed by drought
initiation. Furthermore, a well-organized anomalous local
Hadley circulation exists, with a significant anomalous
ascent over the CEP and a significant anomalous descent in
EC stretching from the South China Sea to North China.
This anomalous meridional circulation strengthens the local
Hadley circulation over East Asia, and the resulting strongly
descending anomalies in EC favor precipitation deficien-
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Fig. 4. (a) Linear regression of SST anomalies on the standardized anomalies of the sign-
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range. The blue rectangular boxes in (a, b) indicate the areas used to calculate the EMI. (c)
Time series of the standardized anomalies of August—October mean EMI from 1960 to 2019.

cies, thus intensifying the severity of EC droughts. These
anomalous atmospheric circulations associated with El Nifio
Modoki-like SST anomalies were in good agreement with
those observed in 2019 (Fig. 2 and Fig. 3). These similarit-
ies suggest that the El Nifio Modoki-like tropical Pacific
SST anomaly may have been a key external forcing respons-
ible for the severe drought over EC in 2019.

A scatter diagram further confirms the linear linkage
between the drought in EC and the El Nifio Modoki-like
SST anomaly (Fig. 6). As a response to the El Nifio Mod-
oki-like SST anomaly, the EC area-mean northerly wind at
850 hPa and the descent at 500 hPa strengthened signific-
antly, while precipitable water and precipitation decreased sig-
nificantly. The EMI anomaly in 2019 was ranked the

second highest since 1960, occurring synchronously with
the fourth strongest northerly wind anomaly at 850 hPa, the
fifth lowest precipitable water and second strongest descend-
ing anomaly at 500 hPa, and the lowest precipitation in EC
since 1960. Therefore, the El Nifio Modoki-like SST anom-
aly can be regarded as an important external forcing respons-
ible for the EC drought and its relevant atmospheric circula-
tion anomalies. The strong warm CEP SST anomaly in
2019 was favorable for the occurrence of the most severe pre-
cipitation deficiency event in EC.

The above results clearly indicate that the El Nifio Mod-
oki-like SST anomaly can affect EC climate by inducing a
cyclonic circulation over the NWP. To substantiate the phys-
ical connection between El Nifio Modoki-like SST anom-
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respect to the detrended standardized EMI from 1960 to 2019. Shading is stippled by white
dots when they are significant at the 99% confidence level, and vectors are shown as black
when they are significant at the 99% confidence level in at least one direction.

alies and EC droughts, the anomalous SSTs and atmo-
spheric circulations during extreme EC drought years, with
a 94-year return interval analogous to that of the observed
2019 event, in the fully coupled PIC simulations of the
CESM-LE projection were analyzed (Fig. 7). In general, the
PIC simulations reproduced the observed circulation anom-
alies of EC precipitation deficiency connected to the El
Nifilo Modoki-like SST anomaly over the tropical Pacific. Dur-
ing extreme EC drought years, the model-simulated SSTs
showed statistically significant warm anomalies over the
CEP with an anomalous warm center near the International
Date Line and exhibited an El Nifio Modoki-like pattern. Fur-
thermore, a strong cyclonic anomaly occupied the WNP and
brought significant northerly winds to EC. In the PIC simula-
tions, the medians of 60-year sliding time window correla-
tions of EMI with the EC area-mean meridional wind at 850
hPa and with precipitation were —0.45 and —0.32, respect-

ively, and both were statistically significant at the 1% level.
The agreement between the PIC simulations and observa-
tions further consolidates the connection between the El
Nifio Modoki-like SST anomaly and EC drought.

3.3. Impact of anthropogenic warming

Notably, the strongest EC precipitation deficiency in
2019 occurred simultaneously with the record-breaking
high SATs (Fig. 1). Although extreme precipitation deficien-
cies and high temperature events do not necessarily occur at
the same time (Sun and Yang, 2012; Lu et al., 2014), the con-
currence of abnormally high temperatures with severe precip-
itation deficiencies might exacerbate local drought condi-
tions due to the positive relationship between these factors
(Luetal.,2011; Lietal., 2018). Global warming and the asso-
ciated increase in extreme temperatures substantially
increase the chances of concurrent droughts and heat waves
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(AghaKouchak et al., 2014; Diffenbaugh et al., 2015; Willi-
ams et al., 2015; Ma et al., 2017). Thus, to understand the
potential contribution of anthropogenic warming to the
extreme EC drought in 2019, we compared the observed
EMI, EC area-mean SAT and precipitation with CESM-LE
simulations with only natural internal variability included
and with simulations in which both climate change and nat-
ural internal variability were included.

Figure 8 shows the time series and 60-year sliding time
window trends of the observed and model-simulated EMI,
EC area-mean rainfall and SAT anomalies from August to
October of 1920-2019. Here, the model ensemble mean high-
lights the externally forced signal, whereas the spread
among the ensemble members reflects the unforced anom-
aly generated by the natural internal variability. The 2019
drought in EC occurred against a background of significant
local warming. The observed EMI and EC area-mean rain-
fall anomalies show no significant trend from 1960-2019,
but corresponding values in 2019 exhibit the second highest
index value and lowest precipitation since 1960. The

ensemble means of model simulated EMI and EC area-
mean precipitation anomalies were small in contrast to the
observation in 2019. The observed EMI and EC area-mean
precipitation anomalies in 2019 fell within the large spread
among the 40 CESM-LE members, and some individual mem-
bers reproduced the amplitude of the observed high EMI
value and precipitation deficiency percentage in EC. The
observed EC area-mean SAT showed a significant warm-
ing trend of 0.86°C (60 yr)~!, with a distinctive warm anom-
aly of 1.21°C in 2019 (Fig. 8e). The observed SAT anom-
aly in 2019 was within the range of the 40 CESM-LE
ensemble members but was higher than the ensemble mean
(an anomaly of 0.77°C). These results suggest that the
external forcing encouraged surface warming from August
to October of 2019 in EC, while the natural internal variabil-
ity explains much of the high EMI and the precipitation defi-
citin EC.

Taking the PIC simulated internal variability as a surrog-
ate for the natural internal variability in the real world (Kay
et al., 2015; Ma et al., 2017; Swain et al., 2018), the
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observed trends of EMI, EC area-mean SAT and precipita-
tion were compared with those in the CESM-LE historical
simulations and in the PIC simulations (Figs. 8b, d and f).
This comparison shows that global warming favors the shift-
ing of EMI long-term trends towards a warmer El Nifio Mod-
oki-like regime and the shifting of EC precipitation trends
towards more severe precipitation deficiencies (Figs. 8b and
d). However, no evidence suggests that it contributed to a sig-
nificant increasing trend of EMI and a decreasing trend of
rainfall in EC from 1960 to 2019. The observed trend in
SAT from 1960 to 2019 was outside of the range of the 60-
year sliding time window trend distribution in the PIC simula-
tions, indicating that the warming SAT in EC cannot be
explained by internal climate variability alone. Instead, the
observed SAT trend [0.86°C (60 yr)~!] was comparable to
the ensemble mean trend [0.93°C (60 yr)~!] from 1960-
2019 and was within the range of the 60-year sliding time win-
dow trend distribution in the historical simulations. Such ares-
ult implies that the observed trend is consistent with the All-
forcing simulations. Therefore, the significant warming
trend in SAT over EC from 1960 to 2019 was very likely
driven in part by anthropogenic forcing.

Did global warming contribute to the extreme EC
drought in 2019? To reveal the impacts of global warming

on the occurrence of severe drought events in EC like the
2019 drought, we compared the probability distribution func-
tions (PDFs) of the simulated anomalies of EMI, EC area-
mean precipitation and SAT from 1980 to 2019 with those
in the PIC simulation. The period from 1980 to 2019 coin-
cided with the start of a period of increased global warming,
and since the 1980s, each successive decade has been
warmer than any preceding decade since 1850 (WMO,
2020). There were clear indications of an increased probabil-
ity of warmer El Nifio Modoki-like regimes during the most
recent four decades (Fig. 9a), which accompanied an increas-
ing risk for more severe precipitation deficits in EC (Fig.
9c). There were also clear indications of an increased probabil-
ity of warmer SAT in EC (Fig. 9e). In addition, in contrast
to the PIC simulation, an increase in the occurrence fre-
quency of concurrent dry and warm conditions from 1980 to
2019 was clear (Figs. 9b, d and f). There was no significant
trend for the simulated August—October mean EMI and EC
precipitation from 1960 to 2019, consistent with observa-
tions. However, the likelihood for high EMI and low EC pre-
cipitation extremes like that of 2019 significantly increased
under anthropogenic warming. A mean of 2.56 (2.26—4.12)
times and 2.22 (1.92-2.56) times increased frequency for
high EMI and low EC precipitation extreme events analog-
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ous to that in 2019 can be attributed to anthropogenic for-
cing. EC high temperature events hotter than the observed
2019 event increased in frequency 2.14 (1.76-2.54) times
under the influence of anthropogenic climate change. Mean-
while, the frequency of concurrent dry and hot extremes in
EC analogous to the case in 2019 increased 2.34 (1.13—
3.75) times due to anthropogenic climate forcing.

4. Summary and discussion

4.1. Summary

From August to October 2019, a particularly extreme

drought event occurred in EC against a background of signi-
ficant long-term warming. This study explored the mechan-
ism that was probably responsible for the 2019 EC extreme
drought, and the possible contributions from anthropogenic
climate change, based on station precipitation and SAT
data, JRA-55 reanalysis data and simulations provided by
the CESM-LE projection. The results suggest that the natur-
ally driven El Nifio Modoki-like SST anomaly and anthropo-
genic warming strongly contributed to the 2019 EC drought
and the concurrent high temperature.

The El Nifio Modoki-like SST anomaly over the trop-
ical Pacific likely led to a distinguishable August—October
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drought over EC by exciting an anomalous cyclone in the
lower troposphere over the WNP, resulting in anomalous
northerly winds over EC, thus inducing insufficient mois-
ture concentrations and anomalous downward motion over
EC and subsequently favoring severe precipitation defi-
ciency and surface warming. The second highest El Nifio
Modoki-like SST from August to October since 1960, occur-
ring in 2019, might have been one of the contributing
drivers for the simultaneous severe drought over EC.

Analysis of CESM-LE simulations showed that natural
internal variability accounted for the observed 2019 extreme
El Nifio Modoki-like warm SSTs in the tropical Pacific and
the extreme precipitation deficits in EC. Long-term anthropo-
genic warming in EC from 1960 to 2019 was detectable and
played an important role in accounting for the 2019 record-
breaking high temperature in EC. Anthropogenic warming
was found to yield an approximate twofold increase in the
likelihood of EC extreme drought events such as the 2019
event for events showing extremely high temperature alone,
low precipitation alone, or both. Therefore, the severe concur-
rent drought and high temperature event over EC in 2019
may have been caused by the combined impacts of the natur-
ally driven El Nifio Modoki-like SST anomaly and anthropo-
genic warming.

4.2. Discussion

In this study, based on the linear relationship between
EMI and EC drought, it was suggested that the extreme
warm El Nifio Modoki-like SST in the tropical Pacific in
2019 played a crucial role in the simultaneous severe
drought in EC. Previous studies report that the influences of
warm and cold ENSO Modoki events on climate over East
Asia are asymmetric (Feng and Li, 2011; Zhang et al., 2014;
Li et al., 2019; Wang et al., 2020). Therefore, the possible
asymmetric influence of the ENSO Modoki-like SST on the
August—October droughts over EC deserves further study.

It has also been suggested that Indian Ocean Dipole
(IOD) events have a close relationship with climate anom-
alies in East Asia (Zhang et al., 2017; Li and Zhao, 2019).
The IOD has been shown to cause extremely hot and dry sum-
mers in South China by generating a Rossby wave train
(Guan and Yamagata, 2003). An extreme positive 10D
event occurred in 2019 and is linked with the pre-existing
El Niflo Modoki in the tropical Pacific (Doi et al., 2020).
We examined the linear correlation of August—October EC
precipitation with the IOD and found no significant linear cor-
relation between them.
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