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ABSTRACT: Severe and extreme drought in southeastern mainland Asia (SEMA) worsened drastically in 2010–19,
occurring more than twice as frequently as in the preceding decade. It is found that the spring rainfall has undergone a concordant positive-to-negative transition with the turning point at 2010, and can explain 43% of the overall regime shift
toward exaggerated severely dry condition. Associated with the decadal precipitation change, the anomalous northeasterlies prevail over SEMA, resulting in weakened eastward moisture propagation from the Indian Ocean as well as enhanced
divergence. Meanwhile, there is downward motion over SEMA. This circulation pattern is remotely forced by a teleconnection from the tropical western Indian Ocean (TWI) SST. TWI SST is negatively correlated with SEMA precipitation
and highlights a regime shift around 2010, after which the TWI has persistent warm SST helping to maintain deﬁcient
SEMA precipitation. In terms of the physical mechanism, the heating in the TWI warms the troposphere aloft and emanates wedge-shaped Kelvin waves with their northeast ﬂank traversing SEMA, where friction-driven northeasterly lowlevel wind and divergence emerge to block moisture penetration from the Indian Ocean. The low-level divergence is followed by descending motion in SEMA, suppressing convection and rainfall. Further, the simulated structure forced by
TWI SST alone bears a close resemblance to the observed evidence, conﬁrming the critical role of the TWI. Finally, it is
shown that ENSO and its diversity have a modulating effect on SEMA precipitation as well as on the coupling between
TWI SST and SEMA precipitation, during both the previous winter and the concurrent spring.
SIGNIFICANCE STATEMENT: In the last decade, a sequence of extreme droughts has swept southeastern mainland
Asia (SEMA), resulting in tremendous losses. Instead of examining individual extreme cases, this study aims to advance
the understanding of how the active extreme drought episodes can be modulated by the decadal background and to reveal
the underlying physical mechanisms. The results suggest that decadal change can explain 43% of the overall regime shift
toward more extreme dry conditions, and that the sea surface temperature in the tropical west Indian Ocean has a profound impact. The knowledge obtained here has beneﬁts for estimation of overall risks to extreme drought hazards and
highlights the future work direction that skillful decadal prediction is crucial for robust planning in an uncertain climate.
KEYWORDS: Asia; Tropics; Dynamics; ENSO; Drought; Extreme events; Climate variability; Decadal variability;
Indian Ocean

1. Introduction
Southeastern mainland Asia (SEMA), including the southwestern parts of China, is one of the most populated regions in
the world with rapid socioeconomic development, urbanization, and industrialization. The domain of SEMA in East Asia,
spanning the region 108–308N, 958–1108E, and its geographic
features are portrayed in Fig. 1. It is necessary to stress that
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the study domain here is SEMA rather than Southeast Asia
(SEA), which explicitly refers to the region comprising the 11
nations of Vietnam, Laos, Cambodia, Thailand, Myanmar,
Malaysia, the Philippines, Indonesia, Brunei, Singapore, and
Timor-Leste. SEMA has abundant surface water resources, as
it is home to some major river systems including the Lancang–
Mekong, Yangtze, Nujiang–Salween, Red, Irrawaddy, and Chao
Phraya Rivers. Agriculture and livelihood in SEMA are heavily
water dependent, which makes it highly susceptible to climate
change and its variability. In particular, drought hazards and
associated water crisis have already posed a serious challenge to
agricultural production, food security, drinking water supply,
ecosystems, and economies over SEMA.
In the recent decade, a sequence of extreme droughts has
swept SEMA, resulting in tremendous losses. The northern
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FIG. 1. Geographic features in East Asia and the location of the
study domain SEMA (108–308N, 958–1108E) outlined by the blue
box.

part of SEMA [Southwest China (SWC)] has been frequently
struck by exceptional and sustained droughts, with episodes
in the summer of 2006, the autumn of 2009 to the spring of
2010, the summer of 2011, and late spring to early summer in
2019 being record-breaking events (Wang et al. 2015). All
these droughts have resulted in tremendous losses, including
crop failure, a lack of drinking water, ecosystem destruction,
health problems, and even deaths. Taking the most recent
drought period of April–June 2019, it is reported a total of
1.35 million hectares (ha) of crop including 79 000 ha of total
crop failure and 6.562 billion yuan of direct economic loss
(Ding and Gao 2020). Over the southern part of SEMA (the
Indo-China Peninsula), the severity of two drought events
during 2015–17 and 2018–20 exceed anything recorded in the
past two decades (ESCAP 2019). For example, in Vietnam,
18 provinces were affected and 2 million people were in need
of humanitarian assistance during 2015–17, and nearly 14 900 ha
of crops were affected and nearly 138 800 regional households
lacked water for daily use during 2018–20 (ReliefWeb 2017,
2020). In sum, these droughts have constituted devastating and
far-reaching threats to multiple sectors of local lives, and thus
have attracted great concern from both governments and the
academic sector.
To date, considerable efforts have been made to explore
the features and causes of droughts in SEMA. The contributions can be roughly categorized into two groups, one related
to the individual extreme events in the recent decade and the
other being long-term interannual or interdecadal variation.
With regard to case studies, Barriopedro et al. (2012) report
that the drought in Southwest China from summer 2009 to
winter 2010 was triggered by weakened South Asian monsoon
in summer and then maintained by extremely negative phases
of the Arctic Oscillation (AO) in the ensuing winter. The role
of the AO is also noted by Yang et al. (2012). In addition,
Zhang et al. (2013) indicate that warm pool El Niño is also an
important factor. Sun et al. (2019) suggest that the drought in
June–October 2011 could be mainly attributed to lower rainfall, while the evaporation has comparable impact on the
drought in 2010. In the Indo-China Peninsula, the record-

VOLUME 35

breaking drought during 2015–16 is found to be associated
with the synergy between anthropogenic warming and a strong
El Niño (Christidis et al. 2018; Thirumalai et al. 2017). For the
recent exceptional drought during March–June 2019 in southwestern China, S. Wang et al. (2021) illustrated that anthropogenic inﬂuence has increased the risk of dry extremes by
13%–23%. In addition to anthropogenic forcing, Ding and
Gao (2020) indicated that the abnormally late onset of the
rainy season is the direct reason as a consequence of weak
southern branch trough and strong anticyclonic ﬂow prevailing
over the Bay of Bengal.
Besides case studies, other research has focused on longterm changes and related mechanisms over SEMA at multiple
time scales. Zhang et al. (2021) evaluated the human inﬂuence
on the increasing drought risk over Southeast Asian monsoon
region based on CMIP6 ensembles, and identiﬁed the time of
emergence of anthropogenic forcing that occurred in the
1960s. Park et al. (2020) found a dipole mode between southern China and Indo-China Peninsula for the boreal spring
during 1979–2017, which is probably driven by ENSO and its
associated anticyclonic anomaly over the South China Sea
and the Philippines. Such a dipole mode is also observed in
the early summer, as reported by Leung et al. (2020). However, they suggested that the remote inﬂuence originated
from the tropical western Indian Ocean with the monsoon
trough serving as a key bridge. In addition, Qian et al. (2020)
investigated the persistence of such a dipole signal through
spring to summer. It turns out that whether it persists or not is
determined by the meridional position of the anomalous lowlevel anticyclone over the tropical western Paciﬁc, which is
jointly driven by the in situ SST anomalies and eastward
atmospheric wave train across the Eurasian continent. As to
the decadal shifts, Tan et al. (2017) found the sustained winter
precipitation deﬁcit in Southwest China after 2000, which was
associated with decadal transition of AO toward its negative
phases and frequent El Niño, especially the central Paciﬁc El
Niño. Wang et al. (2018) and Jia et al. (2021) both conﬁrmed
the wet-to-dry shift of autumn precipitation in Southwest
China and the critical role of continuous warming in tropical
warm pool. Recently, L. Wang et al. (2021) revealed two
extreme drought hot spots in the last decade, with one located
in SEMA. However, the preceding decade (2000–09) witnessed fairly mild conditions.
In addition, projecting the trends and severity levels of
future droughts is another hot topic in SEMA, though not the
concern of this study. Recently, Tangang et al. (2020) and
Supari et al. (2020) projected future changes in climatological
precipitation and the extremes over SEA, respectively. Other
work has characterized the future scenario on a subregional
scale, for example Southwest China (Wang and Chen 2014;
Wang et al. 2014) and Vietnam (Nguyen-Ngoc-Bich et al.
2021).
Although many studies have been conducted with focus
either on extreme cases or on long-term changes, the role of
decadal background in active extreme drought episodes in the
last decade is not well understood. What is the connection
between decadal oscillation and the jump transition toward
more extreme droughts in the last decade? What is the
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quantitative contribution of decadal effects and the associated
physical mechanisms? Motivated by the above knowledge
gap, this study aims to unveil the decadal background for
active extreme drought episodes in the last decade (2010–19)
over SEMA. The paper is structured as follows. Section 2
describes the data and methods employed. The results are
presented in section 3. Finally, a discussion and conclusions
are provided in sections 4 and 5.

2. Data and methods
a. Data
Monthly gridded precipitation are retrieved from the latest
version TS4.04 of Climatic Research Unit (Harris et al. 2020).
The data are available at 0.58 3 0.58 horizontal resolution and
extend over the global land. Given the relatively poor quality
and low spatial density of in situ measurements in the earlier
part of the twentieth century, the data records from 1960
onward are used. In addition, the ETOPO 1-arc-min gridded
elevation data (Amante and Eakins 2009) and global landcover map V2.3 (http://due.esrin.esa.int/page_globcover.php)
are employed to exclude the high-elevation zones and barren
land, where drought index computation is problematic.
To examine the atmospheric circulation patterns, this
study uses Japanese 55-year Reanalysis (JRA-55) data compiled by the Japan Meteorological Agency. JRA-55 is the
ﬁrst comprehensive reanalysis that has covered the last halfcentury (Kobayashi et al. 2015). The striking features of
JRA-55 production include the usage of the full observing
system and the application of an advanced four-dimensional
variational data assimilation scheme (Harada et al. 2016).
JRA-55 spans 1958 to the present and has a horizontal resolution of 1.258 3 1.258 and 37 levels from 1 to 1000 hPa. The
variables analyzed in this paper are vertically integrated
moisture transport (kg m21 s21), total precipitable water
(kg m22), vertical velocity (Pa s21), geopotential height
(gpm), and horizontal wind (m s21). Further, the Hadley
Centre Sea Ice and Sea Surface Temperature dataset
(HadISST; Rayner et al. 2003) is used to analyze the atmospheric teleconnection patterns associated SST anomalies.
The HadISST is released on a 18 latitude–longitude grid
from 1870 to the present.
For all data, we adopted the common period from 1960 to
2019 with focus on the recent two decades.

b. Methods
1) STANDARDIZED PRECIPITATION INDEX
The popular drought index SPI (Standardized Precipitation
Index), ﬁrst developed by McKee et al. (1993), is used here
for estimating wet or dry conditions based on precipitation
amount alone. The SPI is essentially a probability-based
index, which expresses the actual rainfall as a standardized
departure with respect to probability distribution function
(Hayes et al. 2011). The calculation steps comprise ﬁtting the
cumulative precipitation over predeﬁned duration to a proper
parametric distribution, transforming probability distribution
into a standard normal distribution, and ﬁnally computing the
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inverse probability to obtain the index (Edwards and McKee
1997). The full calculation step by step is elaborated in text S1
in the online supplemental material. A negative SPI indicates
dryness and more negative values mean more intense and
rarer drought. In the SPI calculations, we adopted a twoparameter gamma distribution, a 40-yr reference period of
1960–99, and a time scale of 12 months.
Here we would like to explain why SPI is used instead of
Standardized Precipitation Evapotranspiration Index (SPEI;
Vicente-Serrano et al. 2010), which is regarded as a more
comprehensive measure of water availability with evaporative
demand involved. On the one hand, this study aims to investigate the precipitation-induced drought. On the other hand,
L. Wang et al. (2021) have recently reported that the extreme
drought episodes over SEMA in the recent decade are mainly
promoted by precipitation anomalies whose contributions are
generally larger than 80%. As such, SPI best meets our needs.

2) STATISTICAL DIAGNOSES
The regular statistical methods used include composite
analysis, correlation analysis, linear regression analysis, and
Student’s t test. These are classic methods and will not be
described in detail here.
To obtain modes on the scale of decades, a low-pass Butterworth ﬁlter with a 10-yr cutoff and empirical mode
decomposition (EMD) are used. The basic principle and frequency response of low-pass Butterworth ﬁlter are presented in text S2 and Fig. S1 in the online supplemental
material. Compared to another popular ﬁltering technique
called Lanczos ﬁltering, there is no loss of data at the beginning and end of the series to which the Butterworth ﬁlter
is applied. To test the sensitivity of the resultant lowfrequency changes to the methods, the complementary
Lanczos ﬁlter is also applied. In parallel, we take advantage
of the Complete Ensemble Empirical Mode Decomposition
with Adaptive Noise (CEEMDAN) method developed by
Torres et al. (2011), which is an improved method of classic
EMD. For simplicity, the term EMD is used to refer to
CEEMDAN in this study.
To separate the internal variability of SST from the external forcing mainly due to global warming, the globally forced
signal is approximated at each grid point by the regression
of the SST anomaly on the global mean SST anomaly
(Frankignoul et al. 2017). The estimated forced signal has spatially nonuniform amplitude. To get rid of the impacts due to
ENSO or other high-frequency variability, the global mean
SST has been presmoothed by a binomial (1/4–1/2–1/4) ﬁlter.
Then, the internally generated variations are inferred by subtracting the forced SST signal from the observations at each
grid cell. To further assess the robustness of the result, an
alternative approach to remove the forced signal by removing
the CMIP6 ensemble mean is carried out, which is detailed in
text S3 in the online supplemental material.

3) LINEAR BAROCLINIC MODEL
To understand the mechanisms linking SST, circulation,
and rainfall, a moist version of a linear baroclinic model
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FIG. 2. (a),(b) Spatial pattern of the number of drought months under severe drought (SPI , 21.5) in the periods
of 2000–09 and 2010–19. (c) Temporal evolution of percentage area (%) under extreme (red) and severe (orange)
drought categories over SEMA.

(LBM) is devised to examine a steady linear response to prescribed forcing (Watanabe 2003). Compared to a fully nonlinear AGCM, it facilitates an interpretation of complicated
feedback by removing nonlinearity in the dynamical atmosphere. Meanwhile, the LBM requires lower computational
cost. The moist LBM includes moist diabatic processes,
enabling us to solve a steady-state response of the coupled
dynamical–convective system to a given SST anomaly
(Watanabe and Jin 2003).
For this work, the moist LBM is conﬁgured with a spectral
T42 horizontal resolution and 20 vertical levels. The basic state
is derived from the spring (March–May) mean climatology of
the NCEP reanalysis data during 1958–97. In parallel, mean
ﬁelds for SST and ground wetness are also set up. The moist
LBM experiment is forced by an idealized SST anomalies
speciﬁed over the desired sector and integrated for 30 days,
with the last 20-day average being approximated as the steady
solution. Finally, we would like to explain why we use NCEP
rather than JRA-55 data to make basic states as required in
the LBM simulation. It is because the NCEP climatological
month mean data bundled in the LBM release have been formatted and can be readily read by the model program. As
reﬂected in Fig. S2, which compares the JRA-55 and NCEP
reanalysis data for the four necessary variables required by
LBM, the overall agreement between the two reanalysis datasets justiﬁes the use of the NCEP-based climatological ﬁeld.

3. Results
a. Decadal shift to more frequent severe and
extreme droughts
In this section, the occurrence frequencies and spatial
extent of severe and extreme droughts over SEMA are
explored. Here, we deﬁne SPI values less than 21.5 and 22
representing severe and extreme drought classes, respectively.
Note that extreme category is totally the subset of severe category. Figures 2a and 2b illustrate the spatial distribution of
number of drought months under severe drought in the periods of 2000–09 and 2010–19. Similar outcomes are found for
the extreme drought category but to a lesser degree, so the
redundant pictures are not shown.
During 2000–09, SEMA is less exposed to severe droughts
with 77% of the grids over SEMA receiving no more than 10
months of severe drought, as seen in Fig. 2a. The regional
average frequency is 6.6 months decade21 and in particular
there are 20% area never experiencing severe drought. However, in the subsequent decade of 2010–19, severe drought
conditions in the SEMA had deteriorated drastically with
prominent centers formed in Southwest China, east of Thailand,
and parts of Myanmar, as indicated by Fig. 2b. Speciﬁcally, the
regional average frequency has jumped to 14.7 months decade21,
more than twice as frequently in the preceding decade, and the
area affected by severe drought for more than 10 months
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FIG. 3. The precipitation changes between 2010–19 and 2000–09 for (a) winter, (b) spring, (c) summer, and (d) autumn,
with statistically signiﬁcant differences at 0.1 signiﬁcance level hatched.

occupies 65% of the total. In addition, the severe droughts have
spread into almost the whole SEMA region, with the undisturbed area having shrunk to 10%.
Figure 2c portrays the temporal evolution of spatial coverage of severe and extreme droughts throughout the entire
period. Signiﬁcant increase in both drought categories can be
detected from 2000–09 to 2010–19. In detail, the extreme
drought coverage is subjected to a remarkable increase from
1.84% to 6.39% and the severe drought coverage has been
doubled from 5.5% to 12.26%, thus again evidencing a shift
toward heavier droughts period. Particularly, the 2010–19 episode is also identiﬁed as the period with the highest extent hit
by severe or extreme droughts. In the recent 20-yr period,
severe and extreme droughts were mainly witnessed in the
year 2005, 2010, 2011, 2012, 2015, 2016, and 2019, with most
recorded in the recent decade.
In above survey, it is found that the severe and extreme
droughts exhibit an interdecadal change approximately
around 2010, after which SEMA tends to become drier. To
determine which season’s precipitation is most responsible for
the interdecadal change of severe and extreme drought in
SEMA, the average seasonal changes in precipitation
between 2010–19 and 2000–09 along with statistical level are
estimated. Comparing patterns in the four seasons in Fig. 3,

spring precipitation over SEMA stands out to receive notably
less precipitation in the recent decade compared to the preceding one. The negative precipitation anomalies amount to
214.6 mm on average, and statistically signiﬁcant declines
dominate most parts of SEMA. In contrast, such interdecadal
signals in spring precipitation are not noticed in other seasons.
In short, accompanying the above described severe and
extreme drought changes, it is spring precipitation that has
undergone a concordant decadal shift.
Apart from the spatial pattern, Fig. 4 is displays the raw
and 10-yr low-pass ﬁltered time series averaged over SEMA
in four seasons from 1960 to 2019. Here, the decadal component is extracted by performing a Butterworth ﬁlter, but the
result is consistent with that obtained by the Lanczos ﬁlter as
shown in Fig. S3. Regarding the spring season, the presence
of a decadal cycle rather than a trend is characteristic of rainfall in SEMA, as the trend slope and associated p value are
near-zero and 0.5, respectively. To be more speciﬁc, there is a
clear alternate regime of above and below normal rainfall in
the former and the latter decade of the 2000–19, with the turning point locked at 2010. This interdecadal ﬂuctuation is well
consistent with the strengthening of severe and extreme
droughts from 2000–09 to 2010–19. In the remaining seasons,
however, the opposite behavior is observed in respect to the
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FIG. 4. Raw (bars) and 10-yr low-pass ﬁltered (curves) time series of seasonal precipitation
anomalies in (a) winter, (b) spring, (c) summer, and (d) autumn from 1960 to 2019.

drought variability. In conclusion, the spring precipitation
over SEMA plays a crucial role in modulating the severe and
extreme drought tendency on a decadal time scale in the most
recent 20 years. Finally, we would like to stress that the result
does not deny the nonmarginal inﬂuence of interannual variability (e.g., the obvious rainfall deﬁcits that occurred in the
summers of 2012 and 2019 and autumns of 2014, 2018, and
2019), but the goal of the present work is dealing with the
decadal background.
In what follows, the quantitative contribution of spring precipitation is estimated. To this end, the SPI values are recalculated by holding the spring precipitation in the period of
2000–19 as its climatology, and then the difference between
the raw and the recalculated values denotes the effect due to
spring precipitation variation. Figures 5 and 6 compare the
severe and extreme drought frequencies with and without
spring precipitation anomalies, in spatial and integrated perspective, respectively. In the absence of spring precipitation
impact, a widespread reduction in severe and extreme
drought incidence is noteworthy over SEMA, which is particularly pronounced in the Indo-China Peninsula. The average
frequency of severe drought is reduced from 14.7 to 9.2
months (37.4% decrease) and that of extreme drought counterpart from 7.7 to 4.0 months (48% decrease). With a simple

arithmetic average, the decadal oscillation of spring precipitation can explain 43% of the observed drought tensions in the
recent decade.
Figure 6 exhibits the percentage area for each bin of
drought counts, depending on whether spring precipitation is
included or not. A threshold value of 10 months is chosen to
separate high and low burdens exerted by severe or extreme
drought. For the severe drought category, the removal of
spring precipitation contribution caused the high burden
area to contract from 69% to 42% with a concurrent expansion of the light burden area by 27%. This is also the case
for the extreme drought grade, albeit with a smaller percentage change of 23%.
Based on the above investigations, the decadal transition of
spring precipitation is proved to be a critical driver of the
enhanced extreme dry conditions in the recent decade. Therefore in the following section we will analyze the physical
mechanisms from the aspects of atmospheric circulation and
SST anomalies patterns related to the decadal transition.

b. Atmospheric circulation and SST anomalies patterns
responsible
Before diving into the anomalous circulation and SST pattern, we brieﬂy describe the climatological features related to
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FIG. 5. (a),(b) Spatial pattern of the number of drought months under severe drought (SPI , 21.5) in the last
decade (2010–19) for (a) raw precipitation data and (b) data with spring precipitation replaced by climatological
values. (c),(d) As in (a) and (b), but for the extreme drought category (SPI , 22).

SEMA. Figures 7a and 7b show the geographic distribution of
climatological spring precipitation over SEMA in the context
of East Asia, and its corresponding portions of the annual
cycle. Over the whole domain, the regions of highest rainfall
(exceeding 200 mm) are situated in southern China, the Maritime Continent, and Bangladesh, as shown in Fig. 7a. In comparative terms, the SEMA receives moderate amounts
rainfall of 93.4 mm on average, with more precipitation falling
in the southern part than in the northern part. As regards
annual cycle and interannual variability (Fig. 7b), rainfall is
more abundant in summer, but the maximum 10th–90th percentile spread of about 86 mm is seen in May. That is, the
rainfall in spring exhibits high variability despite the lower
average amount.
Since moisture and lift are the two critical ingredients for
producing precipitation, Figs. 7c and 7d display the climatological distribution of column moisture ﬂux and vertical

velocity at 500 hPa. The precipitation in SEMA is controlled
by southwesterly moisture transport from the Indian Ocean
and easterly transport from the Paciﬁc Ocean. Given that the
two conveyors collide mainly in the southern part of SEMA,
strong convergence and rising motion occur there. In comparison, the northern part of SEMA is characterized by less obvious convergence and somewhat climatological downward
motions. As a result, the climatological precipitation within
SEMA follows a south–north gradient.
The following will discuss the anomalous condition, which is
the main purpose here. Figures 8 and 9 together show the
composite difference between 2000–09 and 2010–19 for vertically integrated moisture ﬂux and its associated divergence,
column precipitable water, streamfunction at 850 hPa, vertical
velocity at 500 hPa, divergent wind and divergence at 200 hPa,
and a height–horizontal cross section of ﬂow vectors along
the path from 08, 608E to 158N, 1108E. In addition to the
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FIG. 6. Percentage area of (a) severe and (b) extreme drought counts over SEMA in the recent decade (2010–19).
The blue and orange steps denote the quantities calculated based on raw data and on data with spring precipitation
replaced by climatological values, respectively.

composite difference, the composite maps of moisture ﬂux
and precipitable water for the respective decade are also
presented.
Since the composite circulation anomalies show clear symmetric structures between 2000–09 and 2010–19, we describe
mainly the composite patterns tied to the dry decade of
2010–19. As shown in Fig. 8c, it can be seen that the anomalous easterlies prevail north of the equator of the Indian
Ocean, indicative of weakened eastward propagation of water
vapor. Meanwhile, the atmospheric circulation over SEMA is
characterized by strong northeasterlies, which tend to prevent
moisture penetration into the continent. The northeasterly
seems to be part of an anticyclone developing over the Bay of
Bengal (BOB), as reﬂected by the positive streamfunction
anomalies at 850 hPa (Fig. 9a). However, the anomalous ﬂow
along the northern curvature is quite weak and less signiﬁcant. On the whole, the mainstream belt stretches from
SEMA to the east coast of Africa, which starts to follow a
southwestward direction over SEMA, then turns westward
after reaching the equatorial Indian Ocean, and ﬁnally converges to the east coast of Africa. As a consequence, the moisture transport from the tropical Indian Ocean to SEMA is
blocked, with abundant moisture retained over the oceanic
region but strong precipitable water reduction and moisture
divergence identiﬁed over SEMA, as shown in Fig. 8f. In addition to Indian Ocean sector, there appears to be an anticyclone over the tropical northwest Paciﬁc region, but its
inﬂuence is more conﬁned to Southeast China and the Maritime Continent rather than SEMA. Therefore, the anomalous
circulation pattern with moisture over the Indian Ocean has
played a crucial role in the last 10 years.
In subsequent analysis, the vertical circulation will be
explored based on vertical velocity at 500 hPa and divergent

wind at 200 hPa. As shown in Figs. 9b and 9c, there is anomalous ascent and upper-level divergence over the tropical western Indian Ocean, with one branch of the outﬂow heading
northeastward and converging aloft over SEMA. As a result,
local compensating subsidence prevails over SEMA and prevents the formation of convection and rainfall. Furthermore,
the height–horizontal cross section of ﬂow vectors along the
path from 08, 608E to 158N, 1108E is depicted in Fig. 9d. We
choose this path to plot the overturning circulation as it corresponds well to the upper-level divergence and convergence
centers. It clearly exhibits a vertical circulation cell, comprising ascending motions above TWI extending into about 200
hPa, divergent airﬂow moving toward SEMA in the upper
atmosphere, and compensating subsidence occurring between
908 and 1008E. Hence, the downward branch over SEMA
tends to suppress convection over SEMA and thus favors
dryness.
Based on above analysis, it is speculated that a key remote
factor is SST variation in the tropical western Indian Ocean
(TWI). To substantiate the TWI–SEMA teleconnection,
Fig. 10 shows the decadal behavior of TWI SST and its statistical relation with SEMA precipitation. Note that the warming signal in SST has been removed by subtracting a linear
regression on the global mean SST. As shown in Figs. 10a
and 10b, a signiﬁcant negative-to-positive shift of internally
generated SST variability is detected in TWI during the recent
20 years. The result is consistent with the that obtained by
removing the CMIP6 ensemble mean, as shown in Fig. S4.
Further, the EMD is applied to the raw TWI SST series to
extract the secular trend and decadal variability, as represented by the fourth and third intrinsic modes, respectively.
The high-frequency component ﬁrst and second modes,
although not the concern of this study, are shown in Fig. S5.
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FIG. 7. (a),(c),(d) The climatological distribution of precipitation, divergence, and vertical velocity at 500 hPa,
respectively. Also shown in (c) is vertically integrated moisture ﬂux (vectors). (b) The annual cycle of precipitation
averaged over the SEMA domain (108–308N, 958–1108E) as outlined in Fig. 1.

As indicated by the secular mode in Fig. 10c, it is not surprising to ﬁnd that the long-term change of TWI SST, which has
risen by about 18C, is evolving in parallel with the global
anthropogenic warming. Rather than the long-term tendency,
our primary concern is the decadal mode, which highlights a
regime shift around 2010 as the most prominent during the
whole period. In contrast, the period before twenty-ﬁrst century is characterized by weak decadal oscillation. After 2000,
decadal SST exhibits unprecedented large-amplitude oscillations with peak-to-peak difference of about 0.48C. Comparing
the decadal-scale TWI SST (line) and SEMA precipitation
(bars) in Fig. 10d, a clear out-of-phase relation between the
two appears to be most pronounced after 2000, which suggest
that increased (reduced) precipitation occurs in SEMA during
the negative (positive) phase of the TWI SST. Most

importantly, the phase shift of TWI SST exactly concurs with
the timing of precipitation shift over SEMA, which is able to
explain the wet-to-dry shift in SEMA. The coupling between
TWI SST and SEMA precipitation along with the conditional
modulation by ENSO will be further discussed in section 4.
Next, the dynamic process relating TWI SST to SEMA precipitation will be explored. The fundamental theory used here
is the atmospheric Kelvin wave response to the anomalous
heating in Indian Ocean, as proposed by Wu et al. (2009) and
Xie et al. (2009). To this end, the tropospheric temperature
averaged between 850 and 200 hPa, vertical velocity at 500
hPa, and column integrated moisture ﬂux are regressed onto
the normalized TWI SST, as illustrated in Fig. 11. The TWI
surface warming signiﬁcantly warms the troposphere through
moist adiabatic adjustment, with one standard deviation
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FIG. 8. Composite map for periods of (top) 2000–09 and (middle) 2010–19, and (bottom) their difference. (left) The
vertically integrated moisture ﬂux (vectors) and its associated divergence (shaded) composites and (right) the column
precipitable water composites. For the difference ﬁeld, only values signiﬁcant at the 90% conﬁdence level are plotted
or stippled.

increase in TWI SST leading to a 0.068–18C increase of
850–200-hPa layer temperature. Subsequently, enhanced
heating in the mid- to upper troposphere emanates a warm
Kelvin wave into the Maritime Continent, accompanied by
anomalous easterlies. Driven by low-level Ekman divergence

due to friction, northeasterly surface wind anomalies are found
on the northeast ﬂank of the Kelvin wave, causing moisture
transport failure and divergence there. The resultant divergence further triggers suppressed convection and anomalous
anticyclone over the BOB. The regressed values of moisture
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FIG. 9. Composite difference between 2000–09 and 2010–19 for (a) streamfunction at 850 hPa, (b) vertical velocity
at 500 hPa, (c) divergent wind and divergence at 200 hPa, and (d) height horizontal cross section of ﬂow vectors along
the path from 08, 608E to 158N, 1108E. The stippling in (a) and (b) and shading in (d) denote anomalies that are statistically signiﬁcant at the 10% level, while in (c) only statistically signiﬁcant values are drawn. The inset map in (d) shows
the path of the cross section (red line) with the equator marked by blue dot–dashed line. The vertical velocity in (d) is
multiplied by 100.

ﬂux anomalies are estimated to be about 30 kg m21 s21. Compared to the classic basin-scale warming in Indian Ocean, the
TWI warming induced Kelvin wave wedge is much shorter in
longitudinal extent, which can hardly penetrate into western
Paciﬁc. This hints that the broad-scale anticyclone over the
northwestern Paciﬁc is probably not the product of imposed
TWI forcing, but is ENSO generated. Apart from the tropospheric temperature and horizontal circulation response, the
shadings in Fig. 11 illuminate the vertical motion. We ﬁnd the
expected upward motion associated with the TWI heating. On
the north side of equator, compensating sinking belt are present between 58 and 158N.
In sum, the heating-induced Kelvin wave accompanied by
northwesterly and vertical compensating circulation jointly
couples the TWI SST and SEMA precipitation.

c. Numerical experiment
The above statistical diagnoses demonstrate that the
remote inﬂuence originating from TWI SST may drive the
SEMA precipitation. However, it is essential to verify the statistically derived connection between TWI SST and SEMA
precipitation and to isolate the atmospheric response promoted by TWI SST alone. For this purpose, the LBM numerical experiment is launched with an idealized elliptical patch of
positive SST anomalies imposed on spring SST climatology.
The idealized SST forcing is prescribed to have a maximum
value of 11.28C at the center and gradually decrease to zero
outward in both zonal and meridional directions, as illustrated
in Fig. 12a. This provides a buffer zone to avoid numerical
instability and spatial fragmentation. The averaged SST
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FIG. 10. (a),(b) The composite of internal SST variability in 2000–09 and 2010–19. (c),(d) The fourth and third EMD
modes (lines) of SST over TWI, with decadal precipitation over SEMA (bars) overlaid.

anomaly over TWI is 0.48C, in line with the observed peak-topeak decadal discrepancy (Fig. 10d).
Figures 12b–e show the responses of 850–200-hPa temperature, vertical velocity at 700 hPa, and wind vectors and

FIG. 11. Regression of normalized TWI SST onto tropospheric
temperature averaged between 850 and 200 hPa with the global
warming signal removed (contours), vertically integrated moisture
ﬂux (vectors), and vertical velocity at 500 hPa (shaded). Only statistically signiﬁcant values are drawn.

divergence at 500 and 900 hPa. As a result of the warmer
SST, the 850–200-hPa averaged temperature is about 0.2–0.4
K warmer than the benchmark state. Figure 12b also indicates
that the tropospheric warming displays a Kelvin wave extending into the Maritime Continent, which is wedge-shaped and
symmetric about the equator. The simulated temperature distribution is generally consistent with the observation-based
regression pattern (Fig. 11).
In terms of vertical motion, increasing SST over the TWI
region increases local vertical ascending motion due to
the stronger convection, with a compensating subsidence
appearing on both southern and northern ﬂanks of about
108–208 off the equator (Fig. 12c). The northern subsidence
belt obviously covers the whole SEMA, although not where
the response is greatest. Therefore, the convective activity
and precipitation over SEMA is expected to be suppressed.
In terms of horizontal dimension, Figs. 12d and 12e show
the wind vectors along with divergence anomalies at 500
and 900 hPa, respectively. At free atmosphere, it can be
seen that the easterly wind anomalies, caused by the warm
Kelvin wave, traverse the entire tropical Indian Ocean
(Fig. 12d). However, we are more interested in the low-level
circulation features, which are fundamental for the moisture
supply. As shown in Fig. 12e, a strong northeasterly wind
blows in SEMA along with strong divergence there, weakening the moisture penetration and convergence over
SEMA. Such local circulation features over SEMA as simulated by LBM closely resemble the observed composite as
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FIG. 12. (a) SST anomaly patterns speciﬁed in the modeling experiments (units: K). (b)–(e) The response of
850–200-hPa temperature (unit: K), vertical velocity at 700 hPa (unit: hPa s21), wind vectors, and divergence at 500
and 900 hPa (unit: m s21).

well as the regression pattern (Figs. 8 and 11). Besides, the
broad-scale pattern is also well reproduced by the experiment with SST forcing in TWI alone}for example, the easterlies along 108N, the anticyclonic ﬂow over the BOB, and
the convergence over the equator between 608 and 808E. In

addition, the warm TWI SST also leads to an anticyclone
over northwestern Paciﬁc, but the degree of abnormality is
far too much weaker. This supports the statistical inference
made above that the anticyclone over northwestern Paciﬁc
is more ENSO-regulated.
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FIG. 13. (a) As in Fig. 4b, but the low-pass ﬁlter is applied to the time series with the seven outlier years (1979, 1982,
1983, 1987, 1991, 1992, and 1995) removed. (b),(c) The temporal evolution of SEMA precipitation and TWI SST during 1978–95. (d),(e) The composite anomalous pattern of vertically integrated water ﬂux along with divergence and
vertical velocity at 500 hPa.

In conclusion, the teleconnected inﬂuence of TWI SST on
SEMA precipitation is likely to be physical, rather than just
statistical.

4. Discussion
In this section, we further examine the coupling between
SEMA precipitation and TWI SST, and the modulating role
of ENSO is also explored. Most of our analysis above is
restricted to the decadal shift from 2000 onward, but another
decadal change of decreased spring rainfall over SEMA can
also be observed during 1978–95, as shown in Fig. 4b. This
raises the obvious question whether the long-lasting precipitation deﬁcits during 1978 to 1995 is triggered by warm TWI
SST as well. First, it is found that that the dry period is to
some extent the consequence of some very dry outlier years
that occurred in 1979, 1982, 1983, 1987, 1991, 1992, and 1995.
As indicated by Fig. 13a, if the seven outlier years are
removed, the decadal dryness almost disappears. Among the
driest years, there are ﬁve out of seven cases that exhibit signiﬁcant above-normal TWI SST, and the precipitation

response is found to be approximately proportional to the
magnitude of TWI SST anomalies, by a visual comparison of
Figs. 13b and 13c. Furthermore, the composite patterns of
moisture ﬂux and vertical velocity, as shown in Figs. 13d
and 13e, tend to closely resemble not only the modeled forced
pattern arising from warm TWI SST, but also the decadal
time scale climate anomalies in the recent decade. The
result is convincing that the TWI SST does have profound
impacts on the decadal precipitation deﬁcits during 1978–95.
Nevertheless, an important difference is highlighted that the
northeasterlies over SEMA is westward-located (Fig. 13d)
compared to those in the recent decade (Fig. 8c), with the
east fringe of SEMA instead governed by southwesterlies as
a part of the anticyclone. In the following, we show the coupling between TWI SST and SEMA precipitation probably
modulated by ENSO.
To investigate the effect of ENSO and its diversity, the
Niño-3.4 index, the Niño-3 index, and the El Niño Modoki
index (EMI) are constructed to represent the ENSO, eastern
Paciﬁc (EP) ENSO and central Paciﬁc (CP) ENSO (e.g., Feng
et al. 2011; Ma et al. 2020). The Niño-3.4 index is the averaged
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SST anomaly over 58S–58N, 1708–1208W, while the Niño-3
index is that over 58S–58N, 1708–1208W. The EMI index is
built following Ashok et al. (2007):
EMI 5 [SSTA]A 2 0:5 3 [SSTA]B 2 0:5 3 [SSTA]C ,
where the brackets indicate averaging in region A (108S–108N,
1658–1408W), region B (158S–58N, 1108–708W), and region C
(108S–208N, 1258–1458E).
Above all, the Niño-3.4 index is found to be highly correlated to TWI SST with the correlation coefﬁcient being 0.5, so
that statistical technique is of little value in discriminating the
role of ENSO from TWI. To circumvent the problem, the
LBM simulations are employed to study the effect of ENSO
on SEMA precipitation. The three experimental runs are
forced by El Niño, EP El Niño, and CP El Niño conditions,
which are SST composites averaged for years with the corresponding indices above 0.8 standard deviations. The composite SST patterns are shown in the left column of Fig. S6, but
note that only the anomalies in the tropical Paciﬁc region
(158S–158N, 1208E–808W) are prescribed in the LBM boundary condition. The modeled responses are shown in the right
column of Fig. S6, including low-level wind along with divergence at 900 hPa and vertical velocity at 500 hPa. As shown in
Figs. S6b and S6d, the simulations show very similar patterns
in El Niño and EP El Niño events, with an anticyclone formed
in the South China Sea and Philippines as a consequence of
the Gill mode response (Gill 1980). Associated with the
anomalous anticyclone, southwesterlies on the western ﬂank
advect more moisture into the eastern coast of Indo-China
Peninsula and southern China, leading to enhanced moisture
convergence, ascents, and rainfall there. In terms of SEMA,
signiﬁcant anomalous conditions are conﬁned to the eastern
coastal areas. In contrast to EP El Niño, the CP El Niño
anomalies are simply not strong enough to perturb the East
Asia–northwestern Paciﬁc atmospheric circulation, as
reﬂected by Fig. S6f. The result is generally consistent with
the recent work by Li et al. (2021). In brief summary, the
Indian Ocean has more pronounced impact on SEMA than
the remote inﬂuence from the Paciﬁc Ocean.
Knowing the ENSO effect, the goal here moving forward
will be to document the modulating role of ENSO on the
decadal relation between TWI SST and SEMA precipitation.
Above all, the temporal dispersions of two types of ENSO
clustered for the six consecutive decades are shown in Fig. S7.
It can be seen that during the 1980s to the 1990s the amplitude
of EP El Niño is much stronger than that of the CP El Niño,
whereas many of the El Niño events after 2000 appear as the
CP type. This could explain why the dry period 1978–95 over
SEMA features the westward shift of northeasterlies over
SEMA and the intervention of the anticyclone sweeping the
east ﬂank of SEMA (Fig. 13d), in comparison to the recent
decade.
The above studies were intended to determine the modulating effect of ENSO of concurrent spring, whereas the following work attempts to examine the indirect inﬂuence of
ENSO in the preceding winter. Figure 14a shows the scatter
and joint probability kernel density of TWI SST and SEMA
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precipitation in spring across all years. It can be seen that the
SEMA rainfall tends to decrease with respect to the increase
of TWI SST. There is a negative correspondence between
them, with the correlation coefﬁcient being 20.23, which is
signiﬁcant at 0.1 level. However, the correlation score is not
high, and we speculate that the effect of preceding winter
ENSO may modulate the spring TWI SST and SEMA precipitation, because SST anomalies from ENSO tend to peak in
winter. In view of the above, the interrelation between TWI
SST and SEMA precipitation is conditioned on prior winter
ENSO status, as shown in Figs. 14b and 14c for non-ENSO
and ENSO phases, respectively. Figure 14b suggests that the
SEMA precipitation is likely to be decoupled from the TWI
SST under ENSO-neutral condition, since the correlation
value is close to zero. In contrast, a tight linkage between
TWI SST and SEMA precipitation is favored during the
ENSO context, as the linear correlation indicated by Fig. 14c
amounts to 20.46. A likely reason for this outcome is that
following El Niño or La Niña mature winter, the Indian
Ocean warming or cooling persists well into the subsequent
spring through the tropospheric temperature mechanism and
ocean dynamics (Zheng et al. 2011). However, there remains
much to be learned about the role of ENSO background in
fostering TWI SST and SEMA precipitation connection in
the subsequent spring.

5. Conclusions
In the last decade (2010–19), southeastern mainland Asia
(SEMA) has been in an extreme drought cycle. This study is
thus motivated to inspect the decadal background and the
underlying physical mechanism, based on both statistical diagnoses and numerical experiment.
During 2000–09, SEMA was less exposed to severe and
extreme droughts. However, in the subsequent decade, severe
drought conditions in the SEMA deteriorated drastically,
with the regional average frequency having more than doubled. In particular, the 2010–19 episode is also identiﬁed as
the period with the highest extent hit by severe or extreme
droughts. By dividing the entire year into the four seasons, a
concurrent transition in spring precipitation from a wet phase
to a dry phase is found, with the turning point in 2010. Furthermore, such decadal shift can explain 43% of the regime
shift toward more frequently extreme events in the recent
decade.
The dynamic processes and key remote forcing underpinning the decadal precipitation change are schematically
summarized in Fig. 15. On the one hand, the anomalous
winds from northeasterlies to easterlies ﬂow over the northern equatorial Indian Ocean, which hinders the moisture
transport from the Indian Ocean. On the other hand, the
convection in SEMA is suppressed in the presence of sinking motion, which is a manifestation of vertical circulation
cell connecting rising motion over the TWI. Further investigation reveals that decadal SST variation in the TWI, negatively correlated with the SEMA precipitation, plays a
substantial role in this climate shift. TWI SST changed from
negative to positive around 2010, after which the persistent
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FIG. 14. (a) Scatterplot and joint probability kernel density of the normalized SEMA precipitation (x axis) vs TWI
SST (y axis) during spring. (b),(c) As in (a), but separated into two groups: non-ENSO and ENSO years in the preceding winter, respectively. The ENSO event is identiﬁed according to when the absolute magnitude of the Niño-3.4 index
is greater than or equal to 0.8 standard deviations. The linear regression line and 95% conﬁdence interval are overlaid
in (c).

warm SST served to maintain deﬁcient SEMA precipitation
in the recent decade. This decadal teleconnection occurs
mainly through the Kelvin wave–induced low-level northwesterly and concordant downward motions in SEMA, as a
consequence of heating in TWI. Further, the simulated
structure forced by TWI SST alone bears a close resemblance to the observed evidence, conﬁrming the critical role
of the TWI. In addition, it is illustrated that ENSO and its
diversity have modulating effects on SEMA precipitation as
well as the coupling between TWI SST and SEMA

precipitation, during both the previous winter and the concurrent spring.
Finally, we would like stress that this study primarily
examined the natural forcing in shaping the decadal background of regional extreme drought over SEMA. However,
it should not be overlooked that the effects of anthropogenic forcing are growing as global warming continues.
Recent advances by Song et al. (2018, 2021) have pointed
out the delayed onset of tropical rainfall, with more evident
manifestations over land (Song et al. 2020). The seasonal
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FIG. 15. Schematic diagram of the proposed mechanisms responsible for the active extreme
drought over SEMA in the recent decade via TWI-related positive SST anomalies. (bottom)
Shading, vectors, and contours denote anomalous moisture divergence, moisture ﬂux, and TWI
SST, respectively. (middle) Contours and shading indicate the anomalous 850–200-hPa temperature and vertical velocity, respectively. The vertical upward and downward arrows passing
through the middle panel show the direction of vertical motion. (top) Vectors and shading represent the divergent wind and divergence anomalies, respectively.

delay is found to occur in response to elevated latent energy
demand in the hemisphere warming up seasonally, most of
which is driven by external forcing related to increasing
greenhouse gases and anthropogenic aerosols. As greenhouse gases are expected to increase and aerosol forcing to
decrease, the seasonal delay is projected to further amplify
in the future. SEMA is certainly one of the regions affected
by such a rule. Therefore, it can be preliminarily inferred
that the joint effect of decadal variability and anthropogenic
forcing may exacerbate the spring drought over SEMA in
the coming decades. Future work should integrate the role
of anthropogenic and natural effects in studying the extreme
drought over SEMA.
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