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Abstract
Long-duration droughts are usually tied to persistent local or remote forcings; for example,
persistent droughts over California are frequently observed along with the ‘ridiculously resilient
ridge’ over the West Coast. It is now evident that some oceanic forcings (e.g. El Niño–Southern
Oscillation) have global reaches and affect multiple regions concurrently during their progression.
Here, we show robust significant temporal concordancy of persistent droughts in many regions,
revealing multiple teleconnections (distant regions experiencing droughts concurrently), such as
the ‘Western North America–Mediterranean (WNA–MED)’ and the ‘Southeast Asia–Southern
Africa (SEA–SAF)’ teleconnections. Composite pressure and sea surface temperature anomalies
during concurrent droughts in WNA and the MED reveal a persistent weather regime that
resembles the positive phase of Arctic Oscillation and negative phase of Pacific Decadal Oscillation.
During concordant droughts of SEA and SAF, composite pressure anomalies remarkably resemble
the El Niño pattern, which we infer as the leading cause of the teleconnection. The insights gained
here offer a new dimension to understanding droughts and improving their long-term
predictability.

1. Introduction

Droughts are ranked the highest among all-natural
hazards, causing substantial damages to humans, the
environment, and the economy; take, for example,
the recent multi-billion-dollar droughts in Califor-
nia and South Africa (Diffenbaugh et al 2015, Lund
et al 2018, Simpkins 2018, Wolski 2018). Persist-
ent droughts cause devastating damages to humans
and the ecosystem health (Yang et al 2018b, Xu
et al 2019), and the losses are likely to amplify in a
warmer world (Su et al 2018), where the frequency
and severity of droughts is expected to intensify
(Dai 2011b, Xu et al 2019). Discernible changes
in droughts and their associated atmospheric pat-
terns have been reported in recent studies (Swain
et al 2016, Gibson et al 2019). Often, atmospheric
blocking or anticyclonic circulation (usually a part
of quasi-stationary Rossby waves (Nakamura et al
1997, Wolf et al 2018)) for extended periods res-
ults in anomalously dry season in the neighboring
regions by preventing moist air from flowing into

the region (Wise 2016, García-Herrera et al 2019,
Gibson et al 2019). Such blocking of atmospheric flow
and consequent long-duration droughts are most
often established and modulated by anomalous sea
surface temperatures (SSTs) and teleconnections of
remote forcing, e.g. large-scale climatic oscillations
(Hoerling and Kumar 2003, Mccabe et al 2004, Dai
2011b, Wang et al 2014a, Seager and Henderson
2016, Swain et al 2017). Studies over Africa, United
States, Amazon and Australia (Mccabe et al 2004,
Ummenhofer et al 2009, Lee and Zhang 2011, Masih
et al 2014, Yang et al 2018b) have noted that besides
El Niño–Southern Oscillation (ENSO), the domin-
ant mode of global climate variability (Dai 2011b),
droughts can be attributed to direct or indirect influ-
ence of low-frequency climate variability, such as
Pacific Decadal Oscillation (PDO), Atlantic Multi-
decadal Oscillation (AMO),the Pacific–North Amer-
ica (PNA) pattern, and North Atlantic Oscillation
(NAO).

The Pacific SST anomalies modulate and are
modulated by anomalies in the Atlantic and the
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Indian Oceans at multiple timescales ranging from
months to years (Kosaka andXie 2013, Cai et al 2019),
and the interactions between the oceanic basins are
bound to leave significant footprints in multiple
regions simultaneously and sequentially. In fact, a
recent study by Boers et al (2019) revealed temporal
synchronicity of extreme precipitation between mul-
tiple distant regions. Synchronous extreme precipit-
ation and other weather extremes of similar charac-
teristics have been reported at regional and global
scales (Kripalani and Singh 1993,Hong et al 2011, Lau
and Kim 2012, Boers et al 2019). Studying the role of
modes of climate variability on crop production vari-
ability, Anderson et al (2019) found that the climate
modes play a significant role in regional and global
crop production variability and may result in glob-
ally synchronous crop failure, for example, globally
synchronous maize crop failure during 1983 El Niño
event. The fact that crop production failure (dam-
age) across the globe is most often associated with
the droughts and heatwaves (Lesk et al 2016), which
are likely to be frequent and intense in future cli-
mate (Xu et al 2019), raises the concern about inter-
national food security under globally synchronous
droughts. These observations raise the following crit-
ical questions that we answer here, (a) Do we see tem-
poral concordances in droughts over different regions
around the globe?, (b) if yes, what are the major driv-
ing factors that lead to concordances? and, (c) can
they be attributed to oceanic and/or atmospheric cli-
matic oscillations?

Here, we develop a method to quantify tem-
poral concordancy of persistent droughts in different
regions, which reveals multiple significant concord-
ant regions. Previous studies have hinted at connec-
tions in droughts at regional scales, this study is a uni-
fying step towards identification of teleconnections in
droughts among different regions over the globe.

2. Data andmethods

2.1. Data
We used high spatial resolution gridded monthly
total precipitation (P) and monthly mean temperat-
ure (T) from station-interpolated Climate Research
Unit (CRU) (Harris et al 2020) dataset and two reana-
lysis datasets, Modern-Era Retrospective analysis for
Research and Application, version 2 (MERRA2)
(Gelaro et al 2017) andEuropeanCentre forMedium-
Range Weather Forecasts (ECMWF) Re-Analysis
fifth-generation (ERA5) (Hersbach 2016) available at
spatial resolutions of (0.5◦ × 0.5◦), (0.5◦ × 0.625◦),
and (0.25◦ × 0.25◦), respectively. CRU data from
January 1901 to December 2017 are used in this ana-
lysis. MERRA2 and ERA5 precipitation and temper-
ature data are available from 1980 to the present.

Another important variable for the calculation of
the drought index used here is the available water

capacity (AWC) of soil, which represents the potential
moisture storage capacity of soils andmainly depends
on soil texture, among other factors. Here, we used
the potential soil moisture storage dataset prepared
by Webb et al (2000), openly available at NASA’s
website (https://webmap.ornl.gov/ogc/dataset.jsp?ds
_id=548) at 1◦ × 1◦ spatial resolution with a down-
loading option for selecting any different spatial resol-
ution andmethod of interpolation. The AWCdata are
downloaded at same grid resolution as that of hydro-
logical datasets using nearest-neighbor interpolation
method.

To explore the atmospheric condition caus-
ing persistent concordant droughts, we used the
average monthly SST, geopotential heights at
200 hPa (Z200) and 500 hPa (Z500) and mean
sea level pressure (MSLP) data from ERA5 data-
set (Services 2017). We also explored outgoing
longwave radiation (OLR) from National Oceanic
and Atmospheric Administration (NOAA, Lieb-
mann and Smith (1996)), available at https://
psl.noaa.gov/data/gridded/data.interp_OLR.html.

There are various modes of internal climate vari-
ability that affect the weather systems at regional or
global scales (Lee and Zhang 2011, Vicente-Serrano
et al 2011,Dai 2011b,Dunn et al 2017). These internal
modes of climate variability can be either intrinsic
to atmosphere, which stem from natural variations
in the large-scale atmospheric circulations and are
usually linked to blockings, quasi-stationary Rossby
waves, and jet streams and have an indirect connec-
tion with the tropical SST forcing (Wang et al 2014a,
Seager and Henderson 2016), or ocean–atmosphere
couplings, in which atmospheric circulations are
altered by diabatic heating and cooling of atmosphere
induced by the large-scale SST anomalies, which in
turn influences the SST via several feedback mech-
anisms (Yang et al 2018a). Here, we are interested in
understanding the links of concordant droughts with
multiple global atmospheric oscillation patterns, such
as ENSO, PDO, PNA, Arctic Oscillation (AO), NAO.
Many indices are used to quantify the strength of
ENSOdue to its diverse nature; herewe use the South-
ern Oscillation Index (SOI) to measure the strength
and phase of ENSO. Besides that, we tested robust-
ness of our results using SST based indices available
at (www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/).
Timeseries of PNA index and other climate
indices such as NAO and AO are available at
NOAA’s Climate Prediction Center (CPC) website
www.cpc.ncep.noaa.gov/products/precip/CWlink/da
ily_ao_index/teleconnections.shtml

2.2. Drought identification
Drought indices are the primary metrics used
in identifying droughts and assessing their
characteristics. They usually quantify the depar-
ture of the available water (e.g. precipitation for
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meteorological droughts) from its long-term clima-
tological mean. Among the many drought indices
available, the self-calibrated Palmer Drought Severity
Index (scPDSI) is most widely used at medium time
scales of 9–12 months, e.g. for persistent agricul-
tural drought and moderate hydrological drought
(Vicente-Serrano et al 2011, Dai 2011a, van der
Schrier et al 2013). The development of scPDSI
resolved most of the shortcomings of the original
Palmer Drought Severity Index (PDSI) (Palmer
1965), such as its spatial incomparability and high
frequency of extreme events that are actually rare
(Alley 1984). Dai (2011a), and many studies have
found scPDSI to be a reliable estimator of hydrolo-
gic and agricultural droughts. In this study, scPDSI is
selected as ameasure to detect and quantify droughts.

scPDSI parameters for MERRA2, ERA5 and CRU
datasets are calibrated using respective monthly data
for the period January 1980–December 2017; due to
the availability of longer-length observational data,
another calibration period January 1930–December
1990 for CRU was also explored. We defined a region
to be in drought for a month when the scPDSI val-
ues in at least 25% grid cells in the region are below
−2.0 (moderate drought) for that month. Shen et al
(2007) used 20%, 30% and 40% of grid cells as a spa-
tial threshold to definemoderate, severe, and extreme
droughts. Aadhar and Mishra (2017) also found that
more than 25% of South Asia were under severe to
extreme droughts in years 1982, 1987, 1992, 2002,
and 2004. Persistent droughts that last for more than
12 months are considered for analyses in this study
(Okin et al 2018). After finding the persistent drought
events, a year is considered a ‘drought year’ when
a minimum of its 6 months are under a persistent
drought event (the rest droughtmonthswill be in pre-
vious or next year).

2.3. Drought probability and significant
concordance
The global landmass is divided into 25 refer-
ence regions defined in the Fifth Assessment
Report (AR5) of the IPCC available at www.ipcc-
data.org/guidelines/pages/ar5_regions.html with
minor modifications to Western North Amer-
ica (WNA) and Alaska because the 2011–2013
drought in California was not reproducible with
these regions (See table S1 and figure S1 for
region definition) (available online at stacks.iop.
org/ERL/16/014007/mmedia). According to Work-
ing Group 1 of the fourth assessment report of
IPCC (Trenberth et al 2007), the land temperature
has increased in recent decades; similar trends are
observed in the datasets used here. The annual prob-
ability of drought for each region is estimated using
equation (1) below. Figures S2–S3 and table S3 show
the annual probability of droughts in each region for
the datasets used.

p̂i =
ni
N

(1)

where, ni = number of drought years in region i, and
N= total number of years.

For each pair of regions, temporal concordance
analysis is performed as follows. Two regions i and j
are said to be under a concordant drought in a year
if both the regions are experiencing a drought year
simultaneously (e.g. Year 2010 will be a concordant
drought year if both i and j are under drought in
2010), and the probability of this happening p̂ij, i.e.
fraction of years in concordant droughts, can be taken
as ameasure of concordancy between the two regions.
If the regions are independent, the estimated con-
cordance probability is p̂i × p̂j. A one-tailed binomial
test was carried out at 5% and 10% significance level
to test the statistical significance of the large temporal
concordance for each pair of regions. The test can be
written as:

Ho : p̂ij = p̂i × p̂j
Ha : p̂ij > p̂i × p̂j

(2)

where, Ho is the null hypothesis that drought in
regions i and j are independent or concordancy is
same as expected under independence assumption,
andHa is the alternate that the concurrent droughts in
the two regions are higher than expected under inde-
pendence assumption. In our case, we do not need to
apply multiple comparison correction, such as field
significance, as the null hypothesis does not remain
the same when testing different pairs of regions.
Robust concordance between two regions is the one
that is present in at least two datasets at 10% signific-
ance level. Here, we discuss results based on 10% sig-
nificance, since the reanalysis data is only for 38 years
and it is challenging to achieve small p-values with
such small sample size.

2.4. Underlying driving factors and connection
with climate oscillations
Southeast Asia–Southern Africa (SEA–SAF) and
Western North America–Mediterranean (WNA–
MED) robust concordances were selected to under-
stand the factors responsible for these persistent con-
cordant droughts. These pairs were selected because
of the recent persistent droughts in these regions
(Seager et al 2015, Hanel et al 2018, Wolski 2018)
and large distances between the regions, signifying
teleconnections in droughts. Standardized precipita-
tion and temperature anomalies during concordant
winters were analyzed to evaluate the relative influ-
ence of precipitation deficit and warm temperatures
on the drought concordances. Composite geopo-
tential height and MSLP anomalies (Z200, Z500 for
WNA–MED, and Z200, and MSPL for SEA–SAF) for
winter months during concordant drought events
and 6 months before the concordant drought events
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Figure 1. Significant robust concordances identified. Regions with the same color represent robust concordant pairs, while the
light-gray colored regions either show zero concordance or concordance is identified in only one dataset.

were analyzed to understand the atmospheric condi-
tion leading to concordancy in droughts. Composite
SST and OLR anomalies were also explored to gain
further insights into the physical factors leading to
the two drought concordances (details in supple-
mentary section 2). Winter months were selected for
composite anomalies calculation keeping in view the
fact that if the rainy season for a region (for example,
the winter season for WNA, MED) (figure S4) is
dry and under drought, then other months, which
usually receive a lesser amount of precipitation, will
most likely be under drought. Also, three out of four
regions of selected pairs receive most of its precipit-
ation during boreal winters (figures S4–S5) and only
‘Southeast Asia’ receives precipitation throughout
the year.

We analyzed the phase and strength of various cli-
matic modes (atmospheric and oceanic circulation
mode) during the concordant droughts to explore
their association the concordant droughts. Annual
SOI computed by taking the average of monthly val-
ues over the year was also explored for SEA–SAF con-
cordancy. A month or a year is said to be in El Niño
(La-Niña) phase if monthly or annual SOI is less
(greater) than−0.5 (0.5).

3. Major findings

3.1. Probability of droughts
The approach used to identify temporal concordances
requires estimation of annual probability of droughts
for each region. Since scPDSI is sensitive to precipit-
ation, temperature, and the calibration period (Karl
1986), we first compute the differences in precipita-
tion and temperature among the different hydrologic
datasets used here (table S2). These differences in the
input datasets and the calibration periods translate

to the estimates of annual probabilities and the cor-
responding temporal concordances (figures S2 and
S3). Some regions, such as the Mediterranean, Cent-
ral Europe, Canada and Greenland, and the Southern
Australia have almost similar probabilities in all the
four datasets despite the variations in the data (table
S3), which can be attributed to similar long-term
changes in precipitation and temperature observed
in all datasets (table S2). In general, drought prob-
abilities in the recent decades (1980–2017, figure S2)
have drastically increased in most regions as com-
pared to the historical period (1901–2017, figure S3)
(Trenberth et al 2007, Diffenbaugh et al 2015, Xu
et al 2019), with some exceptions such as the Central
North America, where megadroughts like dustbowl
lasted for 10 years in the 1930s.

3.2. Robust concordances
Wepresent significant robust concordances in figure 1
and tables S4–S5. A total of 17 (7) statistically signi-
ficant and robust concordances were found at 10%
(5%) significance levels. We found that some adja-
cent regions show robust concordance at 10% signi-
ficance, for example, ‘Northern Australia and South-
ern Australia’, ‘North East Brazil and Amazon’, ‘East
Asia and Tibet’ and other pairs. As suggested by a few
recent studies, such as Herrera-Estrada et al (2019)
and Miralles et al (2019), droughts can self-intensify
due to increased sensible heat flux and regulation
of atmospheric boundary layer condition via land-
feedback mechanism, and they can self-propagate
by reduced moisture transport and enhanced heat
flux from the upwind drought region. Thus, the
concordances observed in adjacent regions can be
mainly attributed to self-intensification and self-
propagation of drought events. Noteworthy, how-
ever, are the significant robust temporal concord-
ances in the region pairs that are distant from
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Figure 2. Standardized composite anomaly during the winter concordant months of WNA–MED teleconnection.
(a) Precipitation anomalies, (b) temperature anomalies, and (c) OLR anomalies.

each other, on the scale of 10 000 km, for example,
‘SEA–SAF’, ‘WNA–MED’, and others (table S5). We
call these concordances ‘teleconnections in droughts’.
Region pairs ‘Central Asia–Western Asia’ and ‘East-
ern Africa–Western Africa’ bear significant concord-
ance in almost all datasets regardless of variations
among them, signifying strong temporal interaction
of droughts between the regions.

Though our focus here is on significant and
robust concordances, we note that some region
pairs also show significant concordances individually
in different datasets (tables S4–S5) and should be
examined in detail in future studies.

3.3. Underlying driving factors and connection
with climate oscillations
To explore the major driving factors, in terms of
atmospheric and oceanic patterns, and to corrobor-
ate the teleconnections revealed in the previous sec-
tion, we further analyzed two robust significant con-
cordant pairs, ‘WNA–MED’ and ‘SEA–SAF’. These
two pairs were selected because the regions there are
distant and WNA and SAF endured persistent severe
droughts recently (Lund et al 2018, Wolski 2018).
ForWNA–MED robust pair, winter standardized pre-
cipitation and temperature anomalies are shown in
figure 2. From these, we observe that precipitation, as
well as OLR in both regions, is roughly one standard
deviation below average; whereas the temperatures in
both are near normal. This suggests that the major
factor for WNA–MED concordance is the deficit in
precipitation. We observe a zonal band of suppressed
convection over northernmid-latitudes centered over
Western US and Eastern Russia, which indicates

a northward shifting of the jet stream during the
teleconnection.

For SEA–SAF pair, both precipitation deficits and
warmer temperature seem to contribute in driving the
teleconnection (figure 3). In has been suggested that
precipitation deficits normally initiate droughts and
higher temperatures tend to intensify them (Hanel
et al 2018, Luo et al 2017). OLR anomalies during the
concordant winter months also suggest lack of cloud
cover and suppressed convection over both regions.
However, the pattern of deep convection in central
Pacific Ocean and suppressed convection in its west-
ern pool suggests that the teleconnections in SEA–
SAF droughts happens during El Niño periods. We
also observe suppressed convection over west coast of
equatorial South America and Northern Brazil that
may have resulted from the descending branch of
the Walker Circulation during El Niño events (Hill
et al 2009). In addition, enhanced deep convection is
noted over south of Northern America and subtrop-
ical southern America, which is often linked with El
Niño via quasi-stationary Rossby wave train (Hill et al
2009, Bruick et al 2019).

A peculiar pressure pattern is observed in upper
atmospheric levels (at 200 hPa) duringwintermonths
of WNA–MED concordant droughts (figure 4).
Height anomalies at 500 hPa also conspicuously
depict a similar pressure pattern (figure S6). The per-
sistent ridges over North Pacific and Eastern Europe
are often associated with the low-frequency plan-
etary waves (Wang et al 2014a, Kornhuber et al
2019), fueled by the eddy transport of momentum
and enthalpy over North Pacific and North Atlantic
ocean (Nakamura et al 1997), respectively. These
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Figure 3. Same as figure 2, but for SEA–SAF pair.

Figure 4. Composite anomalies of geopotential heights at 200 hPa level during winter concordant months for WNA–MED
teleconnections. Shading/contours represent composite pressure anomalies, where red shades (blue)/solid lines (dashed)
correspond to above (below) normal heights. A similar figure but on cylindrical map projection is given in figure S16.

high-pressure systems divert and/or disrupt storm
tracks and block moist air from flowing into WNA
and MED (Seager et al 2015, Hanel et al 2018,
García-Herrera et al 2019, Gibson et al 2019), res-
ulting in below-normal precipitation and above-
normal temperatures in both regions and lead to
concordant droughts. Several studies have high-
lighted the role of tropical SST variability (such as

ENSO) in the development and maintenance of the
high-pressure blocking (Wang et al 2014a , Swain
et al 2017, Seager and Henderson 2016). Compos-
ite height anomalies (Z200hPa and Z500hPa) 6 months
before concordant droughts also depict mild high-
pressure systems near the west coast of WNA and
over MED favoring onset of persistent droughts in
both regions (Seager et al 2015, Hanel et al 2018),
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Figure 5. Atmospheric teleconnection patterns AO, PNA and NAO during WNA–MED concordant droughts. About 60% (55%)
of total concurrent drought months (golden column) have occurred during positive phase of AO and NAO and negative phase of
PNA (red and blue bar series, red bars represent negative index value, blue bars represent positive index value). Blue and green
horizontal bars represent persistent droughts over Western North America and Mediterranean regions, respectively. For winter
concordant month see figure S8.

which later translate to concordant drought periods
(figure S7).

Height anomalies presented above resemble
strongly with positive phase of the AO (AO+,),
positive phase of the NAO (NAO+, a close akin of
AO+ but local to Atlantic ocean (Ambaum et al
2001)), and negative phase of the PNA teleconnection
pattern (PNA−, Wallace and Gutzler (1981)). About
60% of concordant periods are in positive phase of
AO and, as expected, a similar fraction of winters
is in positive phase of NAO. In addition, PNA− is
observed in ~60% of the concordant drought months
(figure 5). If we consider only the concordant winters,
about 70% fall in AO+ and ~50% in negative PNA−
(figure S8). Furthermore, the SST anomalies are per-
sistently negative near the west coast of US and the
eastern equatorial Pacific Ocean, signifying a negative
PDO and near-normal phase of ENSO (Mccabe et al
2004); offshore cold waters lead to reduced inland
moisture transport from oceanic basins and tend
to favor drought conditions (figure S9). In addi-
tion, composite SST anomalies in Atlantic basin
remarkably resemble with the positive phase of AMO.
About 87% (~67%) of winter concordant months are
observed during PDO− and AMO+ (figure S10).
On exploring the role of ENSO in WNA–MED, we
note that about ~70% of concordant winter peri-
ods occur when ENSO is in its normal phase and
remaining have a tendency to occur during weak La
Niña (figure S11). From figure 2, we observe mild
convection in the Pacific Ocean near western pool
suggesting the normal phase of ENSO and non-
significant role of ENSO in WNA–MED telecon-
nection. These results suggest that AO+, PDO− and
PNA− play a significant role in causing WNA–MED

drought teleconnections. It is clear then that a coup-
ling of multiple atmospheric patterns may explain
all concordant droughts in WNA–MED, a concept
similar to weather regimes (Baldwin and Dunkerton
2001), such as the Western Hemisphere circulation
as an association of ridge over North Atlantic and
Northeast Pacific resembling NAO+ and PNA+
(Tan et al 2017).

Figure 6 shows the composite boreal winter
anomalies of 200 hPa geopotential heights during
the concordant drought events for SEA–SAF robust
pair. This pattern remarkably resembles the warm
phase ENSO, i.e. El Niño. The anticyclonic condi-
tions persisting over S. E. Asia and twin cyclones over
Southern China and the Western Australia (Adames
and Wallace 2017) divert upper-level winds towards
the cyclonic centers and generate easterlies in lower
layers (figure S12), which manifests in weakening of
the Walker circulation, leading to precipitation defi-
cits over S. E. Asia (Ropelewski and Folland 2000,
Hendon 2003). The localized high-pressure ridge
near and over South Africa with anticyclonic flow
and decreased strength of Angola low (figure S12)
hinder the moisture inflow from southwest Indian
Ocean and Southeast Atlantic ocean resulting in
drying of South Africa (Munday and Washington
2017, Pomposi et al 2018). Composite MSLP anom-
alies during the boreal winter months of concordant
droughts again conform to El Niño signature. Per-
sistent warm anomalies in the central/eastern Pacific
and cold anomalies in western pool during the winter
concordant months (figure S13) also suggest El Niño
as the major cause for SEA–SAF droughts telecon-
nections. Furthermore, SST anomalies near the west
coast of North America are higher than the normal,
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Figure 6. Composite anomalies of geopotential heights at 200 hPa level during winter concordant months for SEA–SAF
teleconnections. Shading/contours represent composite pressure anomalies, where red shades (blue)/solid lines (dashed)
correspond to above (below) normal heights. A similar figure but for the whole globe is given in figure S16 for comparison with
composite height of WNA–MED pair.

Figure 7. Relationship of SEA–SAF concordant drought events with warm phase of ENSO. All temporally concurrent drought
months (golden column) have occurred during negative SOI (red and blue bar series, red bars represent negative SOI, blue bars
represent positive SOI), which represents warm phase of ENSO (i.e. El Niño). Blue and green horizontal bars represent persistent
droughts over Southeast Asia and South Africa regions, respectively. Similar plot at annual time scale is given in figure S17.

which suggests that positive PDO may have some
contribution in causing the teleconnections.

For validation, we examined the strength and
phase of ENSO events during the concordant drought
events in figure 7, which shows the timeseries of SOI
(the atmospheric counterpart of SST based El Niño)
and drought periods in the two regions. All concur-
rent drought events are observed in the second half of
the ElNiñophase of ENSOwith an average strength of
SOI as−0.8, characterizing a moderate to extreme El
Niño. Besides the conventional well-known El Niño
(positive SST anomaly in the Eastern/Central Pacific),
Kao and Yu (2009) and Ashok et al (2007) have
recognized another type of El Niño that has strong
positive SST anomalies in the central Pacific, known
as ‘El Niño Modoki’. These studies showed that the
two differ in spatial pattern, formation mechanism,

and their influences on global climate. On comparing
SST anomalies of SEA–SAF pair and the four domin-
ant EOF modes of SST anomalies in tropical Pacific
defined by Ashok et al (2007) (see figure 2 of refer-
ence), we found that SST anomalies during SEA–SAF
concordancy (figure 6) show remarkable resemblance
with the first leading mode of SST anomalies, which
they call the conventional well-known El Niño. To
assess the robustness of our results to ENSO indices,
we analyzed multiple SST based indicators of ENSO
during SEA–SAF concordancy and found that all con-
cordant droughts have occurred in El Niño phase
of ENSO (figure S14). Consistent with the results
from SOI index, SST based ENSO indices also high-
light the occurrence of concordant drought in the
second half of strong El Niño events. Similar results
were obtained with annual SOI, where all concordant
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droughts are observed to occur during ElNiño events.
Many studies such asWang et al (2008) andDong et al
(2018) have noted that ENSO impact on climate is
not stable and is modulated by PDO. They sugges-
ted to consider the phase of PDO when using ENSO
as a predictor in forecasting. We explored the phase
of PDO during the SEA–SAF concordant winters and
observed that all concordant winters occur in pos-
itive phase of PDO (figure S15), which modulates
the El Niño impacts on SEA–SAF teleconnection by
amplifying the strength of high pressure over South
Africa and southern Indian Ocean, which in turn
inhibits convection and rainfall (Wang et al 2014b).
In addition, an increased low-level (upper-level) con-
vergence (divergence) in the central pacific during
in phase PDO and El Niño (i.e. PDO+ during El
Niño) manifests increased convection and enhanced
ascending branch of Walker Circulation that tends
to strength the atmospheric response and telecon-
nections of El Niño (Wang and Liu 2016). No con-
cordant drought is observed when PDO was out of
phase with El Niño (i.e. PDO+/PDO− during La
Niña or PDO− during El Niño); however, concord-
ant droughts tend to terminate when PDO is out of
phase (figure not shown). Consistent with the find-
ings ofWang et al (2014b) andNguyen et al (2020), we
observed increased likelihood of concordant drought
conditions in SAF and SEA during PDO+ and El
Niño in comparison with El Niño only. Out of five
concordant droughts, four have delayed onset in
South Africa as compared to S. E. Asia by about
6 months (figure 7), suggesting a delayed response of
South Africa to El Niño, though seasonality in precip-
itation and other local to global factors may also be
responsible (Florenchie et al 2003, Masih et al 2014).
From these results, we infer that SEA–SAF telecon-
nection ismainly regulated by ENSOand the relation-
ship is modulated by PDO.

4. Discussion and conclusions

We observed that during the historical period 1901–
2017 of CRU (under calibration 1930–1990), the
annual probabilities of droughts are small about
‘0.096’ on an average as compared to the recent
decades 1980–2017 (under calibration 1930–1990),
where the average probability has drastically
increased to ‘0.141’, likely in response to the pro-
nounced drier and hotter climate in response to
the global climatic change. The remarkable shift
in annual drought probabilities in many regions is
alarming and is supported by recent findings over
California and South Africa (Swain et al 2016,
Simpkins 2018).

Precipitation deficit seemed as the main factor
in the drought teleconnections of WNA–MED pair;
however, we note that temperature is also important
in intensifying droughts and its role is more com-
plex, especially in snow-covered regions like WNA

and Europe (Luo et al 2017). We observed a zon-
ally symmetric height anomaly pattern during the
concordant events of WNA–MED pair (figure 4
and figure S16) that suggests poleward shift of the
winter jet stream and storm track from their nor-
mal positions. A stronger low-pressure system over
the Arctic (polar vortex) and the northward shift-
ing of jet stream (figure 4) during WNA–MED con-
cordance, which are characteristic features of posit-
ive phase of AO, result in hot and dry conditions
in the Western North America, the Mediterrenean,
and some other mid-latitudinal regions. Consistent
with the positive phase of AO, a positive NAO pat-
tern is also observed but is local to the Atlantic basin
and Europe. The ridiculously resilient ridge dur-
ing WNA–MED concordance, a dominant cause of
droughts in WNA, forms an indispensable compon-
ent of the pressure pattern that remarkably resembles
the negative PNA pattern. Negative phase of PDO
during WNA–MED concordance suggests that off-
coast cold waters near the west coast of United States
may also contribute in causing precipitation deficits
over WNA (Mccabe et al 2004, Wang et al 2014a) and
in increasing the concordance likelihood in WNA–
MED pair. Overall, a weather regime manifesting as a
coupling ofmainly AO+, NAO+, PNA−, and PDO−
is hypothesized as the dominant mode of oceanic and
atmospheric variability responsible for WNA–MED
teleconnection.

We identified a persistent high-pressure system
over the tropical Pacific Ocean and twin cyclones
over China and Australia during SEA–SAF concord-
ances that results in the weakening of Walker Circu-
lation and precipitation deficits over Southeast Asia.
The pressure pattern shows a remarkable resemb-
lance with El Niño phase of ENSO, which is further
confirmed by OLR and SST anomaly patterns. Pos-
itive SSTs (warm waters) near west coast of US dur-
ing concordance periods feature positive PDO as a
decadal modulator of SEA–SAF teleconnection. Con-
sistent with the findings of Ropelewski and Folland
(2000), Vicente-Serrano et al (2011), we found 80%
of the concordant months in SEA–SAF pair during
El Niño, suggesting a strong relationship between the
SEA–SAF teleconnection and El Niño. This relation-
ship, however, is strongly dependent on the phase
of PDO. We observed all concordant droughts when
PDO was in phase with El Niño (i.e. PDO+ during
El Niño), whereas no concordant drought was noted
when PDO was out of phase with El Niño. How-
ever, concordant droughts in SEA–SAF pair tend to
terminate when PDO is out of phase with El Niño
(figure not shown). The strengthening (weakening)
of El Niño impacts on SEA–SAF concordancy dur-
ing PDO+ (PDO−) is consistent with the results of
a few recent studies, such as Dong and Dai (2015),
Nguyen et al (2020), Wang et al (2014b). The intensi-
fication ofWalker Circulation in the central Pacific by
PDO+ tends to strengthen the teleconnections of El
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Niño, which results in increased high pressure over
South Africa, Southern Indian Ocean, and Western
Pool of Pacific Ocean, and therefore, inhibits convec-
tion and rainfall over the regions (Wang et al 2014b,
Nguyen et al 2020). Though all concordant droughts
here can be explained by El Niño dynamics alone,
ignoring the phase of PDO may result in inaccurate
estimation/prediction of future concordant droughts
in SEA–SAF pair. Besides climatic oscillations and
SST, other phenomena such as land-atmosphere
feedback mechanisms, moisture transport and oth-
ers may also lead to concordant droughts, (Masih
et al 2014, Herrera-Estrada et al 2019, Miralles et al
2019).

An implicit assumption in our analysis of con-
cordancy estimation and significance tests is that
annual droughts are independent events, which in
some casesmaynot be valid sincemulti-year droughts
are not uncommon in many regions. The seasonal
variability in precipitation may affect concordant
drought frequency estimation. Here, we only ana-
lyzed droughts that last more than 12 months to
account for the creeping nature of droughts and
administer to seasonality of precipitation.

Notwithstanding these limitations, we believe
that the results presented here provide strong evid-
ence of global teleconnections in droughts, their
major driving factors, and their relationship with
long-wave climatic oscillations. Our study comple-
ments the work on ‘teleconnections in extreme pre-
cipitation events’ and ‘globally synchronous crop fail-
ure’ reported recently.

We stress that thoughmajor physical insights into
the causes of teleconnections are given in this study,
in-depth analysis on causalmechanisms is beyond the
scope, and it is imperative to understand the phys-
ical processes underlying the observed concordances,
their representation in global circulation models, and
their impact on the global crop production and food
security.
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