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Abstract

A deeper understanding of the intricate relationship between the two compo-
nents of the Asian summer monsoon (ASM)—the Indian summer monsoon
(ISM) and the East Asian summer monsoon (EASM)—is crucial to improve
the subseasonal forecasting of extreme precipitation events. Using an innova-
tive complex network-based approach, we identify two dominant synchroniza-
tion pathways between ISM and EASM—a southern mode between the
Arabian Sea and southeastern China occurring in June, and a northern mode
between the core ISM zone and northern China which peaks in July—and
their associated large-scale atmospheric circulation patterns. Furthermore, we
discover that certain phases of the Madden-Julian oscillation and the lower
frequency mode of the boreal summer intraseasonal oscillation (BSISO) seem
to favour the overall synchronization of extreme rainfall events between ISM
and EASM while the higher-frequency mode of the BSISO is likely to support
the shifting between the modes of ISM-EASM connection.
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1 | INTRODUCTION

The Asian summer monsoon (ASM) is an important com-
ponent of the global climate system. It is a planetary-scale
phenomenon involving the annual migration of the
Intertropical Convergence Zone. The ASM is character-
ized by a distinct seasonal reversal of low-level wind
fields accompanied by heavy rainfall. It can be divided
into two main subsystems, namely the Indian summer
monsoon (ISM) and the East Asian summer monsoon
(EASM). A large amount of literature has contributed to
the study of both monsoon systems and their connections
(Goswami and Mohan, 2001; Ding and Wang, 2005;
Rajeevan et al., 2010; Ding et al., 2020). While both sub-
systems have profound differences, they strongly influ-
ence each other (Ding, 1994; Ding and Chan, 2005;
Feldhoff et al., 2012; Rehfeld et al., 2013). The ASM has a
huge socioeconomic impact in South and East Asia;
therefore, the understanding of its underlying complex
interconnectivity structure is crucial.

The ISM is known to have significant impact on rain-
fall over northern China (Kripalani and Singh, 1993; Kri-
palani and Kulkarni, 2001; Liu and Ding, 2008b;
Wu, 2017; Beverley et al., 2021). Several studies also
investigated the relationship between ISM onset and the
onset of the Meiyu season over the Yangtze River Valley
in China (Liu and Ding, 2008a; Liu et al., 2019). Some
authors have referred to the above relationships between
rainfall over India and that over East Asia as the two
modes of ISM-EASM teleconnection (Liu and Ding,
2008a, 2008b; Liu et al., 2019; Woo et al., 2019). Most of
these studies primarily rely on methods of correlation,
empirical orthogonal functions (EOFs) and composite
analyses. However, these methods are often not sufficient
for analysing the spatial characteristics of extreme rain-
fall covariability. Furthermore, analyses based on correla-
tions alone typically do not allow identifying the specific
times associated with a particular climate interaction
pattern.

Here, we address the above problems using a method
based on the combination of a nonlinear synchronization
measure and complex network theory. Recently, complex
networks have been applied to study both the regional
and global patterns of extreme rainfall (Malik et al., 2012;
Boers et al., 2013; 2014; Stolbova et al., 2014; Boers et
al., 2019). They have been used, in particular, to reveal
spatiotemporal patterns of synchronous heavy rainfall
associated with both the ISM (Malik et al., 2012; Stolbova
et al., 2014; Di Capua et al., 2020) and the EASM (Mar-
wan and Kurths, 2015; Runge et al., 2015; Wolf et
al., 2021) separately. We go a step further here, by inves-
tigating the interaction between these two subsystems of
the ASM. By constructing climate networks using
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extreme precipitation spatiotemporal data for the mon-
soon season, extracted from the satellite-derived and
gauge-calibrated TRMM 3B42V7 (Huffman et al., 2007)
rainfall dataset, we show that the connection between
ISM and EASM has two different modes which are sepa-
rated both spatially and temporally. Moreover, we pro-
vide a comprehensive picture of the large-scale
atmospheric circulation patterns associated with each
mode of connection.

The various modes of the tropical intraseasonal oscil-
lations (ISO) (Goswami and Mohan, 2001; Serra et
al., 2014)—the eastward propagating Madden-Julian
oscillations (MJO) (Madden and Julian, 1994; Wheeler
and Hendon, 2004) and the northward propagating
boreal summer intraseasonal oscillation (BSISO) (Yasu-
nari, 1979; Murakami, 1983; Wang et al., 2005; Yun et
al., 2008; Lee et al., 2013a)—are known to have consider-
able influence on the variability of the global monsoon
system at intraseasonal timescales. Numerous studies
have investigated the impact of the ISO on the different
aspects of the ISM and the EASM, individually. However,
not much attention has been given to the possible influ-
ence of the ISO on the intraseasonal variability of the
ISM-EASM connection. Therefore, as a final step, we
investigate the potential role of the different modes of the
ISO by studying the distribution of the MJO/BSISO
phases of those days when there is high synchronization
of extreme rainfall events between the ISM and
the EASM.

2 | METHODS

2.1 | Data
We analyse the satellite-derived Tropical Rainfall Mea-
surement Mission (TRMM 3B42 V7; Huffman et
al., 2007) total precipitation data, with daily temporal res-
olution, provided on a spatial grid with resolution of
0.25° x 0.25°, ranging from 50°N to 50°S, for the time
period  1998-2019  (https://disc.gsfc.nasa.gov/, last
accessed: 8th September 2020). The spatial domain of this
study is confined to the region 0° to 50°N and 60°E to
160°E for the functional network analysis, which gives
80,000 grid points. It is worth mentioning here that
although satellite rainfall products are known to underes-
timate extreme precipitation (Libertino et al., 2016), their
high spatiotemporal resolution and almost global cover-
age make them convenient to study spatial patterns of
precipitation.

Data for atmospheric variables, such as wind compo-
nents and geopotential height (GPH) at pressure levels of
250, 500 and 850 hPa, vertically integrated water vapour
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flux and outgoing long-wave radiation (OLR), are
obtained from the ERAS5 reanalysis (Hersbach et
al., 2020) at daily temporal and 1° x 1° spatial resolutions
for the same time period (https://cds.climate.copernicus.
eu/, last accessed: 9th December 2020). Analysis of their
composite anomalies is done over an extended spatial
region (15°S to 50°N and 0° to 160°E).

The Real-Time Multivariate MJO indices (RMM1 and
RMM2) of (Wheeler and Hendon, 2004)—based on a pair
of empirical orthogonal functions (EOFs) of the combined
fields of near-equatorially averaged 850-hPa zonal wind,
200-hPa zonal wind and OLR data—were used for defin-
ing the various Phases of the MJO (http://www.bom.gov.
au/climate/mjo/, last accessed: 22nd November 2021). The
phases of the BSISO were defined using the real-time indi-
ces BSISO1 and BSISO2 proposed by Lee et al. (2013a),
which are based on a multivariate EOF analysis of daily
anomalies of OLR and zonal wind at 850 hPa (U850) in
the region 10°S-40°N, 40°-160°E (https://apcc21.org/ser/
moni.do/, last accessed: 22nd November 2021).

2.2 | Extreme rainfall events

Extreme rainfall events (ERESs) are identified as days with
total rainfall sums greater than the 90th percentile of wet
days (rainfall >1 mm) at each grid point, for the particu-
lar month (June, July or August) or the season under
consideration (here, the monsoon season from June to
August, JJA). The events are de-clustered by counting
consecutive days with rainfall above the threshold as a
single event placed on the first day of occurrence.

2.3 | Functional network analysis

2.3.1 | Eventsynchronization

We employ here event synchronization (ES) (Quiroga et
al., 2002) as an event-based similarity measure to quan-
tify synchronous EREs at different locations occurring at
varying temporal delays. This synchronization measure
has been successfully applied to analyse global and
regional extreme rainfall patterns (Malik et al., 2012;
Boers et al., 2013, 2014; Stolbova et al., 2014; Boers et

al., 2019). Let us consider two event series {e{'} _, | and

{e;}b=1,..,l, with I; and I; events, respectively, correspond-

ing to grid points i and j, where ¢/’ denotes the time stamp
of the uth event observed at grid point i. Two events e/
and e can be uniquely associated with each other if the
absolute value of the temporal delay between them
(6} = | ¢ —et|) is less than a dynamical delay defined by

. d=1 g+l w1 e+l
mln{ﬂ;i R Y }
2

Tlil,}u =
nization time scale, the maximum temporal delay allowed
is Tmax =7 days. ES;; gives the number of such uniquely
associable, that is, synchronous, pairs between the two
event series. An advantage of ES over ordinary lead-lag
correlation analyses is that it allows for a dynamical
delay in the range [0, 7max| instead of a static choice of
delay for the entire time series. Moreover, it takes into
account a potentially changing density of events.

. To confine the synchro-

2.3.2 | Network construction

The nodes of our functional network are the spatial grid
points of the TRMM precipitation data with their corre-
sponding ERE series (see section 2.2). ES; is computed
for all pairwise combinations of grid points, i,j=1,...,N,
where N =80, 000 by the above procedure. The statistical
significance of each empirical value ES;; is determined on
the basis of a null model distribution which is numeri-
cally obtained by computing ES for 2000 pairs of surro-
gate event series with [; and [; uniformly and randomly
distributed events. Finally, a network link is placed
between grids i and j if ES;; is significant at a significance
level of 0.05 (i.e., ES;;>95th percentile of the correspond-
ing null model distribution). The network adjacency
matrix Aj; is then constructed by setting A;=1 if there is
a link between nodes i and j, and A;=0 otherwise. The
spatial patterns of network degree depend only weakly
on the choice of the significance threshold, ranging from
the 95th to the 99.5th percentile of the null model distri-
bution. Our results are also robust to the choice of differ-
ent maximum temporal delay between synchronous
events, Tmax € [3,15] days. All our results remain similar
for the case when EREs are defined as events above the
95th instead of the 90th percentile (not shown).

We construct three separate networks using the above
method for the successive months of June, July and
August, using EREs calculated from the daily rainfall of
the respective month (see section 2.2) to observe monthly
evolution of the connectivity structure of the region dur-
ing the monsoon season. A separate network is also con-
structed for the whole JJA season using EREs computed
from the JJA daily rainfall.

2.3.3 | Network measures

After the network is constructed, we compute the node-
base network measure degree. The degree k; of a node i in
a network is defined as the number of connections it has
to all other nodes,
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ki= ZAU (1)

In this case, the degree at a given grid point gives the
number of those grid points where extreme rainfall
occurs synchronously. Regions of higher degree are of
particular importance for identifying large-scale synchro-
nization of extreme rainfall and their causes (Malik et
al., 2012; Boers et al., 2014; Stolbova et al., 2014).

We also calculate the partial degree {k;} of the nodes
in the network linked to a particular region R, which
yields the number of links connecting a node i outside R
with the nodes within R. This gives a selective view of the
degree plot to identify regions in the network connected
to a specific area. This approach leads to a visualization
that reveals the various modes of connections among the
different regions.

2.34 | Identification of days of high rainfall
synchronicity

A modification of ES described in section 2.3.1 allows to
determine the specific days when high event synchroni-
zation of extreme rainfall occurs between two regions of
interest, while keeping track of the temporal order (Boers
et al., 2019). Consider two sets of time series, A and B cor-
responding to two different regions of interest. We com-
pute ES,_; (ES4_.,) by counting the number of events
in region A (B) that have a subsequent uniquely associ-
able event in region B (A). Then, a Butterworth low-pass
filter with a cutoff frequency of 7 days is applied to the
time series of BES, , (ES%_,) so obtained. Finally, the
days of high synchronization between the two regions
are determined by identifying the local maxima of the
time series that are above the 90th percentile of the entire
time series. The specific time points so obtained are then
used to compute the composite anomalies of rainfall

(from TRMM) and other atmospheric variables
(from ERADS).
2.4 | Lead-lag correlation analysis

We get two time series by spatially averaging the daily
number of EREs in the two given regions of interest, and
the high-frequency noise is then eliminated by passing
them through a Butterworth low-pass filter with a cutoff
period of 7 days. A lead-lag correlation analysis is then
performed between both time series by computing the
Spearman rank correlation between the first time series
and the lagged values of the second time series, with lags
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varying in the range [—30,30] days. The results remain
very similar when the cutoff period of the Butterworth fil-
ter is varied within a range of 7-11days (not shown).
This analysis helps us to obtain the duration by which
one series leads or trails behind the other which gives us
a preliminary idea about how long it may take for the
effect to propagate from one region to the other and,
hence, establish the connection. It serves as an additional
step to see if the two connected regions obtained for the
network are indeed significantly correlated. The informa-
tion of the time lags at which high correlation occurs, is
useful to compute the composites of vertically integrated
water vapour flux in order to trace the path of the mois-
ture transport between the interacting regions.

3 | RESULTS AND DISCUSSION

In this section, we first present our results based on the
functional network analysis (see section 2.3). From the
spatial patterns of degree of the extreme precipitation
networks, we identify the regions associated with the
ISM and the EASM that show the strongest connections.
Thereafter, we investigate the mechanism underlying
these synchronization pathways based on the associated
atmospheric circulation features. Finally, we study the
potential influence of ISO on variability of the ISM-
EASM interconnection at intraseasonal timescales.

3.1 | Network analysis: Spatial degree
patterns

The spatial pattern of degree (see section 2.3.3) yielded
from the climate network analysis (see section 2.3.2) of
the chosen bounded region for the successive months of
June, July and August, and the entire JJA season are
shown in Figure la-d, respectively. From the monthly
evolution of the degree configuration of the extreme pre-
cipitation network (Figure 1a—c), it is evident that—while
there occurs an overall change in degree over the ISM,
EASM and Pacific Ocean regions—two specific regions of
the ISM show a pronounced change over these months.
First, the Arabian Sea region (ARB, Figure 1) and adja-
cent coastal region of India exhibit a discernible decrease
in degree when going from June to July. In addition, the
northern and central part of India, which is often referred
to as the core monsoon zone (CMZ; Figure 1) (Gadgil
and Joseph, 2003; Rajeevan et al., 2010) of the ISM shows
a significant increase in degree in July and August in
comparison with June. Interestingly, although the spatial
degree pattern for the entire JJA season (Figure 1d) is
qualitatively rather similar to that of the monthly
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FIGURE 1 Monthly evolution of network degree for networks constructed for June (a), July (b) and August (c), respectively. The solid
boxes are positioned at the Arabian Sea (ARB), and at the northern and central parts of India which is the core ISM zone (CMZ),

respectively, to indicate noticeable changes in degree each month at different ISM regions. (d) Degree for the network constructed for the
entire JJA season. (e, f) Partial degree for the regions, ARB (solid box: 5°-20°N, 60°-75°E) and CMZ (solid box: 20°-32°N, 71°-88°E),
respectively, based on the network in (d) to indicate specific regions connected to each of them. From (e), it is seen that ARB has
connections to southern China (SCN; dashed box: 23°-29°N, 105°-115°E) while from (f), CMZ is seen to be connected to parts in northern
China (NCN; dashed box: 36°-42°N, 108°-118°E) [Colour figure can be viewed at wileyonlinelibrary.com]

networks (Figure la-c), we do not see a high-degree
patch over ARB in the JJA network (Figure 1d), implying
that links connecting ARB with other regions occur ear-
lier but get overshadowed later in the season when the
monsoon activity is at its peak and has moved inward
into the subcontinent.

Therefore, we compute the partial degree (see sec-
tion 2.3.3) corresponding to the JJA network in Figure 1d
for the regions ARB and CMZ separately. This will help
us to identify any changes in the spatial connectivity of
these regions, which may occur over the course of the
season. From the partial degree distribution of the region
ARB shown in Figure le, we observe that apart from
local connections with adjacent regions of the Indian
peninsula and the Bay of Bengal, it has long-range con-
nections to a region in southeastern China (SCN),
roughly located in the middle and lower reaches of the
Yangtze River basin, which receives persistent Meiyu
rainfall (Ding and Chan, 2005; Ding et al., 2020). On the
other hand, the CMZ region is well connected to the
northern parts of China in the Yellow River basin (NCN)
(Figure 1f). We hence identify two spatially and tempo-
rally separated ERE synchronization pathways between
ISM and EASM regions: (a) ARB with SCN and (b) the
CMZ with NCN. These two pairs form the southern
(ARB-SCN) and the northern (CMZ-NCN) modes of the

ISM-EASM connection (Ding and Wang, 2005; Liu and
Ding, 2008a; Liu and Ding, 2008b; Liu et al., 2019).

The distribution of the spatial distances across which
significant synchronizations occur in case of the ASM
regional network constructed for the JJA season exhibits
a scale break at approximately 2,000 km (see Figure Sla,
Supporting Information) similar to that shown by Boers
et al. (2019) for a global extreme precipitation network
indicating a physical regime shift. For distances (d) less
than 2,000 km, the distribution shows a power-law decay
(p(d) cd™%), with an exponent a=0.83, signifying links
associated with regional weather systems. On the other
hand, the distribution for longer distances (d>2,000 km)
follows closely the distribution of all possible great-circle
distances on Earth's surface, implying that the links are
potentially associated with global-scale teleconnections.
It must be noted that the spatial patterns of the partial
degree of ARB and CMZ computed by considering only
links longer than 2,000 km (see Figure S1b,c) still show
the significant connections to SCN and NCN, respec-
tively, seen in Figure le,f, thereby implying that these
two modes of connection between the ISM and the
EASM are also part of the global-scale teleconnections.

Moreover, from the partial degree plots of Figure 1e.f,
it should be noted that there are almost no links connect-
ing ARB and SCN to NCN (Figures le and S2a), as well
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as CMZ and NCN to SCN (Figures 1f and S2b). The asyn-
chronicity of EREs between SCN and NCN (also seen
from Figure S2a,b) along with significant change in
degree of ARB and CMZ when evolving from June to July
clearly indicate that the two connection modes occur at
different times within the JJA season. The higher connec-
tivity of nodes in ARB in June and its subsequent
decrease in July, during times when connectivity is
enhanced over CMZ, implies that the southern mode pre-
cedes the northern mode. The simultaneous occurrence
of EREs in the regions ARB and SCN in June and that in
the regions CMZ and NCN later in July and August can
also be observed by defining an index for the northward
movement of ISM and EASM based on the number of
EREs, as described in Data S1 and Figure S3. In sec-
tion 3.2, we show using event synchronization that the
pairs of regions (ARB-SCN and CMZ-NCN) indeed have
high synchronization of EREs at different times in the
JJA season. We will in the following focus on under-
standing the mechanism of the two modes of the ISM-
EASM connection. The solid and dashed boxes shown in
Figure le,f are the representative regions chosen for
ARB, SCN, CMZ and NCN for all further analysis.

CMZ also exhibits a very high number of links
(Figure 1f) to regions of the western Pacific Ocean, the
Philippine Sea and South China Sea, which also occur as
patches of overall high degree in Figure 1d. The synchro-
nous EREs in these regions are mostly due to typhoons,
which are prevalent during the JJA season (Choi et
al., 2010). We do not consider these regions in our further
analysis, as we are more interested in monsoon-type rain-
fall than that from the thunderstorms. High total degree
is also observed over northern Bay of Bengal, parts of
northeast India, Tibetan Plateau and parts of Mainland
Southeast Asia such as South Vietnam and Thailand
(Figure 1d). These regions also experience rainfall from
the southwesterly monsoon winds which explain their
linkage with CMZ (Figure 1f).

Although extreme rainfall over southern Japan due to
the Baiu front is also a part of the EASM system, it is less
synchronous with ISM, as seen from Figure S2c (Kripa-
lani and Kulkarni, 2001; Wu, 2017; Liu et al., 2019). How-
ever, there are links connecting southern Japan to SCN,
as seen from Figure S2a,c, indicating the occurrence of
synchronous frontal rainfall in both regions (Ding and
Chan, 2005; Ding et al., 2020).

3.2 | Specific times of high extreme
rainfall synchronicity

Next, we identify specific days during which extreme
rainfall events occur synchronously in each of the two
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pairs of regions, viz., ARB-SCN and CMZ-NCN (see sec-
tion 2.3.4). The month-wise distribution of the days of
highest rainfall synchronicity is shown in Figure 2a. We
see that the frequency of synchronous extreme rainfall
occurrences for the southern mode of ISM-EASM con-
nection is the highest in June and decreases sharply in
July and August, while that for the northern mode peaks
in July. This is consistent with our earlier observations in
Figure 1. Moreover, the frequency of the high ERE syn-
chronization times is seen to be higher at the beginning
of June, which is the period of ISM onset. It also corrobo-
rates with previous studies of the interrelationship, which
claimed that the southern mode is associated with the
onset of the ISM in June and the Meiyu in Yangtze basin
(Liu and Ding, 2008a). Ding and Wang (2005) speculated
that the circumglobal teleconnection (CGT) plays an
important role to connect ISM with rainfall over northern
China and made an indirect inference about the time of
the establishment of this relation being in late summer
(July-August). Our results in Figure 2a directly confirm
this conjecture.

3.21 | Lead-lag analysis of rainfall

Figure 2b,c shows a lead-lag analysis of the time series
(see section 2.4), obtained by spatially averaging the
numbers of EREs in each pair of regions, for the JJA sea-
son and for the month when the highest synchronization
is observed for each mode, i.e., June for the southern
mode and July for the northern mode. We find from
Figure 2b that the correlation between ARB and SCN
peaks at a lag of 4 days for the entire JJA season but is
maximum at 14 days when only June is considered. How-
ever, interestingly, in case of the northern mode of ISM-
EASM connection, we see from Figure 2c that the maxi-
mum correlation occurs at lag 0 during the JJA season
and at a lag of 1-2 days for only July. The positive corre-
lation between CMZ and NCN is in agreement with that
observed by Kripalani and Kulkarni (2001) between sum-
mer monsoon rainfall over India and north China, indi-
cating an in-phase relationship. Only those lags which
have significantly high correlations (p<.05) were used to
determine the local maximum peak. The rainfall compos-
ite anomalies (see Figure S4) also reflect the above
findings.

3.3 | Atmospheric circulation composite
anomalies

Next, we compute the composites of the anomalies
of geopotential height, meridional wind speeds, and
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the horizontal wind field at different pressure levels EASM connection (see section 2.3.4). The anomalies
(see section 2.1), based on the days of strong syn-  are calculated with respect to the JJA seasonal
chronization (Day 0) for both modes of the ISM-  climatology.
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3.3.1 | Southern mode

Geopotential height and wind

Figure 3 provides the composite anomalies of the geopo-
tential height (GPH) and wind field at 250, 500 and
850 hPa, respectively, on Day 0 for the southern mode of
the connection. We also show the corresponding compos-
ite anomalies of the wind direction field during those
times on the GPH-plots. In the upper-level of the tropo-
sphere (250 hPa) (Figure 3a), we find an anomalous
high-pressure system over the tropics, spanning over the
Indian Ocean up to South Asia—covering the Indian sub-
continent, the Mainland Southeast Asia up to the Yang-
tze basin and the Maritime continent. A deep low-
pressure zone is present over the rest of the continent.
There is also a strengthened upper-westerly jet stream
flowing further north of the high GPH region. Strong
westerly winds mark the northern boundary of the high
GPH region, north of the Yangtze basin, as also seen
from the upper-level meridional (v) wind component in
Figure 4a. The position of the anomalous high GPH in
the upper troposphere controls both the ISM and the
rainfall over SCN, which explains the relationship
between ARB and SCN. The wave pattern seen in the
upper-level meridional wind composite anomalies
(Figure 4a) originates from North Africa to East Asia
along the mid-latitude westerly jet (Lu et al., 2002). The
wavenumbers k=7, 11 are associated with this pattern,
as determined from the spatial power spectral density of
the latitude belt from 25°N to 35°N (see Figure S5a). The
westerly zonal flow is anomalously strong, which may
explain the high correlation between rainfall in ARB and
SCN at a lag of 4 days during JJA (see Figure 2b).

In the mid-level (500 hPa; see Figure 3c) and lower-
level atmosphere (850 hPa; Figure 3e), there is a cyclone
formation over the ARB, and also an enhanced western
North Pacific subtropical high (WNPSH) south of 20°N and

extending to the Bay of Bengal, whose position determines
the region of convergence of winds. At low levels we see a
cross-equatorial southwesterly wind coming from Somalia
hitting the southwestern coast of India. The wind direction
in the southern part of the WNPSH over the Bay of Bengal
is easterly. This easterly wind meets the above mentioned
westerly wind flow at the Malabar coast leading to the ISM
onset (Liu and Ding, 2008a; Lee et al, 2013b; Liu et
al., 2019). As the location of both the cyclone and the west-
ern margin of WNPSH moves northeastward over the
course of the next few days, the region of convergence shifts
from ARB and south India via the Bay of Bengal to the
South China Sea to SCN (Lu and Dong, 2001; Lee et
al., 2013b). As we will discuss later, the WNPSH shifts over
to Japan in about a month as seen from the GPH 500 hPa
(Figure 3d) and 850 hPa (Figure 3f) plots of the northern
mode, which peaks in July.

Vertically integrated water vapour flux
Although there is a high correlation between ARB and
SCN at a lag of 4 days for the entire JJA season (Figure 2b),
the aggregates of IVT composite anomalies (Figure 5a) for
Days 0-4 still show separate moisture sources for south
India and the Yangtze basin. The water vapour transport
pattern highlights the Somalian low-level jet and the Zanzi-
bar current along it, as the main sources of moisture to
ARB and hence the onset of ISM (Figure 5a) (Pathak et
al., 2017). On the other hand, the predominant moisture
sources of SCN during this time are the South China Sea
and the adjacent gulf regions (Cheng and Lu, 2020).
However, when we compute the aggregates of IVT
composite anomalies for Days 0-14 (since the highest cor-
relation is seen at a lag of 14 days between ARB and SCN
for June; see Figure 2b), a continuous path of anomalously
high moisture transport is established between the two
regions via the Bay of Bengal (Figure 5c). Therefore, a con-
vergence of the intense water vapour transport from the
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FIGURE 5 Aggregates of composite anomalies of vertically integrated water vapour flux, with respect to JJA climatology, for the

southern mode for days (a) 0-4 and (c) 0-14. The same is also shown for the northern mode for days (b) 0-2 and (d) 0-14. Day 0 corresponds

to days of high ERE synchronization for each mode of the ISM-~EASM connection [Colour figure can be viewed at wileyonlinelibrary.com]

western Indian Ocean and the Pacific Ocean sources
occurs in about 2 weeks via the Bay of Bengal, establishing
a moisture corridor which coincides with the dominant
route of the East Asian atmospheric river (Zhou and
Yu, 2005; Yang et al., 2018; Pan and Lu, 2019). The struc-
ture and period of formation of the moisture corridor is
similar to that of the third stage of the climatological
annual cycle of the East Asian atmospheric river catalo-
gued by Pan and Lu (2020), which lasts approximately
from 11 June to 1 July. The moisture pathway transports
water vapour from the western Indian Ocean to the ARB,
India, the Bay of Bengal, and then extends to the north of
the Indo-China peninsula, South China Sea, eastern
China, and further northeastward to Japan (Figures 5c
and S6a). Hence, the establishment of the moisture corri-
dor over the course of 2 weeks between ARB and SCN
explains the southern mode of the connection between
ISM and EASM. Furthermore, we see from Figure 5a,c
that although the heavier rainbelt along the SCN follows
from a convergence of southwesterly tropical and mid-lati-
tude northeast moisture sources, the tropical water vapour
transport actually originates from the Philippine Sea, as
was also noted by Zhou and Yu (2005).

3.3.2 | Northern mode
Geopotential height and wind
In the upper troposphere (250 hPa), we see a strong
anomalous high in Figure 3b over Eurasia, roughly north

of 20°N. However, the GPH 250 hPa height is not smooth
over the entire continent. In the 250 hPa wind field
(Figure 3b), we identify an anticyclone-cyclone-anticy-
clone (A-C-A) circulation pattern, along a southwestern—
northeastern direction (Wei et al., 2014; 2017). There is
an anomalous high over west central Asia and parts of
the Tibetan Plateau west of 90°E (Wang et al., 2001), and
a westerly wind is found north of the Tibetan Plateau.
The other subtropical anticyclone is formed over parts of
northeast China and predominantly over Japan (Eno-
moto et al., 2003; Ding and Chan, 2005).

At 500 hPa (Figure 3d), a high in the east and low in
the west is seen. The WNPSH is further up in the north-
east with a protruding tilt in towards the southwestward
direction. There is a sustained low over the Indian sub-
continent (Krishnamurthy and Ajayamohan, 2010; Hunt
and Fletcher, 2019) with a formation of a deep trough
over Kazakhstan. In the lower level (Figure 3f), we
observe a deepened low-pressure trough over India, a
higher ridge over the eastern Tibetan Plateau and a low
over NCN. The enhanced WNPSH is now further north-
east as in GPH 500 hPa with a protruding part over Japan
as is also seen for the mid-level. The above circulation
features are known to be related to strong ISM (Straus
and Krishnamurthy, 2007) and are also favourable condi-
tions for causing abundant rainfall over NCN (Lau and
Li, 1984; Nitta and Hu, 1996; Chang et al., 2000; Ding
and Chan, 2005).

The composite anomalies of the upper-level
meridional wind component v (Figure 4b) show a
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large-scale wave train stretching across Eurasia. The
dominant wavenumbers associated with this wave pat-
tern (Figure 4b), k=5,8, are lower than those for the
southern mode, as determined from the spatial power
spectral density of the latitude belt from 40°N to 50°N
(see Figure S5b). This denotes the propagation of quasi-
stationary Rossby wave energy along the east Asian jet,
also named as the “Silk Road teleconnection pattern”
(Enomoto et al., 2003; Kosaka et al., 2009). The Eurasian
wave train, originating in the jet exit region of the North
Atlantic, may be affecting the west central Asian high
and, thus, the intensity of the ISM (Ding and
Wang, 2005). The upper-level anticyclone over west cen-
tral Asia results in an enhanced convection over India,
inducing rainfall (Yanai and Wu, 2006; Ding, 2007). The
anticyclone is perturbed by the stationary waves along
the Asian jet in late July (Enomoto, 2004). The propaga-
tion of the quasi-stationary Rossby waves downstream
along the jet and their accumulation in the jet-exit region
near Japan forms the anticyclone over Japan (Enomoto et
al., 2003). In the meantime, the WNPSH moves north-
ward in the lower and mid troposphere as Meiyu/Baiu
fades away. This forms a deep barotropic ridge through-
out the troposphere over Japan with a slight westward tilt
called the Bonin high (Enomoto et al., 2003; Eno-
moto, 2004), as seen from the GPH plots (Figure 3b,d.f).
However, the deepened low over NCN in the lower-tro-
posphere in contrast to the high in Japan indicates
enhanced convection over NCN, inducing increased rain-
fall, while Japan experiences dry spells during this
period. Ambrizzi et al. (1995) through an upper-tropo-
spheric streamfunction teleconnectivity map and time-
lag cross-correlation analysis showed that the wave pat-
tern emanates downstream eastward to the Pacific from
the base point (35°N, 75°E), in about 3 days (see Ambrizzi
et al., 1995, fig. 7). Therefore, the propagation of the
quasi-stationary Rossby wave establishes the connection
between the strong ISM rainfall over CMZ and the

concurrent extreme rainfall over NCN (Kripalani and
Kulkarni, 2001; Ding, 2007). The amplification of the
same Rossby wave train upstream due to strengthening
of the upper-level anticyclone over west central Asia was
also identified as the plausible reason behind the connec-
tion of extreme rainfall between Europe and ISM by
Boers et al. (2019), who noted that the specific times for
Europe-ISM rainfall synchronization are more in July
and August than in June and September.

Vertically integrated water vapour flux

We find that although there might be a slight lag of about
1-2 days in the occurrence of rainfall at NCN with
respect to the CMZ (Figure 2c), there is mostly a local
recycling of moisture from the Pacific Ocean and Indian
Ocean sources, respectively, as seen from the aggregate of
IVT composite anomalies, not only for Days 0-2
(Figure 5b) but also for Days 0-14 (Figure 5d). Unlike
most previous studies (Liu and Ding, 2008b; Liu et
al., 2019), which identify the southwesterly moisture flow
in the monthly IVT composites as the cause of the con-
nection between rainfall over India and northern China,
we uncover from the composites of IVT anomalies for
days of high synchronization that sufficient moisture is
not transported directly via a tropospheric path. As
expected, the above inference is not clearly evident from
the IVT composites of Day 0 (see Figure S6b), where the
general direction of flow is still southwesterly. Dethof et
al. (1999) observed moistening of the lower stratosphere
in the Asian monsoon region and suggested a northward
moisture transport towards the Pacific from the monsoon
anticyclone in July along the upper tropospheric jet
stream.

From the above observations of the composite anoma-
lies of atmospheric variables, it is highly likely that the
quasi-stationary Rossby waves are the common driver of
extreme precipitation in CMZ and NCN, affecting the
intensity of rainfall in both regions.
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3.4 | Role of intraseasonal oscillations

Tropical intraseasonal oscillations (ISOs) are an impor-
tant source of variability of the Asian Summer Monsoon
at short time scales (Serra et al., 2014). They are mainly
given by two modes: the Madden-Julian oscillations
(MJO) and the boreal summer ISO (BSISO). The MJO,
eastward propagating along the equatorial region, in spite
of having a weaker variability during boreal summers as
compared to that in the boreal winter (Madden and
Julian, 1994; Wheeler and Hendon, 2004; Zhang, 2005),
has a considerable influence on the variability of the
monsoon at intraseasonal timescales (Pai et al., 2011;
Bhatla et al., 2017; Li et al., 2019). However, BSISO
(Wang and Xie, 1997; Lee et al., 2013a; Chen and
Wang, 2021), which has a prominent northward propaga-
tion and extends further northward from the equator, is
the prevalent ISO mode responsible for the short-term
climate variability of the monsoon (Yasunari, 1979; Mur-
akami, 1983; Wang et al., 2005; Yun et al., 2008; Kulkarni
et al., 2011; Li et al., 2015; Xia et al., 2021). While the
MJO has a periodicity of 30-60 days, the BSISO exhibits
two different periodicities: BSISO1 with a periodic cycle
of 30-60 days and BSISO2 recurring every 10-20 days.
Several works have previously investigated the influence
of the ISO on the onset of the ISM and EASM (Wang and
Xie, 1997; Kang et al., 1999; Lee et al., 2013a), the active/
break phases of the monsoon (Annamalai and
Slingo, 2001; Ding, 2009; Lau and Waliser, 2011; Di
Capua et al., 2020) and seasonal mean rainfall (Goswami
and Mohan, 2001; Krishnamurthy and Shukla, 2007;
Krishnamurthy, 2008) of the ISM and EASM separately.

However, less attention has been paid to its possible role
in establishing a connection between the ISM and EASM.
Many previous works have suggested that the ISO can
not only be a possible triggering mechanism for the sud-
den onset of monsoon, but can also play a crucial role in
the northward progression of the EASM (Qian et
al., 2002; Ding and Chan, 2005). This poses an important
question about the possible role of ISO in the shifting of
synchronization between the ISM and the EASM from
the southern to the northern mode. In the following, we
investigate the impact of the MJO and BSISO on each of
the two discovered modes of ISM-EASM connection by
classifying the days of high rainfall synchronization
between both pairs of regions (ARB-SCN and CMZ-NCN)
into active (amplitude >1) and inactive MJO/BSISO days,
and by classifying the active days according to the differ-
ent BSISO/MJO phases (see section 2.1).

Figure 6 shows the outgoing long-wave radiation
(OLR) composite anomalies of both the southern and the
northern mode of the ISM-EASM connection. The pres-
ence of a negative OLR anomaly, that is, enhanced con-
vective activity, simultaneously in both ARB and SCN
(CMZ and NCN) indicates the synchronization in rainfall
in case of the southern (northern) connection mode.
From Figure 7a, we see that ~40% of the days of high
rainfall synchronization are inactive in BSISO/MJO. This
suggests that ISO is not the sole factor causing the two
modes of ISM-EASM connection. This can also be
inferred from the OLR composite anomalies of inactive
BSISO/MIJO days of high rainfall synchronization, which
show simultaneous negative OLR anomaly in the pair of
regions for each mode (see Figure S7) aside from similar
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Northern mode

Core monsoon zone of India (CMZ; central and
northern parts) with northern China (NCN;
near the Yellow River valley)

Undulating anomalously high GPH over
Eurasia with anticyclone (Tibetan Plateau)-
cyclone-anticyclone (central China) pattern;
Eurasian wave-train, originating in the jet-
exit region of the North Atlantic—dominant
Silk Road teleconnection

WNPSH further northwest over Pacific and
Japan with a southwest protruding tilt,
sustained low over Indian subcontinent

Indian low, high over eastern Tibetan Plateau
and low over NCN

Mostly local circulation of moisture-CMZ from
Indian Ocean sources and NCN from Pacific
Ocean sources

GUPTA ET AL.
TABLE 1 Summary of ISM-EASM connection
Feature Southern mode
Synchronization Arabian Sea and southwest coast of India (ARB)
pathway with parts of southeastern China (SCN; near
the middle and lower reaches of Yangtze River)
Time of high June July
synchronization
Anomalous 250 hPa  Anomalous high over upper Indian Ocean,
atmospheric peninsular India and Maritime continent;
circulation strong westerly jet stream current north of high
GPH region in the mid-latitudes; wave train
originating from North Africa along the
westerly jet
500 hPa  Western North Pacific subtropical high (WNPSH)
stretching up to Bay of Bengal. Convergence of
southwesterly winds from Somalian Coast with
easterly winds in the southern edge of the
WNPSH over the southwest coast of India
850 hPa  Same as 500 hPa
Anomalous Establishment of moisture corridor in about
vertically 2 weeks, transporting moisture from ARB to
integrated water SCN via the Bay of Bengal and South China Sea
vapour transport
Intraseasonal MJO Phases 1 and 2 Phases 1 and 2
oscillation BSISO1  Phases 2 and 3 Phases 2 and 5
BSISO2  Phases 2-6 Phases 6-1

observations made from the OLR composite anomalies of
active days (see Figure S8).

Next, we classify the MJO/BSISO active days of high
ERE synchronization (Figure 7b-d) on the basis of their
different phases. We see that particular phases are associ-
ated with enhanced rainfall synchronization between
ISM and EASM. MJO Phases 1 and 2 favour synchroniza-
tion for both northern and southern modes (Figure 7b).
Similar observations were made by Boers et al. (2019) in
case of link bundles connecting ISM with regions of East
Asia and the northwest Pacific Ocean. In case of BSISO1,
which has a similar periodicity as the MJO and is signifi-
cantly correlated with it, we observe that there is a higher
occurrence of extreme rainfall synchronization in Phases
2 and 3 for the southern mode, and in Phase 2 for the
northern mode (see Figure 7c). However, it is interesting
to note that in case of BSISO2, which has a higher vari-
ability, an opposite polarity in the phase distribution is
seen (Figure 7d). There is a relatively higher frequency of
synchronized days for Phases 2-6 in case of the southern
mode. On the other hand, synchronization is enhanced
during Phases 6-1 for the northern mode. This suggests
that while particular phases of the MJO/BSISO1 lead to

an overall increase in the extreme rainfall synchronicity
between ISM and EASM, BSISO2 possibly supports the
shifting between the modes. The main features of the
ISM-EASM connection are summarized in Table 1.

4 | CONCLUSION

We have analysed the spatial patterns of extreme rainfall
synchronicity of the Asian monsoon region with a partic-
ular focus on the relationship between the Indian and
the East Asian summer monsoon and its intraseasonal
variability. Firstly, we have constructed complex net-
works of extreme rainfall events using Event Synchroni-
zation for the June-July-August season. Using the
network degree field, that is, the number of network
links attached to each location, we then identified two
distinct synchronization modes between the two mon-
soon systems along with the specific times when each
synchronization pathway becomes dominant. This allows
us to distinguish between the specific large-scale atmo-
spheric circulation patterns related to each mode
(Table 1):
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« Southern mode: The synchronization pathway
between the Arabian Sea and southeastern China
(middle and lower reaches of the Yangtze River valley)
is dominant in June. The associated atmospheric circu-
lation patterns are those which lead to the onset of
summer monsoon over India. A moisture corridor
between the west Indian Ocean sources (Somalian jet
and the Zanzibar current) and the western Pacific
sources (South China Sea) is established via the Bay of
Bengal in about 2 weeks from the Indian monsoon
onset, leading to the onset of Meiyu.

+ Northern mode: As the Indian summer monsoon
progresses inland in July, the path of extreme rain-
fall synchronization shifts northward, between the
core monsoon zone of India and northern China
(near the Yellow River valley). While there is no
substantial transport of anomalous moisture
directly via a moisture pathway, the strengthening
of the upper-level wave train due to stationary
Rossby waves (the Silk Road teleconnection; Eno-
moto et al., 2003; Kosaka et al., 2009) leads to syn-
chronous extreme rainfall conditions over both
regions.

We have investigated the role of the tropical intrasea-
sonal oscillation in modulating extreme monsoon precip-
itation over India and East Asia, and in the mutual
interaction between the two monsoon systems using the
phase distribution of the days of high rainfall synchroni-
zation. Through our analysis, we have shown that
extreme rainfall events over the Asian monsoon region
are favoured by certain phases of the lower frequency
mode (MJO, BSISO1), while the higher-frequency mode
(BSISO2) may support the switch between the two con-
nection modes. However, more detailed investigation is
needed to gain a deeper understanding of the extent of
the role played by the intraseasonal oscillation in the syn-
chronization between the Indian and the East Asian
summer monsoon.

Our study has provided valuable insights into the
complex relationship between the Indian and East Asian
components of the Asian summer monsoon system. Such
a detailed understanding of the underlying mechanisms
of the ISM-EASM interconnection is crucial to improve
the subseasonal forecasting of extreme precipitation
events. Further extension of this approach, for example,
to shed new light on the relation between the Indian
monsoon and rainfall associated with the Baiu season
over Japan, understanding the role of Rossby waves as a
common driver for extreme rainfall over India and East
Asia, as well as the construction of prediction schemes
using the above findings can be outlined as promising
future lines of research.
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