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ABSTRACT: A critical issue is determining the factors that control the year-to-year variability in precipitation over
southern Asia. In this study, we employ a cyclostationary linear inverse model (CS-LIM) to quantify the relative contribu-
tion of tropical Pacific and Indian Ocean sea surface temperature anomalies (SSTAs) to the interannual variability of the
Asian monsoon, especially Indian summer monsoon rainfall (ISMR). Through a series of CS-LIM experiments, we isolate
the impacts of the direct forcing from Pacific SSTAs, Indian Ocean SSTAs, and their interaction on Asian monsoon rainfall
variability. Our results reveal distinct patterns of influence with the direct forcing from the Pacific (Indian) Ocean tending
to enhance (reduce) the magnitude of precipitation variability, while the Indo-Pacific interaction acts to strongly damp the
variability of Asian monsoon precipitation, especially over India. We further investigate these specific impacts on ISMR by
analyzing the relationship between tropical Indo-Pacific SSTAs and the leading three empirical orthogonal functions
(EOFs) of ISMR. The results from our CS-LIM experiments indicate that the direct forcing from El Niño–Southern
Oscillation (ENSO) enhances the variability of the first and third EOFs, while the Indian Ocean SSTA opposes
ENSO’s effects, which is consistent with previous studies. Our new results show that the tropical Indo-Pacific interac-
tion strongly damps ISMR variability, which is due to the ENSO-induced Indian Ocean dipole (IOD) opposing the
direct impacts from ENSO on ISMR. Additionally, reduced ENSO amplitude and duration associated with the Indo-
Pacific interaction may also contribute to the damping effect on ISMR, but this requires further study to understand the
relevant mechanisms.
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1. Introduction

Southern Asia receives the majority of its annual precipita-
tion over a concentrated 3–4 month period. This rainy season,
referred to as the Asian summer monsoon, occurs each year
from June to September and plays an important role in sus-
taining one of the world’s most densely populated regions.
Even though the Asian monsoon is considered a fairly regular
system, the amount of precipitation can vary from year to year,
which can have substantial impacts on the local agriculture and
economies in the region (e.g.,Webster et al. 1998). Despite exten-
sive efforts by the scientific community, the drivers of interannual
variability in precipitation over the Asian monsoon region are
not fully understood.

Many existing studies have identified El Niño–Southern Oscil-
lation (ENSO) as one of the leading drivers of interannual pre-
cipitation variability over southern Asia (e.g., Webster and Yang
1992; Ju and Slingo 1995; Lau and Nath 2000). The positive
(negative) phase of ENSO, known as El Niño (La Niña), is asso-
ciated with warm (cold) sea surface temperature anomalies

(SSTAs) in the tropical central and eastern Pacific Ocean.
ENSO events are strongly tied to the seasonal cycle with its
developing phase often coinciding with the peak of the Asian
summer monsoon (i.e., during boreal summer). Thus, numer-
ous studies have investigated ENSO’s impact on the mon-
soon through atmospheric teleconnections and associated
changes in the large-scale circulation (e.g., Lau and Nath
2000; Wang et al. 2003; Annamalai and Liu 2005; Hrudya et al.
2021a). During a developing El Niño event in boreal summer,
the center of tropical convection that typically occurs over the
western Pacific warm pool shifts eastward resulting in sup-
pressed convection and anomalous subsidence over the Asian
monsoon region.

Previous studies have found that ENSO can also impact
rainfall over southern Asia during its peak in boreal winter
and through its decay phase as well. More specifically, the
ENSO-induced anomalous circulation over the western North
Pacific (WNP) has been shown to strongly influence precipita-
tion over eastern Asia (e.g., Wang et al. 2003). Although the
initial development of the anomalous WNP circulation has
been tied to ENSO forcing in the tropical Pacific, studies have
found that the Indian Ocean is a key component in extending
its influence over southern Asia beyond the decay phase of
ENSO (Xie et al. 2009; Wu et al. 2010; Chowdary et al. 2019).
This influence is often referred to as the Indo-western Pacific
Ocean capacitor effect (e.g., Xie et al. 2016), which is also
linked to the leading mode of interannual SSTA variability in
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the Indian Ocean known as the Indian Ocean Basin (IOB)
mode. The IOB is associated with a basinwide warming or
cooling SSTA pattern that occurs in boreal spring, typically
following the peak phase of ENSO (Klein et al. 1999). Thus,
in addition to prolonging ENSO’s impacts over eastern Asia
in boreal winter and spring, the IOB also influences precipita-
tion during the subsequent Asian summer monsoon season
(Yang et al. 2007, 2010; Chowdary et al. 2019).

In recent decades, particular attention has been paid to the
Indian Ocean dipole (IOD) mode, which is the second mode
of tropical Indian Ocean SSTA variability and is character-
ized by opposing SSTA in the eastern and western parts of
the equatorial Indian Ocean (Saji et al. 1999; Webster et al.
1999). Numerous studies have investigated the impacts of
IOD events on Asian summer monsoon precipitation during
the IOD’s peak phase in boreal fall (e.g., Ashok et al. 2001),
as well as in the subsequent winter and summer monsoon sea-
sons (Yuan et al. 2008; Yang et al. 2010). It has also been
shown that the IOD actively interacts with ENSO (e.g., Izumo
et al. 2008, 2010; Zhang et al. 2021a) and influences the rela-
tionship between ENSO and the Indian summer monsoon
(e.g., Ashok et al. 2004; Ummenhofer et al. 2011; Cherchi and
Navarra 2013). Both observation-based and modeling studies
have demonstrated that independently occurring positive
IOD events act to increase the summer monsoon precipitation
over India (e.g., Ashok et al. 2004; Sun et al. 2015; Hrudya et al.
2021a). Thus, the co-occurrence of positive IOD events with de-
veloping El Niño events in the tropical Pacific can have coun-
teracting effects on the Indian summer monsoon resulting in
slightly reduced or near-normal precipitation (Ummenhofer
et al. 2011; Cherchi and Navarra 2013). Additionally, it has
been suggested that IOD and ENSO can be integral compo-
nents of the tropical biennial oscillation (Loschnigg et al. 2003;
Meehl et al. 2003).

The influence of tropical Indian Ocean SST on Asian mon-
soon precipitation is not only tied to the leading modes of var-
iability, such as the IOB and IOD. Some previous studies
have found that the regional air–sea interactions in the
Arabian Sea, Bay of Bengal, and southern Indian Ocean
can play an important role in the interannual variability of
the Asian monsoon (Meehl 1997; Terray et al. 2003; Izumo
et al. 2008; Mishra et al. 2012; Shukla and Huang 2016). In
turn, it has also been shown that air–sea coupling over the
tropical Indian Ocean can affect ENSO (e.g., Yu et al. 2002;
Yu 2008) and can influence the relationship between ENSO
and the Indian monsoon (Ummenhofer et al. 2011; Chowdary
et al. 2019). Clark et al. (2000) showed that correlations between
the Indian summer monsoon and tropical Indian Ocean SSTA
can be strongly influenced by ENSO in some regions although
less so in other areas, such as the Arabian Sea. Additionally,
Lau and Nath (2000) noted that the ENSO-induced SSTA
in the Indian Ocean can produce a local air–sea response
that opposes the initial impacts on the Asian monsoon resulting
in negative feedback between tropical Indo-Pacific SSTA
and the monsoon system.

The complex interactions between the tropical Pacific and
Indian Oceans have made it difficult to isolate the impacts on
Asian monsoon precipitation variability associated with the

independent SST forcing from each basin. Previous observa-
tional studies have often applied standard statistical techniques,
such as multiple linear regression to remove the interactions be-
tween specific climate modes (e.g., Clark et al. 2000; Shukla and
Huang 2016; Fan et al. 2021). However, a single climate index,
such as the Niño-3.4 index, cannot represent the full spatial and
temporal variability of ENSO in tropical Pacific Ocean SSTA.
Fully coupled Earth system models (ESMs) have also been
shown to be a useful tool for investigating the impacts of tropical
SST forcing, such as the Pacific pacemaker experiments which
aim to isolate ENSO’s impacts on global variability (e.g., Zhang
et al. 2018). Other studies have utilized atmospheric general
circulation models (AGCMs) to investigate the relative forc-
ing of tropical SSTAs on various phenomena. For example,
Wu et al. (2010) performed AGCM sensitivity experiments
to determine the role of local SSTA compared to remote
forcing from the IOB mode in maintaining the western
North Pacific anticyclone associated with decaying El Niño
events. Similar model sensitivity experiments have also
been applied to investigate the forcing of monsoon precipi-
tation (e.g., Annamalai et al. 2005; Li et al. 2010; Mohino
et al. 2011; Fan et al. 2013); however, the results of these
studies may depend on the model’s ability to represent the
observed teleconnections.

Therefore, the application of linear inverse models (LIMs)
in recent years, following Newman (2007), has proven to be a
useful observation-based method that can isolate specific forc-
ing terms associated with the internal dynamics and coupled
interactions of complex systems. For example, Zhang et al.
(2021b) utilized the LIM technique to investigate the coupled
dynamics between the tropical Pacific and Indian Oceans. In a
similar study, Zhao et al. (2021, 2023) applied LIM to quantify
the role of tropical–extratropical coupled dynamics to North
Pacific climate variability and specifically demonstrated that the
LIM technique was able to remove both the simultaneous and
subsequent tropical impact on North Pacific variability more ef-
fectively than other methods, such as simultaneous or lagged lin-
ear regression. Recently, the LIM approach has been modified
to include the seasonal cycle, referred to as a cyclostationary
LIM (CS-LIM; Shin et al. 2021), which has been applied in pre-
vious studies to investigate the growth of ENSO events (e.g.,
Vimont et al. 2022) and explore the interaction between trop-
ical Pacific, Atlantic, and Indian Ocean SSTA (e.g., Kido et al.
2023).

In this study, we utilize the CS-LIM framework to quanti-
tatively assess the impacts of the direct forcing from tropical
Pacific SSTA, the direct forcing from Indian Ocean SSTA,
and the Indo-Pacific SSTA interaction on the interannual
variability of Asian monsoon precipitation. Specifically, we
investigate the spatial patterns of monsoon rainfall variabil-
ity associated with the Indian and Pacific Ocean SSTA forc-
ing and further address the relative contribution from each
basin to Indian summer monsoon rainfall (ISMR) by analyz-
ing the leading patterns of variability. This paper is organized
as follows: section 2 describes the observational datasets, the
CS-LIM, and the CS-LIM experiments; section 3 reports our
results; and section 4 provides a summary and discussion.
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2. Data and methods

a. Observational datasets and climate indices

Two monthly SST observational datasets were used: the
Hadley Centre Sea Ice and Sea Surface Temperature dataset,
version 1.1 (HadISST; 18 3 18; Rayner 2003), and the NOAA
Extended Reconstructed SST, version 5 (28 3 28; Huang et al.
2017). Both datasets were interpolated onto a common 28 3 28
grid, and their averaged SSTs from 1950 to 2019 are used for
our CS-LIM experiments. Monthly observations of precipita-
tion over the Asian monsoon region were obtained from the
Global Precipitation Climatology Centre (GPCC) land precip-
itation dataset (version 2020; 2.58 3 2.58; Schneider et al. 2020)
for the same 70-yr period of 1950–2019. The monthly interan-
nual anomalies were computed by removing the monthly cli-
matology (i.e., seasonal cycle and long-term means) in each
dataset from 1950 to 2019. Linear trends were also removed
prior to our analysis. Additionally, since this study focuses on
interannual variability, a 3-month low-pass filter was applied
to the monthly precipitation anomalies to remove the large in-
traseasonal component of precipitation variability. Note that
our SSTA and precipitation anomalies also include decadal-to-
interdecadal components, in addition to interannual variability.

The Niño-3.4 index was computed to represent ENSO us-
ing the average SSTA in the Niño-3.4 region (1708–1208W,
58S–58N) of the tropical Pacific. For the IOD, we use the di-
pole mode index (DMI; Saji et al. 1999) defined as the differ-
ence between the average SSTA in the western (508–708E,
108S–108N) and eastern (908–1108E, 108S–08) parts of the trop-
ical Indian Ocean. The IOB index was determined using the
average SSTA computed over the full Indian Ocean Basin
domain (358–1158E, 258S–258N). An alternative definition of
the IOB index (i.e., the first EOF of tropical Indian Ocean
SSTA) as defined by Yang et al. (2007) was also tested, and
we obtained essentially the same results.

b. Cyclostationary linear inverse model

Following Penland and Sardeshmukh (1995), the evolution
of a state vector x can be represented as a simple linear sys-
tem driven by white noise:

dx
dt

5 Lx 1 j, (1)

where L is the linear dynamical operator and j represents the
unpredictable temporal white noise forcing, which may still
contain spatial structure (see Penland and Matrosova 1994).
Equation (1) can be used to approximate a nonlinear system,
in which the linear dynamical operator (L) captures the de-
terministic seasonal anomaly evolution and represents the
predictable component of the system, while j is used to ap-
proximate the nonlinearities and coupled processes that occur
on time scales shorter than seasonal. Note that we are refer-
ring to L as the linear dynamical operator since it contains the
linear dynamics of the system; however, it may also contain
any nonlinearities that can be linearly parameterizable upon
the state vector (x).

The approximate solution of Eq. (1) for a lead time (t) is
given as

x̂(t 1 t) 5 exp(Lt) x(t): (2)

The linear dynamical operator (L) can then be calculated
from Eq. (2) as follows:

L 5
1
t0

ln[C(t0)C(0)21], (3)

where C(t0) and C(0) are defined as the lag-covariance matri-
ces of x at lag t0 and lag zero, respectively. The covariance
matrices may be computed independently for each season re-
sulting in a CS-LIM (Shin et al. 2021) in which the linear dy-
namical operator is determined using the following equation:

Lj 5
1
t0

ln[Cj(t0)Cj(0)21] for j 5 1, 2, :::, 12: (4)

In the CS-LIM, the linear dynamical operator (L) contains a
seasonal component of the anomaly evolution. Following
Shin et al. (2021), it should be noted that a 3-month running
mean was applied to the covariance and lag-covariance matri-
ces in the CS-LIM prior to the calculation of L in Eq. (4) in
order to reduce the sampling uncertainties associated with the
CS-LIM construction. For consistency, a 3-month running
mean was also applied to the observed SSTA and precipita-
tion anomalies after the construction of the LIM to compare
the seasonal patterns of variability from the CS-LIM to that
of observations.

The noise forcing j is generated based on the eigen analysis
of the noise covariance matrix, Q, which can be determined us-
ing the fluctuation–dissipation relation (Penland and Matrosova
1994):

dC(0)
dt

5 LC(0) 1 C(0)LT 1 Q: (5)

For the CS-LIM, the time derivative of C(0) for each season
can be approximated using a finite difference method (Shin
et al. 2021), resulting in the following equation for the noise
covariance matrix:

Qj 5
Cj11(0) 2 Cj21(0)

2Dt
2 [LjCj(0) 1 Cj(0)LT

j ]
for j 5 1, 2, :::, 12: (6)

Note that any negative eigenvalues of Q were set to zero, and
the remaining positive eigenvalues were reduced accordingly
in order to retain the same amount of total variance in the
noise forcing, as done in previous LIM studies (e.g., Penland
and Matrosova 1994; Shin et al. 2021). The percent reduction
in noise variance due to the removal of the negative eigenval-
ues was minimal (i.e., less than 2%) for all seasons.

c. CS-LIM construction and experiments

We now apply the empirical–dynamical LIM system to in-
vestigate the impacts of tropical Pacific and Indian Ocean
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SSTAs on the interannual variability of Asian monsoon pre-
cipitation. Following the approach used in previous LIM stud-
ies (e.g., Newman 2007; Zhang et al. 2021b; Kido et al. 2023),
we can separate the state vector x into the different compo-
nents of a system. For the purposes of our study, the state vec-
tor (x) consists of three components: tropical Pacific Ocean
SSTA (xP), tropical Indian Ocean SSTA (xI), and Asian mon-
soon precipitation anomalies (xM). Thus, Eq. (1) can be writ-
ten as follows:

d
dt

xM

xP

xI

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
5

LMM LMP LMI

LPM LPP LPI

LIM LIP LII

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

xM

xP

xI

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
1

jM

jP

jI

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (7)

where L now contains nine different dynamical operators as-
sociated with the internal and coupled interactions within the
tropical SST–monsoon system. The elements along the diago-
nal (LMM, LPP, and LII) represent the internal dynamics for
Asian monsoon precipitation, tropical Pacific SSTA, and tropical
Indian Ocean SSTA, respectively, since they are computed using
the lagged auto-covariance matrices of the state vector. How-
ever, they may also inherently contain any impacts from pro-
cesses other than the three components of the state vector. For
instance, the internal monsoon dynamics (LMM) may include the
influence on monsoon precipitation anomalies due to changes in
Eurasian snow cover (e.g., Vernekar et al. 1995; Sankar-Rao
et al. 1996; Liu and Yanai 2002), land surface moisture (e.g., Fu
2003), the Tibetan Plateau (e.g., Li and Yanai 1996; Aiming and
Yunqi 1997; Liu and Dong 2013), or aerosols (e.g., Ganguly et al.
2012; Li et al. 2016) since the observed monsoon variability (xM)
contains these impacts. The off-diagonal elements of the linear

dynamical operator matrix represent the forcing from one com-
ponent of the system to another. For example, LMP represents
the forcing from tropical Pacific SSTA onto Asian monsoon pre-
cipitation and is computed using the following equation:

LMP 5
1
t0

ln hxM(t 1 t0)xP(t)TihxM(t)xP(t)Ti21
[ ]

, (8)

where the terms in brackets are the covariance matrices be-
tween monsoon precipitation anomalies and tropical Pacific
SSTA at lag t0 and lag zero [i.e., from Eq. (3)]. Thus, the op-
erator LMP captures the “dynamics” of tropical Pacific SSTA
forcing Asian monsoon precipitation anomalies at a lag of t0.
From Eq. (7), we obtain the following set of LIM equations:

dxM
dt

5 LMMxM 1 LMPxP 1 LMIxI 1 jM, (9a)

dxP
dt

5 LPMxM 1 LPPxP 1 LPIxI 1 jP, (9b)

dxI
dt

5 LIMxM 1 LIPxP 1 LIIxI 1 jI : (9c)

In this study, the state vector (x) is composed of the 10 lead-
ing principal components (PCs) of tropical Pacific Ocean
SSTA (xP; 1308E–708W, 258S–258N), tropical Indian Ocean
SSTA (xI; 358–1158E, 258S–258N), and precipitation anomalies
over the Asia monsoon land region (xM; 608–1258E, 58–358N;
see Fig. 1) accounting for 82.5%, 87.4%, and 47.6% of the
variance in each dataset, respectively. Note that the PCs in
each component of the state vector have been standardized to
have unit variance.

FIG. 1. Standard deviation of precipitation anomalies (mm month21) over the Asian monsoon region calculated for each season (DJF,
MAM, JJA, and SON) for (a)–(d) observations from 1950 to 2019, (e)–(h) reconstructed observations from the 10 leading EOFs and PCs,
and (i)–(l) the 70000-yr CS-LIM control run. Note that for the CS-LIM control run, computing the standard deviation for the full 70000-yr
period is consistent with computing the ensemble mean standard deviation from the 1000 70-yr segments to compare with that of
observations.
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To focus on the precipitation variability over India, an addi-
tional CS-LIM was constructed using the 10 leading PCs of
precipitation anomalies solely in the Indian monsoon land re-
gion (608–908E, 58–358N) along with the same 10 leading PCs
of tropical Pacific and Indian Ocean SSTAs, as described
above. Hereafter, this experiment is referred to as the “India-
only CS-LIM”. By utilizing a smaller spatial domain, the 10
leading PCs of precipitation anomalies used in the India-only
CS-LIM account for a larger fraction of the observed variance
(60.5%), compared to that used in the broader Asian mon-
soon CS-LIM (47.6%). We also note that the results are not
qualitatively sensitive to the definition of the spatial domains
for each region. However, some stability issues can arise for
specific CS-LIM experiments when a smaller tropical ocean
domain is used (i.e., from 208S to 208N).

For both the broad Asian monsoon CS-LIM and India-only
CS-LIM, we first obtained a control run, which includes all
processes described in Eq. (7) and can be directly compared
to observations. Additionally, we performed a series of CS-LIM
process experiments to isolate the impacts of tropical Pacific
and Indian Ocean SSTAs on Asian monsoon precipitation.
These process experiments involve selectively removing specific
forcing or coupling terms from Eq. (7) by setting the associated
element(s) in the linear dynamical operator matrix to zero (see
Table 1). For the purposes of this study, we focus on three key
CS-LIM process experiments: 1) elimination of the direct forcing
from Pacific SSTA onto the monsoon: denoted as “No P"M,”
2) elimination of the direct forcing from the Indian Ocean
SSTA onto the monsoon: denoted as “No I"M,” and 3) elimi-
nation of the interaction between Pacific and Indian Ocean
SSTAs: denoted as “No P↔I.” The individual contributions
from Pacific SSTA, Indian Ocean SSTA, and their interaction
with precipitation variability in the Asian monsoon region are
assessed by computing the differences between the CS-LIM con-
trol run and each CS-LIM process experiment (i.e., Control 2
No P"M, Control2 No I"M, and Control2 No P↔I, respec-
tively). The CS-LIM process experiments are performed in the
same way for the India-only CS-LIM.

Once we obtained the linear dynamical operator matrix
(L) and noise covariance matrix (Q) for each season, we

integrated the model forward in time from an initial condition
(set to the first-month values of each PC) for 70000 years with
a lag of t0 5 1 month and a time step of 1/120 months follow-
ing the method described in Penland and Matrosova (1994).
The 70000-yr length is 1000 times the 70-yr observational pe-
riod of 1950–2019, which can be treated as a 1000-member en-
semble of a stochastically forced 70-yr LIM simulation. Note
that a 1-month lag was selected since the atmospheric response
of monsoon precipitation to tropical SSTA forcing is relatively
fast (i.e., occurs on time scales shorter than seasonal); however,
the linear dynamical operator (L) should be independent of the
choice for the initial lag (t0) if the dynamics of the state vector
(x) are effectively linear (Newman 2007).

For the CS-LIM control run, the forward integration uses
the full system equations as shown in Eq. (9) with the appro-
priate seasonal linear dynamical operator applied for each
time step. The CS-LIM process experiments are integrated
forward in time in the same way as the control run, but with
one (or more) of the linear dynamical operators set to zero
(for all seasons) as described in Table 1. For both the control
run and process experiments, the resulting CS-LIM time se-
ries (that correspond to each PC included in the state vector)
are first averaged from the output at the given time step (i.e.,
1/120 months) to monthly values in order to compare the
results to observations. The monthly PC time series are then
projected onto the corresponding observed 10 leading EOFs
for each component of the system to obtain CS-LIM pre-
dicted datasets with both temporal and spatial variability.
Note that the EOFs are computed by projecting the ob-
served standardized PCs back onto the original datasets for
each component, which results in EOFs that are in physical
units.

The stability of each CS-LIM experiment was assessed fol-
lowing the method described by Shin et al. (2021), noting that
the number of PCs selected for each region can affect the stabil-
ity of the LIM system. In this study, we selected the 10 leading
PCs of precipitation anomalies since instabilities occur when
more PCs (which are associated with smaller spatial scales and
noisier precipitation patterns) are used to compute the linear
dynamical operators. Although the 10 PCs only explain 47.6%

TABLE 1. List of CS-LIM experiments. The individual contributions from Pacific SSTA, Indian Ocean SSTA, and their interaction
to precipitation variability over the Asian monsoon region are assessed by computing the differences between the CS-LIM control
run and each process experiment (i.e., Control 2 No P"M, Control 2 No I"M, and Control 2 No P↔I, respectively). The same
CS-LIM experiments are also performed for the India-only CS-LIM, which differs only by the region of monsoon precipitation over
a smaller Indian monsoon area (608–908E, 58–358N) compared to the broad Asian monsoon region (608–1258E, 58–358N). The tropical
Indian and Pacific SSTAs are the same in the two CS-LIMs.

CS-LIM process experiment Removed forcing term(s) from Eq. (7) Description

Control None Includes all interactions between tropical
Pacific Ocean SSTA, tropical Indian Ocean
SSTA, and Asian monsoon precipitation.

No P"M LMP 5 0 Direct forcing from Pacific Ocean SSTA onto
Asian monsoon precipitation is removed.

No I"M LMI 5 0 Direct forcing from Indian Ocean SSTA onto
Asian monsoon precipitation is removed.

No P↔I LIP 5 LPI 5 0 Interaction between Pacific Ocean SSTA and
Indian Ocean SSTA is removed.
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(60.5%) of the variance in precipitation anomalies for the Asian
(Indian) monsoon domain, the reconstructed seasonal pre-
cipitation variability agrees well with observations, except
in some localized regions where the variability magnitudes
are underestimated (Fig. 1). Therefore, using the 10 leading
PCs of monsoon precipitation anomalies serves the purpose
of this study. For consistency, we also used 10 leading PCs
of SSTA in the tropical Pacific and Indian Ocean regions.

3. Results

We first validate the CS-LIM performance by comparing
the results from the CS-LIM control run to observations
(section 3a). Then, we analyze the results from the suite of
CS-LIM experiments to quantify the impacts of Pacific SSTA,
Indian Ocean SSTA, and their interaction on the spatial and sea-
sonal distribution of Asian monsoon precipitation variability
(section 3b). We then evaluate the leading three EOFs of ISMR
to investigate how the isolated tropical Pacific and Indian
Ocean SSTAs individually contribute to the variability of
ISMR (section 3c).

a. CS-LIM validation

To evaluate the ability of the CS-LIM in capturing rainfall
variability over the Asian monsoon region, we compared the
observed standard deviation of precipitation anomalies for
each season from 1950 to 2019 to the corresponding results
from the 70 000-yr CS-LIM control run (Fig. 1). We note that
the mean precipitation anomalies for each 70-yr segment of
the CS-LIM are very similar to the mean computed over the
full 70 000-yr simulation. Thus, computing the standard devia-
tion for the full 70000 years is essentially equivalent to comput-
ing the ensemble mean standard deviation from the 1000 70-yr
segments of the CS-LIM to compare with that of the 70-yr obser-
vational record. During boreal winter (DJF), both observations
and the CS-LIM control run show enhanced rainfall variability
over southeastern China, the southern part of the Indo-Chinese
Peninsula, and part of northwestern India (Figs. 1a,e,i), which is
consistent with the rainfall variability associated with the East
Asian winter monsoon (e.g., Wang et al. 2022). Observations for
boreal spring (MAM; Figs. 1b,f) reveal increased variability over
southeastern China, over Bangladesh, across the Indo-Chinese
Peninsula, as well as over a small region of northwestern India
and Pakistan. The CS-LIM control run exhibits similar patterns
of increased rainfall variability in MAM to observations although
with a slight extension of the signal into central India (Fig. 1j).
For boreal summer (JJA) and fall (SON), both observations
(Figs. 1c,d,g,h) and the CS-LIM control run (Figs. 1k,i) display
the strongest signals of enhanced precipitation variability across
most regions of southern Asia, consistent with the increased
fluctuations in precipitation during the peak of the Asian
summer monsoon (JJA) and its subsequent season of SON,
consistent with Ashok et al. (2007) and Hrudya et al. (2021a).
The CS-LIM control run successfully simulated the spatial
patterns and magnitudes of the precipitation variability, agreeing
remarkably well with the observed precipitation variability in all
seasons reconstructed from the 10 leading EOFs (Figs. 1e–h).

To validate the linearity of the state vector (x), we per-
formed the LIM “tau test” to check whether the linear dynam-
ical operator (L) is independent of the choice for t0 (Penland
and Sardeshmukh 1995), by comparing the CS-LIM predicted
lag-covariance to that of observations for lags longer than the
prescribed training lag (i.e., longer than 1 month). Following
the method described by Shin et al. (2021), the results of the
CS-LIM tau test for tropical Pacific and Indian Ocean SSTAs
were consistent with those from previous LIM studies (e.g.,
Newman et al. 2011; Shin et al. 2021; Zhang et al. 2021b), while
the results for monsoon precipitation anomalies indicated that
the linear approximation of this system may only be valid for
lags up to about 5–6 months for both the broad Asian mon-
soon region CS-LIM and India-only CS-LIM (figures not
shown). This is expected due to the shorter persistence of
monthly precipitation anomalies compared to that of SSTAs.
Our choice of t0 5 1 month in combination with the model’s
ability to capture the observed spatial and seasonal variability of
precipitation anomalies in the Asian monsoon region (Fig. 1)
suggests that the CS-LIM is suitable for this study. Further vali-
dation of the India-only CS-LIM is provided in section 3c.

b. Impacts of tropical Indo-Pacific SSTA on precipitation
over the Asian monsoon region

To assess the individual contributions from Pacific SSTA,
Indian Ocean SSTA, and their interaction with precipitation
variability over the Asian monsoon region, we compute the
seasonal standard deviation difference between the CS-LIM
control run and each process experiment, as described in
section 2c and Table 1. The results reveal distinct patterns of
influence from tropical Pacific and Indian Ocean SSTAs on
rainfall variability over the Asian monsoon region (Fig. 2).
For the direct forcing from the Pacific onto the monsoon, our
results show enhanced rainfall variability (i.e., increased stan-
dard deviation of precipitation anomalies) over eastern China
during DJF (Fig. 2a), which can be explained by ENSO’s im-
pact on the East Asian winter monsoon (e.g., Zhang et al.
2022). This enhanced variability is also present in the preced-
ing and subsequent seasons of SON and MAM (Figs. 2b,d).
The strongest signals of enhanced precipitation variability
during MAM are located over the Indo-Chinese Peninsula
(Fig. 2b), which is consistent with the results from recent stud-
ies showing that ENSO has the strongest influence on precipi-
tation over the Indo-Chinese Peninsula during the ENSO
decaying spring through the induced anomalous circulation
in the western North Pacific (Yang et al. 2020; Li et al. 2021;
Ge et al. 2021). Additionally, we see an increase in the stan-
dard deviation over India, especially in the central core mon-
soon region during JJA (Fig. 2c), indicating that the remote
forcing from the tropical Pacific SSTA onto the monsoon acts
to enhance the variability of ISMR.

For the direct forcing from the Indian Ocean onto the mon-
soon (Figs. 2e–h), there is generally reduced rainfall variability
over many regions in southern Asia, in particular, for eastern
China and the Indo-Chinese Peninsula during MAM (Fig. 2f)
and over India during JJA (Fig. 2g). Thus, Pacific and Indian
Ocean SSTAs are associated with opposite impacts on Asian
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monsoon precipitation variability over these regions during boreal
spring and summer. This suggests that the forcing from Indian
Ocean SSTAs weakens the enhanced precipitation variability in-
duced by ENSO during the Asian summer monsoon and espe-
cially for ISMR.

Similarly, for the Indo-Pacific interaction (Figs. 2i–l), there
is a stronger reduction in precipitation variability during bo-
real spring over the Indo-Chinese Peninsula (Fig. 2j) and over
India during JJA (Fig. 2k). There is also reduced variability
over eastern China during SON (Fig. 2l) and DJF (Fig. 2i).
These results imply that Indo-Pacific interaction acts to op-
pose the impacts from the Pacific during the different stages
of ENSO’s development but enhances the impacts from In-
dian Ocean SSTAs particularly during the Asian summer
monsoon. We also note there is slightly enhanced rainfall var-
iability over eastern China in MAM and JJA (Figs. 2j,k).
Physically, this is consistent with ENSO in the tropical Pacific
and the ENSO-induced IOB mode in the Indian Ocean both
acting to sustain the anomalous circulation over the western
North Pacific and prolong ENSO’s influence on precipitation
over eastern China (Annamalai et al. 2005; Chowdary et al.
2019).

Overall, these results suggest that while the monsoon–
Indian Ocean internal coupled processes, such as the negative
feedback of cross-equatorial ocean heat transport to the mon-
soon, can regulate the Asian monsoon and weaken its vari-
ability (Webster et al. 2002), the interaction between tropical
Pacific and Indian Ocean SSTAs acts to further dampen the
monsoon variability, especially over India. Although previous
studies have discussed the negative feedback of ENSO-induced
tropical Indian Ocean SSTA forcing, which opposes ENSO’s im-
pact on the South Asian monsoon (e.g., Lau and Nath 2000), the

magnitude and spatial pattern of reduced precipitation variabil-
ity specifically due to the Indo-Pacific SSTA interaction has not,
to our knowledge, been previously quantified. Since a complete
analysis of the relevant physical mechanisms explaining these
patterns of enhanced and reduced precipitation variability
for each season is beyond the scope of the current study, we
instead focus on the India-only CS-LIM results for JJA (i.e.,
Figs. 2c,g,k) to specifically address the contribution of tropi-
cal Indo-Pacific SSTAs to the variability of ISMR.

c. Impacts of tropical Indo-Pacific SSTA on Indian
summer monsoon rainfall

We now attempt to understand further how the direct forc-
ing from the Pacific, the direct forcing from the Indian Ocean,
and the Indo-Pacific interaction each individually impact the
variability of ISMR by analyzing the results from the India-
only CS-LIM. To do this, we first compute the three leading
EOFs of JJA precipitation anomalies over India for the 70-yr
observational period from 1950 to 2019 and for each 70-yr
segment of the India-only CS-LIM control run. Since the
leading three EOFs are the dominant modes of JJA precipita-
tion variability over India which explain the largest percentage
of observed and CS-LIM predicted variance, they may provide
insight into how the direct forcing from the Pacific, the direct
forcing from the Indian Ocean, and the Indo-Pacific interaction
act to either enhance or reduce the variability of ISMR, as shown
in Figs. 2c, 2g, and 2k. Note that the leading EOFs of ISMR are
computed only for the JJA season of precipitation anomalies and
are therefore different from the EOFs/PCs that were computed
over all months and used to construct the state vector (xM, as de-
scribed in section 2c).

FIG. 2. Difference in the standard deviation of precipitation anomalies (mm month21) over the Asian monsoon region for each season
(DJF, MAM, JJA, and SON) between the CS-LIM control run and the CS-LIM process experiment when (a)–(d) the direct forcing from
Pacific Ocean SSTA is removed, (e)–(h) the direct forcing from Indian Ocean SSTA is removed, and (i)–(l) the interaction between
Pacific and Indian Ocean SSTAs is removed. Stippling indicates the difference in standard deviation is significant at the 99% confidence
level.
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The spatial patterns of the leading three EOFs of ISMR are
shown in Fig. 3. The EOFs have been normalized to be in
physical units of precipitation anomalies by projecting the
standardized PCs of ISMR onto the JJA precipitation anoma-
lies over India for observations and the India-only CS-LIM
control run. The first mode (EOF1) explains 27% of the vari-
ance and shows precipitation anomalies with the same sign
over the majority of India except for a small region in the
northeast (Fig. 3a). The second mode (EOF2) accounts for
12% of the variance and shows a dipole pattern with en-
hanced precipitation over central and northeastern India ac-
companied by reduced precipitation over the southwestern
part (Fig. 3b). The third mode of ISMR (EOF3) shows a tripole
pattern with negative precipitation anomalies over southern and
northeastern India accompanied by positive precipitation anom-
alies over central India (Fig. 3c), accounting for 11% of the
variance, which is not well separated from EOF2 statistically
(Fig. 3d).

For the India-only CS-LIM control run, we selected a single
70-yr segment (of the 1000-member ensemble) that displayed
EOF patterns closely resembling observations (Figs. 3e–g).
Note that the ensemble average EOF patterns for the India-
only CS-LIM control run are also consistent with observations
for each of the three leading modes of ISMR (Fig. S1 in the
online supplemental material). The corresponding PC time
series for the CS-LIM control EOFs were obtained by projec-
ting the single 70-yr segment EOF spatial patterns of ISMR
(shown in Figs. 3e–g) onto the JJA precipitation anomalies
for the full length of India-only CS-LIM control run. The spa-
tial correlation coefficients between the leading three EOF
patterns for the single 70-yr segment of the India-only CS-LIM
control run and those in observations indicate a high degree of
consistency: 0.97 for EOF1, 0.96 for EOF2, and 0.95 for EOF3.

However, the explained variance associated with the leading
modes of ISMR in the 70-yr segment of the India-only CS-LIM
control run is larger than that of observations (Figs. 3d,h). This
difference is expected since the India-only CS-LIM contains the
10 leading PCs of precipitation anomalies over the Indian mon-
soon region, accounting for only 60% of the total observed vari-
ance. Consequently, the leading modes of ISMR in the control
run account for a larger percentage of the variance compared
to the observational data despite using the same length of time
(i.e., 70 years) to compute the leading EOFmodes. Additionally,
we note that in observations, there is minimal separation be-
tween EOF2 and EOF3 (Fig. 3d); however, in the CS-LIM con-
trol run, we see a much clearer separation between EOF2 and
EOF3 (Fig. 3h), which implies they can be considered inde-
pendent modes of variability.

We now attempt to verify that the leading EOFs of ISMR in
the India-only CS-LIM control run have the same relationships
to tropical Pacific and Indian Ocean SSTAs as in observations.
Then, we analyze the results of the India-only CS-LIM process
experiments to investigate how the direct forcing from the
Pacific, the direct forcing from the Indian Ocean, and the
Indo-Pacific interaction each contribute to the variability of
the leading three modes of ISMR.

1) COMPARISON BETWEEN CS-LIM CONTROL AND

OBSERVATIONS

Before we can analyze the results from the India-only CS-
LIM process experiments, it is necessary to confirm that the
CS-LIM control run can capture the observed relationships
between the leading three EOFs of ISMR and tropical Pacific
and Indian Ocean SSTAs. To do this, we regress the JJA trop-
ical Pacific and Indian Ocean SSTAs onto the standardized
leading three PCs of ISMR for both observations (Figs. 4a–c

FIG. 3. Leading three EOF spatial patterns of JJA precipitation anomalies (mm month21) over India (a)–(c) for observations from 1950
to 2019 and (e)–(g) for a single 70-yr segment of the India-only CS-LIM control run. The percentage of explained variance for each mode
for (d) observations and (h) the India-only CS-LIM control run with error bars calculated following North et al. (1982). The percentage of
explained variance is also shown in the upper-right corner for each EOF.
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and 5a–c) and the India-only CS-LIM control run (Figs. 4d–f
and 5d–f). Note that for the CS-LIM control run, the leading
PCs of ISMR are standardized based on the standard devia-
tion of the single 70-yr segment PCs that correspond to the
EOF patterns shown in Figs. 3e–g.

In observations, PC1 is associated with positive SSTAs in
the tropical Pacific Ocean with a maximum in the eastern
tropical Pacific and extending to the central basin (Fig. 4a), in-
dicating a relationship between ISMR EOF1 and ENSO. Ad-
ditionally, we see an overall basinwide warming pattern in the
tropical Indian Ocean (i.e., resembling the IOB pattern) asso-
ciated with EOF1 of ISMR (Fig. 5a) although the SSTAs are
not statistically significant in most regions of the basin. These
results are consistent with previous studies indicating that the
first mode of ISMR, associated with reduced (enhanced) rain-
fall over most regions of the Indian subcontinent, is tied to
El Niño (La Niña) events and the closely related positive

(negative) IOB mode (e.g., Mishra et al. 2012; Syed and
Kucharski 2016; Shukla and Huang 2016). The results for the
regression of tropical Pacific and Indian Ocean SSTAs onto
PC1 of ISMR in the India-only CS-LIM control run are simi-
lar to observations although with statistically significant
SSTAs throughout the tropical Pacific and Indian Oceans ow-
ing to the long record of the CS-LIM (Figs. 4d and 5d).

For the second mode of ISMR, which is associated with a
dipole pattern of rainfall with dry (wet) anomalies in the
southwest (northeast) regions of India (Figs. 3b,f), the regres-
sion of tropical Pacific SSTA onto PC2 for both observations
and the India-only CS-LIM control run shows an overall cool-
ing pattern of SSTAs over most of the basin (Figs. 4b,e), with
cold SSTA corresponding to reduced (enhanced) ISMR over
southwest (northeast) India. However, the only statistically
significant anomalies for the 70-yr observational record are
located in the western-central Pacific equatorial region

FIG. 4. Regression of JJA tropical Pacific Ocean SSTA (8C) onto the leading three PCs of ISMR for (a)–(c) observations and
(d)–(f) the India-only CS-LIM control run. Stippling indicates the regression coefficients are significant at the 90% confidence level
for observations and 99% confidence level for the CS-LIM control run.

FIG. 5. As in Fig. 4, but for tropical Indian Ocean SSTA.
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(1608–1908E), which covers part of the Niño-4 region, off-
equatorial regions (1908–2208E), as well as in the northeast-
ern tropical Pacific. This boreal summer SSTA pattern in the
tropical Pacific is consistent with the observed SSTA pattern
during the decay phase of La Niña events (e.g., Chen et al.
2017; Wu et al. 2021; Gao and Li 2023) and suggests a rela-
tionship between PC2 of ISMR and previous year ENSO
events, although the regression coefficients are relatively weak
(i.e., within 60.28C) for both observations and the CS-LIM
control run (Figs. 4b,e).

In the tropical Indian Ocean, PC2 of ISMR in observations
is associated with significant negative SSTAs in the northern
Indian Ocean (both in the Arabian Sea and Bay of Bengal)
and southwestern part of the tropical basin off the coast of
northeast Madagascar (Fig. 5b). This overall cooling pattern
in the tropical Indian Ocean is consistent with the IOB mode,
which often occurs following the peak phase of ENSO events
(Klein et al. 1999; Yang et al. 2007; Chen et al. 2017). The ob-
served relationship between the dipole pattern of ISMR (i.e.,
EOF2) and previous ENSO events (including the ENSO-
induced IOB mode) is in agreement with previous studies,
which have shown that decaying El Niño events and the
closely linked positive IOB mode are associated with positive
rainfall anomalies over the Western Ghats of the southern
Indian Peninsula and negative rainfall anomalies over the
monsoon trough region (i.e., negative EOF2 pattern; Yang
et al. 2007; Mishra et al. 2012; Chakravorty et al. 2016; Chowdary
et al. 2019). The Indian Ocean SSTA regression pattern for
PC2 in the India-only CS-LIM control run is similar to that
of observations but with statistically significant SSTAs over
the entire basin (Fig. 5e).

The regression patterns of tropical Pacific and Indian
Ocean SSTAs onto the third mode (PC3) of ISMR, associated
with positive precipitation anomalies over central India and
negative precipitation anomalies over the southern Indian
Peninsula and monsoon trough region (Figs. 3c,g), show sig-
nificant positive SSTAs across the central and eastern equato-
rial Pacific which extend northward toward the subtropics in
observations (Fig. 4c), indicating a relationship between
ISMR PC3 and ENSO. We also note that while the tropical
Pacific SSTA regression patterns for PC1 and PC3 are similar
in observations (Figs. 4a,c), they exhibit distinct features that
have been used to distinguish between the eastern Pacific
(EP) and central Pacific (CP) types of El Niño events in some
previous studies (e.g., Capotondi et al. 2015; Dandi et al.
2020; Fan et al. 2021). Similar differences can also be seen in
the results for the India-only CS-LIM control run (Figs. 4d,f),
but the tropical Pacific SSTA regression pattern for PC3 re-
sembles more of a mixed EP- and CP-type El Niño pattern
(Fig. 4f). In the tropical Indian Ocean, the observed SSTA re-
gression pattern for PC3 shows statistically significant nega-
tive SSTAs in the eastern Indian Ocean and positive SSTAs
across most of the rest of the basin with significant anomalies
located in the central-west southern Indian Ocean (between
about 208 and 258S) (Fig. 5c). This SSTA pattern is consistent
with a developing positive IOD event, which is confirmed by
the lagged regression of SON tropical Indian Ocean SSTA
(i.e., peak season of IOD) onto PC3 of ISMR (not shown).

The India-only CS-LIM control run reproduces the observed
SSTA pattern very well, with statistically significant SSTAs
over the entire tropical Indian Ocean (Fig. 5f).

To validate further that the India-only CS-LIM is able to
capture the observed relationships between the leading three
modes of ISMR and ENSO, we analyzed the lead–lag correla-
tion coefficients between each ISMR PC and the seasonal
evolution of the Niño-3.4 index (i.e., beginning with previous
year ENSO leading the summer monsoon by 1 year and
through the peak phase of ENSO in the boreal winter follow-
ing the JJA of the ISMR PCs), which is shown for observations
in Figs. 6a, 6c, and 6e (solid black lines). For comparison, we
computed the Niño-3.4 index from the tropical Pacific SSTA in
the India-only CS-LIM control run and then determined the en-
semble mean correlation coefficients based on the correlations
between each 70-yr segment of the ISMR PCs and the corre-
sponding 70-yr segment of the Niño-3.4 index (solid black lines
in Figs. 6b,d,f). Similarly, we also computed the correlations be-
tween each PC of ISMR and the seasonal evolutions of the
IOB and IOD indices in both observations and the India-only
CS-LIM control run (dashed and dot–dashed black lines, re-
spectively, in Fig. 6).

Consistent with the observed tropical Pacific SSTA regres-
sion pattern (Fig. 4a), PC1 of ISMR, which is associated with
reduced rainfall over most of the Indian summer monsoon re-
gion, shows a significant positive correlation with ENSO be-
ginning in the late boreal spring of ENSO’s developing year
(i.e., year 0) and through the following fall and winter seasons
with a maximum correlation of r ’ 0.4 during the late boreal
summer (solid line in Fig. 6a). This observed relationship be-
tween developing El Niño (La Niña) events and reduced (en-
hanced) ISMR is consistent with previous studies (e.g., Mishra
et al. 2012; Syed and Kucharski 2016; Shukla and Huang 2016)
and is captured by the India-only CS-LIM control run, which
shows a significant positive correlation between PC1 and ENSO
(maximum r5 0.3) during similar seasons as observations (solid
line in Fig. 6b).

For the second EOF of ISMR, associated with a dipole pat-
tern of precipitation anomalies, there is a statistically significant
negative correlation between PC2 and ENSO in observations
(solid line in Fig. 6c; maximum r 5 20.35), which peaks in the
boreal spring (MAM) but decreases below the significance
threshold prior to the Indian summer monsoon season (JJA).
The India-only CS-LIM control run shows similar seasonally
varying ensemble mean correlations between PC2 and ENSO
(solid line in Fig. 6d), but they are below the 95% signifi-
cance level. By contrast, the IOB index shows relatively
weak (r ’ 0.3), but still statistically significant, negative cor-
relations with PC2 from the previous boreal winter through
the peak of the summer monsoon. This is also captured by
the CS-LIM control run with the ensemble mean IOB–PC2
correlation exceeding the 95% significance level during JJA
(dashed lines in Figs. 6c,d). Since IOB events typically de-
velop following the peak phase of ENSO, these results are
consistent with our regression analysis and previous studies
showing the impact of decaying ENSO events on ISMR
through inducing the IOB mode (Yang et al. 2007; Mishra
et al. 2012; Chowdary et al. 2019).
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The lead–lag correlations for PC3 show that the tripole pat-
tern of ISMR is significantly correlated with both developing
ENSO and IOD events (followed by a lagged correlation with
IOB after SON) in observations (Fig. 6e) and for the India-
only CS-LIM control run (Fig. 6f). Existing studies have
shown that positive IOD events are associated with positive
precipitation anomalies over India, especially over central
India (e.g., Hrudya et al. 2021a), and a similar precipitation pat-
tern as EOF3 can be linked to the impacts of co-occurring
ENSO and IOD events (Ashok et al. 2004; Ummenhofer et al.
2013). For observations, there is a significant negative correla-
tion between PC3 and the previous year (DJF) IOB mode
(dashed black line in Fig. 6e), but the relationship is not statis-
tically significant in the CS-LIM control run (Fig. 6f). Addi-
tionally, by using the CP and EP ENSO indices to replace the
Niño-3.4 index (solid and dashed red lines, respectively, in

Figs. 6e,f), we find that CP ENSO has a stronger impact on the
tripole pattern of ISMR variability than EP ENSO in both ob-
servations and the CS-LIM control run although the difference
is more subtle for the CS-LIM.

2) ANALYSIS OF CS-LIM PROCESS EXPERIMENTS

The regression and correlation analysis in the previous sec-
tion demonstrate that the India-only CS-LIM control run is
able to capture the observed relationships between the lead-
ing three EOFs of ISMR and tropical Pacific and Indian
Ocean SSTAs. We now evaluate the relative contribution of
tropical Indo-Pacific SSTAs to these leading modes of ISMR
by analyzing the results of the India-only CS-LIM process ex-
periments to understand how each isolated forcing acts to en-
hance or reduce the magnitude of ISMR variability (i.e., the

FIG. 6. Correlation coefficients between (top) PC1, (middle) PC2, and (bottom) PC3 of ISMR and each season of the
ENSO (solid black lines), IOB (dashed black lines), and IOD (dot–dashed black lines) indices for (a),(c),(e) observations
and (b),(d),(f) the India-only CS-LIM control run. Correlations between PC3 and the CP and EP ENSO
indices (solid and dashed red lines, respectively) are also shown for (e) observations and (f) the CS-LIM control run.
“Year (0)” indicates the correlation was computed using the seasonal ENSO/IOB/IOD index for the same year
as the ISMR PCs, while “year (21)” indicates the correlation with the previous year ENSO/IOB/IOD index. The
dotted gray lines indicate the threshold for significance at the 95% confidence level for the observed and CS-LIM
ensemble mean correlation coefficients.
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results shown in Figs. 2c,g,k). For each of the India-only CS-
LIM process experiments, we obtain a PC time series for the
leading three modes of ISMR by projecting the CS-LIM con-
trol run EOF patterns (as shown in Figs. 3e–g) onto the JJA
precipitation anomalies over India. We then compute the
standard deviation of the projected PCs for each 70-yr
segment of the India-only CS-LIM process experiments and
determine the ensemble mean standard deviation to quanti-
tatively assess how removing the direct forcing from Pacific
SSTA, the direct forcing from Indian Ocean SSTA, and the
interaction between them each impact the variability of the
leading three EOF patterns of ISMR (Fig. 7). For comparison,
we also include the standard deviation of each PC of ISMR in
observations and the India-only CS-LIM control run and con-
firm that for all three leading modes, the observed standard
deviation is within the range of uncertainty for that of the
CS-LIM control run (blue and orange bars in Fig. 7).

For PC1 of ISMR, which is related to developing ENSO
events, when we remove the direct forcing from Pacific SSTA
onto the monsoon, the ensemble mean standard deviation de-
creases relative to that of the control run but only slightly
(i.e., less than 5%; green bar in Fig. 7a). This decrease agrees
with the enhanced ISMR variability by the Pacific SSTA
found using the CS-LIM with the larger Asian monsoon do-
main (Fig. 2c), and the rather weak decrease partly reflects
our previous results indicating that the direct forcing from
the Indian Ocean and Indo-Pacific interaction are damping
ENSO’s impact on the monsoon. For example, consider a de-
veloping El Niño event in the tropical Pacific which acts to re-
duce ISMR; if the Indian Ocean and Indo-Pacific interaction

are damping this effect, then they would act to enhance ISMR
(i.e., induce a negative EOF1 pattern). Since the standard de-
viation measures the overall variability magnitude (i.e., al-
ways positive), then without the direct forcing from tropical
Pacific SSTA, the Indian Ocean SSTA and Indo-Pacific inter-
action can still contribute to the PC1 variation of the ISMR
EOF1 pattern and thus to the standard deviation of PC1 in
the No P"M experiment. This damping effect of Indian Ocean
SSTA and the Indo-Pacific interaction is further supported by
the significant increase in the ensemble mean standard devia-
tion of PC1 in the No I"M and No P↔I experiments (red and
purple bars in Fig. 7a showing a 14% and 24% increase in the
standard deviation, respectively).

The results for the second mode of ISMR show that for all
three process experiments, the ensemble mean standard devi-
ation of PC2 remains almost unchanged (green, red, and pur-
ple bars in Fig. 7b) relative to that of the control run (orange
bar). This indicates that the variability magnitude of the
EOF2 dipole pattern of ISMR is not controlled by tropical
Indo-Pacific SSTAs at interannual time scales and suggests that
other factors, such as internal monsoon variability (section 2c)
or processes that occur on time scales shorter than seasonal [i.e.,
noise in Eq. (7)], mainly influence the variability of ISMR PC2.
Therefore, the second mode of ISMR is not further discussed in
this study. However, we note that these results are consistent
with Mishra et al. (2012), which showed that the intraseasonal
fluctuations related to the monsoon active and break periods
can also contribute to the interannual variability of the ISMR
EOF2 pattern. Other studies have also found a connection be-
tween tropical Atlantic SSTAs and a similar northeast–southwest

FIG. 7. Standard deviation of ISMR (a) PC1, (b) PC2, and (c) PC3 computed from the JJA monthly precipitation
anomalies (mmmonth21) over India for observations (blue), the India-only CS-LIM control run (orange), and the India-
only CS-LIM process experiments when the direct forcing from Pacific SSTA onto the monsoon is removed (green),
when the direct forcing from Indian Ocean SSTA onto the monsoon is removed (red), and when the Indo-Pacific SSTA
interaction is removed (purple). For the CS-LIM control run and process experiments, the height of the colored bar indi-
cates the ensemble mean standard deviation, and the error bars denote the 10th and 90th percentiles.
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dipole precipitation pattern over India (e.g., Rong et al. 2010;
Syed and Kucharski 2016). Although our current study does not
include SSTA in the tropical Atlantic, our results suggest that it
may be an important consideration for future studies on ISMR
variability.

For the third mode of ISMR, the differences in the standard
deviation of PC3 for each of the India-only CS-LIM experi-
ments (relative to the control run) are similar to those of PC1.
When we remove the direct forcing from the Pacific onto the
monsoon, the PC3 ensemble mean standard deviation de-
creases by about 17% (green bar in Fig. 7c). When we remove
either the direct forcing from the Indian Ocean or the Indo-
Pacific interaction, the ensemble mean standard deviation of
PC3 increases by about 20% for both experiments (red and
purple bars in Fig. 7c). These results suggest that the direct
forcing from tropical Pacific SSTA (Indian Ocean SSTA or
the Indo-Pacific interaction) can enhance (reduce) the vari-
ability of ISMR (as shown in Figs. 2c,g,k) specifically through
impacting the first and third leading EOF modes.

To understand how tropical Pacific and Indian Ocean
SSTAs influence the variability of ISMR PC1 (associated with
developing ENSO events) and PC3 (associated with develop-
ing ENSO and IOD events), we first examine the impacts of
ENSO on ISMR by computing the correlation coefficients be-
tween each 70-yr segment of ISMR PC1 and the correspond-
ing 70-yr segment of the simultaneous boreal summer (i.e.,
JJA) Niño-3.4 index in each of the India-only CS-LIM experi-
ments. For comparison, we also calculated the ENSO–PC1

correlation for observations and for each 70-yr segment of the
India-only CS-LIM control run (Fig. 8a). As expected, when
we remove the direct forcing from the Pacific, the ensemble
mean correlation between ISMR PC1 and ENSO decreases
from r 5 0.3 in the control run (black solid line in Figs. 8a,b)
to near zero (r 5 20.02) in the No P"M experiment (black
dashed line in Fig. 8b). We note that this is also the case for
the correlation between ENSO and PC3 of ISMR (Fig. S2).
These results demonstrate that the enhanced ISMR variability
associated with the direct forcing from the Pacific (i.e., Fig. 2c)
can be largely attributed to ENSO’s direct impacts on the first
and third leading EOFs of ISMR.

However, the relatively weak decrease in the standard de-
viation of PC1 and PC3 in the No P"M experiment (i.e.,
Figs. 7a,c) suggests that ENSO is not the only contributing
factor to these patterns of monsoon rainfall variability. Thus,
in the absence of direct forcing from Pacific SSTA onto the
monsoon, tropical Indian Ocean SSTAs (both independent
and induced by ENSO) as well as internal monsoon variabil-
ity and noise [see section 2c, Eq. (7)] can also contribute to
the variability of the ISMR EOF1 and EOF3 patterns. When we
remove the direct forcing from the Indian Ocean or the Indo-
Pacific interaction, the ENSO–PC1 correlations increase to
r 5 0.52 (70% increase) in the No I"M experiment
and r 5 0.63 (108% increase) in the No P↔I experiment
(Figs. 8c,d). Thus, the effect of these forcings opposes ENSO’s
direct impacts on ISMR. Similar results are obtained for the
ENSO–PC3 correlations (Fig. S2).

FIG. 8. (a) Simultaneous correlation between the JJA Niño-3.4 index and PC1 of ISMR for observations (black
dotted line) and distribution of correlation coefficients between the JJA Niño-3.4 index and PC1 computed for each
70-yr segment of the India-only CS-LIM control run (gray bars). (b)–(d) As in (a), but for the India-only CS-LIM pro-
cess experiment (b) when the direct forcing from the Pacific onto the monsoon is removed, (c) when the direct forcing
from the Indian Ocean onto the monsoon is removed, and (d) when the interaction between the Pacific and
Indian Ocean SSTAs is removed. The black solid and dashed lines indicate the ensemble average correlation coefficient
for the control run and for each process experiment, respectively. The gray solid and dashed lines indicate the 90%
confidence intervals based on each distribution of correlation coefficients.
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The results presented above are further supported by our
analyses for the regression of the peak ENSO and IOD indi-
ces (i.e., NDJ and SON, respectively) onto the preceding
ISMR anomalies for each of the India-only CS-LIM experi-
ments (Fig. 9). When we remove the direct forcing from the
Pacific, ENSO has very weak impacts on ISMR (Fig. 9a),
while IOD is still associated with a similar ISMR tripole pat-
tern as EOF3 (Fig. 9b). This agrees with the relatively small
decrease in the standard deviations of PC1 and PC3 in the No
P"M experiment and emphasizes ENSO’s contribution to
the variability of these EOF patterns. When we remove the di-
rect forcing from the Indian Ocean or the Indo-Pacific coupling,
ENSO has a stronger relationship with ISMR (i.e., larger regres-
sion coefficients) and the spatial patterns show a combination of
EOF1 and EOF3 patterns (Figs. 9b,c), with El Niño (La Niña)
further reducing (enhancing) ISMR relative to that in observa-
tions and the CS-LIM control run (see Fig. S3). On the other
hand, the IOD regression pattern of ISMR resembles that of
ENSO when we remove the direct forcing from the Indian
Ocean onto the monsoon (Fig. 9e). This is because in the No
I"M experiment, ENSO can still trigger co-occurring IOD
events, whereas the direct forcing from the Indian Ocean SSTA
that opposes ENSO’s impacts is removed; therefore, the IOD
effect essentially represents ENSO’s effect and can explain the
increased standard deviation of PC1 and PC3 in this experi-
ment (Figs. 7a,c). These results agree with the coupled model

study of Chowdary et al. (2015), showing that the tropical In-
dian Ocean air–sea coupling acts to oppose El Niño’s impacts
on ISMR both with and without a co-occurring positive IOD
event. When we remove the Indo-Pacific SSTA interaction,
IOD events, which are independent of ENSO in the No P↔I
experiment (see Fig. S4), generate an ISMR pattern similar to
that for No P"M (Fig. 9d), but with ISMR anomalies being
weak or slightly positive over southern India (Fig. 9f).

Overall, these results suggest that IOD events act to enhance
the variability magnitude of ISMR PC1 and PC3 when they oc-
cur independently of ENSO but damp ISMR variability when
they co-occur. Previous studies have discussed the relevant phys-
ical processes for an El Niño–induced positive IOD event to op-
pose the impacts of the developing El Niño on ISMR (e.g.,
Ashok et al. 2004; Ummenhofer et al. 2013). Physically, it is gen-
erally understood that El Niño events impact ISMR through
the zonal shift in the Walker circulation, which results in anoma-
lous subsidence over the Indian monsoon region and decreases
ISMR. Meanwhile, the El Niño–induced anomalous convection
can trigger the development of a positive IOD event in boreal
summer (e.g., Fischer et al. 2005; Schott et al. 2009) by causing
an anomalous wind pattern resembling a strengthened boreal
summer monsoon circulation over the tropical Indian Ocean
(e.g., Saji et al. 1999; Sun et al. 2015). As such, a developing posi-
tive IOD event is associated with southwesterly wind anomalies
over the northwest equatorial Indian Ocean, which provide

FIG. 9. Regression of JJA monthly precipitation anomalies (mm month21) over India onto the following peak
(top) ENSO (NDJ) and (bottom) IOD (SON) indices for the India-only CS-LIM process experiment (a),(d) when
the direct forcing from Pacific SSTA onto monsoon precipitation is removed; (b),(e) the direct forcing from Indian
Ocean SSTA onto monsoon precipitation is removed; and (c),(f) the interaction between Pacific and Indian Ocean
SSTAs is removed. Stippling indicates the regression coefficients are significant at the 99% confidence level.
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enhanced moisture transport over India and act to increase
ISMR (e.g., Ashok et al. 2001, 2004; Ummenhofer et al. 2011,
2013). Therefore, a positive IOD that co-occurs with an El Niño
event damps the El Niño impact, contributing to the reduced
ISMR variability due to the direct forcing from Indian Ocean
SSTA and the Indo-Pacific interaction (Figs. 2c,g). On the other
hand, in the absence of El Niño, independent positive IOD
events can develop through local Indian Ocean air–sea pro-
cesses, which can be triggered by anomalous easterly winds over
the eastern equatorial Indian Ocean (e.g., Hong et al. 2008; Sun
et al. 2015). Thus, without the counteracting effects of El Niño,
these independent positive IOD events result in positive ISMR
anomalies as described above and can contribute to the variabil-
ity of PC1 and PC3 of ISMR. Since ENSO and IOD events do
not co-occur in the No P↔I experiment (see Fig. S4), the oppo-
site impacts on ISMR (as shown by the regression patterns
in Figs. 9e,f) act to enhance the variability of ISMR leading
to the increased standard deviations of PC1 and PC3 in this
experiment (Figs. 7a,c).

To further understand the damping effect of the direct forc-
ing from Indian Ocean SSTA and the Indo-Pacific interaction
on the ISMR–ENSO relationship (as shown in Figs. 9c,e by
the larger ENSO–ISMR regression coefficients for these ex-
periments), we examined ENSO’s amplitude, determined by
the standard deviation of the Niño-3.4 index, and period for
each of the CS-LIM experiments (figure not shown). Our re-
sults showed that the amplitude of ENSO increases for all sea-
sons in the No I"M and No P↔I experiments relative to that
of the CS-LIM control run, and the average length of
El Niño events in the No P↔I experiment is significantly lon-
ger than that of the control run or observations (i.e., about
19 months in No P↔I compared to about 8–10 months in con-
trol run and observation). These results indicate that the direct
forcing from the Indian Ocean and Indo-Pacific interaction
tend to reduce the amplitude and duration of ENSO events
and thus weaken ENSO’s impact on ISMR.

The particular mechanisms regarding how the tropical Indo-
Pacific interaction acts to reduce the amplitude and duration of
ENSO events are not well understood. However, the negative
feedback of El Niño–induced basinwide warm SSTA in the trop-
ical Indian Ocean (i.e., positive IOB) on El Niño has been sug-
gested by some previous studies (e.g., Kug and Kang 2006;
Dayan et al. 2015). The warm SSTA of the IOB, which reaches
its maximum amplitude a few months after the El Niño peak, in-
duces easterly wind anomalies in the western tropical Pacific
which may trigger a quicker transition to La Niña by causing
oceanic upwelling Kelvin waves (Kug and Kang 2006). Since
this negative feedback between ENSO in the tropical Pacific
and the ENSO-induced IOB mode in the tropical Indian Ocean
is effectively removed in the No P↔I experiment, it may con-
tribute to the larger amplitude and duration of ENSO events as
well as the stronger ENSO–ISMR relationship in the No P↔I
experiment. Alternatively, the increased amplitude of ENSO in
the No I"M experiment suggests a potential negative feed-
back mechanism on ENSO through the Indian Ocean’s im-
pacts on the monsoon. A thorough investigation of the role of
Indian Ocean SSTAs and the Indo-Pacific interaction in damp-
ing ISMR variability and the relevant mechanisms is beyond

the scope of our current study but is an interesting topic for
our future research.

4. Summary and discussion

To isolate the impacts of tropical Indo-Pacific SSTAs on
Asian monsoon precipitation variability, especially on Indian
summer monsoon rainfall, we applied a cyclostationary linear
inverse model (CS-LIM). Two observational datasets of monthly
SST and monthly GPCC precipitation were analyzed over the
1950–2019 70-yr period and used to construct the CS-LIM. In
addition to the CS-LIM control run, representing the complete
solution and used to validate the model against observations, a
series of process experiments were performed. These experi-
ments were designed to isolate the individual impacts on the in-
terannual variability of monsoon precipitation due to the direct
forcing from Pacific SSTA, the direct forcing from Indian Ocean
SSTA, and the interaction between them (Table 1). For all ex-
periments, the CS-LIM was integrated forward in time for
70000 years (1000 times the 70-yr observational period). Results
of the model integrations demonstrate that the CS-LIM control
run is capable of reproducing much of the observed patterns of
precipitation variability, including its seasonality, over the broad
Asian monsoon region (Fig. 1). This allowed us to conclude that
it is an effective tool for this study.

Using the results from the CS-LIM process experiments,
we obtained the following principal conclusions regarding the
impacts of isolated tropical Pacific and Indian Ocean SSTAs
on precipitation variability over the Asian monsoon region:

1) The direct forcing from the Pacific enhances Asian mon-
soon precipitation variability over certain regions and sea-
sons, which can be largely attributed to ENSO’s impact
on the monsoon during the different stages of ENSO’s de-
velopment (Figs. 2a–d).

2) Many of those same regions impacted by ENSO exhibit a
reduction in precipitation variability due to the direct
forcing from Indian Ocean SSTAs, which is further rein-
forced by the Indo-Pacific interaction (Figs. 2e–l). This ef-
fect occurs especially over India during the ISMR season
of JJA.

The enhanced ISMR variability due to the direct forcing
from the Pacific and reduced ISMR variability due to the di-
rect forcing from Indian Ocean SSTAs agree with the results
from previous studies. However, the strong damping effect on
ISMR due to the Indo-Pacific interaction is a new result and
was investigated further to consider the tropical Pacific and
Indian Ocean SSTAs impacts on the leading three EOF
modes of ISMR.

We first demonstrated that the CS-LIM control run can suc-
cessfully reproduce the observed EOF patterns of ISMR (Fig. 3)
as well as their observed relationships with tropical Pacific and
Indian Ocean SSTAs (Figs. 4–6). Consistent with previous stud-
ies, we find that the first EOF mode, which is associated with
precipitation anomalies of the same sign over most of the
Indian subcontinent, is related to developing ENSO events in
the tropical Pacific. The second EOF mode of ISMR exhibits
a wet northeast–dry southwest dipole pattern of precipitation
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anomalies over India. It is negatively correlated with the pre-
vious year’s ENSO events and the closely related IOB mode in
observations, as shown by previous studies, and in the CS-LIM
control run. The third EOF mode of ISMR, which is associated
with reduced precipitation over southern and northeastern
India and increased precipitation over the central Indian mon-
soon region, is positively correlated with developing ENSO
and IOD events in both observations and the CS-LIM control
run, consistent with previous studies.

Our results from the India-only CS-LIM process experi-
ments reveal the following conclusions about the impacts
of isolated tropical Pacific and Indian Ocean SSTAs on
ISMR:

1) The enhanced variability of ISMR due to the direct forc-
ing from Pacific SSTA can be largely explained by ENSO’s
direct impacts on the first and third EOFs of ISMR. This is
supported by the reduced standard deviations of ISMR
PC1 and PC3 when we remove the direct forcing from the
Pacific onto the monsoon (Figs. 7a,c) and agrees with the
strongly reduced ENSO–PC1 (Fig. 8b) and ENSO–PC3
(Fig. S2) correlations in the No P"M experiment. How-
ever, the relatively weak decrease in the standard devia-
tions of these PCs, especially for PC1, suggests that without
the direct forcing from ENSO on ISMR, tropical Indian
Ocean SSTA and other forcings still generate variability of
ISMR PC1 (and PC3). For example, positive IOD events
that do not co-occur with El Niño events can induce a nega-
tive EOF1 pattern of ISMR (as demonstrated by the IOD
regression pattern of ISMR in the No P↔I experiment;
Fig. 9f).

2) The reduced variability of ISMR due to the direct forcing
from Indian Ocean SSTA is the result of Indian Ocean
SSTA’s acting to oppose ENSO’s impacts on the first and
third EOFs of ISMR, which is consistent with previous
studies. When we remove the direct forcing from the In-
dian Ocean onto the monsoon, the PC1–ENSO correla-
tion increases (Fig. 8c), and the ENSO regression pattern,
which shows a combined EOF1 and EOF3 pattern, gets
stronger (Fig. 9b). This agrees with the increase in the
standard deviations of PC1 and PC3 in the No I"M ex-
periment (Figs. 7a,c) and can also be explained by the op-
posing impacts from ENSO and ENSO-induced IOD
events, which is effectively removed in this experiment
(Figs. 9b,e).

3) The new results from our study specifically reveal the im-
portance of the tropical Indo-Pacific SSTA interaction in
damping the variability of ISMR. Similar to the results for
the No I"M experiment, the increased standard devia-
tions of PC1 and PC3 can be explained by the Indo-Pacific
interaction opposing ENSO’s direct impacts on ISMR.
This is supported by the increased ENSO–PC1 and ENSO–

PC3 correlations and ENSO’s stronger impacts on ISMR in
the No P↔I experiment (Figs. 8d and 9c). Additionally, we
find that ENSO and IOD events do not co-occur when we
remove the tropical Indo-Pacific interaction, as shown by
the ENSO–IOD correlation being close to zero (Fig. S4).
Thus, the opposite impacts from developing ENSO and

IOD events (Figs. 9c,f), which occur independently, can
increase the variability of PC1 and PC3 in this experi-
ment. Our results also suggest that tropical Indo-Pacific
interaction acts to reduce the magnitude of ENSO and
shorten its period, which may also contribute to the damping
of ISMR variability; however, these results require further
investigation.

While we have demonstrated the ability of the CS-LIM to
capture many of the observed relationships between tropical
Indo-Pacific SSTAs and Asian monsoon precipitation, there
are some limitations in the CS-LIM method. First, the rela-
tively short observation record used to construct the linear dy-
namical operators for each season of the CS-LIM may not be
long enough to accurately capture the full linear dynamics of
the system for investigation of the interannual variability.
This is because the CS-LIM assumes that the dynamics cap-
tured by the linear operators are stationary and thus do not
evolve in time. This may not always be a valid assumption,
as positive and negative phases of multidecadal and longer
time-scale climate variability modes, such as the interdecadal
Pacific oscillation (IPO) and Atlantic multidecadal variability
(AMV), can modulate the ENSO–IOD–monsoon relation-
ships. Indeed, previous studies have identified a shift in the in-
teractions between the tropical Pacific and Indian Ocean, as
well as with the Asian monsoon, around the 1970–80s (e.g.,
Cherchi and Navarra 2013; Chakravorty et al. 2016; Hrudya
et al. 2021b). Our 70-yr observational period from 1950 to 2019,
however, spans both the positive and negative phases of the
IPO and AMO (not shown) and thus may be able to construct
reasonably stationary dynamics of the linear operators, which
can be affected by multidecadal and longer time-scale climate
modes. The increasing atmospheric greenhouse gas concen-
trations and natural external forcings of the climate system
may also affect the stationarity of the linear operators in the
CS-LIM. While insight into the limitation of the short time re-
cord could be addressed by performing similar CS-LIM analy-
sis on model simulations with longer records, such as those
from CMIP6 models with controlled external forcings, one
would have to take into account the added uncertainty due to
model biases.

Despite the limitations, this study reveals the distinct im-
pacts of isolated (i.e., direct forcing from) tropical Pacific and
Indian Ocean SSTAs on Asian monsoon precipitation variability
and offers new insight into how the Indo-Pacific interaction
damps the ISMR variability. These findings may have important
applications for monsoon prediction and predictability. Further
CS-LIM analysis could include exploring the spatial structure of
the noise covariance matrix or eigen analysis of the linear dy-
namical operators. Additionally, the roles played by the SSTA
in the Atlantic Ocean and its interaction with the Indo-Pacific
SSTAs, as well as the decadal and multidecadal variability of
these relationships, deserve a thorough investigation. Successful
simulations of the relationships between the monsoon, ENSO,
and IOD, as well as other modes of climate variability in the
state-of-the-art climate models, are essential for an improved
monsoon prediction, which will benefit our human society. Con-
sequently, investigating how well these tropical SSTA–monsoon
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relationships are represented in CMIP6 models and examining
how they may change under a warming climate over the next
few decades and century are important areas of our future re-
search. Retrospective forecasts constructed from the LIM (e.g.,
following Kido et al. 2023) could also provide useful information
about the prediction skill of monsoon precipitation associated
with the Indo-Pacific SSTA forcings.
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