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Abstract Observations show a fragile linear relationship between South Asian monsoon rainfall and the
Indian Ocean Dipole (IOD), reflecting their complex interactions. Our analysis reveals that both extreme
positive and negative IOD (EXpIOD/EXnIOD) events could enhance rainfall over western South Asia during
August–September, even when ENSO signals are removed. This asymmetric influence arises from moisture
convergence driven by anomalous winds. AGCM simulations indicate that EXpIOD‐related suppressed
convection over the eastern pole induces a westward‐extended Gill‐type anticyclone, whose southwesterlies
reinforce the background monsoon and promote orographic rainfall near the Western Ghats. Contrastingly,
EXnIOD features an eastward‐shifted dipole; positive convection in the east drives a cyclonic circulation that
transports Bay of Bengal moisture westward. This flow converges with cross‐equatorial southwesterlies
generated by the western pole, enhancing rainfall over western India. These results suggest that the pattern
asymmetry between EXpIOD and EXnIOD is a key factor that deserves consideration when assessing IOD‐
monsoon interactions.

Plain Language Summary Summer monsoon rainfall over South Asia (SA) profoundly impacts
regional agriculture and disaster risks. The Indian Ocean Dipole (IOD), whose lifecycle overlaps the monsoon
season, has been widely examined for its nearby influence on SA rainfall. Yet observational evidence suggests
no clear linear correlation between the IOD index and late monsoon rainfall (August–September). Here we
demonstrate that both extreme positive and negative IOD events (EXpIOD/EXnIOD) tend to enhance rainfall
over western SA (WSA), indicating a nonlinear relationship. During EXpIOD, westward‐extended negative
rainfall anomalies over the eastern Indian Ocean trigger an elongated anticyclone, whose southwesterly winds
strengthen the background monsoon flow, advecting moisture intoWSA. In contrast, EXnIOD events feature an
eastward‐shifted dipole pattern, with cyclonic circulation centered over the Bay of Bengal. Anomalous
easterlies transport moisture westward and merge with cross‐equatorial southerlies associated with suppressed
convection over the western Indian Ocean. This confluence drives moisture convergence and rainfall over
WSA. Asymmetric impacts can also be detected in other variables, like soil moisture and surface temperature.
These findings underscore that, beyond the IOD phase, the spatial structure of its SST and rainfall anomalies
effectively modulates the monsoon response and may serve as a valuable predictor for late‐season rainfall
over WSA.

1. Introduction
The Indian Ocean is bounded by vast landmasses to its north, creating a favorable configuration where land–sea
thermal contrast and orographic forcing from surrounding high plateaus together give rise to the vigorous South
Asian monsoon system (Acosta & Huber, 2020; Krishnamurti, 1971; Wu et al., 2012). This imparts pronounced
seasonality to ambient interannual variability (Li et al., 2003; Xiang et al., 2011). During the boreal summer (June
to September, JJAS), the South Asian summer monsoon (SASM) contributes approximately 70%–90% of the
annual rainfall across the Indian subcontinent (Hrudya et al., 2021; Parthasarathy et al., 1994). The lifecycle of the
SASM can be divided into two sub‐seasons: the early season (June–July, JJ) and the late season (August–
September, AS). Studies have indicated that these two sub‐seasons exhibit distinct atmospheric circulation
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patterns and driving mechanisms (Boschat et al., 2011; Kawamura et al., 2005; Kothawale & Kulkarni, 2015;
Terray et al., 2003).

In the same season, the Indian Ocean exhibits another interannual climate mode known as the Indian Ocean
Dipole (IOD), characterized by a seesaw pattern in sea surface temperature anomalies (SSTAs; Saji et al., 1999;
Webster et al., 1999). Positive IOD (pIOD) events feature warmer SSTAs in the western Indian Ocean (WIO) and
cooler SSTAs in the east (EIO), while negative events generally show the reverse pattern. The IOD typically
initiates in JJ, intensifies during AS, and peaks around October (Saji et al., 1999). Given its temporal alignment
and geographic location neighboring the monsoon region, the IOD has been widely studied for its potential in-
fluence on monsoon rainfall (see Cherchi et al., 2021; Hrudya et al., 2021 for reviews). Since the intensities of
monsoon rainfall during JJ and AS are not significantly correlated (Ghosh et al., 2018; Terray et al., 2003), and the
AS season coincides more closely with the mature phase of IOD, this study primarily focuses on the AS period
hereafter.

However, long‐term analyses indicate that the linear relationship between the IOD and SASM rainfall is rather
weak (Ashok et al., 2001; Saji et al., 1999). This relationship is further complicated by the spatial heterogeneity in
monsoon rainfall responses (Behera & Ratnam, 2018). As an illustration, regressing AS mean precipitation
anomalies onto the simultaneous dipole mode index (DMI) yields statistically insignificant results across the
Indian subcontinent (Figure 1a). Nevertheless, case studies have demonstrated that EXpIOD events can enhance
monsoon rainfall over the western Indian Peninsula by inducing anomalous southwesterly winds that transport
moisture inland (e.g., Ratna et al., 2021). Supporting this, the 1994 and 1997 EXpIOD events were linked to
increased precipitation, with the 1997 event partially offsetting the concurrent El Niño‐induced drought condi-
tions (Ashok & Saji, 2007; Gadgil et al., 2004; Ratna et al., 2024). Interestingly, in contrast to EXpIOD events, the
2010 extreme negative IOD (EXnIOD) event was also associated with above‐average monsoon rainfall over
northwestern India and Pakistan (Horii et al., 2013; Priya et al., 2015), suggesting that both EXpIOD and EXnIOD
events may lead to enhanced precipitation, albeit through different mechanisms.

These observations imply that the relationship between the IOD and monsoon rainfall is complex and influenced
by multiple factors. One potential factor is interference from concurrent El Niño–Southern Oscillation (ENSO)
events (Gadgil et al., 2004; Hrudya et al., 2021; Mahendra et al., 2024; Ratna et al., 2024). This study will employ
partial regression analyses and numerical modeling to isolate the effects of ENSO. Another consideration is the
inherent asymmetry between extreme IOD events (Xie, Wang, Zhang, Han, et al., 2025). Specifically, EXpIOD
events often exhibit stronger amplitudes, particularly in the EIO (Hong et al., 2008). Their associated EIO cooling
(and dry anomaly) tends to center off Sumatra and extends further westward (Figure S1a in Supporting Infor-
mation S1). In contrast, the counterpart warming of EXnIOD is confined near Java (Figure S1b in Supporting
Information S1; Xie, Wang, Zhang, Han, et al., 2025). Such asymmetries in amplitude and spatial pattern (Figure
S1c in Supporting Information S1) may disrupt the linear assumptions commonly used to relate IOD phases to
monsoon rainfall. However, the mechanisms by which IOD asymmetry influences SASM rainfall remain inad-
equately understood. India and Pakistan are densely populated, agriculture‐dependent countries, where variations
in rainfall, soil moisture, and temperature exert a strong influence on agricultural production (Gadgil &
Kumar, 2006; Li et al., 2023). Understanding the complex relationship between extreme IOD events and late‐
season monsoon rainfall over western South Asia (WSA) will help improve climate‐informed decision‐making
and enhance the resilience of regional farming systems and livelihoods.

2. Data and Methods
2.1. Observational and Reanalysis Data Sets

To narrow down estimation errors in large‐scale SST and precipitation, we used the averaged data sets of NOAA
Optimum Interpolated SST version 2 (OISSTv2; Huang et al., 2021) and NCEP Global Ocean Data Assimilation
System (GODAS; Behringer & Xue, 2004) for SST, along with the averaged NOAA CPC Merged Analysis of
Precipitation (CMAP; Xie & Arkin, 1997) and Global Precipitation Climatology Project (GPCP; Adler
et al., 2003) data sets for rainfall. The analysis period spanned from 1982 to 2022. Concurrent three‐dimensional
atmospheric variables were provided by the Japanese 55‐year Reanalysis (JRA‐55; Kobayashi et al., 2015). Soil
moisture, converted to water‐height equivalents, was obtained from the CPCMonthly Data set, Version 2 (Fan &
van den Dool, 2004). All anomalies were calculated relative to the monthly climatology over the entire data period
and subsequently linearly detrended.
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2.2. Moisture Budget Analysis

A moisture budget analysis (Trenberth & Guillemot, 1995) was performed to show the dominant processes
driving the asymmetric rainfall patterns associated with EXpIOD and EXnIOD events. For each grid, the
vertically integrated moisture budget, expressed in pressure coordinates, is given by:

Pʹ − Eʹ = − 〈∇ · u h́ q〉 − 〈∇ ·uhqʹ〉 − 〈∇ · u h́qʹ〉 + R, (1)

where angle brackets represent mass‐weighted vertical integration over the entire atmospheric column; P denotes
total precipitation; E is evaporation; uh denotes horizontal winds; q is specific humidity; and R is the residual term.

We further calculated the moisture transport across each boundary of the WSA region (65°–75°E, 10°–30°N; red
box in Figure 1a). Equation 1 can be integrated as follows (Chakraborty & Singhai, 2021):

∫∫(Pʹ − Eʹ) dA = − ∮ 〈u h́ q〉dl
⏟̅̅⏞⏞̅̅⏟

dynamic

− ∮ 〈uhqʹ〉dl
⏟̅̅̅⏞⏞̅̅̅⏟
thermodynamic

− ∮ 〈u h́qʹ〉dl
⏟̅̅̅⏞⏞̅̅̅⏟

nonlinear

+ R, (2)

where l denotes the contour integral along the lateral boundaries of the WSA region.

2.3. Model Simulations

We used the dry linear baroclinic model (LBM;Watanabe & Kimoto, 2000) to demonstrate idealized asymmetric
atmospheric responses induced by the differential rainfall patterns associated with EXpIOD and EXnIOD events.
The model was configured with a T42 horizontal resolution and 20 vertical sigma levels. The background state
was set to the AS mean climatology. The centers of heating were estimated based on the observed rainfall pattern,
with details provided in Text S1 of Supporting Information S1.

We also analyzed large‐ensemble Atmospheric Model Intercomparison Project (AMIP)‐type experiments con-
ducted by the NCAR Community Atmosphere Model version 5 (CAM5), to highlight the deterministic, SST‐
forced SASM rainfall response from additive internal atmospheric variability. In these global AMIP (GOGA)
experiments, the lower boundary conditions were prescribed globally using observed SST and sea ice concen-
tration, along with time‐varying radiative forcing. A total of 60 ensemble members were generated. The analysis
period covers 1982–2014. The ensemble‐mean AMIP results enable attribution of significant rainfall anomalies to
SST forcing, thereby providing a foundation for the subsequent sensitive experiments.

To further isolate the contribution of extreme IOD events from the global SST forcing, particularly to remove the
influence of concurrent ENSO signals embedded in the AMIP simulations, we conducted a set of SST‐forced
sensitive experiments using CAM5. The CAM5 was forced with observed composite SSTAs associated with
EXpIOD and EXnIOD events over the tropical Indian Ocean (40°–120°E, 15°S–15°N; excluding the South China
Sea) from May to the following April. Each sensitive experiment was integrated for 30 years, and the ensemble
mean of the final 20 years was used for analysis. Details of these CAM5 sensitive experiments and an additional
heating prescribed experiment are described in Text S1 of Supporting Information S1.

3. Results
3.1. Characterizing Extreme IOD Events

Given the air–sea coupled nature of IOD and the presence of asymmetries in both oceanic and atmospheric
variables, we performed a multivariate empirical orthogonal function (MV‐EOF) analysis on the AS mean
anomalies of SST and precipitation. Specifically, standardized SST and precipitation anomalies from the same
year were concatenated into a single block matrix and subjected to EOF decomposition. SST and precipitation
fields were then regressed separately onto the resulting principal component (PC) time series to obtain their
respective spatial patterns.

The first leading mode (MV‐EOF1) captures the canonical IOD pattern common to events (Figures 1c and 1e),
with stronger loadings concentrated in the EIO. Physically, this mode reflects the growth of IOD under the
Bjerknes positive feedback (Li et al., 2003; Saji et al., 1999), so that the associated oceanic and atmospheric
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variables show opposite‐signed anomalies between the two IOD phases (i.e., symmetric to phases). Corre-
spondingly, the PC1 is highly correlated with the DMI (R = 0.95) and exhibits comparable positive skewness
(∼+0.54). However, relying on MV‐EOF1 and its associated PC1 can only describe the temporal evolution of a
fixed spatial pattern. They are insufficient to depict spatial differences from the canonical structure that char-
acterize extreme IOD events (Cai et al., 2021; Wang et al., 2024).

The second mode (MV‐EOF2) complements this limitation, featuring a pronounced meridional dipole structure
across the EIO (Figures 1d and 1f). Physically, when the IOD reaches extreme amplitudes (i.e., large |PC1|
values), nonlinear interactions among anomalies become increasingly important. Previous studies have shown
that nonlinear zonal and vertical thermal advection generates additional cooling along the equator and off Sumatra
during both positive and negative extremes (Xie, Wang, Zhang, Han, et al., 2025). Because this nonlinear
advection always acts as a cooling effect, it introduces a phase‐independent asymmetry: during EXpIOD events,

Figure 1. The two leading MV‐EOF modes over the EIO. (a) AS rainfall anomalies (shading; mm day− 1) regressed onto the
DMI. The DMI represents the SSTA gradient between the WIO (50°–70°E, 10°S–10°N) and EIO (90°–110°E, 10°S–0°;
Saji et al., 1999). Only results significant at the 90% confidence level are shown. The red box indicates the region for
subsequent diagnosis. (b) Scatterplot of standardized PC1 and PC2 from the MV‐EOF in phase space, with EXpIOD events
shown as yellow dots and EXnIOD events as purple dots. The fractional variances explained by these twomodes are 67% and
10%, respectively. The nonlinear relationship between PC1 and PC2 is represented by the black fitted curve, with the
quadratic parameter α indicated. (c) MV‐EOF1‐related SSTA (shading; °C) over the EIO, obtained by regressing AS SSTA
onto the PC1 decomposed over the 75°–110°E, 10°S–0° region. This region is selected because significant spatially
asymmetric signals are largely confined to the eastern basin (Figure S1 in Supporting Information S1; Xie, Wang, Zhang,
Han, et al., 2025). Panel (d) As in panel (c), but based on regression onto the PC2. (e), (f) MVEOF‐related rainfall patterns
(shading; mm day− 1), obtained by regressing AS rainfall anomalies onto (e) PC1 and (f) PC2, respectively.
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the enhanced cooling shifts SST anomalies northward and westward (corresponding to the northern negative lobe
of MV‐EOF2), while during EXnIOD events, it suppresses the equatorward expansion of warm anomalies,
confining them to the southeastern sector (corresponding to the southern positive lobe of MV‐EOF2). Similar
nonlinear moisture advection processes also contribute to the spatial separation of anomalous rainfall centers
between EXpIOD and EXnIOD events (Xie, Wang, Zhang, Han, et al., 2025).

The asymmetric behavior of nonlinear advection amplifying during extreme events provides physical support for
the quadratic dependence of MV‐PC2 on MV‐PC1 (Figure 1b). Indeed, PC2 can be approximated by a quadratic
function of PC1:

PC2(t)∗ = αPC1(t)2 + βPC1(t) + γ, (3)

with the fitted PC2* correlating at 0.7 (p < 0.01) with the observed PC2. Based on this characteristic, we define
EXpIOD events (1994, 1997, 2006, 2019) as those with PC1 > +1 standard deviation (s.d.) and PC2 > +0.5 s.d.,
and EXnIOD events (1998, 2010, 2016, 2022) as those with PC1 < − 1 s.d. And PC2 > +0.5 s.d. When both PCs
are positive, as in EXpIOD events, the two leading modes positively superimpose, producing a northward‐ and
westward‐displaced cold SSTA and associated dry conditions off Sumatra (Figure 2a; Figure S1a in Supporting
Information S1). In contrast, during EXnIOD events, characterized by a negative MV‐EOF1 and a positive
MV‐EOF2, the warm and wet anomalies shift southeastward, with centers near Java (Figure 2b; Figure S1b in
Supporting Information S1). This two‐mode classification approach thus unifies the amplitude‐based definition of
IOD extremes with their pattern asymmetry, providing a more comprehensive description of IOD spatial
diversity.

3.2. Asymmetric Impacts on Late‐Summer Monsoonal Rainfall

From a broader perspective, the suppressed EIO convection during EXpIOD events can extend westward beyond
80°E, with its northern boundary reaching close to the equator. Its concomitant enhanced rainfall center appears
over the western basin near 55°E (Figure 2a). The suppressed convection induces a Gill‐type atmospheric
response, generating a pair of anticyclonic circulations to its west (Gill, 1980). The northern branch of this
circulation converges toward the Western Ghats and enhances precipitation over adjacent regions.

By contrast, the atmospheric anomaly pattern associated with EXnIOD events is not a simple mirror image of that
during EXpIOD events. The enhanced convection on the eastern side is mostly confined east of 80°E and remains
about 4° south of the equator, while the suppressed rainfall over the western basin is centered around 65°E
(Figure 2b). The EXnIOD heating induces a Gill‐type anomalous cyclone centered over the Bay of Bengal (BoB)
and simultaneously excites a Rossby wave train, leading to the development of a mid‐tropospheric high‐pressure
anomaly over the Tibetan Plateau (Li & Mu, 2001; Xu et al., 2023). Under the established pressure gradient,
strong easterlies form on the northern flank of the cyclone, transporting moisture westward along the Indo‐
Gangetic Plain (Singh et al., 2022). As a result, EXnIOD events also correspond to significantly enhanced
rainfall over WSA.

In the composite asymmetry field, the most prominent features are a meridional dipole of rainfall anomalies over
the EIO, reminiscent of MV‐EOF2, and increased rainfall anomalies over WSA (Figure 2c), including Gujarat,
Rajasthan, Maharashtra, Punjab, and Sindh (Figure S2a in Supporting Information S1). This distinct phase‐
independent asymmetry appears to weaken the linear relationship between DMI and Indian monsoonal rain-
fall. When the quadratic PC2* component is removed from the original precipitation anomalies (Dommenget
et al., 2013):

Prŕes(x,y, t) = Próri(x,y, t) − k(x,y) × PC2∗(t), (4)

where k(x,y) represents the local regression coefficient at each gridpoint, the composite asymmetry in WSA
rainfall disappears along with the spatial asymmetry between EXpIOD and EXnIOD patterns (Figure S3 in
Supporting Information S1). This result implies a potential linkage between the two asymmetric features. In
contrast, when PC2* is replaced by the Pacific Niño3.4 index, those asymmetric rainfall signals remain evident
(Figure S4 in Supporting Information S1), suggesting that it is intrinsic to extreme IOD events rather than being
induced by ENSO, and thus warrants further investigation.
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Imprints of rainfall asymmetry are also significant in the asymmetric responses of other relevant variables.
Accordingly, an upper‐tropospheric meridional dipole in velocity potential emerges over the EIO, along with a
pronounced divergence center over WSA (Figure 2d). Increased rainfall leads to locally enhanced soil moisture
(Figure 2e). In addition, the accompanying increase in cloud cover reduces incoming shortwave radiation and
thereby weakens radiative heating at the surface. Combined with the enhanced latent cooling effect from
increased evapotranspiration due to higher soil moisture (Seneviratne et al., 2010), these processes result in a cold
near‐surface air temperature anomaly over WSA (Figure 2f).

Previous research indicates that moderate rainfall increases can boost pearl millet production in India, especially
in the northwestern states of Rajasthan, Gujarat, and Maharashtra (Reddy et al., 2013; Singh et al., 2017). On
average, this is reflected in nationally elevated millet production during both EXpIOD and EXnIOD years
(Figures S2b and S2c in Supporting Information S1). In contrast, for the climatically drier Pakistan, excessive
rainfall tends to trigger flooding, adversely affecting rice production in key producing regions such as Punjab and
Sindh (Abbas & Mayo, 2021; Rehman & Ahmad, 2022). Consequently, extreme IOD years are associated with
reduced rice output in Pakistan on average (Figure S2b and S2d in Supporting Information S1).

3.3. Mechanisms: Asymmetric Moisture Transport Linked to Extreme IOD Rainfall Patterns

Moisture budget analysis over WSA (red box in Figure 3) reveals that, for both EXpIOD and EXnIOD events
(Figures 3a and 3d), the dominant contributor to enhanced precipitation during the late SASM season is the

Figure 2. Asymmetric components of atmospheric variables during extreme IOD events. (a) Composites of AS rainfall anomalies (shading; mm day− 1) and 850‐hPa
winds anomalies (vectors; m s− 1) during EXpIOD years. Significant values at the 90% confidence level based on the t‐test are stippled by white dots. The vectors
significant at the 90% confidence level based on the t‐test are shown in bold black. Panel (b) As in panel (a), but for EXnIOD years. (c) Asymmetric rainfall component
between (a, b), defined as the sum of the EXpIOD and EXnIOD composites (i.e., EXpIOD+ EXnIOD). Significant values at the 90% confidence level based on aMonte
Carlo resampling method (see Text S2 in Supporting Information S1) are stippled by white dots. (d) Spatially asymmetric component of 200‐hPa velocity potential
(shading; 106 m2 s− 1) and divergent wind (vectors; m s− 1) during extreme IOD events. Note that since the velocity potential satisfies the global mean of zero, its values
are not solely determined by local divergence. Therefore, significance testing is not performed on it. Instead, our focus here is on its gradient (i.e., the divergent winds).
Panels (e, f) As in panel (d), but for (e) soil moisture anomalies (mm), and (f) anomalous temperature at 2 m (°C).
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convergence of climatological moisture by anomalous horizontal winds, represented by the term − 〈∇ · u h́ q〉.
Spatially, this term closely mirrors the distribution of rainfall anomalies (Figures 3c and 3f). In contrast, the
secondary term—the convergence of anomalous moisture advected by the mean wind (− 〈∇ · uhqʹ〉)—plays an
opposite role in EXpIOD and EXnIOD events, as q′ varies in phase with SSTAs in the WIO, which are largely
symmetric across opposite IOD phases (Figure S5 in Supporting Information S1). This result raises a new
question: why does anomalous wind‐driven moisture transport consistently result in convergence over WSA for
both extreme phases? To address this, we shift the perspective from gridpoint‐based moisture budget analysis
Equation 1 to examining moisture transports across the lateral boundaries of the diagnosed region Equation 2.

Figure 3. Moisture budget analysis and LBM experiments for EXpIOD and EXnIOD events. (a) Moisture budget terms (mm day− 1) for EXpIOD over the region
65°–75°E, 10°–30°N (red box in Figure 3c; Equation 1). (b) Net moisture transport into the diagnosed region across the eastern (TE), western (TW), southern (TS), and
northern (TN) boundaries (10

7 kg s− 1), calculated from the dynamic term. The results based on the full form of Equation 2 are presented in Figure S6 of Supporting
Information S1. (c) Moisture flux anomalies induced by anomalous winds (uh́ q; vectors; 106 kg m− 1 s− 1) and their convergence (shading; mm day− 1) during EXpIOD
events. Significant values at the 90% confidence level based on the t‐test are indicated by white stippling. Panels (d–f) As in panels (a–c), but for EXnIOD events.
(g) Responses of 850‐hPa winds (vectors; m s− 1) and 200‐hPa velocity potential (shading; 106 m2 s− 1) in the LBM experiment forced by idealized diabatic heating over the
EIO during EXpIODs. Panel (h) As in panel (g), but forced by diabatic heating over both the WIO and EIO during EXpIODs, indicating that the EIO dominates the
responses. Panel (i) Same amplitude as in panel (g), but the diabatic heating is shifted eastward and southward to 85°–115°E, 12°–2°S (EIO*). (j) Responses of 850‐hPa
winds (vectors; m s− 1) and 200‐hPa velocity potential (shading; 106 m2 s− 1) in the LBM experiment forced by diabatic heating over the EIO during EXnIODs. Panel (k) As
in panel (j), but forced by diabatic heating over theWIO during EXnIODs. (l) Combined response of EIO andWIO. In panels (g–l), blue and red contours represent regions
of negative and positive diabatic heating imposed in the LBM, respectively, with contours spaced at intervals of 0.9 K day− 1.
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The results indicate that moisture transports and their asymmetry are primarily governed by the dynamic term. In
contrast, the thermodynamic component contributes nearly symmetrically between phases and is of much smaller
magnitude, while the nonlinear term is negligible (Figure S6 in Supporting Information S1). During EXpIOD
events, moisture inflow through the southern and western boundaries exceeds the outflow through the eastern
boundary, resulting in net moisture accumulation (Figure 3b). This accumulation is closely tied to the anticyclonic
Gill‐type response north of the equator (Figure 3c). The southwesterly anomalies associated with this anticyclone
align with the climatological monsoon flow, effectively transporting moisture‐laden air through the southern and
western boundaries. As these southwesterlies encounter the Western Ghats and are blocked from further eastward
movement by the Himalayas, the airflow is forced upward by orographic lifting, leading to enhanced precipitation
along the windward slopes.

This mechanism is broadly consistent with previous case attribution studies (e.g., Ratna et al., 2021). However,
we further emphasize the key role of the westward‐extended rainfall suppression during EXpIOD events in
anchoring low‐level convergence over western India. This is supported by LBM sensitive experiments: when the
imposed heat source mimics the westward‐extended precipitation anomaly pattern observed during EXpIODs, the
resulting anticyclonic circulation extends westward into the WIO and induces strong westerly flow toward the
Indian subcontinent (Figures 3g and 3h). In contrast, when the heat source with the same amplitude is confined
eastward and southward, resembling a moderate pIOD, the resulting anticyclone is centered over the BoB
(Figure 3i), and the westerly flow over the Arabian Sea is substantially weaker, failing to generate strong oro-
graphically forced convergence.

During EXnIOD events, moisture inflow from the eastern and western boundaries of the diagnostic region ex-
ceeds outflow to the south, resulting in a net moisture surplus (Figure 3e). Spatially, the easterly flow transporting
moist air from the BoB veers southward along the western flank of the Indian subcontinent. As a result, there is no
apparent outflow across the western boundary. Moreover, this northerly flow merges with cross‐equatorial
southerlies near the southern tip of India to form westerlies roughly parallel to the region's southern boundary,
thereby further reducing southward outflow (Figure 3f).

To understand why the anomalous wind field takes this configuration during EXnIOD events, we conducted a
series of idealized LBM experiments. First, prescribing diabatic heating solely over the EIO reproduces a cyclonic
Gill‐type response (Figure 3j). Because the heat source is positioned relatively eastward and southward, the
cyclone is centered over the BoB, and its northern flank generates easterlies that spread across the Indian sub-
continent (Figure 3j). Nevertheless, this setup alone cannot fully account for the observed weak moisture outflow
(Figure 3f).

A key structural difference during EXnIOD is that the western pole of the dipole pattern is shifted eastward
compared to EXpIOD. When diabatic cooling associated with the western pole is imposed in the LBM, it triggers
an anticyclone and cross‐equatorial southwesterlies that develop northward toward the Indian subcontinent
(Figure 3k). These winds partially offset the easterly anomalies induced by the eastern pole convection and help
steer the low‐level flow back toward the EIO (Figure 3l), thereby limiting moisture export through both the
southern and western boundaries. When diabatic forcing from both poles is combined, the simulated wind
matches the observed pattern (Comparing Figure 3l with Figure 3f). Therefore, the eastward‐shifted rainfall
dipole accounts for the distinctive winds during EXnIOD and promotes moisture convergence over WSA.

3.4. SST‐Forced Numerical Model Validation

The contrasting rainfall patterns between EXpIOD and EXnIOD events are related to differences in their
respective SSTA structures. To overcome the limitation of insufficient observational samples and to demonstrate
that the response to SST forcing can emerge above atmospheric internal variability, we turn to AGCM experi-
ments for support.

In the GOGA experiment, both EXpIOD and EXnIOD events are associated with enhanced rainfall over WSA.
For EXpIOD events, the anomalous rainfall is primarily attributed to the anticyclonic circulation that supplies
abundant moisture and convergence over the Indian Peninsula (Figure 4a). In contrast, during EXnIOD events,
the enhancement is related to a broad cyclonic anomaly over the BoB. Its consequent easterly winds merge with
cross‐equatorial southerlies to produce moisture convergence (Figure 4b). The most prominent signal in the
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asymmetric rainfall component is a meridional dipole over the central to EIO, accompanied by positive anomalies
over WSA (Figure 4c).

To further isolate the effect of Indian Ocean SST forcing, an experiment (IO‐only) was conducted by prescribing
only the observed composite SSTAs associated with EXpIOD and EXnIOD events. Results show that EXpIOD
induces suppressed convection over the EIO that extends more westward and reaches close to the equator
compared with negative events, while EXnIOD corresponds a dry anomaly in the WIO that is shifted farther
eastward, both consistent with observations (Figures 4d and 4e). Consequently, in the IO‐only experiment,
EXpIOD enhances rainfall over WSA via a Gill‐type anticyclonic circulation, while EXnIOD achieves similar
effects through the confluence of easterly anomalies across the Indian subcontinent and cross‐equatorial flows.

Figure 4. Comparison between CAM5 GOGA and IO‐only experiments. (a) Composite AS mean rainfall anomalies (shading; mm day− 1) and 850‐hPa wind anomalies
(vectors; m s− 1) during EXpIOD events in GOGA simulations. Significant values at the 90% confidence level based on the Student's t‐test are stippled by white dots.
Panel (b) As in panel (a), but for EXnIOD events. (c) Asymmetric component of rainfall anomalies, defined as the sum of (a, b). (d) Differences in AS mean rainfall
(shading; mm day− 1) and 850‐hPa winds (vectors; m s− 1) between the EXpIOD IO‐only experiment and the control run of CAM5. Significant values at the 90%
confidence level based on the Student's t‐test are stippled by white dots. Panel (e) As in panel (d), but for the EXnIOD IO‐only experiment. (f) Asymmetric component of
IO‐only‐simulated rainfall anomalies (shading; mm day− 1), computed as the sum of (d, e). (g, h) Schematic diagrams illustrating the asymmetric SASM rainfall
response induced by EXpIOD and EXnIOD.
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The IO‐only results confirm that Indian Ocean SST forcing alone can induce an asymmetric SASM rainfall
response, and the associated rainfall anomalies closely resemble those in the GOGA experiment (Figure 4f).

Because the GOGA experiment is forced with global SST, the effects of co‐occurring ENSO signals are inher-
ently included—EXpIOD events often coincide with El Niño, while EXnIOD events tend to co‐occur with La
Niña (Xie, Wang, Zhang, & Chen, 2025; Xie, Wang, Zhang, Han et al., 2025). A comparison between the GOGA
and IO‐only experiments reveals the modulation effect of ENSO on SASM rainfall. Rainfall over WSA in
Figure 4a is weaker than in Figure 4d, whereas rainfall in Figure 4b is stronger than in Figure 4e. This indicates
that El Niño tends to suppress, while La Niña tends to enhance, concurrent monsoon rainfall, consistent with the
well‐known negative correlation between ENSO and SASM (e.g., Ashok et al., 2001). These results further
suggest that the influence of ENSO on SASM rainfall is basically linear, while the relationship between extreme
IOD events and SASM rainfall exhibits a pronounced nonlinearity.

4. Conclusions and Discussion
4.1. Conclusions

In this study, we identify a pronounced pattern asymmetry between EXpIOD and EXnIOD events during the late
SASM season. This asymmetry manifests as a meridional dipole in SST–rainfall anomalies over the central–EIO
(i.e., MV‐EOF2), along with a nonlinear relationship between the leading two PCs. This means a more
northwestward‐displaced EXpIOD anomalous centers and a more southeastward‐shifted EXnIOD centers.
Composite analyses reveal that, beyond spatial differences in tropical centers, both EXpIOD and EXnIOD events
are associated with enhanced rainfall over WSA, and this asymmetric rainfall response is also reflected in
divergent winds, soil moisture, and surface air temperature.

The common underlying mechanism lies in the convergence of moisture induced by anomalous horizontal winds
(− 〈∇ · u h́ q〉). Specifically, during EXpIOD events, the negative rainfall anomalies in the EIO are located closer to
the equator and extend farther west, generating a westward‐expanded Gill‐type anticyclonic response. The
resulting low‐level southwesterly anomalies transport abundant moisture toward WSA (Figure 4g). In contrast,
during EXnIOD events, the eastern‐pole rainfall anomalies are positioned farther east and south, while the
western pole also shifts eastward. This leads to a cyclonic Gill‐type response centered over the BoB, with
easterlies on its northern flank transporting moisture westward. These flows merge with cross‐equatorial
southwesterlies linked to the western pole, again promoting moisture convergence over the region (Figure 4h).
Thus, the spatial asymmetry of extreme IOD events leads to asymmetric circulation and convergence patterns,
which in turn result in their asymmetric influence on SASM rainfall.

4.2. Discussions

This asymmetric rainfall response provides a potential explanation for the weak or insignificant linear correlation
often observed between traditional IOD indices (e.g., DMI or MV‐EOF PC1) and SASM rainfall (Figure 1a).
Because both EXpIOD and EXnIOD tend to enhance monsoon rainfall, their effects cancel out in linear re-
gressions (Figure 1a). Moreover, when isolating events with modestly positive PC1 (PC1 > 0.25 s.d.) and notably
negative PC2 (PC2 < − 0.5 s.d.)—corresponding to some moderate pIOD events (1982, 1987, 1999, 2003, 2015,
and 2018; Cai et al., 2021; Wang et al., 2024)—we find that their rainfall anomaly pattern resembles the reversal
of MV‐EOF2 (Figure S7a in Supporting Information S1), especially after regressing out the influence of MV‐
EOF1 (Figure S7b in Supporting Information S1). These moderate pIOD events exhibit suppressed rainfall
west of Java, accompanied by positive anomalies to the north and west, indicating a southeastward contraction of
rainfall suppression and enhanced rainfall over the central Indian Ocean compared to EXpIOD. Interestingly, this
dipole pattern is associated with reduced rainfall over WSA (Figures S7a and S7b in Supporting Information S1).

Recall that the positive phase of MV‐EOF2 (Figure 2c) is associated with increased rainfall over WSA, while the
negative phase corresponds to reduced rainfall (Figure S7b in Supporting Information S1). This pattern suggests a
potentially linear relationship between MV‐EOF2 and WSA rainfall variability. Further supporting this, a cor-
relation between the regional mean rainfall over WSA and full‐field rainfall anomalies (after removing ENSO
effects) yields a dipole‐like pattern resembling that of MV‐EOF2 (Figure S7c in Supporting Information S1). This
indicates that MV‐EOF2 effectively captures IOD‐related WSA rainfall variability that is independent of the
ENSO signal.
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Furthermore, when diabatic heating anomalies derived from MV‐EOF2 rainfall structures are imposed on the
climatological heating profile in CAM5 (Text S1 in Supporting Information S1), the model reproduces enhanced
rainfall over WSA, confirming the physical relevance of MV‐EOF2 to monsoon rainfall variability (Figure S8 in
Supporting Information S1). Taken together, our findings highlight that the importance of considering not only
IOD polarity but also the spatial configuration of SST and rainfall anomalies when using the IOD as an
explanatory factor of SASM variability.
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