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Abstract The Indian summer monsoon (ISM) is intricately linked to the El Nifio-Southern Oscillation
(ENSO) on interannual timescale. Although previous studies have explored ENSO's effects on the ISM, the
reverse influence, particularly under global warming, remains unclear. This study examines the projected
changes in the ISM's impacts on ENSO under the SSP5-8.5 emission scenario using 34 climate models from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) that reasonably simulate the monsoon's effects on
ENSO. A significant spread is found in the projections across the models, with approximately half of the models
projecting an enhancing influence of ISM on ENSO, whereas the other half indicates a weakening effect. The
intermodel spread is primarily associated with the projected changes in the strength of the feedback between
precipitation and low-level circulation over the tropical northwest Pacific, which is crucial for generating ISM-
induced anomalous circulation over the region. Models projecting an enhanced precipitation-circulation
feedback simulate larger ISM-driven rainfall and circulation anomalies over the tropical northwest Pacific in a
warmer climate, leading to more pronounced zonal wind anomalies near the equator along the southern side of
the anomalous circulation and vice versa. As a result, the larger zonal wind anomalies caused by abnormal
monsoons exert intensified effects on the subsequent ENSO evolution by significantly suppressing or
amplifying the atmosphere-ocean coupling processes related to ENSO development.

Plain Language Summary The Indian summer monsoon and the El Nifio-Southern Oscillation
(ENSO) are two important climate systems that drastically influence regional and global climate variations.
Their interaction contributes significantly to the year-to-year variability of both the systems and their climate
impacts. The responses of ENSO and its influences on monsoon to global warming have been investigated
extensively; however, the potential changes in the monsoon's impacts on ENSO are less understood. In this
work, 34 climate models within the Coupled Model Intercomparison Project Phase 6 are analyzed to investigate
how the monsoon's effects on ENSO may change in a warmer future. Results reveal a large diversity in the
projections across the models. About half of these models simulate that the monsoon will exert stronger effects
on ENSO evolution under global warming, but the rest suggest an opposite change. This variation among
models mainly results from the differences in how they project the changes in the strength of feedback between
precipitation and low-level circulation over the tropical northwest Pacific. This finding is helpful for enhancing
our understanding of the uncertainties in future projections of ENSO-monsoon relationships.

1. Introduction

The Indian summer monsoon (ISM) is a crucial component of the broader Asian summer monsoon system. It
brings substantial moisture to India and surrounding regions, significantly affecting the livelihoods of billions of
people and the economic progress in many countries (Chowdary et al., 2021; Fang et al., 2024; S. Yang
etal., 2024). The interannual variation of the ISM is closely linked to the El Nifio-Southern Oscillation (ENSO), a
coupled atmosphere-ocean phenomenon in the tropical Pacific that significantly influences regional to global
climate (J. Chen et al., 2024; S. Yang, Li, et al., 2018; Zhang et al., 1996). ISM rainfall typically becomes below
average during the El Nifio developing summer while it tends to be above normal during La Nifia events (Ras-
musson & Carpenter, 1983; B. Wang et al., 2001; Webster & Yang, 1992), leading to a negative simultaneous
correlation between monsoon and ENSO (Kumar et al., 1999; Yasunari, 1990). The anomalous sea surface
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temperatures (SST) warming in the equatorial central-eastern Pacific associated with El Nifio can trigger an
anomalous Walker circulation, which induces anomalous downward motions and thus reduces rainfall over India
(Ju & Slingo, 1995; Kumar et al., 2006).

The influences of ISM on ENSO have also been discussed previously (e.g., Nigam, 1994; Webster & Yang, 1992;
Yasunari, 1990; S. Yang, Deng & Duan, 2018). The strongest negative lagged correlation between ENSO and
ISM rainfall is observed when ENSO SST anomalies follow the ISM rainfall by 3—6 months, implying a potential
role of anomalous ISMs in modulating the following ENSO evolution (Lau & Yang, 1996; Webster &
Yang, 1992; Yasunari, 1990). Additionally, it has been argued that a weak ISM can promote the development of
El Nifio events and inhibit that of La Nifia events, whereas a strong ISM tends to have an opposite effect (Lin
et al., 2023; R. Wu & Kirtman, 2003). These findings from statistical analyses align with the results of sensitivity
experiments conducted using simple or fully coupled models (Chung & Nigam, 1999; Kirtman & Shukla, 2000;
Lin et al., 2023; Meehl, 1997; Nigam, 1994). Lin et al. (2023) shed further light on the physical mechanisms
underlying the monsoon's effects on ENSO evolution. A strong monsoon can lead to reduced rainfall and
anomalous anticyclonic circulation over the tropical northwest Pacific (NWP). The anomalous easterly wind on
the southern side of the anticyclonic circulation can influence the subsequent ENSO development via triggering
upwelling Kelvin waves and westward movement of cold seawater.

The changes in ENSO-ISM relationship in response to global warming have been widely examined; however, a
consensus has yet to be achieved. Based on observational data sets, previous studies have found a considerable
weakening in the simultaneous correlation between the ISM and ENSO after the 1970s (Kinter et al., 2002; Kumar
et al., 1999) followed by a clear restoration of this relationship since 2000 (X. Yang & Huang, 2021). However,
the limited length of observations makes it difficult to determine whether these changes are driven by internal
variability or anthropogenic forcing. Climate models have been utilized to explore how the ENSO-ISM
connection might change under global warming. For instance, Annamalai et al. (2007), using CMIP3 models
that successfully simulated the lead-lag correlation between ISM and ENSO, showed that although both the mean
state and the interannual variability of ISM rainfall were expected to increase under CO, doubling scenarios, the
ENSO-monsoon linkage was not projected to diminish as global temperatures rise. In contrast, several studies
analyzing experiments of high emission scenarios in CMIP5 models (Li & Ting, 2015) or the idealized 1pctCO2
experiment of the NCAR climate model (Goswami & An, 2022) have indicated a potential weakening of the
simultaneous correlation between ENSO and ISM. However, Aneesh and Bédai (2024) argued that the changes in
this correlation were not robustly modeled at the end of the 21st century resulting from the diverse changes in
ENSO amplitude among the CMIP models. These studies highlight the ongoing debate regarding how the ENSO-
ISM relationship will respond to a warmer climate with a primary focus on the ENSO impacts on ISM. However,
how the ISM influences ENSO under global warming remains underexplored. Investigating the potential changes
in the monsoon's impact on ENSO may help clarify the uncertainties in projections of their relationship.

This study utilizes 34 CMIP6 models that exhibit reliable performance in capturing the impacts of ISM on ENSO
to investigate the projections of ISM influences on ENSO under global warming and to identify the major causes
of the intermodel spread in these projections. The structure of this paper is as follows: the data sets and meth-
odology are presented in Section 2. Section 3 investigates the projected changes in the ISM's impacts on ENSO
under global warming, and the primary cause of intermodel uncertainty in the projections is examined in Section
4. Section 5 provides conclusions and discussion.

2. Data and Methods
2.1. Data Sets

This study uses the monthly mean outputs from the historical and shared socioeconomic pathway 5-8.5 (SSP585)
simulations of 40 CMIP6 models (Eyring et al., 2016) as summarized in Table S1 in Supporting Information S1.
The first realization (“r1ilp1f1”) is analyzed for the majority of the models while using alternative realizations in
the models where “rlilp1f1” is not available for the historical or SSP585 simulations (Table S1 in Supporting
Information S1). To ensure an adequate sample size for the composite analysis, a long period of historical
simulations (1900-2014) is analyzed and defined as the historical climate, whereas the SSP585 simulations
covering 2015 to 2099 are considered projections of a future warmer climate. All model outputs are re-gridded
into a uniform 2.5° X 2.5° horizontal resolution. Monthly observational data sets are employed to evaluate model
performance, including the monthly SST data of the Hadley Center Sea Ice and SST (HadISST), with a 1° X 1°
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resolution spanning 1870—present (Rayner et al., 2003), and the all-India monthly rainfall (AIMR) provided by
the Indian Institute of Tropical Meteorology from 1871 to 2016 (Parthasarathy et al., 1994).

2.2. Methods

Anomaly fields are derived by removing the linear trend and climatological seasonal cycle and then filtered using
a sixth-order 4-108 months Butterworth band-pass filter to isolate interannual variability. The anomaly fields in
both the historical and SSP585 simulations are calculated with reference to the climatology of the respective
experiments. ENSO intensity is measured by the Nifio3.4 (170°W-120°W, 5°S-5°N) SST anomaly in both
observations and CMIP6 models. Seasonal mean AIMR during June—September (JJAS) is utilized to depict the
observed ISM variability, and the JJAS-mean rainfall anomaly averaged over the region of 70°E—90°E, 10°N—
30°N is applied to denote the monsoon rainfall variation in the CMIP6 models. The statistical significance of
regression and correlation coefficients is calculated based on the Student's #-test. Following previous studies (Lin
et al., 2024a; Power et al., 2012), the multimodel ensemble mean (MME) of changes in variable anomalies is
deemed significant when more than 68% of the models exhibit the same sign as the MME.

Following the prior studies (Lin et al., 2023, 2024b; R. Wu & Kirtman, 2003), a conditional classification
approach is applied to depict the ISM's effects on ENSO evolution. By comparing the JJAS mean Nifio3.4 index
with its 0.43 standard deviation (STD), specific years are determined as El Nifio, La Nifia, or ENSO-neutral years,
respectively. Likewise, we determine whether an ISM year is anomalous or normal by comparing the JJAS-mean
monsoon rainfall anomaly to its STD. A threshold of 0.43 STD is applied to ensure that the three categories for
both ENSO and ISM years contain nearly equal numbers of events, since the Nifio3.4 index and ISM rainfall
anomalies exhibit a roughly normal distribution with a mean of zero. Using this conditional framework, El Nifio
(La Nifia) years are further grouped by their co-occurrence with a strong, weak, or normal monsoon, defined as
EN (LN)-Wet, EN (LN)-Dry, and EN (LN)-Nor years, respectively (Table S2 in Supporting Information S1).
Comparing the composite values of ENSO years coinciding with a weak or strong ISM and those with a normal
ISM highlights the potential impacts of monsoon on ENSO. We also perform the same classification and com-
posite analyses based on the December—February Nifio3.4 index with the primary results remaining consistent.

It has been reported that some CMIP6 models fail to simulate the significant impacts of ISM on ongoing ENSO
evolution (Lin et al., 2024b). Following Lin et al. (2024b), we evaluate the ability of 40 CMIP6 models to
represent the correlations between JJAS ISM rainfall and the monthly Nifio3.4 index during the following OND
by comparing the values in observations and the historical simulations (Figure S1a in Supporting Information S1).
Although most CMIP6 models simulate weaker ISM-ENSO correlation compared to observations, 34 models
show statistically significant correlations at the 99% confidence level and are thus classified as good-performance
models (GPMs). By contrast, the remaining six models fail to simulate a significant negative correlation with two
even simulating an opposite sign. We refer to these 6 models as bad-performance models (BPMs). The GPMs
successfully simulate the general characteristics of the evolution of lagged correlations between the Nifio3.4
index and ISM rainfall (Figure S1b in Supporting Information S1). That is, the strongest negative correlation
appears in the OND following the monsoon season. By contrast, the BPMs show poor skill in reproducing the
timing of the ENSO-ISM association.

To further examine the performance of GPMs and BPMs in representing the ISM's impacts on ENSO evolution,
we analyze the monthly evolution of Nifio3.4 index during the categorized ENSO events (Figure S2 in Supporting
Information S1). Indeed, the GPMs reasonably reproduce the influence of abnormal monsoons on the following
ENSO development. A weak monsoon tends to strengthen the development of an ongoing El Nifio event while to
weaken that of a La Nifia event, whereas a strong monsoon shows opposite features. In contrast, the BPMs show
much smaller differences in wintertime Nifio3.4 index between ENSO events accompanied by an abnormal
monsoon and those with a normal monsoon. A weak monsoon even exerts reversed influences on ENSO
compared to the observations. Overall, these results indicate that the 34 CMIP6 models can reproduce the effects
of ISM on subsequent ENSO progress, whereas the remaining six models fail to do so. To lessen the potential
effect of model biases on future projections, we focus on the 34 models with relatively good performance to
investigate the projected changes in the ISM's impacts on ENSO.

To quantify the projected change in influences of ISM on subsequent ENSO evolution, we define an index based
on the composite differences in SST anomaly between ENSO events coinciding with an abnormal monsoon and
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Projected Changes in the ISM’s Impact on ENSO
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Figure 1. Projected changes in the strength of ISM impact on ENSO in the 34 CMIP6 models (units: °C), which are
represented by changes in the monsoon-impact index. The red and blue bars highlight 12 models with the most significant
positive and negative changes, categorized as strengthening-impact models and weakening-impact models, respectively.

those with a normal monsoon. For simplicity, the symmetric effects of the weak and strong monsoons on ENSO
are considered. This index, referred to as monsoon-impact index (MII), is formulated as follows:

1
MII = Z * ((SSTAEN—Dry - SSTAEN—N()r) + (SSTAEN—N(Jr - SSTAEN—Wet) + (SSTALN—Dry - SSTALN—N()r)
+ (SSTA v—nor — SSTA [ N—wer))s
which is further simplified as

(SSTApn—pry = SSTAgN—wer) + (SSTArn-pyy = SSTALN_yer)
2 >

MII =

where the SSTAgy _ p,, tepresents the October-December (OND) mean Nifio3.4 SST anomaly in EN-Dry years
and so on. The larger the index, the stronger the monsoon's influence on the following ENSO SST anomalies, and
vice versa. It should be emphasized that, because the MII only considers the symmetric feature of the monsoon's
impact on ENSO, it may be misleadingly similar in mathematical form to a simpler index, which is based on the

SST anomaly difference between weak and strong monsoon events (i.e., SSTAp,, minus SSTA,,). However,

wet
there is a fundamental distinction between the two. The difference between dry and wet monsoon years inherently
includes a significant portion of ENSO signals (i.e., resembling La Nifia minus El Nifio), thus making it difficult
to isolate the component of anomalies attributable to the monsoon (Lin et al., 2023; R. Wu & Kirtman, 2003). In
contrast, the conditional approach facilitates a more precise separation of the anomalies induced by the ISM under

El Nifio and La Nifia conditions, thereby providing a clearer depiction of the monsoon's influence on ENSO.

3. Results
3.1. Intermodel Spread in the Projections of ISM's Effects on ENSO

Figure 1 shows the projected changes in the MII for the SSP585 simulations (2015-2099) relative to the historical
simulations (1900-2014) in the 34 CMIP6 models. There is prominent uncertainty in the future projections of the
ISM influences on ENSO. Nearly half of the models simulate an enhancing impact of ISM on ENSO under global
warming, whereas the other half suggests a weakening effect. The MME of the 34 models shows almost no
change in the MII due to the large spread in the projections across the models.
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Then, what could be the main source of such diverse changes in the influence of monsoon on ENSO across the
CMIP6 models? To answer this question, we select two groups of models for comparison. One group includes the
12 models that simulate the most significant strengthening of monsoon influences on ENSO (red bars;
Figure 1), referred to as the strengthening-impact models (SIMs). The other consists of the 12 models projecting
the largest negative changes in the MII (blue bars; Figure 1), referred to as the weakening-impact models (WIMs).
Figure 2 illustrates the monthly evolution of Nifio3.4 index during the ENSO events concurrent with either
abnormal or normal monsoon conditions during their developing summer in both historical and SSP585 simu-
lations for the two groups of models. For SIMs, it is notable that the differences in Nifio3.4 index between El Nifio
events coinciding with a dry or wet ISM and those with normal monsoon are more pronounced in the SSP585
simulations than the historical simulations (Figures 2a and 2c¢), particularly for the months following the monsoon
season. This feature indicates that both the positive effect of weak ISMs and the negative effect of strong ISMs on
El Nifio development are projected to intensify under global warming. Similarly, these models also project an
enhancing influence of abnormal monsoons on the following La Nifia evolution (Figures 2b and 2d). In contrast,
the SST differences between ENSO events concurrent with and without abnormal monsoons diminish and
become insignificant in the SSP585 simulations of WIMs, suggesting that WIMs project a notable weakening of
the monsoon effects on ENSO (Figures 2e—2h). This result further demonstrates the substantial differences in the
projected changes in the ISM's influences on ENSO development between the two groups of CMIP6 models,
which also validate the findings shown in Figure 1.

3.2. Causes of the Intermodel Spread in CMIP6 Projections

To further investigate the potential causes of the divergence in projections of ISM impacts on ENSO across the
CMIP6 models, we analyze the physical processes involved in the monsoon's effects on ENSO in the two groups
of models. Figure 3 depicts the MME of composite differences in precipitation, 850-hPa winds, and SST
anomalies during JJAS and OND between EN-Dry and EN-Nor events in both historical and SSP585 simulations
for SIMs. In the EN-Dry years, ISM rainfall significantly decreases relative to the EN-Nor years with increased
rainfall and anomalous cyclonic circulation over the tropical NWP (Figure 3a). As a result, anomalous westerly
winds appear over the western equatorial Pacific along the southern edge of the cyclonic circulation. Lin
et al. (2023) have proposed the mechanisms by which anomalous ISMs induce anomalous rainfall and circulation
over the tropical NWP, subsequently influencing the following ENSO evolution. Specifically, the negative
diabatic heating anomaly associated with weaker-than-normal monsoon precipitation can trigger an atmospheric
cold Kelvin wave propagating eastward, leading to anomalous westerly winds over the Indo-Pacific region
(Figure 3a). Especially over the western Pacific, the anomalous westerly winds are strongest at the equator and
diminish with increasing latitude, leading to low-level cyclonic wind shear. The wind shear induces anomalous
convergence in the atmospheric boundary layer over the tropical NWP via the Ekman pumping, thus enhancing
the local precipitation (B. Wu et al., 2009; Xie et al., 2009). Then, the increased precipitation, in turn, stimulates
the atmospheric Rossby wave with anomalous cyclonic circulation. This feedback between precipitation and
circulation is key to the development of anomalous cyclonic circulation. The anomalous westerly winds on the
southern side of the cyclonic circulation then modulate the ongoing El Nifio development by triggering oceanic
equatorial downwelling Kelvin waves and by facilitating the eastward movement of warm water (Figure 3g) (Lin
et al., 2023). The atmosphere-ocean coupling over the equatorial Pacific exhibits the strongest magnitude from
June to October (Galanti et al., 2002; Wengel et al., 2018). The Pacific SST perturbations caused by the ISM can
be further aggravated by inducing a strong positive Bjerknes feedback (Figures 3d and 3j) (Bjerknes, 1969)
consistent with intensified westerly wind anomalies over the equator that shift eastward (Figures 3a and 3d).

For SIMs, the ISM-driven positive rainfall anomalies over the tropical NWP are projected to increase in the
warmer future corresponding to a strengthening of the anomalous cyclonic circulation over this region (Figures 3b
and 3c). Therefore, the promoting effects of weak ISMs on the subsequent El Nifio development are significantly
enhanced under global warming (Figures 3g—31). By contrast, WIMs simulate much smaller rainfall and circu-
lation anomalies triggered by the ISM over the tropical NWP in the SSP585 simulations compared to those in the
historical simulations (Figures 4a—4c). This leads to a notable reduction in the growth of El Nifio SSTs during the
months following JJAS for El Nifio events coinciding with a weak ISM compared to those with a normal monsoon
(Figures 4j-41), indicating that WIMs project a substantial weakening of the influences of weak ISMs on El Nifio
in a warmer climate.
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SIMs also simulate an intensified negative influence of strong ISMs on the subsequent El Nifio evolution under
global warming (Figures 5j-51), whereas WIMs project the opposite change (Figures 6j—61). In SIMs, the
decreased rainfall and anomalous anticyclone over the tropical NWP triggered by strong ISMs are projected to
intensify in a warmer future (Figures 5a—5c). The corresponding easterly winds on the southern edge of the
anomalous circulation are also strengthened, resulting in a more pronounced negative impact of ISMs on sub-
sequent El Nifio evolution (Figures 5j—51). Conversely, in WIMs, both the anticyclonic circulation and negative
precipitation anomalies over the tropical NWP are significantly weakened in the SSP585 simulations, leading to a
weakening of anomalous winds over the western equatorial Pacific caused by ISM (Figures 6a—6c). Conse-
quently, the anomalous monsoons exert only negligible impacts on the subsequent ENSO SST anomalies
(Figures 6j—61). These results suggest that the substantial divergence in the projected changes in the effects of ISM
on El Nifio between the two groups of models can be attributed to the diverse changes in the anomalous pre-
cipitation and circulation caused by ISM over the tropical NWP. We also analyze the differences between La Nifia
events coinciding with and without abnormal monsoons, which yield consistent results (figure not shown). It
should be pointed out that, in Figures 4c, Sc, and 6¢, the differences in SST and wind anomalies between SSP585
and historical simulation are evident over the subtropical northeastern Pacific during the boreal summer. Previous
studies have indicated that the atmospheric and SST anomalies over the North Pacific during the preceding winter
and spring, such as the North Pacific oscillation (S. Chen et al., 20244, b), the North Pacific meridional mode (Fan
et al., 2020, 2023), and the Aleutian Low (S. Chen et al., 2023), could exert significant impacts on the ENSO
evolutions during the following seasons through the seasonal footprinting mechanism (Vimont et al., 2003). The
changes in SST anomalies over the subtropical Pacific thus may also influence the following ENSO evolution.
Nevertheless, these changes cannot explain the distinct difference in projections of the monsoon influences on
ENSO between SIMs and WIMs. Although WIMs simulate a negative change in the SST differences between
EN-Dry and EN-Nor years in the subtropical northeastern Pacific (Figure 41), SIMs show a negligible change in
this region (Figure 3i). Furthermore, for the differences between EN-Wet and EN-Nor years, both SIMs and
WIMs simulate warmer SSTs in the subtropical Pacific rather than exhibiting opposite changes (Figures 5i and
61). We have also examined the changes in preceding springtime SST and wind anomalies over the North Pacific
and found that, consistent with the summer season, there are no significant opposite changes between the two
groups of models (figure not shown).

What causes the opposite signs of the projected changes in anomalous rainfall and circulation induced by the
anomalous monsoon over the NWP in the two groups of models? A straightforward hypothesis is that larger
monsoon anomalies would lead to more intense anomalous circulation over the tropical NWP in a warmer future,
and vice versa. In SIMs, both negative and positive precipitation anomalies indeed intensify to some extent over
the India Peninsula (Figures 3¢ and 5c¢). However, the WIMs also simulate an increase in the magnitude of ISM
rainfall anomaly under global warming (Figures 4c and 6c). Figure 7 shows the projected changes in the inter-
annual variability of ISM rainfall anomalies across the 34 CMIP6 models. Nearly all models simulate an increase
in the magnitude of monsoon variability in the SSP585 simulations compared to the historical simulations with
WIMs showing a comparable increase to SIMs. Thus, the changes in the amplitude of monsoon anomalies do not
account for the intermodel spread in the projections of ISM impacts on ENSO.

Given that the NWP precipitation-circulation feedback is also essential to the formation of ISM-induced circu-
lation anomalies over the tropical NWP, the differences in the projected changes in the strength of this feedback
may contribute to the diverse projections among the models. Even if the initial wind shear over the tropical NWP
induced by the monsoon remains unchanged, the changes in the precipitation-circulation feedback could still
result in distinct alterations in the response of NWP circulation to anomalous ISMs. To examine this hypothesis,
we adopt the approach of X. Wang et al. (2021) and define the strength of the precipitation-circulation feedback as
the regression coefficient of precipitation onto area-averaged low-level (1000-850 hPa) relative vorticity
anomalies over the tropical NWP, which is shown in Figure 8. In both SIMs and WIMs, increased rainfall is
related to positive low-level vorticity anomalies (i.e., cyclonic wind shear), and vice versa (Figures 8a and 8d).

Figure 2. Monthly evolution of Nifio3.4 index for (a) El Nifio and (b) La Nifia events, categorized by the simultaneous occurrence of a dry (weak; red dash line), wet
(strong; blue dash line), or normal monsoon (black dash line) for the historical simulations of SIMs. (c)—(d) As in (a)—(b), but for SSP585 simulations. (e)—(h) As in (a)—
(d), but for WIMs. Gray dashed lines indicate 0.43 STD of the JJAS Nifio3.4 index. Bold lines indicate that more than 68% of models show the same sign as the MME for
the difference in the SST anomaly between ENSO events coinciding with and without abnormal monsoons. Purple shading marks the monsoon season, whereas green
shading highlights the subsequent October—December period. The number of events included in the composite analysis is indicated by the values in parentheses.
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Figure 3. MME of differences in composite anomalies of JTAS precipitation (shading; mm day~') and winds at 850 hPa
(vector; m s~1) between EN-Dry and EN-Nor years in (a) the historical simulations and (b) SSP585 simulations for SIMs.
(c) The differences between (a) and (b). (d)—(f) As in (a)—(c) but for OND. (g)—(1) As in (a)—(f) but for SST anomalies
(shading; °C). Dotted areas indicate regions where more than 68% of the models show the same sign as the MME, whereas
vectors are shown only where at least 68% of the models agree on the MME's sign. The Indian, tropical NWP, and Nifio3.4
regions are highlighted by red, blue, and green boxes, respectively.
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Figure 4. As in Figure 3, but for WIMs.
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Figure 5. As in Figure 3, but for the differences between EN-Wet and EN-Nor years in SIMs.

The anomalous rainfall, in turn, perturbates the low-level winds by exciting the atmospheric Rossby waves,
thereby establishing a positive feedback loop between the anomalous circulation and precipitation. Compared
with the historical simulations, there is a prominent increase in the rainfall anomalies regressed onto low-level
vorticity anomalies in the SSP585 simulations, indicating that a unit of cyclonic wind shear induced by ISMs
can result in a larger increase in NWP rainfall (Figures 8b and 8c). Therefore, in SIMs the feedback between

WIMs (EN-Wet Minus EN-Nor)

PRE & Winds
(a _JJAS 1
1
20N 08
0.6
0 0.4
0.2
20S 0
0.2
0.4
20N 0.6
0.8
0 1
20S 12
180 120W
SST
., SSPE85_____ JIAS 05
< 3, 0.4
20N 3 s . 0.3
0 y “W 0.2
SO0 0.1
a5 Lo s A ) 0.05
(k) OND 0
- ’ 0.05
1" s -~ & 3 -0.1
20N t :.&...‘. '...>.: -% -0.2
s 0.3
0 0“}%’\ -0.4
208 N -0.5
60E 120E 180 120W 60E 120E 180 120W 60E 120E 180 120W
Figure 6. As in Figure 5, but for WIMs.
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Projected Changes in ISM Rainfall Variability
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Figure 7. Projected changes in interannual variability of ISM rainfall anomalies (units: mm day™") in the 34 CMIP6 models.
The results are based on the differences in the standard deviation of JJAS-mean ISM rainfall anomalies between SSP585
(2015-2099) and historical (1900-2014) simulations. Red (blue) bars highlight the SIMs (WIMs), and its MME is shown by
the colored text.

precipitation and low-level circulation is expected to intensify under global warming. In contrast, WIMs project a
weakening response of rainfall to anomalous low-level circulation over the tropical NWP, suggesting a dimin-
ished strength of the precipitation-circulation feedback under global warming (Figures 8e and 8f). These results
reveal opposite changes in the strength of the precipitation-circulation feedback between SIMs and WIMs.

The strengths of the precipitation-circulation feedback in the CMIP6 models are further calculated by averaging
the regressed precipitation anomalies over the tropical NWP. We represent a scatter plot depicting the projected
changes in the precipitation-circulation feedback strength against the changes in the intensity of ISM impacts on
ENSO among the models (Figure 9a). A strong positive correlation is observed between the two, indicated by a
significant correlation coefficient of 0.45 (at a 99% confidence level). When the model projects enhancing

(b) SSP585 SIMs (c) Change SIMs

..:/

T T T

T
100E 120E 140E 160E 100E 120E 140E 160E 100E 120E 140E 160E

[ | I I I I I | — e
6 4 -2 -1-050 051 2 4 6
Figure 8. Regressed precipitation anomalies (shading; unit: 107> mm day~'s™") onto the area-averaged low-level relatively
vorticity (1000-850 hPa) over the tropical NWP (120°E—160°E, 5°N-25°N) for (a) historical simulations, (b) SSP585
simulations of SIMs. (c) The differences between (a) and (b). (d)—(f) As in (a)—(c) but for WIMs. Dotted areas indicate
regions where more than 68% of the models show the same sign as the MME.
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Figure 9. (a) Scatterplots of the projected changes in the strength of ISM impacts on ENSO and the changes in the strength of
NWP precipitation-circulation feedback among 34 CMIP6 models. The precipitation-circulation feedback strength is
measured by the regression coefficient linking precipitation to local relative vorticity anomalies. (b) As in (a) but for BFIL.
The black lines represent the linear fit. The r and p indicate the intermodel correlation and the corresponding p value,
respectively.

precipitation-circulation feedback, it tends to simulate an intensified influence of the ISM on ENSO in response to
global warming, and vice versa. Therefore, the diverse changes in the impacts of ISM on ENSO under global
warming are tightly linked to the intermodel divergence in the projections of precipitation-circulation feedback
over the tropical NWP.

Since the air-sea coupling strength over the equatorial Pacific also affects the intensity of ISM influences on
ENSO (Lin et al., 2023), the diverse changes in this coupling strength may dominate the intermodel spread in the
projections of the ISM effects on ENSO across the models. A unit of anomalous zonal winds caused by the
monsoon over the western Pacific could induce larger SST anomalies in the central-eastern equatorial Pacific
after the monsoon season under intensified Pacific air-sea coupling. To explore this possibility, we further
calculate the changes in the Bjerknes feedback intensity (BFI). The BFI indicates the air-sea coupling strength
over the tropical Pacific, involving three processes: the response of surface winds to SST variation, the effect of
surface winds on thermocline depth, and the response of SST to changes in thermocline depth (Bjerknes, 1969; L.
Chen et al., 2015; Liu et al., 2011). A detailed explanation about how the BFI is calculated can be referred to Text
S1 in Supporting Information S1. The projected change in BFI shows a weak intermodel correlation with the
change in the strength of monsoon effects on ENSO across the models (Figure 5b). Therefore, the intermodel
spread in the projections of ISM influences on ENSO is mainly attributed to the variations in the intensity of NWP
precipitation-circulation feedback rather than the changes in Pacific air-sea coupling strength.

4. Conclusion and Discussion

This study investigates the projected changes in the ISM's impacts on ENSO under global warming using 34
CMIP6 models that exhibit plausible skills in representing the influences of ISM on ENSO during the historical
period. It is found that there exists a pronounced intermodel spread in the projections: nearly half of the models
simulate a strengthening influence of the monsoon on ENSO, whereas the others suggest a weakening impact.
This diversity results in the MME of the 34 models showing a negligible change in this regard under global
warming. The key factors behind the diverse projections are examined by comparing the results of two groups of
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Figure 10. Schematic diagram depicting the causes of intermodel spread in the CMIP6 projections of ISM impacts on ENSO.

models: the strengthening-impact models (SIMs) and the weakening-impact models (WIMs), which are sum-
marized in Figure 10.

In SIMs, both weaker- and stronger-than-normal monsoons are projected to exert more pronounced impacts on
ENSO evolution in the SSP585 simulations relative to the historical simulations. This intensification is attributed
to the strengthening of ISM-driven anomalous precipitation and circulation over the tropical NWP. The
enhancing anticyclonic (cyclonic) circulation induced by strong (weak) ISMs corresponds to stronger anomalous
easterly (westerly) winds on its southern side, which suppress (amplify) the positive feedback processes essential
for El Nifio development more significantly, thereby intensifying the ISM's effects on the subsequent ENSO
evolution. In contrast, WIMs project a diminished influence of ISM on ENSO under global warming due to the
weakening of rainfall and circulation over the tropical NWP caused by the monsoon. Further investigations reveal
that the divergence in the model projections is closely related to the changes in the feedback strength between
precipitation and low-level circulation over the tropical NWP. Models that project strengthening precipitation-
circulation feedback tend to simulate an increase in ISM-induced rainfall and circulation anomaly. This is
because the ISM-induced initial wind shear over the tropical NWP is more effective in generating rainfall
anomalies and resultant anomalous cyclonic or anticyclonic circulation under the stronger local precipitation-
circulation feedback. However, in WIMs, the feedback strength is expected to weaken considerably, reducing
the ability of ISM-induced wind shear to effectively generate anomalous rainfall and circulation over the NWP.
As a result, the influence of the ISM on ENSO is projected to weaken in the context of global warming in WIMs.

This study highlights the critical role of NWP precipitation-circulation feedback in determining the intermodel
spread in the projections of ISM impacts on ENSO across the CMIP6 models. Improving the projections of this
feedback might contribute to reducing the uncertainties in projecting the ENSO-ISM relationship under global
warming. The potential causes for the diverse changes in the precipitation-circulation feedback among CMIP6
models need to be further discussed. Previous studies have suggested that higher mean moisture favors a larger
intensity of convection-circulation feedback (He et al., 2017; Xie et al., 2009). Anomalous low-level winds tend
to induce larger precipitation perturbation under higher background mean moisture. The larger rainfall anomaly in
turn could strengthen the anomalous circulation through releasing more condensational heating. We analyzed the
projected changes in surface mean moisture over the tropical NWP in both SIMs and WIMs and found that the
mean moisture would increase in response to global warming in the two groups of models (figure not shown). The
changes in mean moisture thus cannot account for the different changes in precipitation-circulation feedback
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strength between the two groups of models. In fact, as highlighted by prior studies (Luo et al., 2024; Z. Wang
et al., 2024; Yan et al., 2020), precipitation anomalies in the tropics are influenced not only by moisture but also
by atmospheric circulation with a strong association with moisture transport driven by anomalous vertical mo-
tions. The projected changes in regressed precipitation anomaly onto low-level vorticity anomaly can be
decomposed as AP’ ~ — (Aq *Wpie T+ Qhig * Aw’) (Huang & Xie, 2015), where AP’ represents the changes in
regressed precipitation anomaly, g and w’ denote the climatological near-surface specific humidity and regressed
vertical velocity anomaly at 500hpa onto low-level vorticity anomaly, respectively. A represents the difference
between the historical and SSP585 simulations. Projected changes in the feedback strength between precipitation
and low-level horizontal circulation are thus dominated by the changes in both mean moisture and the coupling
between vertical motion and low-level horizontal circulation. Figure S3 in Supporting Information S1 shows the
decomposition of the projected changes in precipitation anomalies regressed onto the NWP low-level relative
vorticity. Although the increased mean moisture under global warming favors larger rainfall anomalies over the
NWP in both SIMs and WIMs, the changes in the coupling strength between vertical motions and low-level
circulation show opposite changes between SIMs and WIMs with larger magnitudes. Thus, the diverse
changes in the precipitation-circulation feedback over the tropical NWP can be further attributed to the changes in
the coupling strength between anomalous horizontal circulation and vertical motions. As suggested by the moist
enthalpy advection mechanism, this coupling could be related to the moist static energy transported by the
anomalous horizontal circulation (B. Wu et al., 2017). Therefore, the changes in this coupling strength might be
linked to the variations in the energy transported by anomalous low-level circulation. In addition, the changes in
atmospheric static stability under global warming might also influence the response of vertical motions to
anomalous moist static energy transport or diabatic heating (Huang et al., 2017; Y. Wang et al., 2020). Further
investigations are required to elucidate the influences of these factors.
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