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Abstract

Indian Summer Monsoon (ISM) rainfall and El Nifio-Southern Oscillation (ENSO) exhibit an inverse
relationship during boreal summer, which is one of the roots of ISM interannual variability and its
seasonal predictability. Here we document how current climate and seasonal prediction models
simulate the timing and amplitude of this ISM-ENSO teleconnection. Many Coupled General
Circulation Models (CGCMs) do simulate a simultaneous inverse relationship between ENSO and
ISM, though with a large spread. However, most of them show significant negative correlations before
ISM, which are at odd with observations. Consistent with this systematic error, simulated Nifio-3.4
Sea Surface Temperature (SST) variability has erroneous high amplitude during boreal spring and
ISM rainfall variability is also too strong during the first part of ISM.

The role of the Indian Ocean (10) in modulating the ISM-ENSO relationships is further investigated
using dedicated experiments with the SINTEX-F2 CGCM. Decoupled tropical Pacific and 10
experiments are conducted to assess the direct relationship between ISM and 10 SSTs on one hand,
and the specific role of 10 feedback on ENSO on the other hand. The direct effect of 10 SSTs on ISM
is weak and insignificant at the interannual time scale in the Pacific decoupled experiment. On the
other hand, 10 decoupled experiments demonstrate that El Nifio shifts rapidly to La Nifia when ocean-
atmosphere coupling is active in the whole 10 or only in its western part. This 10 negative feedback is
mostly active during the decaying phase of El Nifio, which is accompanied by a basin-wide warming

in the 10, and significantly modulates the length of ENSO events in our simulations.

This 10 feedback operates through a modulation of the Walker circulation over the 10, which
strengthens and shifts eastward an anomalous anticyclone centered on the Philippine Sea and
associated easterly wind anomalies in the equatorial western Pacific during boreal winter. In turn,
these atmospheric anomalies lead to a fast ENSO turnabout via oceanic adjustement processes
mediated by eastward propagating upwelling Kelvin waves. An experiment in which only the
SouthEast Indian Ocean (SEIO) is decoupled, demonstrates that the equatorial SST gradient in the 10
during boreal winter plays a fundamental role in the efficiency of 10 feedback. In this experiment,
simulated ISM-ENSO lead-lag correlations match closely the observations. This success is associated
with removal of erroneous SEIO SST variability during boreal winter in the SEIO decoupled
experiment. Finally, it is illustrated that most CMIP5 CGCMs exhibit similar SST errors in the SEIO

during boreal winter in addition to an exagerated SEIO SST variability during boreal fall.

Keywords: Indian Summer Monsoon; EI Nifio-Southern Oscillation; Indian Ocean; ocean-

atmosphere interactions; coupled climate model.
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1. Introduction

The climate of South Asia is dominated by the monsoon, which returns with remarkable
regularity in each summer and provides the rainfall needed to sustain over 60% of the world’s
population. The Indian subcontinent is thus strongly dependent on the timing and amount of
precipitation falling during the monsoon season (from June through September, JJAS
hereafter) and is one of the most vulnerable regions of the world as far as water resources is
concerned. Predicting and projecting (for the next century) the Indian Summer Monsoon

(ISM) rainfall variability are, thus, both a scientific challenge and a key-societal need.

On inter-annual time scales, the ISM rainfall exhibits the multiyear (3-7 years) EI-Nifio-
Southern-Oscillation (ENSO) frequency (Mooley and Parthasarathy 1983; Webster et al.
1998; Lau and Wang 2006). ENSO is the most dominant form of ocean-atmosphere coupled
variability on interannual time scales and affects climate worldwide through atmospheric and
oceanic teleconnections (e.g., Tourre and White 1995; Alexander et al. 2002; Clarke 2008;
Wang 2019). The effect of ENSO on the ISM has been intensively studied for decades
(Walker 1924; Sikka 1980; Keshavamurthy 1982; Webster et al. 1998; Lau and Nath 2000,
2012; Gadgil et al. 2004; Cherchi et al. 2007; Pillai and Anamalai 2012). During EI Nifios, the
Walker circulation shifts eastward, inducing subsidence and dry conditions in the Indian
sector and vice-versa during La Nifias (Walker 1924; Sikka 1980; Rasmusson and Carpenter
1983; Webster et al. 1998; Lau and and Nath 2000, 2012). It is therefore extremely important
to examine if the ENSO-ISM relationships are well simulated in state-of-the art climate and
seasonal forecasting models (Annamalai et al. 2007; Terray et al. 2012; Sperber et al. 2013;
Jourdain et al. 2013; Sabeerali et al. 2019; Krishna et al. 2019).

Though the probability of occurrence of a weak (strong) ISM during an El Nifio (La Nifia)
is large, still ENSO can explain only about 35% the interannual variance of ISM rainfall
(Krishna Kumar et al. 2006). Moreover, the ISM-ENSO relationship has considerably
weakened during some periods (Torrence and Webster 1999), so that it is important to look
for other sources of ISM predictability. In addition to ENSO, many studies have pointed out
significant connections between ISM and the Indian Ocean (IO) Sea Surface Temperatures
(SST) anomalies (Rao and Goswami 1988; Ashok et al. 2001, 2004; Gadgil et al. 2004, 2005,
2007; Krishnan et al. 2003; Terray et al. 2003, 2007; Cherchi et al. 2007; Park et al. 2010;
Boschat et al. 2011; Lau and Nath 2012; Cherchi and Navarra 2013; Shukla and Huang 2016).
In particular, it has been suggested that the Indian Ocean Dipole (IOD; Saji et al. 1999;
Webster et al. 1999) interacts with both ENSO and ISM (Ashok et al. 2001, 2004; Drbohlav



88
89
90
91
92
93
94
95
96
97

98

99
100
101
102
103
104
105
106
107
108
109
110
111

112
113
114
115
116
117
118
119
120
121

et al. 2007; Loschnigg et al. 2003; Schott et al. 2009; Luo et al. 2010; Izumo et al. 2010;
Wang 2019). Positive 10D events are associated with cool SST and shallow thermocline in
the eastern Indian Ocean (10), and warm SST and deep thermocline in its western part (Li et
al. 2003; Gualdi et al. 2003; Spencer et al. 2005; Fischer et al. 2005; Schott et al. 2009). The
way 10D can influence ISM remains controversial. Some authors suggest a direct influence of
positive 10D events through moisture transport over the western 10 or modifications of the
local Hadley cell with increased ascendance over India, both factors enhancing ISM rainfall
(Ashok et al. 2001, 2004; Gadgil et al. 2004; Behera et al. 2005; Ashok and Saji 2007). It has
also been suggested that 10D counteracts the influence of ENSO on ISM (Ashok et al. 2001,
2004; Ashok and Saji 2007; Ummenhofer et al. 2011; Krishnaswamy et al. 2015).

More recently, more complex interactions between ISM, 10D and ENSO have been
evidenced, adding even more complexity to the emerging picture. It has been suggested that a
strong ISM can favor a negative IOD event by producing westerly wind anomalies over the
equator 10 during boreal fall and that ENSO, ISM and IOD are strongly inter-related
components of the Tropospheric Biennial Oscillation (TBO) in the Tropics (Terray 1995;
Meehl 1997; Meehl and Arblaster 2002, 2003; Loschnigg et al. 2003; Terray et al. 2003,
2005b; Drbohlav et al. 2007; Webster and Hoyos 2010; Li and Hsu 2017). IODs have also
been suggested as a potential trigger of ENSO events (Luo et al. 2010; Izumo et al. 2010;
Zhou et al. 2015; Jourdain et al. 2016; Wieners et al. 2017ab; Cai et al. 2019). It has been
further discovered that the the Indian Ocean Basin (IOB) mode, associated with ENSO-
related subsidence during the decaying phase of El Nifios (e.g., Klein et al. 1999; Alexander
et al. 2002; Xie et al. 2009, 2016; Schott et al. 2009; Wang 2019), provides an important
forcing on ISM variability (Yang et al. 2007; 2010; Park et al. 2010; Boschat et al. 2011,
2012; Chowdary et al. 2017).

Because of the interactive nature of the tropical Indo-Pacific ocean-atmosphere system and
the near-global patterns of ISM teleconnections summarized above, one of the best tools to
simulate and predict ISM variability is a global Coupled General Circulation Model (CGCM,;
Wu and Kirtman 2005; Wang et al. 2005; Zhu and Shukla 2013). In order to provide reliable
seasonal predictions and climate projections of ISM rainfall, it is nevertheless essential that
CGCMs produce a reasonable simulation of the mean summer monsoon circulation and
rainfall distribution, as well as its variability at different time scales. Unfortunately, this is still
an area under rapid development, and CGCMs are still at a relatively early stage (Shukla et
al., 2009). Most current CGCMS exhibit deficiencies in simulating ISM, ENSO and the 10
variability (Bollasina and Ming 2013; Levine et al. 2013; Prodhomme et al. 2014, 2015; Li

4
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and Xie 2012, 2014; Li et al. 2015, 2017ac; Ham and Kug 2014; Bellenger et al. 2014;
Anamalai et al. 2017; Terray et al. 2018). So far, we have only a poor understanding of the
relative roles of local ocean-atmosphere coupling (e.g. 10) and ENSO in the occurrence of
extreme ISMs both in observations and coupled simulations (Gadgil et al. 2005; Saha et al.
2016; Krishna et al. 2019). In particular, the way the IOD and IOB modes influence ISM and
interact with ENSO remains unclear (Wu and Kirtman 2004ab; Achuthavarier et al. 2012; Li
et al. 2015, Annamalai et al. 2017), and may limit drastically ISM seasonal predictability and
the accuracy of ISM projections (Sabeerali et al. 2019; Li et al. 2017ac).

Taking into account the large uncertainties in the sign and amplitude of the ENSO-10-ISM
relationships, we will document in this work, (i) the ability of state-of-the-art CGCMs to
simulate the ENSO-ISM relationship and (ii) the possible role of the 10 (e.g. the IOD and
IOB modes) in modulating this relationship. More precisely, we will document errors in the
simulation of the ENSO-ISM relationship in CMIP5 and some seasonal forecasting CGCMs
and analyze a set of decoupling experiments performed with a global CGCM, the SINTEX-F2
model (Masson et al. 2012), to diagnose the possible origins of these errors. Such decoupling
approach has been already successfully used to analyze the role of Indian and Atlantic oceans
on ENSO (Ohba and Ueda 2007; Luo et al. 2010; Santoso et al. 2012; Ohba and Watanabe
2012; Terray et al. 2016; Kajtar et al. 2017), the impacts of SST errors on ISM (Prodhomme
et al. 2014, 2015), and the 10D evolution and its forcing mechanisms in the absence of ENSO
(Fischer et al. 2005; Behera et al. 2005, 2006; Yang et al. 2015; Cretat et al. 2017, 2018;
Stuecker et al. 2017; Wang et al. 2016, 2019).

This paper is organized as follows. The coupled models, the sensitivity experiments and
validation datasets used in this study are described in Section 2. In Section 3, we document
the ISM-ENSO relationships in observations and the errors in simulating these relationships
by current CGCMs. In Section 4, we analyze decoupling experiments performed with the
SINTEX-F2 CGCM, in which tropical Pacific or 10 SST variability is removed, in order to
assess the “intrinsic” role of 10 SSTs on ISM, ENSO and the ISM-ENSO relationship and to
understand their potential roles on the errors in the simulation of the ISM-ENSO relationship.
The final section summarizes the main results of the present work and discusses if and how

these results apply to CMIP5 models.

2. Observed datasets, coupled models and sensitivity decoupling experiments

2.a Observed datasets
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To study ISM variability and its teleconnection with ENSO, we have used three different
observed rainfall datasets. Firstly, we considered the extensively used classical All-India-
Rainfall (AIR) dataset, based on quality-controlled rain-gauge data, for the period 1870-2012
(Parthasarathy et al., 1994; Krishna Kumar et al. 1999; Bodai et al. 2020). The second rainfall
dataset included in our analysis is a high-resolution (e.g. 0.25° x 0.25") quality-controlled
gridded (daily) rainfall dataset, for the period 1901-2013, as obtained from the Indian
Meteorological Department (IMD; see Pai et al. 2015 for precise details). Finally, we also
used the Global Precipitation Climatology Project rainfall dataset (GPCP at 1° x 1° spatial
resolution; Huffman et al. 2001), which combines measures of precipitation gauges and
satellite data. GPCP is analysed for the 1979-2012 period. For both IMD and GPCP, the ISM
Rainfall (ISMR) time series is defined as the average of rainfall anomalies for the land grid
points in the region 5°N to 25°N and 70°E to 95°E.

The Nifio-3.4 SST (monthly average of SST anomalies in the region 5°S to 5°N and 170°
to 120°W) time series is chosen for the ENSO index since in observations the strongest
correlations between ISMR and tropical Pacific SSTs occur over this region (not shown). This
Is consistent with past studies (Krishna Kumar et al. 2006; Jourdain et al. 2013). However,
this practical choice implies that our study mainly focuses on canonical ENSO events rather
than on El Nifio Modoki events (Ashok et al. 2007). The Nifio-3.4 SST time series is
estimated from the Hadley Centre Sea Ice and SST dataset (HadISST1.1; Rayner et al. 2003).
But similar results (not shown) are obtained with other SST datasets such the ERSST dataset
(Huang et al. 2017) or the AVHRR only daily Optimum Interpolation SST version 2
(OISSTV2) dataset (Reynolds et al. 2007).

2.b Climate models

In order to give a complete overview of the capacity of current CGCMs to simulate the
ENSO-ISM relationship, we first considered monthly mean outputs from Coupled Model
Intercomparison Project Phase 5 (CMIP5) coupled models available at url: http://cmip-
pcmdi.linl.gov/cmip5/data_portal.html (Taylor et al. 2012). We analyzed the twentieth

century simulations of 25 CMIP5 models (see Table S1 in Supplementary Materials for list of
models) and for all the models we use the first ensemble member (‘‘rlilpl’’ from CMIPS5
database) from each model. We also used long free runs of two state-of-the-art global
CGCMs, the CFSv2 (Saha et al. 2014) and the SINTEX-F2 (Masson et al. 2012). The lengths
of these control simulations are 80 and 210 years, respectively, for the CFSv2 and SINTEX-
F2 CGCMs.
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The CFSv2 is the CGCM adopted for operational seasonal forecasting in the US by the
National Centers for Environmental Prediction (NCEP; Saha et al. 2014) and in India, in the
framework of the Monsoon Mission project (Rao et al. 2019). Its atmospheric model, the
Global Forecast System (GFS) is run at T126 spectral resolution (about 0.9° by 0.9°) with 64
sigma-pressure hybrid levels. Its oceanic component has a 0.25-0.5° horizontal resolution, 40
vertical levels and includes an ice model. The atmosphere and ocean exchange quantities such
as heat and momentum fluxes every half an hour, with no flux adjustment. See Saha et al.
(2014) for further details on the CFSv2 model.

The SINTEX-F2 is used by JAMSTEC (e.g. Japan) for operational seasonal forecasting
(Luo et al. 2005; Doi et al. 2016). A comprehensive description of SINTEX-F2 can be found
in Masson et al. (2012). The atmospheric component is ECHAMS5.3 and is run at T106
spectral resolution (about 1.125° by 1.125°) with 31 hybrid sigma-pressure levels (Roeckner
et al. 2003). The oceanic component is NEMO (Madec 2008), using the ORCAO05 horizontal
resolution (0.5°), 31 unevenly spaced vertical levels and including the LIM2 ice model
(Timmermann et al. 2005). The coupling information, without any flux corrections, is
exchanged every 2 h using the Ocean-Atmosphere-Sea Ice-Soil coupler (Valcke 2006). The
performance of the SINTEX-F2 model in simulating the mean state and interannual
variability in the Indo-Pacific areas has been assessed many times and is not repeated here
(Masson et al. 2012; Terray et al. 2012, 2016, 2018; Prodhomme et al. 2014, 2015; Cretat et
al. 2017, 2018).

Note, finally, that the SINTEX-F2 and CFSv2 configurations used here employ fixed CO>
concentrations corresponding to present day conditions. This is consistent with the use of

recent observations (e.g. mostly 1979-2012) for validation of model outputs.

In all simulations, we characterize the ISM by the JJAS average precipitation over India
(5°-25°N and 70°-95°E, land only; ISMR index hereafter) and ENSO by the Nifio-3.4 box-

average SST as in observations.
2.c Partial decoupling experiments

In addition to the 210-year control run described above (named CTRL hereafter), we
perform three partial decoupling experiments (named FTPC, FTIC and FSEIC hereafter),
where the model SSTs in the tropical Pacific, Indian oceans and SEIO region are,
respectively, nudged to a daily SST climatology obtained from CTRL (see Table 1 for details
and definition of the acronyms used to design the nudged experiments), as described in Luo et
al. (2005) and Appendix. The damping constant used is -2400 W m K%, which corresponds

7
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to the 1-day relaxation time for temperature in a 50-m ocean layer. In these experiments there
are no significant changes in SST mean state and seasonal cycle in the nudged regions, but
also in the whole Tropics compared to CTRL (see Figs. 1b-d and 2), but, SST variability is
suppressed in the nudged region (not shown; see Terray et al. 2016 and Cretat et al. 2017 for
illustration). The FSEIC experiment is designed to assess the role of the SST SEIO
variability, and by extension of the IOD (as the SEIO region almost matches the eastern pole
of the traditional 10D index in observations). Furthermore, despite the SST SEIO bias is
modest in the annual mean (Fig. 1a), this region is affected by severe seasonally varying SST
mean and variability biases in the SINTEX model (Fig. 2; Fischer et al. 2005; Terray et al.
2012; Prodhomme et al. 2014; Cretat et al. 2017). The CGCM simulates a too shallower
thermocline in the eastern Indian Ocean during boreal summer and fall. The thermocline-
surface coupling is thus amplified in the annual cycle with deeper and cooler water easily
upwelled at the surface, cooling drastically the SST mean and enhancing the SST variability
in the SEIO during boreal summer and fall (Fig. 2). In addition, the SEIO SST is affected by a
strong warm mean bias and also a too strong SST variability during late boreal winter in
CTRL (Fig. 2). The FSEIC experiment will therefore be useful to understand the specific role
of this amplified SST variability in the SEIO during these two critical seasons on the
simulated ENSO, ISM and their relationships.

Finally, in order to discuss the remote or local origins of these SST errors in the SEIO in
Section 5, an additional partial decoupling experiment (named FTPC-obs hereafter) will be
considered. This run is similar to the FTPC experiment, excepted for the use of a daily
climatology computed from the OISSTv2 dataset for the 1982-2010 period (Reynolds et al.
2007) in the nudging procedure (Table 1). In this FTPC-obs run, the large feedback value
applied removes the SST mean biases (in CTRL) with respect to the observed SST
climatology, in addition of suppressing the SST variability in the restoring tropical Pacific

domain (Fig. 1e).

Table 1 summarizes the specifications of the different sensitivity experiments used here
and the different nudging domains are displayed in Fig.lb-d. Finally, in the analyses
described in Sections 3, 4 and 5, the first 10 years of all simulations have been excluded due

to the spin-up of the coupled model.

3. ISM-ENSO relationships in observations and CGCMs

We first document the amplitude and timing of the relationship between ENSO and ISM in

8
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observations in order to provide a basis for a fair assessment of the performance of current

CGCMs with respect to this metric in the next subsection.
3.a Observed ISM-ENSO relationships

In order to illustrate this relationship, we computed the lead-lag correlations between the
different ISMR time series and the Nifio-3.4 SST bimonthly time series in a three years
window from the beginning of year -1 to the end of year +1, the year O referring to the year of
the ISM season (Fig. 3a-b). Correlation coefficients have been estimated with and without
detrending of the different rainfall and SST time series in order to assess the robustness of the
results with respect to anthropogenic related trends and nonstationarity of the time series.
Detrending has been performed with locally weighted regression, a non-parametric method
for fitting a smoothed regression curve to data through local smoothing (Cleveland and

Devlin 1988). As results are similar, we only show the results from detrended data here.

Consistent with the TBO pattern, involving ENSO and ISM (Yasunari 1990; Meehl 1997,
Meehl and Arblaster 2002; Loschnigg et al. 2003; Terray et al. 2003, 2005b; Webster and
Hoyos 2010), two distant correlation peaks of opposite signs are noted (Fig. 3a-b). Positive
correlations are evident one year before the monsoon for most ISMR indices and time
periods. Theses significant positive correlations preceding ISM have largely amplified during
recent decades, e.g. after the 1976/77 climate shift and have been explained by a delayed
ENSO effect on the ISM, mediated by the IOB warming, which follows the strong El Nifio
events, such as the 1982-83 and 1997-98 events (Yang et al. 2007, 2010; Park et al. 2010;
Boschat et al. 2011, 2012. The correlations switch sign around April-May (AM) and become
again statistically significant only in June-July (JJ) of year 0 (Webster and Yang 1992,
Webster et al. 1998). These negative correlations between Nifio-3.4 SSTs and ISMR peak
during boreal fall and fade away progressively after, e.g. during the peaking and decaying
phases of El Nifio (Fig. 3a-b). The significant negative correlation between ISMR and Nifio-
3.4 SSTs during boreal summer of year 0 implies that warmer (cooler) SSTs over these
regions will suppress (enhance) ISM rainfall consistent with the studies summarized in the
introduction. This synchronous effect can be termed the “direct” ENSO effect by opposition
to the “indirect” effect mediated by the IOB warming induced by ENSO (Wu et al. 2012).

Fig. 3a-b also demonstrates that the synchronous correlation between ISM and ENSO is
decreasing for more recent (and shorter) time periods. Interestingly, the lead correlations
between ENSO of year -1 and ISM follow an opposite evolution. The decreasing synchronous
correlation has lead to the suggestion that the ISM-ENSO relationship has weakened during
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recent decades for reasons which are still a matter of debate (Krishna Kumar et al. 1999,
2006; Torrence and Webster 1999; Gershunov et al. 2001; Ashok et al. 2001, 2004, 2007;
Kinter et al. 2002; Annamalai et al. 2007; Kucharski et al. 2007, 2008; Chen et al. 2010;
Boschat et al. 2012; Li and Ting 2015; Srivastava et al. 2015; Cash et al. 2017; Yun and
Timmermann 2018; Feba et al. 2019; Bodai et al. 2020).

3.b Simulated ISM-ENSO relationships

We first focus on the capacity of the SINTEX-F2 and CFSv2 coupled models to simulate
the ISM-ENSO relationship (Fig. 4a). The two CGCMs are able to reproduce the synchronous
negative correlation between ISM and ENSO, though with varying amplitude (Fig. 4.a).
However, before ISM, the two CGCMs show large discrepancies from observations with
negative and significant correlations during an extended period of several months before ISM.
In the CFSv2 model, the lead-lag correlations suggest that ISM is linked to ENSO before ISM
rather than during and after ISM since the maximum negative correlation occurring at lag 0,
e.g. JJ of year 0. Moreover, after ISM, the negative correlation quickly fades away in
disagreement with observations. The SINTEX-F2 performs slightly better, but shares the

same deficiency during the pre-onset period.

We next examined the lead-lag correlations between the Nifio-3.4 SST and ISMR in
CMIP5 CGCMs (Fig. 5a). Here, the correlation coefficients are computed from the first
member of each model’s ensemble of historical runs and for the period 1950-2000. ISM and
its relationships to ENSO in CMIP5 models have already been investigated in many studies
(Sperber et al. 2013; Terray et al. 2012); Jourdain et al. 2013; Ramu et al. 2018), but most of
them focus on the synchronous relationship (e.g. during boreal summer) between the two
phenomena. Here we examine the lead-lag relationships between the two phenomena in more
details following the same framework as used above for observations, the SINTEX-F2 and
CFv2 models, complementing the results of Jourdain et al. (2013).

Many CMIP5 CGCMs are able to reproduce the synchronous negative correlation between
ISM and ENSO, although in many models the amplitude of this correlation is erroneous and
the diversity (e.g. spread) is large between the CGCMs (Figure 5a). However, a striking
feature is that almost all of the CMIP5 CGCMs fail to capture the observed lead-lag
relationships between ENSO and ISM. In particular, most CGCMs show erroneous large
negative correlations before ISM, which are completely absent in observations, and the
observed TBO pattern with positive correlations preceding the ISM by nearly one year is
lacking in all CMIP5 CGCMs. In a similar fashion, the simulated correlations are much
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weaker than observed after the boreal summer of year 0.

In other words, current CGCMs show large deficiencies in recovering the observed leag-
lag relationships between ISM and ENSO, which is of paramount importance for seasonal
forecasting (Gadgil et al. 2005) or climate projections of ISM rainfall (Li et al. 2017ac). It is
therefore necessary to go a step further in the model validation to analyze more thoroughly

the reasons of this deficiency in current CGCMs, which is the goal of the next sections.
3.c Simulated ENSO seasonal phase-locking

Though considerable improvements in the simulation of ENSO have been made during the
past decades, current CGCMs still need to be improved with regard to realistically
representing ENSO (Bellenger et al. 2014). As an illustration, the tendency to produce a
double intertropical convergence zone in the Pacific basin, a poor representation of the SST
annual cycle and mean pattern in the tropical Pacific, and a substantial underestimation of
ENSO variability are recurrent biases shared by many past and present CGCMs (AchutaRao
and Sperber 2002, 2006; Li and Xie 2012; 2014; Bellenger et al. 2014). Thus, a biased
representation of ENSO in the tropical Pacific itself can be a primary plausible reason for an
improper simulation of the ISM-ENSO relationship in current CGCMS (Jourdain et al. 2013).
However, Indian and Atlantic SSTs can also matter as they have an overall damping effect on
ENSO and modulate the length of the ENSO events (Dommenget et al. 2006; Terray et al.
2016).

The phase locking of ENSO events to the annual cycle, with a tendency to peak at the end
of the calendar year, the amplitude and length of El Nino events (e.g. ENSO periodicities) are
among the most distinctive characteristics of ENSO (Rasmusson and Carpenter 1983; Clarke
2008; Ham and Kug 2014; Li and Hsu 2017). Obviously, the incorrect annual phase-locking
of ENSO’s variability is a plausible candidate for explaining the current failure of state-of-
the-art CGCM s in the simulation of the ISM-ENSO lead-lag relationships, since most coupled
models do simulate a boreal summer monsoon over India (Figs. 4d and 5d). In Figures 4b and
5b, we show the monthly standard deviations of the Nifio-3.4 SST anomalies from
observations, the SINTEX-F2, CFSv2 and CMIP5 CGCMs, respectively. Observed ENSO
variability typically peaks in boreal winter and diminishes in boreal spring with relatively
modest variability in boreal summer and early fall (Fig. 4b), which is related to the fact that El

Nifio’s onset frequently occurs in boreal spring or early boreal summer (Clarke 2008).

It is apparent that both the SINTEX-F2 and CFSv2 models have a preference for relatively
high SST variability in the Nifio-3.4 region during boreal winter, as observed (Fig. 4b).
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However, the monthly Nifio-3.4 SST standard deviations in these models are higher than
observed during boreal spring suggesting that ENSO onset is early than observed or that
ENSO decay is slower than observed in the CGCMs. This bias is consistent with the lead-lag
ISM-ENSO relationships simulated in the two models, especially the unrealistic negative
correlations between ISM and the Nifio-3.4 SST preceding the ISM onset (Fig. 4b). This is
further confirmed by a lead-lag correlation analysis of SSTs with the ISMR index in the
SINTEX-F2 model (see Fig. Sla-f or Figures 3 and 5 of Boschat et al. (2012) for similar
analysis on observations). Also consistent with these erroneous negative correlations, the ISM
rainfall monthly standard deviations are also exaggerated at the beginning of ISM in the

simulations (Fig. 4c).

On the other hand, many CMIP5 models show a different seasonal Nifio-3.4 SST
evolution, with the peak of canonical El Nifios occurring at any season (Fig. 5b; Ham and
Kug 2014; Taschetto et al. 2014) and only a few models have Nifio-3.4 SST variability above
observations during boreal winter (Fig. 5b). This can be related to many factors, especially
spatial shift of simulated SST variability over the equatorial Pacific often associated with the
cold tongue bias (Collins et al. 2010; Li and Xie 2014; Swapna et al. 2015). However, most of
them also produce a too large and erroneous ENSO variability during boreal spring as the
SINTEX-F2 and CFSv2 models (Figs. 4b and 5b). Consistent with this deficiency and the
erroneous negative correlations before ISM (Fig. 5a), the simulated ISM rainfall monthly
standard deviations are again exaggerated at the beginning of ISM in most CMIP5 models
(Fig. 5c). This exaggerated simulated ENSO variability during boreal spring and early
summer can be due to (i) ENSO onsets occurring earlier in the CGCMs, (ii) ENSO events

lasting longer with an extended maturing phase compared to observations, or both.

While SST mean biases, ENSO pattern or position of peak and deficient ENSO
teleconnections may also modulate ISM-ENSO relationships in CGCMs (Jourdain et al.
2013), we will show in the next section that length and seasonal phase-locking of ENSO

events are key-factors for a realistic simulation of the lead-lag ISM-ENSO relationships.

4. Indian Ocean impacts on the ENSO-ISM relationship in the SINTEX-F2 CGCM

To disentangle the role of 10 SST variability in shaping the ISM-ENSO relationships, we

now analyzed decoupling experiments performed with SINTEX-F2 (see Section 2c).

4.a Intrinsic ISM teleconnections
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We first investigate the possible “intrinsic” role of SST anomalies outside of the tropical
Pacific on the ISM, as an important factor in shaping the ENSO-ISM relationship. The
analysis is done with the help of the FTPC simulation, where ENSO is removed. By contrast,
in the next subsection, we will investigate the possible role of 10 SST anomalies on ENSO
itself, as a second factor in shaping the simulated ENSO-ISM relationship with the help of the
other sensitivity experiments in which the tropical 10 SST variability, or parts of it, is

suppressed.

Figure 6.a-d displays the regressions of the JJ and August-September (AS) 850-hPa wind
and rainfall fields onto the ISMR index for CTRL and FTPC. As expected, Fig. 6.a-d show
enhanced rainfall over India and the neighboring oceanic regions, as well as a strengthening
of both the monsoon low-level winds over the Arabian Sea and the Somali jet along the
African coast. Next, ISM rainfall anomalies are very sensitive to the perturbation of the
Walker circulation that is characteristic of La Nina/El Nifio episodes in CTRL (Fig. 6.a-b).
Positive rainfall anomalies develop over the maritime continent and neighboring ocean areas
and a negative 10D like rainfall pattern emerged over the equatorial 10 during AS of strong
ISMs and La Nina episodes, consistent with previous works (Webster et al. 1998; Lau and

Nath 2000, 2003, 2012; Cretat et al. 2017).

By contrast, in FTPC, the atmospheric response associated with the strong/weak ISMs is
mostly confined northward of 10°N and is characterized by an anomalous rainfall pattern
opposing India and the northwest Pacific region (Fig. 6¢c-d; Terray et al. 2005a; Wang 2006;
Gu et al. 2010; Kosaka et al. 2013; Cretat et al. 2017). Interestingly, ISMR rainfall standard
deviations are only slightly reduced (at most of 0.2 mm/day, see Fig. 8c) in FTPC. This result
may seem contradictory with the expectation that ENSO is the main driver for ISM
interannual variability, but is consistent with the large internal variability associated with ISM
and the fact that ISM is also an active player in tropical climate (Yasunari 1999; Kirtman and
Shukla 2000). Further, boreal summer rainfall and wind anomalies are very weak outside this

north Indo-Pacific region, especially over the equatorial IO.

We now examine the extent to which SST forcing outside the tropical Pacific may explain
ISM rainfall variability in the absence of ENSO. This is done through a lead-lag correlation
analysis between the ISMR index and bi-monthly SST and 200-hPa velocity potential
anomalies in the CTRL and FTPC experiments (Figs. S1 and 7). Correlations between ISMR
and SSTs in CTRL confirm the existence of a significant statistical association between ISM,
ENSO and 10D (Fig. Sla-f), as discussed in the Introduction. Some significant correlations

are also seen in the extratropical Pacific and the tropical Atlantic during boreal summer and
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winter (Fig. S1c-f), which are also consistent with well-known ENSO teleconnections (Wang
2019). On the other hand, correlations between ISMR and SSTs are strikingly different in
FTPC (Fig. 7a-f). They are weak before, during and after ISM, except for a significant
cooling (warming) of the Arabian Sea (the south of the bay of Bengal) during boreal summer
(Fig. 7a-f). This local response is fully consistent with a “slave ocean scenario” in which the
SST is mainly controlled by evaporative cooling and local upwelling associated with the
strengthening of the monsoon low-level winds and the sea-saw between ISM and the
northwest Pacific monsoon discussed above (see Fig. 6c-d). Moreover, simulated ISM
variability is not significantly associated with SST anomalies or modulations of the Walker
cell over the equatorial IO during boreal summer and fall (Fig. 7c-e and i-k) despite the fact
that IODs do exist in the absence of ENSO in FTPC (Fig. 2b; Cretat et al. 2017, 2018). These
results invalidate the hypothesis that the direct impact of IOD on ISM may induce a
significant modulation of the ENSO-ISM relationship in SINTEX-F2.

On the other hand, the results in CTRL (Fig. S1) are fully consistent with a scenario in
which ENSO, ISM and IOD are strongly inter-related components of the TBO in the Tropics
(Meehl and Arblaster 2002, 2003; Drbohlav et al. 2007; Webster and Hoyos 2010) since a
strong ISM is significantly correlated with La Nifia and a negative IOD in CTRL (Fig. 6a-b
and S1). However, the FTPC experiment demonstrates that this ENSO-ISM-IOD coupling is
mainly due to the ENSO forcing on both ISM and the equatorial 1O separately, and not to a
direct association between ISM and the equatorial 1O, at least in this CGCM.

Furthermore, the 200-hPa velocity potential anomalous patterns associated with ISMR
variability confirm the hypothesis that ISM is an active player for the whole tropical
circulation in the absence of ENSO. The only physically consistent anomalous 200-hPa
velocity potential pattern emerging in Fig. 7g-l is the strong upper-level divergence flow
associated with ISM itself and the induced significant strengthening of the subtropical
anticyclones over the Pacific and South Atlantic (Fig. 7i-j). Thus, the upper-level circulation
anomalies during boreal summer in FTPC are dominated by an enhancement of the zonal
monsoon cyclone-subtropical anticyclone circulation driven by the east-west differential
heating (Rodwell and Hoskins 2001; Chen 2003). On the other hand, in CTRL, the 200-hPa
velocity potential correlation pattern (Fig. S1g-1) has a more large-scale structure and is
tightly and significantly linked to ENSO evolution (Fig. Sla-f), as expected (Webster et al.
1998).

In summary, the results of this section strongly suggest that direct (e.g. when ENSO is
removed) effects of interannual SST anomalies outside of the tropical Pacific on ISM are
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weak and do not play a direct role in shaping the ENSO-ISM relationship in the SINTEX-F2

model.
4.b Indian Ocean impacts on ENSO

However, the tropical 10 can also influence the ENSO-ISM relationship by directly
modulating ENSO in the tropical Pacific itself. Many studies have also highlighted the strong
impact of the IOB in accelerating the El Nifio to La Nifia transition in the tropical Pacific
(Kug and Kang 2006; Dommenget et al. 2006; Ohba and Ueda 2007; Jansen et al. 2009;
Okumura et al. 2011; Ohba and Watanbe 2012; Kug and Ham 2012; Santoso et al. 2012;
Terray et al. 2016; Xie et al. 2009, 2016; Kajtar et al. 2017). Several authors suggested that
positive IOBs generate easterly wind anomalies over the western Pacific during boreal winter
and spring as an atmospheric Kelvin wave response to the local diabatic warming (Annamalai
et al. 2005; Terao and Kubota 2005; Kug and Kang 2006). Watanabe and Jin (2002) also
argued that a positive 10B strengthens an anomalous low-level NorthWest Pacific
Anticyclone centered on the Philippine Sea (NWPA, also referred to as Philippine Sea
anticyclone or western North Pacific subtropical high in the literature; see Wang et al. 2000)
during the mature-decayed phase of El Nifio. Collectively, these atmospheric anomalies may
fasten the transition from EI Nifio to La Nifia since the associated zonal wind stress anomalies
over the western Pacific force upwelling oceanic Kelvin waves that propagates eastward
along the Equator and favor the transition to the La Nifia phase (Kug and Kang 2006; Ohba
and Ueda 2007; Ohba and Watanbe 2012; Kug and Ham 2012; Wang 2019). Some recent
studies suggest, on the other hand, that the major forcing for the NWPA during boreal winter
is from the central Pacific, as rainfall anomalies and associated diabatic warming over the 10
are very modest during this season and, thus, cannot trigger an atmospheric Kelvin wave
intruding into the western Pacific (Chen et al. 2016; Wu et al. 2017ab; Li and Hsu 2017; Li et
al. 2017b). Luo et al. (2010) and lzumo et al. (2010) also found that IOD has highly
significant impacts on both ENSO variability and predictability.

Our decoupling experiments allow to reinvestigate the significance of the 10 feedback
during boreal winter and spring in a consistent modeling framework, and may challenge the
view that this 10 negative feedback is weak during boreal winter (Li et al. 2017b). Moreover,
what may be the impact of 10 variability on the ENSO-ISM relationships despite the modest
role of IOD on ISM suggested above?

To answer this question, Figure 8a-b displays the Nifio-3.4 SST-ISMR lead-lag
correlations and the monthly Nifio-3.4 SST standard deviations in the FTIC and FSEIC

15



486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502

503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519

experiments in which 10 or SEIO SST variability is removed (see Table 1 and Section 2c).
The negative Nifio-3.4 SST-ISMR correlations before the ISM onset and ISMR standard
deviations during (early) boreal summer are substantially amplified in FTIC, while the ISMR
seasonal cycle remains the same (Fig. 8a, c-d). In other words, FTIC showed prominent
negative correlations with the Nifio-3.4 SSTs before rather than synchronous and after the
ISM. These errors, already present in CTRL, are thus significantly amplified in FTIC. By
contrast, the simulated ISM and ENSO relationships in FSEIC closely resemble the observed
ones (Fig. 8a). FSEIC is able to recover the slow change of sign of the ISM-ENSO
correlations from positive to negative from year -1 to year 0 as observed. The differences
between the simulated and observed correlations for the different lags have been tested for
statistical significance with a Fisher Z transform approach (see Morrison 1990; pp 102-106)
and FSEIC is the only simulation, which does not show any statistical difference with
obseravtions at the 95% confidence level for any lags. Interestingly, this success is not related
to changes in the SST mean state (Figs. 1d and 2a) or ISMR seasonal cycle (Fig. 8d).
Evidences will be presented in this section to demonstrate that these large improvements are
related to changes in the characteristics of the model’s El Nifio during its decaying phase in
FSEIC.

Consistent with a strong damping of ENSO variability by 10 variability, the Nifio-3.4 SST
standard deviations increase significantly in FTIC (Fig. 8b). This increase is more prominent
during boreal spring and summer, which correspond to ENSO transitions. This suggests that
ENSO is less phase-locked to the annual cycle and that the length of ENSO events has
increased in FTIC. On the other hand, the Nifio-3.4 SST variability is decreased in FSEIC
compared to both CTRL and FTIC. Interestingly, the Nifio-3.4 SST monthly standard
deviations, as simulated by FSEIC, now match the observed Nifio-3.4 SST standard
deviations during ENSO transitions (e.g. boreal spring). This suggests that ENSO events start
later or last shorter in FSEIC. In order to quantify more rigorously these differences between
the simulations, power spectra of the simulated Nifio-3.4 SST time series are shown in Figure
9. Both FTIC and FSEIC spectra are strikingly different from CTRL spectrum, e.g. ENSO is
predominantly biennial or quasi-biennial in FSEIC while it lasts much longer in FTIC than in
CTRL and these results are statistically significant at the 95% confidence level (Fig. 9).
These important differences not only confirm that 10 SSTs interact significantly with ENSO
in the SINTEX-F2 model, but also suggest that the spatial and temporal details of 10 SST
variability play also a substantial role in the damping (or enhancement) and the length of the
simulated ENSO.
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We first focus on the synchronous ISM-ENSO teleconnection during boreal summer. The
rainfall and 850-hPa regressions onto the ISMR index in FTIC have spatial patterns similar to
those in CTRL during JJ and AS (Fig. 6e-f). This demonstrates again that ENSO forcing is
critical and that local ocean-atmosphere coupling is only a secondary factor for the generation
of these anomalous patterns. However, consistent with a stronger (and partly erroneous)
ENSO teleconnection during early summer (Fig. 8a,c), the rainfall and 850-hPa anomalies
have greater amplitude almost everywhere in the Indo-Pacific region during JJ than AS in
FTIC (Fig. 6e-f). The monsoon flux over the western 10 is further increased during the whole
ISM in FTIC compared to CTRL, resulting in enhanced rainfall over the Arabian Sea and
western India (Fig. 6e-f). Interestingly, a negative 10D like rainfall pattern also emerges along
the Equator in FTIC despite the absence of local coupling, demonstrating again the strong
ENSO forcing on the regional rainfall pattern (Fig. 6e, f). In FSEIC, the 850-hPa wind and
rainfall regressions onto the ISMR index show that the ISM-ENSO teleconnection gradually

increases from JJ to AS in contrast to FTIC (Figs. 6g-h).

However, the interactions between the Indian and Pacific oceans need not to be restricted
to the boreal summer, and may concern other seasons as well, and still be important for
shaping the ENSO-ISM relationship. Indeed, the negative lagged correlations of ISM with the
Nifio-34 SSTs during boreal winter and spring preceding ISM are very different, while the
lead correlations between ISM and the following Nifio-34 SST anomalies are very similar
among the simulations (Fig. 8a), suggesting that the IOB may play a prominent role in the
ENSO damping and explain the relative success of FSEIC compared to both CTRL and FTIC.

In order to test the hypothesis that the IOB produces a direct forcing on ENSO itself in the
simulations, Figs. 10 to 12 display lagged regressions of tropical Indo-Pacific SST, rainfall,
850-hPa wind and depth of 20°C isotherm anomalies during year +1 onto the December-
January (DJ) Nifo-3.4 SST index in the different simulations. Here, numerals such as 0 and
+1 denote the ENSO developing (0) and decay (+1) years, respectively. Lagged regressions of
850-hPa stream function, 850- and 200-hPa velocity potential anomalies during February-
March (FM) of year +1 onto DJ Nifio-3.4 SST index are also displayed in Fig 13 in order to
diagnose physical processes responsible of the differences in ENSO damping between the

simulations.

First, the results confirm the robustness of the link between the decaying phase of El Nifio
events and the IOB in CTRL and FSEIC in which ocean-atmosphere coupling is (partly)
active in the 10 (Figs. 10a and 10c). As expected, the SST regression patterns over the
tropical Pacific during FM(+1) show enhanced warming over the central and eastern Pacific
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and a well-developed cold horseshoe signature in the extra-tropical Pacific in all experiments.
However, the Pacific SST anomalies are more confined meridionally in the FSEIC
experiment during FM(+1) and AM(+1) (Fig. 10c). The 10 warming is basin-wide and
uniform in CTRL and absent by design in FTIC (Fig. 10a-b). On the other hand, decoupling
the SEIO enhances the warming in the other 1O areas, especially over the western 10, and
leads to a substantial anomalous SST equatorial gradient in the 10 during FM(+1) (Fig. 10c).
The modulation of the Walker circulation during EI Nifio induces local atmospheric
subsidence (Fig. 13), which reduces cloud cover and forces near surface wind anomalies (Fig.
11) and surface heat fluxes over the 10, and, thus, initiates and sustains the basin-wide 10B
warming in CTRL and FSEIC (Klein et al. 1999; Alexander et al. 2002; Schott et al. 2009).

Next, Fig. 10 illustrates that the Pacific SST anomalies during boreal spring and summer of
the decaying phase of ENSO are different in the three simulations. First, the El Nifio related
warm anomalies persist up to the boreal summer of year +1 in FTIC, but have disappeared by
the end of boreal spring in FSEIC, while CTRL exhibits an intermediate evolution of tropical
Pacific SST anomalies between these two extreme scenarios. These results are consistent with
the different seasonal phase locking of Nifio-3.4 SST variability in the simulations (Fig. 8b).
Cold equatorial Pacific SST anomalies emerge during boreal summer in FSEIC, signaling the
beginning of a La Nifia episode. Because of the slow response of the 10 to ENSO forcing, the
IOB persists until the following boreal summer in both CTRL and FSEIC (Figs. 10a, c).
Surprisingly, IOB warming is more intense in FSEIC than in CTRL despite of the quick
demise of the El Nifio SST pattern in FSEIC.

In summary, these results first demonstrate that the IOB has a considerable impact on the
anomalous climate during the decaying phase of ENSO in SINTEX-F2 (Figs. 10 to 12),
consistent with previous studies (Kug and Kang 2006; Ohba and Ueda 2007; Ohba and
Watanabe 2012; Terray et al. 2016; Cai et al. 2019; Wang 2019). However, the significant
differences between FSEIC and CTRL highlight that the details of the IOB warming,
especially the SST differences between the western IO and SEIO during late boreal winter, do

also matter a lot, which is an important result of the present study.

In order to provide an explanation, we focus on the atmospheric circulation during FM(+1)
(Fig. 13), when the differences in IO SST anomalies between the simulations are particularly
well developed (Fig. 10 first row of panels). During the peak of El Nifio, all the simulations
show an enhanced convective activity over the central equatorial Pacific and reduced rainfall
over the Maritime Continent (not shown) and such anomalous diabatic heating pattern is still

seen during FM(+1), despite that Maritime Continent rainfall starts already to recover during
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this season (Fig. 11 first row of panels). The associated 850- and 200-hPa velocity potential
anomalies reveal that the Walker circulation shifts eastward in response to the diabatic
warming (cooling) due to the enhanced (reduced) convection over the central Pacific
(Maritime Continent). The 850-hPa stream function anomalies reveal a quadrupole structure
straddling the Equator and asymmetric about it, which can be interpreted as a direct Rossby
wave response to this anomalous convective pattern in all experiments (Fig. 13a,e,i). This
four-cell structure plays a fundamental role in the maintenance of the rainfall and anomalous
low-level circulation (Fig. 11, first row of panels), and is largely contributed by the tropical
Pacific SST anomalies, which are very similar in the different simulations.

Focusing now on the 10 and west Pacific, important differences in both the position and
strength of the NWPA and its southern hemisphere counterpart exist between the simulations
(Fig. 13a,e,1), which can directly be related to the different SST anomalies in the 10 (Fig. 10
first row of panels). First, in both CTRL and FSEIC, in which IOB warming is present, these
anticyclones are shifted eastward and the NWPA becomes stronger than its southern
hemisphere counterpart. Second, these shifted anticyclones are further considerably
strengthened in FSEIC compared to CTRL in response to a well-developed anomalous east-
west circulation over the equatorial 10 due to the enhanced SST zonal gradient in this run
(Fig. 13j-k). Such an anomalous Walker cell over the 10 is obviously absent in CTRL (Fig.
13b-c) in which the 10OB warming is basin-wide and uniform (Fig. 10a). Moreover, this zonal
dipole pattern in 850- and 200-hPa velocity potential anomalies in FSEIC, with anomalous
ascending (descending) motion in the western (eastern) 1O, is exactly similar to the observed

pattern (see Fig. 5 of Li et al. 2017b for example).

Such modulation of the Walker circulation over the 10 seems to be the key-factor to
explain the strength of the 10 negative feedback on ENSO during boral winter in FSEIC as
positive rainfall anomalies are restricted to a small region in western 10 and are seen in all the
runs, including FTIC in which IOB is absent (Fig. 11 first row panel). It is therefore unlikely
that such restricted rainfall anomaly is associated with a well-defined basin-wide diabatic
heating anomaly, which may cause an atmospheric Kelvin wave response over the Western
Pacific, consistent with the view of Chen et al. (2016) or Li et al. (2017b). On the other hand,
the modulation of the Walker circulation over the 10 induces more upper level convergence
over the Maritime Continent and western Pacific in FSEIC (Fig. 13k), which strengthens
considerably the NWPA and its southern counterpart (Fig. 13i), and the associated easterly
wind anomalies over the western Pacific (Fig. 13l).

Thus, our results highlight that the IOB warming, but also the existence of an anomalous
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SST gradient over the equatorial 10 during boreal winter, are critical for the strength/position
of the NWPA, the generation of the associated anomalous easterlies over the western
equatorial Pacific and, finally, the turnabout of ENSO phases in our CGCM. As the equatorial
easterlies over the western equatorial Pacific are weaker in FTIC compared to CTRL and
much weaker than those in FSEIC (Fig. 13d,h,1), they may consequently have only a modest

influence on the Pacific SSTs one or two seasons later (Fig. 10b).

This working hypothesis, that the I0B warming and its spatial structure play a fundamental
role in hastening the ENSO transition through the generation of upwelling oceanic Kelvin
waves in both CTRL and FSEIC, is further supported by the regressions of the 20°C isotherm
depth (e.g. a proxy for the thermocline depth) anomalies during year +1 (Fig. 12). The slow
ocean dynamic adjustment in the tropical Pacific is different among the simulations. The
negative heat content anomalies (e.g. a shallower thermocline), which appear over the western
Pacific during the peak of El Nifio, have a faster eastward propagation along the equatorial
Pacific in CTRL and FSEIC (Fig. 12a,c). This eastward propagation is very gradual in CTRL
(Fig. 12a), but somewhat abrupt, from AM to JJ of year +1, in FSEIC (Fig. 12c). Moreover,
FSEIC shows shallower 20°C isotherm anomalies than CTRL along the equatorial Pacific
(Fig. 12a,c). The enhanced zonal wind stress associated with the stronger easterly wind
anomalies over the western Pacific in FSEIC induces an enhanced vertical displacement of
the equatorial thermocline via Ekman pumping and the upwelling Kelvin wave response is
stronger in FSEIC. The arrival of these eastward Kelvin waves into the central equatorial
Pacific erodes the local surface warming (Fig. 10c). Consequently, lagging two to four
months behind the remote easterly wind anomalies over the western Pacific, cold SST
anomalies emerged quickly and expand westward over the central and eastern equatorial
Pacific during boreal summer of year +1 in FSEIC. Such ENSO transition is delayed in CTRL
(Fig. 10a) in agreement with the more modest NWPA and associated anomalous easterlies

over the western equatorial Pacific during FM(+1) seen in this run.

Consistent with the reversal of the equatorial anomalous SST gradient in the Pacific,
anomalous easterlies gradually emerge over the central Pacific during boreal summer of year
+1 in FSEIC (Fig. 11c). On the other hand, the easterly wind anomalies over the western
Pacific, seen during FM(+1) in FTIC, disappear quickly during AM(+1) (Fig. 11b). As a
consequence, both the El Nifio-related thermocline and SST anomalies persist and we observe
a revival of the El Nifo-related circulation and rainfall anomalous patterns during boreal
summer of year (+1) in FTIC. Finally, the evolution is again intermediate between these two

extremes in CTRL (Fig. 11a).
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In agreement with these different El Nifio evolutions in the simulations, we note that ISM
is again highly deficient during boreal summer of the decaying phase of El Nifio in FTIC,
weak during JJ only in CTRL and, finally, normal or strong in FSEIC (Fig. 11 third and
fourth rows ). These assertions are further verified by computing regressions of boreal
summer 200-hPa velocity potential anomalies onto the Nifio-3.4 SST time series of the
preceding boreal winter (Fig. 14). During El Nifio decaying year, La Nifia (El Nifio)
conditions prevail with a significantly strengthening (reduction) of the Walker circulation in
the Indo-Pacific region in FSEIC (FTIC). Furthermore, strong (weak) upper level divergence
is seen over the Indian region in FSEIC (FTIC) consistent with enhanced (reduced) diabatic
heating associated with the ISM rainfall anomalies during boreal summer (Figs 11b-c third
and fourth rows). Again, CTRL exhibits intermediate conditions between these two extremes
with upper level convergence (e.g. subsidence) over India during JJ, but rather normal
conditions in AS (Fig. 14a-b). These results demonstrate that the success to capture the
seasonal evolution of the correlations between Nifio-3.4 SSTs and ISMR in FSEIC (Fig. 8a) is
plausibly related to the ability of this particular configuration to simulate correctly the space-
time evolution of the tropical Pacific SSTs during the decaying phase of El Nifio. In both
CTRL and FSEIC, IOB is well developed during boreal summer of year +1 (Fig. 10a, c), but a
weak (strong) ISM is simulated in CTRL (FSEIC) demonstrating that the remote ENSO
forcing is still dominant in explaining the ISM response during the decaying year of EIl Nifio.
This may be understood by the fact that IOB SST anomalies are basin-wide, but of reduced
amplitude during boreal summer of year +1, so that they are a significant factor for ISM
variability if, and only if, tropical Pacific SST and circulation anomalies are rather weak at
this stage (Figs. 10 and 11).

5. Summary and Discussion
5.a Summary

The present work examines the ability of current CGCMs in simulating the ISM-ENSO
relationships. Consistent with previous studies (Terray et al. 2012; Jourdain et al. 2013,
Sabeerali et al. 2019), we found that CGCMs used for climate projections or dynamical
seasonal forecasting still exhibit significant errors with respect to this metric. Simulated ISM-
ENSO correlations are already significant and negative several months before the ISM onset
contrary to what is observed..The origins of these common errors in the simulation of the

ISM-ENSO relationship are investigated based on several decoupling experiments performed
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with the SINTEX-F2 CGCM.

First, a sensitivity experiment in which ENSO variability is removed (e.g. FTPC)
demonstrates that relationships between ISM and SST variability outside the tropical Pacific
are weak at interannual time scales in the absence of ENSO. As I0Ds still exist with
exaggerated amplitude in such decoupling experiment in which ENSO is removed (Fig. 2b,
see also Cretat et al. 2017, 2018), this suggests that IOD impact on ISM is not directly
responsible of the modulated ISM-ENSO relationship in this CGCM.

On the other hand, two others decoupling experiments in which 10 SST variability is fully
removed (e.g. FTIC) or only in the SEIO (e.g. FSEIC) show a large spread in simulated
ENSO length and decay pace. ENSO becomes predominantly quasi-biennial in FSEIC while
ENSO lasts much longer in FTIC compared to CTRL. In FSEIC, cold SST and easterly wind
anomalies emerge quickly in the central equatorial Pacific during boreal summer of El Nifio
decay years. By contrast, FTIC displays the persistence of a fully developed El Nifio-like
pattern during the same time period. Finally, CTRL exhibits an intermediate evolution
between the above two extreme scenarios, despite that IOB warming is present in CTRL as in
FSEIC. As a consequence, weak ISMs are simulated during both EI Nifio developing and
decaying years in FTIC (and also in CTRL), while weak ISMs and El Nifios tend to be
followed systematically by normal/strong ISMs and La Nifias in FSEIC. Further analysis
confirms that these differences in the decay phase of El Nifio are responsible of the errors in
the simulated ISM-ENSO lead-lag relationships in CTRL.

Overall, our results suggest that progresses or changes in the simulation of the ISM-ENSO
relationships in CGCMs can be traced back to modifications of ENSO length and seasonal
phase-locking related to the impact of the IOB on ENSO and details of its spatial structure
(namely the equatorial SST gradient in the 10) during boreal winter. Surprisingly, the 10D or
the direct relationship between 10 SSTs and ISM only play a secondary role in modulating
the ISM-ENSO relationship in our CGCM despite that it simulates an exaggerated 10D
variability, with or without ENSO, as many current CGCMs (Cai and Cowan 2013; Li et al.
2016; Annamalai et al. 2017).

Our results are also fully consistent with the suggestion that a fast ENSO transition in the
tropical Pacific and the persistence of 10B from boreal winter to boreal summer provide
favorable conditions for the occurrence of a strong ISM (Yang et al. 2007, 2010; Boschat et
al. 2011, 2012; Park et al. 2010; Chowdary et al. 2016, 2017). The emerging La Nifia episode
will strengthen the ISM circulation and the IOB warming will tend to enhance the local
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evaporation, moisten the atmosphere and reduce the moist stability; all factors tend to increase
ISM precipitation in FSEIC (Park et al. 2010).

5.b Discussion

In order to understand the physical processes, which are responsible of these different
evolutions, it is important to highlight first that mean-state errors are the same in the different
decoupled experiments analyzed here (Fig. 1a-d). This means that westward extension of cold
tongue bias and of the EI Nifio pattern in the tropical Pacific, which have been identified as
playing a seminal role in errors of the simulated ENSO decay pace and responsible of large
inter-model spread in CMIP3 or CMIP5 models (Kug and Ham 2012; Tao et al. 2016; Li et al.

2019) cannot explain directly (or alone) the differences among the runs.

The crucial role of the IOB warming in hastening the EI Nifio to La Nifa transition (well
illustrated by the differences between the FTIC and CTRL) is consistent with previous studies
(Watanabe and Jin 2002; Kug and Kang 2006; Ohba and Ueda 2007; Xie et al. 2009, 2016;
Terray et al. 2016). On the other hand, the fact that the rapid decay of El Nifio events and the
emergence of a La Nifia developing event are likely to be the effect of the spatial details of the
IOB warming during boreal winter, rather than its simple existence or intensity per se, is an
important result of the present study as many recent works suggest that the IOB capacitor
effect is key mainly during the boreal summer of El Nifio decay year, but not before (Chen et
al. 2016; Li et al. 20017b).

By comparing further CTRL and FSEIC, it is demonstrated that the simulation skill of the
ENSO decay pace and ISM-ENSO relationship is partly controlled by the (erroneous) SEIO
SST variability simulated in the CGCM. As illustrated by Fig. 2b, this SST variability bias is
characterized by an amplified seasonal cycle of SST variability with a double peak, one
during boreal winter (e.g. February) and the other during boreal fall (e.g. September).
Furthermore, Fig. 15b demonstrates that this erroneous double peak of SST variability in the
SEIO is a bias shared by most CMIP5 models, despite SINTEX-F2 and CMIP5 models differ
in their seasonal cycle of SST mean bias over SEIO (Figs. 2a and 15a). Most CMIP5 models
exhibit a cold bias throughout the seasonal cycle in the SEIO while the SINTEX-F2 model
exhibits a warm SST bias during boreal winter and a cold SST bias during boreal fall.

The cold SST mean bias and enhanced SST variability in the SEIO during boreal fall is a
well-known and long-standing problem of both the SINTEX-F2 and CMIP5 models (Fischer
et al. 2005; Terray et al. 2012; Prodhomme et al. 2014; Cretat et al. 2017; Cai and Cowan
2013; Li et al. 2015, 2016; Jourdain et al. 2016; Annamalai et al. 2017). Surprisingly, this
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exaggerated SEIO SST variability during boreal fall, linked to the 10D, cannot explain the

differences in ENSO evolution as described above.

On the other hand, the exaggerated SST variability in the SEIO during boreal winter in
both SINTEX-F2 and CMIP5 models is less explored in the literature despite our analysis
demonstrates its significant role on ENSO length and ISM-ENSO relationship. A working
hypothesis for the existence of this SST bias is, however, the cold tongue bias and the
associated excessive westward extension of ElI Nifio SST warming along the equatorial
Pacific found in most current CGCMs (Masson et al. 2012; Wang et al. 2014; Li and Xie
2012, 2014). These tropical Pacific biases have already been suggested to be very detrimental
for a realistic simulation of both the ENSO-NWPA relationship and the negative 10 feedback
in CMIP5 models as they produce erroneous warm SST anomalies in the equatorial western
Pacific during the EI Nifio decaying year, obstructing the formation of the anomalous NWPA
(Kug and Ham 2012; Tao et al. 2016; Li et al. 2019). In order to investigate if the SEIO SST
mean and variability biases are remotely forced by tropical Pacific errors in the SINTEX-F2
model, the annual cycle of monthly means and standard deviations of SEIO SSTs simulated in
the FTPC and FTPC-obs decoupled experiments (see Section 2c) are displayed in Fig. 2. As
ENSO variability is removed in both FTPC and FTPC-obs, but the Pacific mean-state errors
are corrected only in FTPC-obs (Figs. 1e and 2a), the results suggest that SEIO biases during
boreal fall have primarily local origins, as they are still present in both FTPC and FTPC-obs.
On the other hand, those found during boreal winter are partly due to the remote Pacific
forcing, as the erroneous SEIO SST variability during boreal winter is significantly damped in
both FTPC and FTPC-obs, and the corresponding SST mean-state error is eliminated in
FTPC-obs.

Thus, our results complement the previous studies, which focused primarily on the ocean-
atmosphere and atmospheric processes over the equatorial western Pacific to explain the
relationships between the ENSO decay pace, the NWPA and the local easterlies wind
anomalies during boreal winter (Wang et al. 2000; Wu et al. 2017ab; Li et al. 2017b) and their
degraded representation in current CGCMs (Kug and Ham 2012; Tao et al. 2016; Li et al.
2019). In SINTEX-F2, the negative 10 feedback on ENSO is severely damped not only
because of the local response (over the western equatorial Pacific) to the westward shift of the
El Nifo-related anomalies over the tropical Pacific, but also because such erroneous ENSO
pattern produces an unrealistic remote forcing in the SEIO. The removal of the erroneous
SEIO SST variability in FSEIC is sufficient to restore a realistic strength and position of the
NWPA and associated equatorial easterlies and a correct ISM-ENSO relationship (Fig. 8)
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related to the reduction of ENSO length. As most CMIP5 models exhibit exactly the same
SST variability biases in the SEIO (Fig. 15a), it is not unlikely that correcting or removing the
SEIO errors in these CGCMs will lead to similar improvements in their simulation of ENSO
and ISM-ENSO relationships.

Past analysis of observations illustrate that the synchronous ISM-ENSO relationships has
weakened, but that the impact of ElI Nifio decaying phase on ISM has strengthened during
recent decades (Fig 3; Yang et al. 2007, 2010; Boschat et al. 2012). This is fully consistent
with the hypothesis of an enhanced negative 10 feedback associated with the sustained 10
warming (especially in the western 10), partly induced by anthropogenic forcing (Roxy et al.
2014) and the more frequent occurrence of the ENSO-related 10 warming in recent decades
(e.g., Boschat et al. 2012; Xie et al. 2016). Our numerical experiments do suggest that the 10
is effectively an important climate element to explain the evolution of the ISM-ENSO system
in the 20" century, as we are able to restore a realistic simulation of the lead-lag relationships
between ISM and ENSO in a CGCM by simply eliminating the erroneous SST variability in
the SEIO (Fig. 10a). In other words, it is conceivable that the intensified warming and
negative feedback of the 10 are important factors in the long-term variability of ENSO and
ISM. This may have significant implications for our future projections of ENSO and ISM

variations in a changing climate.

Additional testing with other CGCMs should therefore be performed in the future to
promote a better understanding of the nature, seasonal timing and long-term behavior of the
IO feedback on ENSO and ISM. However, the present work demonstrates that tropical SST
biases in current CGCMs must be drastically reduced in order to shed new light on the
mechanisms underlying the ISM variability. It is unlikely that state-of-the-art CGCMs will
provide robust projections of ENSO or the ISM-ENSO relationship before prior reductions of
systematic errors in the different tropical basins, like the cold tongue bias and the westward
shift of the ENSO pattern in the tropical Pacific, the spurious 10D-like pattern in the 10 or the
unrealistic representation of the Atlantic zonal mode. Such systematic errors already preclude
the robust attribution of the observed evolution of the ISM-ENSO relationships during the
20" century (illustrated in Fig. 3) to the anthropogenic forcing with the current CMIP5
simulations, as illustrated by the persistent controversies in the literature on this topic (Chen
et al. 2010; Li and Ting 2015; Srivastava et al. 2015; Cash et al. 2017; Yun and Timmermann
2018; Feba et al. 2019; Bodai et al. 2020).

As illustrated in this work and summarized in two recent reviews (Cai et al. 2019; Wang

2019), interactions between the Indian, Pacific and also Atlantic basins play a seminal role in
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explaining large-scale phenomena, like ENSO or ISM. From a modeling perspective, our
results further highlight that remote SST mean-state and variability errors in one basin, for
example the 10, can also interfere with SST biases in other basins like the Pacific and play a
key-role in the simulation of ENSO or ISM in current CGCMs (see also Terray et al. 2016).
In other words, this inter-basin framework is also fundamental to diagnose and correct the

severe biases still affecting current CGCMs.

Appendix

The SST nudging is performed inside the SST equation of the ocean model. We suppressed
the SST variability in a specific domain by applying a strong nudging of the SST toward a
SST climatology computed from a control experiment or observations (see Table 1 and
Section 2c for details). More precisely, this is done through a modification of the non-solar
heat flux provided by the atmosphere to the ocean by adding a correction term that is

proportional with the SST difference with the target climatology at each time step:

Qns = Qns + dg/dt*( SST - SSTclim)

Qns: the nonsolar heat flux received from atmosphere

dg/dt: -2400 W m K (corresponds to the heat flux needed to warm a 50m thick ocean layer
of 1 K during 1 day)

SSTaim: the target SST daily climatology, after a linear interpolation at each time step of the

day

The very strong dg/dt constant used here implies that the SST variability is almost suppressed
in the selected domain. A Gaussian smoothing is finally applied in a transition zone in both

longitude and latitude at the limits of the SST restoring domains (see Table 1).

This approach is interesting because the ocean dynamics (e.g. also thermocline variations)
will be consistent with the SST in the ocean model, which is not the case when the SST is
changed in the coupling interface of the coupled model as it is commonly done in many

past/recent studies.
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Figure captions

Figure 1: a) SST means difference (°C) between CTRL (years 11-210) and HadISST1.1
dataset (years 1979-2012); b) SST means difference (°C) between FTPC (years 11-110) and
CTRL; ¢) SST means difference (°C) between FTIC (years 11-110) and CTRL; d) SST means
difference (°C) between FSEIC (years 11-60) and CTRL and €) SST means difference (°C)
between FTPC-obs (years 11-50) and CTRL. The nudging domains for FTPC, FTIC and

FSEIC experiments are shown, respectively, in panels b (blue), ¢ (green) and d (purple).

Figure 2: a) Monthly means of the SEIO (90°E-115°E and 0°S-10°S; unit: °C) SST time
series from HadISST1.1 dataset (for the 1950-2012 and 1979-2012 periods) and the CTRL,
FSEIC, FTPC and FTPC-obs experiments performed with the SINTEX-F2 model; b)
Monthly standard deviations of the SEIO SST time series (unit: °C) from HadISST1.1 dataset
(for the 1950-2012 and 1979-2012 periods) and the CTRL, FSEIC, FTPC and FTPC-obs

experiments.

Figure 3: a) Lead-lag correlations between AIR time series and bi-monthly Nifio-3.4 SSTs
for different time periods, starting from the beginning of the previous year (e.g. year - 1) to
the end of the following year of the monsoon (e.g. year +1) and b) Same as a) but using the
ISMR time series derived from the IMD dataset. X-axis indicates the lag (in 2 months
interval) for a 36 months period starting one year before the developing year of ISM and Y-
axis is the amplitude of the correlation. Thus, the coefficients corresponding to -1, 0, +1
month lags refer, respectively, to the correlations between AIR in year 0 (e.g. JJAS ISM
rainfall) and April-May, June-July and August-September Nifio-3.4 SSTs, also during year 0,
and so on. Lead-lag correlations between ISMR time series estimated from GPCP dataset and
bi-monthly Nino-3.4 SSTs for the period 1979-2012 are also displayed in panels a and b for
comparison. All time series are detrended with a LOESS method (Cleveland and Devlin
1988). Black diamond symbols indicate correlations that are above the 95% significance
confidence level according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999

samples.

Figure 4: a) Lead-lag correlations between ISMR time series and bi-monthly Nino-3.4 SSTs,
starting from the beginning of the previous year (e.g. year - 1) to the end of the following year

of the monsoon (e.g. year +1) as simulated in the control experiments (CTRL) of the
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SINTEX-F2 and CFSv2 models and observed during the period 1979-2012. All time series
are detrended with a LOESS method (Cleveland and Devlin 1988). Black diamond symbols
indicate correlations that are above the 95% significance confidence level according to a
phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples. For observations, GPCP
and HadISST1.1 datasets are used, respectively, for estimating the ISMR and Nifo-3.4 SST
time series; b) Monthly standard deviations of the Nifio-3.4 SST time series from HadISST1.1
dataset (for the 1950-2012 and 1979-2012 periods) and the CTRL experiments of the
SINTEX-F2 and CFSv2 models; ¢) Monthly standard deviations of the ISMR time series
from GPCP dataset (for 1979-2012 period) and the CTRL experiments of the SINTEX-F2 and
CFSv2 models; d) Monthly means of the ISMR time series from GPCP dataset (for 1979-
2012 period) and the CTRL experiments of the SINTEX-F2 and CFSv2 models.

Figure 5: Same as Fig. 4, but for historical runs of 25 CMIP5 models. For CMIP models, the
period 1950-2000 is considered and time series are only linearly detrended. Statistical
significance is not plotted, but correlation coefficients with an absolute value greater than
0.25 are above the 95% significance confidence level according to a Student two-tailed t test.
For observations, GPCP and HadISST1.1 datasets are used, respectively, for estimating the
ISMR and Nifio-3.4 SST time series. The ensembles mean and spread across the CMIP5
models are also displayed. The spread is computed as the ensemble mean plus and minus the

ensemble standard deviation (thick black circles in all panels).

Figure 6: (a, b) June-July and August-September mean rainfall (shading) and 850-hPa wind
(vectors) anomalies regressed against the ISMR index (e.g. JJAS ISM rainfall) in the CTRL
experiment; (c, d) same as (a, b) but for the FTPC experiment; (e, f) same as (a, b) but for the
FTIC experiment and (g, h) same as (a, b) but for the FSEIC experiment. Unit for the rainfall
and 850-hPa wind regression coefficients are, respectively, in mm/day by mm/day and m/s by
mm/day. Only rainfall and 850-hPa wind regression coefficients above the 95% significance
confidence level according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999

samples are shown.

Figure 7: (a, b, c, d, e, f) correlation coefficients between the ISMR index (e.g. JJAS ISM
rainfall) and bi-monthly SST anomalies from February-March to December-January of year 0
in the FTPC experiment. (g, h, i, j, k, I) same as (a, b, c, d, e, f) but for bi-monthly 200-hPa
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velocity potential anomalies. Correlation coefficients above the 95% significance confidence
level according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are
contoured. In (a, b, c, d, e, f), correlation coefficients in the Pacific nudging domain are

masked.

Figure 8: Same as Fig. 4, but for the FTIC and FSEIC experiments done with the SINTEX-
F2 model. The results for the control (CTRL) and FTPC experiments performed with the
SINTEX-F2 model are also displayed for comparison (only in panels ¢ and d for FTPC).

Figure 9: Power spectra of Nifio-34 SST anomalies for CTRL (red), FTIC (green) and FSEIC
(blue) experiments. The bottom axis is the period (unit: year), the left axis is variance (unit:
°C2) and both axes are in logarithm scale. Dashed red curves show the point-wise 95%
confidence limits for the Nifio-34 SST spectrum estimated from the CTRL experiment.

Figure 10: a) bi-monthly SST anomalies regressed against the December-January Nifio-3.4
SST time series for the following February-March, April-May, June-July, August-September
and October-November (e.g. in year +1) in the CTRL experiment; b) same as a) but for the
FTIC experiment; c) same as a) but for the FSEIC experiment. Unit for the SST regression
coefficients is in K by K. Regression coefficients reaching the 10% significance level
according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are

contoured.

Figure 11: a) bi-monthly mean rainfall (shading) and 850-hPa wind (vectors) anomalies
regressed against the December-January Nifio-3.4 SST time series for the following February-
March, April-May, June-July, August-September and October-November (e.g. in year +1) in
the CTRL experiment; b) same as a) but for the FTIC experiment; c) same as a) but for the
FSEIC experiment. Unit for the rainfall and 850-hPa wind regression coefficients are,
respectively, in mm/day by K and m/s by K. Only rainfall and 850-hPa wind regression
coefficients reaching the 10% significance level according to a phase-scrambling bootstrap
test (Ebisuzaki 1997) with 999 samples are shown.
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Figure 12: a) bi-monthly mean 20°C isotherm depth (a proxy for thermocline depth)
anomalies regressed against the December-January Nifio-3.4 SST time series for the
following February-March, April-May, June-July, August-September and October-November
(e.g. in year +1) in the CTRL experiment; b) same as a) but for the FTIC experiment; c) same
as a) but for the FSEIC experiment. Unit for the 20°C isotherm depth regression coefficients
is in m by K. Regression coefficients reaching the 10% significance level according to a

phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are contoured.

Figure 13: (a, b, ¢, d) February-March 850-hPa stream function, 850-hPa velocity potential,
200-hPa velocity potential and 850-hPa zonal wind anomalies regressed against the preceding
December-January Nifio-3.4 SST time series in the CTRL experiment; (e, f, g, h) same as (a,
b, ¢, d) but for the FTIC experiment; (i, j, k, I) same as (a, b, c, d) but for the FSEIC
experiment. Units for the stream function and velocity potential regression coefficients are in

10° m? s by K and for 850-hPa zonal wind in m s by K. Regression coefficients reaching
the 10% significance level according to a phase-scrambling bootstrap test (Ebisuzaki 1997)

with 999 samples are contoured.

Figure 14: (a, b) June-July and August September 200-hPa velocity potential anomalies
regressed against the preceding December-Januray Nifio-3.4 SST time series in the CTRL
experiment; (c, d) same as (a, b) but for the FTIC experiment; (e, f) same as (a, b) but for the
FSEIC experiment. Units for the velocity potential regression coefficients are in 10° m? st by
K. Regression coefficients reaching the 10% significance level according to a phase-

scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are contoured.

Figure 15: a) Monthly means of the SEIO (90°E-115°E and 0°S-10°S; unit: °C) SST time
series from HadISST1.1 dataset and the historical runs of 25 CMIP5 models; b) Monthly
standard deviations of the SEIO SST time series from HadlSST1.1 dataset and the historical
runs of 25 CMIP5 models. All observed and simulated statistics are estimated from the period
1950-2000. The ensembles mean and spread across the CMIP5 models are also displayed.
The spread is computed as the ensemble mean plus and minus the ensemble standard

deviation (thick black circles in panels a and b).
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Figure S1: (a, b, c, d, e, f) correlation coefficients between the ISMR index (e.g. JJAS ISM
rainfall) and bi-monthly SST anomalies from February-March to December-January of year 0
in the CTRL experiment. (g, h, i, J, k, I) same as (a, b, c, d, e, f) but for bi-monthly 200 hPa
velocity potential anomalies. Correlation coefficients above the 95% significance confidence
level according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are

contoured.
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Table captions

Table 1: Summary of the numerical experiments with their main characteristics, including
length, nudging domain and SST climatology used for the nudging in the Indian or Pacific
oceans decoupled experiments. The nudged experiments are the Forced Tropical Pacific
Climatology (FTPC) run, the Forced Tropical Indian Climatology (FTIC) run, the Forced
South-East Indian Climatology (FSEIC) run and, finally, the Forced Tropical Pacific observed
Climatology (FTPC-obs) run. See text for more details. For the FTPC and FTPC-obs
experiments only ocean grid-points in the Pacific are included in the correction or smoothing
areas and, similarly, for the FTIC and FSEIC experiments for their respective domains. The
different correction domains are also displayed in Figure 1b-d. The observed SST
climatology used in the FTPC-obs experiment is derived from the AVHRR only daily
Optimum Interpolation SST version 2 (OISSTv2) dataset for the 1982-2010 period (Reynolds
et al. 2007).

Table S1: Description of the 25 Coupled Model Inter-comparison Project phase 5 (CMIP5)

models used in our analysis. We use the historical coupled model experiments contributing to

CMIPS5 (see, url: http://pcmdi9.lInl.gov). Here, the first member of each model’s ensemble of
historical runs is used for all the analysis performed using CMIP5 models (e.g. Figures 5) and
computations are done for the period 1950-2000. Each model dataset has been re-gridded into
a 2.5°x2.5° horizontal grid, using a first-order remapping procedure implemented in the
Climate Data Operators (https://code.zmaw.de/projects/cdo), before processing.
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Figure 1: a) SST means difference (°C) between CTRL (years 11-210) and HadISST1.1 dataset (years 1979-2012);

b) SST means difference (°C) between FTPC (years 11-110) and CTRL; ¢) SST means difference (°C) between FTIC
(years 11-110) and CTRL; d) SST means difference (°C) between FSEIC (years 11-60) and CTRL and e) SST means
difference (°C) between FTPC-obs (years 11-50) and CTRL. The nudging domains for FTPC, FTIC and FSEIC
experiments are shown, respectively, in panels b (blue), ¢ (green) and d (purple).
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Figure 2: a) Monthly means of the SEIO (90°E-115°E and 0°S-10°S; unit: °C) SST time series from HadISST1.1 dataset (for the
1950-2012 and 1979-2012 periods) and the CTRL, FSEIC, FTPC and FTPC-obs experiments performed with the SINTEX-F2
model; b) Monthly standard deviations of the SEIO SST time series (unit: °C) from HadISST1.1 dataset (for the 1950-2012 and
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6 7
Month
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b Lead-lag correlations IMD (6-9) and Nino34 SST
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Figure 3: a) Lead-lag correlations between AIR time series and bi-monthly Nifio-3.4 SSTs for different time periods, starting from
following year of the monsoon (e.g. year +1) and b) Same as a)
but using the ISMR time series derived from the IMD dataset. X-axis indicates the lag (in 2 months interval) for a 36 months
period starting one year before the developing year of ISM and Y-axis is the amplitude of the correlation. Thus, the coefficients
corresponding to -1, 0, +1 month lags refer, respectively, to the correlations between AIR in year 0 (e.g. JJAS ISM rainfall) and
during year 0, and so on. Lead-lag correlations between ISMR
time series estimated from GPCP dataset and bi-monthly Nifio-3.4 SSTs for the period 1979-2012 are also displayed in panels a
and b for comparison. All time series are detrended with a LOESS method (Cleveland and Devlin 1988). Black diamond symbols

the beginning of the previous year (e.g. year - 1) to the end of the

April-May, June-July and August-September Nifio-3.4 SSTs, also

Lags (2 months)

indicate correlations that are above the 95% significance confidence level according to a phase-scrambling bootstrap test

(Ebisuzaki 1997) with 999 samples.
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Figure 4: a) Lead-lag correlations between ISMR time series and bi-monthly Nifio-3.4 SSTs, starting from the beginning of the previous year (e.g. year - 1) to the end of the following year
of the monsoon (e.g. year +1) as simulated in the control experiments (CTRL) of the SINTEX-F2 and CFSv2 models and observed during the period 1979-2012. All time series are detrended
with a LOESS method. Black diamond symbols indicate correlations that are above the 95% significance confidence level according to a phase-scrambling bootstrap test (Ebisuzaki 1997)
with 999 samples. For observations, GPCP and HadISST1.1 datasets are used, respectively, for estimating the ISMR and Nifio-3.4 SST time series; b) Monthly standard deviations of the
Nifio-3.4 SST time series from HadISST1.1 dataset (for the 1950-2012 and 1979-2012 periods) and the CTRL experiments of the SINTEX-F2 and CFSv2 models; ¢) Monthly standard
deviations of the ISMR time series from GPCP dataset (for 1979-2012 period) and the CTRL experiments of the SINTEX-F2 and CFSv2 models; d) Monthly means of the ISMR time series
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from GPCP dataset (for 1979-2012 period) and the CTRL experiments of the SINTEX-F2 and CFSv2 models.
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Figure 5: Same as Fig. 4, but for historical runs of 25 CMIP5 models. For CMIP models, the period 1950-2000 is considered and time series are
only linearly detrended. Statistical significance is not plotted, but correlation coefficients with an absolute value greater than 0.25 are above the
95% significance confidence level according to a Student two-tailed t test. For observations, GPCP and HadISST1.1 datasets are used, respectively,
for estimating the ISMR and Nifio-3.4 SST time series.The ensembles mean and spread across the CMIP5 models are also displayed. The spread is
computed as the ensemble mean plus and minus the ensemble standard deviation (thick black circles in all panels).
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Figure 6: (a, b) June-July and August-September mean rainfall (shading) and 850-hPa wind (vectors) anomalies regressed against the ISMR index

(e.g. JJAS ISM rainfall) in the CTRL experiment; (¢, d) same as (a, b) but for the FTPC experiment; (e, f) same as (a, b) but for the FTIC experiment
and (g, h) same as (a, b) but for the FSEIC experiment. Unit for the rainfall and 850-hPa wind regression coefficients are, respectively, in

mm/day by mm/day and m/s by mm/day. Only rainfall and 850-hPa wind regression coefficients above the 95% significance confidence level
according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are shown.
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Figure 7: (a, b, ¢, d, e, f) correlation coefficients between the ISMR index (e.g. JJAS ISM rainfall)
and bi-monthly SST anomalies from February-March to December-January of year 0 in the FTPC
experiment. (g, h, i, j, k, I) same as (a, b, ¢, d, e, f) but for bi-monthly 200-hPa velocity potential
anomalies. Correlation coefficients above the 95% significance confidence level according to a
phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are contoured. In (a, b, ¢, d, e, f),
correlation coefficients in the Pacific nudging domain are masked.
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Figure 9: Power spectra of Nifio-34 SST anomalies for CTRL (red), FTIC (green) and FSEIC (blue)
experiments. The bottom axis is the period (unit: year), the left axis is variance (unit: °C2) and both
axes are in logarithm scale. Dashed red curves show the point-wise 95% confidence limits for

the Nifio-34 SST spectrum estimated from the CTRL experiment.
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Figure 10: a) bi-monthly SST anomalies regressed against the December-January Nifio-3.4 SST time series for the following February-March, April-May,
June-July, August-September and October-November in the CTRL experiment; b) same as a) but for the FTIC experiment ; ¢) same as a) but for the FSEIC

experiment. Unit for the SST regression coefficients is in K by K. Regression coefficients reaching the 10% significance level according to a phase-scrambling
bootstrap test (Ebisuzaki 1997) with 999 samples are contoured.
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Figure 11: a) bi-monthly mean rainfall (shading) and 850-hPa wind (vectors) anomalies regressed against the December-January Nifio-3.4 SST
time series for the following February-March, April-May, June-July, August-September and October-November in the CTRL experiment;

b) same as a) but for the FTIC experiment; ¢) same as a) but for the FSEIC experiment. Unit for the rainfall and 850-hPa wind regression
coefficients are, respectively, in mm/day by K and m/s by K. Only rainfall and 850-hPa wind regression coefficients

reaching the 10% significance level according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are shown.
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Figure 12: a) bi-monthly mean 20°C isotherm depth (a proxy for thermocline depth) anomalies regressed against the December-January Nifio-3.4
SST time series for the following February-March, April-May, June-July, August-September and October-November in the CTRL experiment;
b) same as a) but for the FTIC experiment ; ¢) same as a) but for the FSEIC experiment. Unit for the 20°C isotherm depth regression coefficients is

in m by K. Regression coefficients reaching the 10% significance level according to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999
samples are contoured.



Regressions Nino34 SST (12-1) - February-March - Year +1

d CTRL - 850 hPa stream function e FTIC - 850 hPa stream function | FSEIC - 850 hPa stream function
30N =7, 2 4
20N 7 )
10N E K 2 1
‘é 0 g K % (N 0.1
3 105 :0.10 - -, i—0.10
20S B ? -~ = ~
30S %, \W“‘ 4 B S [ . -
50E 100E 150E 160W 110W 50E 100E 150E 160W 110W ° 50E 100E 150E 160W 110W
b CTRL - 850 hPa velocity potentlal f FTIC - 850 hPa velocity potential J FSEIC - 850 hPa velocity potential
30N B j é - d )8 _é 2 > £ by L é
T 10N E : ' ’ == =
ER / 7 4
= 108 E ‘x% “uw & — & i \ &
) A L S U Y SN\ > 1 3 U : : N
305 E . 48 i dE I i
50E 100E 150E 160W 110W 50E 100E 150E 160W 110W 50E 100E 150E 160W 110W
C CTRL - 200 hPa velocity potential g FTIC- 200 hPa velocity potential k FSEIC - 200 hPa velocity potential
30N g \ e~ S
N 20N E-o010 (4 - L 3 . 110,
T 10N . : L
Z 0
~ 105 E 5 .
20S E 0 - = ﬁ 5 N
Y : )
50E 100E Eg(r)lEgitu de 160W 110W 50E 100E ﬂg%Egitu de 160W 110W 50E 100E Eg%]‘zgitu de 160W 110W
-4 0 4 8 12 16 20
Regression (10°5 m”2/s by K)
d CTRL - 850 hPa zonal wind FTIC - 850 hPa zonal wind I FSEIC - 850 hPa zonal wind
30N B 0107 ‘”Jo 0. T ™ Huo——— =
U S , 0 D b S
S 10N E- - o 0 - 3 -
% 0 . . 0.10,
- 108 E I — S o) - > 2.
30S B i 010 ] ’ g l0.10. ) 0dp o P P 0'm\ /TN
50E 100E E OE . 160W 50E 100E ESOE, 160W 110W 50E 100E ESOE_ 160W 110W
ongitude ongitude ongitude
250 -2.00 -1.50 1.00 -0.50 0.00 0.50 1.00 1.50 2.00 2,50
Regression (m/s by K)

Figure 13: (a, b, ¢, d) February-March 850-hPa stream function, 850-hPa velocity potential, 200-hPa velocity potential and 850-hPa zonal wind anomalies
regressed against the preceding December-January Nifio-3.4 SST time series in the CTRL experiment; (e, f, g, h) same as (a, b, ¢, d) but for the FTIC
experiment; (i, j, k, 1) same as (a, b, ¢, d) but for the FSEIC experiment. Units for the stream function and velocity potential regression coefficients are in
105 m2 s-1 by K and for 850-hPa zonal wind in m s-1 by K. Regression coefficients reaching the 10% significance level according to a phase-scrambling

bootstrap test (Ebisuzaki 1997) with 999 samples are contoured.
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Figure 14: (a, b) June-July and August September 200-hPa velocity potential anomalies regressed against the preceding December-Januray Nifio-3.4
SST time series in the CTRL experiment; (¢, d) same as (a, b) but for the FTIC experiment; (e, f) same as (a, b) but for the FSEIC experiment.
Units for the velocity potential regression coefficients are in 105 m2 s-1 by K. Regression coefficients reaching the 10% significance level according

to a phase-scrambling bootstrap test (Ebisuzaki 1997) with 999 samples are contoured.
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Figure 14: a) Monthly means of the SEIO (90°E-115°E and 0°S-10°S; unit: °C) SST time series from HadISST1.1 dataset and
the historical runs of 25 CMIP5 models; b) Monthly standard deviations of the SEIO SST time series from HadISST1.1 dataset
and the historical runs of 25 CMIP5 models. All observed and simulated statistics are estimated from the period 1950-2000.
The ensembles mean and spread across the CMIPS models are also displayed. The spread is computed as the ensemble mean
plus and minus the ensemble standard deviation (thick black circles in panels a and b).



Table 1

Name CTRL FTPC FTIC FSEIC FTPC-obs
Pacific Ocean | Indian Ocean | Indian Ocean | Pacific Ocean
Correction
area None coast to coast | coastto coast | 90°E to coast | coastto coast
25°S-25°N 25°S-30°N 0°S-10°S 25°S-25°N
85°E-90°E,
Smoothing 30°5-25°S .| 1ISTE-120°E | 30°s-25°S
None 30°S-25°S o o
area 25°N-30°N 15°S-10°S 25°N-30°N
0°-5°N
SST data None CTRL CTRL CTRL OISSTv2
Time
duration 210 110 110 60 50
(Year)

Table 1: Summary of the numerical experiments with their main characteristics, including

length, nudging domain and SST climatology used for the nudging in the Indian or Pacific

oceans decoupled experiments. The nudged experiments are the Forced Tropical Pacific

Climatology (FTPC) run, the Forced Tropical Indian Climatology (FTIC) run, the Forced

South-East Indian Climatology (FSEIC) run and, finally, the Forced Tropical Pacific observed
Climatology (FTPC-obs) run. See text for more details. For the FTPC and FTPC-obs

experiments only ocean grid-points in the Pacific are included in the correction or smoothing

areas and, similarly, for the FTIC and FSEIC experiments for their respective domains. The

different correction domains are also displayed in Figure 1b-d. The observed SST climatology

used in the FTPC-obs experiment is derived from the AVHRR only daily Optimum
Interpolation SST version 2 (OISSTv2) dataset for the 1982-2010 period (Reynolds et al.

2007).
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