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Abstract The relationship between the Indian Ocean
and the Indian summer monsoon (ISM) and their respec-
tive influence over the Indo-Western North Pacific (WNP)
region are examined in the absence of El Nifio South-
ern Oscillation (ENSO) in two partially decoupled global
experiments. ENSO is removed by nudging the tropical
Pacific simulated sea surface temperature (SST) toward
SST climatology from either observations or a fully cou-
pled control run. The control reasonably captures the
observed relationships between ENSO, ISM and the Indian
Ocean Dipole (IOD). Despite weaker amplitude, IODs do
exist in the absence of ENSO and are triggered by a boreal
spring ocean—atmosphere coupled mode over the South-
East Indian Ocean similar to that found in the presence of
ENSO. These pure IODs significantly affect the tropical
Indian Ocean throughout boreal summer, inducing a sig-
nificant modulation of both the local Walker and Hadley
cells. This meridional circulation is masked in the presence
of ENSO. However, these pure IODs do not significantly
influence the Indian subcontinent rainfall despite over-
estimated SST variability in the eastern equatorial Indian
Ocean compared to observations. On the other hand, they
promote a late summer cross-equatorial quadrupole rainfall
pattern linking the tropical Indian Ocean with the WNP,
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inducing important zonal shifts of the Walker circulation
despite the absence of ENSO. Surprisingly, the interannual
ISM rainfall variability is barely modified and the Indian
Ocean does not force the monsoon circulation when ENSO
is removed. On the contrary, the monsoon circulation sig-
nificantly forces the Arabian Sea and Bay of Bengal SSTs,
while its connection with the western tropical Indian Ocean
is clearly driven by ENSO in our numerical framework.
Convection and diabatic heating associated with above-nor-
mal ISM induce a strong response over the WNP, even in
the absence of ENSO, favoring moisture convergence over
India.

Keywords Coupled climate model - El Nifio-Southern
Oscillation - Indian Ocean (Dipole) - Indian summer
monsoon - Ocean—atmosphere interactions - Rainfall

1 Introduction

The Indian summer monsoon (ISM) provides about
75-90 % of annual rainfall over India from June to Sep-
tember (JJAS) with significant year-to-year variability. Pre-
dicting its interannual variations is of utmost importance as
ISM is critical for the economy and agriculture of the coun-
try, with more than a billion people depending on fresh-
water and farming.

The interannual variability of ISM Rainfall (ISMR)
tightly relates to the El Nifio Southern Oscillation (ENSO)
phenomenon (e.g., Walker 1924; Sikka 1980; Rasmus-
son and Carpenter 1983). The Walker circulation shifts
eastward in the Indian sector during El Nifios, inducing
anomalous subsidence and reduced rainfall over India, and
vice versa during La Nifias (Wang et al. 2005). In addi-
tion to ENSO, many studies have pointed out significant
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connections between ISMR and the Indian Ocean (Rao and
Goswami 1988; Ashok et al. 2001, 2004; Gadgil et al. 2004,
2005, 2007; Krishnan et al. 2003; Krishnan and Swapna
2009; Clark et al. 2000; Terray et al. 2003, 2007; Yang et al.
2007; Izumo et al. 2008; Park et al. 2010; Boschat et al.
2011; Roxy et al. 2015; Shukla and Huang 2016a).

In particular, the Indian Ocean Dipole (IOD, Reverdin
et al. 1986; Saji et al. 1999; Webster et al. 1999; Murtugudde
et al. 2000; Gadgil et al. 2004) has a two-way interaction
with the ISM. Positive 10D events (pIODs) are associated
with cooler (warmer) than normal SSTs in the eastern equa-
torial (western tropical) Indian Ocean, and reversely during
negative 10D events (nIODs). The IOD is one of the main
ocean—atmosphere coupled modes of variability in the Indian
Ocean sector and its existence relates to coupled dynamics in
the Indian Ocean (Annamalai et al. 2003; Fischer et al. 2005;
Spencer et al. 2005; Behera et al. 2006). Its growth during
boreal summer and peak in September—November (SON)
are related to both wind—thermocline—SST and wind—evap-
oration—-SST feedbacks over the equatorial Indian Ocean
and off the coast of Sumatra (Li et al. 2003; Spencer et al.
2005). It is very often triggered by ENSO, leading to a hot
debate whether 10D exists without ENSO or not (Yamagata
et al. 2002; Gualdi et al. 2003; Wu and Kirtman 2004; Fis-
cher et al. 2005; Behera et al. 2006; Roxy et al. 2010; Dom-
menget 2011; Krishnaswamy et al. 2015; Zhao and Nigam
2015; Wang et al. 2016), and can also be triggered by subsur-
face dynamics independently from ENSO (Rao et al. 2002).

The IOD-ISM relationship does not necessarily reach
the statistical significance level when considering long-term
observed time-series (Gadgil et al. 2004, 2005, 2007; Ihara
et al. 2007). The way IODs can influence ISM remains also
highly controversial. Some authors suggest a direct influ-
ence through moisture transport over the western Indian
Ocean or modifications in the local Hadley cell, with
enhanced ascendance (subsidence) and a northward (south-
ward) shift of its uplift branch over India during pIODs
(nIODs) that enhances (reduces) ISM (Ashok et al. 2001,
2004; Gadgil et al. 2004; Behera et al. 2005; Ashok and
Saji 2007; Ummenhofer et al. 2011). Others suggest that
IODs counteract the influence of ENSO on ISM and that
the IOD-ISM relationship varies complementarily to the
ENSO-ISM relationship at longer timescales. As an illus-
tration, the I[OD-ISM relationship has strengthened in the
recent decades (Ashok et al. 2001, 2004; Ashok and Saji
2007; Izumo et al. 2010; Ummenhofer et al. 2011; Krish-
naswamy et al. 2015) due to non-uniform warming of the
Indian Ocean (Thara et al. 2008; Cai et al. 2009; Roxy et al.
2014), while the reverse is observed for the ENSO-ISM
relationship (Kumar et al. 1999; Ashrit et al. 2001; Ihara
et al. 2008). However, El Nifios (La Nifias) tend to be asso-
ciated with pIODs (nIODs) by favoring easterly (westerly)
wind anomalies over the eastern equatorial Indian Ocean
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during boreal spring, which trigger coupled dynamics over
the equatorial Indian Ocean (Annamalai et al. 2003; Li
et al. 2003; Gualdi et al. 2003; Ashok et al. 2003; Bracco
et al. 2005; Fischer et al. 2005; Behera et al. 2006). More
recently, IODs have also been suggested as potential trig-
ger of ENSO, with nIODs at a particular year tending to be
followed by El Nifios in the subsequent year, and pIODs by
La Nifias (Luo et al. 2010; Izumo et al. 2010, 2014; Zhou
et al. 2015; Jourdain et al. 2016).

The way around, the ISM has also been shown to influ-
ence Indian Ocean variability, including IOD variability.
Many studies have suggested that tropical Indian Ocean
SSTs may be considered as a passive element of the ISM
system at the interannual timescale (Shukla 1987). A strong
ISM can favor either nIODs by producing westerly wind
anomalies at the equator (e.g., Loschnigg et al. 2003;
Kulkarni et al. 2007; Webster and Hoyos 2010), or pIODs
by inducing southeasterly wind anomalies along the west-
ern coast of Sumatra (Annamalai et al. 2003; Krishnan
and Swapna 2009). Note finally that the ENSO-IOD-ISM
system could be part of the Tropical Biennial Oscillation
(TBO; Yasunari 1991; Meehl and Arblaster 2002; Meehl
et al. 2003; Loschnigg et al. 2003; Terray et al. 2005;
Drbohlav et al. 2007; Webster and Hoyos 2010).

This brief review indicates that there are still large uncer-
tainties in the sign and amplitude of the two-way IOD-
ISM relationship, mainly because of the strong influence
exerted by ENSO on both IOD and ISM. A way to clarify
this two-way relationship is to untangle ENSO-induced and
no-ENSO IOD-ISM relationships. The traditional way to
do so consists in compositing cases for which, e.g., I[ODs
do not co-occur with ENSOs (Ashok et al. 2003; Saji and
Yamagata 2003; Pokhrel et al. 2012; Cherchi and Nav-
arra 2013), or in linearly removing the influence of ENSO
(Clark et al. 2000; Guan et al. 2003; Pillai and Mohanku-
mar 2010; Shukla and Huang 2016a). These two classical
approaches remain, however, questionable since the num-
ber of pure IODs is very small in the observation record and
ENSO influence can be delayed over time and is not linear
(Compo and Sardeshmukh 2010). SST-forced atmospheric
simulations with imposed SST patterns have also been used
to mimic the influence of pIODs or nIODs on ISM (Ashok
et al. 2001, 2004), but these models do not account for the
coupled nature of the ISM (Wu and Kirtman 2004; Wang
et al. 2004, 2005). A more physically consistent approach
is using coupled ocean—atmosphere simulations with par-
tial decoupling over a region of interest. Such approach
has been already successfully used to analyze the roles
of Indian and Atlantic Oceans on ENSO (Luo et al. 2010;
Santoso et al. 2012; Terray et al. 2016), the impacts of SST
errors on ISM (Prodhomme et al. 2014), and the IOD evo-
lution and its forcing mechanisms in the absence of ENSO
(Fischer et al. 2005; Behera et al. 2006; Wang et al. 2016).
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Here, we build upon these previous successes and make
use of a partial coupling strategy to clarify the two-way
synchronous IOD-ISM relationships in the absence of
ENSO. Two dedicated sensitivity experiments are run with
a state-of-the-art atmosphere—ocean global climate model
(AOGCM) with tropical Pacific SSTs nudged toward SST
climatology derived from a control run or observational
data. These two experiments allow documenting the ISM
and IOD climatology and variability, and understanding
the two-way interactions between ISM and IOD and their
remote influence without ENSO. The differences between
the two nudged experiments, if any, will be used to test the
robustness of the results and the impact of the mean SST
state changes on these characteristics.

The paper is organized as follows. Section 2 presents the
observations used for model validation, the model experi-
ments, and the methodology used for analyzing the two-
way synchronous IOD-ISM relationships without ENSO.
Section 3 is model validation and discusses the basic effects
of removing ENSO on both ISM and IOD. Section 4 ana-
lyzes the influence of IOD and ISM in the presence and
absence of ENSO over the Indo-Western North Pacific sec-
tor, including the two-way synchronous IOD-ISM relation-
ships. Section 5 gives main conclusions and discussion.

2 Experimental setup, observations
and methodology

2.1 Experimental setup

Three global simulations are run using the SINTEX-F2
AOGCM (Masson et al. 2012) with the ECHAMS5.3 atmos-
phere (Roeckner et al. 2003) at T106 spectral resolution
(~1.125° x 1.125°) and 31 hybrid sigma-pressure levels,
and the NEMO ocean (Madec 2008) at 0.5° x 0.5° hori-
zontal resolution, 31 vertical levels and with the LIM?2 ice
model (Timmermann et al. 2005). The two model compo-
nents are coupled using the ocean—atmosphere—sea—ice—
soil (OASIS3) coupler (Valcke 2006). The coupling infor-
mation is exchanged every 2 h with no flux correction. The
model does not require flux adjustment to maintain a near
stable climate, and accurately simulates the tropical Pacific
SST mean state, ENSO variability, and the monsoon-ENSO
relationships (Masson et al. 2012; Terray et al. 2012, 2016).

The first simulation is a 210-year fully coupled ocean—
atmosphere experiment (Terray et al. 2016). It is used as a
control (CTL hereafter) for ensuring that SINTEX-F2 sim-
ulates reasonably both the mean tropical climate and the
ENSO-IOD-ISM system and allows an objective assess-
ment of the effects of ENSO on the IOD and ISM statis-
tics in Sect. 3. The two remaining simulations are 110- and
50-year integrations (FTPC and FTPC-obs, respectively)

similar to CTL, except over the tropical Pacific (see domain
defined by dark blue shading in Fig. 1h, j) where SSTs
are nudged toward the daily SST climatology from CTL
in FTPC and the 1982-2010 AVHRR-V2 daily Optimum
Interpolation SST observations (Reynolds et al. 2007)
in FTPC-obs. Following Luo et al. (2005), the nudging
method used in these two simulations modifies the non-
solar heat fluxes in the tropical Pacific Ocean through
a correction term, scaling with the SST model error, that
completely removes ENSO-scale variability (Prodhomme
et al. 2015; Terray et al. 2016). The damping term in this
nudging technique (—2400 W m~2 K~') corresponds to
the 1-day relaxation time for temperature in a 50-m ocean
layer. The only difference between the two no-ENSO
experiments is the tropical Pacific SST bias correction in
FTPC-obs since the nudging is done toward the AVHRR-
V2 SST climatology in this simulation. Thus, the com-
parison between FTPC and FTPC-obs allows testing the
robustness and sensitivity of our results to the mean back-
ground SST in the tropical Pacific. Table 1 summarizes the
coupling strategy utilized for each simulation, and all the
following analyses exclude the first 10 years to let the three
simulations spin-up.

2.2 Observations and methodology

The Hadley Centre Sea Ice and sea surface temperature
dataset (HadISST; Rayner et al. 2003) is used for evaluat-
ing the CTL ability in simulating the annual mean SST cli-
matology and its monthly variability. To foster direct com-
parisons, HadISST has been linearly interpolated onto the
CTL horizontal grid. Both the full data period (1870-2013)
of HadISST and the two sub-periods, pre- and post-1979,
are considered to account for long-term SST background
and uncertainties induced by the late 1970s climate shift
when evaluating the different simulations in Sect. 3.

Table 2 details the main acronyms and the location of
the different regions utilized for computing the rainfall and
SST indices used in this study. HadISST is used to evalu-
ate the mean annual cycle and interannual variability in
observed SSTs of the Nifio3.4, western (wIOD) and east-
ern (elOD) IOD regions. The Indian Rainfall (IR) index
simulated by CTL over the Indian subcontinent is evalu-
ated against the All Indian Rainfall index (AIR; Parthasar-
athy et al. 1995). The AIR index is an area-weighted aver-
age of 306 rain gauges distributed across India from 1871
onwards and is frequently used to assess the relationships
between ISMR and Indo-Pacific SSTs (e.g., Boschat et al.
2011, 2012). The length of the AIR time-series allows a fair
and consistent comparison with our long coupled simula-
tions, but note that the use of a satellite-based IR instead of
the AIR yields similar results if we restrict our analysis to
the post-1979 period for observations (not shown).
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Fig. 1 a Annual mean SST climatology estimated from the HadISST
data over the 1870-2013 period. b Standard deviation of monthly
SSTs after removing the mean annual cycle and the monthly linear
trend due to global warming from the HadISST data. See Sect. 2.2
for details. ¢, d Same as (a, b) but for the CTL. e, f Same as (a, b)
but for CTL biases against the HadISST data. g, h and i, j Same as
(a, b) but for differences between the two no-ENSO experiments and

the CTL. Only biases/differences that are significant at the 95 % con-
fidence level according to a Student ¢ test for SST mean state and a
Chi-square test for SST variability are shown in panels e to j. The
dark blue area over the tropical Pacific in the panels h and j is the
region where SSTs have been nudged toward SST climatology in the
FTPC and FTPC-obs experiments

Table 1 Summary and acronyms of the different coupled simulations performed with the SINTEX-F2 AOGCM

Integration (years) Setup

Decoupled tropical Pacific by nudging toward an SST climatology

CTL SST climatology

CTL 210 Full ocean—atmosphere coupling
FTPC 110
FTPC-obs 50

OISST-v2 SST climatology

The column “Setup” describes the differences between the experiments. See Fig. 1h, j for the definition of the tropical Pacific domain where

nudging is performed in FTPC and FTPC-obs

@ Springer
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Table 2 Acronym, peak season and location of the area-averaged
rainfall and SST indices used for assessing ISMR, ENSO and 10D
variability in Sects. 3 and 4

Season Location
IR* JIAS 5°N-25°N 70°E-95°E
Nifio3.4 DJ 5°S-5°N 170°W-120°W
wIOD** SON 10°S-10°N 50°E-70°E
elOD 10°S-Eq 90°E-110°E

An Indian Rainfall (IR) times-series over the Indian subcontinent
defines ISMR, Nifio3.4 SSTs is used as an ENSO index and, finally,
the traditional wIOD and eIOD regions, as defined by Saji et al.
(1999), represent the IOD variability. See text for further details

* The Indian Rainfall (IR) times-series is computed from land points
only in the specified domain

** The 5°S—5°N band has been removed prior to compute the wlOD
SST index in the simulations to exclude the strong intrusion of the
eastern equatorial cold tongue in the western Indian Ocean simulated
during simulated pIODs. See text for details

The variability and lead-lag relationships between the
different times-series in both observations and simulations
are described by simple statistics, such as standard devia-
tion and Bravais-Pearson linear correlation in Sect. 3. A
monthly linear trend is removed before computing standard
deviations and correlations from HadISST SSTs in order to
avoid contamination of the statistics by the global warming
trend, which is absent from our CO,-fixed simulations.

The specific role of IOD and ISM on Indo-Pacific cli-
mate variability and the relationships between IOD and
ISM are then compared in the presence and absence of
ENSO through a linear regression approach performed
on CTL, FTPC and FTPC-obs experiments (Sect. 4). The
standardized SON IOD and JJAS IR seasonal indices
(see Table 2) are used in these regression analyses. The
regressed spatial anomalous patterns describe the monthly
evolution of water and energy cycles (rainfall, latent heat
fluxes, and net shortwave radiations at the surface), atmos-
pheric circulation (850-hPa wind, 200-hPa velocity poten-
tial), and thermal state of the ocean (SSTs and depth of
the 20 °C oceanic isotherm: 20d hereafter) from June to
September, i.e., during the ISM. The statistical confidence
of the results is evaluated by comparing the slope of each
regression to the 90th percentile threshold value obtained
by regressing 1000 randomly perturbed time-series having
mean and variance similar to the original time-series onto
the SON IOD/JJAS IR predictors.

To verify that the linear regression analysis does not hide
any asymmetry between pIODs and nlODs, a composite
analysis based on the IOD index has also been performed.
The results reveal that the simulated pIOD and nlOD pat-
terns are strongly symmetric with each other in the pres-
ence and absence of ENSO (not shown), justifying the use

of a linear regression analysis to synthetically describe the
IOD-ISM relationships in our simulations.

3 Model evaluation and statistical effects of Pacific
SST nudging

3.1 Annual mean climatology and variability

The annual mean climatology and variability of monthly
SSTs simulated by CTL are evaluated against long-term
SST observations between 40°S and 40°N (Fig. 1a—f). The
observed spatial distribution in annual mean SST climatol-
ogy (Fig. 1a) is accurately captured by the CTL (Fig. lc¢),
with a spatial pattern correlation of 40.98. In contrast
with many AOGCMs without flux adjustments, the CTL
has only a small cold tongue bias in the central equatorial
Pacific (Fig. 1e). However, the model errors remain signifi-
cant with warm biases of 1-3 K in the tropics, especially in
the upwelling regions, and cold biases of 1-2 K in the mid-
latitudes (Fig. le).

The spatial correlation between the observed and CTL
monthly SST variability (Fig. 1b, d) is +0.72. This indi-
cates fair simulation of the main observed SST variability
pattern in the tropics and mid-latitudes. The CTL captures
reasonably SST variability in the tropical Pacific despite
largely confined to the equatorial belt and in the tropi-
cal Indian Ocean, except significant overestimation along
the shores of Java and Sumatra (Fig. 1f) due to overac-
tive boreal fall upwelling (Fischer et al. 2005; Terray et al.
2012). Elsewhere, the SST variability in CTL is slightly
stronger than observed.

The suppression of ENSO variability in FTPC does not
impact the mean SST state (Fig. 1g), but does reduce sig-
nificantly the SST variability in the tropical Pacific by con-
struction, but also in the extra-tropical Pacific and tropical
Indian Oceans (Fig. 1h). This reduction in SST variability
outside the tropical Pacific highlights the global nature of
ENSO teleconnections, which are absent in FTPC. On the
other hand, nudging toward an observed tropical Pacific
SST climatology in FTPC-obs significantly decreases the
warm SST bias everywhere (Fig. 1i), and SST variability
is further decreased compared to CTL in the eastern equa-
torial Indian Ocean and the subtropical Atlantic Ocean
(Fig. 1j). This demonstrates that a significant part of the
warm SST mean biases in the Indian and Atlantic sec-
tors has a remote origin in the tropical Pacific. Changes
in the Indian Ocean mean state induced by tropical Pacific
SST bias correction also implies that FTCP-obs may
be more complex than FTPC to analyze the direct influ-
ence of ENSO suppression on the two-way IOD-ISM
relationships.
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Fig. 2 a Mean annual cycle of monthly Indian rainfall for the 1871-
2013 AIR data, the CTL, and the two no-ENSO experiments. b—d
Same as (a) but for monthly SSTs over the Nifio3.4 region, and the
western and the eastern IOD poles, respectively. The 1870-2013 Had-
ISST data is used for observations. e Same as (a), but for monthly

3.2 Mean annual cycle and variability

Figure 2a, e shows the mean annual cycle and variability
of observed and simulated monthly IR (Table 2). The CTL
captures realistically the rainfall annual cycle over India.
However, the simulated IR index is affected by a dry bias
during ISM (Fig. 2a), due to a too equatorward position of
the boreal summer ITCZ and a delayed ISM onset (Prod-
homme et al. 2014, 2015). Despite of this mean dry bias,
monthly IR variability is well captured by CTL (Fig. 2e).
Surprisingly, the suppression of ENSO variability in FTPC
does not significantly modify the mean annual cycle and
variability of IR (Fig. 2a, e) despite the strong relationship
between ENSO and ISM variability in the CTL (see below).
Compared to CTL and FTPC, FTPC-obs improves the IR
annual cycle with a peak in June as observed (Fig. 2a).
However, the dry IR bias during ISM persists in FTPC-
obs, suggesting that reducing the warm SST bias over the
Indian Ocean is not sufficient to shift the ITCZ northward.
FTPC-obs also simulates enhanced IR variability in June,
suggesting a more variable ISM onset (Fig. 2e). Since these
changes are not shared by FTPC and FTPC-obs, they partly
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standard deviations of Indian rainfall. f~h Same as (b-d) but for
monthly standard deviations of SST anomalies. The observed SST
indices in panels f to h have been detrended to remove the global
warming trend before estimating the standard deviations. See Table 2
for acronyms and index locations

relate to the rectification of the mean state of the Indian
Ocean induced by the correction of the Pacific SST biases
in FTPC-obs.

The same statistical analysis is performed for the
Nifio3.4, wlOD, and eIOD SST indices (Table 2). The
CTL reasonably captures the SST mean annual cycle over
the three regions (Fig. 2b—d). Its main weaknesses include
a timing error in the Nifio3.4 region, with coldest SSTs
peaking in boreal fall instead of boreal winter. This bias is
related to the misrepresented eastern Pacific cold tongue
seasonal cycle in the SINTEX model, as in most AOGCMs
(Li and Xie 2014). The CTL struggles also in capturing the
observed SST magnitude. The warm bias in annual mean
tropical SSTs (Fig. le) is prominent during boreal spring,
while it is reduced from late boreal summer to fall over
the three regions (Fig. 2b—d), and even of reversed sign in
the elOD pole during boreal fall. This highlights a strong
seasonal dependency of model SST biases. In particular,
the CTL experiences a cold SST bias in the elOD pole
from mid-June to late November, reaching up to 1 K dur-
ing September (Fig. 2d). This longstanding cold bias in
SINTEX and other AOGCMs originates from too shallow
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equatorial thermocline and too intense evaporation in the
eastern Indian Ocean during boreal summer and fall (Fis-
cher et al. 2005; Cai et al. 2013). The CTL also reasonably
captures the timing of the observed peaks of variability in
the Nifio3.4 and elOD regions (Fig. 2f, h), as well as the
relatively flat SST variability observed in the wlOD region
(Fig. 2g). Main model biases concern SST variability that
is underestimated in the Nifio3.4 region during the ENSO
peak (Fig. 2f) and largely overestimated in the eIOD pole
during the IOD peak (Fig. 2h). The latter error is associated
with too strong wind—thermocline—-SST and wind—evapo-
ration—SST feedbacks simulated by the SINTEX model in
the eIOD pole during boreal fall (Fischer et al. 2005; Ter-
ray et al. 2012). Additional analyses have also been done to
further evaluate the SST variability simulated in the Indian
Ocean. The main results (not shown) indicate first a better
agreement between the HadISST data and the CTL over the
wIOD pole when considering the recent observed decades,
hence substantial observational uncertainties resulting from
the scarcity of in situ data before 1979 and/or changes in
the low-frequency variability of the Indian Ocean. Second,
the strongest observed and simulated SST variability does
peak during boreal fall when considering the traditional
10D index, consistent with the literature.

The mean annual cycle of the Nifio3.4 SSTs is almost
the same in CTL and FTPC (Fig. 2b) because tropical
Pacific SSTs of the latter are nudged toward the daily SST
climatology of the former. It is also similar in the Indian
Ocean despite of the absence of ENSO in FTPC (Fig. 2c,
d). On the other hand, by construction, FTPC-obs almost
perfectly corrects the CTL timing and magnitude errors
in the Nifio3.4 region (Fig. 2f). It also largely corrects the
boreal spring warm SST bias of the two IOD poles (Fig. 2c,
d), which therefore partly originates from remote errors in
the annual cycle of tropical Pacific SSTs. However, FTPC-
obs fails (as FTPC) at correcting the cold bias of boreal fall
elOD SSTs (Fig. 2d). This persistent bias is thus relatively
independent from simulated ENSO variability and the
mean SST background errors in the tropical Pacific in our
simulations and have, thus, a local origin.

SST variability is logically suppressed in the tropical
Pacific in the absence of ENSO (Fig. 2f) and also system-
atically reduced over the two IOD poles by a rather con-
stant factor (Fig. 2g, h). This corroborates the hypothesis
that some IODs may be triggered or amplified by ENSO
(Gualdi et al. 2003; Annamalai et al. 2003; Yu and Lau
2005; Luo et al. 2010). However, the elOD SST variabil-
ity simulated by FTPC and FTPC-obs remains strong and
even higher than the observed one. This is partly related to
the model mean state bias (e.g., Fig. 2d), but confirms that
IODs exist without ENSO in our two nudged experiments
as in previous modeling studies (Fischer et al. 2005; Behera
et al. 2006; Luo et al. 2010; Santoso et al. 2012; Wang

et al. 2016). This also suggests that elOD may be more
fundamental than wIOD for explaining IOD life cycle, as
recently suggested in the observations (Zhao and Nigam
2015).

3.3 ENSO-IOD-ISM relationships

The CTL ability in representing both the synchronous and
delayed relationships of the ENSO-IOD-ISM system is
evaluated through a lead-lag correlation analysis between
the Nifio3.4, wlOD, eIOD SST, and ISMR indices. Fig-
ure 3a shows the observed and CTL-simulated lead/lag
relationships between ISMR (i.e., JJAS IR: see Table 2)
and monthly Nifio3.4 SSTs from one year before (year —1)
to one year after (year +1) the year of the ISM season (year
0) and the Nifio3.4 SST autocorrelation. While with weaker
intensity (partially due to the longer length of CTL), the
CTL correctly captures the synchronous negative observed
relationship, with warm SST anomalies in the eastern and
central Pacific during the developing stage of ENSO asso-
ciated with negative ISMR anomalies, and vice versa for
cold SST anomalies. This negative relationship slowly dis-
appears with the decaying stage of ENSO and the observed
correlations between ISMR and Nino3.4 SST during year
+1 are well-reproduced by CTL. This good model skill
mainly results from accurate timing of ENSO since the
shape of the simulated Nifio3.4 SST autocorrelation is
similar to that observed (Fig. 3a). At longer leads/lags, the
ISMR-ENSO relationship is weak and mostly insignificant
in both observations and CTL.

The observed relationship between SON SSTs from the
wIOD and elOD poles and monthly Nifio3.4 SSTs (Fig. 3b)
indicates that pIODs occur frequently during El Nifios and
nlODs during La Nifias, consistent with previous stud-
ies. This is reflected by positive (negative) correlations
observed during year O and the first half of year +1 in the
wIOD (eIOD) pole. Such opposition of phase is captured
by the CTL only when excluding the 5°S-5°N band prior
to form the wlOD SST index because of too intense pIODs
in the SINTEX AOGCM (see Table 2).

We finally address the CTL ability in simulating the
two-way relationships between IOD and ISM by showing
lead/lag correlations between ISMR and monthly wlOD
and eIOD SSTs (Fig. 3c). These relationships are weak and
noisy in both observations and CTL. The exception is the
negative correlation between ISMR and monthly wlOD
and eIOD SSTs during boreal fall and winter of year 0 and
during year +1. This suggests that above- (below-) nor-
mal ISMRs are followed several months later by negative
(positive) tropical Indian Ocean SST anomalies. This nega-
tive relationship appears first in the western Indian Ocean
during boreal summer (Fig. 3c). This is consistent with
the strong relationship between ENSO and both ISM and
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Indian Ocean variability, especially the basin-wide warm-
ing (cooling) of the Indian Ocean following El Nifios (La
Niiias).

4 10D and ISM influences on Indo-Pacific
variability

Despite errors in the eIOD SST magnitude, the CTL rea-
sonably captures the variability of the ENSO-IOD-ISM

@ Springer

«Fig. 3 a Lead-lag correlations between ISMR and monthly Nifio3.4
SSTs for the 1871-2013 AIR-HadISST observations and the CTL
(black and blue solid lines, respectively). The dotted lines correspond
to observed and CTL-simulated Nifio3.4 SST autocorrelation com-
puted between December—January (DJ) Nifio3.4 SSTs and monthly
Nifio3.4 SSTs. b Same as (a) but for lead—lag correlations between
monthly Nifio3.4 SSTs and SON SSTs from the western (solid lines)
and eastern (dotted lines) 10D poles. ¢ Same as (a) but between
ISMR and monthly SSTs from the western (solid lines) and eastern
(dotted lines) 10D poles. The monthly trend of observed SST vari-
ability is removed as in Fig. 1 to foster direct comparisons with our
CO,-fixed simulations. Lead—lag correlations are computed for a
3-year window from one year before (year —1) to one year after (year
+1) the year of the ISM season (year 0). The blue, green and pink
vertical bands symbolize the ISM, 10D, and ENSO peaks, respec-
tively. Correlation values outside the limit of the two pink lines are
significant at the 90 % confidence level according to a Pearson test

system during year O (Fig. 3). This gives confidence in uti-
lizing the SINTEX model to disentangle ENSO-induced
and pure IOD-ISM relationships. This section clarifies
these pure relationships, as well as remote connections
with the Western North Pacific (WNP) by comparing the
CTL to the two no-ENSO experiments.

4.1 10D influence on ISM and Indo-WNP variability

The SON eIOD SST index is used for assessing the influ-
ence of IODs on interannual variability in the Indo-WNP
sector. This index is preferred to the traditional IOD index
because the IOD variability is mainly driven by the eIOD
variability in both the presence and absence of ENSO in
our modeling framework. It is worth noting that the results
shown hereafter are similar when using the traditional IOD
index (not shown). This demonstrates that the elOD index
is a good proxy of I0ODs in our modeling framework, with
positive SST anomalies in the elOD pole during boreal fall
corresponding to nIODs.

We first focus on the springtime initiation of IODs by
showing the regression maps of April-May (AM) SST,
latent heat flux, rainfall and low-level wind anomalies onto
the normalized SON eIOD SST index for CTL (Fig. 4a, b),
FTPC (Fig. 4c, d), and FTPC-obs (Fig. 4e, f). In all simu-
lations, positive elOD SST anomalies during boreal fall
are lead by significant boreal spring ocean—atmosphere
anomalies over the South-East Indian Ocean (SEIO). The
AM regressed fields suggest that a regional coupled mode
involving positive (negative) SST and rainfall anomalies
and cyclonic (anticyclonic) low-level circulation anoma-
lies over the SEIO is the main trigger of nIODs (pIODs).
This atmospheric pattern is similar to that described as
a key trigger of many IODs in the presence of ENSO in
both observations and AOGCMs (Gualdi et al. 2003; Li
et al. 2003; Annamalai et al. 2003; Terray et al. 2007). Our
two no-ENSO experiments demonstrate that such precur-
sor atmospheric pattern may exist even without ENSO, as
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Fig. 4 a April-May bi-monthly
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a pure regional mode or linked to tropical-extra-tropical
interactions in the Indian Ocean (Terray et al. 2005, 2007).
This coupled pattern of variability is sufficient to initiate a
positive wind—evaporation—SST feedback off the coast of
Sumatra and Java and to trigger westerly wind anomalies
(and a wind—thermocline—SST feedback) along the equato-
rial Indian Ocean during IOD events (Fig. 4), confirming
their fundamental roles in IOD onset (Li et al. 2003; Spen-
cer et al. 2005). Interestingly, this boreal spring coupled
mode is shifted a few degrees southwestward in FTPC-obs,
which has a colder Indian Ocean background mean state
than FTPC and CTL (Figs. 1g, i and 2c, d) due to the recti-
fication of tropical Pacific SST errors. This favors stronger
low-level westerlies over the central equatorial Indian
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Ocean and a stronger Somali jet off the African coast
in FTPC-obs (Fig. 4f). As a result, evaporating cooling
(warming) is enhanced over the western equatorial Indian
Ocean (SEIO) leading to the emergence of a northwest-
southeast dipole of SST anomalies in the tropical Indian
Ocean during boreal spring in FTPC-obs (Fig. 4e). Thus,
IOD-like zonal SST patterns are nearly symmetric as soon
as boreal spring in FTPC-obs, while remain asymmetric
until late June in CTL and FTPC (see Fig. 5a, b). In addi-
tion to the strength of the low-level equatorial wind anoma-
lies (Sun et al. 2014), the location of the regional ocean—
atmosphere coupled mode and the background SST mean
state per se are also critical for the emergence of I0D-like
SST patterns during the onset phase of the IOD events.
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Fig.5 July to September monthly SST anomalies regressed onto respond to warm SSTs. Black contours are anomalies significant at
normalized boreal fall (i.e., SON) eIOD SST anomalies for the a—d the 90 % confidence level according to a bootstrap test
CTL, e-h FTPC, and i-1 FTPC-obs experiments. Positive values cor-
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Fig. 6 Same as Fig. 5 but for 20d (i.e., depth of 20 °C isotherm) anomalies. Positive values correspond to a deep thermocline

The boreal summer evolution of IOD-related SST and  different experiments rapidly weaken in early boreal sum-
20d anomalies is described from June to September for the mer (Fig. 5a, b, e, f, i, j), and the mechanisms explaining
CTL and the two no-ENSO experiments (Figs. 5, 6, respec-  the evolution of IOD-related SST and 20d anomalies is
tively). The morphological differences between IODs in the  very similar between the three experiments. During early
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nlOD summers, significant positive SST anomalies are
located off the coast of Sumatra and Java (Fig. 5), and an
equatorial downwelling Kelvin wave develops in the east-
ern equatorial Indian Ocean (Fig. 6) in response to the
westerly wind anomalies over the equatorial Indian Ocean
during boreal spring (Fig. 4). These equatorial subsurface
anomalies rapidly affect the thermocline along the coast
of Sumatra. Subsequently, both the SST and 20d anoma-
lies originating from the eastern equatorial Indian Ocean
progressively propagate westward and intensify along
the equator through Ekman convergence/divergence for
peaking in September—October (not shown). This mecha-
nism highlights that the subsurface and coupled dynam-
ics over the SEIO are critical for IOD-like SST anomalies
to develop (Li et al. 2003; Terray et al. 2007; Wang et al.
2016), even in the absence of ENSO.

Contrary to this common mechanism, the morphology
of IOD-related SST and 20d anomalies also differs between
the three experiments (Figs. 5, 6). First, the magnitude and
spatial coverage of elOD SST anomalies are greater in the
CTL (Fig. 5a—d) than the FTPC (Fig. 5e-h), while the over-
all 20d anomaly pattern is similar between these two exper-
iments (Fig. 6a—d, e-h, respectively), which also share the
same background SST mean state (Fig. 1g). This indicates
that ENSO amplifies IOD patterns at the surface but not
in the subsurface, consistent with the independence of the
subsurface to ENSO reported by Rao et al. (2002). Sec-
ond, there are again significant differences between FTPC-
obs and the two other experiments. In the northern Indian
Ocean, CTL and FTPC simulate significant negative SST
anomalies extending from the eastern Arabian Sea to the
southern tip of India (Fig. 5a-h) and significant negative
20d anomalies in the eastern Arabian Sea and Bay of Ben-
gal (Fig. 6 a—h). This suggests that these regional anomalies
are mostly independent from ENSO in our modeling frame-
work. On the other hand, FTPC-obs simulates broader
zonal IOD SST patterns (Fig. 5i-1) than CTL (Fig. 5a—d)
and FTPC (Fig. Se-h), and boreal summer 20d anomalies
that are positive in the Bay of Bengal and SEIO and nega-
tive mainly in the South-West Indian Ocean (Fig. 6i-1). In
the southern Indian Ocean, negative 20d anomalies simu-
lated by CTL and FTPC in the 5°-25°S—-60°-100°E region
during early summer, progressively move westward, but
remain systematically weak along the African coast dur-
ing the ISM (Fig. 6a-h). By contrast, those simulated by
FTPC-obs are more intense, spreading from the eastern
coast of Tanzania to ~100°E throughout the ISM, with
greatest anomalies located north of Madagascar (Fig. 6i—
). Such differences between FTPC-obs and the two other
experiments point toward the need to better assess the role
of the mean SST background on both SST and 20d vari-
ability in the Indian Ocean in order to understand the IOD
variability.
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The influence of IODs on boreal summer rainfall and
atmospheric circulation over the Indo-WNP sector is now
explored for the different experiments (Figs. 7, 8). During
nlOD years, the three experiments simulate early summer
positive rainfall anomalies in the central and eastern equa-
torial Indian Ocean (Fig. 7a, b, e, f, i, j) consistent with
enhanced convection over the SEIO during boreal spring
(Fig. 4b, d, f). This rainfall center is much more intense
and widespread spatially in the presence of ENSO. In the
CTL, it extends up to Indonesia and is associated with
strong surface wind convergence (Fig. 7a—d) and upper-
level wind divergence (Fig. 8a—d) there, consistent with a
strong modulation of the Walker circulation associated with
growing La Nifas. On the other hand, the rainfall center
and associated circulation anomalies remain confined
over the eIOD pole during early summer in the absence of
ENSO (Figs. 7e-1, 8e-l1). It is shifted southwestward and
less regionally confined in FTPC-obs, which simulates
amplified surface wind convergence and upper-level wind
divergence (Figs. 7i-1, 8i-1) than FTPC (Fig. 7e-h, 8e-h).
The three experiments struggle to produce negative (posi-
tive) rainfall anomalies over the western equatorial Indian
Ocean in response to nIODs (pIODs), which contrasts with
the traditional view that the main atmospheric response to
IOD variability during boreal summer is over the equatorial
Indian Ocean. Such zonal rainfall dipole is simulated only
during the mature phase of IODs (Figs. 7d, h, 1, 8d, h, 1). It
is again much stronger in the CTL than the two no-ENSO
experiments. This relates to stronger equatorial westerly
wind anomalies simulated in the presence of ENSO due to
stronger convection over the eIOD pole and the Maritime
Continent. This also relates to the presence of negative 200-
hPa velocity potential anomalies over most of the Indian
sector induced by La Nifias.

In addition, the three experiments simulate a meridi-
onal dipole in rainfall that persists most of the ISM, with
positive (negative) anomalies in the equatorial (northern)
Indian Ocean during nIOD years (Fig. 7), and vice versa
during pIOD years. This is consistent with the modulation
of the local Hadley cell seen in the absence of ENSO, with
200-hPa divergence over the warm elOD pole and 200-
hPa convergence and compensating subsidence over the
North Indian Ocean during some months of nlOD sum-
mers (Figs. 8e-1). These meridional upper-level circulation
anomalies are greater in FTPC than FTPC-obs, consistent
with the more significant and persistent surface and sub-
surface cold temperature anomalies over the North Indian
Ocean in FTPC (Fig. 5e-h) than FTPC-obs (Fig. 5i-1).
However, this anomalous Hadley cell remains locked over
oceanic regions surrounding the Indian subcontinent in
both no-ENSO experiments and is masked in the CTL,
resulting in weak and barely significant IR anomalies most
of the time in all experiments. Therefore, the poor influence
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and 850-hPa wind (vectors; m s~') anomalies for the a—d CTL, e-h
FTPC, and i-1 FTPC-obs experiments. Black contours are significant

of IODs on ISMR in the presence of ENSO (Figs. 3c, 7a—d)
does not result from counter effects between ENSO and
IOD in our modeling framework. While the IOD influence
on ISM involves changes in the meridional circulation over
the Indian sector (Ashok et al. 2001, 2004; Gadgil et al.
2004; Behera et al. 2005; Ashok and Saji 2007; Ummen-
hofer et al. 2011), it is rather weak in our no-ENSO experi-
ments, suggesting that other modes account for ISM
variability.

Last but not least, significant differences are found
between the CTL and the two no-ENSO experiments over
the Indo-WNP sector. In the presence of ENSO, a quasi-
zonal rainfall mode links the elOD-Indonesian sector with
the western tropical and equatorial Pacific throughout the
ISM, with a strong upper-level divergence over the for-
mer and convergence over the latter during nIOD summers
(Figs. 7a—d, 8a—d). This mode involves strong changes in
the Walker circulation and is driven by El Nifio-to-La Nifia
transitions since rainfall anomalies in the western tropi-
cal and equatorial Pacific establish during the preceding
boreal winter (not shown). The connection between the
Indian and WNP sectors significantly differ in the absence

rainfall anomalies and purple vectors are significant 850-hPa wind
anomalies, both at the 90 % confidence level according to a bootstrap
test

of ENSO. The rainfall pattern simulated by FTPC and
FTPC-obs over the tropical Indian Ocean is embedded in
a late summer cross-equatorial rainfall quadrupole pattern
extending over the Indo-WNP sector (Fig. 7g, 7k-1). This
evidences strong remote effects of IODs in the absence
of ENSO. This IOD-induced rainfall mode is accompa-
nied by robust changes in the atmospheric circulation. Its
low-level nlOD signature corresponds to cyclonic wind
and positive rainfall anomalies over the SEIO and the
WNP traditionally reported during growing La Nifias and
linked to the TBO (e.g., Wang et al. 2003; Li et al. 2006).
Its upper-level nlOD signature reveals strong divergence
anomalies (negative 200-hPa velocity potential anomalies)
extending from the SEIO to the WNP that grow and inten-
sify until August in FTPC (Fig. 8e—g) and September in
FTPC-obs (Fig. 8i-1). This confirms the significant forcing
of the Indian Ocean can have on the WNP variability (e.g.,
Li et al. 2006) and complements the results by Chowdary
et al. (2011) who show that removing the tropical Indian
Ocean variability within partially decoupled global
experiments dramatically weakens the WNP interannual
variability.
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Fig. 8 Same as Fig. 5 but for monthly 200-hPa velocity potential
(shadings; 10° m? s~') anomalies for the a—d CTL, e-h FTPC, and
i-1 FTPC-obs experiments. Black contours are significant 200-hPa

4.2 ISM influence on Indian Ocean and Indo-WNP
variability

Figures 9 and 10 show the regression maps of surface tem-
perature (i.e., SST over ocean and skin temperature over
land), 850-hPa wind, rainfall, and 200-hPa velocity poten-
tial anomalies from June to September onto the normal-
ized ISMR anomalies for the CTL and FTPC. Results for
FTPC-obs are similar to FTPC, hence not shown. Consist-
ent with Fig. 3a, b and the literature (see Introduction),
above-normal ISMRs occur during growing La Nifias in
the CTL. This is reflected by significant surface cooling
over the central and eastern tropical Pacific, strengthened
low-level easterlies over the equatorial Pacific (Fig. 9a—d)
and a westward shift in the Walker circulation (Fig. 10a—
d), with positive rainfall anomalies over India and an
equatorial band extending from the elOD pole to the Mari-
time Continent. Over the Indian Ocean, the atmospheric
response to active ISMs (and to the La Nifia conditions)
involves a seesaw between the Somali and the eastern
Indian Ocean cross-equatorial winds with an enhanced
Somali jet and monsoon flux over the central Arabian Sea

@ Springer

velocity potential anomalies at the 90 % confidence level according
to a bootstrap test. Positive 200-hPa velocity potential anomalies cor-
respond to abnormal upper-level mass flux convergence

throughout the ISM (Fig. 9a—d). This strengthens (weak-
ens) the climatological monsoon fluxes in the western
(eastern) Indian Ocean, hence promotes the emergence of
a nIOD-like SST pattern during the course of boreal sum-
mer (Fig. 9a—d).

Without ENSO, above-normal ISM exerts also a signifi-
cant and robust influence on Indian Ocean SSTs, but the
SST anomalous pattern does not exhibit any similarity with
10D (Fig. 9e-h). This suggests that ENSO plays a promi-
nent role in governing the seesaw relationship in the inter-
hemispheric transport and the resulting SST I0OD-like pat-
tern over the Indian Ocean in CTL and confirms the weak
intrinsic relationship between 10D and ISM (Fig. 9e-h). In
FTPC, cold SSTs are found over the Arabian Sea, but not
over the western equatorial Indian Ocean from July to Sep-
tember (Fig. 9f-h). They primarily result from enhanced
evaporative cooling in response to the stronger monsoon
flux (Fig. 9e—h) and increased cloud cover associated with
the enhanced monsoon rainfall (Fig. 10e-h). The Arabian
Sea is thus an important source of moisture for ISMR, con-
sistent with previous studies (Izumo et al. 2008; Boschat
et al. 2011; Levine et al. 2013; Prodhomme et al. 2014).
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Fig. 9 July to September monthly surface temperature (shadings; K)
and 850-hPa wind (vectors; m s~!) anomalies regressed onto normal-
ized ISMR anomalies for the a—-d CTL and e-h FTPC experiments.

Finally, without ENSO, active convection and diabatic
heating over India induce a strong signal to the East over the
WNP and the China Sea (Fig. 10e-h). This forms a strong
zonal dipole in rainfall and atmospheric circulation, with
200-hPa divergence over India and the Arabian Sea oppos-
ing to 200-hPa convergence and decreased rainfall over the
WNP. The large convection-induced diabatic heating over
India generates a large-scale divergent anomalous circula-
tion at upper levels in the north subtropics associated with
strong low-level anticyclonic circulation anomalies over
the WNP and off-equatorial easterly wind anomalies over
the China Sea and the Bay of Bengal (Fig. 9e-h). The close
similarity of this atmospheric pattern with the numerical
results of Rodwell and Hoskins (2001) suggests that this
atmospheric response is mainly driven by the east—west dif-
ferential heating induced by the ISMR anomalies through

Black contours are significant surface temperature anomalies and pur-
ple vectors are significant 850-hPa wind anomalies, both at the 90 %
confidence level according to a bootstrap test

the planetary-scale upper-level divergent circulation and
a Kelvin-wave response on the equatorward portion of the
WNP anticyclone. In turn, the strong off-equatorial low-
level easterly anomalies over the Bay of Bengal construc-
tively interact with the southwesterly wind anomalies over
the Arabian Sea and increase significantly the moisture con-
vergence toward the Indian subcontinent (Fig. 9e—h).

Thus, our no-ENSO experiments complement the tradi-
tional view that strong (weak) WNP monsoon (ISM) occurs
during developing El Nifios, and reversely during decaying
El Nifios (Wang et al. 2001; Chou et al. 2003; Boschat et al.
2011; Prodhomme et al. 2015; Ratna et al. 2016). In FTPC,
this rainfall dipole is mainly driven by atmospheric internal
variability that can develop without ENSO and even in the
absence of strong SST anomalies in the WNP or the Indian
Ocean (Fig. 9e-h).
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Fig. 10 Same as Fig. 9 but for monthly rainfall (shadings,
mm day~!) and 200-hPa velocity potential (contours every
2 x 1078 m? s7!) anomalies for the a—d CTL and e-h FTPC experi-

Importantly, this subtropical ISM—WNP rainfall dipole
clearly differs from the rainfall quadrupole simulated dur-
ing ENSO-free IOD years, which is more oceanic and
equatorially confined (Figs. 7, 8). This means that two dis-
tinct modes of variability connect the Indian and the West-
ern Pacific sectors in the absence of ENSO: a subtropical
zonal mode driven by ISMR and associated diabatic heat-
ing (Fig. 10e-h), and a cross-equatorial quadrupole mode
influenced by IOD variability and coupled ocean—atmos-
phere dynamics over the SEIO (Figs. 7, 8).

5 Conclusion and discussion

Partial ocean—atmosphere decoupling experiments are
used to discuss the influence of ISM and IOD variability
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ments. Black contours and purple dots are significant rainfall and
200-hPa velocity potential anomalies at the 90 % confidence level
according to a bootstrap test, respectively

over the Indo-WNP sector in the absence of ENSO. This
approach complements observation-based studies that often
utilize linear regression techniques to remove ENSO’s
influence and stand-alone atmospheric simulations that do
not account for air-sea feedbacks in monsoon regions.

A control simulation is first analyzed to ensure realis-
tic representation of the ENSO-IOD-ISM system, a diffi-
cult task for current AOGCMs (e.g., Cai et al. 2009; Ter-
ray et al. 2012; Sperber et al. 2013; Shukla and Huang
2016b). Despite biased magnitude of elOD SSTs, the
control reasonably captures many observed features of the
ENSO-IOD-ISM system (Figs. 1, 2, 3). This gives confi-
dence in utilizing the SINTEX AOGCM for untangling
ENSO-induced and no-ENSO IOD-ISM relationships.
Two no-ENSO experiments, FTPC and FTPC-obs, are then
run with SST variability removed in the tropical Pacific
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through nudging toward the SST climatology from the con-
trol and observations, respectively. The signal shared by the
two no-ENSO experiments is a robust response to ENSO
removing, while inter-experiment differences result from
differential mean SST background induced by the tropical
Pacific SST bias rectification in FTPC-obs only.
Surprisingly, the model mean state (annual mean and
mean annual cycle) is very similar between CTL and FTPC
outside the nudging region (Figs. 1, 2). Two hypotheses
may explain such similarity. First, the SST climatology and
annual cycle over the tropical Pacific may include the rec-
tification of the Pacific mean state induced by the ENSO
variability in the CTL. By this mechanism, any rectifica-
tion of the mean state due to ENSO can still be present in
FTPC. The important differences in mean state between
FTPC and FTPC-obs are consistent with such interpreta-
tion. Second, changes in the interannual variability do not
necessary induce changes in the mean state, and reversely.
This is especially true in current coupled models that strug-
gle in capturing the observed positive skewness of ENSO
(Masson et al. 2012), hence possible cancelling effects
between El Nifios and La Nifias on the mean state of our
century-long control run may also explain the similarity.
While ENSO suppression significantly reduces SST
variability in the Indian Ocean, it does not prevent IODs
to exist (Figs. 2, 4, 5, 6). This confirms the importance of
the subsurface and local ocean—atmosphere feedbacks over
the tropical SEIO for IOD triggering and evolution (Fischer
et al. 2005; Behera et al. 2006; Terray et al. 2007; Wang
et al. 2016). The greater similarity of the onset of I0Ds
between CTL and FTPC compared to FTPC-obs suggests
that this phase is more influenced by the correction of the
Pacific and Indian mean state than by the removal of ENSO.
Both no-ENSO experiments simulate a significant boreal
summer meridional dipole in rainfall during IOD years that
also exists in the presence of ENSO. The strong diabatic
heating associated with enhanced rainfall over the elOD
pole during nIOD summers modulates the local Hadley cir-
culation (Figs. 7, 8), inducing negative rainfall anomalies
in the northern Indian Ocean during boreal summer. The
reverse prevails during pIOD summers. Such changes in
the local Hadley circulation are attenuated in the presence
of ENSO because global-scale changes in the Walker cir-
culation dominate. However, the 10D influence on ISMR
barely emerges from noise in all experiments. This may
be a model bias since the CTL and the two nudged experi-
ments overestimate the elOD SST variability and underes-
timate the wlOD SST variability compared to observations
(Fig. 2g-h). Apart from this modest influence on ISMR,
pure IODs promote a late summer cross-equatorial quad-
rupole rainfall pattern linking the North Indian Ocean with
the WNP (Figs. 7, 8), consistent with the WNP monsoon—
warm Indian Ocean interactions described in previous

studies (Wang et al. 2003; Li et al. 2006). This rainfall pat-
terns greatly differs from that simulated in the presence of
ENSO, confirming potential opposite effects between IOD
and ENSO (e.g., Ashok et al. 2001; Pepler et al. 2014).

The way around, the interannual variability of ISM does
not influence I0ODs during their developing stage when
ENSO is removed in our modeling framework (Fig. 9e-h).
This contrasts with the control and observations for which
positive (negative) ISMR anomalies tend to favor nlODs
(pIODs) (Figs. 3c, 9a—d). This result is consistent with
the fact that above-normal ISMs can co-occur with either
nlODs (e.g., Loschnigg et al. 2003; Kulkarni et al. 2007,
Webster and Hoyos 2010) or pIODs (Annamalai et al.
2003; Krishnan and Swapna 2009). On the other hand, the
two no-ENSO experiments highlight a significant forc-
ing of the enhanced monsoon circulation onto the Arabian
Sea SSTs (Fig. 10), suggesting a passive role of the Indian
Ocean in the absence of ENSO. This is in line with Shukla
(1987), but contrasts with many recent observational stud-
ies (Boschat et al. 2011; Shukla and Huang 2016a). It is
thus of utmost importance to determine the model depend-
ency of this result.

Finally, convection and diabatic heating associated
with active ISM induce strong upper-level convergence,
subsidence, and low-level anticyclonic anomalies in the
WNP, forming hence a strong subtropical dipole in rainfall
and atmospheric circulation (Fig. 10). While this dipole
and associated atmospheric circulation are weaker in the
absence of ENSO, this mode can be interpreted as a pure
response to enhanced ISMR (Rodwell and Hoskins 2001)
with no active role of SST anomalies in the absence of
ENSO. This suggests that ISM has an active rather than a
passive role in tropical variability. Again, it is important
to confirm the model dependency of this result, which has
important implications for ISM predictability.

Despite not perfect, our partially ocean—atmosphere
decoupled experiments clearly demonstrate that the IOD—
ISM relationship is weak even in the absence of ENSO,
letting room for two independent modes of variability to
develop in the Indo-WNP sector: a purely atmospheric
subtropical zonal mode driven by convection and diabatic
heating over India and a quadrupole tropical atmospheric
mode driven by warm ocean—atmosphere interactions over
the SEIO and IOD.

Additional work is clearly required to test the robustness
and model dependency of these results, which may shed
new light on the mechanisms underlying the ISM variabil-
ity. Our next step is to focus on IOD triggering with and
without ENSO in a multi-model framework.
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