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Abstract

North Tropical Atlantic Sea Surface Temperature (i.e., NTA SST) anomalies emerge as a key-driver of the whole El Nifio
Southern Oscillation—Indian Summer Monsoon (ENSO-ISM) system. However, as the underlying physical mechanisms are
not yet well understood, this study made an attempt to have deeper insights on the role of the NTA SST variability on the ISM,
ENSO and their mutual relationships. The evidences from observations and a Pi-Control coupled simulation demonstrate
the pronounced biennial nature of the NTA—-ENSO-ISM system and suggest the precursory role of the NTA SSTs in this
biennial ENSO-ISM system. As the cause-and-effect relationships are difficult to disentangle, ensembles of short coupled
sensitivity experiments are conducted by imposing observed warm (cold) SST anomalies over NTA. These 1-year simulations
start from various January initial conditions corresponding to strong El Nifio (La Nifia) events as identified from Pi-Control
and subsequently impose warm (cold) SST anomalies over the NTA region after the El Nifio (La Nifia) peak in January. The
sensitivity experiments support the hypothesis of a key role of NTA SSTs in the reversal of the ENSO conditions through
their capacitor effect. They further illustrate the nonlinear characteristics of this system as cold NTA SST perturbations are
more influential than warm NTA SSTs. This non-linearity brings up new perspectives on the NTA-ENSO-ISM system, as
it is further reflected in the asymmetric response in the simulated ENSO-ISM, with the cold NTA perturbations initiated
from the La Nifia conditions showing a stronger anomalous ISM response during boreal summer, which is in contrast with
the feeble ISM response in the warm NTA perturbations experiment using the El Nifio initial conditions. This non-linearity
of NTA-ENSO-ISM has larger implications in a global warming scenario, as the climate variability over NTA region is
projected to intensify in the future.
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1 Introduction and energy security to approximately half of the world’s

population. India receives over 75% of its annual precipita-

The south Asian summer monsoon (e.g., Indian Summer
Monsoon, ISM) during June—September (JJAS) is a major
component of the global hydrological cycle providing food
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tion during the JJAS period (Parthasarathy et al. 1994). The
ISM Rainfall (ISMR) has shown a declining trend since mid-
twentieth century (e.g., Masson-Delmotte et al. 2021), but,
the recent Intergovernmental Panel on Climate Change Sixth
Assessment Report (IPCC AR6) shows that the ISMR is pro-
jected to intensify with global warming during the twenty-
first century, with enhanced interannual variability (Douville
et al. 2021; Katzenberger et al. 2021). Considering the socio-
economic relevance of ISMR in sustainable developments,
precise understanding of the present-day ISMR variability is
of utmost importance, as in the context of a changing climate
the knowledge so acquired can be used to ensure food and
energy security to the south Asian region (especially India)
in the coming decades.
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As the interannual variability of ISMR is also projected
to increase in the coming decades with the coupled models
participated in IPCC ARG6 exhibiting huge intermodel spread
(Katzenberger et al. 2021), the dominant modes of climate
variability influencing ISMR need further attention. El Nifio
Southern Oscillation (ENSO) is one of the dominant drivers
of ISMR interannual variability (e.g., Webster et al. 1998).
In addition to ENSO, it is generally agreed that many other
climatic modes may also modulate the ISMR interannual
variability (e.g., Chowdary et al. 2021 and the references
therein).

Firstly, the relationship between ISMR and Indian Ocean
Sea Surface Temperature (SST) anomalies is highlighted
and illustrated (e.g., Indian Ocean Dipole, IOD, Cherchi
et al. 2021). However, there are still ongoing debates on the
potential role of IOD on ISMR due to the complex associa-
tion of IOD with the ENSO-ISM system (e.g., Crétat et al.
2017; Terray et al. 2021; Chakraborty and Singhai 2021),
thus prompting the scientific community to look for some
other potential climate drivers of ISMR.

Secondly, there is a growing recognition for the role of
Tropical Atlantic SST anomalies as an important driver of
interannual ISMR variability (Kucharski et al. 2008, 2009;
Wang et al. 2017; Pottapinjara et al. 2021; Sabeerali et al.
2019). Tropical Atlantic SSTs exhibit two dominant modes:
the Atlantic Zonal Mode (AZM or Atlantic Nifio), which
takes place along the Equator and the Northern Tropical
Atlantic (NTA) mode focusing on SST fluctuations off the
Equator (e.g., Yang et al. 2018, 2021; Ren et al. 2021). Note
here that the NTA is also known as the northern part of the
Atlantic Meridional Mode (AMM; e.g., Chiang and Vimont
2004; Yang et al. 2018; Cabos et al. 2019), with the NTA
playing a leading role in its time variations (e.g., Jiang and
Li2021). The AZM primarily peaks during the boreal sum-
mer (June—August) and over the cold tongue region of the
eastern equatorial Atlantic and off the southwestern African
coast (e.g., Zebiak 1993; Xie and Carton 2004). The subse-
quent studies show an inverse relationship between the AZM
and ISMR, leading to strengthening (weakening) of ISMR
during cold (warm) phases of AZM (Kucharski et al. 2008,
2009; Wang et al. 2009; Pottapinjara et al. 2021; Sabeer-
ali et al. 2019). However, several studies showed a limited
influence of AZM on ISMR as both interact with ENSO in a
complex manner (Ding et al. 2012; Terray et al. 2023). Con-
sistent with this, the correlation between AZM and ISMR
is also found to be very weak for the recent period (0.04 for
the period 1979-2017) and further its influence on ISMR is
projected to weaken under global warming (Sabeerali et al.
2022).

The NTA SST anomalies typically peak in boreal spring
(March-May, MAM) (Czaja et al. 2002; Yang et al. 2018).
The NTA SST anomalies usually arise from the surface
wind-evaporation feedback involving (northeasterly) trade
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winds and turbulent surface latent heat fluxes (e.g., Yang
et al. 2018, 2021), which are dominantly induced by external
forcings, such as ENSO and the North Atlantic Oscillation
(NAO). However, as ENSO forcing is mediated via tropical
and extratropical teleconnections (e.g., Garcia-Serrano et al.
2017; Jiang and Li 2019; Park and Li 2019), disentangling
the respective roles of ENSO and NAO on NTA variability
is challenging. The NTA SSTs forced by ENSO can also be
interpreted as a delayed negative feedback by accelerating
the demise of ENSO and hence further enhancing ENSO
biennial variability (e.g., Wang et al. 2017). Thus, the NTA
SSTs may also serve as an ENSO precursor (Ham et al.
2013a, b). As NTA SSTs peak in MAM, it is also worth
exploring their role on ISMR and the space—time evolution
of the whole ENSO-ISM system, which is otherwise not
well explored in the literature. There are only a few studies
in this direction and the underlying physical processes are
not well understood and hence remain controversial (Rong
et al. 2010; Vittal et al. 2020; Terray et al. 2023).

In short, most of the earlier studies have focussed on the
direct forcing of AZM on ISM, as AZM is considered to be
largely independent of ENSO and, thus, can be an additional
driver of ISM variability beyond ENSO. However, its links
to ISM are strongly modulated at decadal time scales with
a weaker association in the recent period (Ding et al. 2012;
Terray et al. 2023). On the other hand, the NTA is a key-
driver of biennial variability in ENSO due to its capacitor
effect (Ham et al. 2013a, b; Wang et al. 2017) and hence
emerges as a new precursor for the whole ENSO-ISM
system, but again the underlying physical processes need
further investigations. The teleconnection pathways link-
ing NTA to ISMR, mediated by ENSO (here and after
“NTA-ENSO-ISM” relationship), are therefore illustrated
in the present study using observations, coupled model sim-
ulations and dedicated coupled sensitivity experiments. The
overall objective is to bring deeper physical insights and new
perspectives on the NTA—-ENSO-ISM system.

Section 2 outlines the datasets and simulations used, the
design of our sensitivity experiments and the methodology
adopted. Section 3 describes results from the observations
and reanalysis. Section 4 discusses the results from a control
simulation and the sensitivity experiments. Section 5 finally
summarizes the main conclusions with a discussion.

2 Data, methods, and numerical
experiments

2.1 Observed data

We used two different observed rainfall products to study the
NTA-ENSO-ISM relationship. Firstly, we considered the
high-resolution (0.25° % 0.25°) quality-controlled gridded
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precipitation dataset from the India Meteorological Depart-
ment’s (Pai et al. 2014), for the period 1979 to 2017. Sec-
ondly, we used a monthly mean precipitation dataset with
a horizontal resolution of 2.5°x2.5°, as obtained from the
Global Precipitation Climatology Project (GPCP) monthly
precipitation analysis for the period from 1979 to 2019
(Adler et al. 2018). For assessing the observed SST tele-
connection patterns associated with the NTA-ENSO-ISM
system, we used the Met Office Hadley Centre Sea Ice and
Sea Surface Temperature (HadISST) dataset (Rayner et al.
2003). We also used the ERAS dataset of the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF; Hers-
bach et al. 2020) for documenting the associated atmospheric
signatures. Specifically, the three-dimensional atmospheric
circulation parameters [i.e., horizontal and vertical compo-
nents of velocity, and mean sea level pressure (MSLP)] are
taken from ERAS. The observed diagnostics are performed
for a common period of 1979-2017.

2.2 Methodology

For this analysis, all the observed and simulated datasets
are analysed at monthly time scale and are detrended by
removing a linear fit to the data at each location over the full
observed data record. Note that the results are not sensitive
to the applied detrending. All the datasets are also converted
into 1°x 1° resolution to foster a direct comparison between
observations and simulations.

In order to monitor the time variations of the ENSO-ISM
system, we defined two standard indices: (a) the Nino 3.4
index as monthly SST anomalies averaged over the region,
5° S-5° N and 170° W-120° W; and (b) the ISMR time
series as rainfall anomalies averaged over the land points
in the region, 70° E-95° E and 10° N-30° N for the JJAS
season.

The observed El Nifio (La Nifia) years are identified by
the Oceanic Nifio Index (ONI) (3-month running mean
of SST anomalies in the Nino 3.4 region) being above

Table 1 Statistics of ENSO and NTA events in observation

0.5 °C (below — 0.5 °C) for a minimum of five consecutive
seasons (i.e., from June to August until October to Decem-
ber). We also ensured that the identified ENSO events start
develop in the boreal summer (JJAS) before attaining peak
in the following boreal winter. The identified ENSO events
(see Table 1) are consistent with the list of ENSO events in
https://origin.cpc.ncep.noaa.gov/products/analysis_monit
oring/ensostuff/ONI_v5.php.

On the other hand, the identification of NTA events
is based on the dominant SST mode through Empiri-
cal Orthogonal Function (EOF) analysis (for both the
observed and simulated datasets) as applied over the NTA
region (70°W-10° W and 0°-30° N), following Yang et al.
(2018) and Ren et al. (2021). Based on the seasonality
characteristics of NTA SST anomalies (see Sect. 3.1 for
a detailed description on the NTA SST seasonal cycle),
we applied the EOF analysis on detrended SST anomalies
over the NTA region during the period from March to May
(MAM). The normalized Principal Component (PC) time
series of the first EOF mode is then used to derive the cold
and warm NTA events (for both observed and model data),
based on the threshold of one standard deviation (SD).
It’s worth noting from Table 1 that cold (warm) NTAs
(as identified during MAM) preceding the La Nifa (E1l
Nifio) events are almost absent, while cold (warm) NTA
events preceding the El Nifio (La Nifia) events is the rule
in general. These years (see Table 1) with a consistent
NTA-ENSO evolution, are then used to prepare composite
maps for the seasonal evolution in a 2-year window from
September (— 1) to November (— 1) [SON(— 1)], December
(= 1) to February (0) [D(— 1)JF(0)], March(0) to May(0)
[MAM(0)], June(0) to September(0) [JJAS(0)] and Octo-
ber(0) to December(0) [OND(0)], where — 1 represent the
year preceding the peaks of the index (used to define the
composites) and O represent the year of the peaks.

A two-tailed Student's ¢-test with unequal variances is
also employed to establish the statistical significance of all
the composites, for both the observed and model datasets

El-Nino Years

La-Nina Years

1982,1986,1987,1991,1994,1997,2002,
2004,2006,2009,2014,2015

1983,1984, 1988,1995,1998,1999,2000,
2005,2007,2008,2010,2011

Cold NTA Years Warm NTA Years
1985,1986,1989,1991,1992,1994,2009, 1980,1981,1983,1987,1988,1998,2005,
2012,2014,2015 2010

In the first row of the table, the cold and warm NTAs preceding the El-Nifio and La-Nifia events are highlighted in blue and red, respectively.
Following similar convention, we also marked the only one warm NTA event preceding the El-Nifio events, in red. As the cold NTA events pre-
ceding the La-Nifia events are absent, it is not highlighted. See Sect. 2 for the identification procedure
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(Storch and Zwiers 2002). A two-tailed Student's z-test
is further used to assess the statistical significance of the
correlation analysis.

2.3 Simulations and sensitivity experiments using
the lITM-ESM coupled model

An important difficulty in assessing the NTA-ENSO-ISM
relationship is the complexity of the pairwise interac-
tions between the three components of this system due to
the tight inter-basin linkages between the tropical Pacific,
Atlantic and Indian oceans (Cai et al. 2019; Terray et al.
2021; 2023). This implies that it is difficult to delineate
the specific processes (i.e., causes and effects) underlying
the NTA-ENSO-ISM relationships solely based on obser-
vations. This prompted us to use a global coupled model,
which is presently one of the best numerical tools available
to demonstrate the NTA impact on the ENSO-ISM system,
despite its inherent biases (e.g., Sperber et al. 2013; Prod-
homme et al. 2014; Terray et al. 2018). The selected coupled
model is the [ITM Earth System Model (IITM-ESM), which
is developed at the Indian Institute of Tropical Meteorology
(IITM) (Swapna et al. 2018) and subsequently contributed
to the sixth phase of the Coupled Model Intercomparison
Project (CMIP6, Eyring et al. 2016).

The atmospheric model used in ITM-ESM is the Global
Forecast System (GFS) at a spectral resolution of T62 with
64 sigma-pressure hybrid levels and top model layer extend-
ing up to 0.2 hPa (Moorthi et al. 2001). Its land component
is NOAH-LSM consisting of four soil layers, 13 vegetation
types and nine soil types (Ek et al. 2003). Its oceanic com-
ponent is the NOAA/GFDL Modular Ocean Model Version
4p1 (MOM4pl; Griffies 2009). It has 0.25-1° horizontal
resolution, 50 vertical levels and includes a sea-ice model.
The atmosphere and ocean exchange quantities such as heat
and momentum fluxes, every half an hour, with no flux
adjustment. The IITM-ESM simulates the ISM mean state,
ENSO, IOD and ISM variability reasonably well, with a
realistic ENSO-ISM relationship (Swapna et al. 2018). Fig-
ure S1 further substantiates its performance for the ENSO
variability and its seasonality.

First, we have used the last 200 years of a very long
(~500 years) preindustrial climate control simulation (here
after Pi-Control) to further understand and illustrate the
robustness of the NTA-ENSO-ISM association in the back-
ground of internal variability of the climate system. This
Pi-Control simulation uses the GHG concentrations, solar
irradiance, anthropogenic aerosols and land-use-land-cover
conditions of 1850 following CMIP6 protocol for the prein-
dustrial climate simulations.

Note that an alternative is to use historical simulations
containing all the forcings (e.g., both natural and anthropo-
genic) to ascertain the observational results as the observed
climate system is also experiencing the anthropogenic forc-
ings. But, assessing the robustness of the NTA-ENSO-ISM
relationship in the presence of both the anthropogenic and
natural forcings is even more complicated, as the signature
of natural variability may be masked by the strong anthropo-
genic forcings during the historical period (e.g., Nath et al.
2018). So, we prefer to examine the robustness of our results
in the perspective of unforced natural variability of climate
system, i.e., using a very long Pi-Control simulation, in
which the role of internal variability is reduced. This choice
is also justified by the fact that the Pi-Control simulation
allows us to increase drastically the number of short sensi-
tivity runs we can perform with our numerical protocol as
described later in this session.

In order to identify ENSO and NTA events in the Pi-Con-
trol run, we used the same approach as in observations, but
with a different threshold (i.e., 1 °C) for the ENSO events.
The statistics of the simulated ENSO and NTA events are
provided in Table 2. Interestingly, the Pi-Control also shows
the tendency of NTA events to be associated with a biennial
rhythm in the simulated ENSO and to precede the ENSO
events of opposite polarity, as in observations (compare
Tables 1 and 2).

Secondly, we performed a set of dedicated sensitivity
experiments using the IITM-ESM coupled model to infer the
precise role of the pre-monsoon NTA SST anomalies in the
evolution of the whole ENSO-ISM system. For these sensi-
tivity experiments, we adapted the pacemaker experimental
design of Kosaka and Xie (2013) by imposing observed SST
anomalies in the North Tropical Atlantic (i.e., NTA domain:

Table 2 Statistics of ENSO

> El-Nino La-Nina
and NTA events in Pi-Control
simulations 32 35
Cold NTA Warm NTA
31 31

Cold NTA preceding El-Nino

10 (8 is forced by previous La Nina)
Cold NTA forced by previous La Nina

19

Warm NTA preceding La-Nina

11 (9 is forced by previous El Nino)
Warm NTA forced by previous El-Nino
20
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70° W-10° W and 0°-30° N) in the coupled model. The
recent CMIP6 simulations also followed a similar experi-
mental design for the so-called pacemaker experiments (see
https://www.wcrp-climate.org/images/modelling/ WGCM/
CMIP/CMIP6-EndorsedMIPs_Summary_150819_Sent.
pdf). The experiments include all forcing as used in CMIP6
Pi-Control simulation, and the observed SST anomalies are
restored in the NTA domain. The SST signal is imposed
by altering surface heat flux anomaly over the NTA region
corresponding to both the warm and cold NTA events.
The surface heat flux correction is obtained by consider-
ing a 50 m deep mixed layer depth following the equation
AQ, = p X c, X HX ASST, where p is the ocean density,
¢, is the specific heat capacity of sea water, H is mixed layer
depth, SST is Sea Surface Temperature (as defined earlier)
and O, is the net surface heat flux. A similar methodology
was followed by Gregory et al. (2016), which is referred to
as the Flux anomaly forcing model Intercomparison pro-
ject (FAFMIP) in CMIP6. It is important here to note that
the ocean—atmosphere coupling is still active in the NTA in
the sensitivity experiments. So, the NTA anomalies simu-
lated in the sensitivity experiments can be different from the
imposed (observed) NTA SST anomalies in contrast to other
pacemaker experiments as done in previous studies (Ding
et al. 2012; Kosaka and Xie 2013). In other words, these
experiments are idealized ones to test the physics of the rela-
tionships and, more specifically, the eventual nonlinearity
of the system, rather than to reproduce with fidelity of the
observed evolution of the NTA SSTs. For these reasons, the
correct reference for analyzing the results of these sensitiv-
ity experiments is not the observed datasets as in Ding et al.
(2012) or Kosaka and Xie (2013), but the years extracted
from the Pi-control simulation, which start from the same
initial conditions as used in the sensitivity experiments as
explained in more details below.

All the sensitivity experiments are performed here are
ensembles of short 1-year integrations. To be more precise,
1-year simulations are performed for the following cases: four
strong El Nifio and four strong La Nifia events as identified

from the Pi-Control simulation (see Tables 2, 3). These dif-
ferent ENSO cases are selected by adhering to the criterion
described above and accordingly these El Nifio (La Nifia)
events start develop in the boreal summer (e.g., JJAS(0)) thus
attaining maximum SST warming (cooling) in the following
boreal winter. More precisely, the 67 ENSO events as identi-
fied from the composite analysis were arranged based on the
descending order of their SST magnitudes (i.e., from highest
to lowest magnitudes) and we selected the top 20% (with high-
est magnitudes) from this list of events. It is important to note
here that, the selection is explicitly based on ENSO events
with no reference to NTA events in the preceding or follow-
ing MAM seasons. Thus, the selected events (i.e., top 20%)
may or may not include a NTA SST signature before or after
the ENSO events. Finally, the aforementioned eight strong
ENSO events (out of the top 20%) are chosen subjected to the
availability of corresponding restart files from the Pi-Control
simulation. The sensitivity experiments start from the selected
El Nifio (La Nifia) mature state in January Initial Conditions
(ICs) with an intention to simulate the La Niifia (El Nifio)
transitions in the subsequent seasons (i.e., boreal summer).
To be precise, suppose an arbitrary year (e.g., yr) is identified
as developing El Nifo (La Nifia) phase in the Pi-Control and
so the sensitivity experiments are started from the January
IC corresponding to the El Nifio (La Nifia) mature phase at
yr+ 1. Accordingly, four 1-year simulations are done start-
ing from strong El Nifio ICs (i.e., from January ICs) and by
imposing warm SST anomalies over NTA region by altering
surface heat flux anomaly over the NTA region. Similarly,
four 1-year simulations using strong La Nifia ICs have been
done by imposing cold NTA SST anomalies. The ensemble
means of the runs with warm and cold NTA SSTs imposed are
referred as warmNTA_EINinoIC_EXP and coldNTA_LaNi-
nalC_EXP, respectively.

In order to assess objectively the significance of the
imposed NTA warm or cold SST anomalies in these ensem-
bles of short 1-year simulations, we also computed the
ensemble means from the years in the Pi-Control starting
with the same ICs as used for each set of the sensitivity

Table 3 Summary of the numerical experiments done as performed using IITM-ESM

Name of the experiment Description

SST imposed area  Length of simulation Number of ensembles

Pi-Control

Following CMIP6 protocol for the preindus-

trial climate simulations (taken from CMIP6

data portal)

warmNTA_EINinolC_EXP Warm SST anomalies are imposed over NTA
region, using strong El Nifio initial condi-
tions (ICs) as identified from the Pi-Control

(see text for more details)

coldNTA_LaNinalC_EXP  Cold SST anomalies are imposed over NTA
region, using strong La Nifia ICs as identi-

fied from the Pi-Control

None 200 years None

NTA region: 1 year 4 (i.e., 4 ensemble
70°W-10°W and runs using strong 4
0°-30°N El-Niiio ICs)

Same as above 1 year 4 (i.e., 4 ensemble

runs using strong 4
La-Nifa ICs)
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experiments (i.e., using the years in the Pi-Control start-
ing from the four El Nifio and four La Nifia ICs as used in
the sensitivity experiments). In the following, we will refer
to these ensemble averages from the Pi-Control as EINi-
nolC_PiCNTL and LaNinalC_PiCNTL, respectively. The
results from the sensitivity experiments are then statistically
compared with these ensembles averages derived from the
Pi-Control. In other words, we computed the following
ensemble mean differences: warmNTA_EINinoIC_EXP
minus EINinoIC_PiCNTL and coldNTA_LaNinalC_EXP
minus LaNinalC_PiCNTL. A two-tailed Student's z-test is
further used to assess the statistical significance of these
differences at the grid-point level (Storch and Zwiers 2002).

The overall goal of these different sets of experiments is to
detect if the imposed NTA SST anomalies in each set are sus-
ceptible to modulate the whole ISM—ENSO system, or only
one of the components of this system after the ENSO peaks
and, more importantly, to highlight the possible nonlinearity
of this system with respect to the polarity of the imposed NTA
SST anomalies. This question has not been well explored in
past modeling studies, despite the observations clearly sug-
gest such nonlinearity as illustrated in the following section.

3 Results

3.1 Dominant observed modes of NTA SST
variability

As a first step to assess the NTA-ENSO-ISM relationships
in observations, we identified the leading mode of NTA SST

variability by applying the EOF analysis to annual mean
SST anomalies over the region bounded by the longitudes
(70° W to 10° W) and latitudes (Eq to 30° N) as shown in
Fig. 1a, b. Note that this leading SST EOF mode (i.e., EOF1,
Fig. 1a) explains approximately 68% of the total variance
and hence is well separated from the other modes (EOF2
describes only 8.7% of the total variance, figure not shown)
following the rule of North et al. (1982). As the NTA SST
variability is found to peak during MAM (see Fig. 1c), EOF
analysis is also performed to the seasonal mean (MAM) SST
anomalies over the NTA region (see Fig. 1d, e). In this case,
the EOF1 mode explains 71% of the MAM SST variance
(EOF2 accounts only for 7.1% of the MAM variance, not
shown here). The dominant mode of NTA SST variability is
characterized by a basin-wide SST warming (at its positive
phase) with both leading EOFs (for annual as well as MAM
season) showing good correspondence and the associated
PCs showing a strong linear correlation of 0.89, significant
at the 95% confidence level. This suggests that the dominant
mode of SST variability over NTA region exemplifies dur-
ing MAM.

The seasonal evolution of cold and warm NTA composites
(as described in Sect. 2), based on the NTA events listed in
Table 1, are shown in Fig. 2 from SON(— 1) to OND(0) period.
The NTA SST anomalies during both warm (cold) events
initiate in boreal autumn and winter seasons (i.e., SON(—1)
to D(— 1)JF(0)), subsequently peak during boreal spring
(MAM(0)) and persist till summer (JJAS(0)) period. Interest-
ingly, these SST anomalies last for 2—3 seasons only and rapidly
dissipate afterwards (Ham et al. 2013a, b). Some interesting
nonlinear features can also be noted as the cold events emerge

a)Annual EOF1 68.3% b)PC1 c)
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3 0.45 1
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Fig. 1 Empirical Orthogonal Function 1st mode (EOF1) of detrended
observed SST anomalies over the North Tropical Atlantic (NTA),
using HadISST. (a) and (d), are EOF1 for annual, and March-May
(MAM) period, respectively. (b) and (e), normalized Principal Com-
ponent (PC1) corresponding to EOF1 for annual and MAM season,
respectively. ¢ Monthly Standard deviation (SD) of NTA. f Lead-Lag
correlation between NTA SST Index (based on the normalised PC1
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Months

index for MAM season) and monthly Nino3.4 SST Index, starting
from the beginning of the previous year (i.e., year— 1) to the end of
the following year of the NTA (i.e., year+1). In (f), black dots (red
dotted lines), respectively, indicate the correlation values that are
above the 90% (95%) significance confidence level according a two-
tailed Student’s #-test. In (a), (¢) and (d), the unit is °C
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Fig.2 Observed composite maps for the seasonal evolution in a
2-year window from SON(—1) to OND(0) using HadISST detrended
SST anomalies for a warm NTA and b cold NTA events. warm and
cold NTA events are based on the normalised PC1 index for MAM

in the eastern side of the NTA region while the warm NTA
events are first detected in the western part of the NTA. Note
that there are significant warm (cold, see Fig. 2) SST anomalies
over the central to eastern Pacific during SON(— 1) to MAM(0)
seasons before warm (cold) NTA events. This indicates that
many of the warm and cold NTA events during boreal spring
may be initiated by the previous ENSO state itself, especially
for the warm NTA events (Garcia-Serrano et al. 2017; Jiang and
Li 2019; Park and Li 2019; Terray et al. 2023). For more clarity
on this, Fig. 1f shows the lead-lag correlations between NTA
PC1 index (for MAM) and Nino3.4 SST monthly time series.
It shows significant positive correlations 1 year before the NTA
index thus exemplifying that most of the NTA events are domi-
nantly forced by ENSO. Interestingly, the positive correlation
gets reversed after the pre-monsoon season of year 0, attaining
significance in the subsequent seasons (i.e., boreal summer to
winter) before getting faded during the year+ 1. This, in-turn,
indicates the abrupt transition from El Nifio to La Nifia with
the intervening NTA SSTs showing a precursory role (Ham
et al. 2013a, b). As per earlier studies, this NTA forcing on
ENSO can be interpreted as delayed negative feedback, thus
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season (see Sect. 2 for more details). The stippling (olive contour),
respectively, denotes the SST anomalies attaining 95% (90%) signifi-
cance confidence level according to a two-tailed Student’s z-test with
unequal variances (Storch and Zwiers 2002)

opposing the ongoing ENSO events through the Atlantic capac-
itor effect (e.g., Wang et al. 2017; Terray et al. 2023), which
further demonstrates the tight mutual interactions between the
Pacific and Atlantic basins (Cai et al. 2019). While the effect
of the ENSO during the preceding boreal winter and the pos-
sible precursory role of NTA on the ENSO evolution during
year 0 is nicely illustrated by this simple correlation analysis,
it should be also noted that these ENSO-NTA teleconnections
during a 2-year window are also significantly asymmetric in
observations as highlighted by the composite analysis in Fig. 2.
More precisely, the NTA warm (cold) events are more (less)
influenced by the preceding ENSO phase, but have a weaker
(stronger) relationship with the ongoing ENSO phase as seen by
the shaded regions during OND(0), which corresponds to the
peak season of the events (Fig. 2a, b). Such asymmetry cannot
be identified by the correlation analysis, but it clearly suggests
that the underlying physical processes linking NTA and ENSO
may vary with the polarity of the signals (Ham and Kug 2015).
These contrasted SST anomaly evolutions are further discussed
in the following sections.
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Having illustrated the importance of pre-monsoon NTA
SSTs as a key-driver of ENSO variability (Ham et al. 2013a,
b; Wang et al. 2017), one can easily envisage that the pre-
monsoon SST anomalies over NTA region can also be a
useful precursor for predicting ISMR of the subsequent
season (JJAS(0)). However, a relevant question arises here,
how to physically interpret the precursory characteristics of
pre-monsoon NTA SSTs with respect to ISMR? Whether
the ISMR is directly or indirectly linked to NTA SSTs in
the context of the dominant ENSO-ISM relationship? Fur-
thermore, in the context of the aforementioned asymmetric
NTA-ENSO association, how NTA-ENSO-ISM relation-
ship is getting modulated? Whether similar non-linearity
will manifest in the NTA-ENSO-ISM relationship as well?

3.2 Searching for pathways linking NTA to ISM
in observations

In order to address these questions, we performed addi-
tional composite analyses based on the identified ENSO
and NTA events (see Table 1). From Table 1, one can note
that there are about 18 NTA and 24 ENSO events in obser-
vations. Further inspection of Table 1 shows that many of
the NTA events precede the ENSO events. In particular, 6
out 10 cold NTA events precede the El Nifio events, while 5
out of 8 warm NTA events are followed by La Nifia events,
thus constituting 11 ENSO events out of the total sample of
24 ENSO events in observations. Accordingly, two types
of NTA-ENSO composites are constructed: one for the El
Nifio events preceded by cold-NTA events (i.e., coldNTA_
ElNino) and the other for La Nifia events preceded by warm-
NTA events (i.e., warmNTA_LaNina). Note that 1994 is a
strong IOD event leading to excess rainfall over the ISM
region thus nullifying the impact of ENSO (e.g., Chowdary
et al. 2021) and, accordingly, this event is not considered for
the cold NTA composite.

We noted above that most of the observed NTA events
appear to coincide with ENSO events. So, the number of
independently (i.e., ENSO-free) occurring NTA events are
comparatively less in observations in order to draw any
robust conclusions on their direct impact on ISM varia-
tion. Accordingly, the present study uses NTA associated
ENSO events to focus on NTA influencing ISMR by mod-
ulating ENSO events. On the contrary, it is important to
highlight that not all the ENSO events are associated with
NTA events, as the NTA associated ENSO events consti-
tute only half of the total ENSO sample of 24 cases (see
Table 1). Accordingly, there are six El Nifio and seven
La Nifla events which are not included in the above NTA
associated ENSO composites (i.e., coldNTA_EINino and
warmNTA_LaNina). It is intuitive to further compute their
composites in order to compare the results with the previous
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NTA-ENSO composites and to disentangle the role of NTA
SSTs in ISMR variability.

3.2.1 Large scale ocean-atmospheric features associated
with the coldNTA_EINino composite

Seasonal evolution of composite in SST (left panel a)
and rainfall (right panel b) anomalies from boreal win-
ter to autumn period (D(— 1)JF(0) to OND(0)) during the
coldNTA_EINino are shown in Fig. 3. Figure 3a, in general,
depicts the well-known ENSO life cycle in SST anomalies
over the Pacific, with the El Nifio developing phase occur-
ring around boreal summer period and with a peak phase
during boreal winter. Consistent with Fig. 2b, significant
ENSO induced cold SST anomalies starts emerging over the
NTA region during boreal winter of year — 1 (e.g., Jiang and
Li 2019; Park and Li 2019; Terray et al. 2023), which grows
in magnitude attaining peak values during boreal spring (i.e.,
during D(— 1)JF(0) to MAM(0)) before getting dissipated in
OND(0). There are significant SST anomalies over the North
Pacific, which may also serve as an ENSO precursor (e.g.,
Vimont et al. 2003; Alexander et al. 2010; Terray et al. 2016;
Ogata et al. 2019), in addition to the NTA SST anomalies.

The associated rainfall evolution in Fig. 3b for coldNTA _
EINino shows anomalous suppressed convection over the
equatorial Atlantic during MAM(0) and JJAS(0), which
can be induced locally by the NTA cooling or remotely by
the emerging El Nifio rainfall signature in the Pacific and
the atmospheric bridge (Alexander et al. 2002). To be more
precise, with respect to the NTA cooling during boreal win-
ter and spring seasons, below normal rainfall anomalies are
clearly visible over the off-equatorial NTA region (between
Equator and 10° N) and positive rainfall anomalies are con-
fined to the south of the Equator (see Figs. 3b, S2a,b) sug-
gesting a possible role of local meridional SST gradients in
triggering the local rainfall response in addition to remote
ENSO forcing (Amaya et al. 2017; Cabos et al. 2019). As,
the climatological Atlantic Intertropical convergence Zone
(ITCZ) is observed to straddle over the equator during these
seasons (Fig. S2a; Yang et al. 2018), the cold NTA SST
anomalies seem to induce a southward shift of ITCZ (Yang
et al. 2018; Ren et al. 2021). This north—south dipole struc-
ture in rainfall is more apparent during MAM(0) than dur-
ing JJAS(0) (Fig. 3b) and is reminiscent of the AMM as
discussed in the Sect. 1.

MSLP and wind at 850 hPa from the coldNTA_EINino
composite are presented in Fig. 4. In the left panels of Fig. 5,
we show similar temporal evolutions but for the velocity
potential and divergent wind vector at 200 hPa, while the
right panels show the East—West circulation averaged over
the Equator to 30° N. The associated circulation response
over the NTA region (see Fig. 4), during D(— 1)JF(0) and
MAM(0), shows strengthening of the northeasterly trade
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Fig.3 Observed composite maps for the seasonal evolution in a
2-year window from D(— 1)JF(0) to OND(0) for the coldNTA_EIN-
ino composite as defined in Sect. 2. a HadISST and b GPCP rain-
fall anomalies, which are detrended. The stippling in (a) and black
hatches in (b), indicate the anomalies attaining 95% significance con-

winds emanating from the Azores High consistent with
the possible role of the NAO in triggering cold NTA SST
anomalies, in addition to ENSO. This in-turn increases the
surface latent heat flux which further leads to the growth
of the cold NTA SST anomalies, through wind—evapora-
tion—SST feedback (WES; e.g., Amaya et al. 2017; Yang
et al. 2018), from D(— 1)JF(0) to MAM(0). However, the
wind and SST anomalies dissipate quickly in boreal sum-
mer as soon as the Azores High polarity is reversed over the
North Atlantic (Figs. 3a and 4). This suggests that the local
WES feedback alone is not able to sustain the SST anomalies
over the NTA after the observed anomalous peak in NTA
SST during MAM(0), as described earlier (see Fig. 3a). Note
that a similar WES feedback is also highlighted by earlier
studies to trigger and sustain the AMM (Chiang and Vimont
2004; Cabos et al. 2019), which, in-turn, is dominated by the
NTA (e.g., Jiang and Li 2021).

In addition to the well defined NAO signature during
D(— 1JF(0) (Fig. 4), one can see distinct extra-tropical cir-
culation features over the (North and South) Pacific Ocean,
with alternating regions of anomalous low and high MSLP
forming wave trains extending to mid-latitudes, which are

-1.8 -1.2 -0.6 0.0 0.6 1.2 1.8
Rainfall [mm/day]

fidence level according to a two-tailed Student’s f-test with unequal
variances (Storch and Zwiers 2002). The olive contours in both (a)
and (b) indicate the same, but for the anomalies attaining 90% signifi-
cance confidence level

reminiscent of the atmospheric Rossby wave response to
equatorial convection over the Pacific warm pool (Tren-
berth et al. 1998). However, eventually associated with
these anomalous wave trains or linked to the internal vari-
ability over the North Pacific, southerly/southwesterly wind
anomalies emerge over the subtropical North Pacific during
D(— 1)JF(0) to MAM(0). This tends to weaken the Pacific
trade winds, reduce the evaporation and, thus, induce SST
warming over subtropical North Pacific with positive rain-
fall anomalies, during MAM(0) (Figs. 3, 4). During the
same period (i.e., MAM(0), see Fig. 5), one can also see
anomalous upper-level convergence accompanied by mid-
level descending motion over the NTA region, with opposite
anomalous circulation over the central tropical Pacific. This
generates an anomalous east—west overturning circulation
across the tropical Pacific and Atlantic Oceans, thus pro-
moting enhanced convective activity and persistent west-
erlies over the western Pacific which further favour the
emergence of El Nifio warming conditions, but it is diffi-
cult to distinguish the respective roles of ENSO and NTA
in this east—west overturning circulation as they are both
used to define the composites described here. However, the
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Fig.4 Seasonal composite evolution maps (i.e., from D(—1)JF(0)
to OND(0)) for the coldNTA_EINino composite, as computed for
MSLP (shading, hPa) and wind (ms~') at 850 hPa, using ERA5 data-
set

cold NTA SST anomalies persists during JJAS(0) as well
(Fig. 3a), so they can eventually contribute to the develop-
ment of the Pacific warming conditions through this anoma-
lous east—west circulation (Jiang and Li 2021).

As usually observed in a typical El Nifio developing sum-
mer (e.g., JJAS(0)), one can see pronounced suppression
(enhancement) of convection over the maritime continent
(central to eastern equatorial Pacific), with the extended
dryness over the Indian continent and neighbouring regions
(Fig. 3b). In accordance with these, there is anomalous
increase in MSLP over the Arid regions lying west of India,
extending to Arabian Sea (50° E-70° E, 15° N-25° N), a
concurrent weakening of the monsoon trough over the Indo-
Gangetic Plain and a geostrophically consistent anomalous
wind patterns suggesting a weakening of the monsoon Low
Level Jet (LLJ; see Fig. 4 JJAS season). All these features
in-turn imply a decrease in moisture transport (from Ara-
bian Sea) to the Indian landmass as corroborated by an
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anomalous decrease in low-level moisture influx at 850 hPa
(i.e.,—3.6x 107> m s~! kg/kg) along the Arabian Sea lon-
gitude of 70° E (i.e., averaged between 7.5° N to 27.5° N).
The weakening of the low-level monsoon flow is further
reflected in the anomalous easterly divergent out-flow from
the Pacific with upper-level convergence over the Indian
monsoon region (see Fig. 5a).

In order to assess properly the possible impact of NTA
on the “traditional” ENSO-ISM association, we now dis-
cuss the composites for El Nifio events that are independ-
ent of NTA events (as described earlier, but figures not
shown). The amplitude of the El Nifio is mostly similar in
both composites (i.e., with and without NTA events) and a
well-defined El Nifio SST pattern quickly emerges in JIAS,
in both cases. However, the corresponding ISMR anomaly
estimates in the El Nifio composite without NTA show mag-
nitudes of 0.5 mm day'1 for both GPCP and IMD, which is
in contrast to the ISMR anomalies for the coldNTA_EINino
composite with both the rainfall products showing a stronger
magnitude of 0.7 mm day~"'.

3.2.2 Response from the warmNTA_LaNina composite

As in the coldNTA_EINino composite, the growth of warm
NTA SST anomalies during D(— 1)JF(0) to MAM(O) in the
warmNTA_LaNina composite, is mainly through the modu-
lation (i.e., weakening) of the trade winds over NTA region
and the WES feedback (Fig. S3a,c). The emergence of
warm SST anomalies over NTA region during D(— 1)JF(0)
to MAM(0) (Fig. S3a) is accompanied by a northward shift
of the ITCZ, thus creating a north—south dipole structure in
rainfall anomalies, but with a reversed polarity as expected
(Figs. S2, S3). However, this north—south rainfall dipole and
the associated WES feedback are observed to be less signifi-
cant than in the coldNTA_EINino composites. This suggests
that the remote forcing, especially the one associated with
the preceding ENSO is dominant here for explaining the
weakening of the trade winds.

This El Nifio-induced trade wind reduction can be
explained in the following ways. First one is related to the
anomalous low-level circulations associated with the El
Nifio-triggered extra-tropical response over the Pacific and
Atlantic regions, but mediated by the Pacific-North Ameri-
can (PNA) pattern, during D(— 1)JF(0) to MAM(0) (e.g.,
Wallace and Gutzler 1981; Jiang and Li 2019; see Fig. S3c).
Second one is associated with the Rossby wave response
to the El Nifo-induced suppressed rainfall over the west-
ern equatorial Atlantic and Amazon basin (during the same
period) which, in-turn, can trigger low-level cyclonic west-
erly flow over the NTA region (Gill 1980; Garcia-Serrano
et al. 2017) thus leading to the weakening of trade winds
as well as to the growth of the warm NTA SST anoma-
lies. Interestingly, these extratropical and tropical El Nifio
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Fig.5 Same as Fig. 3, but for a velocity potential
(shading, x10°m2s™!) and divergent wind vector (ms~') at 200 hPa,
using ERAS dataset. In b longitude-pressure cross-section of zonal

forcings seem to dominate the warmNTA_LaNina com-
posite, compared to the NAO forcing, as the North Atlan-
tic MSLP patterns during D(— 1)JF(0) to MAM(0) (Fig.
S3c) are found to be mostly induced by ENSO via PNA
teleconnections (e.g., Cai et al. 2019). This is in contrast
with the coldNTA_EINino composite, which shows the role
of both the previous La Nifia and Azores High variability
(e.g., NAO) in triggering cold NTA SST anomalies during
MAM(0).

Over the tropical Pacific, during MAM(0), one can see
the onset of easterly anomalies on its western end, possi-
bly induced by NTA warm SST anomalies as suggested by
Ham et al. (2013a, b). As per these studies, the NTA forcing,
prominently induced by the preceding El Nifio, can also lead
to its fast demise and therefore acts as an Atlantic capacitor
effect (e.g., Wang et al. 2017; Terray et al. 2023).

Consistent with a capacitor effect of both the Atlantic
and Indian oceans, the warmNTA_LaNina composite dur-
ing D(— 1)JF(0) also shows significant SST signatures in
the equatorial Pacific and Indian Ocean regions (see Fig.
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S3), which is in strike contrast with its counterpart (i.e.,
coldNTA_EINino, see Fig. 3), thus again revealing the non-
linearity of the system probably owing to the key role of
NAO in the coldNTA_FEINino composite.

During boreal summer (JJAS(0)), a decrease in MSLP
can be seen over the Arabian Peninsula and Arabian Sea
extending to the monsoon trough, which further results in
the strengthening of the moisture transport to the Indian
landmass (with an enhanced anomalous low-level moisture
flux of 1.1 x 1073 m s~! kg/kg at 850 hPa, across the Ara-
bian Sea longitude of 70° E) and thus causing above normal
rainfall over the Indian region (see Fig. S3b—c). Interestingly,
this anomalous increase in moisture incursion along the Ara-
bian Sea during the warmNTA_LaNina composite is surpris-
ingly less than the corresponding moisture flux estimated
from the cold NTA counterpart (—3.6 X 107> m s~! kg/
kg), thus suggesting a non-linear response, as also recently
found in Chakraborty and Singhai (2021), despite the Pacific
SSTs during JJAS(0) show almost equal amplitudes for both
the warm and cold NTA composites (i.e., the Nino3.4 SST
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anomalies show 0.63 °C for coldNTA_EINino vs —0.69 °C
for warmNTA_LaNina composites).

Importantly, the La Nifia composites without NTA SST
signature (figures not shown), show pronounced cooling
over the equatorial Pacific during D(— 1)JF(0), which per-
sists throughout the year until OND(0), thus manifesting
themselves as multi-year La Niifia events. In contrast, the
warmNTA_LaNina composite show strong El Nifio signal
during D(— 1)JF(0) (see Fig. S3a) which gets completely
transitioned to La Nifia during subsequent JJAS period,
again illustrating the efficiency of the Atlantic capacitor
effect on ENSO consistent with previous studies (e.g., Wang
et al. 2017). The ISMR response is also not similar in both
composites (i.e. La Nifia composites with and without NTA
events). In particular, the NTA associated La Nifia events
(i.e., warmNTA_LaNina, see Fig. S3b) show more homog-
enous rainfall response over Indian landmass, in contrast
to the La Nifia composite without NTA events (figure not
shown). Accordingly, the corresponding ISMR anomaly
estimates in the NTA independent La Nifia composite show
modest value of 0.32 (0.23) mm day~! from GPCP (IMD)
which is in contrast to that of 0.7 mm day~! (from both
GPCP and IMD) for the warmNTA_LaNina composite. So
ultimately, one can infer that this is again a manifestation of
the modulation of ENSO-ISM teleconnections as intervened
by NTA SSTs, with a fast El Nifio to La Nifia transition from
boreal winter to summer (D(— 1)JF(0) to JJAS(0)) thus pro-
viding favourable conditions for the occurrence of a strong
ISMR in the warmNTA_LaNina composite.

Obviously, it is difficult to delineate the causes and effects
underlying the NTA-ENSO-ISM relationship using only
observations. Hopefully, the dedicated sensitivity experi-
ments (described in Sect. 2.3) can be useful to disentan-
gle these processes, but before that we need to assess the
NTA-ENSO-ISM relationship in the Pi-Control simulation.

4 Results using IITM-ESM coupled model

4.1 NTA-ENSO-ISM association in the Pi-Control
simulations

In this section, we used a Pi-Control coupled simulation (i.e.,
using [ITM-ESM) so as to test the robustness of the results
in observations and thus to illustrate the NTA-ENSO-ISM
relationship using larger data samples. We first assessed the
performance of the coupled model in simulating the NTA
SST variability and its relationship with ENSO. In Pi-Con-
trol, the leading SST EOF mode (EOF1) over NTA during
MAM explains approximately 50% of the variance and is
also well separated from the EOF2, which explains only 10%
of the variance (see Fig. 6a, b, EOF2 is not shown). Both the
observations and coupled model depict anomalies of uniform
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polarity over the entire NTA region for its leading modes
(with a pattern correlation of 0.82), however, the coupled
model is slightly underestimating the described variance by
this mode, i.e., 50% against 71% in observations. Further
the IITM-ESM reasonably well captures the observed sea-
sonal peak of NTA SST variability during MAM(0), but
the NTA SST variability is exaggerated during boreal sum-
mer as compared to observations (see Fig. 6¢). The coupled
model also simulates realistically the lead-lag relationships
between NTA SSTs and ENSO, but the relationship of NTA
SST anomalies to the previous ENSO state is significantly
exaggerated compared to observations (see Fig. 6d). Most
of the simulated NTA events during MAM(0) seem to be
initiated by previous ENSO conditions, as illustrated by sig-
nificant positive correlations during boreal winter (D(—1)
JF(0)) preceding the NTA index. This coincides with the
observed inferences, but the intensity of this link to the pre-
vious ENSO condition is almost double compared to the
observations (Figs. 1f, 6d).

Figure 7 shows the seasonal evolutions (i.e., from D(—1)
JF(0) to OND(0)) of coldNTA_EINino composites as con-
structed from the Pi-Control simulations. Similar to obser-
vation (Figs. 3, 4, 5), Pi-Control shows that the cold NTA
events are initiated in boreal winter (D(— 1)JF(0)), with
SST anomalies attaining maximum values around MAM(0)
which rapidly gets dissipated after JJAS(0). Similar results
can also be inferred from the warmNTA_LaNina compos-
ite (Fig. S4). Firstly, both the composites from Pi-Control
(Figs. 7, S4) are able to capture the teleconnection patterns
of NTA events with tropical SST anomalies as seen from the
observations (Figs. 3, 4, 5) and illustrate that the simulated
NTA events are also well associated with ENSO transitions.
The associated atmospheric response shows that the stronger
ENSO forcing on NTA in Pi-Control is mediated through
both the extra-tropical and tropical pathways (Jiang and Li
2019). However, in contrast with the observed results, both
these pathways dominate in the warmNTA_LaNina and
coldNTA_EINino composites, while the role of NAO forc-
ing is weaker. Thus, the Pi-control is unable to simulate the
observed non-linearity in the ENSO-NTA teleconnections
(e.g., compare Figs. 7, 8, S4 with Figs. 3, 4, S3). One plausi-
ble explanation is that the ITM-ESM, similar to other cou-
pled models, fails to simulate the observed positive ENSO
skewness (figure not shown). However, we cannot rule out
the other factors (e.g., NAO, mean bias etc.), which need to
be addressed through a separate study with more detailed
investigations.

Secondly, both the composites illustrate the pronounced
biennial nature of the ENSO-NTA system in Pi-Control
(Fig. 7a, S4a), thus robustly replicating the reversal of
polarities in correlations in a 2-year window (Fig. 6d). Both
the composites also show the abrupt ENSO transitions
from MAM(0) to JJAS (0) (see Figs. 7a, S4a), but again
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Fig.6 EOF first mode of detrended SST anomalies over the North
Tropical Atlantic (NTA) using Pi-Control simulation. a EOF1 for
MAM SST anomalies (in °C). b normalized principal component
(PC1) corresponding to EOF1 for MAM season. ¢ Monthly SD of
NTA (in °C). d Lead-lag correlation between NTA Index (based on
the normalised PC1 index for MAM season) and monthly Nino3.4

the precursory role of the NTA SSTSs in this biennial sys-
tem must be confirmed with the dedicated experiments in
Sect. 4.2.

The associated anomalous rainfall and circulation
characteristics (see Figs. 7, 8, S4) over both Pacific and
NTA regions from the Pi-Control simulation are mostly
similar to the observed features. In other words, signifi-
cant ENSO-forced SST anomalies emerge over the NTA
region during boreal winter and spring, accompanied by
shift in ITCZ rainfall band and modulation of the trade
winds. There are associated changes in the anomalous
east—west overturning circulation over the tropical Pacific
and Atlantic Oceans, potentially paving the way for the
ENSO transition (Figs. 7, S4). In the ISM sector, Fig. 8a,
b shows large-scale suppression (enhancement) of rainfall
over the Indian landmass extending to the Bay of Bengal
and maritime continent for the coldNTA_EINino (warm-
NTA_LaNina) composites, respectively. Consistently,
there is a weakening (strengthening) of the monsoon LLJ

1
10°W

Correlation

b) pC1

T T T
1976 2026 2076
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2126
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Months

SST Index, starting from the beginning of the previous year (i.e.,
year—1) to the end of the following year of the NTA (i.e., year+1).
In (d), black dots (red dotted lines), respectively, indicate the corre-
lation values that are above the 90% (95%) significance confidence
level according a two-tailed Student’s #-test

with anomalous upper-level convergence (divergence) over
the Indian monsoon region (Figs. 7b, c, S4b, c). All these
features are consistent with the aforementioned observed
results.

Note, finally, that there are also some marked differ-
ences in results between observations/reanalysis and cou-
pled model in the Atlantic sector. For example, though
the NTA SST anomalies in the composites derived from
observations and Pi-Control are very similar, the asso-
ciated rainfall anomalies are not able to clearly depict
the observed dipole structure in rainfall anomalies; i.e.,
significant observed rainfall anomalies north (south) of
the equator for warmNTA_LaNina (coldNTA_FEINino)
composites during boreal spring and early summer (see
Figs. 3, S3; Figs. 7, S4 and Fig. 8). This may be probably
linked with the coupled model bias in IITM-ESM as the
simulated thermocline in Pi-Control is shallow compared
to the observations (figure not shown) as in most current
coupled models (Terray et al. 2023).
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Fig.7 Composite anomalous maps for the seasonal evolution in
a 2-year window from D(—1)JF(0) to OND(0) for the coldNTA_
EINino composite as computed from the Pi-Control simulation
(see Sect. 2 for more details). a SST (°C), b MSLP (shading, hPa)
and Wind Vector at 850 hPa (m s™!') and ¢ velocity potential

4.2 The NTA capacitor effect and its nonlinearity:
insights from the sensitivity experiments

The relative success of Pi-Control in reproducing the
observed lead-lag relationship between NTA and ENSO, as
described in the previous section, is an important aspect as
it qualifies the model for performing sensitivity experiments
so as to test the hypothesis that the NTA SST anomalies
can physically influence the evolution of ENSO-ISM. Note
also that these experiments, by their designs, are not meant
to represent the observed space—time evolution of the NTA
events (as described in Sect. 2), but are useful to theoreti-
cally assess the possible impact of NTA SST anomalies
on the evolution of ISM and ENSO, and to provide more
insights on the physical processes involved.

The ensemble mean differences between the sensitivity
and Pi-Control simulations (as described in detail at Sect. 2)
for SST, rainfall and surface wind are shown in Figs. 9, 10
and 11. First of all, these figures generally illustrate the
operation of the NTA capacitor effect and hence the remote
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0o 1 2 3
MSLP [hPa]

(shading, x10°m2s™!) and divergent wind vector (ms~!) at 200 hPa.
In (a), black stippling (olive contour), respectively, indicate the SST
anomalies attaining 95% (90%) significance confidence level accord-
ing to a two-tailed Student’s #-test with unequal variances (Storch and
Zwiers 2002)

teleconnections from NTA to ENSO conditions, as mani-
fested by stronger ENSO SST signatures at OND(0); i.e.,
stronger La Nifia (El Nifio) peaks in warmNTA_EINinoIC_
EXP (coldNTA_LaNinalC_EXP, see Fig. 9a, b) compared
to Pi-Control. Next, it also reveals that, the amplitude of
the local rainfall response (e.g., over the tropical Atlantic)
for the imposed NTA SST perturbations is substantial and
significant, and reveal a quick response to the imposed SST
perturbation with a large enhancement (suppression) of rain-
fall over the NTA region collocated with warm (cold) NTA
SST anomalous perturbation, as observed during boreal
spring and summer season (see Figs. 9, 10), which is fur-
ther consistent with our previous results, especially from
the observations (e.g., see Figs. 3 and S3). As an illustra-
tion, the imposed warm SST over NTA for the El Nifio IC
experiment (i.e., warmNTA_EINinoIC_EXP minus EINi-
nolC_PiCNTL, see Figs. 9a, 10, 11a) is expected to induce
horizontal SST gradients thus forcing low-level westerly
wind to converge towards the region of warm SST perturba-
tion, and hence causing the low-level moisture convergence
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Fig.8 Composite anomalous rainfall maps for the seasonal evolution
in a 2-year window from D(— 1)JF(0) to OND(0) as computed from
the Pi-Control. Composite rainfall anomalies for a coldNTA_EINino
and b warmNTA_LaNina composites. Black stippling (olive con-

and the associated rainfall enhancement over NTA region
(Lindzen and Nigam 1987). Interestingly, the rainfall is
largely supressed near the equatorial Atlantic suggesting
a northward migration of ITCZ during boreal spring and
summer season (see Fig. 10a), which is consistent with the
observed results (Fig. S3) and, intriguingly, this is in con-
trast to the simulated features in Pi-Control (see Fig. 8b).
Qualitatively, opposite linear responses are visible over the
NTA region for the La Nifia counterpart (coldNTA_LaNi-
nalC_EXP minus LaNinalC_PiCNTL; see Figs. 10b, 11b).

Over the Pacific, one can however detect some non-line-
arity between the two experiments (compare left and right
sides of Figs. 9, 10, 11). As soon as in MAM, significant
warm SST anomalies emerge over the Pacific in coldNTA _
LaNinalC_EXP and these warm anomalies further amplify
during JJAS (Fig. 9b). On the other hand, significant SST
differences over the tropical Pacific in warmNTA_FEINi-
nolC_EXP emerge only during OND season (Fig. 9a). An
interesting result from the sensitivity experiment is that the
atmospheric response over the northeastern Pacific during
MAM is very important to explain the changes in the Pacific
in coldNTA_LaNinalC_EXP. Stated distinctly, the results
from coldNTA_LaNinalC_EXP (relative to Pi-Control, see

tour), respectively, indicate the anomalies attaining 95% (90%) signif-
icance confidence level according to a two-tailed Student's t-test with
unequal variances (Storch and Zwiers 2002)

Figs. 10b, 11b) show suppressed rainfall and anticyclonic
easterly anomalies over northeastern Pacific, which may be
interpreted as an off-equatorial Rossby wave response to the
decreased rainfall over NTA region (Ham et al. 2013a). Con-
sistently, a low-level cyclonic flow is clearly seen over the
tropical western Pacific during MAM and JJAS seasons in
coldNTA_LaNinalC_EXP (see Fig. 11b), thus creating El
Nifio initiating low-level westerlies over the western end of
the Pacific which again resembles with the observed results
(see Fig. 4), though the sensitivity simulations show an
exaggerated amplitude in its atmospheric response. There is
also an enhanced convective activity over the western Pacific
(see Fig. 10b) during MAM and JJAS with reduced convec-
tion over the NTA during these periods (triggered by the
imposed SST perturbation in the model) which is sufficient
to generate an anomalous east—west overturning circulation
across the tropical Pacific and Atlantic Oceans, thus promot-
ing the El Nifio conditions. In contrast, for the warmNTA_
EINinoIC_EXP, it shows only feeble wind response over the
Pacific with the low-level easterlies emerging lately over the
western Pacific (i.e., during JJAS period, see Fig. 11a) thus
implying weaker La Nifia response.
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Fig.9 Seasonal evolution (from January February, JF, to October to
November, OND) in ensemble mean differences between the sensitiv-
ity and Pi-Control simulations for SST. a warmNTA_EINinoIC_EXP
minus EINinoIC_PiCNTL and b coldNTA_LaNinalC_EXP minus
LaNinalC_PiCNTL. See the detailed description at Sect. 2, for the

computation of the ensemble mean differences between the sensitiv-
ity and Pi-Control simulations. Black hatches (olive contour), respec-
tively, indicate the differences attaining 95% (90%) significance confi-
dence level according to a two-tailed Student’s r-test
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Fig. 10 Same as Fig. 9 but for the rainfall differences in MAM and JJAS seasons

For the coldNTA_LaNinalC_EXP (again relative to Pi-
Control), the ISMR response is negative over the Indian
and surrounding oceanic regions, which coincides with the
weakened low-level westerlies, thus reducing the moisture
transport (from Arabian Sea) to the Indian landmass dur-
ing JJAS (Figs. 10b, 11b). For the warmNTA_EINinolIC_
EXP, there is only insignificant rainfall response over India
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(Fig. 10a) with almost no changes in the low-level ISM cir-
culation (Fig. 11a), and so the overall ISM response is quite
weak. This is probably due to the fact that the Pacific SST
response assumes feeble magnitudes (with weak cooling)
during JJAS period (Fig. 9a) and hence not completely tran-
sitioned into La Nifia state in the warmNTA_EINinoIC_EXP
relative to Pi-Control, while the El Nifio develops faster and
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Fig. 11 Same as Fig. 10, but for the surface wind (ms™)

significantly during JJAS in the coldNTA_LaNinalC_EXP
compared to Pi-Control. Cold equatorial Pacific SST differ-
ences between warmNTA_EINinolC_EXP and Pi-Control,
emerge only two seasons later (i.e., OND). So, this late
response is unable to significantly change the ENSO-ISM
teleconnection during the boreal summer in warmNTA_EIN-
inolC_EXP1 compared to Pi-Control. This illustrates the
nonlinearity of the system and is also consistent with the
observations in which cold NTA SSTs are a better precursor
of ENSO changes than warm NTA SSTs (see Fig. 2).

In a nutshell, the sensitivity experiments confirm both
the strong two-way interactions between NTA SSTs and the
ENSO-ISM system, and the asymmetric features of these
teleconnections in which the cold NTA SST perturbations
are more influential than warm NTA SST one.

5 Discussion and summary

Recently, there is a growing recognition for the role of NTA
SST anomalies as a key-driver of ENSO biennial variabil-
ity due to its capacitor effect (Ham et al. 2013a, b; Wang
et al. 2017). The NTA SSTs are also emerging as an impor-
tant driver of the whole ENSO-ISM system, while AZM
shows a very limited influence on ISMR variability during
the recent decades (e.g., Ding et al. 2012). So, this study
made an attempt to gain deeper insights on the teleconnec-
tion pathways linking NTA to ISMR as mediated by ENSO
(i.e., NTA-—ENSO-ISM relationship) using observations and
a Pi-Control coupled simulation. To the best of our knowl-
edge, there are only a few studies in this direction (Rong
et al. 2010; Roy 2018; Vittal et al. 2020; Yang and Huang
2021; Terray et al. 2023).

We firstly showed that in both observation and IITM-
ESM coupled model, the dominant mode of SST vari-
ability over NTA region exemplifies during MAM and is
characterized by a basin-wide cold or warm SST anomaly.
Secondly, most of the NTA events during boreal spring are
initiated by previous ENSO conditions which illustrates

0°W 0°E 60°E
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T e ;
S RN oy WAL AT
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.

the pronounced biennial nature of the ENSO-NTA sys-
tem consistent with recent studies (e.g., Wang et al. 2017;
Jiang and Li 2019; Park and Li 2019; Terray et al 2023).
However, the relationship of NTA SST anomalies to the
previous ENSO state is significantly exaggerated in IITM-
ESM compared to the observations, thus eventually miss-
ing out the observed nonlinear characteristics. Such biases
are found in many coupled models (Terray et al. 2023).
The Pi-Control also misses the observed asymmetry in the
role of NTA SSTs. In observations, the cold NTA SSTs
seem a more significant precursor of the future evolution
of the ENSO-ISM system than the warm ones (Roy 2018),
while cold and warm NTA SSTs are equally important pre-
cursors in Pi-Control. Moreover, both the extratropical and
tropical El Nifio forcings dominate the warmNTA_LaNina
and coldNTA_EINino composites, and the role of NAO
in triggering NTA SST anomalies is subsequently very
limited in the Pi-Control, which is again in sharp contrast
with the observations.

Due to the pairwise interactions between the three com-
ponents of this NTA-ENSO-ISM system (i.e., tropical
Pacific, Atlantic and Indian oceans; Cai et al. 2019; Terray
et al. 2021, 2023), it is difficult to delineate the causes and
effects underlying the NTA-ENSO-ISM relationship using
these simple diagnostics. Furthermore, as the Pi-control is
also unable to simulate the observed asymmetries as detailed
above, it prompted us to conduct dedicated coupled sensitiv-
ity experiments focussing specifically on the nonlinearity of
NTA SSTs in the ENSO-ISM system.

The sensitivity experiments consist of ensembles of short
1-year integrations carried out with the IITM-ESM model.
Four 1-year long simulations are done starting from strong
El Nifio ICs (i.e., from January ICs) in the Pi-control and
by imposing additional warm SST anomalies over NTA
region (i.e., warmNTA_EINinoIC_EXP). Similarly, four
1-year simulations using strong La Nifia ICs are also done
by imposing cold NTA SST anomalies (i.e., coldNTA_LaNi-
nalC_EXP). Thus, the sensitivity experiments are designed
to assess the specific role of NTA SST anomalies in the
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ENSO transitions and, subsequently, in the ENSO-ISM
relationship.

First of all, the sensitivity experiments generally sup-
port the aforementioned remote teleconnections from NTA
to ENSO conditions, thus illustrating the operational effi-
ciency of the NTA capacitor effect, as the ENSO events are
stronger during boreal winter (OND) in these short simula-
tions. More importantly, these experiments also show non-
linear responses with respect to the polarity of the imposed
NTA SST perturbations. In the warmNTA_EINinolC_EXP
experiments, the Pacific SST response during JJAS period
shows weak cooling (Fig. 9a) relative to the Pi-Control, with
the complete transitioning of El Nifio to La Nifia state hap-
pening only two seasons later (i.e., OND). In contrast, in the
coldNTA_LaNinalC_EXP (compared to the Pi-Control, see
Fig. 9b), there is a much faster transition from La Nifia to El
Nifio state and El Nifio conditions develop significantly as
soon as in JJAS. The atmospheric response (i.e., suppressed
rainfall and easterly low-level wind anomalies) over the
northeastern Pacific during MAM holds a key role for this
faster transition from La Nifa to El Nifio in the coldNTA_
LaNinalC_EXP (see Figs. 10b, 11b) thus exemplifying the
role of off-equatorial Rossby wave response to the decreased
rainfall over NTA region (Ham et al. 2013a). Another inno-
vation comes from the modulation of the ENSO-ISM rela-
tionship in these experiments, as the cold NTA SST pertur-
bations are associated with much drier conditions over India
and a weaker ISM circulation, while the ISM response to
warm NTA SST perturbations is mostly insignificant. This
confirms the nonlinearity of the NTA—-ENSO-ISM system,
in which cold NTA SSTs are more influential than warm
NTA SSTs, as seen in observations. This further adds new
perspectives on the predictability of the whole ENSO-ISM
system.

The identified non-linearities in the NTA-ENSO-ISM
system are not highlighted in earlier studies to the best of
our knowledge and, based on our results, we infer that it may
be probably due to the unexplored role of NAOs, but also to
deficiencies in IITM-ESM model in simulating the obseved
ENSO skewness, which is a common problem in coupled
models (e.g., Terray et al. 2021). But this needs further con-
firmation and hence warrants a more careful investigation. A
natural extension of this study is also to conduct experiments
starting from neutral ICs (instead using ENSO ICs), which
may confirm that the NAO is important on its own in modu-
lating NTA SSTs and the ENSO-ISM relationship. We also
envisage to conduct additional experiments starting from
ENSO ICs, but with reversed NTA SST polarity, for further
understanding of the non-linearity of the NTA-ENSO-ISM
system.

The specific role of the coupled model bias (par-
ticularly over the tropical Atlantic) needs also to be
explored as this bias can also mute the response of the
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NTA-ENSO-ISM system in other coupled models (Kajtar
et al. 2018; McGregor et al. 2018; Terray et al. 2023). In this
context, one may wonder if the tropical Atlantic biases also
play a role in the failure of the IITM-ESM coupled model
to reproduce the nonlinearity of the NTA-ENSO-ISM sys-
tem. For example, the spatio-temporal evolution in anoma-
lous rainfall in the Pi-Control clearly shows the absence of
observed dipole structure in rainfall anomalies over NTA
region, though the NTA SST anomalies in both the compos-
ites exactly resemble the observed patterns. Interestingly,
this erroneous rainfall response over the NTA region is par-
tially rectified in the sensitivity experiments. This improved
rainfall response is probably due to the rectification of cou-
pled model bias, thanks to the imposed NTA SST forcing in
the sensitivity experiments. However, the specific role of the
model biases in our results deserves more detailed investiga-
tions and a lot of modelling efforts, which are outside the
scope of our present study.

Finally, the NTA experiences a prominent (significant
at 95% confidence level based on Mann—Kendall test, see
Fig. S5) long-term linear warming in both annual (at a rate
of 0.55 °C/decade) and boreal spring periods (at a rate of
0.22 °C/decade) from 1979 to 2017, which is much higher
than in other tropical regions, especially in the eastern tropi-
cal Pacific. This may strengthen the local ocean—atmosphere
coupling. As the climate variability over NTA region is also
found to be intensifying under future warming scenario
(Yang et al. 2021) and is modulating the ISM-ENSO tel-
econnection non-linearly following our results, a better
understanding of the NTA-ENSO-ISM teleconnections
in a warming climate is an issue of great significance for
anticipating the effects of global warming in the ISM region
(Douville et al. 2021). Furthermore, in the context of an
increased interannual variability of ISMR in the coming dec-
ades (Katzenberger et al. 2021), more careful future projec-
tion studies on the changes in NTA-ENSO-ISM telecon-
nections are needed so as to mitigate the disastrous human
effects of ISMR extremes at seasonal and longer time scales.
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