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Abstract A notable shift in the El Nifio-Southern Oscillation (ENSO) has been observed in the early 21st
century, characterized by an increased prevalence of Central Pacific (CP) events and strengthened Pacific

trade winds. This shift may be attributed to the warming tropical Indian Ocean (TIO). To investigate this, we
conduct perturbation experiments using the Insitut Pierre Simon Laplace climate model and nudge TIO surface
temperatures to induce warming or cooling effects. Our findings reveal that TIO warming (or cooling) leads

to amplified (weakened) mean trade winds and surface warming (cooling) in the Pacific region. Surprisingly,
ENSO variability increases in both TIO cooling and warming scenarios. This result is linked to stronger
positive feedbacks and a less stable Bjerknes index for either TIO forcing. Additionally, we find that TIO
warming leads to more frequent CP events, meridional widening of wind anomalies, and broadening of the
ENSO power spectrum toward lower frequencies.

Plain Language Summary The dominant mode of interannual climate variability, the El
Nifio-Southern Oscillation (ENSO), has visibly changed in the past three decades, with maximum sea
surface temperature (SST) anomalies during El Nifio events occurring in the Central Pacific (CP) rather

than in the Eastern Pacific and having weaker magnitudes. Recent studies suggest that the observed stronger
Pacific trade winds could have contributed to this shift. One possible mechanism driving such changes is

the enhanced warming trends in the tropical Indian Ocean (TIO) relative to the rest of the tropics. Here, we
conduct sensitivity experiments to investigate the effect of TIO SST on the Pacific. Our experiments with a
climate model indicate that the Pacific trade winds change proportionally to the imposed forcing, with stronger
trades corresponding to a warmer TIO. We find that ENSO variability increases strongly in the TIO cooling
experiments, driven by weaker trade winds associated with TIO cooling. In the TIO warming experiments
we find a shift toward CP-like events; however, we also observe a modest ENSO strengthening, which can be
attributed to stronger positive feedbacks resulting from the remotely induced warming of the Pacific.

1. Introduction

The El Nifio-Southern Oscillation (ENSO) is the main source of interannual climate variability, consisting of alter-
nating warm (El Nifio) and cold (La Nifia) phases with irregular 2-7 years cycles (e.g., McPhaden et al., 2020).
ENSO is driven by ocean-atmosphere interactions in the tropical Pacific, involving positive Bjerknes feedback
(Bjerknes, 1969) and negative feedbacks associated with ocean memory and damping processes (Jin, 1997).

ENSO's decadal modulation causes variations in the strength of El Nifio events, such that weaker El Nifio events
(2000s and 2010s) can follow decades with a strong El Nifio (1980s and 1990s) (Fedorov et al., 2020). This
modulation also affects the type of El Nifio, corresponding to the location of the maximum sea surface tempera-
ture (SST) anomalies. For example, Central Pacific (CP) El Nifio events characterized by anomalies in the central
tropical Pacific (west of 150°W) have been dominant in the early 21st century, while Eastern Pacific (EP) events
dominated the record in the two preceding decades (e.g., Capotondi et al., 2015).

Since ENSO critically depends on the Pacific mean state (Cai et al., 2015; Fedorov & Philander, 2000, 2001;
Fedorov et al., 2020), externally driven changes have been proposed as one of the potential causes of ENSO
decadal modulation. Such mean state changes in the Pacific can be induced from other tropical basins, includ-
ing the Indian Ocean (Mayer & Balmaseda, 2021). Accordingly, the focus of the present study is the effect of
mean SST changes in the Indian Ocean on the Pacific mean state and ENSO. Since 1950s, the tropical Indian
Ocean (TIO) has been steadily warming by 0.15°C per decade and warming 0.05°C per decade faster than the
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remaining tropical basins (Atlantic and Pacific) (Hu & Fedorov, 2019). These relative TIO temperature anom-
alies, compared to the remaining tropical ocean, are hereafter referred as rTIO. This rTIO warming can have
strong global impacts through atmospheric and oceanic teleconnections (Fletcher & Cassou, 2015; Hardiman
et al., 2020). Furthermore, a sudden TIO warming can arrest El Nifio development (Dong & McPhaden, 2018).
However, our approach is different from their study and focuses on a quasi-equilibrium response of the tropical
Pacific and ENSO to TIO temperature changes.

ENSO is understood to originate from instability of the tropical Pacific mean state caused by ocean-atmosphere
interactions, and broad literature exists on the effects of mean state on ENSO (reviewed in Fedorov et al. (2020)).
One conclusion, ranging from experiments using intermediate-complexity (Zebiak & Cane, 1987) and similar
models (An & Jin, 2000; An & Wang, 2000; Fedorov & Philander, 2000, 2001) to idealized studies with coupled
GCMs (Fedorov et al., 2020; Hu & Fedorov, 2018, 2019; Zhao & Fedorov, 2020) is that the weakening (strength-
ening) of mean Pacific trade winds typically tends to intensify (weaken) ENSO. Several studies have highlighted
the resulting variability, feedbacks, and structure of ENSO in the CMIP5 and CMIP6 models compared to obser-
vations (Beobide-Arsuaga et al., 2021; Cai et al., 2018; Ferrett & Collins, 2019; Heede & Fedorov, 2023b; Jiang
etal., 2021; Lu et al., 2018). In those studies, there is no clear consensus on how changes in the background state
of the tropics can shape ENSO variability and characteristics on decadal and longer timescales (Beobide-Arsuaga
et al., 2021; Cai et al., 2015; Collins et al., 2010; Fredriksen et al., 2020; Guilyardi et al., 2009, 2012; Stevenson
etal., 2021; Yeh et al., 2018). Nevertheless, a broad range of global warming experiments within CMIP6 suggests
a strengthening of future ENSO, which in part might be explained by the future weakening of the Pacific trade
winds and the Walker circulation (Heede & Fedorov, 2021, 2023b).

Separating internal variability and the anthropogenic signal has proved challenging, as interannual variability can
influence low-frequency patterns and the mean state (Fedorov et al., 2020). In CMIPS historical simulations, 90%
of the response of ENSO amplitude and SST changes can be explained by internal variability (Maher et al., 2018).
Typical 100-year simulations, such as the historical or warming scenarios would require 50 ensemble members
to achieve an accuracy of ENSO variability within 5% of the truth (Lee et al., 2021; Milinski et al., 2020), high-
lighting the difficulty of understanding transient changes in climate.

Given these challenges, it is important to continue researching the response of ENSO to mean state changes. In
our study, we conducted sensitivity experiments by increasing or decreasing TIO surface temperature to examine
the impact on the tropical Pacific mean climate and ENSO variability. We found that warming the TIO region
strengthens the Pacific Walker circulation and trade winds due to increased convection, while cooling the TIO has
the opposite effect. However, the warming of the Indian Ocean also efficiently warms the Pacific, which compli-
cates the ENSO response. Overall, our study highlights the complex interactions between the Indian Ocean and
the Pacific mean state, shedding light on the factors influencing ENSO variability.

2. Model and Experimental Configuration
2.1. Model Configuration and Experimental Setup

We use the coupled climate model IPSLCM6A-LR (IPSL-CM6 thereafter), developed at the Institut Pierre-Simon
Laplace and participating in CMIP6. The model configuration is described by Boucher et al. (2020) and Mignot
etal. (2021); its evaluation in terms of ENSO metrics can be found in Planton et al. (2021). Specifically, IPSL-CM6
has a good representation of the ENSO amplitude and asymmetry, however, underperforms in ENSO seasonality
(Figure 2 of Planton et al. (2021)). The experimental design of the perturbation experiments and the atmospheric
and oceanic responses to nudging the TIO are detailed in Ferster et al. (2021) and summarized below.

To increase or decrease mean rTIO, a simple Newtonian relaxation (or nudging) of TIO surface temperature is
imposed at each timestep, using the same model-year of the 1,100 years-long IPSL-CM®6 piControl (referred as
piControl) as the starting point. The TIO region is defined as 30°-100°E, 30°S—-30°N and is continuously nudged
toward monthly SST values of the corresponding piControl segment to which anomalies of —2°C, —1°C, +1°C,
and +2°C are respectively added. This experimental design allows us to maintain the natural variability of the
tropics while nudging the tropical Indian basin. These perturbation experiments are referred to as TIOxC, where
“x” denotes to the value of TIO target temperature.

A fixed surface restoring value of —40 W m~2 K~ is applied, resulting in approximate mean SST changes in the
TIO of —1.4°C, —0.7°C, 4+0.7°C, and +1.4°C from the control respectively. As expected, the final changes in SST
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are smaller than the nudging target temperatures (see Figure S1 in Supporting Information S1). The correspond-
ing rTIO changes are even smaller (—0.7°C, —0.3°C, +0.3°C, and +0.6°C) since the warming (cooling) of TIO
increases (decreases) SST remotely in the Pacific Ocean as well.

To assess the effect of the nudging procedure on the climate system, we also conduct an experiment with the
target temperature of 0°C. The inclusion of the TIO = 0°C experiment can be thought of adding white noise at
each timestep, as the nudging is relatively weak, and the experiment maintains independent variability. We find
little difference between the TIO = 0°C experiment and the piControl (further see Section 3.2). The perturbation
experiments are extended to 950-year to allow for a robust statistical analysis of the achieved quasi-equilibrium
state. The TIO — 2°C analysis is stopped at year 500 following the near-collapse of Atlantic Meridional Overturn-
ing Circulation (AMOC) (Ferster et al., 2021).

Hu and Fedorov (2019) report that the TIO (rT1O) have been steadily warming since the 1950s by 0.15°C (0.05°C)
per decade which is approximately equivalent to +1°C warming in the TIO and a 0.3°C rTIO anomaly that devel-
oped over the past 70 years. Therefore, the magnitude of the imposed +1°C nudging experiment compares well
with these observations. The other experiments serve to investigate the overall sensitivity of the tropical Pacific
basin to TIO changes, and the results are discussed mostly in the context of the TIO + 1°C experiment.

2.2. Computing the Bjerknes Stability Index and Power Spectra

The Nifio3 region is defined as 5°S to 5°N and 150° to 90°W, and the Nifio 3.4 and Nifio 4 regions as 170° to
120°W and 160°E to 150°W, respectively. A simple approach can be used to define CP El Nifio through the Nifio
4 index and the EP El Nifio through the Nifio 3 index, while the Nifio 3.4 index defines a combination of the two
El Nifio flavors (e.g., Fedorov et al., 2015).

To assess the system's stability, we use the Bjerknes stability index (BJ index for short) which describes the
collective strength of feedbacks and damping terms that affect the stability of ENSO under the recharge oscillator
approximation (i.e., Jin, 1997; Jin et al., 2006, 2020). Here, we follow the computation of the BJ index by Ferrett
and Collins (2019):

—& R=ZA+EK+TC+CD+TD @)

Ipg; =

_ —oT —oT w B % (=2yv)e  (HW)W)g 3
R_Maﬂu<?>£+ﬂuﬁw<¥>E+ﬂaﬁh<E>£ ( . + Li + H ) as  (2)

R describes net positive and negative feedbacks affecting SST evolution and the constant ¢ accounts for the
mechanical damping of thermocline anomalies. The BJ index (/) gives the growth or decay rate of the ENSO
mode, which has similarly been used in previous literature (Ferrett & Collins, 2019; Jin et al., 2020; Manucharyan
& Fedorov, 2014; Zhao & Fedorov, 2020). Here, the BJ index is broken down into five main components in Equa-
tions 1 and 2, including the zonal advection, Ekman (EK), and thermocline (TC) feedbacks, and the net current
damping and thermodynamic damping (TD) feedbacks. Respectively, these represent the positive feedbacks and
damping feedbacks of the BJ index.

The calculation involves area-averaging over the east equatorial Pacific region (180°E-80°W, 5°S—5°N). The
surface currents (¢, v) and upwelling current (w) are considered as a time mean. Upwelling is determined by
a step function assigning O for negative values (H(w) = 0 for w < 0) and 1 for positive values (H(w) = 1 for
w > 0). The averaging region's longitudinal (L ) and latitudinal (L,) extents are considered, assuming a mixed
layer depth (H,,) of 50 m. The TD term (a) is determined by regressing heat flux anomalies onto SST anomalies.
Bjerknes feedback components are estimated through regressions: u, (mu) for wind stress anomalies against
SST anomalies, S, (beta,) for zonal surface ocean current anomalies against surface wind stress anomalies, f,,
(beta,) for upwelling ocean current against surface wind stress anomalies, and f3, (beta,) for thermocline slope
anomalies against surface wind stress anomalies. Finally, the feedback components are combined to obtain the
total Bjerknes Index, with heat flux damping normalized using the heat capacity of water (¢, =4180J kg~ ' K1),
and the density of seawater (p = 1,029 kg m~>). This comprehensive analysis allows for an understanding of the
interactions between ocean currents, wind stress, and heat exchange in the equatorial Pacific region.

The power spectra analysis of the following Nifio timeseries uses a variance preserving approach: the power spec-
tral density is multiplied by the frequency and the frequency is shown as logarithmic. The analysis furthermore
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applies a multi-taper approach (Park et al., 1987; Thomson, 1982; Yu & Fedorov, 2022). In the analyses, the
initial 200 years of the warming and cooling experiments are excluded to allow the climate to adjust to the nudg-
ing, which includes changes to the AMOC (Ferster et al., 2021) and the results indicate at least 150 years of an
experiment are required to produce nearly identical power spectra and ENSO variability results.

Figure S1 in Supporting Information S1 displays the adjustment of the rTIO and Nifio 3.4 SST (Figures Sla and
S1b in Supporting Information S1) on decadal timescales, but the Indonesian Throughflow (ITF) and AMOC
(Figures Slc and S1d in Supporting Information S1) reach a quasi-equilibrium after roughly two centuries in
the experiments, albeit a longer adjustment time in the case of the TIO — 2°C experiment. Monthly anomalies
are computed by removing the monthly climatology of each respective experiment. Since Nifio 3 and Nifio 3.4
analyses produced similar results, we will focus on Nifio 3.4 in the manuscript.

3. Results
3.1. Changes in the Mean State: Pacific Trade Winds, SST, and Upper Ocean Temperature

The initial response to the warming or cooling of the TIO leads to a rapid development of quasi-stationary equa-
torial Rossby and Kelvin waves originating from the TIO, as well as extra-tropical Rossby waves propagating
poleward in both hemispheres (Figures S2a—S2c in Supporting Information S1). The anomalous response of
geopotential height drives anomalous zonal and meridional wind stress across the equatorial Pacific and globally
(Figures S2d—S2i in Supporting Information S1). The Rossby wave response originating from the TIO generates
approximately the same spatial patterns, albeit of opposite signs and different magnitudes between the warming
and cooling experiments. Warming the TIO drives the intensification of trade winds on monthly timescales, lead-
ing to La Nifia-like conditions with negative SST anomalies and increased thermocline slope within the equato-
rial Pacific within the start of the experiment (Figures S3a and S3b in Supporting Information S1, averaged over
the first 5 years of the experiment). The opposite pattern is seen in the cooling experiments, driving El Nifio-like
conditions and decreased easterlies in the tropical Pacific (Figures S3c and S3d in Supporting Information S1).
These results are similar to Zhang and Karnauskas' (2017) and Mayer and Balmaseda (2021), finding that warm-
ing the TIO creates a zonal tropical gradient, intensifying the Walker circulation. This enhanced circulation has
been shown to result in the observed strengthening of the tropical Pacific easterlies and to a La Nifia-like state
(Luo et al., 2012), and within a year can cause weaker ITF transports and a shoaling thermocline in the western
Pacific. This may also corroborate the results of Dong and McPhaden (2018) that an anomalous warming of the
Indian Ocean can suppress a developing El Nifio event in the Pacific.

After the initial response, a more gradual transition to a quasi-equilibrium state in the upper Pacific Ocean takes place,
which requires over half-a-century for higher frequency variability, such as ENSO, and several centuries for low
frequency signals, such as the ITF and AMOC (Figure S1 in Supporting Information S1). In this quasi-equilibrium
state, TIO warming results in enhanced equatorial easterlies in the Pacific, a deepening of the equatorial thermo-
cline in the west, and SST warming throughout the tropical and subtropical Pacific (Figures 1a and 1b; Figures S2f
and S4 in Supporting Information S1). In the western Indian Ocean, a significant warming develops within the
surface 100 m due to anomalous westerly winds generated along the equator as part of the Matsuno-Gill response to
warming (Gill, 1980; Hu & Fedorov, 2019; Matsuno, 1966) and the corresponding deepening of the thermocline. At
the same time, a cooling develops in the subsurface eastern Indian Ocean (below 200 m), contributing to upwelling
and reduced SST anomalies in the western TIO compared to the eastern TIO basin. The response is roughly oppo-
site in the TIO cooling experiments, with a significant strengthening of the trade winds in the Pacific but anomalous
easterly winds in the Indian Ocean (Figures 1c and 1d; Figure S2d in Supporting Information S1).

The main difference between the cooling and warming experiments in terms of mean state changes in the Pacific
is that TIO warming induces a smaller quasi-equilibrium change in zonal wind stress magnitude along the equator
(Figure 2a, Figure S4a in Supporting Information S1) than the TIO cooling does. This asymmetry arises largely
because the absolute magnitude of the induced warming of the Pacific is greater than the magnitude of Pacific
cooling (Figure 2b), so that in the former case only a very modest strengthening of the interbasin Indo-Pacific
SST contrast takes place. This is consistent with the results implied by the study of Zhang and Karnauskas (2017)
on the role of interbasin temperature gradients for the Walker circulation.

Furthermore, the warming experiments result in a uniform deepening of the thermocline across the equatorial Pacific
and increased sea surface height (SSH) (Figure 1 and Figure S4 in Supporting Information S1), while in the cooling
experiments there is a significant reduction of the east-west SSH contrast along the equator. The compensating effects
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Figure 1. Mean temperature anomalies in °C for the (a, b) TIO+1°C and (c, d) TIO—1°C experiments for years 200700 relative to the tropical Indian Ocean

(TIO) = 0°C (experiment control) time mean, representing the quasi-equilibrium difference. Top panels show anomalous sea surface temperature (SST) and surface
wind stress (arrows); the thin black contour separates cold and warm anomalies. The black box indicates the TIO region used for SST nudging. Bottom panels show
mean anomalies in potential temperature averaged between 2°S and 2°N for the same longitudes. Black isotherms represent mean ocean temperature in the control while
the magenta line indicates the 20°C isotherm from the respective sensitivity experiments. Hashing in the bottom plots represent anomalies that are not significantly
different to the 95% confidence interval of TIO = 0°C experiment using a two-sided t-t-test.

explain why in the warming experiments, this SSH contrast barely changes, reflecting the reduced net effect of the
wind stress changes compared to temperature changes on the mean state (Figure S4 in Supporting Information S1).
In the cooling experiments, the reduction of the SSH contrast is directly related to the weakening of the trade winds.

3.2. ENSO Changes

The next question to explore is how these mean state changes affect ENSO. Surprisingly, we find that both sets of
experiments result in the increased ENSO amplitude described for example, by the Standard Deviation (Std.Dev.)
of interannual SST anomalies, see Figures 2c and 3, Figure S5 in Supporting Information S1. The strengthening of
ENSO SST amplitude is greater in the TIO cooling experiments, with a significant increase throughout the equa-
torial Pacific compared to both the piControl and TIO = 0°C experiments. In the warming experiments, Std.Dev.
significantly increases in the central and western equatorial Pacific, implying a more frequent occurrence of CP El
Nifio events, which is expected for stronger trade winds (Zhao & Fedorov, 2020). Spatial changes of SST Std.Dev.
(Figure 3, Figure S5 in Supporting Information S1) confirm these findings: the TIO cooling experiments result in a
narrow band of increased SST variability by 0.1-0.2°C in the central and eastern equatorial Pacific, while warming
the TIO produces a pattern of increased SST variability (0.05-0.15°C) in the western and central equatorial Pacific.

In addition, comparing the experiment TIO = 0°C and piControl, we find no significant differences in the simu-
lated mean state and ENSO (Figure 2c, Figure S5 in Supporting Information S1). In fact, the mean states in the
two experiments are nearly indistinguishable (Figures S4 and S5 in Supporting Information S1). This suggests
that the method employed minimizes the impact of reducing the TIO variability on the Pacific mean state and
ENSO variability, as was the motivation to apply such method in our nudging protocol.

3.3. Mechanisms of ENSO Changes

To explain ENSO changes in the perturbation experiments, we compute the BJ index and its components for the
Nifio 3.4 region (Figures 4a—4c, Figures S6 and S7 in Supporting Information S1). We find that for all experi-
ments the Bjerknes index has negative values, indicating a weakly damped system. For both warming and cooling
experiments the BJ index becomes less negative, suggesting a lower ENSO stability compared to the piControl
and TIO = 0°C simulations. Comparatively, the cooling experiments show lower stability than the warming
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Figure 2. (a) Zonal wind stress and (b) sea surface temperature (SST) anomalies in the Niflo 3.4 region relative to the tropical Indian Ocean (TIO) = 0°C (experiment
control). The x-axis represents the mean rTIO anomaly in the respective experiments, hence, the TIO = 0°C is plotted at 0. Negative values in panel (a) denote the
strengthening of easterly winds. (c) SST standard deviation along the equator in the Pacific based on interannual SST anomalies averaged between 2°S and 2°N. Error
bars and shading for the experiments represent the 95% confidence interval of the upper and lower bounds.

experiments. Thus, in both sets of experiments, changes in the BJ index toward lower stability are consistent with
the simulated strengthening of ENSO (Figure 2c).

The changes in the Bjerknes index (Figure 4a) in these experiments can largely be explained by stronger net
positive feedbacks (Figure 4b), which includes the thermocline (TC), advection, and Ekman (EK) feedbacks
(Figures S6a—S6c in Supporting Information S1). At the same time, the competing damping by the mean currents
(Figures S6d and Sé6e in Supporting Information S1) results in slightly weaker net damping effects compared to
the control (Figure 4c). Therefore, the increase in ENSO variability in both warming and cooling experiments is
largely driven by the effects of positive feedbacks (especially, of the TC and EK feedbacks).

We further investigate the critical components that drive changes in the TC and EK feedbacks. First, focusing
on the TIO — 2°C experiment, we find that the coupling coefficient p between the zonal wind stress and Nifio
3.4 SST decreases relative to the control. However, in this experiment, the thermocline (3,) and upwelling (5,)
coupling to wind stress increase by about 30%, which largely explains the lower stability of the system (i.e., a less
negative BJ index). In the warming experiments, increases in y and f, components relative to the control appear
to be critical in strengthening the TC feedback and thus making the system less stable.

As discussed earlier, equatorial easterlies in the Pacific consistently decrease in the cooling experiments. Previ-
ous work suggests that the weakening of Pacific trade winds should result in ENSO intensification (Fedorov
& Philander, 2000, 2001; Zhao & Fedorov, 2020; among others), which is consistent with our results, and the
stronger ENSO can be explained by the strengthening of the thermocline, advection, and/or Ekman feedbacks.
On the other hand, the strengthening of Pacific trades in the warming experiments should, in general, suppress
El Niflo, but instead we observe a modest ENSO strengthening. Part of the disagreement can be explained by the
minimal increase in zonal winds, resulting in barely any changes in the east-west SSH gradient along the equator

FERSTER ET AL.

6of 11

U901 SUOWILLOD) BANIER.D) 3|eolddke ) Ad pauRAOB 8.8 A1 YO ‘35N JO Sa|NJ 10 AReiq 1T BUIIUO AB]IA UO (SLO1HIPUOD-PUE-SLLLBIALI0D"AB | AR1c]|PUIIUO//Sc1Y) SUOIIPUOD PUe SW 1 au) 885 *[£202/TT/62] U AreiqiTauliuo A|im 89 L Ad 0SZE0T T9E202/620T OT/I0p/LI0Y" A3 1w Areiqipuljuo'sgndnBe;/sdny wou pepeojumod ‘0z ‘€202 ‘Z00876T



Ay
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL103230

30°N
15°N
0°
15°8

30°5 4

60°E

120°E

12

—
30°N {5 l...:.., ...................... s om—
'~ > p
; 15°N i S <3
0° Qs =0 P - ;
=) A . =
% : 7 ER—
IS 9 ~ —— A
08 30°S¥ D
60°E 120°E 180° 120°W
o
5
>
: =
5 e 1 L 1 [
06 02 -0.15 0.1 -0.05 0 005 0.1 015 02
'g SST Std.Dev Difference (°C)
®
g
€
<

o ‘_
&£ TI0+1°C Difference
oy ~

= 3

180° 120°W

Figure 3. Interannual sea surface temperature (SST) variability (standard deviation) in the (a) TIO—1°C, (b) tropical Indian Ocean (TIO) = 0°C (experiment control),
and (c) TIO+1°C experiments, and the (d, e) differences of the sensitivity experiments relative to the control. Thin contours mark the regions where variability exceeds
the 95% confidence interval of the TIO = 0°C using an F-test. The black box represents the TIO region used for SST nudging. Hereafter, the results for perturbation
experiments are computed starting from year 101 until the end of each simulation (unless stated differently).

(Figure S4b in Supporting Information S1). In contrast, these small changes are accompanied by a significant
warming of the Pacific Ocean which can act to increase ocean-atmosphere coupling as discussed above.

Other factors that may contribute to the stronger ENSO in the warming experiments include changes in the
meridional structure of ENSO wind anomalies, which is not considered by the BJ index. Specifically, we regress
monthly zonal wind stress anomalies in the Pacific onto the Nifio 3.4 SST index (Figures 4d and 4e), following
Capotondi et al. (2006). This regression shows the typical structure of zonal wind stress anomalies associated
with ENSO. In this analysis, we find a robust meridional expansion of these anomalies with TIO warming in
mainly the Southern Hemisphere (Figure 4d; by nearly 4° of latitude in the TIO + 2°C experiment), while a
contraction in the cooling experiments that occurs mostly in the Northern Hemisphere. In a simple ENSO model
(Fedorov, 2010), a meridional expansion of wind stress anomalies shifts ENSO toward longer periods and simul-
taneously makes the system more unstable, leading to a stronger ENSO. This is consistent with a number of
coupled model studies (Capotondi et al., 2006; Deser et al., 2006).

Finally, in observations, ENSO occurs irregularly with 2—6 years cycles. Analyzing power spectra for the exper-
iments, we find that the piControl and TIO = 0°C simulations peak at 3—4 years in both Nifio 3.4 and Nifio 4
time series (Figures 4f and 4g). For both time series, the cooling experiments result in a significant increase in
the power spectral density in the 3—4 years band. The warming experiments, however, show no increase in the
3—4 years band (and a slight decrease for the TIO + 2°C experiment). Instead, there is an increase in the power
spectral density at lower frequencies, in the 6-9 years band. Thus, the warming experiments show a broadening
of the power spectrum with a shift toward lower frequency variability in the region compared to the control. This
broadening of the power spectrum and the increase in the power spectral density at lower frequencies also becomes
evident when the simulated ENSO variability is divided into two frequency bands—corresponding to periods
longer (6-10 years) and shorter (2—6 years) than 6 years (Figures S8a and S8b in Supporting Information S1).

4. Conclusions

In our experiments, we studied the impact of Indian Ocean temperature changes on the tropical Pacific mean
state and ENSO variability. Initially (years 1-5), TIO warming (cooling) strengthened (weakened) Pacific trade
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Figure 4. (a) The Bjerknes stability index estimated for the Nifio 3.4 region in °C per year, (b) the positive feedbacks, and (c) damping effects of the index. (d) The
meridional and (e) zonal structure of monthly zonal wind stress anomalies regressed upon the Nifio 3.4 index. (d) Is zonally averaged between 154°E to 120°W (similar
to Figure 7 in Capotondi et al. (2006)) and (e) is meridionally averaged between 5°S and 5°N. The values on the top left in (d) represent the width of positive wind
stress anomalies around the equator and quantify the broadening of these anomalies in warm experiments relative to cold experiments. (f, g) Power spectra for the

Nifio 3.4 and 4 indices (°C?) from monthly anomalies using a “variance preserving” approach, in which the power spectral density is multiplied by the frequency and
the frequency is shown as logarithmic. Nifio 3 is not shown, as it is similar to the Nifio 3.4 results. Note that the increase in El Nifio-Southern Oscillation variability in
tropical Indian Ocean (TIO) warming experiments is associated with an expansion toward lower frequencies as compared to the TIO = 0°C (experiment control). Error
bars in panels (a—c) represent the standard error with 95% confidence interval using the piControl simulation broken into four different chunks of 400 years. Shading in
(d, e) is the 95% confidence interval of the zonal or meridional averaged values.

winds, leading to La Nifia (El Nifio)-like conditions due to the Bjerknes feedback. This initial response resembled
previous findings that an increased tropical zonal temperature gradient can drive Pacific easterly wind strength-
ening and EP cooling (Heede & Fedorov, 2023a; Luo et al., 2012; Zhang & Karnauskas, 2017). Moreover, the
initial response to TIO warming demonstrates similarities to the observed changes in the 2000s relative to the
1980-1990s with increased Pacific trade winds and colder eastern equatorial Pacific. Such changes could result
in a weakening of the thermocline feedback and a dampened ENSO cycle (Liibbecke & McPhaden, 2014; Zhao
& Fedorov, 2020). However, the long-term quasi-equilibrium state showed a more complex picture.

The quasi-equilibrium of the TIO cooling experiments show a strong weakening of the Pacific easterly winds,
accompanied by a small decrease in the equatorial Pacific SST. Consequently, the trade wind weakening
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dominates the mean state changes, leading to a stronger ENSO as suggested by previous studies and the system's
lower stability inferred from the BJ index. Conversely, TIO warming significantly warmed the tropical Pacific,
reducing the rTIO temperature and moderating trade wind strengthening. This more modest trade wind change,
combined with the tropical Pacific warming, results in a slight strengthening of ENSO that is also predicted by
the BJ index. It is accompanied by a broadening of the ENSO spectrum toward decadal frequencies, likely caused
by the meridional widening of ENSO wind stress anomalies (Capotondi et al., 2006; Fedorov, 2010). In addition,
the TIO warming experiments show increased SST variability largely in the central and western Pacific rather
than the eastern equatorial Pacific, suggesting a higher likelihood of CP EI Niiio events under TIO warming.
Opverall, the quasi-equilibrium response differs from the initial transient response of the experiments and, argua-
bly, to the observed changes of the past few decades, with apparently a more stable ENSO mode.

Our results demonstrate that in a quasi-equilibrium decreasing or increasing the mean SST gradient between the
tropical Indian and Pacific basins reduces tropical Pacific stability, increasing ENSO variance. Other studies
have examined the impact of changes in Pacific mean state and winds on ENSO (Fedorov et al., 2020; Ferrett &
Collins, 2019; Heede & Fedorov, 2023b; Hu & Fedorov, 2018; Manucharyan & Fedorov, 2014; Siuts et al., 2022;
Tan et al., 2020; Zhao & Fedorov, 2020). In several cases the results can be explained by changes in the BJ index,
as in our study, but other factors like atmospheric noise or nonlinearity can also become important and need to
be considered in addition to the BJ index. Nonlinearity and the impact of quasi-stationary Rossby waves on wind
patterns are also important (Graham et al., 2014) and may contribute to non-uniform changes in Pacific trade
winds.

Additional caveats to consider include the new Arctic sea ice state, long-term changes in AMOC and ITF, and
changes in other types of tropical variability, such as the Madden-Julien Oscillation (Tan et al., 2020). For exam-
ple, in the TIO — 2°C experiment, a weakened AMOC state could potentially promote increased ENSO variabil-
ity though weaker cross-equatorial winds and stronger positive feedbacks in the eastern equatorial Pacific (Liu
et al., 2023). However, these effects appear to be weaker than the direct impact of zonal wind weakening (Zhao
& Fedorov, 2020). A notable difference in the tropical Pacific SST is the transient negative and the positive
quasi-equilibrium anomalous response, which can partially be explained by the methods of nudging and the radi-
ative effect across the tropics (see Ferster et al. (2021) and Hu and Fedorov (2019)). Finally, it remains to be seen
how robust the small strengthening of ENSO with TIO warming is in other models.

Overall, our results highlight the significance of the inter-tropical zonal SST gradients and the TIO warming.
Using the rate of warming from Hu and Fedorov (2019), the TIO + 1°C closely resembles observed warming
trend, albeit in a quasi-equilibrium state. This has implications for future climate change and its modulation of
the tropical Pacific response to global warming, suggesting that the enhanced warming of the TIO could contrib-
ute to the increased occurrence of CP El Nifio events and delay the expected weakening of the Walker circulation
(e.g., Heede & Fedorov, 2023a).

Data Availability Statement

The data sets generated during the experiment are located on the TGCC machine Irene. Several data sets to repro-
duce the results of the manuscript are published as Ferster et al. (2023a, 2023b, 2023c) (cooling experiments,
warming experiments, and control experiments, respectively) and details to access the public threads of all the
model output for each of the experiments on the TGCC machine are found with the corresponding published data
sets. The IPSL pre-industrial control data sets are publicly available on the CMIP6 ESGF servers (i.e., IPSL:
https://esgf-node.ipsl.upmc.fr/search/cmip6-ipsl/).
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