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Inter-model robustness of the forced change of the ENSO-
Indian Summer Monsoon Teleconnection

Sundaresan Aneesh '?* and Tamas Bodai'>>™

Concerning the robustness of predicting the forced response of the El Nifo—Southern Oscillation-Indian summer monsoon (ENSO-
ISM) teleconnection based on 9 CMIP-class models, we come to distinguish three time periods. (1) In the late 20th century, the
trend was insignificant in most models, which does not permit a statement on robustness in this period. Thus the weakening of the
teleconnection reported from the observational data might not be truly forced. (2) Furthermore, we find it typical that under global
warming in the first part of the 21st century, the teleconnection is strengthening or non-decreasing. This considerable inter-model
robustness is owed to an increasing ENSO variability as well as coupling strength. (3) At the end of the 21st century, however, under
strong forcing, the teleconnection change is not robustly modeled: the ENSO variability change is not projected robustly across
models, either with respect to the start or the rate of the ENSO variance decline, competing this time with an increase of the
coupling strength. The difference in the projected coupling coefficient between models is mainly attributed to the disagreement in
the projected ENSO-induced changes in the regional Hadley cell and SST patterns over the ISM domain, despite the agreement on
the projected eastward shift of the Walker cell over the Pacific Ocean.

npj Climate and Atmospheric Science (2024)7:4; https://doi.org/10.1038/s41612-023-00541-w

INTRODUCTION

The El Nino—Southern Oscillation (ENSO) is the climate variability
that is reigning supreme in the tropics, significantly modulating
the global rainfall and circulation patterns’. ENSO has a profound
impact on the inter-annual as well as the intra-seasonal
variabilities of the Indian summer monsoon (ISM)?=6. The Summer
ENSO index is negatively correlated with the ISM seasonal rainfall,
and the strength of the ENSO-ISM relation in models is a
preeminent indicator of the seasonal predictability of the ISM
rainfall’. The well-known inverse relationship between the ENSO
and the ISM seasonal rainfall has weakened in the late 20th
century® and it was largely restored in the early part of the 21st
century®'®, Several studies have been devoted to finding the
reason for the weakening of this relationship at the end of the last
century. These studies came up with various conclusions alluding
to the effects of all different phenomena including: the Atlantic
Multi-decadal Oscillation'"; the co-occurrence of IOD events with
El Nifio'? (like Goswami and An'2 in a hypothetical climate change
context); the shift in the ENSO center of action'®; changes in the
convection patterns over the equatorial Indian Ocean''s;
circulation changes in the equatorial Indian Ocean and south-
east of Japan'’; the strengthening of the sub-tropical jet stream
over the North Atlantic'®; and global warming®. Sterl et al.’®, has
shown that the sampling variability can explain most of the
apparent changes in the running-window “apparent” ENSO
teleconnection and, likewise, Yun & Timmermann®® and Bédai
et al.2' have pointed out that the stochastically perturbed ENSO
signal can generate fluctuations similar to the observed changes
in the ENSO-ISM teleconnection, contradicting, thus, at least
Kumar et al8. On the other hand, the recovery of the apparent
ENSO-ISM rainfall relation during the early 21st century received
less attention. It was attributed e.g. by Yang & Huang® to the inter-
decadal variation of ENSO's evolution and related changes in the
tropical Atlantic Ocean.

As for future projections of the ENSO-ISM rainfall relationship,
especially of the sign of the trend, Lee & Bédai?> prompted the
possibility of a large uncertainty. Still, several studies led to a
pertinent conclusion that the inverse relationship between ENSO
and the ISM rainfall will prevail in future global warming
scenarios?'™2%, Ashrit et al?®> examined a transient climate
simulation from a single model and have indicated that the
impact of El Niflo events on the ISM rainfall will decrease in future,
while the impact of La Nifa events will remain largely unchanged.
Li & Ting?® examined CMIP5 model simulations and claimed that
the ENSO-ISM rainfall relation could slightly weaken in the 21st
century. Roy et al.*’ analyzed a subset of the CMIP5 dataset and
reported a strengthening of the ENSO-ISM teleconnection during
future canonical and mixed canonical modoki ENSO events, and a
weakening of the teleconnection during modoki events. Pandey
et al.?® reported that the long-term relationship between ENSO-
ISM rainfall will change from negative to positive under the global
warming scenario. They performed the correlation analysis with-
out removing the long-term trend from the ISM rainfall and Pacific
SST. If we retain the long-term trend in the CMIP6 multi-model
mean analysis, the teleconnection strength will weaken at the end
of the 21st century; otherwise, it will be stationary?2. Two recent
studies?>?° utilizing the finite size but so-called “large initial
condition ensemble” simulation of the Max Plank Institute Grand
Ensemble (MPI-GE) concluded that the ENSO-ISM teleconnection
strengthens in the 21st century, with a slow-down at the end of
the century. The conclusion was reached by performing statistical
tests of non-stationarity, detecting a signal masked strongly by
large statistical error fluctuations. This also means that the precise
magnitude of the change is even more hopeless to correctly
predict.

These initial condition ensemble-based studies suggest thus
that the quantification of the forced response of the ENSO-ISM
teleconnection is sensitive to a divergence from the correct
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methodology?® and to the datasets utilized??. L.e,, the offerings of
single model studies, like Bédai et al.?° and Goswami and An'> are
very limited. From the observational data or single realization of a
model, on the other hand, even the sign of the forced response of
the teleconnection is impossible to determine because of the
inability of the temporal methods to distinguish the changes
caused by internal variability and external forcing factors?'?°, In
principle, the forced response can be properly disentangled from
the internal variability by using an initial condition large ensemble
simulation®>3°, However, in fact, the ensemble methods are also
burdened by biases concerning certain statistical estimators?> due
to the sampling error caused by the finite size of the ensemble
members, as well as due to the inherent model errors. Concerning
the latter, as also advocated by Lee and Bédai??, the use of multi-
model large initial condition ensemble simulations would be
rather informative to evaluate the robustness of the forced
response of any observable of the climate system across the
climate models by means of evaluating it properly first in each
individual model and, subsequently, by comparison. Recent
studies have used multi-model large initial condition ensemble
simulation data to address different scientific questions such as:
the uncertainties in the projection of global monsoon precipita-
tion®'; the projection of ENSO variance®? the role of the inter-
decadal Pacific oscillation in the near-term projection uncertain-
ties of the ISM33; the internal variability of different climate
modes®* and the calculation of the time of emergence of
biogeochemically important upper-ocean variables®>.

In the present study, as the first such multi-model study, we use
nine different climate models with 30 or more ensemble members
to estimate the historical and future forced changes of the ENSO-
ISM relation. We find that the internal variability of the climate
system is primarily responsible for the observed weakening of the
ENSO-ISM rainfall relationship in the late 20th century. The forced
response of the ENSO-ISM relationship in the first half of the 21st
century, at a coarse temporal view, is either strengthening or
stationary, and the robustness diminishes in the second half.
Furthermore, the study addresses the relative role of ENSO
variability, coupling strength, and noise strength in the projected
changes of the ENSO-ISM rainfall teleconnection.

RESULTS

Forced evolution of the ENSO-ISM teleconnection and its
driving factors

Basic skills of the selected nine models such as in simulating the
mean state and variability of the ISM and ENSO and the ENSO-ISM
teleconnection, are evaluated by comparing the corresponding
observations during the 1950-2020 period with the ensemble
spread (Supplementary Fig. 1). On the one hand, all the models
have good to reasonable skill in capturing the ENSO variability, i.e.,
the Nifo3.4 SST anomaly during the historical period fall within
the ensemble spread. On the other hand, even though the
majority of the models could reasonably simulate the ISM rainfall
variability and ENSO-ISM correlation coefficient, the performance
of the CanESM5 and CSIRO-MK-3.6 was relatively weak. However,
we caution as to disregarding a model wrt. the forced change of
the ENSO-ISM teleconnection, because the skill in reproducing the
mean state does not have universally clear implications on the skill
in reproducing the forced change of the same quantity. In this
regard, we walk back on the view of Bédai et al.?° dropping the
analysis of the CESM1 model. Furthermore, we note that, as per,
e.g. (Yun & Timmermann?’; Bédai et al.?"), the available observa-
tional data is insufficient in assessing model skill wrt. the forced
change of the ENSO-ISM teleconnection. Therefore, in our analysis
of the inter-model robustness of the latter, we keep all the models
that we have data for.
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Bodai et al?®> have identified three drivers of the ENSO-ISM
teleconnection strength, namely: ENSO variability (oy), the ENSO-
ISM coupling strength measured by the regression coefficient (a),
and the noise strength (o¢). These are related to the ENSO-ISM
correlation coefficient through the textbook formula

1

r=
11 ((0c/a)/oy)? @

based on a simple linear regression model. Each year, the
ensemble-wise correlation coefficient r is estimated, and the
time-evolution r(t) of the correlation coefficient describes the
forced change, bar the masking effect of rather large statistical
errors. Similarly, the time series of each driver, estimated with
respect to the variability across the ensemble members, prompts
potentially its relative “contribution” or role to the forced change
of the correlation coefficient r. Bodai et al.?® also introduced a
simple framework for the quantitative estimate of the relative role
of 0y and a/og, in the time interval t; and t,. The parameters
B=00(t2)/oo(t;) and a = (ogt)/a(t,))/(oet;)/alt;)) are estimated
over different time intervals and the product of a and P
determines the relative impact of drivers o, and a/os on the
forced change of r. We adopt here approach used by Bédai et al.*
to calculate the forced change in the teleconnection strength and
its statistical attribution to the drivers (see their section 2.3). The
time-evolution of —r(N, Ajt) between Nifo3.4 SST (N) and the All-
India summer monsoon (AISMR, A) rainfall (averaged over the
Indian landmass excluding the observational data sparse regions:
see Fig. 1 of Parthasarathy et al.3%) for the nine models is depicted
in Fig. 1a and the other rows are similar but show the (b) ENSO
variability og, (c) ratio of coupling strength and noise strength a/
og, (d) coupling strength a and (e) noise strength og, respectively.
Supplementary Fig. 2 also shows the projected changes in the
correlation coefficients and their drivers but uses Nifio3 SST
instead of Nifo3.4 SST. In general, Fig. 1 and Supplementary Fig. 2
show similar patterns in the projected correlation coefficient, even
though the magnitude of the projected change varies in some
models.

The smoothed time series of the correlation coefficient (Fig. 1a)
shows characteristic ups and downs in all the models, and the
temporal evolutions r(t) do not have a common pattern between
the models. The statistical significance of the non-stationarity of
the correlation coefficient in all possible time intervals is tested by
the Mann-Kendall test (following Bédai et al?>?°), whose test
statistics, corresponding to each model, are shown in Fig. 2. Also,
the corresponding statistical significance for Supplementary Fig.
2a is depicted in Supplementary Fig. 3. On the long-term, between
e.g., 1950-2100, the CanESM5, CanESM2, CSIRO MK-3.6 and
ACCESS ESM1-5 models show statistically significant strengthen-
ing of the teleconnection, especially at the end of the 21st century
(Fig. 1). While, in contrast, the GFDL ESM2M and MIROC6 models
depict a significant weakening of the teleconnection. Thirdly, the
MPI-ESM, GFDL SPEAR, and CESM2 models barely show any
significant change in the teleconnection in the 1950-2100 period.
However, the MPI-ESM and GFDL SPEAR models depict a
strengthening of the projected teleconnection if we use the
Nifo3 SST instead of Nifo3.4 SST (Supplementary Fig. 3). In what
follows, we look at the drivers of any change in r(t).

We start with 0. It is claimed that there is a lack of inter-model
consensus in the projected ENSO SST variability in the CMIP5
models®” whereas the majority of the CMIP6 models show an
enhancement in the ENSO SST variability®®. The time series of the
ensemble-wise standard deviation of Nifo3.4 SST (o) from the
nine climate models are depicted in Fig. 1b, and for Nifio3 SST, it is
depicted in Supplementary Fig. 2b. The temporal patterns of the
forced changes in the NifAo3.4 SST variability show a good
resemblance with those in the Nifo3 SST. Every model shows a
non-monotonic change in the projected standard deviation of
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Forced changes in the correlation coefficient and its drivers. a displays the time-evolution of the ensemble-wise correlation

coefficients (—r), between the Nifio3.4 SST and AISMR during the 1950-2100 period from 9 models (columns 1-9). The Pearson correlation
coefficient is calculated in each year between the Nino3.4 SST and AISMR, which corresponds to first removing the corresponding years’
ensemble mean from individual ensemble members. The other rows are analogous to a, but for the b ENSO variability, ¢ ENSO-ISM coupling
strength/noise strength, d ENSO-ISM coupling, and e noise strength. Magenta curves show 21-year moving means, and cyan curves show the
“raw” yearly values. All the calculations for the MPI-ESM model are done using the data up to 2099.

Nifo 3/3.4 SST; however, their rate of change is model-dependent.
The MPI-ESM, CanESM5, GFDL SPEAR, CESM2, and MIROC6 models
depict a gradual increase in the ensemble-wise standard deviation
until around the mid/late 21st century and a decline after that, i.e,
nonmonotonicity. In the CanESM2 model, the standard deviation
does not change much in the first half of the 21st century, while it
shows a sharp decline in the later half. In contrast, the GFDL
ESM2M model shows a decline in the standard deviation
throughout the 21st century, whereas CSIRO-MK-3.6 and ACCESS
ESM1-5 shows an increase at the end of the 21st century. The non-
monotonic time evolution of the projected ENSO amplitude is also
reported in Kim et al.3°. It is attributed there to the difference in
the east-west surface warming rate over the Indo-Pacific region.

Moving on, considering the next driver, the time-evolution of
the projected changes in the regression coefficient a (coupling
strength), shows a strengthening in the 21st century in most of
the models, except for the GFDL SPEAR, GFDL ESM2M and MIROC6
(Fig. 1d). The coupling strength is nearly stagnant in the GFDL
ESM2M, whereas GFDL SPEAR and MIROC6 show a slightly
decreasing trend in the 21st century.
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Finally, the forced evolution of the standard deviation and
mean of the June to September (JJAS) ISM rainfall averaged over
the Indian landmass (AISMR) are shown in Supplementary Fig. 4.
The simulated mean monsoon rainfall shows a large inter-model
difference, with the lowest amount of rainfall in the CSIRO-MK-3.6
and the highest in the MIROC6 model. However, every model
except for GFDL ESM2M shows an increase in the mean monsoon
rainfall in the 21st century. Thus, most of the models used in the
present study agree with previous reports that the mean seasonal
rainfall over the Indian region will increase under unabated global
warming in the 21st century*®*2 On the other hand, the
projected ISM rainfall variability, whose change should be related
to that of the mean in different models, is found here to be either
increasing or non-decreasing. The MPI-ESM, CanESM5, CSIRO-MK-
3.6, CESM2, and GFDL ESM2M models show an increasing trend in
the ISM rainfall variability in the 21st century, whereas the
CanESM2, GFDL SPEAR, and MIROC6 models do not show any
notable change in the future.

Even though ENSO is the dominant external factor that
modulates the interannual variability of the ISM**3, the ISM
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Fig.2 Statistical significance of the forced change of the ENSO-ISM relation. a-i depicts the Mann-Kendall test statistics for the stationarity
of correlation coefficient (—r) between the Niflo3.4 SST and AISMR, from 9 models. Red and blue shades show statistically significant trends (p

value < 0.05), i.e., the detection of non-stationarity.

variability in most of the models does not follow a non-monotonic
pattern like the ENSO variability observed in Fig. 1b. In the
beginning and middle of the 21st century, most of the climate
models project an increasing trend in the ISM variability like ENSO
variability changes. At the end of the 21st century, however, the
covariance is lost in the climate models. This points out the
presence of some other mechanism, which masks the influence of
the declining ENSO variability on the ISM variability at the end of
21st century. Meehl & Arblaster** has shown that the warmer
Pacific Ocean is the primary cause of the enhancement of the
interannual variability of the ISM in a global warming scenario,
while the Indian Ocean warming plays a secondary role. Thus, the
tug-of-war between the opposite impacts of decreasing ENSO
variability and the increasing Indo-Pacific SST, and the changes in
the other internal and external factors may have resulted in the
increasing or non-decreasing ISM variability at the end of the 21st
century. The time series of the forced response of the noise
strength og(t) is comparable to the ISM rainfall variability (Fig. Te,
Supplementary Fig. 2e, Supplementary Fig. 4). The forced changes
in the noise strength show an increasing trend in most of the
models, except for the CanESM2 model. The maximum increasing
trend in the noise strength and the ISM rainfall variability is noted
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in the CanESM5. The relative role of each driving factor in the
forced change of the ENSO-ISM teleconnection is addressed in the
next sessions.

The role of external forcing and internal variabilities in the
observed weakening of the ENSO-ISM relation at the end of
the 20th century

During the second half of the 20th century, the correlation
coefficient does not show a significant change in most of the
models, while CanESM2 and MIROC6 showed a slight statistically
significant strengthening due to the increasing ENSO variability
and the coupling strength in this period. This is in contrast with
the apparent weakening of the ENSO-ISM teleconnection in the
observational data during the end of the 20th century®, with a
magnitude drop of approximately 0.4 in the 21-year moving
window correlation coefficient (after about 1980). However, the
change in the ensemble-wise correlation coefficient should be less
than 0.1 in the selected nine models. This suggests that the
weakening of the ENSO-ISM (JJA Niho3.4 SST-JJAS AISMR)
teleconnection after ~1980 is in large part due to internal climate
variability, and the anthropogenic forcing has an undetectable
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role in it?'. Although it is still an open question how much the true

forced change was in reality, whether the models could system-

atically overlook some of it.
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Fig. 3 Historical and future changes in the spatial pattern of the
correlation coefficient r. The first column displays r between the
grid-wise ISM precipitation and the first principal component
corresponding to the EOF1 of the tropical Pacific SST during
1950-2000, from nine models (rows a-i). The second column is the
same as the first, but for the period 2050-2100. The third shows the
difference in r: “2050-2100 minus 1950-2000"
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The relative role of driving factors in the forced change of
ENSO-ISM teleconnection in the 21st century

During the first half of the 21st century, the ENSO-ISM
teleconnection, with a coarse view of time (disregarding the
short-term significant changes), is either strengthening or non-
decreasing in all models. The CanESM5, CanESM2, and ACCESS
ESM1-5 models show an increase in the correlation coefficient,
whereas, in the other models, the correlation coefficient does not
show any significant change during this period. The increase in
ENSO variability and the coupling coefficient favored (Eq. (1)) the
strengthening of the correlation coefficient in the CanESM5 and
ACCESS ESM1-5 models (in CanESM2, only the coupling coefficient
increases). The relative “contribution”, or influence, of ENSO
variability (o) versus the ratio of the coupling and noise strengths
(a/og) in increasing the correlation coefficient (—r) is shown in
Supplementary Fig. 5 (See Section 2.3 of Bédai et al.>® for the
method). The figure indicates that a/os has relatively more
influence than oy in strengthening teleconnection (since af <1
in most of the periods) during the first half of 21st century. On the
other hand, even though both the ENSO variability and the
coupling coefficient have increased in the MPI-ESM, CSIRO-MK-3.6
and CESM2 models, the relative increase of noise strength
reduced the ratio a/o¢ and resulted in a stagnant correlation
coefficient. In the GFDL ESM2M model, furthermore, the decline of
ENSO variability starts in the early 21st century already and it is
balanced by the simultaneous increase of the coupling coefficient.
In the MIROC6 and GFDL SPEAR model, the stationarity is due to
the balance between the increasing ENSO variance and decreas-
ing coupling coefficient. Thus, there is no inter-model consensus
on the source of the observed stationarity in the first half of the
21st century.

In the second half of the 21st century, the teleconnection is
stationary in the MPI-ESM, CanESM5, CanESM2, GFDL SPEAR, and
CESM2 models; whereas ACCESS ESM1-5 and CSIRO-MK-3.6 shows
a significant strengthening of the teleconnection, and the GFDL
ESM-2M and MIROC6 models show a significant weakening of the
teleconnection during the same period. The stationarity in the
MPI-ESM, CanESM5, CanESM2, and CESM2 models is primarily due
to the balance between the decreasing ENSO variability and the
simultaneously increasing coupling coefficient. The strengthening
of the teleconnection in the ACESS ESM1-5 and CSIRO MK-3.6
models is mainly due to the still continuing increase of ENSO
variability at the end of 21st century. Meanwhile, the decrease in
the coupling coefficient observed in the GFDL ESM-2M and
MIROC6 models at the end of the 21st century led to the
weakening of the teleconnection. Thus, there is hardly any
robustness in the forced response of the teleconnection at end
of the 21st century simulations.

Spatial patterns of the correlation coefficient

The spatial patterns of the correlation coefficient between the
principal component of the first EOF pattern of the Pacific SST
over the domain 30°S-30°N and 110°E-65°W and rainfall over
India and nearby regions during the second half of the 20th and
second half of the 21st century are shown in the first two columns
of Fig. 3. Even though there are inter-model differences in the
spatial patterns of the correlation coefficient, all models display a
negative correlation over the Indian landmass. A positive
correlation coefficient occurs over the central and eastern part
of the Bay of Bengal in the MPI-ESM, GFDL ESM-2M, and MIROC6
models, however, the correlation coefficient there is negative in
other models. The forced change of the correlation coefficient
between the second half of the 21st century and the second half
of the 20th century is displayed in the third column of Fig. 3. The
MPI-ESM, CanESM5, CanESM2 CSIRO MK-3.6 and ACCESS ESM1
models show a strengthening of the teleconnection in most part
of India except for eastern and southern (except ACCESS ESM1)
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peninsular India. Thus, the models showing a strengthening
(weakening) of the teleconnection in the 21st century, as seen in
Fig. 1a, are those that display an overwhelmingly positive
(negative) change in the AISMR domain. Even though the CESM2
model did not show any forced change in the area averaged ISM
rainfall, it displays a weak strengthening of the teleconnection in
peninsular India and weakening in the central-eastern part of India
—Ilargely balanced in magnitude and spatial extension. In the
GFDL ESM 2 M model, a weakening of the teleconnection is noted
in most parts of India. In MIROC6, central-eastern peninsular India
and the west coast show a weakening, and the central-eastern
part of peninsular India, and the north-western part of India
display a strengthening of the teleconnection. The leading EOF
pattern of ISM rainfall and its future changes are shown in
Supplementary Fig. 6. Since the first EOF pattern of ISM rainfall is
significantly correlated with the ENSO*, the projected changes in
the leading EOF patterns of rainfall have a close correspondence
with the future changes in the spatial pattern of r in Fig. 3, except
for the CanESM2 model. In a nutshell, we found a robust
strengthening of the projected teleconnection over north-west
India and a robust weakening over the north-eastern part of India,
while the forced change in teleconnection is highly non-robust
over central India due to a variation of the (i) demarcation line of
positive and negative changes and the (i) magnitude of those
changes. This indicates that while the physical explanation of the
decreasing teleconnection strength found by Goswami and An'3
might be sound, there is little value in learning about it.

Physical mechanism responsible for the forced change of the
coupling coefficient

The non-robustness noted in the forced response of the ENSO-ISM
teleconnection in the 21st century has a profound connection
with the forced changes in the coupling strength a. The coupling

ACCESS ESM1-5

(a) Regression Coefficient (b) Regression Coefficient

CESM2

strength shows a slight decreasing trend in the GFDL ESM2M and
MIROC6 models, whereas a significant increasing trend is
simulated by the other seven models. The forced changes in the
spatial patterns of the tropical Pacific SST could, in principle, have
an impact on the projected coupling strength. The summer EOF1
pattern of the tropical Pacific SST during the 1950-2000 and
2050-2100 periods are depicted in Supplementary Fig. 7 first and
second column (a-i) respectively. The difference between the
EOF1 patterns between the two periods is shown in Supplemen-
tary Fig. 7a-i. Every model could reasonably well simulate the
typical EOF1 pattern of the tropical Pacific SST. The forced
response in the CMIP6 models (CanESM5, GFDL SPEAR, ACCESS
ESM1-5, CESM2, and MIROC6) bear some resemblance with
respect to the spatial pattern, with enhanced variability over the
central-eastern equatorial Pacific Ocean and reduced variability
over the western part. However, the SST patterns of CMIP5 models
do not show any inter-model consensus. The forced change in the
MPI-ESM is not prominent; the GFDL ESM 2 M closely resembles
the CMIP6 models, while the CanESM2 and CSIRO-MK-3.6 models
show a reduction in their respective variability over the eastern
equatorial Pacific Ocean. Hence, it is clear that the forced changes
in the spatial pattern of the tropical Pacific SST does not play any
significant role in the projected strengthening or weakening of
the coupling strength.

The ACCESS ESM1-5 and CESM2 models simulate strong
positive trends in coupling coefficient and MIROC6 simulates the
largest negative trend in the second half of the 21st century.
Therefore, we selected these three models, the ACCESS ESM1-5,
CESM2 and MIROCS, to find the physical mechanism responsible
for the said opposing responses. The spatial maps of the
“climatological” Nifio3.4 SST regressed precipitation (i.e., the maps
of the regression coefficient for the local precipitation anomalies
versus Nifo3.4 SST anomalies, lumped with respect to both
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Fig. 4 Climatology and forced changes in the Nif03.4 SST regressed precipitation and LLJ anomalies. The color shading in a—c shows the
regression strength of Nifo3.4 SST (JJA) vs precipitation (JJAS mean) anomalies, and the arrows represent the regression on the wind at
850 hPa, from the ACCESS ESM1-5, CESM2, and MIROC6 models, respectively. These analyses were carried out during the historical period
1950-2000. The yellow dots represent the regions where the sign of the regression coefficient is the same for >95% of the years during the
period of 1950-2000. d-f are similar to a-d, but for the trend (150 year ") in the regression coefficient over the 1950-2100 period. Only the
statistically significant (above 95%) trends in the Nifi03.4 SST regressed wind at 850 hPa are shown by arrows. The regions having statistically
significant trend in Nifo3.4 SST regressed precipitation are marked with yellow dots.
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ensemble members and time; color shading) and low-level winds
at 850 hPa (arrows), calculated from the ACCESS ESM1-5, CESM2
and MIROC6 models during the 1950-2000 period, are depicted in
Fig. 4a—c. All the models simulate a negative regression coefficient
(with precipitation) over the Indian region and the eastern part of
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Fig. 5 Climatology and forced changes in the Nifo3.4 SST
regressed Walker and regional Hadley circulations. a Longitude-
altitude cross-section of the Nifo3.4 SST (JJA mean) regressed
Omega (JJAS mean, multiplied by -300), averaged over the latitude
band 5°S-5°N, calculated from the ACCESS ESM1-5 large ensemble
data during the 1950-2000 period. b is the same as a, but for the
trend (150 year~") of the regression coefficient over the 1950-2100
period. ¢, d are the same as a, b, respectively, but for the CESM2
model. e, f are from the MIROC6 model. g-1 is similar to a-f, but for
the latitude-altitude cross-sections of Omega, which is averaged
over the longitudinal band of 60°E-95°E. The dotted regions in the
trend figures show statistically significant linear trend values (above
95% confidence), and the dotted regions in the regression
coefficient figures show the consistency of the sign of the regression
coefficient (95% of the time) during the 1950-2000 period.

the equatorial Indian Ocean. Even though the regression patterns
show some resemblance, the magnitude of the regression
coefficients over the Indian region is weak in the MIROC6 model
in comparison with ACCESS ESM1-5 and CESM2. The regression
pattern of wind at 850 hPa in the three models depicts a
weakening of the monsoon low-level jet (LLJ) over the Arabian Sea
and a strengthening of wind intrusion to the central part of India.
The weakening of the LLJ and enhancement of dry wind intrusion
to central India can reduce the ISM rainfall*®. Thus, the strong
negative coupling coefficient simulated by the ACCESS ESM1-5
and CESM2 models is linked to the changes in the wind pattern.
The trend in the regression coefficients of Nifo3.4 SST anomalies
versus precipitation and wind anomalies at 850 hPa are depicted
in Fig. 4d-f. In the ACCESS ESM1-5 and CESM2 models, the
coupling between ENSO and rainfall strengthens over the Indian
landmass and the Bay of Bengal, whereas it weakens over the
eastern equatorial Indian Ocean. l.e,, the future El Nifo (La Nina)
events can bring about more anomalous reduction (enhance-
ment) of rainfall over peninsular India and the Bay of Bengal
region. The enhanced drying during positive ENSO years is partly
due to the weakening of the LLJ over peninsular India and nearby
oceanic parts and vice versa. Meanwhile in MIROCS6, future El Nifo
events can cause more anomalous rainfall over the west coast of
peninsular India, the central-eastern part of India and the Bay of
Bengal due to the strengthening of the LLJ.

The ENSO-induced anomalous changes in the regional Hadley
and Walker circulation during the 1950-2000 “climatological”
period and its future changes are shown in Fig. 5. Panels a, ¢, f
display the Nifo3.4 SST regressed vertical velocity Omega
(multiplied by -300) averaged over the latitude band of 5°S-5°N
from the three selected models, representing the influence of
ENSO on the Walker cells. All the models simulate an anomalous
eastward shift of the Walker cell over the Pacific Ocean. In
comparison with the MIROC6 model, the ACCESS ESM1-5 and
CESM2 models simulate a strong ENSO-induced anomalous
descending motion over the eastern part of the Indian Ocean
and the western part of the Pacific Ocean. Forced trends of the
Nifno3.4 SST regressed Walker circulation over the 1950-2100
period are shown in Fig. 5b, d, f). All the models project more/
stronger ENSO-induced anomalous eastward shifts in the Walker
cell over the Pacific Ocean under global warming, however,
maximum shift is observed in both ACCESS ESM1-5 and CESM2.
Otherwise, the models show contrasting features over the Indian
Ocean. The MIROC6 model simulates a strong descending motion
over the Indian Ocean whereas the CESM2 and ACCESS ESM1-5
models show an opposite trend over the Indian Ocean. This can
significantly modulate the projected ENSO influence on the
regional Hadley cell over the ISM region and the SST pattern
over the Indian Ocean.

During the ISM season, strong convection is observed over the
Indian landmass and nearby oceanic parts, and a strong
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Fig. 6 Climatology and forced changes in the Nifio3.4 SST regressed Indo-Pacific SST. a—c show the Nif03.4 SST (JJA mean) regressed SST
(JJAS mean) over the Indo-Pacific region during the 1950-2000 period, from the ACCESS ESM1-5, CESM2 and MIROC6 models, respectively.
The corresponding trends (150 year ') in the regression coefficients over the 1950-2100 period are shown in d-f. The yellow dots in
d, f represent the regions with statistically significant (p < 0.05) trend, and in a—c they show the regions where the sign of the regression

coefficient is consistent (same for more than 95% of time).

descending motion over the southern Indian Ocean. These
ascending and descending branches are parts of the regional
Hadley cell, whose interannual variability is significantly modu-
lated by ENSO. ENSO'’s influence on the regional Hadley cell and
its future projections are shown in Fig. 5g-I, by calculating the
regression coefficient of Nifo3.4 SST versus Omega (multiplied by
—300) and its trend. The regional Hadley circulation is represented
as a latitude-altitude cross-section by taking the 60°E-95°E
longitudinal average. All the models simulated negative (positive)
regression coefficients over latitudes of peninsular India (the
southern Indian Ocean), which reveals a large-scale suppression
(enhancement) of the convection during El Nifio (La Nifa) events.
The suppression of convection over the Indian latitude is more
prominent in the ACCESS ESM1-5 and CESM2 models, which is in
support of the strong ENSO-ISM coupling observed in Fig. 4a, c.
The trend analysis of the Nifo3.4 SST regressed regional Hadley
cell (Fig. 5h, j, ) shows contrasting, entirely different patterns
between MIROC6 and the other two models. In ACCESS ESM1-5
and CESM2, equatorial convection has strengthened, and more
suppression of convection is observed over the Indian latitudes
under the future global warming scenario. At the same time, in
MIROCS, the convection over the equatorial Indian ocean and the
Indian region have weakened and strengthened, respectively.
These forced changes in the ENSO-induced convection patterns
favor the strengthening versus weakening of the ENSO-ISM rainfall
coupling in the ACCESS ESM1-5/CESM2 versus MIROC6 models,
respectively.

The Nifo3.4 SST regressed Indo-Pacific SST patterns during the
“climatological” period 1950-2000 and the forced trend in the
ensemble-wise regression coefficient over 1950-2100 period are
evaluated in the three models and pictured in Fig. 6. In general,
the regression map generated from the three model simulations
resemble an El Nifo-like pattern in the tropical Pacific Ocean and a
positive I0D-like pattern in the Indian Ocean. However, the
regression pattern simulated by the models over the oceanic parts
surrounding the Maritime continent region are distinct, a strong
negative regression coefficient is noted in CESM2, whereas such a
prominent pattern is comparatively weaker in the other two
models. Furthermore, the positive regression coefficient noted in
the western Indian Ocean and the Arabian sea are stronger in
MIROC6 in comparison with the other models. The trend analysis
shows that all three models project a reduction of the regression
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coefficient over the western part of the equatorial Pacific Ocean
and an increase over the central-eastern part of the equatorial
Pacific Ocean in the future. This pattern is more evident in the
ACCESS ESM1-5 and CESM2 model, and it is linked to the eastward
shift in the Walker circulation as seen in Fig. 5. At the same time,
the projected patterns over the off-equatorial Pacific Ocean and
the Indian Ocean do not show good resemblance between the
models. The projected changes in the SST regression pattern in
the ACCESS ESM1-5 model shows a strengthening of the positive
correlation coefficient over the Bay of Bengal and the northern
part of the Arabian Sea, and the CESM2 model shows a weakening
of the IOD-like SST pattern. Even though the ACCESS ESM1-5 and
MIROC6 model projected an increasing trend in the coupling
coefficient as well as a similar pattern in the projected Walker cell,
their impact on the Indian Ocean SST is different. Goswami, 202347
has reported that the eastern equatorial Indian Ocean warming
can increase the convection over the west coast of Sumatra, its
atmospheric response can weaken the monsoon LLJ and thereby
reduce the ISM rainfall. Similarly in our analyses seen above, the
future projection of the ENSO-ISM coupling simulated by the
CESM2 model shows an increase in the equatorial convection,
weakening of the LLJ, and decrease of the ISM rainfall in the
positive phase of ENSO. This might be partially linked to the
reduction in the anomalous cooling of the eastern equatorial
Indian Ocean and the changes in the regional Hadley circulation.
However, the MIROC6 model simulations show a strengthening
and widening the area of the negative correlation observed in the
eastern part of the equatorial Indian Ocean. l.e,, a strong cooling of
SST can occur over the central and eastern part of the equatorial
Indian Ocean during the positive phase of ENSO events in the
future. Consequently, it suppresses the equatorial convection and
thereby reduces the rainfall over the equatorial Indian Ocean, as
observed in Fig. 4f. The atmospheric response to this convective
anomaly can strengthen the LLJ and enhance the ISM rainfall.

DISCUSSION

The present study investigates the forced changes of the ENSO-
ISM teleconnection in the historical and future high emission
scenarios, using a multi-model ensemble of large initial condition
ensemble simulations of climate models. We applied a proper
statistical technique to disentangle the forced changes in the
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ENSO-ISM teleconnection from the noisy internal variability in all
the models—as far as possible, pending the ensemble size. We
analyzed the relative role of the different factors responsible for
the teleconnection change and unraveled the physical mechanism
responsible for the difference in the forced change of the coupling
strength between models. The latter plays a crucial role in the lack
of inter-model robustness at the end of the 21st century.

As an attainable ambition, we try to determine at least the sign
of a forced change of the teleconnection per model. In two
models investigated previously'>?°, the signs were opposing.
Observational studies suggest a weakening of the ENSO-ISM
inverse relationship, particularly at the end of the 20th century.
However, the time evolution of the ensemble-wise correlation
coefficient between the Nifo3/3.4 SST and ISM rainfall evaluated
in each climate model failed to detect a significant weakening of
the teleconnection during the same period. Thus, the observed
weakening of the teleconnection seems likely due to the internal
variability of the climate system, i.e., it is probably not at all
externally forced.

In the first half of the 21st century, the long-term trend of the
teleconnection strength is either increasing or stationary in the
models. Most of the models show a strengthening of the three
driving factors, namely: ENSO variability, the coupling strength,
and noise strength, during this period. The increase of the former
two driving factors strengthens the teleconnection, and that of
the latter one weakens the teleconnection strength as indicated
by Eq. (1). The time evolution of at least two driving factors in all
the models is in favor of the increase in the teleconnection
strength, even though their rate of change varies across the
models. Consequently, the tug-of-war between the three driving
factors resulted in a medium degree of robustness, that is, the
teleconnection is strengthening or stationary. There is a lack of
robustness in the forced response of the teleconnection strength
in the latter half of the 21st century. A robust decrease in ENSO
variability (except for CSIRO-MK-3.6 and ACCESS ESM1-5) and an
increase in the coupling coefficient (except for GFDL SPEAR, GFDL
ESM2M, and MIROCS) are observed in most of the climate models.
The strength of the forced response of the teleconnection is
mainly determined by the competing rates of change of ENSO
variability and the rate of change of the coupling strength, which
are not modeled robustly.

We also examined the physical mechanisms behind the
contrasting trends in the projected coupling strength between
the ACCESS ESM1-5, CESM2, and MIROC6 models in the 21st
century. All the selected models simulated an eastward shift in the
ENSO-related Walker cell anomalies over the Pacific Ocean in the
future. However, models in which the coupling coefficient
strengthens (ACCESS ESM1-5 and CESM2) or weakens (MIROC6)
in future simulated contrasting effects on the regional Hadley
circulation. This might have resulted in the opposite trends in the
forced response of the coupling strength.

The common biases in climate models over the tropical Pacific
Ocean are the “cold tongue bias” and “double ITCZ bias"*®*°, The
double ITCZ bias is present in all the generations of Coupled
Model Intercomparison Project (CMIP), even though the bias has
slightly reduced in the latest generation as of writing, the CMIP6*°.
The cold tongue bias also exists in all the CMIP versions, but the
inter-model spread has reduced from CMIP5 to CMIP6*°. These
biases can impact the future projection of the ENSO variabilities
and its teleconnections. The majority of CMIP6 models show a
future enhancement in the ENSO variability (Nifio3/Nifo3.4 SST
variance) and extreme ENSO events*®, However, the forced time-
evolution of the Nifo3 SST variability is non-monotonic in the
majority of models, and large inter-model differences are present.

The skill of the climate models in representing the ISM is
improving in every new CMIP version®>>'. The projected increase
in the mean ISM rainfall and inter-annual variability is more robust
in CMIP6 in comparison with CMIP5%°, However, still, there is still
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no inter-model agreement in the magnitude of the projected
changes in the ISM precipitation and the variabilities of the ISM>°
including those influenced by ENSO. The improvements in the
physical parameterization schemes and perhaps using a high-
resolution for simulations can significantly reduce the biases in the
simulated ISM>2 and ENSO variabilities®®. The reduction of model
errors should improve the ENSO-ISM teleconnection in climate

models, too, which would give rise to more robust projections of
this very important relationship.

METHODS
Large ensemble and observational data

We analyzed nine simulated so-called “large initial condition
ensemble” datasets having at least 30 ensemble members per
model, in which four models are of CMIP5 class and the others are
of CMIP6 (Supplementary Table 1). However, we used all the
available ensemble members from the selected models, to get a
more statistically accurate evaluation of the forced response. The
study spans a period between year 1950 of the historical
simulation to year 2100 of the future projection scenarios
(RCP8.5/SSP585/S5P370). The CMIP5 class models used are: MPI-
ESM-LR®>*, CanESM2°5, CSIRO-MK-3.6°¢, and GFDL ESM2M>’. The
CMIP6 class models are: CESM2°8, MIROC6°°, CanESM5%°, GFDL
SPEARS' and ACCESS ESM1-5%2, The SST dataset used is the Met
Office Hadley Center’'s sea ice and sea surface temperature
(HadiSST)®® and the precipitation dataset used is the Climatic
Research Unit gridded Time Series-4 (CRU TS v4)%%

Snapshot EOF analysis

The snapshot EOF (SEOF) analysis is applied to the tropical Pacific
SST as done in Bédai et al.>®. In the SEOF method, EOF's are
calculated with respect to variability across the ensemble
members rather than time?>%°, Although, a lumping of data in a
desirably short time window is beneficial in reducing finite-size
errors as well as biases. In the SEOF method, first we remove each
year's ensemble mean from that year's individual ensemble
members, which will retain only the signal of internal variability.
Then the EOF pattern of each year is calculated across the
ensemble members. Each year's EOF patterns are averaged for the
required period to get the final EOF pattern.

ENSO-ISM teleconnection and the Mann-Kendall test statistics

The ENSO-ISM teleconnection is represented as the ensemble-
wise correlation coefficient evaluated each year between the June
to September average of the All-India summer monsoon (AISMR3®)
and the June to August average of the Nifio3/Nifno3.4 SST (having
naturally removed the ensemble mean from each ensemble
member). The time evolution of the correlation coefficient
evaluated in this way corresponds to the forced change of the
teleconnection in that climate model?®. The forced change in the
spatial pattern of the correlation coefficient is evaluated between
the precipitation over the Indian region and the SEOF1 of the
tropical Pacific SST. The Mann-Kendall test is performed in order to
determine the significance of non-stationarity of the correlation
coefficient, the same way as calculated in Bédai et al?>?°. The
normally distributed test statistics are denoted as Zyy, which
retains the sign of the trend. To get more insight into the time
dependence of non-stationarity, the test is done in all the possible
time intervals.

DATA AVAILABILITY

The HadiSST®® data are available at https://www.metoffice.gov.uk/hadobs/hadisst/
data/download.html. The CRU TS V4%* precipitation data was downloaded from
https://crudata.uea.ac.uk/cru/data/hrg/. The MPI-ESM-LR**, CanESM2%°, CSIRO-MK-
3.6, and GFDL ESM2M®’ large ensemble data are publicly available at the National
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Center for Climate Research (NCAR) «climate data gateway https:/
www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.CLIVAR_LEhtml.  The ~ ACCESS
ESM1-5%2, MIROC6°%, and CanESM5°° large ensemble data are publicly accessible
via the CMIP server https://esgf-node.linl.gov/search/cmip6/. The GFDL SPEAR®' large
ensemble data can be downloaded from the Geophysical Fluid Dynamics Laboratory
(GFDL) website https://www.gfdl.noaa.gov/spear_large_ensembles/. The CESM2°®
large ensemble data is publicly available at https://www.earthsystemgrid.org/dataset/
ucar.cgd.cesm2le.output.html. Also, the processed datasets used in the present study
are available from the corresponding authors upon reasonable request.

CODE AVAILABILITY

The source codes for the data analysis and visualization are available from the
corresponding authors upon reasonable request.
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