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Abstract In this study we analyse projections of future changes to the El Nifio Southern Oscillation
(ENSO), Indian Ocean Dipole (IOD), and Southern Annular Mode (SAM) using the latest generation of
climate models. Multiple future scenarios are considered. We quantify the fraction of models that project
future increases or decreases in the frequency and amplitude of ENSO, IOD, and SAM events in the late 21st
century. Changes to the frequency of co-occurring and consecutive driver phases are also examined. We find
that while there is large inter-model spread, the most common pathways correspond to more frequent ENSO
events; weaker, less frequent IOD events; and stronger, but less frequent austral spring SAM events. There is
no clear consensus on the change to the frequency of concurrent events, though we find a significant increase
in La Nifia- and EI Nifio-only events occurring with neutral IOD and SAM. We also find a significant
increase to the frequency of consecutive positive IOD events under a high emissions scenario, but no
significant change to the frequency of consecutive ENSO or negative IOD events. In most models, the
correlation between drivers, that is, ENSO and IOD, and ENSO and SAM, does not significantly change
between the late 20th and late 21st century. These results indicate a high degree of internal variability in the
models.

Plain Language Summary Year-to-year climate variability impacts ecosystems and billions of
people around the world. Major drivers of this variability in the Southern Hemisphere include the El Nifio
Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD), and the Southern Annular Mode (SAM). As
anthropogenic activities continue to impact the climate, and further change is inevitable, we need to improve
understanding of how these climate drivers will change. Here we use the latest generation of climate models to
investigate how the strength and frequency of these three climate drivers are projected to change over the
remainder of the 21st century. We investigate changes to these drivers individually, as well as changes to the
frequency of these drivers occurring simultaneously or consecutively. While there is still a large amount of inter-
model spread, the most common model projections are: more frequent ENSO events; weaker and less frequent
IOD events; and stronger, but less frequent SAM events. A statistically significant increase in the frequency of
consecutive positive IOD events in the high emissions scenario is also found.

1. Introduction

On interannual timescales, the three main modes of variability affecting climate in the tropics and Southern
Hemisphere are the El Nifio-Southern Oscillation (ENSO) centered in the tropical Pacific, the Indian Ocean
Dipole (IOD) in the equatorial Indian Ocean, and the Southern Annular Mode (SAM) in the high southern lat-
itudes (e.g., McPhaden et al., 2020; Saji et al., 1999; Trenberth, 1979 and references within). These modes
vacillate between two phases characterized by sea surface temperature anomalies in the Pacific (La Nifia and El
Nifio) and Indian Oceans (positive IOD and negative IOD) or meridional shifts in zonal sea level pressure patterns
(positive SAM or negative SAM). These phases strongly influence large-scale temperature and rainfall variability
across most of the world (e.g., Cai, Cowan, & Raupach, 2009; Gillett et al., 2023; Hendon et al., 2007; Liguori
et al., 2022; Lin & Qian, 2019; R. C. McKay et al., 2023; Risbey et al., 2009; Saji & Yamagata, 2003; Silvestri &
Vera, 2003; Yin et al., 2023; Yu et al., 2015).
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As the world tracks toward 2— and 3°C of global warming by 2100 relative to preindustrial conditions, and
multiple climate tipping points are approached (e.g., D. I. A. McKay et al., 2022 and references within), an
increasingly pertinent question is how these modes of variability, and their associated impacts might change. In
this study we analyse projections of ENSO, IOD, and SAM from the latest generation of global Coupled General
Circulation Models (CGCMs) from the sixth phase of the Coupled Model Intercomparison Project (CMIP6;
Eyring et al., 2016). We classify groups of models according to whether they project increases or decreases in
climate driver strength and frequency, and identify the most commonly projected changes for each driver. Pre-
vious CMIP6-based studies have found a robust projected increase in ENSO-driven SST variability and extreme
ENSO events (e.g., Cai et al., 2022) and increases in precipitation variability linked to ENSO in many regions
(e.g., Eyring et al., 2021; Power & Delage, 2018). Analysis of large-ensemble models have shown that projected
changes to ENSO variability are linked to changes to the tropical Pacific SST gradient (Maher et al., 2023;
Rashid, 2022). Projections of IOD change are mixed. An initial study of CMIP5 models found no consensus on
10D change (Hui & Zheng, 2018). However, a closer investigation of CMIP5 and CMIP6 models which were able
to simulate distinct moderate and strong positive IOD (pIOD) events showed a projected increase in strong pIOD
events, but a weakening in moderate plOD events (Cai et al., 2021; Wang, Cai, Santoso, et al., 2024). Recently,
analysis of long (1000-year) simulations attempted to disentangle the effects of ENSO variability and greenhouse
warming on IOD variability, finding a decrease in IOD variability in response to global warming (Kim
et al., 2024). Projections of SAM to the end of the 21st century are complicated by whether the strong observed
positive trend attributed to greenhouse warming will be offset by ozone recovery, which has the opposing effect
(e.g., Zheng, 2023). Previous studies have found a projected poleward shift and strengthening of the Southern
Hemispheric westerlies under high emissions scenarios (e.g., Deng et al., 2022).

It is also pertinent to consider projections of concurrent or consecutive occurrences of specific driver phases, and
what the impacts of those might be on global and regional climate. Studies so far have indicated that different
phases of drivers might respond differently. For example, Geng et al. (2023) found that a subset of CMIP6 models
project an increase in consecutive La Nifla events by up to 33% under a high emissions scenario. On the other
hand, Wang and Cai (2020) found no significant increase in consecutive positive IOD and El Niflo co-
occurrences.

Our study differs from those listed above in that instead of selecting models that perform well according to a
specific metric, we use all available models and all ensemble members for each model. For models with more than
one ensemble member, we calculate the ensemble mean so that each model has equal weighting in a multi-model
ensemble mean (MMEM). We note that there are advantages and disadvantages to this method. In sampling all
models, we weight all models equally regardless of their skill in simulating particular processes. The MMEM may
therefore yield different projections to previous studies which only select “highly skilful” models. However the
advantage of using all models is that it samples a broader range of possible futures and a more comprehensive
estimate of internal variability. We also aim to calculate generalized projections of frequency and amplitude
changes for several different climate drivers, so there is no single metric that would apply to ENSO, 10D, and
SAM collectively. Additionally, we present here projections of frequency changes of concurrent, and consecutive
occurrences of both phases of ENSO and 10D.

2. Data and Methods

In this study, we analyse monthly sea surface temperature (SST) and mean sea level pressure (MSLP) output from
33 CMIP6 models, using all available ensemble members from each model. Output from the last 65 years of
Historical, and two Shared Socioeconomic Pathways (SSPs), corresponding to mid-to-high and highest-range
emissions future narratives (SSP370 and SSP585; Riahi et al., 2017), are analysed (1950-2014 for Historical,
and 2035-2100 for future). The Historical analysis period was started from 1950 to be consistent with previous
model evaluation studies (e.g., Chung et al., 2023; Grose et al., 2020). We also utilize output from 200 years of the
corresponding pre-industrial control (piC) runs to gauge the statistical significance of forced change. Under the
Historical scenario, observed greenhouse gas, ozone, and aerosol forcings are included in the models during the
20th century and early 21st century (Eyring et al., 2016). The SSP370 scenario (which is sometimes referred to as
the “Regional Rivalry” scenario) corresponds to a global mean CO, concentration of approximately 867 ppm and
4°C of projected warming relative to pre-industrial temperatures by 2100 (Meinshausen et al., 2020). SSP370 also
has a distinct high-aerosol emission design which differs from the other SSPs (Shiogama et al., 2023). The
SSP585 (“Fossil Fueled Development”) scenario corresponds to a global mean CO, concentration of
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approximately 1,135 ppm and 5°C of projected warming by 2100 (Meinshausen et al., 2020). Meanwhile, the piC
runs have greenhouse gases and aerosols fixed at 1850 levels.

ENSO and IOD strength are measured using the Nifio 3.4 and Dipole Mode Indices (DMI; Saji et al., 1999)
respectively. The Nifio 3.4 index is defined as the monthly SST anomalies averaged over the central equatorial
Pacific region (5°S-5°N, 170°W-120°W) and the DMI is the difference between SST anomalies averaged over
two boxes, one in the western equatorial (S0°E—70°E and 10°S—10°N), the other in the south-eastern equatorial
(90°E—110°E and 10°S—-0°) Indian Ocean. To calculate the SAM index, we use the difference in normalized zonal
mean MSLP between 65°S and 40°S (Gong & Wang, 1999; Marshall, 2003). For all indices, anomalies are
calculated, and indices are quadratically detrended, relative to the late 21st century (L21C; 2035-2099) and late
20th century (L20C; 1950-2014) respectively.

In this study, we average the indices over December—February (DJF) for Nifio3.4, and September—November
(SON) for DMI and SAM indices. For Nifio3.4 and DMI, DJF, and SON are chosen as these are the seasons
when ENSO and IOD events typically peak. SAM varies on sub-seasonal to seasonal timescales but is found to
correlate most strongly with ENSO from October to January in observations (Lim et al., 2016). We therefore
choose to analyse SAM in SON as this is a season which exhibits strong correlation with ENSO and coincides
with the DMI being active. These three drivers have strong impacts on Southern Hemispheric climate in SON
(e.g., Chung et al., 2023; Hu et al., 2023).

We here examine the characteristics of ENSO, IOD and SAM separately in the historical and future context, that
is, ENSO, IOD, and SAM events are defined to occur when their indices exceed 0.75 standard deviation (SD) in
their respective time periods and not just relative to SD in the Historical period. It is important to note here that if
the future variability of a driver changes, then SD(L21C) will differ from SD(L20C). For example, if SD(L21C)
were to increase relative to SD(L20C), a year which counted as an event in L20C might not be counted in L21C.
Conversely if the SD(L21C) were to decrease relative to SD(LL20C), then an event counted in L21C might not be
counted as an event in L20C. We note that this differs from some previous studies which characterize changes
based on a historical baseline (e.g., Cai et al., 2022; Kim et al., 2024). We adopt this alternative approach to show
how ENSO, IOD, and SAM events are projected to change, based on events as they might be defined in the future.
In this study we also examine how projected changes to the strength of events is related to the change in SD.

There is an assumption here that using 0.75SD is an equally valid event threshold in both periods. For consistency,
the same subset of models and ensemble members are used for Historical, SSP370 and SSP585 comparisons
(listed in Table S1 in Supporting Information S1). Due to data availability, a total of 185 runs from 33 models are
used for ENSO and IOD analysis as both indices are derived from SSTs. For SAM analysis, 205 runs from 31
models, since there are fewer available models with MSLP output from all three scenarios to derive the SAM
index.

To determine whether future changes are statistically significant, we compare the forced change (L21C-L20C) to
the “unforced” change which we estimate in two separate and detrended 65-year piC periods using the last
200 years available from each piC run. Assuming that any change in frequency or amplitude from the piC runs is
purely due to the models' internal variability, comparing two periods from the piC provides an estimate of this.
Differences outside the 95% confidence interval calculated from this range are then assumed to be very likely due
to the increase in external forcing. For the piC, the first available runs from 54 models are used for ENSO, IOD,
and SAM.

3. Results
3.1. Projected Changes to Frequency and Strength of ENSO, IOD, and SAM

We quantify the projected changes to the drivers in two ways: (a) significant change in frequency (AFrequency),
and (b) significant change in amplitude (AAmplitude). To calculate changes in the frequency of each driver, the
sum of events over the L21C and the L20C periods are compared. For changes in strength, we compare the
amplitudes of L21C and L20C driver indices. We discuss changes to separate (i.e., positive and negative) phases
of each driver, noting again that only events with indices exceeding 0.75SD are chosen, and the SD is calculated
separately for L20C and L21C.
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Figure 1. Distributions of strength and frequency of EN and LN events for Historical, SSP585 and SSP370 scenarios.
(a) Normalized histogram of absolute value of DJF Nifio3.4 for EN events, averaged over L20C for Historical (black), and
L21C for SSP370 (orange) and SSP585 (red) scenarios. (b) Normalized histogram of number of EN events for averaged over
L20C for Historical, and L21C for SSP370 and SSP585 scenarios. In (a) and (b), filled orange and red bars indicate that the
mean difference (L21C—L20C) is significant at the 90% level according to a -test, hollow bars indicate that the difference is
not significant. Smooth curves show the kernel density estimate (continuous probability density curve) of best fit for each of
the distributions. (¢ andd) The same as in (a and b), but for LN events. Future scenarios correspond to L21C and Historical
corresponds to L20C (see text for included years). For models with multiple ensemble members, the MEM is used.

3.1.1. ENSO

In the following analysis we consider two main properties: the shift in the mean distribution of AAmplitude or
AFrequency change, and the fraction of models which project changes that may be larger than expected from
internal variability. To address the first property, distributions of L20C and L21C amplitude and frequency are
shown for El Nifio (EN) events (Figures 1a and 1b) and La Nifia (LN) events (Figures 1¢ and 1d). For each model
with multiple ensemble members, the ensemble mean is used, ensuring that each model is equally weighted in the
comparison.

We first discuss mean shifts in the distribution of the amplitude. For EN events, Figure 1a shows a normalized
histogram of the absolute value of the DJF Nifio3.4 index averaged over L20C for Historical (black), and L21C
for SSP370 (orange) and SSP585 (red) scenarios, with similar results shown for LN events in Figure 1c. It is also
important to note that approximately 66% of models show an increase in Nifio3.4 SD (ASD) in the future (Figure
Sla in Supporting Information S1), which indicates an overall increase in ENSO variability (consistent with
previous results of Cai et al., 2022). This means that the events selected as EN/LN events in L21C would generally
have a slightly larger amplitude, using our >0.75 SD threshold. While the SSP370 and SSP585 distributions show
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S1b and Slc in Supporting Information S1).

Secondly, we examine mean shifts in the normalized hisograms of the number
N of EN events (Figure 1b) and LN events (Figure 1d) averaged over L20C and
L21C periods. Both EN and LN events show a moderate increase in the

frequency of future events, with the mean increase in EN frequency being
statistically significant for both SSP370 and SSP585, and the mean increase in

events for SSP585 and SSP370. (a) AAmplitude versus AFrequency for LN frequency being only significant for SSP585.
SSP370 (orange) and SSP585 (red) scenarios for EN events. For models with

multiple ensemble members, the multi-ensemble means are denoted as stars,

Having identified the mean shift in amplitude and frequency distributions, we

with the spread from individual ensemble members shown as whiskers now examine the consensus amongst models on the sign and strength of
around the stars. Models with only one 1 ensemble member are denoted by change and also estimate how much of these changes might be expected from
squares. The tan box shows the 95% confidence interval of AAmplitude and internal, or unforced, variability. Figures 2a and 2c show a scatter plot of

AFrequency from the piControl runs indicating internal variability. (b) The
fraction of models which lie outside the tan box, showing changes that are
increasing (1) or decreasing (]). (c and d) The same as in (a and b), but for

AAmplitude versus AFrequency for EN and LN events, respectively. Each
multi-ensemble mean is marked by a star, with whiskers denoting the spread

LN events. Future scenarios correspond to L21C and Historical corresponds of individual ensemble members and squares indicating single-ensemble
to L20C (see text for included years).

models. To estimate the spread of change expected from internal vari-

ability, we also calculate AAmplitude and AFrequency for two independent

65-year periods in the piC simulations. The tan boxes in Figures 2a and 2¢
highlight the 95% confidence interval estimated from the piC runs. Interestingly, the range of this internal
variability is approximately 50% larger for EN years compared to LN years, in both amplitude and frequency.
Both are also skewed toward positive AAmplitude.

Using this criteria for internal variability, we then calculate the fraction of models which project AAmplitude or
AFrequency that lie outside the tan box. For EN years (Figure 2b), very few models lie outside the box, with only
two models in SSP370 (6% of all models) and one model in SSP585 (3%) showing a frequency increase outside
the piC box. Two SSP585 models lie just below the bottom edge of the piC box indicating an amplitude decrease,
and one lies above indicating amplitude increase. For LN years (Figure 2d) these numbers are generally larger due
to the combination of reduced internal variability compared to EN years, and a larger increase in amplitude
projected in some models. Approximately 18% of SSP585 models and 12% of SSP370 models show an increase in
LN amplitude. 10% of SSP370 models and 6% of SSP585 show an increase in frequency. Note that these fractions
are calculated using the MEMs; if we were to consider individual runs instead, the fraction of runs lying outside
the piC box would be considerably higher (assuming each run to be weighted equally).

Overall, these results indicate that while a mean shift in the EN and LN mean frequency distributions may be
statistically significant, the majority of models project AFrequency to lie within the bounds of the piC simulations
that is, changes expected from internal variability. Conversely, while 12%—18% of models project a percentage of
AAmplitude larger than internal variability for LN events, the shift in the mean amplitude distribution is not
statistically significant.

3.1.2. 10D

For the IOD, there is less consensus amongst models on the change in variability, with approximately half the
models indicating an increase in SD, and half indicating a decrease (Figure S2a in Supporting Information S1).
Figures 3a and 3c show the normalized histograms of absolute values of SON DMI for positive (pIOD) and
negative IOD (nIOD) events respectively, averaged over the L20C and L21C periods. Unlike for ENSO, we find
that there is a statistically significant decrease in the mean of the amplitude distributions of both plOD and nIOD
in SSP585. SSP370 however shows a significant decrease for nIOD events only.

In terms of frequency changes, Figures 3b and 3d depict no significant changes in the means of these histograms
of number of events averaged over L20C and L21C for either pIOD or nIOD. The nIOD frequency distributions
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Figure 3. Distributions of strength and frequency of pIOD and nIOD events for Historical, SSP585 and SSP370 scenarios.
(a) Normalized histogram of absolute value of SON DMI for pIOD events, averaged over L20C for Historical (black), and
over L21C for SSP370 (orange) and SSP585 (red) scenarios. (b) Normalized histogram of number of pIOD events averaged
over L20C for Historical, and L21C for SSP370 and SSP585 scenarios. In (a) and (b), filled orange and red bars indicate that
the mean difference (L21C—L20C) is significant at the 90% level according to a t-test, hollow bars indicate that the
difference is not significant. Smooth curves show the kernel density estimate (continuous probability density curve) of best fit
for each of the distributions. (c and d) The same as in (a and b), but for nIOD events. Future scenarios correspond to L21C and
Historical corresponds to L20C (see text for included years). For models with multiple ensemble members, the MEM is used.

for SSP370 and SSP585 exhibit a higher number of outliers compared to the Historical distribution. Specifically,
the tail of the SSP370 distribution extends 25% higher than Historical, while the tail of the SSP585 distribution
extends 25% lower.

We now consider the scatter plots of AAmplitude and AFrequency for pIOD and nlOD (Figures 4a and 4c),
comparing the SSP370 and SSP585 changes to those estimated in the piC runs. Unlike for ENSO, the extent of the
piC box for 10D is relatively similar for pIOD and nlOD years, with a small skewness toward decreasing
amplitude. The range of the piC box is also smaller than for ENSO, indicating less internal variability associated
with IOD changes in the models.

Again, using this criteria, we calculate the fraction of models showing AAmplitude and AFrequency which lie
outside the box. The fraction of models in each category is markedly different for pIOD and nlOD events.

For pIOD, approximately 35%—40% of models in both scenarios show an amplitude decrease larger than can be
expected from internal variability (Figure 4b). Meanwhile, 25% of models in both scenarios show frequency
increases. Less than 10% of models in both scenarios fall into the other pathways (amplitude increase or frequency
decrease). Contributing to these amplitude decrease/frequency increase fractions are a cluster of models (CAS-
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Figure 4. Projected changes to the strength and frequency of pIOD and nIOD events for SSP585 and SSP370. (a) AAmplitude
versus AFrequency for SSP370 (orange) and SSP585 (red) scenarios for pIOD events. For models with multiple ensemble
members, the multi-ensemble means are denoted as stars, with the spread from individual ensemble members shown as
whiskers around the stars. Models with only one 1 ensemble member are denoted by squares. The tan box shows the 95%
confidence interval of AAmplitude and AFrequency from the piControl runs indicating internal variability. (b) The fraction
of models which lie outside the tan box, showing changes that are increasing (1) or decreasing (|). (c and d) The same as in (a
and b), but for nIOD events. Future scenarios correspond to L21C and Historical corresponds to L20C (see text for included
years).

ESM2-0, CMCC-ESM2, FGOALS-f3-L for both scenarios, and ACCESS-ESM1.5 for SSP585 only), with a
noticeably large amplitude decrease in the bottom right quadrant of the scatter plot (Figure 4a).

The model consensus is different for nIOD events, with more of a mixed response in AAmplitude (Figure 4d).
18%-25% of models in both scenarios show an amplitude increase, and 15%—18% show an amplitude decrease.
Over 25% of models in both scenarios show a frequency decrease, while 7%—10% show an increase. Therefore,
the “most common” future projection for pIOD events involves weaker but more frequent events. For nlOD
events, there is less consensus on the amplitude change, but more models indicate stronger, less frequent events.

Investigating this asymmetry between pIOD and nlOD changes, there is a difference between projected DMI
changes which depends on the strength of the DMI averaged over the historical period (Figures S2d and S2e in
Supporting Information S1). For pIOD events, there is a strong tendency for runs which have a weaker historical
DMI to strengthen, and runs which have a stronger historical DMI to weaken. For nIOD events, there is only a
tendency for runs which start off weak to strengthen, with more of a mixed signal for runs which start off strong.
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Though further work is required to understand the mechanisms behind this, it explains, in part, more models
projecting a weakening of pIOD events than nIOD events.

There is also an interesting cross-model relationship between AAmplitude and SST ASD at every grid point
(Figures S2b and S2c in Supporting Information S1). For pIOD, AAmplitude is significantly correlated to SST
ASD in the eastern equatorial Indian Ocean and western equatorial Pacific, suggesting that models simulating a
strong increase in SST variability in these regions (and not necessarily in the western Indian Ocean), would also
tend to project an increase in pIOD amplitude. For nIOD, AAmplitude is correlated with SST ASD in the eastern
equatorial Indian Ocean but also across large areas of the North Pacific and North Atlantic sectors. While fully
understanding the reason behind this large difference in phases requires further work, we also test whether this
behavior is linked to the models' overall warming trend, see discussion in Section 4.1.

3.1.3. SAM

The different phases of SAM capture the strength and position of the mid-latitude westerly winds in the Southern
Hemisphere, with positive phases (pSAM) promoting a poleward shift and intensification of the circumpolar
westerly belt and associated storm tracks, and opposite tendencies for negative SAM (nSAM). Previous studies
have shown that CMIP6 models project the westerly winds to strengthen and move southward in all seasons by the
end of the L21C under high emission scenarios, with the largest of these positive SAM-like trends expected under
SSP585 (Deng et al., 2022; Goyal et al., 2021). However, our analysis focuses on change in the amplitude and
frequency of events, which is why we have detrended the SAM indices and identified events according to L20C
and L21C SDs separately, allowing us to compare the characteristics of SAM events during the historical period
to a future climate.

We find that the projected changes in amplitude and frequency distributions of SON SAM display the most robust
changes of the three drivers considered here. In particular, there is a significant shift toward stronger SAM events
for both SSP370 and SSP585 scenarios. The means of the normalized histograms of SAM index amplitude,
averaged over L20C and L21C, increase by approximately 30% (Figures 5a and S5c). There is also a statistically
significant shift toward fewer SAM events by L21C (Figures 5b and 5d). These results would therefore suggest
fewer (positive and negative) SAM events but of larger excursions in the future. Note that as we are defining the
SAM index to be the difference between the zonal mean MSLP between 60°S and 45°S, a larger amplitude means
a stronger pressure gradient between these two latitudes.

A large fraction of these changes also lie outside the range of internal variability, with 15%-20% of models
located in the top left quadrant of Figures 6a and 6c¢, indicating stronger but fewer events in the future.
Approximately 37%—55% of models project stronger pPSAM and nSAM amplitudes, while 15%-20% project less
frequent events (Figures 6b and 6d).

In terms of overall variability, most models project an increase in the SON SAM index variability (Figure S3a in
Supporting Information S1). Not surprisingly however, unlike ENSO or IOD, the change in SAM strength is not
significantly correlated with a change in SST variability (ASD) in any region in the tropics or extratropics
(Figures S3b and S3c in Supporting Information S1). In Section 4 we show how it is instead related more closely
to the mean state change in the SSTs.

To summarize the projected changes to drivers, our results show that there is a mean increase in ENSO frequency
and no significant change in mean ENSO strength. However, very few models exhibit a frequency change which
exceeds the range of internal variability. 15% of models indicate a degree of LN amplitude increase outside the
range of internal variability, whereas only one model does so for EN. Projections for the IOD indicate an overall
decrease in strength, but no significant change in overall frequency. In terms of changes exceeding internal
variability, pIOD and nIOD phases show differing projections. For pIOD, 35% of models exhibit a weakening of
pIOD, and 25% of models exhibit a frequency decrease. For nIOD, a similar fraction of models (15%-25%) show
strengthening and weakening, while 30% of models show a decrease in events. Only SAM shows a relatively
robust change in terms of model agreement, with approximately 50% of models indicating an increase in
amplitude and 20% of models indicating a decrease in events for both pPSAM and nSAM phases.

Projections from SSP370 and SSP585 are very similar in terms of the spread of ensemble members and overall
distributions of amplitude and frequency change.
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Figure 5. Distributions of strength and frequency of pPSAM and nSAM events for Historical, SSP585 and SSP370 scenarios.
(a) Normalized histogram of absolute value of the SON SAM index for pSAM events, averaged over L20C for Historical
(black), and L21C for SSP370 (orange) and SSP585 (red) scenarios. (b) Normalized histogram of number of pSAM events
averaged over L20C for Historical, and L21C for SSP370 and SSP585 scenarios. In (a) and (b), filled orange and red bars
indicate that the mean difference (L21C—L20C) is significant at the 90% level according to a #-test, hollow bars indicate that
the difference is not significant. Smooth curves show the kernel density estimate (continuous probability density curve) of
best fit for each of the distributions. (c and d) The same as in (a-b), but for nSAM events. Future scenarios correspond to
L21C and Historical corresponds to L20C (see text for included years). For models with multiple ensemble members, the
MEM is used.

3.2. Projected Changes to Frequency of Concurrent Drivers

We next look at the projected changes to the frequency of occurrences of concurrent phases of drivers. Since
1950, there have been multiple observed co-occurrences of La Nifia (LN), negative IOD, and positive or negative
SAM (pSAM/nSAM), as well as El Nifio (EN), positive IOD, and pSAM or nSAM. The compounding influence
of these phases, such as in 2019, 2021, and 2022, have likely contributed to the severity of drought or floods such
as those which occurred over Australia (e.g., Huang et al., 2024; Reddy et al., 2022; Wang & Cai, 2020). Note that
ENSO and the IOD are strongly correlated, and no occurrences of EN and negative IOD have been observed over
this time period. LN and positive IOD events are extremely rare (e.g., Behera et al., 2008; Cai, Cowan, &
Raupach, 2009; Cai, Pan, et al., 2022).

Consistent with the mixed results in projected frequency changes, particularly for IOD, there is no obvious trend
for changes to the frequency of concurrent ENSO, IOD, and SAM phases. Figure 7 shows normalized histograms
of the number of LN events occurring concurrently with both negative or neutral IOD and pSAM, nSAM or
neutral SAM. Figure 8 shows the same for EN events occurring concurrently with both positive or neutral IOD
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Figure 6. Projected changes to the strength and frequency of pSAM and nSAM events for SSP585 and SSP370.

(a) AAmplitude versus AFrequency for SSP370 (orange) and SSP585 (red) scenarios for pPSAM events. For models with
multiple ensemble members, the multi-ensemble means are denoted as stars, with the spread from individual ensemble
members shown as whiskers around the stars. Models with only one 1 ensemble member are denoted by squares. The tan box
shows the 95% confidence interval of AAmplitude and AFrequency from the piControl runs indicating internal variability.
(b) The fraction of models which lie outside the tan box, showing changes that are increasing (1) or decreasing (|). (c and d)
The same as in (a and b), but for nSAM events. Future scenarios correspond to L21C and Historical corresponds to L20C (see
text for included years).

and pSAM, nSAM, or neutral SAM. Solid bars indicate that the normalized histograms for SSP370 or SSP585
have a significantly different mean from Historical at the 90% level according to a r-test.

We discuss here only the statistically significant mean changes. For La Nifia and nlOD combinations, the only
significant change is in the frequency of LN/nIOD/nSAM events under SSP370, with a mean increase of 52%
compared to the Historical period (Figure 7b). The number of concurrent LN/neutral IOD/pSAM events decreases
on average by 35% under SSP585 respectively (Figure 7b), while the number of LN-only (with neutral IOD/
neutral SAM) events, increases on average by 13% under SSP370 (Figure 7b).

For concurrent events involving El Nifio, the projected changes are less significant (Figure 8). The only sig-
nificant change is a mean 17%—18% increase in EN-only (neutral IOD/neutral SAM) events (Figure 8f).

Reflecting the uncertainty in frequency change in most drivers seen in Figures 1-6, the spread of the distributions
in Figures 7 and 8 imply that there is also a large degree of uncertainty in projected changes in the frequency of
concurrent driver events. In some cases, the degree of consistency among models in projections also differs by
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Figure 7. Changes in frequency of the concurrent events involving La Nifia, nOD and neutral IOD phases, and distinct phases of SAM. (a) Bars show normalized
histograms of the number of events of concurrent La Nifia/negative IOD/positive SAM events for L21C under SSP585 (red) and SSP370 (orange) relative to Historical
(L20C). Smooth curves show the kernel density estimate (continuous probability density curve) of best fit for each of the distributions. The following panels show the
same, but for (b) La Nifia/negative IOD/negative SAM events, (c) La Nifia/negative IOD/neutral SAM events, (d) La Nifia/neutral IOD/positive SAM events, (e) La
Nifla/neutral IOD/negative SAM events, and (f) La Nifia/neutral IOD/neutral SAM events Solid bars indicate where the means of the distributions are statistically

significant at 90% according to a t-test.

scenario. Nevertheless, there are several combinations which yield significantly different distribution means.
Under SSP370, models project significant increases in the number of LN/nIOD/nSAM events, LN-only and EN-
only events. Under SSP585, models project significant increases to the number of LN/neutral IOD/pSAM, and
EN-only events.

3.3. Projected Changes to Consecutive Phases of ENSO and 10D

We now extend the analysis to examine projections of consecutive occurrences of the same driver phases, that is,
two or more EN, LN, pIOD or nlOD. As demonstrated by the recent triple (back-to-back-to-back) La Nifias of
2020-22 and consecutive negative 10D event of 2020-21, the recurrence of anomalously wet conditions in
Australia can impact soil saturation and water catchment levels, exacerbating the extent of floods (e.g., Huang
et al., 2024; Jeong et al., 2023). On the other hand, events such as the consecutive El Nifio/pIODs of 2018-2019
can exacerbate extreme hot and dry conditions in Australia, leading to drought (Okumura et al., 2017; Wang &
Cai, 2020; Yin et al., 2022).

Figure 9 shows the multi-model mean of the number of consecutive EN, LN, plOD, and nlOD events, for
Historical, SSP370 and SP585 scenarios. Again, for models with more than one ensemble member, we have used
the multi-ensemble mean. To test statistical significance in the change in number of events, we show the standard
deviation of 9999 bootstrapped samples of the consecutive event count per model in each scenario. In doing so,
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Figure 8. Changes in frequency of concurrent events involving El Nifio, positive and neutral IOD, pSAM and nSAM. (a) Bars show the normalized histograms of the
number of events of concurrent El Nifio/positive IOD/positive SAM events for L21C under SSP585 (red) and SSP370 (orange) relative to Historical (L20C). Smooth
curves show the kernel density estimate (continuous probability density curve) of best fit for each of the distributions. The following panels show the same, but for (b) El
Niflo/positive IOD/negative SAM events, (c) El Niflo/positive IOD/neutral SAM events, (d) El Nifio/neutral IOD/positive SAM events, (e) El Nifio/neutral IOD/
negative SAM events, and (f) El Nifio/neutral IOD/neutral SAM events. Solid bars indicate where the means of the distributions are statistically significant at 90%

according to a t-test.

the only statistically significant change seen is a 23% increase in consecutive pIOD events under SSP585
(Figure 9c). While Figure 9b shows a small increase in consecutive LN and Figure 9d shows a decrease in
consecutive nlOD events, these are not statistically significant.

A recent study selected a subset of models which performed best in simulating tropical Pacific SST skewness and
found that these models exhibit a significant increase in the frequency of consecutive La Nifias (comparing 2000—
2099 and 1900-1999), while other models did not necessarily do so (Geng et al., 2023). We also note again that
our future events are selected according to an L21C baseline. This highlights how the model selection method, as
well as baseline selection, in evaluating any particular metric can significantly impact the conclusions drawn from
any projection analysis.

4. Avenues for Further Research

In Section 3, and Figures S1-S3 in Supporting Information S1, we showed that models with larger variability
change in the tropical Pacific tended to show a larger increase in EN/LN amplitude. Models with larger variability
change in the northern hemisphere SSTs tended to show larger increase in nlOD amplitude, whereas the change in
PSAM/nSAM amplitude did not correlate with variability change. To fully understand the reasons behind these
projected changes, a more thorough investigation into the individual model's behavior is required. Although this is
outside the scope of this study, in this section we explore a few metrics which may inform future work. We briefly
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Figure 9. Frequency of co-occurrences (average number of events per model run) of two or more consecutive (a) El Nifio,
(b) La Nifia, (c) positive IOD, and (d) negative IOD events for Historical (L20C), SSP370, and SSP585 (L21C) scenarios.
Error bars indicate 1 standard deviation of 9999 bootstrapped samples.
look at whether there is a relationship between the projected changes to the drivers and the models' warming trend.
We also show how the relationship between drivers is projected to change.
4.1. Driver Changes and SST Trend
As noted in Section 3, in some models there is a difference in the projected AAmplitude and AFrequency for
separate driver phases, for example, the varying responses in pIOD and nIOD amplitude change. To better un-
derstand this, we regress across models AAmplitude and AFrequency against their associated SST change at each
grid point. The SST (warming) pattern is calculated as the difference in mean L21C and L20C SSTs. As this
analysis is just exploratory, we focus only on SSP585.
Figure 10 shows the model-to-model relationship between AAmplitude and the degree of SST change and
highlights some interesting differences in the response of positive and negative driver phases. Stippling in the
maps indicates that models exhibit a statistically significant relationship between the degree of driver amplitude
change they simulate and the degree of SST warming they project. For example, the projected change to EN
amplitude is negatively correlated (or inversely related) to the SST change simulated over much of the Southern
Ocean as well as the eastern equatorial Pacific (Figure 10a), while the changes to LN amplitude (Figure 10d) are
positively correlated with northern tropical Atlantic SST warming. This implies that models with a larger degree
of warming in the Southern Ocean tend to project a decrease in EN amplitude, while models with a larger degree
of warming in the northern tropical Atlantic tend to project an increase in LN amplitude. It also suggests that
models with a stronger warming in the equatorial eastern Pacific (i.e., a more “El Nino-like” warming pattern)
project a decrease in EN amplitude, implying that some of the mean-state and interannual variability changes are
anticorrelated in models.
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Figure 10. Regression coefficients of AAmplitude against the SST warming pattern for (a) EN, (b) pIOD, (c) pSAM, (d) LN, (e) nIOD, (f) nSAM phases under SSP585.
Stippling shows where regression is significant at the 90% level.

For the IOD, the changes in the SST in the eastern pole are more linked to IOD amplitude than the western pole.
pIOD amplitude change is only significantly correlated with a small region of eastern Indian Ocean warming,
whereas nlOD amplitude change is correlated positively with warming in the north Atlantic and negatively with
warming in the south Atlantic (Figures 10b and 10e). Meanwhile, Figure 10c implies that pSAM amplitude
change is larger in models with larger warming across the tropics. For nSAM, the relationship is similar but less
robust (Figure 10f).

While these results, and those from Figures S1-S3 in Supporting Information S1. Require further work to fully
understand, they imply the change in ENSO and 10D event amplitudes are more correlated with the change in
local SST variability, rather than mean state change, in the models. Meanwhile, change in SAM event amplitudes
are more correlated with the global mean state change in SST, rather than localized variability. Some interesting
questions are also raised as to why EN event amplitude is negatively correlated with ASST in the Southern Ocean,
or why nIOD event amplitude is positively correlated with SST variability change in the North Pacific and North
Atlantic. While the details of these are outside the scope of the current study, these figures highlight some key
areas to explore as they relate the model mean state SST changes to the changes they project in the characteristics
of specific driver phases.

4.2. Changes to Driver Interactions

The results in Section 3 show that while the change in ENSO amplitude is still largely within the range of internal
variability, some models show a significant increase in LN amplitude. However, a fraction of models also project
a weakening of pIOD and nIOD events. This is somewhat surprising as ENSO and the 10D are typically highly
correlated. We therefore show here how the correlation between Nifio3.4 and DMI, and Nino3.4 and SAM is
projected to change between L20C and L21C.

In Figures 11a and 11b, the correlation between drivers is indicated by crosses, sorted from lowest to highest
Historical values. This can be compared to the changes to driver correlations for the piControl models in Figure S4
in Supporting Information S1. For the ENSO-IOD correlation, approximately 66% of models project a
strengthening of their Historical correlation (regardless of sign) across both future scenarios. In the piControl
runs, 55% of models project an increase. The degree of change in the correlation coefficients however, lie within
the range of internal variability for all but three models.

Approximately 65% of models show a decrease in the ENSO-SAM correlation across both future scenarios
(compared to 46% for piControl). In this case, none of the models display a degree of change that lie outside the
range of internal variability. However, in general, models poorly capture the observed SAM-ENSO relationship
and its seasonal variation (Lim et al., 2016).
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Figure 11. Correlations between (a) Nino3.4 and DMI, and (b) Nino3.4 and SAM for Historical (black), SSP370 (orange),
and SSP585 (red) scenarios, using L20C and L21C periods. For context, observed correlations are r(Nino3.4,DMI) = 0.54
and r(Nino3.4,SAM) = —0.24 for 1980-2022.

Therefore while the percentage of models which project an increase in ENSO-IOD correlation or decrease in
ENSO-SAM correlation are marginally higher than expected from internal variability, the degree of change
largely lies within the range of internal variability. This indicates that projections of driver interactions due to
external forcing are still uncertain, due to large inter-model spread, and possibly, multi-decadal variability.

5. Summary and Conclusions

In this study, we used 33 CMIP6 models and all available ensemble members to examine the change to DJF
ENSO, SON IOD and SON SAM amplitude and frequency under SSP370 and SSP585 scenarios (between 1950—
2014 and 2035-2099). We find that changes under SSP370 and SSP585 scenarios are similar, so will summarize
here the overall projected changes.

We assess the statistical significance of change in two ways—first, we consider the change in the mean of the
distributions of amplitude and frequency of events. Under this criterion, we find a significant increase in mean
ENSO frequency, and a decrease in mean 10D amplitude. We also find a significant increase in mean SAM
amplitude, and decrease in mean frequency of SAM events.

Second, we consider whether the forced changes in amplitude and frequency exceed that of the models' internal
variability. We compare AAmplitude and AFrequency from the future scenarios to those generated by two 65-
year periods in the piControl runs. Under this criteria, there are some differences in the responses of the driver
phases. We find that for EN events, only <5% of total models (SSP370 and SSP585 combined) show a frequency
or amplitude increase outside the 95% confidence interval obtained from the piControl changes. For LN events, a
larger fraction of models project stronger, more frequent events, with 15% and 8% of models showing a degree of
amplitude and frequency increase outside the piControl range, respectively. A previous study analysing ENSO
amplitude changes in the ACCESS-ESM1.5 large ensemble also found that internal variability is large compared
to the forced change (Rashid, 2022).

Compared to ENSO, a larger fraction of models project forced IOD and SAM changes outside the piControl
range. Of the models, 25%-30% project a decrease in both pIOD and nlOD frequency. 35% of models project an
amplitude decrease for pIOD events. However for nlOD, the results are more mixed, with 15% of models showing
an amplitude increase, and 25% showing an amplitude decrease. Projections of SAM appear to be the most robust
across models, with 50% of models exhibiting stronger events and 20% exhibiting less frequent events outside the
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piControl range. We note that in the observed L20C period, there have been no significant observed trends in
ENSO or IOD variability. However, the projected changes to SAM are consistent with a continuation of observed
historical trends since the 1950s, that is, a strengthening of the SAM index (Marshall, 2003; Swart et al., 2015).
Our findings are also consistent with previous studies which find a strengthening of SAM under high emissions
scenarios (e.g., Deng et al., 2022). Although models generally project a future poleward shift in the Southern
Hemisphere westerlies (i.e., a positive SAM trend), we note again that we are analysing here detrended values of
all the indices as we are interested in the changes to the variability (amplitude and frequency) of the index.

We attempt to understand some of these driver changes through their relationship with mean state SST changes.
We find that models with greater SST warming projection in the equatorial eastern Pacific also generally project a
reduction in the amplitude of El Nifio events. Similarly, the amount of warming projected in the Southern Ocean
SSTs is inversely related to the change in El Nifio amplitude across CMIP6 models. For La Nifia events however
the only region of mean state SST change of significance is a positive correlation between North Atlantic SSTs
and the amplitude of La Nifia events. In contrast, changes in IOD amplitude appear to be poorly related to mean
state SST changes, while changes in SAM amplitude appear to scale with SST warming in general.

Our results are broadly consistent with previous ENSO and IOD-related studies using CMIP generation models.
The increase in ENSO-driven SST variability has been identified in previous studies (e.g., Cai et al., 2022). New
studies analysing extended model runs of 1000 years have also identified a decrease in IOD variability in response
to increasing greenhouse gases, noting that a large degree of internal variability can mask this effect on centennial
timescales (Kim et al., 2024; Wang, Cai, & Santoso, 2024). Interactions between the drivers and their impact on
projections have been less studied, and projections of SAM are dependent on the sign of stratospheric ozone
change. As ENSO and IOD events are highly covariant, it seems counterintuitive that the most likely pathways
correspond to stronger and more frequent ENSO events, but weaker and less frequent IOD events. Experiments by
Kim et al. (2024) suggest that while the degree of internal variability in the IOD is heavily influenced by the
internal variability of ENSO, ENSO does not have a strong influence on the forced change of the IOD. Instead the
authors suggest that the decrease in IOD amplitude is driven primarily by mean state changes in the Indian Ocean
and associated feedback processes. Our results suggest that these processes may differ for pIOD and nIOD. While
we have not separated moderate and strong pIOD events in this study, previous work has found a frequency
decrease in moderate pIOD events but an increase in strong pIOD events (Cai et al., 2021; Wang, Cai, Santoso,
et al., 2024). Further work can also shed light on processes in other models. This may include an assessment of
ENSO-IOD coupling and its modulation by the Atlantic Multidecadal Oscillation (Xue et al., 2022), as well as an
investigation into the known biases in the simulation of the IOD and how they impact the modeled relationship
with ENSO.

Given the mixed responses of amplitude and frequency change amongst individual drivers, there is no clear
indication of significant frequency change of concurrent driver phases. There remains a large spread amongst
model runs, with only LN/neutral IOD/pSAM events showing a significant 35% frequency decrease under
SSP585. Under SSP370, a significant 52% increase in LN/nIOD/nSAM events is found. Increases in LN-only and
EN-only (with neutral IOD and SAM) are significant, with a 17%-18% increase in EN-only events projected
under both scenarios, and a 13% increase in LN-only events under SSP370. It is worth noting that within the 65-
year L20C period, there are generally few (<5) concurrent driver phases occurring in the Historical scenario.
Therefore even mean changes on the order of 30%—50% correspond to increases or decreases of 0.5 events per 65-
year.

In looking at changes to consecutive ENSO and 10D events, we find that although the MMEM shows a small
increase in consecutive LN and pIOD events, and a decrease in consecutive nlOD events, the only statistically
significant change is a 23% increase to pIOD events under SSP585. An earlier study which selected only 20
models (Geng et al., 2023) found a significant increase in consecutive LN, which highlights a key difference
between the method employed in this study, and other evaluation-based studies.

As this study utilizes all available CMIP6 ensemble members, there are some caveats and points to note which we
highlight here. There are known biases in the CMIP6 mean state and representation of the drivers which can
impact these projections, such as some models having an overly biennial ENSO, or overly strong 10D (e.g.,
Mckenna et al., 2020). Another important point, as mentioned earlier, is the use of different model selection
methods in obtaining projections. In using all available models and ensemble members, we sample the full range
of internal and forced variability, weighting each model equally. Other approaches, such as model selection based
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on certain criteria, may be better suited for projections based on specific physical processes (e.g., Delage &
Power, 2020; Geng et al., 2023). For model selection for regional downscaling purposes, it may be desirable to
select only a few models which sample a range of possible futures (e.g., Grose et al., 2023). Although such model
selection may be necessary for practical or even scientific reasons, based on the results of the present study we
suggest that if not carefully addressed, model selection may be unintentionally biased toward unrepresentative
remote driver changes. We also note that selecting L21C events based on a future baseline is not the standard
method used by most studies. However this is one method which takes into account that future events will not be
defined based on historical baselines.

A further caveat of these findings is the choice of 0.75SD as a threshold for selecting events. While this threshold
has been used in many previous studies (e.g., Eyring et al., 2021; Maher et al., 2023), we note that a lower
threshold would identify more events while a higher threshold would identify fewer. In investigating the
sensitivity of our results to lower or higher thresholds of 0.5SD and 1.0SD (not shown), we found that the changes
to AAmplitude and AFrequency were generally consistent, however the statistical significance of the changes to
AFrequency differed in some cases due to the different sample sizes.

While these results show that there is still a large amount of uncertainty in the projections of future driver
changes, there are some interesting avenues for future work. Studies such as Rashid (2022) and Maher
et al. (2023) showed that the forced ENSO amplitude change in large ensembles depends on zonal winds and
the zonal SST gradient but can be complicated and non-linear. While the dynamics of forced changes in other
models may vary, we show that there exists some relationship between the strengthening or weakening of
drivers in a model and regional SST trends they project under high emission scenarios. Additionally, the
projected changes to the relationship between drivers due to forced change is small in most models compared
to internal variability. It is also worth noting that all CMIP6 models analysed here project an “El Nino-like”
warming trend, which is in apparent contrast to the observed warming trend of the last few decades (Seager
et al.,, 2019). While the reasons for this are the subject of ongoing research, it does lower confidence in
projected changes in the tropical Pacific (Power et al., 2021). Our study shows that when considering future
climate risk associated with remote drivers such as ENSO, IOD and SAM, a careful and representative
consideration of both the forced changes of those drivers as well as plausible natural variations in the drivers
and their combinations is necessary and is unlikely to be achieved with a limited sub-sample of models and
experiments.

Data Availability Statement

All CMIP6 data used in this study is publicly available from https://esgf.nci.org.au/projects/esgf_nci/. Python
scripts used for analysis are also publicly available from Chung and Boschat (2024).
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Erratum

The originally published version of this article contained a typographical error. Figures 3 and 5 were identical.
The error has been corrected, and this may be considered the authoritative version of record.
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