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More frequent central Pacific El Nifio and stronger eastern
pacific El Nifio in a warmer climate
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El Niflo events exhibit rich diversity in their spatial patterns, which can lead to distinct global impacts. Therefore, how El Nifio
pattern diversity will change in a warmer climate is one of the most critical issues for future climate projections. Based on the sixth
Coupled Model Intercomparison Project simulations, we report an inter-model consensus on future El Nifio diversity changes.
Central Pacific (CP) El Nifio events are projected to occur more frequently compared to eastern Pacific (EP) El Nifio events.
Concurrently, EP El Niflo events are projected to increase in amplitude, leading to higher chances of extreme EP El Nifio
occurrences. We suggest that enhanced upper-ocean stability due to greenhouse warming can lead to a stronger surface-layer
response for increasing positive feedbacks, more favorable excitation of CP El Nifio. Whereas, enhanced nonlinear atmospheric
responses to EP sea surface temperatures can lead to a higher probability of extreme EP El Nifo.
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INTRODUCTION

The El Nifo-Southern Oscillation (ENSO) is the strongest air-sea
coupled mode, which prominently governs Earth’s interannual
variability by modulating the global atmospheric circulation’.
Important unresolved questions include how ENSO characteristics
including amplitude, frequency, pattern, and asymmetry might
change in response to greenhouse warming. Many studies have
examined the response of ENSO to greenhouse warming®%, and
there has been much interest in model consensus as to whether
ENSO variability might strengthen or weaken3>8"'2 Recent
studies showed that the majority of Coupled Model Intercompar-
ison Project phase 6 (CMIP6) models show an increase in ENSO
variability including both EP and CP EI Nifio events in response to
greenhouse warming'>'#, but still not for all models.

In contrast to these uncertain ENSO sea surface temperature
(SST) variance changes, climate models are also projecting some
more robust changes in ENSO characteristics. For example, the
precipitation response to ENSO SST will likely be amplified'® and
shifted to the east'>'. The nonlinear atmospheric response to
ENSO SSTs has been linked to projected more frequent extreme
convective El Nifio events'”'8, which often accompanies swings to
extreme La Nifia events in the following year'®.

ENSO has a rich diversity in terms of its spatial and temporal
patterns?®=23, Importantly, SST pattern diversity leads to distinct
patterns of anomalous convection and in turn to different global
impacts?*2°, Therefore, it is critical to better understand how
ENSO diversity might change under greenhouse warming. On one
hand, it was suggested in an earlier study that the frequency of
the central Pacific (CP) El Nifio might increase in a warmer
climate?®. On the other hand, recent studies showed that eastern
Pacific (EP) El Nifo variability might increase in a warmer
climate'®%7-2°, Though the two papers dealt with different aspects
such as occurrence frequency and variability, the two aspects have

been used interchangeably so a comprehensive understanding is
still needed.

RESULTS

In this study, we revisit the projected changes in El Nifio diversity
under greenhouse warming using the latest generation of climate
models that participated in CMIP6 (Supplementary Table 1). It has
been reported that these CMIP6 models show improvements in
the simulated ENSO and Pacific mean state3C. These improve-
ments may provide an opportunity to find new robust changes in
projected future ENSO characteristics.

To examine El Nifo's spatial diversity, we developed an
algorithm to detect a longitude of the peak SST anomalies
(SSTA)®' (Methods). We first applied it to two observational SST
datasets (Methods)3233, The zonal distributions of the SSTA peak
occurrences are shown in Fig. 1a,b. Both observational datasets
exhibit a bimodal structure with maximums in the eastern and CP
and an absence of peaks near 135°W, suggesting a clear
separation into two groups of distinct events. We use this
separation to classify CP and EP El Nifio events, respectively. Even
though several definitions of EP/CP events have been sug-
gested?°-223435 the present method may provide a more direct
and intuitive view to describe ENSO pattern diversity. Composites
of the two groups show distinct SSTA patterns, centered in the
central, and eastern Pacific, respectively (Supplementary Fig. 1).

More frequent CP El Niiio and Stronger EP El Nifio in a warmer
climate

Now, we apply this method to the CMIP6 simulations to determine
the occurrences of each El Nifio type. Figure 1c shows the zonal
distribution of the El Nifio SSTA peaks for the 20th century
(1900-1999). Next, we calculate the multi-model ensemble (MME)
average. Even though the central peak longitude histogram is
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Longitudinal distribution of El Nifio SSTA center and its projected changes in the 21st century. a—e Histograms (normalized

occurrences) of El Niflo SSTA centers during November-December-January (NDJ) for ERSST (a), HadISST (b), as well as the MME of 30 CMIP6
models during the 20th century (1900-1999) (c), 21st century (2000-2099) (d), and their difference (e). Red, blue, and gray bars denote CP El
Nifo, EP El Nifio, and mixed-type El Nifio events, respectively. Error bars indicate the 95% confidence level obtained using the bootstrap
method (Methods). f-k SSTA spatial patterns of each El Nifio type in the CMIP6 MME: CP El Nifio in the 20th century (f), 21st century (g), and
difference (h). EP El Nifio in the 20th century (i), 21st century (j), and difference (k). Values shown in shading are statistically significant at the
95% confidence level using the bootstrap method. The units are [°C] for (f-k).

smoothed out (i.e., less bimodal), possibly due to the MME, the
CMIP6 MME shows a broad central Pacific peak (145-175°W) and
sharp eastern peak (115-125°W) in the distribution. Based on this,
we define CP and EP El Nifio events following the same criteria as
done for the observations. That is, El Nifio events having their peak
SSTA located between 165°E-145°W are defined as CP events and
between 105-125°W as EP events. Small adjustments to the
longitude criteria do not change the main conclusions of
this study.

The models can simulate distinct SSTA patterns between the CP
and EP El Nifo events (Fig. 1f, h). In the 21st century (2000-2099),
the models tend to simulate a more distinctive bimodal structure
(Fig. 1d). The maximum probability of the CP peak is comparable
to that of the EP peak. The difference in the histograms between
the 21st and 20th centuries shows that the probabilities at
155-165°W are projected to significantly increase whereas the
probability at 115°W is projected to significantly decrease (Fig. 1e).
This suggests that CP El Niflo events will occur more frequently in
a warmer climate.

The spatial patterns of EP and CP El Nifio events also show
distinct features in the 21st century (Fig. 1g, i). It is interesting that
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the maximum location of SSTA during EP El Nifio in the 21st
century is slightly shifted to the west, compared to that in the
present climate. This is consistent with the higher occurrence
probability at 125°W compared to at 115°W (Fig. 1d). This suggests
that SSTA peaks are westward shifted in the 21st century. In
addition, the distribution for peaks of La Nifa events also shows
quite similar changes to that of El Nifio events, indicating more
frequent CP La Nifa events in the CMIP6 models in the 21st
century (Supplementary Fig. 2).

Even though the MME results show statistically significant
changes in the occurrence of EP and CP El Nifio events, we next
investigate the changes in the individual models to obtain robust
conclusions. Figure 2a shows how individual models simulate the
occurrence frequencies of CP and EP El Nifio events. To compare
the occurrence frequency, the ratio of the CP events relative to the
total number of both events (CP and EP El Nifio) is calculated. Note
that the results are consistent even if the ratio is calculated from
the total number of all El Nifio events: CP, EP, and mixed-type El
Nifo. For the MME, the ratio of CP El Nifo significantly increases
from 0.47 to 0.62 (P< 0.05). Among the 30 CMIP6 climate models,
25 models (83%) show an increased occurrence frequency of CP El
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total number of CP and EP El Nifio events. b The composites of Nifio3 SSTA for EP El Nifio events, and c Nifio4 SSTA for CP El Nifio events. Red
and blue bars represent the 20th and 21st centuries, respectively. The error bars indicate the 95% confidence level using the bootstrap

Fig.2 Changes in frequency and magnitude in each type of El Nifio. a Ratios of frequencies of CP El Nifio events relative to the sum of the
method (Methods). The units are [°C] for b, c.
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Fig. 3 Changes in extreme El Nifio event occurrences in a warming climate. Ratios of moderate, strong, and extreme El Nifio events in 30
CMIP6 models based on Nifo3 SSTA (a-c) and Nifio4 SSTA (d-f). a, d are for the 20th century, b, e 21st century, and ¢, f their difference,
respectively. Each Nifo index is normalized by STD of each model in the 20th century. Definitions of moderate, strong, and extreme El Nifio
events are based on [0.5-1STD], [1-2STD], and [>2STD], respectively. The value in parentheses is the number of events. The error bars indicate

the 95% confidence level using the bootstrap method (Methods).

Nifo events and only 5 models (17%) show a decrease. Even
though the CMIP6 simulations show relatively large error bars due
to the use of only one realization, 16 models show a statistically
significant increase in CP El Nifio occurrence, whereas only 2
models show a statistically significant decrease at the 95%
confidence level, suggesting that the increased occurrence
frequency of CP events under greenhouse warming is quite
robust.

One notable change seen in Fig. 1f-i is that the SSTA is greater
in the 21st century for both EP and CP events. In particular, the EP
El Niflo SSTA becomes considerably stronger. The intensified EP El
Nifo in response to greenhouse warming in the
CMIP6 simulations was already reported by previous studies'"'3.
To determine ENSO amplitude changes of the individual models,
Fig. 2b, ¢ shows Nifio3 and Nifio4 SSTA composite anomalies of
the EP and CP El Nifio events, respectively, to examine the
amplitude changes. On one hand, the MME average of the EP El
Nifio events shows about 23% increase of Nifio3 SSTA in the 21st
century (Fig. 2b). Among 30 models, 18 models simulate stronger
Nifio3 SSTA and 11 models simulate weaker Nifio3 SSTA in the
21st century compared to the 20th century. On the other hand,
the Nifio4 SSTA associated with CP El Nifio is projected to increase
slightly in the 21st century, but it is not statistically significant from
the inter-model spread. For individual models, 16 models simulate
a strengthened CP El Nifio and 12 models simulate a weakened CP

npj Climate and Atmospheric Science (2022) 101

El Nifo. Therefore, we conclude that the enhanced El Nifo
amplitude in the 21st century across CMIP6 models is more
evident for the EP El Nifio'>?7,

So far, we showed that the occurrences of CP El Nifio events are
projected to increase more than the occurrences of EP El Nifo
events in a warmer climate, but the magnitude of the EP El Nifio
becomes larger. The intensified EP El Nifio amplitude with the
decreased occurrence frequency can be explained by more
extreme EP El Nifio events. Figure 3 shows the ratio of moderate,
strong, and extreme El Nifio events to the total number of EP and
CP El Nifio events, respectively. The moderate, strong, and
extreme EP El Nifio (CP El Nifo) events are defined when Nifio3
(Nifo4) SSTA are greater than 0.5, 1, and 2 standard deviation,
respectively. In the present climate, extreme El Nifio events
account for about 10% of all EP El Nifio events. However, the ratio
of extreme El Nifio events considerably increases to ~15% in the
21st century, which is consistent with some previous studies'>?’.
Therefore, the EP El Nifio magnitude averaged over all EP El Nifio
events is increased. In contrast, extreme CP El Nifio events account
for about 4.5% of the total CP El Nifio events, which is a much
smaller fraction, possibly due to the negative skewness of Nifo4
SSTA. Though the ratio of extreme CP El Nifio is projected to
increase slightly in the 21st century, this change may not
contribute much to the overall amplitude change of CP El Nifio
events. In addition, extreme CP La Nifa events are projected to
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significantly increase (Supplementary Fig. 3), which is consistent
with previous studies'*'®. However, the increase of the extreme
EP La Nifa is not statistically significant.

Stronger surface-layer feedback and Nonlinear atmospheric
feedback

It has been shown that projected future changes in El Nifo
diversity show more frequent CP El Nifio and stronger EP El Nifio
events. Then, what causes these robust changes in the response to
greenhouse warming? Previous studies suggested that enhanced
upper-ocean stratification is responsible for projected changes in
El Nifio diversity'>?*?7. Consistent with previous studies, the
CMIP6 models commonly simulate enhanced stratification in the
upper ocean (Supplementary Fig. 4). The faster warming in the
surface layer’* and the freshening due to the increased
precipitation (Supplementary Fig. 5a)%3” together enhance the
vertical density gradient, indicating stronger stratification. Further-
more, a weakened Walker circulation associated with an El Nifio-
like warming pattern (Supplementary Fig. 5b)3¢ is related to a
shoaling and deepening thermocline in the western Pacific and
eastern Pacific, respectively, which leads to a colder subsurface in
the western half of the Pacific basin (Supplementary Fig. 4a).

Published in partnership with CECCR at King Abdulaziz University

Therefore, the enhanced stratification is stronger in the western
half of the Pacific, where wind anomalies associated with ENSO
are the strongest.

The stronger stratification leads to stronger air-sea coupling®”’.
That is, the surface layer responses to a given wind anomaly
become stronger under the enhanced stratification3®-4°, indicat-
ing stronger surface-layer feedback. To show the stronger surface-
layer feedback, we calculated the zonal current response to the
zonal-mean (120°E-90°W) zonal windstress anomaly forcing based
on linear regression. In both simulations, the eastward current
responses are stronger in the surface layer and become gradually
weaker with the depth. There is also a westward current response
below the thermocline, indicating a vertically baroclinic structure.
However, the detailed structures are considerably different
between the present and future simulations. While the eastward
currents appear up to ~200 m over the western-CP in the 20th
century (Fig. 4a), in the 21st century the eastward currents are
confined up to ~160 m but the currents are much stronger in the
surface layer (Fig. 4b). The difference between the 20th and 21st
centuries clearly shows positive and negative in the surface and
subsurface (below 100 m) layers (Fig. 4c), respectively, particularly
in the western-CP, where a considerable shoaling of the mean
thermocline takes place (Supplementary Fig. 4b). This difference
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indicates that the current response to a given windstress forcing is
concentrated in the surface layer in the warming simulation,
suggesting a stronger surface-layer current response that directly
affects SSTA development. The amplified surface-layer current
response is particularly strong to the west of 135°W, where the
SSTA center of CP El Nifio is located.

The stronger surface-layer feedback plays an important role in
controlling two major ENSO characteristics*'#2. First, it leads to
stronger ENSO variability by increasing positive feedbacks. In
particular, it induces a stronger zonal advective feedback, which
acts to shift the SSTA center westward*'. Second, stronger surface-
layer feedback can play a role in shortening the timescale of
ENSO*2. In particular, the enhanced zonal advective feedback
plays a role in shifting the ENSO SSTA center westward,
destabilizing the CP ENSO mode?>*3. Therefore, more frequent
CP El Nifo occurrences could be explained by strengthened
surface-layer feedback due to the enhanced ocean stratification.

The enhanced stratification can also strengthen the positive
feedbacks associated with EP SSTA development, as well as CP
SSTA development. For example, a strong stratification in the
central Pacific can lead to a higher baroclinic mode of Kelvin
waves>? in the response to an anomalous westerly, which can lead
to stronger thermocline and zonal current responses in the
eastern Pacific. Even though the zonal current and thermocline
responses are projected to increase in both CP and EP, the
increase in zonal advective feedback and thermocline feedback**
for the developing phase is the most dominant in CP and EP,
respectively, in response to greenhouse warming (Supplementary
Fig. 6 and Supplementary Table. 2). In particular, the increased
zonal advective feedback in CP has strong inter-model consis-
tency, and Ekman and thermocline feedbacks also slightly
increased, while two feedbacks show different signs in EP.
Therefore, in the warm climate, the CP SSTA might be more
easily excited in the response to small perturbation of El Nifio
triggering factors such as the westerly wind bursts and equatorial
ocean discharges*, which lead to the more frequent occurrence
of the CP El Nifo.

Nevertheless, it is interesting that the EP El Nifio event is
projected to strengthen, and there will be a higher occurrence
chance of extreme EP El Nifio events. An enhanced nonlinear
dynamical atmospheric response to ENSO SSTA in response to
greenhouse warming may explain the higher probability of
extreme EP El Nifio events. It has been reported that the
atmospheric response to the El Nifio-related SSTA forcing tends
to move eastward in models with an El Nifo-like mean state
warming pattern®'>='7, This eastward shift of the atmospheric
response can be related to the extreme EP El Nifo
development®17%7,

Figure 4d shows the distribution of the eastern Pacific
precipitation response depending on the magnitude of Nifio3
SSTA across the CMIP6 models. The eastern Pacific precipitation
anomaly exhibits a nonlinear response to Nifio3 SSTA'846, That is,
the precipitation anomaly response is relatively weak for
moderate Niflo3 SSTA but increases nonlinearly as Nifo3 SSTA
increases. Since the eastern Pacific is a region of climatological
atmospheric subsidence, small SSTA forcing cannot overcome the
climatological sinking motion so the positive precipitation
response is weak. Once sufficiently strong SSTA forcing induces
a positive precipitation response against the sinking motion, it can
further amplify through a positive precipitation-low level con-
vergence feedback®’ .

In response to greenhouse warming, an El Nifo-like Pacific
mean state warming pattern reduces the climatological sinking
motion so that moderate SSTA forcing can be sufficient in
inducing an eastern Pacific precipitation'>'83630, As shown in Fig.
4d, the 21st-century projections exhibit more events with strong
positive SSTA and strong precipitation anomalies, consistent with
more frequent extreme EP El Nifio occurrences. In addition, we
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emphasize that the precipitation increase to a given SSTA
increment is similar in the weak SSTA range in both centuries,
but it becomes much steeper in the latter when Nifio3 SSTA is
greater than a certain threshold. The zonal wind anomalies also
show a similar pattern to the precipitation anomalies (Fig. 4e). The
threshold for the nonlinear positive atmospheric feedback is lower
in the 21st century than in the 20th century, suggesting that the
nonlinear atmospheric feedback intensifies. As a result, EP El Nifio
events can grow faster when the Nifio3 SSTA passes the threshold.
This might explain why in the 21st century we see a higher chance
of extreme EP El Nifio event occurrences, even though the total
number of EP El Nifio events decreases.

DISCUSSION

In this study, we showed that the latest generation of climate
models shows a consensus on future changes in ENSO diversity.
The most robust feature is that CP El Nifio events are projected to
occur more frequently in a warmer climate and that the
occurrence of EP El Nifio events will be less often. More frequent
CP El Nifio occurrences are consistent with results presented by
Yeh et al.?%, but one may ask how they are linked to a study by Cai
et al.?’, which pointed out the enhanced variance of EP El Nifio
SSTA in a warmer climate. Even though the total occurrence of EP
El Nifo is reduced in a warmer climate, their SSTA amplitude is
increased in many models due to more frequent extreme EP El
Nifo. A higher probability of extreme EP El Nifio occurrences is
consistent with a study by Cai et al.?’. An intensified nonlinear
atmospheric dynamical response can lead to more extreme EP El
Nifio events.

In addition, the question of how one defines EP and CP El Nifio
events should be taken into account for the interpretation. When
we use an EOF-based definition®*, we find that CP El Nifio event
occurrence does not increase in the 21st century compared to the
20th century (Supplementary Fig. 7). Instead, the centers of EP El
Nifio SSTA maxima are shifted to the west in the 21st century
(Supplementary Fig. 8), which is consistent with our results to
some extent (Fig. 1). Since an EOF-based definition3> uses a fixed
pattern and depends on where each model simulates the largest
variability, the classification is sometimes different from a
definition based on the actual location of the SSTA center. For
example, if a model simulates dominant SSTA variability in the
central Pacific due to the model bias, the model's EP El Nifio
pattern is shifted to the west. Therefore, the ratio of CP El Nifio
does not increase, but the center of EP El Niflo can be shifted
westward. As a result, it should be recognized that stronger EP El
Nifio variability based on an EOF definition® may represent
stronger variability in the region where the model's SSTA
variations are dominant. In this sense, our detection method
might be more intuitive to describe changes in El Nifio pattern
diversity.

Regardless of the definitions, stronger surface-layer feedback
due to the enhanced stratification plays a role in shifting the SSTA
center to the west, which drives robust changes in El Nifio
diversity in response to greenhouse warming. In addition, it may
suggest that the current 2-dimensional thinking on El Nifo
diversity may limit a more comprehensive understanding of ENSO
in the presence of El Nifio complexity>>~'.

METHODS

Observed data and model outputs

Detecting the longitudinal peak of ENSO sea surface temperature
anomalies (SSTA) is conducted with two SST reanalysis datasets.
The NOAA Extended Reconstructed Sea Surface Temperature
version 532 at 2°x 2° horizontal resolution and the Hadley Center
Sea Ice and Sea Surface Temperature version 1.1 at 1°x1°
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resolution®? are used for the 1980 to 2019 time period. The method
is also applied to 30 Coupled Model Intercomparison Project phase
6 (CMIP6) Coupled Global Climate Models (CGCMs; Supplementary
Table 1). We use the historical (1900-2014) and Shared Socio-
economic Pathway (SSP) 5-8.5 scenario experiments (2015-2100).
We use the 1900-2099 period (200 years). Using monthly data, we
removed the climatology and linearly detrended for each time
period. Considering the seasonal variance modulation of ENSO, we
focus the analysis on the November-December—January (NDJ)
season.

Detecting center method

The algorithm to detect the longitudinal peak of ENSO SSTA is
similar to Shin et al3'. The algorithm finds the local maximum
SSTA along the equator. First, we average the detrended NDJ SSTA
over 2°S-2°N. Second, we calculate a moving average with a 30°
longitude window moved in 10° intervals (150°E-90°W; 10 points).
Third, we select the points where the moving averaged NDJ SSTA
is greater (less) than 1STD (-1STD). The STD is calculated for all
months SSTA over 150°E-90°W. Among the selected points, the
point having the largest absolute value is defined as a peak of El
Nifio (La Nifa). The longitude where the peak is located is
detected as the center of ENSO. For CMIP6 CGCMs, we calculate
the STD for each model for each 100-year period.

Statistical significance test

To examine the statistical significance of projected changes, we
use the bootstrap method in the following ways. (1) Inter-model
consensus. We carry out random sampling of 30 models with
replacement 10,000 times (Figs. 1c—i, 3, 4a—c). (2) Consistency in
each type of El Nifio or La Nifa. We calculate the probability by
randomly sampling as many as the number of each type of ENSO
in each model with replacement 10,000 times (Fig. 2b, c). (3)
Consensus of the occurrence change in CP El Nifio in each model.
Since we have 100 years for each period, we obtain the ratio from
the dataset which is randomly sampled during these 100 years
with replacement 10,000 times (Fig. 2a).

DATA AVAILABILITY

The CMIP6 archives are freely available from https://esgf-node.linl.gov/projects/
cmip6/. The ERSST version 5, monthly reanalysis data are available from https://
www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.v5.html. The HadISST version
1.1, monthly reanalysis data are available from https://www.metoffice.gov.uk/hadobs/
hadisst/data/download.html.
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