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Weakening of Nonlinear ENSO Under Global Warming

Tsubasa Kohyama''"/, Dennis L. Hartmann2'"', and David S. Battisti?

"Department of Earth and Planetary Science, The University of Tokyo, Tokyo, Japan, 2Department of Atmospheric
Sciences, University of Washington, Seattle, WA, USA

Abstract The amplitude response of the El Nifio-Southern Oscillation (ENSO) to global warming is
examined in two global climate models with realistic ENSO nonlinearity. Geophysical Fluid Dynamics
Laboratory Earth System Model Version 2M (GFDL-ESM2M) and Model for Interdisciplinary Research on
Climate version 5 (MIROC5) are the two models that exhibit realistic ENSO nonlinearity. With quadrupled
atmospheric carbon dioxide, the ENSO amplitude of GFDL-ESM2M decreases by about 40%, whereas

that of MIROC5 remains almost constant. Because GFDL-ESM2M exhibits stronger climatological thermal
stratification than MIROC5, greenhouse gas forcing increases the upper ocean stability and causes the
thermocline to be less sensitive to wind perturbations. The stiffer thermocline inhibits the nonlinear
variations of sea surface temperature so that the ENSO amplitude substantially weakens. Idealized nonlinear
recharge oscillator model experiments further support climatological thermal stratification as a determinant
of the warming response. Observations exhibit stronger thermal stratification than both models, which
suggests that the real world may terminate strong, nonlinear El Niflos sooner than model-based projections.

Plain Language Summary The El Nifio-Southern Oscillation (ENSO) is the most prominent mode
of interannual natural variability that influences global-mean temperature, severe weather, tropical cyclone
activity, marine ecosystems, and food production worldwide. Potential future changes in ENSO under global
warming have been disputed, however, due to difficulty in reproducing the observed ENSO features by
global climate models. ENSO nonlinearity (i.e., El Nifio events tend to be stronger than La Nifia events in the
real world) is one of those difficult features. Here we show that ENSO nonlinearity, though not reproduced
well by most state-of-the-art climate models, could play a major role in determining the ENSO response. We
examine two climate models that successfully reproduce realistic ENSO nonlinearity to discuss potentially
important physical processes. Our results support a notion that strong El Nifio events may be terminated in
the near future.

1. Introduction

The tropical Pacific Ocean has attracted attention in physical climatology, because its variability influences the
climate all over the Earth (e.g., Horel & Wallace, 1981; Rasmusson & Wallace, 1983). The El Niflo-Southern Oscil-
lation (ENSO) is the dominant mode of interannual climate variability, so the response of ENSO to global warm-
ing is of great interest for the future climate (e.g., Christensen et al., 2013; Collins et al., 2010; Kim et al., 2014).
State-of-the-art global climate models (GCMs), however, have difficulty reproducing the features of the
observed ENSOQ, including its amplitude, irregular frequency, non-Gaussianity, and theirimpacts on the extrat-
ropics (e.g., Bellenger etal., 2014; Collins et al., 2010; Zhang & Sun, 2014). Weaknesses in the simulation of ENSO
render large uncertainty in the warming response of the entire climate system (e.g., Christensen et al.,, 2013;
Kohyama & Hartmann, 2016; Murakami et al., 2012; Yokoi & Takayabu, 2009).

Despite the difficulty of simulating ENSO, it has been common to choose a subset of GCMs that reproduce
a particular observed feature well, and to assume that this subset makes more reliable future projections
than the multimodel mean (e.g., Risbey et al., 2014). Based on this assumption, we project the future ENSO
amplitude responses using two GCMs that realistically reproduce the observed ENSO nonlinearity, because
of which warm anomalies tend to be larger than cold anomalies (El Nifios tend to be stronger than La Nifas).
Figure 1a shows the relationship between the ENSO skewness (a measure of the ENSO nonlinearity) and the
zonal sea surface temperature (SST) gradient change simulated by GCMs under global warming. This figure
shows that the Geophysical Fluid Dynamics Laboratory Earth System Model Version 2M (GFDL-ESM2M; Dunne
et al., 2012; Dunne et al., 2013) and the Model for Interdisciplinary Research on Climate version 5 (MIROC5;
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a) ENSO nonlinearity and zonal SST gradient changes (2006-2100) in the CMIP5 models
CMIP5 Models, RCP8.5

El Nifio-like 4
Warming

—_
T
[J

I ° ;VIIIJOC5

ervations (1965-2015)
L-ESM2M

[9)
@
el
Q
==
®
<.»
=)

La Nifa-like ¥
Warming

A(Nifno3-Nifo4) [°C/century]
(Zonal SST gradient change)
o

-1 0 1
Nifio3 Skewness
(Nonlinearity)

Weak El Nifio Strong El Nifio
Strong La Nifia Weak La Nifia
b) ENSO amplitude changes
| Historical (1965-2005) | | Abrupt4xCO2 (100-150) |
8 4k T T T ] I T T T ]
< 9 E o
GFDL-ESM2M |8 0
© -2 —
g af . stdev = 1,58 °C ] stdev = 0.91 °C
& 4 T T ] C T 1 T T m
= 9 _
n _
MIROC5 0
g -2
c 4 stdev =11.29 °C C stdev = 1.25 °C
=z 1 1 | | | |

1
1965 1975 1985 1995 2005100 110 120 130 140 150
Year

c) Mean-state SST trends relative to the tropical Pacific mean (2006-2100)
| GFDL-ESM2M (RCP8.5) |MIROCS5 (RCP8.5)] (°Clcentury)
. — = — - 0.8

i

30°N AN %
N ; TG 5 \
EQr, ¢ ) \
30°Sf L o ) = )
S i e E - -0.8
60°E 180 60°W 60°E 180° 60°W

Figure 1. (a) Scatter plot showing the relationship between the Nifio3 SST skewness and the zonal SST gradient change,
the latter of which is defined as the linear trend of the regional mean SST difference calculated in the manner of Nifio3
minus Nifio4. Each dot represents the model output from (red) GFDL-ESM2M and (black) other CMIP5 models under the
RCP8.5 scenario from 2006 to 2100, and (blue) observations from 1965 to 2015. Reproduced from Kohyama and
Hartmann (2017). Copyright belongs to the American Meteorological Society. (b) Monthly Nifio3 SST anomalies
calculated for (top) GFDL-ESM2M and (bottom) MIROC5 under the (left) historical and (right) quadrupled CO, forcings.
Standard deviations are shown at the bottom right. (c) SST warming trends under the RCP8.5 scenario from 2006 to
2100 of (left) GFDL-ESM2M and (right) MIROC5 calculated at each grid. Difference from the tropical Pacific mean trend
(30°S to 30°N, 90°E to 60°W) is plotted. Red colors denote a warming faster than the tropical Pacific mean, and blue
colors slower (i.e., not necessarily a cooling). ENSO = El Niflo-Southern Oscillation; SST = sea surface temperature;
CMIP5 = Coupled Model Intercomparison Project Phase 5; MIROC5 = Model for Interdisciplinary Research on Climate
version 5; GFDL-ESM2M = Geophysical Fluid Dynamics Laboratory Earth System Model Version 2M;

RCP = Representative Concentration Pathway.

Watanabe et al.,, 2010) are the two models that reproduce the observed ENSO skewness better than most of
the other models that participated in the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al.,
2012). We analyze these two GCMs.

Figure Tb shows the time series of SST anomalies averaged over the Nifio3 region (5°S to 5°N, 150°W to 90°W),
a common index of ENSO. The left column shows the Nifio3 SST for the historical climate of the two GCMs.
Though GFDL-ESM2M exhibits an excessively large ENSO variance, both models exhibit realistic ENSO non-
linearity as suggested by Figure 1a. The right column shows the same time series but for a warmer climate.
Interestingly, compared to the historical climate, the standard deviation of the Nifio3 index of GFDL-ESM2M is
reduced by about 40%, whereas that of MIROC5 remains almost constant in a warmer climate. Our motivations
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are to understand this difference in the amplitude responses and to make a physically reasonable projection
of the future ENSO change.

Recent studies that link the projected warming response in the mean-state tropical Pacific SST to the ENSO
nonlinearity further motivate us to proceed in this vein. We hereafter call a mean-state response El Nifio-like
when the eastern equatorial Pacific warms faster than the west, and the opposite response La Nifia-like (An
etal., 2012; Collins, 2005; Held et al.,, 2010). The majority of the CMIP5 models project an El Nifio-like warming
response (e.g., Ying et al,, 2016; Zheng et al., 2016), presumably because of the mechanism proposed by Held
and Soden (2006) and Vecchi and Soden (2007). They argued that the hydrologic and energetic constraints
robustly require the global-mean circulation to be weakened by global warming and that the weakened
Walker circulation is expected to yield an El Nifio-like response via reduced upwelling. As noted by Kohyama
etal. (2017) and Kohyama and Hartmann (2017), however, a strengthened Walker circulation does not violate
the requirement of the weakening global-mean circulation and hence their argument does not rule out a La
Nifa-like mean-state change.

There are several plausible mechanisms that could lead to a La Nifa-like mean-state response to global
warming (see Kohyama et al,, 2017, for an extended discussion). If the mean climate is altered by a certain
mechanism, it can potentially modulate the ENSO amplitude. For example, if the polar amplification is rela-
tively weak, the equatorial upwelling water may remain cold, which favors a La Nifa-like response and could
weaken the ENSO amplitude. On the other hand, given realistic ENSO nonlinearity, changes in the amplitude
of ENSO amplitude would also render a La Nifa-like mean-state change. According to Kohyama et al. (2017),
theimportant characteristic of GFDL-ESM2M appears to be that the ENSO nonlinearity is reduced under global
warming, which rectifies the mean-state SST to be La Nifa like. Because El Nifios exhibit large amplitudes for
the historical climate, whereas very few La Nifias go extreme, the El Nifio amplitudes will be weakened more
than that of La Nifas, if the ENSO nonlinearity is lost. This asymmetric weakening response would rectify the
mean-state SST to become La Nifa like, and this mechanism is referred to as the nonlinear ENSO warming
suppression (NEWS). Kohyama and Hartmann (2017) concluded that a necessary condition to simulate NEWS
is realistic ENSO skewness, and the lack thereof is why most CMIP5 models exhibit El Nifio-like responses.

Realistic ENSO skewness, however, is not a sufficient condition to simulate NEWS. Figures 1a and 1c show
that, though both GFDL-ESM2M and MIROCS5 exhibit realistic ENSO skewness, MIROC5 exhibits a strong El
Nifo-like mean-state response unlike GFDL-ESM2M. This difference motivates us to understand why the ENSO
nonlinearity is not the only requirement for a La Nifa-like response.

This article is organized as follows. Data and methods are described in the next section. In section 3, we
show that the response of SST to the thermocline depth anomalies is the source of the ENSO nonlinearity
in these models. Then, we propose a nonlinear mechanism for how the climatological upper ocean thermal
stratification determines the ENSO amplitude response to warming. We also compare the observed thermal
stratification with the modeled ones. Conclusions are presented in section 4.

2. Data and Methods

2.1. Data

The monthly surface temperature, oceanic potential temperature, and wind stress output of GFDL-ESM2M
(Dunne et al,, 2012; Dunne et al., 2013) are from the GFDL Data Portal (http://nomads.gfdl.noaa.gov:8080/
DataPortal/cmip5.jsp), and those of MIROC5 (Watanabe et al., 2010) are from the Program for Climate Model
Diagnosis and Intercomparison (https://pcmdi.linl.gov/projects/cmip5/). We analyze the first ensemble mem-
ber of the historical (Years 1966-2005) and abrupt4xCO, runs (Years 101-150 after the abrupt change are
used). In the Abrupt4xCO, runs, Year 101 starts when 100 years have passed after the abrupt quadrupling of
carbon dioxide, and the qualitative argument regarding the ENSO amplitude is not sensitive to this choice of
the 50-year time span (see also Kohyama & Hartmann, 2017). We are aware that even without anthropogenic
forcing, the variance of ENSO over a 50-year span will differ simply due to natural variability (Wittenberg,
2009). Kohyama et al. (2017) and Kohyama and Hartmann (2017), however, showed that the ENSO amplitude
in GFDL-ESM2M is kept suppressed for at least 200 years under the 4xCO2 forcing, in addition to confirming
that the Representative Concentration Pathway (RCP) 6.5 (95 years), RCP 8.5 (95 years), and 1percentCO2 (200
years) runs also exhibit well-defined La Nifa-like trends. Therefore, though we have to regard the limited sam-
ple size as a caveat, we have sufficient evidence to support a notion that the ENSO change discussed in this
study is forced and not a sampling problem. At each depth, the oceanic variables are regridded using linear
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interpolation onto a 2.5° longitude by 2° latitude grid. To produce Figure 1, the first ensemble member of the
RCP 8.5 (Years 2006-2100) runs are used. Detailed descriptions of the CMIP5 project are presented by Taylor
etal. (2012).

The reanalysis monthly oceanic potential temperature is from the National Centers for Environmental
Prediction Global Ocean Data Assimilation System (Behringer & Xue, 2004) at http://www.esrl.noaa.gov/
psd/data/gridded/data.godas.html. The horizontal resolution is 1° longitude by 1/3° latitude, and the
vertical resolution is 10 m for uppermost 230 m and becomes coarser toward the deeper levels.
The SST and zonal wind stress are from the European Centre for Medium range Weather Forecast-
ing ERA-Interim reanalysis data (Dee et al, 2011). The SST is downloaded from http://apps.ecmwf.int/
datasets/data/interim-full-moda/levtype=sfc/, and the zonal wind stress is from https://climexp.knmi.nl/
start.cgi. The time span used in this study is from 1980 to 2016 for all the reanalysis data.

2.2. Methods

2.2.1. Decomposing the Sources of the ENSO Nonlinearity

Following An and Kim (2017) and Libbecke and McPhaden (2017), we decompose the source of the ENSO
nonlinearity into three components: (i) SST modulates winds, (ii) winds excite oceanic waves, and (iii) oceanic
waves that have propagated to the east modulate SST. To close the Bjerknes feedback loop, we look at SST in
(iii), following Libbecke and McPhaden (2017), rather than subsurface temperature as An and Kim (2017)
did, though our conclusions do not depend on this choice. To measure the relative impact of these three
sources of nonlinearity, we draw scatter plots between two area-averaged anomalies in the manner of (i) SST
(170-120°W, 5°Sto 5°N) and zonal wind stress (120°E to 80°W, 5°S to 5°N); (ii) zonal wind stress (120°E to 80°W,
5°S to 5°N) and thermocline depth (120°E to 80°W, 5°S to 5°N); (iii) eastern thermocline depth (170-120°W,
5°Sto 5°N) and SST (170-120°W, 5°S to 5°N). These anomalies are deviations from monthly climatology cal-
culated as the average over the full time span for each calendar month. The thermocline depth is defined as
the level of maximum vertical temperature gradient. To draw each scatter plot, we first calculate the lead-lag
relationship between the two variables and choose the lags with maximum correlations.

The best fit lines are drawn based on the standardized data. Linear regression and principle component analy-
sis yield almost identical linear fits. In Figure 2, following An and Kim (2017), the asymmetry index is defined as
S,—-S

Asym = =" (M
Sp+5,

where S, (S,) is the slope of the red (blue) best fit lines calculated using data with the positive-only
(negative-only) values in the horizontal axis. Figure 2 displays the relationships after normalizing variables by
their standard deviations, while Figures 3b and 3e show the relationships in physical units.

2.2.2. Idealized Model

We use a modified version of the heuristic nonlinear recharge oscillator ENSO model introduced by Jin (1998)
and Timmermann et al. (2003). This model is a simplified, two-box approximation of the Cane-Zebiak model
(Zebiak & Cane, 1987). Detailed descriptions of the model and our modifications are given in Kohyama and
Hartmann (2017).

3. Results

3.1. Source of the ENSO Nonlinearity

Figure 2a shows the observed three potential sources of ENSO nonlinearity. Among the three, the asymme-
try index is largest for (iii), so the observational ENSO nonlinearity mainly originates from the SST response
to oceanic waves. This result is consistent with Libbecke and McPhaden (2017) but may appear inconsis-
tent with An and Kim (2017) who showed that (ii) is the major source of the nonlinearity. This inconsistency
may originate from data set dependence and/or detailed analysis procedures, which we have to leave as a
caveat, but not from using SST in place of subsurface temperature. We have confirmed that using subsurface
temperature yields almost identical results.

Figure 2b shows the same scatter plots but for the historical runs of GFDL-ESM2M and MIROC5. These two
GCMs reproduce the observed relationships of (i)-(iii) well, suggesting that the source of the nonlinearity
in these models are (iii). The responses to increasing CO, are different between the two GCMs, however.
Figure 2c shows the same plots but for the warmer climate, where the (iii) component becomes virtually linear
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Figure 2. (a) Scatter plots of observed, lagged anomalies between monthly area-averaged standardized time series of
(left) SST and zonal wind stress, (middle) zonal wind stress and thermocline depth, and (right) eastern thermocline
depth and SST. Lags are chosen to realize the maximum correlations. The red (blue) best fit lines are calculated using the
data only with the positive (negative) values in the horizontal axis. The shaded areas show the estimated ranges of the
true regression slopes at the 95% confidence level. The asymmetry index defined in equation (1) is shown at the top of
each panel. The numbers in the brackets are the (left) lower and (right) upper bounds of the asymmetry indices
calculated from the estimated ranges of the slopes. (b) As in (a) but for (top) GFDL-ESM2M and (bottom) MIROC5 under
the historical forcing. (c) As in (b) but for the quadrupled CO, forcing. SST = sea surface temperature;

GFDL-ESM2M = Geophysical Fluid Dynamics Laboratory Earth System Model Version 2M; MIROC5 = Model for
Interdisciplinary Research on Climate version 5.
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| GFDL-ESM2M minus MIROCS | |GFDL-ESM2M|  [MIROCS|
5 D [ <1.60 m/mPa] [ 2,33 m/mPa]
i P 100 © 20+ e ] *
Historical L~ l — 3
z 2942 Historical | € T .
1 -2 £ 200 S - e
(1965-2005) = Se (1965-2005)| £ O =
= = (e} - ~
= o0 HI Bl 1]
Q 400 Og ° L TRk
8§ 5 2ENO £ FhoEre
@ =0 S [ 51.08 m/mPa] [
e N
S 100 & =51 g 200 ]
Abrupt4xCO2 | 200 %‘q&; AbruptdxCO2| & ol
o2 (100-150) |— e
(100-150) 552 I :
300 2] 20 £ 00
a N
400 L N
120°E 180° 120° 60°W 20 0 20
Longitude Zonal Wind Stress (mPa)
¢) Historical Climate d) Transiently warming climate
Maritime wind stress —7  South Maritime South

€ ---- America

Continent America
slope —a

Continent | 5 Nifia

Thermocline depth is insensitive to
wind stress = ENSO is weak

L

e) Warming response of the “(iii) Waves modulate SST” component

35

O T T T

%" | |GFDL-ESM2M J

S

® 311 7 1 Abrupt4xCO2
13 i i (100-150)
=

2 o7t - -4 Historical
] i | (1965-2005)
8 .

@ 23r 1r 1

3 ! L

0

1 1 1 1
50 100 150 50 100 150
Eastern Thermocline Depth (m)

Figure 3. (a) Difference in climatological oceanic potential temperature averaged over 5°S to 5°N in the manner of
GFDL-ESM2M minus MIROC5 under the (top) historical and (bottom) quadrupled CO, forcings. (b) As in the middle
column of (top) Figures 2b and (bottom) 2¢, but with physical units. The blue dashed best fit lines are calculated using
the entire data (rather than only positive or negative anomalies as in Figure 2), and the slopes are shown at the top. (c)
Schematic showing the relationship between the slope of the ocean surface and thermocline for the historical climate.
Each variable is defined in section 3.2 (d) As in (c) but for a transiently warming climate. Red color denotes warmer and
lighter sea water than (c), which makes the thermocline depth insensitive to wind stress input, inducing weaker El
Niflo-Southern Oscillation. (e) As in the right column of Figures 2b and 2c but with physical units. Output from the
(blue) historical and (red) quadrupled CO, experiments of (left) GFDL-ESM2M and (right) MIROC5 are plotted.
GFDL-ESM2M = Geophysical Fluid Dynamics Laboratory Earth System Model Version 2M; MIROC5 = Model for
Interdisciplinary Research on Climate version 5; SST = sea surface temperature.
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in GFDL-ESM2M but not in MIROC5. The asymmetry index of (iii) in GFDL-ESM2M changes from 0.99 to 0.23
with warming, whereas in MIROC5 only from 0.92 to 0.89. Though the mechanism for the ENSO nonlinearity
for the historical climate is similar between the two models, the warming response of nonlinearity is different.

3.2. Mechanism for the Different ENSO Warming Responses

Kohyama and Hartmann (2017) concluded that the climatological temperature difference between the atmo-
sphere near the surface and the ocean below the thermocline serves as a determinant of the nonlinear
response to warming. Therefore, we first compare the climatological upper ocean temperature between the
two models.

Figure 3a shows the equatorial climatological temperature difference between the two models. For the
historical climate, temperature below the thermocline is cooler in GFDL-ESM2M than in MIROC5, whereas
temperature above the thermocline is warmer (Figure 3a, top). That is, the equatorial ocean interior is more
thermally stratified and stable in GFDL-ESM2M than in MIROCS. This difference in the stability becomes more
evident in the warmer experiment (Figure 3a, bottom). This intensification of the stability difference under
global warming may be due to a positive feedback as follows. If the ocean is more stable, the warmer water in
the upper ocean is less likely to be vertically mixed with the colder water in the deeper ocean. The suppressed
vertical heat exchange further stabilizes the system.

If the ocean becomes more stable, the equatorial thermocline becomes less sensitive to winds due to the
following mechanism. Figure 3c shows a schematic of the equatorial thermocline presented as a 1.5-layer
model. Hydrostatic balance and no motion in the lower layer are assumed, because in principle, no energy
enters the lower layer at sufficiently high frequencies. Hence, the pressure gradient at a reference level in the
lower layer is zero:

pihy + pyhy = pihs + pyh, 2)

or

== 3)

where L denotes the width of the basin in the longitudinal direction, p, (p,) denotes the upper (lower) layer
density, and h; denotes the layer depth. For h;, the index j denotes the upper (lower) layerby i = 1,3 (i = 2,4),
and the western (eastern) edge of the basin by i = 1, 2 (i = 3, 4) as described in Figure 3c. Using the definition
of the slopes, —a = {(h; + h,) — (h; + hy)}/Land g = (h, — h,)/L where a >0, >0, we get

pr(a+ )= p,f 4)

or

a

- - 5
pa/pr =1 ®

Differentiating both sides, and assuming that the easterly wind stress anomalies (—dr) is proportional to the
sea level tilt anomalies (da o« —dz; Li & Clarke, 1994), we get

dr
d - 6
pe pa/py =1 ©

Equation (6) means that the sensitivity of the thermocline tilt anomalies to wind stress, or 1/(p,/p; — 1),
depends upon the ratio of the densities between the two layers. Therefore, if the ocean becomes more
stable as the climate warms, the denominator p,/p,; — 1 becomes larger and the equatorial thermocline
depth becomes less sensitive to winds, as schematically shown in Figure 3d. Using the reduced gravity
g = g(p,/p, — 1), equation (6) could be also written as

df « —% (7)
where the constant g is omitted. Equations (6) and (7) both indicate that the thermocline slope is less sensitive
to wind stress for a more stable ocean.
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a) Idealized global warming experiment with different stability
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Figure 4. (a) Idealized model experiments that simulate the (red) western and (blue) eastern equatorial Pacific SST
variability. The climatological reservoir temperature difference between the atmosphere near the surface and the ocean
below the thermocline (T, — T,) is linearly increased with the rate of (top) 0.7 °C per century starting at T, — T,=13.5 °C
and (bottom) 0.4 °C per century starting at T, — T,=12.5 °C, which represent two types of models with stronger and
weaker upper ocean thermal stratifications, respectively. T, — T, in Years 0, 100, and 200 are shown at the top of each
panel. (b) Left: As in Figure 3a but the difference calculated in the manner of reanalysis minus GFDL-ESM2M in the late
historical period (1980-2005). Right: As in left but reanalysis minus MIROC5. GFDL-ESM2M = Geophysical Fluid Dynamics
Laboratory Earth System Model Version 2M; MIROC5 = Model for Interdisciplinary Research on Climate version 5; SST =
sea surface temperature.

Based on this mechanism, the sensitivity of thermocline to winds shown in Figure 3b is consistent with the
thermal stratification shown in Figure 3a. For the historical climate, GFDL-ESM2M has a more stable ocean
and exhibits a smaller sensitivity of the thermocline to winds than MIROC5 by about 30%. We could call the
thermocline in GFDL-ESM2M stiffer than in MIROCS5. For the warmer climate, the difference in thermocline
sensitivity between the two models becomes larger, because the upper ocean in GFDL-ESM2M warms faster
and the stability is increased more.

Because the thermocline in GFDL-ESM2M is stiffer in the warmer climate, equatorial waves with large ampli-
tudes are harder to excite, and the resultant modulations of the eastern thermocline are reduced. Figure 3e
robustly shows that, in the warmer experiment in GFDL-ESM2M, SST does not swing enough to support large
ENSO events due to the weaker wave displacements. The weak wave displacements appear to be why the
ENSO in GFDL-ESM2M becomes almost linear for the warmer climate. In MIROC5, however, the variations of
the eastern thermocline are kept large enough to sustain the nonlinear response of SST. Due to the weak
historical thermal stratification, the thermal stratification in MIROC5 does not become stronger as rapidly
as in GFDL-ESM2M. Due to the small stability, the thermocline responds strongly to winds. This more reac-
tive thermocline allows larger anomalies to enter the eastern thermocline, which supports strong, nonlinear
SST variations.
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In Figure S1 in the supporting information, we show the results from the Community Climate System Model
version 4 (CCSM4; Gent et al,, 2011), which exhibits similar thermal stratification as GFDL-ESM2M but with
weaker nonlinearity. The increased stratification and reduced ENSO variance is also seen in CCSM4 but to
a less extent than in GFDL-ESM2M because of the weaker mean-state nonlinearity in CCSM4. Compared to
GFDL-ESM2M, the nonlinear rectification effect on the mean-state SST is also limited. We examined four addi-
tional CMIP5 models, but these models do not exhibit the physical processes that we discuss in this paper due
to the lack of realistic nonlinearity. Therefore, we should remark as a caveat that we have focused mostly on
the two models with best ENSO nonlinearity in this particular study, so the robustness of our conclusions con-
cerning the future ENSO variability is limited due to the limited number of models with more realistic ENSO
nonlinearity.

3.3. Idealized Model Experiments

To illustrate the mechanism by numerical simulations, we have performed two idealized model experiments
with different stability. In the More Stable experiment (Figure 4a, top), the temperature difference between the
atmosphere near the surface and the ocean below the thermocline (T, —T,) is initially set to be 13.5°C, and the
T, — T, isincreased with the rate of 0.7 °C per century, expressing that the atmosphere warms faster than the
ocean due to the different heat capacity. In the Less Stable experiment (Figure 4a, bottom), T, — T is initially
setto be 12.5°C, and the T, — T, is increased with the rate of 0.4 °C per century. The T, — T, is increased more
rapidly in the More Stable experiment to incorporate the effect of the suppressed vertical heat exchange.

Figure 4a shows the SST time series in the two experiments. In the More Stable experiment, which is designed
to imitate GFDL-ESM2M, strong El Nifios are terminated at the threshold of T, — T, ~ 14.2 °C. This termination
is because the stiff thermocline cannot redistribute as much heat in the equatorial upper ocean to yield a
strong El Niflo (Kohyama & Hartmann, 2017). By contrast, in the Less Stable experiment, which is designed to
imitate MIROCS5, strong El Nifios are not terminated because T, — T, does not reach the threshold of ~ 14.2°C
even after the two-century run. Rather, because of the warming western Pacific, which serves as the upper
bound of the ENSO intensity (An & Jin, 2004), the ENSO amplitude strengthens by about 10% during the two
centuries. This difference in the existence of the nonlinearity termination between the two experiments is
consistent with the mechanism explained in the previous subsection.

3.4. Comparison With Observations

We also compare the two models with the observations to project the future ENSO change. Figure 4b shows
the same temperature plot as in Figure 3a but for observations relative to the two models. The observed equa-
torial upper ocean is more stable than the GFDL-ESM2M, which is more stable than MIROC5. This observed
strong stability is more favorable for T, — T, to reach the threshold that terminates strong El Nifio events than
in the two models. Though this conclusion is derived only from the two GCMs and idealized model exper-
iments, it makes physical sense to project that, based on the observations and the available models with
realistic nonlinearity, ENSO may weaken nonlinearly sooner than the model-based projections.

4, Conclusions

4.1. The ENSO Nonlinearity Matters to the ENSO and Mean-State Responses to Global Warming
Under global warming, the ENSO amplitude in GFDL-ESM2M weakens, but that in MIROC5 remains almost
constant (Figure 1b). Decomposing the potential source of the ENSO nonlinearity into three components, we
have demonstrated that the difference in the ENSO amplitude responses between the two models is associ-
ated with the nonlinear SST response to oceanic waves, rather than the wind response to SST or the oceanic
wave response to winds (Figures 2 and 3e).

Many GCMs show strengthening of ENSO in response to warming (Collins et al., 2010), but they do not repro-
duce the ENSO nonlinearity as realistically as GFDL-ESM2M and MIROCS (Figure 1a). Our preliminary analysis
suggests that many CMIP5 models do not reproduce the nonlinear SST response to waves. Without the pos-
sibility of the nonlinear regime shift, one might project that the ENSO amplitude will strengthen. We should,
however, pay more attention to the GCMs that reproduce the realistic ENSO nonlinearity, because ENSO in
the real world is nonlinear.

Based on the NEWS mechanism (Kohyama & Hartmann, 2017), the nonlinear ENSO response to global
warming can rectify the mean-state SST. Therefore, the difference of the nonlinear ENSO response between
GFDL-ESM2M and MIROC5 could have an important implication for whether the response will be El Nifio
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like or La Nifa like (Figure 1). Considering the scientific and societal impacts, the ENSO nonlinearity is a key
characteristic and should not be considered to be a minor, higher-order correction of the linear ENSO.

4.2. An Urgent Task Is to Improve the Reproducibility of the Thermal Stratification in GCMs Because
It Determines the Nonlinear ENSO Response

With strong climatological thermal stratification in the upper ocean, ENSO may weaken nonlinearly in
response to warming. The mechanism is explained as follows. If the thermal stratification becomes stronger,
weaker thermocline variations can keep the ocean in hydrostatic balance (Figures 3c and 3d and equation (6).
The resultant stiffer thermocline depth is less sensitive to winds (Figure 3b), which minimizes the nonlin-
ear response of the eastern SST. Importantly, despite the small difference in thermocline sensitivity, the
nonlinearity produces a huge difference in the amplitude of SST (Figure 3e).

The idealized model confirms that the climatological temperature difference between the atmosphere near
the surface and the ocean below the thermocline (T, — T,)) is an important parameter (Figure 4a). Here T, — T,
could be regarded as the first-order approximation of the climatological thermal stratification. Once T, — T,
reaches a certain threshold value, strong El Nifios become terminated (see also ; Kohyama & Hartmann, 2017).
This sudden loss of strong El Nifios is consistent with the two GCMs. In GFDL-ESM2M, because the thermal
stratification is strong, ENSO becomes almost linear. By contrast, ENSO keeps its amplitude in MIROCS5, because
the weak thermal stratification is unfavorable to reach the threshold for the ENSO to weaken. It might be
interesting to warm MIROC5 more and check whether the ENSO in MIROC5 can be weakened.

The differences in vertical stratification in these two models could be due to a myriad of differences in the
models, including the background diffusivity, the shear mixing scheme, the boundary layer scheme, the ver-
tical resolution, and the mixing due to truncation errors. Hence, it is not possible to discern the cause(s) for
the difference in the vertical stratification between GFDL-ESM2M and MIROC5. More analysis and numerical
simulations are needed to understand the model difference.

4.3. Observational Thermal Stratification Suggests That the ENSO Amplitude Might Weaken
Nonlinearly, and the Regime Shift Might Happen Sooner Than the GCM-Based Projections
GFDL-ESM2M and MIROC5 suggests that, if T, — T, is large for the historical climate, T, — T, will increase
rapidly under a warming climate (Figure 3a). This intensification of T, — T, makes physical sense, because the
suppressed vertical mixing will inhibit the vertical heat exchange. As shown in Figure 4b, the observed T, — T,
is larger than the modeled ones for the historical climate. Therefore, the observed strong T, — T, may support
a rapid increase of T, — T, that terminates strong El Nifios. GFDL-ESM2M exhibits the termination of strong
El Nifios in Year 2070 for the RCP8.5 scenario (Kohyama & Hartmann, 2017), so the observed strong thermal
stratification leads us to speculate that the regime shift might happen in a couple of decades.
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