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Abstract Sea surface temperature (SST) anomalies over the North Tropical Atlantic (NTA) during the early
boreal spring can trigger El Nifio-Southern Oscillation (ENSO) events in the following boreal winter. However,
the future changes in the impact of the NTA on ENSO remain controversial. Here, we show distinct changes in
the strength of the NTA—ENSO relationship due to global warming by comparing models from the Coupled
Model Intercomparison Project (CMIP) 5 and CMIP6. The impact of the NTA on ENSO under greenhouse
warming is notably enhanced in CMIP6 compared to CMIP5. A wetter mean state over the subtropical eastern
North Pacific and increased oceanic sensitivity over the equatorial central Pacific are key factors that enhance
the impact of the NTA SST on ENSO. Therefore, differences in the mean state under greenhouse warming
between the CMIPS5 and CMIP6 models can modulate the strength of the NTA—ENSO relationship.

Plain Language Summary The North Tropical Atlantic (NTA) region can affect the development of
El Nifio events, significantly impacting global weather systems. Our study compares two generations of climate
models, CMIP5 and CMIP6, to understand how the influence of the NTA sea surface temperature (SST) on El
Niflo might change due to global warming. We found that the influence of the NTA SST on El Nifio is stronger
in the CMIP6 models than in the CMIP5 models. This stronger impact is due to changes in the climatological
background states, including a wetter mean state over the subtropical eastern North Pacific and increased
oceanic sensitivity over the equatorial central Pacific. Understanding these changes is crucial for improving
predictions of future climate variabilities and their potential impacts on weather, ecosystems, and food
production worldwide.

1. Introduction

El Nifio-Southern Oscillation (ENSO), varying between anomalously warm (El Nifio) and cold (La Nifia) con-
ditions in the tropical Pacific, is the most prominent interannual climate variation on Earth (Collins et al., 2010;
McPhaden et al., 2006). ENSO has a profound impact on global weather and climate, marine ecosystems, and
human activities (Andela & Van Der Werf, 2014; Barbero et al., 2015; Glynn & De Weerdt, 1991; Ropelewski &
Halpert, 1987). Accurate forecasting of ENSO is of great importance to both society and science. One approach to
improving forecasts is to understand how other tropical basins influence ENSO (Cai et al., 2019). Although
ENSO affects the sea surface temperature (SST) variability over the North Tropical Atlantic (NTA) (Chang
et al., 2003; Elliott et al., 2001; Huang, 2004), recent studies have highlighted the impact of the NTA SST on
ENSO (Ding et al., 2023; Jo & Ham, 2023). Despite some debate about whether the impact of the NTA SST on
ENSO is a statistical artifact due to ENSQO's oscillatory nature (Zhang et al., 2021), previous studies have shown
that NTA SST anomalies during boreal spring can trigger ENSO in the following seasons in various coupled
climate models (Ham et al., 2013; Ham & Kug, 2015; Jiang & Li, 2021; Park et al., 2022; Tian et al., 2023; Yang
etal., 2023). The NTA-related signals over the subtropical central-eastern Pacific propagate to the tropical Pacific
through the equatorward extension of the SST and precipitation anomalies driven by the low-level meridional
wind (Park et al., 2019, 2022).

The impact of the NTA SST on ENSO has been enhanced since the mid-1980s in observations (Park et al., 2023;
Wang et al., 2017), while changes in the influence of the NTA SST on ENSO under greenhouse warming remain
controversial in the climate models participating in the Coupled Model Intercomparison Project Phase 5 and 6
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(CMIPS5 and CMIP6) (Choi et al., 2019; Jo & Ham, 2023). Some studies using an intermediate complexity climate
model, and the CMIP5 models suggested a weakened relationship between the NTA SST and ENSO in the future
climate (Jia et al., 2016). In contrast, Jo and Ham (2023) proposed the impact of the NTA SST on ENSO
considerably increases under greenhouse warming in the CMIP6 models.

The changes in the influence of the NTA SST on ENSO under greenhouse warming from CMIP5 to CMIP6
models signify that different favorable background conditions exist to the relationship. In this study, we examine
the causes of different simulations of the NTA—ENSO connections under greenhouse warming in CMIP5 and
CMIP6 models.

2. Data and Methods
2.1. CMIP5 and CMIP6 Data

To examine the changes in the NTA-ENSO connections under greenhouse warming, we used the monthly outputs
from 28 selected CMIP5 models forced by historical forcing up to 2005 and the subsequent representative
concentration pathway (RCP) 8.5 scenario (Taylor et al., 2012) and 27 selected CMIP6 models were used forced
by historical forcing up to 2014 and the subsequent Shared Socioeconomic Pathway 5-8.5 scenario (O'Neill
etal., 2016), covering the period from 1950 to 2100. We used rlilpl ensemble members in CMIPS5, and primarily
rlilplfl ensemble members in CMIP6 (Table S1 in Supporting Information S1) because it includes the largest
number of available models (Jia et al., 2021; Jo & Ham, 2023). We ensured the reliability of the models by
selecting only those that accurately simulated the negative relationship between the NTA SST during boreal early
spring and Nifio3.4 SST during boreal winter in the present-day climate, excluding those that simulated a positive
relationship. All CMIP model data sets were interpolated to a 2.5° X 2.5° grid. The anomalies were calculated by
removing seasonal cycles and quadratic trends from the monthly data based on the full 150-year period (1950—
2099).

2.2. Bjerknes Stability Index

According to Kim and Jin (2011), the Bjerknes stability index (referred to as BJ index) can be expressed as
follows:

o(T)g

ot =R<T>E+F<h>Ws )]

where F represents the linear periodicity, and R represents the linear growth rate of ENSO, which is expressed as
follows:

R= _(a1<Au>E + a2<Av>E) — Oy +/’¢aﬂu<_aal> +Maﬂw<_aaz> +Maﬁh<HE> ap, (2)
X E 2lE 1/E

L L,

where u, v and w indicate the zonal, meridional, and vertical ocean currents, respectively. T represents the average
temperature from the surface layer to the mixed layer, and H, represents the vertical average from the ocean
surface to the mixed layer. The overbar on the variable represents its mean state. (ferm) indicates the area of the
eastern or western equatorial Pacific, and L, and L, denote the longitude and latitude lengths of the eastern box,
respectively. a; and a, are values estimated using the zonally or meridionally averaged SST anomalies at the
boundaries of the area-averaging box and the area-averaged SST anomalies over the box. a; is estimated by
regressing the net heat flux anomaly on the SST anomaly in the equatorial eastern Pacific. a;, indicates the effect
of changes in thermocline depth on ocean surface temperature. In the general BJ index, u, represents a parameter
that indicates the sensitivity of the surface wind stress response to the ENSO over the equatorial Pacific. In this
study, since we examine the remote response to the NTA SST, it refers to the response of the equatorial Pacific
surface wind stress to the NTA SST. § terms represent the ocean response sensitivity to equatorial surface wind
stress. To summarize, the terms on the right for R represent, in that order, dynamic damping to the mean ocean
current, thermodynamic damping, zonal advective feedback, upwelling feedback, and thermocline feedback.
Note that both the dynamic and thermodynamic damping terms in the BJ index reduce the growth rate of ENSO,
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while the feedback terms including Zonal advection, Ekman, and Thermocline feedback terms increase it (Im
et al., 2015).

2.3. Moisture Budget

We conducted a moisture budget analysis to understand an increased NTA-related precipitation responses over
the subtropical eastern North Pacific. The equation can be derived as follows:

500hPa - ' ’

0 oq ou (3 0 0

Prec,cx/ —[u’—q+v’ 15 q v ] [ 'y q 4 §L+§L]dz+E,, 3)
1000hPa ox  dy ox " oy

where Prec’ denotes the precipitation response, u, v, g and E indicate zonal wind, meridional wind, specific
humidity, and evaporation, respectively. The overbars and primes indicate monthly climatology and anomalies

based on the present-day (1950—2000) and future climate (2050—2100), respectively. Here, (— [u gz+ v a"]) and
l
C [u (;Ix +7% ]) represent the vertically-integrated advection of moisture terms. On the other hand,

/
(—[q' Giyg g;]) and (—[5‘%C + ﬁ";‘ ] ) represent the vertically-integrated divergence of moisture terms. Due to

their relatively minor impacts and difficulties in obtaining daily data because of computational resource con-
straints, the evaporation and eddy terms were excluded from the moisture budget analysis.

2.4. Partial Regression

To determine the influence of the NTA SST, a partial regression analysis was conducted to exclude the influence
of ENSO during the preceding winter. The equation can be described as follows:

Ryp — Rys * Ryp

Cyp) =
V1 =R,2

where Cyp4) represents the partial regression coefficient between the target variable ¥ and the NTA index (B)

“4)

after the removal of the influence of ENSO (A). Although the ENSO signal from the previous winter cannot be
entirely removed through simple linear regression, the strengthening of the NTA—ENSO relationship in CMIP6
remains robust even after accounting for the temporally and spatially diverse ENSO-related signals (figures not
shown).

3. Results
3.1. Changes in the NTA—ENSO Relationship Under Greenhouse Warming

The changes in the impact of the NTA SST on ENSO due to global warming simulated in CMIP5 and CMIP6
models are examined. The NTA index during February—March—April (FMAO, where “0” denotes the current
year) is defined by taking the area-averaged SST anomalies (80°W-20°E, 0°~15°N) (Choi et al., 2019). The
degree of impact of the NTA SST is quantified using the partial lagged regression coefficient of the quadratically
detrended Nifio3.4 SST anomalies (170°-120°W, 5°S—5°N) during the following December—January—February
(DOJF1, where “1” denotes the following year) onto the NTA SST index during FMAO after removing the lin-
early regressed ENSO signal during the preceding winter (see Methods for the partial regression) (Figure 1). Note
that the regressed coefficients are multiplied by —1 to facilitate showing the impact of the NTA SST cooling on
the subsequent El Niflo.

In total, 55 models (28 out of 35 CMIP5, and 27 out of 29 CMIP6 models) that simulate a warming equatorial
central-eastern Pacific response during DOJF1 to the NTA SST cooling during FMAQO in the present-day climate
were selected. In CMIP5 and CMIP6 models, the multi-model averaged partial regression coefficients are
1.11 #+ 0.30°C-°C™" and 1.26 + 0.28°C-°C™", respectively. Furthermore, the observed partial regression co-
efficient measured by ERSST v5 during 1950-2022 is 1.21°C-°C™", within the 95% confidence range of the
multi-model averaged regression coefficient (Figures 1a and 1b; black bar), indicating that the selected climate
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Figure 1. (a) Comparison of the DOJF1 Nifio3.4 SST response to the FMAO North Tropical Atlantic (NTA) SST based on observations (1950-2022; black bars) and the
present-day climate (1951—1999; blue bars) and future climate (2051—2099; red bars) in the 28 selected CMIPS5 models (In order to only check the NTA effect, the
Nifio3.4 SST effect from the previous DJF season has been removed). The multi-model averaged value and corresponding error bars for the selected 28 CMIPS (labeled
CMIP5-MMM and CMIP6-MMM) is also shown. (b) Same as a but for the selected 27 CMIP6 models. The “*” mark is displayed when the correlation coefficient is
significant within the 95% confidence interval. Error bars represent the upper and lower 2.5% values, using a bootstrap method with 10,000 inter-realizations, and
represent 95% confidence ranges. The regressed coefficients are multiplied by —1 for the NTA SST.

models realistically simulate the lag relationship between the NTA SST and ENSO to some extent in the present-
day climate.

Next, we examined the changes in the impacts of the NTA SST on ENSO under greenhouse warming in CMIP5
and CMIP6 models (Figure 1). Partial lag regressions of the detrended DOJF1 Nifio3.4 SST onto the FMAO NTA
SST index during the future period (2051—-2099) are significantly enhanced compared to those during the present-
day period (1951—1999) in CMIP6 models (Figure 1b). In contrast, there are no significant changes between the
future and present-day period in CMIP5 models (Figure 1a). This indicates that the influences of the NTA SST on
ENSO under greenhouse warming differ between CMIP5 to CMIP6 models. This result remains robust and
significant even when excluding outliers, defined as models where the difference in partial regression coefficients
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Figure 2. (a) Spatial patterns of the Pacific response shown as the regression of precipitation (mm-day~'-°C™"; shading) and 850 hPa wind (m-s~'-°C~!; vectors)
anomalies during the following spring to summer seasons (February—July; FMAMIJO) onto the FMAO NTA based on the multi-model averaged value of the 28 selected
CMIP5 models under the present-day climate (1951—1999). (b) Same as a but for the 27 selected CMIP6 models. (c, d), Same as (a), (b) but for the future climate
(2051-2099) in the CMIP5 and CMIP®6, respectively. Through bootstrap testing, the standard deviation of each period is calculated from 10,000 realizations, and if the
difference between the mean values of the future and present periods exceeds the sum of two standard deviations, it is determined to be statistically significant at a 95%

confidence level.

The red hatches and vectors in (a—d) represent the most prominent ensemble features where the mean exceeds 1.0 STD. (e) Subtropical eastern North

Pacific precipitation response (mm-day~'-°C™") to the NTA SST during the present-day and future climate in the CMIP5 and CMIPS6, respectively, which is measured as
the area-averaged regression coefficients of grid-point subtropical eastern North Pacific (170°-140°W, 18°-40°N) precipitation anomalies during the FMAMIJJO season
onto the FMAQ NTA SST after removing the linearly regressed Nifio3.4 index during the preceding winter. (f) Same as (e) but for the equatorial western Pacific (150°—
180°E, 5° S—5°N) 850 hPa zonal wind response (m-s~'-mm-day~") to the subtropical eastern North Pacific precipitation anomalies during the FMAMIJJO season. Error
bars represent the upper and lower 2.5% values, using a bootstrap method with 10,000 inter-realizations, and represent 95% confidence ranges. The regressed
coefficients are multiplied by —1 for the NTA SST.

between the future and present-day climate exceeds £2 standard deviations (STD), from the multi-model average
calculation (Figures S1 and S2 in Supporting Information S1).

To understand the physical mechanism behind the distinct changes in the influence of the NTA SST on ENSO
under greenhouse warming from CMIP5 to CMIP6, we quantified the simulated ENSO stability over the tropical
Pacific using the BJ index (Kim & Jin, 2011). We first examine the NTA-related atmospheric responses (x,) in the
present-day and future climate in CMIP5 and CMIP6, respectively (Figures 2a—2d). The spatial distributions of
precipitation and low-level wind anomalies over the NTA, influenced by the NTA SST cooling, exhibit simi-
larities between CMIP5 and CMIP6 during the boreal early spring to early summer seasons (February—July;
FMAMIJJO0). However, there are notable differences in the intensity of precipitation and low-level wind anomalies
over the tropical western-to-central Pacific and the subtropical eastern North Pacific. Specifically, the NTA SST
cooling during FMAQO leads to increased anomalous positive precipitation over the subtropical eastern North
Pacific under greenhouse warming in CMIP6 models (Figures 2d and 2e). The increased positive precipitation
over the subtropical eastern North Pacific leads to stronger cyclonic circulation anomalies with southwesterly
wind anomalies over the subtropical North Pacific, resulting in the weakening of the trade winds. The associated
decrease in the wind speed reduces the evaporative heat loss and subsequently warms the SST. The warm SST
anomalies propagate southwestward toward the equatorial Pacific via the wind-evaporation-SST (WES) feedback
process (XIE & Philander, 1994). As a result, the enhancement of the NTA-related westerly anomalies over the
subtropical western-to-central Pacific intensifies the activation of the downwelling Kelvin waves and the WES
feedback, subsequently increasing ENSO variability (Figure S3 in Supporting Information S1).
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Figure 3. (a) Regression coefficients of moisture budget for each term in the subtropical North Pacific (170°-140°W, 18°~40°N, black box in (b)) during the FMAMIJJO
season against the FMAO NTA SST after removing the linearly regressed Nifio3.4 index during the preceding winter under the present-day climate (1951—1999) and the
future climate (2051—-2099) in the CMIP5 and CMIP®6, respectively. Black bars indicate the NTA-related precipitation responses, light blue bars indicate the summed
moisture budget terms, yellow and purple bars represent moisture advection terms, and brown and red bars represent moisture convergence terms, respectively. Unit for
the moisture budget is mm-day~'-°C™". The regressed coefficients are multiplied by —1 for the NTA SST. (b) Changes in the vertically integrated (from 1,000 hPa to
500 hPa) climatology specific humidity (g-kg™'-Pa) in the CMIP6 change (future climate minus present-day climate) compared to CMIP5 change (future climate minus

present-day climate).

To further investigate the sensitivity of westerly wind anomalies over the equatorial western-to-central Pacific to
a positive precipitation over the subtropical eastern North Pacific, we calculated regression coefficients for the
850 hPa zonal wind anomaly over the equatorial western Pacific (150°-180°E, 5°S-5°N) during FMAMIJJO with
respect to the precipitation anomaly over the subtropical eastern North Pacific (170°-140°W, 18°-40°N) during
both the present-day and future climate for CMIP5 and CMIP6 models, respectively (Figure 2f). There are no
significant differences between the present-day and future climate. This finding supports our hypothesis that the
increased NTA-related precipitation response over the subtropical eastern North Pacific under greenhouse
warming in CMIP6 models plays a crucial role in the strengthening of the NTA—ENSO connection.

The wetter mean state over the off-equatorial North Pacific is known to enhance the NTA—ENSO connection (Jo
& Ham, 2023). To verify this point, we conducted a moisture budget analysis to confirm that the wetter mean state
over the subtropical eastern North Pacific influence in-situ atmospheric responses to the NTA SST forcing under
greenhouse warming. Figure 3a shows the individual moisture budget terms for NTA-related precipitation re-
sponses over the subtropical eastern North Pacific in the present-day and future climate in CMIP5 and CMIP6
models, respectively. The NTA-related precipitation anomalies (black bars) and the sum of the individual terms
based on the moisture budget analysis (light blue bars) are similar between CMIP5 and CMIP6, indicating that
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moisture budget analysis is a useful method to explain why the precipitation response over the subtropical eastern
North Pacific is enhanced under greenhouse warming in CMIP6 models.

’ /
Among all moisture budget terms, the moisture convergence term (—[6% +§%], red bars in Figure 3a)

induced by the anomalous convergence and climatological humidity contributes considerably to precipitation
anomalies over the subtropical eastern North Pacific under greenhouse warming. The regression coefficient
increases by more than 3.3 times, from 0.13 mm-day™' °C™" (historical) to 0.43 mm-day~'-°C~" (SSP585) in
CMIP6, suggesting that the wetter mean state or enhanced anomalous convergence over the subtropical eastern
North Pacific plays a critical role in strengthening of NTA—ENSO connection. The inter-model correlation
between changes in vertically-integrated climatology specific humidity during FMAMIJO over the subtropical
eastern North Pacific and changes in the Nifio3.4 SST response to the NTA SST during DOJF1 is 0.42, statistically
significance at the 95% confidence level (Figure S4 in Supporting Information S1), the climate models simulating
the wetter mean state over the subtropical eastern North Pacific in the future climate tend to simulate an
enhancement of NTA-ENSO connection. Additionally, we calculated the difference in the vertically-integrated
climatological specific humidity. As a result, the climatological specific humidity over the subtropical eastern
North Pacific during FMAMJIJO is increased under greenhouse warming in both CMIP5 and CMIP6 (Figure S5 in
Supporting Information S1). Notably, this increase is much greater in CMIP6 compared to CMIP5 (Figure 3b).
On the other hand, the term associated with the moisture advection term (—[u'%+ v'%] , yellow bars in
Figure 3a) contributes to the positive precipitation over the subtropical eastern North Pacific, the term associated
with climatological convergence is negligible, and the term associated with divergence of specific humidity
anomalies by climatological winds contributes to the suppression of precipitation under greenhouse warming. In
this regard, we propose that the increased precipitation response to the NTA SST anomalies under greenhouse
warming in the CMIP6 is largely caused by the wetter mean state over the subtropical eastern North Pacific.

3.2. Favorable Oceanic Conditions for the Strengthening of NTA—ENSO Connection

In the previous section, we examined atmospheric responses to the NTA SST anomalies. Among all scenarios, the
NTA-related precipitation and wind responses were most pronounced over the equatorial central-to-western
Pacific in the CMIP6 SSP585 scenario. On the other hand, given the importance of tropical air-sea coupling
processes in the development of ENSO (Bjerknes, 1969), it is crucial to analyze how the ocean responds to wind
anomalies over the tropical Pacific. In particular, we investigate the p terms, which are a sensitivity parameter of
the ocean response to a given surface wind stress in the BJ index, to confirm that which process significantly
contributes to the development of ENSO and the relationship between the NTA SST and ENSO.

The f,, which is related to the zonal advection feedback, calculated by the regression coefficient of the zonal
current (175°-120°W, 5°S-7.5°N) anomalies on the equatorial Pacific surface wind stress anomalies. The f,,,
which is associated with the Ekman feedback, is determined as the regression coefficient of the upwelling (155°—
85°W, 5°S-5°N) anomalies on equatorial Pacific surface wind stress anomalies. The f,, which is associated with
the thermocline feedback, calculated by the regression coefficient of the zonal contrast of thermocline depth
(eastern Pacific: 155°-85°W, 5°S—5°N; western Pacific: 130°E—155°W, 5°S-5°N) anomalies on equatorial
Pacific surface wind stress anomalies.

The notable changes in three ocean sensitivity parameters due to global warming are manifested in f,. In the
CMIP5 multi-model average, there is a decrease of about 8.1% in the future climate compared to the present-day
climate, while it increases by about 59.1% in the CMIP6 multi-model average (Figure 4a), which is consistent
with previous study (Wang et al., 2019). Therefore, the spatial patterns of zonal current response to zonal wind
stress (f3,) over the Niflo4 region in the present-day and future climate were investigated (Figures 4b—4e). The
spatial distribution of zonal current anomalies in CMIP5 show little change between the future and present-day
climate (Figure 4f), while the enhanced zonal current response in the equatorial western-to-central Pacific is
observed under greenhouse warming in CMIP6 (Figure 4g). This implies that the ocean responses are more
sensitive under greenhouse warming in CMIP6 models, providing a favorable oceanic condition for the devel-
opment of El Nifio.
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Figure 4. (a) Changes in ocean response sensitivity parameters during FMAMIJJO to Nifio4 surface wind stress during FMAMIJO, based on multi-model averages of 21

selected CMIP5 and CMIP6 models. (b) Spatial patterns of the Pacific response shown as the regression of zonal currents (m° - N ™' - s~

! shading) anomalies during the

FMAMIIJO season onto the FMAMIJO Nifio4 zonal wind stress based on the multi-model averaged value of the 21 selected CMIP5 models under the present-day climate
(1951—1999). (c) Same as (b) but for the 21 selected CMIP6 models. (d, e) Same as (b), (c¢) but for the future climate (2051—2099) in the CMIP5 and CMIP6,

respectively. (f) Changes in the zonal current m*-N'.s

~!. shading) anomalies in the future climate compared to the present-day climate during the FMAMIJO season

in the CMIPS5. (g), Same as (f) but for the CMIP6. Through bootstrap testing, the standard deviation of each period is calculated from 10,000 realizations, and if the
difference between the mean values of the future and present periods exceeds the sum of two standard deviations, it is determined to be statistically significant at a 95%
confidence level. Black hatches in (b—e) represent the most robust ensemble features where the mean exceeds 1.0 STD.

To understand why zonal current responses to a given zonal wind stress are sensitive under greenhouse warming
in CMIP6 models, we investigated the changes in oceanic sensitivity over the equatorial central Pacific. Ac-
cording to Zebiak and Cane (1987), f3,, can be approximated using the climatological MLD and TD as below:

H,

prHH, " )

Pu

Here, H is the mean thermocline depth which is defined as the maximum vertical temperature gradient (H. Yang
& Wang, 2009; Yeh et al., 2009), H, is the mixed layer depth which is defined as the depth at which the tem-
perature change from the surface temperature is 0.5°C (Monterey & Levitus, 1997), and H, represents the layer
thickness below the mixed layer depth (H = H, + H,). p and r, are constants, representing ocean density and
damping rate, respectively. The changes in f, due to greenhouse warming is represented as below:

1|(H-H H—-H 1 1 1 1 1
ol )l Gl o
Pl HHI f HHI p Pry Hlf Hlp Hf Hp
The subscript f represents the future climate, and the subscript p represents the present-day climate.
KIM ET AL. 8of 11

85U8017 SUOWWOD SAIERID 3|dedldde ays Aq pausenob afe saoie YO ‘s JOSs|n. 10y Areiq)aUl|UO /8|1 UO (SUONIPUOD-PUR-SWBH D" AB 1M ARIq 1 U1 |UO//STIY) SUOTIPUD PUe SWiB | U3 88S * [7202/80/90] U0 Afeiq1T8UIUO A8]IM ‘UOSINOL [EUOITEN 83103 UINoS Aq 92v60T 197202/620T OT/10p/Loo A3 im Arigijeuljuosqndnbe;/sdny wo.y pspeojumoq ‘ST ‘¥20Z ‘2008v6T



 Veld ]
A\I Geophysical Research Letters 10.1029/2024GL109426
o Change in climatological mixed layer depth
a) Change in climatology-based Bu 9 9 ¥ P
0.40 b) CMIP5-MMM MLD P
10N g
22
0 7, N
/ ///////./ !
108 4% = >
0.30 120E 150E 180 150W 120W 90w
¢) CMIP6-MMM MLD
10N
k7 0 7 27
® 20
2 020 08 f iy~ R
mE 120E 150E 180 150W 120W oW
N T 77 [ [ 1171 e
-10 -8 -6 -4 -2 0 2 4 6 8 10
d) ¢) minus b) m
0.10
10N Y
0 bt ' D i ’
OQ. i q
120E 150E 180 150W 120W 90w
S BT [ [T [ .
-5 -4 -3 -2 -1 (0] 1 2 3 4 )
S
S
<
\

)

Figure 5. (a) Changes in climatology-based ﬂu(m3 -N~'.s71) of CMIP5 and CMIP6 multi-model average. (b) Difference of the climatology mixed layer depth (MLD)
(m; shading) during the FMAMIJJO season for the future climate minus the present-day climate based on the multi-model averaged value (MMM) of the 21 selected
CMIP5 models. (c) Same as a but for the 21 selected CMIP6 models. (d) Changes in the climatology mixed layer depth (m; shading) in the CMIP6 change compared to
CMIPS change. Error bars represent the upper and lower 2.5% values, using a bootstrap method with 10,000 inter-realizations, and represent 95% confidence ranges.
Through bootstrap testing, the standard deviation of each period is calculated from 10,000 realizations, and if the difference between the mean values of the future and
present periods exceeds the sum of two standard deviations, it is determined to be statistically significant at a 95% confidence level. Black hatches in (b, ¢) represent the
most robust ensemble features where the mean exceeds 1.0 STD.

Under greenhouse warming, the climatological MLD of the equatorial central Pacific exhibits a noticeable
shallowing trend in both CMIP5 and CMIP6 models (Figures 5b and 5c¢). Additionally, the MLD is observed to be
shallower in CMIP6 compared to CMIP5 (Figure 5d). According to Equation 6, the shallower MLD serves to
increase f3,,, enhancing the growth of ENSO (Figure 5a and Figure S6 in Supporting Information S1). This finding
suggests that the enhanced oceanic sensitivity of the zonal current response to a given surface wind stress is
largely due to the shallower MLD under greenhouse warming. The increased oceanic sensitivity contributes to the
enhancement of NTA-ENSO relationship under greenhouse warming in CMIP6 models. This signifies that the
stronger NTA-related westerlies over the equatorial western-to-central Pacific leads to the stronger zonal
advection feedback process (f,), which in turn enhanced the NTA-ENSO connection under greenhouse warming
in the CMIP6 models.

4. Summary

Previous studies, investigating the changes in the NTA—ENSO relationship under greenhouse warming using
various coupled climate models, yield widely varied results (Choi et al., 2019; Jo & Ham, 2023). This study
examines the distinct changes in the influence of the NTA SST on ENSO under greenhouse warming by
comparing CMIP5 and CMIP6. The findings reveal that in CMIP6 models, the impact of the NTA SST on ENSO
is notably enhanced due to global warming, whereas changes in CMIP5 models are not statistically significant.
This enhancement is attributed to the wetter mean state over the subtropical eastern North Pacific, providing
favorable conditions for NTA SST anomalies to induce stronger local precipitation in subsequent seasons. This
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leads to stronger surface wind anomalies over the equatorial western-to-central Pacific, contributing to ENSO
development.

Furthermore, models with increased oceanic sensitivity in the equatorial central Pacific tend to simulate the
stronger NTA—ENSO connection due to more sensitive oceanic responses to zonal wind stress under greenhouse
warming. These findings signify that the enhanced NTA—ENSO connection is influenced by the changes in
climatological background states under greenhouse warming. These results provide valuable insights into un-
derstanding changes in inter-basin interactions under greenhouse warming, which is crucial for improving pre-
dictions of future climate variabilities and their potential impacts on weather, ecosystems, and food production
worldwide.
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