JGR Oceans

RESEARCH ARTICLE
10.1029/20241C022222

Key Points:

e Subsurface cooling is evident in
observations and climate models in
response to historical radiative forcing
but with different features

® Models simulating the subsurface
cooling most similar to observations
best reproduce the historical sea
surface temperature trend pattern

e Increased stability in the upper ocean
of some models prevents subsurface
cooling from being effectively
communicated to the surface

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

F. Jiang,
fjiang@ldeo.columbia.edu

Citation:

Jiang, F., Seager, R., Cane, M. A.,
Karamperidou, C., & Brizuela, N. G.
(2025). Subsurface cooling and sea surface
temperature pattern formation over the
equatorial pacific. Journal of Geophysical
Research: Oceans, 130, €2024JC022222.
https://doi.org/10.1029/2024JC022222

Received 3 DEC 2024
Accepted 10 APR 2025

Author Contributions:

Conceptualization: Feng Jiang,

Richard Seager, Mark A. Cane

Formal analysis: Feng Jiang
Investigation: Richard Seager, Noel

G. Brizuela

Methodology: Feng Jiang, Richard Seager
Supervision: Richard Seager, Mark

A. Cane

Writing — original draft: Feng Jiang
Writing — review & editing:

Richard Seager, Mark A. Cane,

Christina Karamperidou, Noel G. Brizuela

© 2025. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

V ad |
AG

l ADVANCING
EARTH AND
-~ SPACE SCIENCES

'

Subsurface Cooling and Sea Surface Temperature Pattern
Formation Over the Equatorial Pacific

Feng Jiang' 0, Richard Seager' (©), Mark A. Cane' (0, Christina Karamperidou® 1, and

Noel G. Brizuela'

'Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY, USA, *Department of Atmospheric Sciences,
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Abstract The equatorial cold tongue region has not warmed up in response to historical radiative forcing in
the real world, contrary to the strong warming often simulated by climate models. Here we demonstrate that
climate models fail to represent one or both of the key processes driving observed sea surface temperature (SST)
pattern formation: a realistic surface wind stress pattern shaping subsurface cooling through wind-driven
circulation changes, and effective connectivity between subsurface and surface temperatures via upwelling and
mixing. Consequently, none of the models approximate the observed lack of cold tongue SST warming and
strengthening of zonal SST gradient across the equatorial Pacific. Furthermore, those that come closest achieve
this due to interhemispheric warming differences rather than equatorial dynamics as observed. Addressing
different origins of subsurface cooling in observations and simulations, and how they connect to SST, will lead
to improved understanding of tropical Pacific SST changes to date and how they will evolve in the future.

Plain Language Summary The observed subsurface cooling trend in the tropical Pacific upper
ocean has been previously linked to the lack of sea surface temperature (SST) warming in the cold tongue
region. Although climate models tend to simulate a warmer cold tongue under historical radiative forcing, they
also prominently feature a subsurface cooling trend. In this study, we show that models simulating the
subsurface cooling most similar to observations best reproduce the observed SST trend pattern. In models that
simulate a same-signed response in zonal SST gradient as observed, the simulated subsurface cooling is driven
mainly by wind-driven Ekman pumping changes, similar to observations. In models with opposite-signed
response in zonal SST gradient, the deeper and more westward displaced subsurface cooling compared to that of
observations is primarily linked to changes in meridional overturning circulation and subsurface mixing. We
also explore the potential mechanisms affecting the efficiency of subsurface cooling in influencing SST pattern
formation in both observations and model simulations based on quantifications of the Richardson number
change and contributions from different processes involved.

1. Introduction

Although the response of tropical Pacific sea surface temperature (SST) and atmospheric circulation to radiative
forcing has an extensive literature (Cane et al., 1997; Chung et al., 2019; Clement et al., 1996; Heede &
Fedorov, 2021; Karamperidou et al., 2017; Olonscheck et al., 2020; Seager et al., 2019; Vecchi et al., 2006;
Watanabe et al., 2021; Zhang et al., 2010), the changes in the upper ocean has received much less attention. This is
despite the fact that the upper tropical Pacific Ocean undoubtedly influences SST and, hence, the atmospheric
response. The zonal gradient of SST has strengthened across the equatorial Pacific over the past several decades,
with pronounced warming in the western Pacific and a lack of warming or even cooling in the central-to-eastern
Pacific (Cane et al., 1997; Coats & Karnauskas, 2018; Seager et al., 2022). The ocean dynamical thermostat
(ODT) hypothesis has been proposed to explain this lack of warming in the equatorially confined upwelling
region (Cane et al., 1997; Clement et al., 1996; Seager et al., 2019, 2022). The ODT posits that the surface
warming in response to greenhouse gases (GHGs) in the cold tongue region can be offset by the enhanced vertical
cold advection and ocean heat flux divergence, therefore resisting warming during the historical period. A deep
thermocline, weak vertical temperature gradients, and weak winds and upwelling in the western Pacific mean the
GHG-induced warming is not similarly offset and SSTs must warm by more. The differential warming rate
between the western and eastern equatorial Pacific enhances the zonal SST gradient, which can sustain and
amplify itself through Bjerknes feedback. Our recent work further demonstrates that the wind-driven cooling and
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shoaling of the tropical Pacific Ocean thermocline over past decades, influences the central-to-eastern SST trend
pattern through vertical feedback processes (Jiang et al., 2024a, Jiang et al., 2024b).

In contrast to observations, climate models from phases 3, 5, and 6 of Coupled Model Intercomparison Project
(CMIP) as well as multiple Large Ensembles (LEs), preferentially simulate a weakened SST zonal gradient across
the tropical Pacific, characterized by greater warming in the east than in the west (Lee et al., 2022; Olonscheck
et al., 2020; Seager et al., 2019, 2022; Watanabe et al., 2024; Wills et al., 2022). There is an ongoing debate about
whether this model-observation discrepancy arises from the influence of internal variability in the observations
(Watanabe et al., 2021), or systematic biases within climate models (Seager et al., 2019). Our recent work
suggests that the SST trend in the tropical Pacific since the late 1950s is unlikely to be strongly impacted by
internal variability, particularly the Interdecadal Pacific Oscillation (Jiang et al., 2024a), lending support to model
biases as the cause. Despite their tendency to warm the eastern SST, subsurface cooling remains a prominent
feature across generations of climate model simulations subjected to radiative forcing (Ju et al., 2022; Seager
et al., 2022; Watanabe et al., 2021). In response to increasing CO,, climate models predict a local minimum in
ocean warming near the central-to-western equatorial thermocline (Y. Luo, Liu, & Lu, 2018; Vecchi et al., 2006;
Vecchi & Soden, 2007). Several mechanisms have been proposed to understand this subsurface cooling. Vecchi
and Soden (2007) interpreted it as an equatorial ocean dynamical feedback process, where the thermocline tilt
relaxes in response to weakened surface wind stress. The minimum warming in the central-to-western equatorial
thermocline has also been linked to the slowdown in the Subtropical Cells (STCs), potentially driven by increased
stratification of the upper ocean due to surface warming (Y. Luo et al., 2009, 2018; Y. Luo & Rothstein, 2011), or
by reduced meridional subsurface convergence resulting from the weakening of the Walker circulation and the
associated decrease in surface zonal wind stress over the equatorial Pacific (C. Yang et al., 2014; H. Yang
etal., 2009). Furthermore, Ju et al. (2022) suggest that the “spiciness effect”, referring to the density-compensated
anomalies of temperature and salinity produced in the outcropping regions of the North and South Pacific through
air-sea interaction and anomalous subduction (Munk, 1981; Schneider, 2000), also impacts the tropical sub-
surface ocean, leading to thermocline cooling via the STCs.

It is therefore puzzling that, although our previous studies argued that the observed lack of warming in the eastern
Pacific SST is closely related to local subsurface cooling (Jiang et al., 2024a, Jiang et al., 2024b), the similar
cooling in climate models does not appear to connect with the surface and strengthen the zonal SST gradient in the
equatorial Pacific.

2. Materials and Methods

We analyze SST data from four observational data sets: the Hadley Center data HadISST version 1.1 (Rayner
et al., 2003), the National Oceanic and Atmospheric Administration ERSSTv5 data (Huang et al., 2017), the
Centennial in situ Observation Based Estimates (COBE) of SST from the Japanese Meteorological Agency (Ishii
etal., 2005), and Kaplan Extended SST version 2 (Kaplan et al., 1998). This study primarily focuses on long-term
SST trends over the period 1958-2022, which roughly corresponds to the period over which the warm pool has
warmed (Jiang et al., 2024b; Seager et al., 2022). Additionally, we extend the SST trend analysis back to 1900 to
assess the robustness of the long-term trend patterns. For subsurface temperature (7') data, we utilize two
reanalysis data sets: the Ocean ReAnalysis System-5 (ORAs5) from the European Center for Medium-Range
Weather Forecasts (Zuo et al., 2019) during 1958-2022, and the Simple Ocean Data Assimilation, version
2.2.4 (SODA2.2.4) (Carton & Giese, 2008) during 1958-2008. Two observational-only data sets including EN4
data (Good et al., 2013) during 1958-2022 and Ishii data during 1958-2012 (Ishii & Kimoto, 2009) are also
utilized. The surface wind stress (z), ocean salinity (Sa), and zonal (UU) and meridional currents (V) from ORAs5
are also used to investigate subsurface ocean processes. For climate model simulations, we analyze outputs of
SST, surface wind stress, subsurface temperature, and zonal and meridional currents from historical simulations
spanning 1958 to 2014, extended to 2022 using the Shared Socioeconomic Pathways (SSP) 3-7.5 scenario
(Eyring et al., 2016; O’Neill et al., 2016) from single-model initial condition LEs (Deser et al., 2020). The se-
lection criteria for LEs require at least 10 ensemble members and the availability of subsurface temperature data in
public archives. Detailed descriptions of the LE models used are provided in Table S1 in Supporting Informa-
tion S1. Only LEs were used so that the forced response could be identified in each model.

All SST and surface wind stress data from observational data sets and LE simulations were re-gridded toa 1° X 1°
resolution for comparison. Subsurface temperature and ocean current data were re-gridded horizontally to 1° X 1°
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and vertically to a 10 m equally spaced grid. For LE simulations, the forced response in each model was calculated
as the trend in the multi-member mean and the multi-model mean forced trend was calculated as the average
forced change across all LEs. Anomalies for all variables were determined as deviations from the monthly
climatology during 1958-2022. Statistical significance tests were conducted using the two-tailed Student's #-test
with an effective sample size of n-2. Significance tests were applied only to trend estimations. For composite
analyses, significant tests were omitted due to the limited sample size in some cases (e.g., four observational data
sets), and information for individual data sets is presented in either the scatterplot or the supplementary figures in
Supporting Information S1.

To illustrate the oceanic processes related to the SST pattern formation, we calculated the Ekman pumping ve-
locity (wg) and Meridional Overturning Circulation (MOC) for observations and LE model simulations. wg was
derived from the divergence of the Ekman transport (Zebiak & Cane, 1987):

r, T+ f(t X k)

. 1
po (R +12) M

wg =V -Up=Vpg-

in which r, is the surface layer friction coefficient (0.5 days '), fis the Coriolis parameter, k is the unit vector in
the vertical direction, and pj is the reference ocean density (1,037 kg/m®). This formulation allows wg to be
evaluated as f goes to zero.

The MOC (y) in the tropical Pacific was calculated as the stream function of the meridional currents:

0 pig
p(D,2) = / / vcos®dAdz, 2)
Z Aw

in which @ is the latitude, 1 the longitude, z the depth, and Az and Ay, are the eastern (90°W) and western (150°E)
boundaries used in the MOC calculation.

We also quantify the stratification in the tropical Pacific Ocean as follows:

oT 6Sa> 3)

N = —glaZ-+ 522,
g(aaz+ﬂ oz

in which N is the Brunt-Viisili frequency (buoyancy frequency), g is the acceleration of gravity (9.8 m/s?), a is
the thermal expansion coefficient (0.00021 oCc™h, p is the haline contraction coefficient (—0.00074 PSU™Y). Note
that in the historical period, changes in ‘(’)—f dominate observed stratification change in the tropical Pacific upper
ocean (Li et al., 2020).

We then assess changes in mixing by calculating the gradient Richardson number (Ri) as follows:

2 2
in which $? indicates the vertical shear of horizontal currents, calculated as (%) + (%) , and is dominated by

2
(%—g) . However, the trend in Ri is not solely dependent on the trends in N and S? but is also closely tied to their

climatological values. To simplify, we frame our analysis around the change in Ri between two periods: P1
(1958-1977) and P2 (2003-2022), following our previous work (Jiang et al., 2024a, Jiang et al., 2024b). We
define the period-average in P1 as the climatology (denoted by an overbar) and the difference between P2 and P1
as the anomaly (denoted by a prime). Thus, the change in Ri is expressed as follows:

N2 +N? NP

Ri’ = — -
S?+5 0§

©)
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Figure 1. Trend in sea surface temperature (SST) and subsurface temperature for observation and Large Ensemble (LE) simulations. (a) Composited equatorial
(5°S ~ 5°N) SST trend (°C/decade) during 1958-2022 based on HadISST, ERSSTV5, Centennial in Situ Observation Based Estimates, and Kaplan, (b) Composited
equatorial forced SST trend (°C/decade) across 11 LEs (Table S1 in Supporting Information S1), (c) Composited equatorial subsurface temperature trend (°C/decade)
based on ORAsS5 (1958-2022), SODA2.2.4 (1958-2008), Ishii (1958-2012), and EN4 (1958-2022), and (d) composited equatorial forced subsurface temperature trend
(°C/decade) across 11 LEs. The dashed lines in (c) and (d) indicate the depth and longitude of the maximum subsurface cooling.

Separating the Right-Hand-Side (RHS) terms related to changes in N?',S?’ and the cross terms (Residual),
Equation 5 can be written as follows:

N 1 N
Ri’ =Ri— —Ri — Ri———
N? (1 + }_) N2(82 + Sz’)

NVA

©)

in which the RHS terms are referred to as Ri’ N ,Ri’ 5! and Res respectively.
3. SST Trend Pattern and Subsurface Temperature Trend Structure in Observations
and LEs

The meridionally confined lack of SST warming in the cold tongue region stands out against the widespread
warming observed across much of the tropical oceans and, in particular against the pronounced warming over the
tropical Pacific warm pool since the late 1950s (Figure 1a). This SST trend pattern with a strengthened zonal
(west-minus-east) SST gradient across the equatorial Pacific is consistently identified in four observational data
sets during 1958-2022 (Figures S1a—d in Supporting Information S1). This lack of warming persists robustly over
longer periods dating back to 1,900 (Figures S1e-h in Supporting Information S1). This contrasts sharply with the
majority of climate model simulations for the same historical period (Seager et al., 2019; Wills et al., 2022). As
shown in Figure 1b, the multi-model mean forced response of SST across 11 LEs is characterized by a reduced
SST gradient across the tropical Pacific.

The observed surface cooling in the cold tongue region has been demonstrated (Jiang et al., 2024a, Jiang
et al., 2024b; Seager et al., 2022) to be closely associated with the subsurface cooling in the central-to-eastern
Pacific near the thermocline but reaching up to the mixed layer roughly east of 140°W (Figure 1c). The multi-
model mean forced response in subsurface temperature (Figure 1d) features an increased vertical temperature
gradient from the surface to the thermocline with warming above and cooling below and a less pronounced east-
west contrast compared to the observed trend (Figure 1c). The subsurface cooling in models is generally weaker,
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displaced further west and deeper (as indicated by dashed lines in Figures 1c and 1d), and is accompanied by
stronger warming in the upper layer relative to the observations. This raises the question of why subsurface
cooling in climate models does not appear to affect cold tongue SST in the same way as observed.

Figure 2a shows the forced response in the zonal SST gradient across the equatorial Pacific as the SST trend
difference between the western equatorial Pacific (5°S—5°N, 140°E—170°E) and the central-to-eastern equatorial
Pacific (5°S—5°N, 170°W—-90°W) for individual LEs. Of the 11 LEs analyzed, 4 models (E3SM-1-0, E3SM-2-0,
MPI-ESM1-2-LR, and UKESMI1-0-LL) simulate a strengthened zonal SST gradient, but its magnitude is
significantly weaker than the observed trend. Even allowing for internal variability, very few individual simu-
lations of these models come close to the observed trends (Figure 2a). Nevertheless, we refer to these LEs as
“same-signed models” hereafter. In contrast, 6 models (ACCESS-ESM1-5, CanESMS5, CanESM5-1, MPI-ESM1-
2-HR, MIROC6, and MIROC-ES2L) simulate a weakening of the SST gradient across the equatorial Pacific.
These are referred to as “opposite-signed models.” IPSL-CM6A-LR shows a near-zero forced response in zonal
SST gradient with relatively uniform zonal warming (Figure S2 in Supporting Information S1), and is excluded
from classification.

Interestingly, the opposite-signed models display stronger subsurface cooling than the same-signed models
(Figures 2d-2f). The opposite-signed models show a well-stratified vertical temperature trend structure with
strong surface warming and also strong subsurface cooling (Figure 2d), in contrast to the weaker increase in
vertical temperature gradient in the same-signed models (Figure 2e). As shown in Figure 2f, a negative rela-
tionship is observed across different LEs between forced response in the zonal SST gradient and the magnitude of
subsurface cooling, with a correlation coefficient of —0.35 (not statistically significant at the 95% confidence
level). The magnitude of subsurface cooling is defined by the intensity of the maximum cooling in the tropical
Pacific upper ocean. Models that exhibit stronger subsurface cooling tend to simulate a weakened zonal SST
gradient. This is the opposite of what would be expected if the subsurface cooling was driving the SST in the
upwelling region and, hence, the SST gradient. In contrast, the observations have the most pronounced subsurface
cooling but also the greatest strengthening of the zonal SST gradient, a relationship that stands apart from that in
the models.

Instead, we find that it is the spatial structure of the equatorial subsurface cooling that matters for the SST trend
pattern formation. There is a strong inverse relationship between the forced zonal SST gradient trend and the
depth of the maximum subsurface cooling (Figure 2g; R = —0.60, significant at the 95% confidence level) and an
even stronger positive relationship with the longitude of the subsurface cooling (Figure 2h; R = 0.84, significant at
the 95% confidence level) in LEs. Models with subsurface cooling shallower and more eastward displaced are
more likely to simulate a strengthened zonal SST gradient as observed. There is a positive relationship between
the magnitude and depth of the cooling across models with a correlation coefficient of 0.72 (significant at the 95%
confidence level), which likely contributes to the inverse relationship observed in Figure 2f. Moreover, the two
metrics defining the spatial structure of the subsurface cooling are also not independent and have a correlation
coefficient of 0.41, due to the subsurface cooling primarily occurring near the thermocline, which tilts up
climatologically from west to east. Consequently, incorporating both spatial metrics in a multivariate recon-
struction of equatorial SST gradient trend by multiple linear regression only marginally improves the explained
variance from 71% when using the longitude of maximum cooling alone to 74% when including both variables.
Note that all intermodel relationships presented here are based on a sample size of only 11 and may be subject to
sampling error and uncertainty.

4. Dynamics Linking the Subsurface Temperature to Surface Wind Stress

As demonstrated in our recent work (Jiang et al., 2024b), the observed subsurface cooling in ORAsS5 is driven by
changes in surface wind stress and associated ocean dynamics. The observed increase in zonal wind stress over
the central Pacific (west of 140°W) induces a significant increase in local Ekman pumping (Figure 3a), thereby
cooling the thermocline where the climatological vertical temperature gradients are large (Figure 1c). In the
eastern equatorial Pacific, the Ekman pumping change is weakly negative (Figure 3e). In the opposite-signed
models, there is a notable weakening of zonal wind stress extending from near the dateline to the South
American coast, accompanied by a broad reduction in Ekman pumping across the equatorial Pacific (Figure 3b
and Figures S3a—S3f in Supporting Information S1). In the same-signed models, the zonal wind stress strengthens
in the central Pacific and weakens in the east, a pattern that closely resembles observations but with different

JIANG ET AL.

5of 17

9SULOIT SUOWIWOY) dANEAL)) d[qedi|dde oYy £q pauIoA0s aie sI[d1IR YO (ash JO Sa[nI 10J AIeIqIT SuI[uQ AJ[IA\ UO (SUOIIPUOI-PUE-SULIA)/ W0 AJ[1M AIeIqI[aul[uo//:sd)iy) SuonIpuoy) pue suld [, 3y} 39S "[6707/S0/20] uo Areiqr autjuQ A[IM ‘TZTTT0DMHT0T/6201°01/10p/wod Kapim Krelqiaurjuo sqndnSe//:sdiy woiy papeojumo( ‘v ‘Sz0T ‘16266917



. Y d N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2024JC022222

(a) West minus East Equatorial SST gradient

0.12 ~ T
008 OBS Range |
, = 0 &
: 1 . N ! H
e T T ]
-0.06 - 1 - 1 1
-0.12 T T T T T T T T T T .
o 5 N N N K ) o0 ) )
@\l\* ?’5\\5 @ . W & o N\ W @ \\%w\,\"\ «° & . @5»\ \‘\\’,L,\’?‘ " A0 \‘\\,w\* A
o ; : ,
P‘off’% o © &8 & \(eevo W oe° e $3 @?\'@ \)\,g,e
(b) Opposite-signed LEs SST Trend (c) Same-signed LEs SST Trend
30°N —
15°N
0°
15°S
30°S

Depth [m]

120°E 150°E 180° 150°W

(d) Opposite-signed LEs Subsurface T Trend

120°W

90°W

200

150°E

180°

(e) Same-signed LEs Subsurface T Trend

150°W 120°W 90°W

Eauatorial SST Zonal Gradient [°C/decadel

Eauatorial SST Zonal Gradient [°C/decadel

300 T T T T T 300 < T T T T T
120°E 150°E 180° 150°W 120°W 90°W 120°E 150°E 180° 150°W 120°W 90°W
()5 N N |
-0.18 -0.12 -0.06 0 0.06 0.12 0.18
[°C/decade]
0.4 (f) Cooling Magnitude (g) Cooling Depth oo (h) Cooling Longitude
g
8 (0]
g — 100 =
8 s g o)
S 0.32 £ S [OX©]
£ S Q + < 210
S (O] o D %
2 2 2 140 O D g &
g z
s o @ 3 () o
5 0.16 ) < 3 o)
é 8 § 180 ® g
I ~ 180
g R=-0.36 R=-0.60" R= 0.83*
0 T T T 220 T T T T T T
-0.12 -0.06 0.0 0.06 0.12 -0.12 -0.06 0.0 0.06 0.12 -0.12 -0.06 0.0 0.06 0.12

Eauatorial SST Zonal Gradient [°C/decadel

Figure 2. Relationship between sea surface temperature (SST) trend and subsurface cooling in Large Ensemble (LE) simulations. (a) Equatorial (5°S ~ 5°N) zonal (west-
minus-east) SST gradient trends (°C/decade) across different LEs. The box plots show the 25th and 75th percentiles of the zonal SST gradient trend which are computed
across each LE members, with the median shown as the central line, and the whiskers representing the full data range for each LE. The observed range (OBS) is also shown
as gray shading based on the zonal SST gradient trends in four observational data sets. The member number for each LE is labeled with the corresponding model name.
Composites of forced SST trend (°C/decade) for (b) opposite-signed LEs and (c) same-signed LEs. Black boxes in (b)—(c) indicate the regions for calculating the zonal SST
gradient. Composites of forced subsurface temperature trend (°C/decade) for (d) opposite-signed LEs and (e) same-signed LEs. Dashed lines in (d)—(e) indicate the depth
and longitude of the maximum cooling in the tropical Pacific upper ocean. Scatterplots of forced equatorial SST zonal gradient trend (°C/decade) with (f) the magnitude of
the maximum subsurface cooling trend (°C/decade), (g) the depth of the maximum subsurface cooling trend (m), and (h) the longitude of the maximum subsurface cooling
trend (°). Black dots in (f)—(h) represent the observational composites, with error bars indicating one standard deviation, based on estimates from four observational SST
data sets for the x-axis and four observational and reanalysis subsurface temperature data sets for the y-axis and models are color coded as in (a). Same-signed models are
represented by circumpuncts with thicker outlines, whereas opposite-signed models have thinner outlines and IPSL-CM61-LR with a near-zero SST gradient is shown with
an intermediate thickness. The correlation coefficients (R) are also shown for (f)-(h) with asterisks indicating significant correlations at the 95% confidence level.

intensity (Figure 3c and Figure S3g—j in Supporting Information S1). The weaker wind stress strengthening west
of 140°W and stronger weakening east of 140°W in the same-signed models (Figure 3d) accounts for the less
pronounced forced response in Ekman pumping (Figure 3e) and, consequently, weaker subsurface cooling
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Figure 3. Trend in Ekman pumping change for observation and Large Ensemble (LE) simulations. (a) Trend in the ORAs5
wind stress (vector; N/m? per decade) and Ekman pumping velocity (shading; m/day per decade), (b) similar to (a) but for the
composites of opposite-signed LEs, (c) similar to (a) but for the composites of same-signed LEs, and (d)—(e) meridional-
mean (2°S ~ 2°N) zonal wind stress (N/m> per decade) and Ekman pumping velocity (m/day per decade) for ORAs5, same-
signed and opposite-signed LEs.

(Figure 2f) compared to the observations. It is noted that these models reproduce the sign of the zonal wind stress
trends across the equatorial Pacific and its associated upwelling change, but they do so as part of a Southern to

Northern Hemisphere meridional flow that is quite distinct from the observed flow: the meridional wind stress

trend in ORASS is from north to south in the central and eastern Pacific.

Changes in surface wind stress also drive significant variations in the equatorial zonal current. In ORAsS, the
westward South Equatorial Current (SEC) weakens in the surface mixed layer and upper thermocline except in the
far eastern basin, whereas east of the dateline the eastward Equatorial Undercurrent (EUC) weakens in the lower

thermocline (Figure 4a). As shown in Jiang et al. (2024a), the weakening SEC in the west despite locally increased

easterly wind stress is accounted for by changes in the geostrophic flow. EUC weakening has been shown to

contribute weakly to thermocline cooling in the eastern equatorial Pacific (Jiang et al., 2024b). Beyond dynamical

advection, these changes in zonal currents can also influence local mixing processes, thereby affecting subsurface

ocean temperatures. In the central-to-eastern equatorial Pacific, the climatological westward surface SEC and

eastward EUC (contour in Figure 4a) generate a strong vertical shear (contour in Figure 4b) above the thermo-

cline, which facilitates intense mixing despite the existence of a large stabilizing vertical temperature gradient
(Gregg et al.,

1985; Moum et al., 1986). The vertical mixing redistributes the heat absorbed at the surface
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Figure 4. Trend in zonal current and its vertical shear for observation and Large Ensemble (LE) simulations. Meridional-mean (2°S ~ 2°N) zonal current trend (shadings;
m/s/decade) and climatology (contours; m/s) in (a) ORAsS5, (c) Opposite-signed LEs, and (e) Same-signed LEs. Meridional-mean (2°S ~ 2°N) squared vertical shear of

2
the zonal current ("d—g) (denoted as (UZ)Z)) trend (107> s™%/decade) and climatology (107> s72) in (b) ORASsS5, (d) Opposite-signed LEs, and (f) Same-signed LEs.

downward and lifts cold water upward, counteracting advective cooling in the subsurface upper ocean (Liu
et al., 2005; Ray et al., 2018a, 2018b; C. Yang et al., 2014) and cooling above contributing to the formation and
maintenance of the cold tongue (Deppenmeier et al., 2022; Holmes et al., 2019). In ORAs5, the weakening of both
the westward SEC and eastward EUC reduces the vertical shear of zonal currents. Since the parameterized vertical
mixing in most parameterization schemes is closely related to the squared vertical shear of the horizontal current

2
(Bernard et al., 2006; Blanke & Delecluse, 1993), the reduction in <%) in the shallow thermocline over the
eastern Pacific (Figure 4b) leads to decreased local mixing and subsurface cooling. Additionally, increased
current shear is noted in the surface mixed layer over the eastern Pacific, possibly due to the maximum weakening

of the westward current beneath the mixed layer (Figure 4a).
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The vertical distributions of zonal current trend in opposite-signed and same-signed LEs (Figures 4c—4f and
Figure S4 in Supporting Information S1) are both characterized with acceleration in the upper portion of EUC and
deceleration in the lower portion. This is despite the fact that opposite-signed and same-signed models have
distinct surface wind stress trend pattern across equatorial Pacific. It suggests that zonal current changes in LE
model simulations are more likely driven by thermodynamical responses to SST changes (Peng et al., 2022;
Saenko et al., 2011), instead of dynamical responses to local wind stress changes, as seen in ORAs5 where SST
changes are weak in the central-to-eastern equatorial Pacific. The eastward current trend in the LE simulations
occurs at greater depths than in ORAsS, primarily strengthening the upper portion of the EUC rather than
weakening the SEC. Therefore the observed region of strong negative squared shear trend from 100 m depth at
150°W to the surface at 90°W is largely absent in both model groups. Consequently, the impact of current shear
changes on local mixing processes and associated temperature changes is smaller in the models. It is worth noting
that the positive squared shear trend in the upper layers of the same-signed models is relatively weaker and more
confined to east of 120°W (Figure 4f), corresponding to the region of strong SST warming in the far eastern
Pacific (Figure 2c). In contrast, the positive shear trend extends beyond 150°W in the opposite-signed models
(Figure 4d), coincident with the more westward-extended warming (Figure 2b). The climatological model biases
toward equatorial currents and shear that are too strong are less pronounced in the same-signed models than in the
opposite-signed models. However, caution is warranted as ORAs5 may underestimate real-world climatological
current velocities based on in-situ data (Johnson et al., 2001, 2002; Stellema et al., 2022).

In the opposite-signed models, the equatorial westerly anomalies favor decreased wind-driven surface layer
divergence and reduced subsurface ocean convergence (Figure 5c); that is, the equatorial cell weakens
(Figure 5d). Climatologically, the meridional currents and their associated MOC warm the subsurface ocean and
cool the surface layer in the equatorial Pacific. Therefore, a weakening equatorial cell in opposite-signed models
contributes to subsurface cooling and surface warming. In contrast, the same-signed models show a weakening of
the surface northward meridional current in the Northern Hemisphere, with no consistent changes observed in the
Southern Hemisphere or subsurface ocean (Figure 5e). This is accompanied by a weakening of the MOC in the
Northern Hemisphere (Figure 5f). These changes are unlikely to significantly impact subsurface temperature
changes at the depth of ~130 m (Figure 2e). Given that the zonal-mean Ekman pumping changes in the same-
signed models are near zero across the equatorial Pacific (Figure 3e), the changes in surface meridional cur-
rent and MOC (Figures Se and 5f) must be related to the change in the surface geostrophic component. Neither
group of models realistically reproduces the observed MOC trend, which is characterized by a general
strengthening of the STC in the off-equatorial regions but a weakening of the equatorial cell, particularly in the
South Pacific (Figures 5a and 5b).

5. Connection Between Subsurface Temperature and SST Pattern Formation

In the eastern equatorial Pacific (approximately east of 140°W), a direct connection between the shallow ther-
mocline and the surface mixed layer can be expected in the presence of strong climatological upwelling. In
ORASsS5 and the same-signed models, the shallow subsurface cooling in the eastern Pacific can affect the surface
layer dominantly through enhanced thermocline feedback. Although Ekman pumping velocity decreases at the
equator, which would tend to warm the surface, this effect is likely offset by cooling due to mean upwelling of
colder subsurface waters (Figures 3a and 3c). In contrast, the opposite-signed models exhibit reduced upwelling
and subsurface warming in the eastern Pacific, which collectively contributes to warming of the cold tongue SST.

Further west, in the central-to-eastern Pacific (approximately west of 140°W), there is increased upwelling and
subsurface cooling in ORAs5 and the same-signed models, which contribute to the surface lack-of-warming
through enhanced Ekman pumping and strengthened thermocline feedback. In the opposite-signed models, the
pronounced thermocline cooling, however, has limited impact on the surface layer, likely due to two reasons.
First, the Ekman pumping decreases due to weakening of zonal wind stress, counteracting the cooling effects due
to enhanced thermocline feedback. Besides, the change in the mixing process also contributes to the ocean
temperature change. In the upper ocean over the central-to-eastern Pacific, the active mixing processes, facilitated
by the weakly stratified temperature structure and persistent vertical shear between the surface westward current
and the eastward EUC, also play an essential role in linking the thermocline anomalies with the surface mixed
layer (Deppenmeier et al., 2021, 2022; Holmes et al., 2019).
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Figure 5. Trend in meridional current and Meridional Overturning Circulation (MOC) change for observation and Large Ensemble (LE) simulations. Trend (shading;
m/s/decade) and climatology (contour; m/s) of zonal-mean (150°E ~ 90°W) meridional current for (a) ORAsS, (c) opposite-signed LEs and, (e) same-signed LEs. Trend
(shading; Sv/decade) and climatology (contour; Sv) of MOC for, (b) ORAsS, (d) opposite-signed LEs, and (f) same-signed LEs.

We further assess potential changes in mixing by calculating the gradient Richardson number using monthly
temperature, salinity, and ocean circulation data from ORAs5 and model outputs. It should be noted that the
Richardson number is optimally estimated using data sets on much finer temporal and spatial timescales. Here, we
estimate the Richardson number using monthly data sets under the assumption that the mixing processes can be
effectively parameterized and that the upscaling applied is valid.

As detailed in the method section, trends in the gradient Richardson number depend not only on trends in square
of buoyancy frequency and current shear but also on their climatological states. Figure S6 in Supporting Infor-
mation S1 illustrates that climatological distributions of the Richardson number exhibit consistent characteristics
across ORAs5 and LE model simulations with minima in the surface mixed layer and near the thermocline, which
is indicative of strong instability and vigorous mixing. However, the magnitude of the Richardson number differs
significantly across ORAs5 and different models. To facilitate comparisons between observations and models,
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Figure 6. Changes (%) in volume-averaged normalized gradient Richardson number ratio (Ri’/Ri) across opposite-signed
and same-signed Large Ensemble (LE) models and ORAsS5 in the upper equatorial Pacific Ocean (0 ~ 250 m, 2°S ~ 2°N,

150°E ~ 90°W). From left to right, it shows Ri’/Ri (solid bars), as well as contributions from S2, (Ri! P crossed bars) and

contributions from ! Ri’ ,, stippled bars) in individual LE models listed in the order of changes in the Richardson number
b fi N? 2 PP g

ratio from largest to smallest. It also shows averaged values for both groups of LE models and ORAsS on the right. An inset
shows values for E3SM-1-0 on a different scale for clearer visualization.

and across different LE models, we in Figure 6 show the volume-averaged normalized Richardson number
(Ri’ /Ri) for opposite-signed models, same-signed models and ORAs5 in the upper equatorial Pacific Ocean.
Opposite-signed models (on the left of Figure 6), in particular, show a pronounced increase in Ri’/Ri, indicating
decreased vertical mixing in the upper equatorial Pacific Ocean. In contrast, the increase in Ri’/Ri is much weaker
in same-signed models (at the center of Figure 6), and it is near-zero in E3SM-1-0, the model with the strongest
increase in zonal SST gradient. In ORAsS5, Ri’/Ri is weaker than opposite-signed models but stronger than same-
signed models in the upper equatorial Pacific (on the right of Figure 6).

We further decompose Ri’/Ri into contributions from changes in shear square (Ri’ SZ/) and buoyancy frequency
(Ri’ N ) based on Equation 6. The breakdown shows that these two factors together approximate the total Ri’/Ri

in models and ORAsS (Figure 6). In opposite-signed models, changes in both current shear and buoyancy
significantly influence Ri’/Ri, with shear changes exerting a greater influence than buoyancy changes. Increases
in N2 and decreases in $? across the equatorial Pacific upper ocean lead to the significantly increased stability in
the upper ocean of opposite-signed models. This can prevent subsurface cooling from being effectively
communicated to the surface layers especially in the central Pacific where climatological upwelling is weak. In
same-signed models and ORAs35, change in the current shear is also the main driver of Ri’/Ri.It is worth noting
that in ORAsS, the shear-driven reduction in the normalized Richardson number (Ri’ & /Ri) primarily occurs in

the eastern equatorial Pacific east of 150°W near the thermocline (not shown), contributing to localized sub-
surface cooling. However, this subsurface cooling appears able to affect the surface layers in the presence of
strong climatological upwelling.

6. Discussion

Although we present the different mechanisms driving subsurface cooling and its connection to SST pattern
formation in observations and model simulations, a closed heat budget analysis in the upper tropical Pacific
Ocean remains challenging for both reanalyzes and CMIP-like model simulations, especially in the context that
mixing processes cannot be quantifiably assessed with the available data. Moreover, it remains unclear why
model simulations diverge so significantly from observed trends. One possibility is that the models tend to
simulate stronger surface warming compared to observations, related to overestimated climate sensitivity
(Lindzen & Choi, 2011; Masters, 2014). As shown in Figure 7a, the equatorial Pacific SST trend is positively
correlated with the global ocean warming rate across the models (R = 0.86, significant at the 95% confidence
level). Observational data sets show weaker equatorial Pacific and global ocean warming rates than any of the
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Figure 7. Relationship between equatorial Pacific sea surface temperature (SST) warming with global SST warming and
Pacific Interhemispheric warming ratio. (a) Scatterplot of the forced equatorial Pacific (5°S ~ 5°N, 120°E ~ 90°W) SST
trend (°C/decade) with the global SST trend (°C/decade) across Large Ensembles (LEs), (b) Scatterplot of the forced equatorial
(5°S ~ 5°N) SST gradient with the interhemispheric warming asymmetry across LEs. The interhemispheric warming
asymmetry is defined as the ratio of the area-weighted SST trend in the northern tropical Pacific (0° ~ 30°N, 120°E ~ 75°W)
and the trend in the southern tropical Pacific (30°S ~ 0°, 120°E ~ 75°W). Black dots in (a)—(b) represent the observational
composites, with error bars indicating one standard deviation based on estimates from four observational SST data sets. The
correlation coefficients (R) are also shown for (a)—(b) with asterisks indicating significant correlations at the 95% confidence
level.

models during the historical period. Models with stronger surface warming and the associated increases in
stratification may reduce the effectiveness of the ODT mechanism by weakening the connection between ther-
mocline cooling and SST pattern. However, there is not a strong correlation between the amount of SST warming
in the tropical Pacific or globally and whether models are opposite-sign or same-sign (not shown) so this is not the
only cause. A possibly related reason is that models misrepresent the coupled dynamics of the forced response. In
theory, both atmospheric dynamics (Knutson & Manabe, 1995; Meehl & Washington, 1996; Vecchi et al., 2006;
Vecchi & Soden, 2007)—slowing down the Walker circulation and weakening the zonal SST gradient in the
tropical Pacific—and the ODT mechanism (Cane et al., 1997; Clement et al., 1996; Karnauskas et al., 2009;
Seager & Murtugudde, 1997)—enhancing cooling by vertical ocean upwelling and strengthening the zonal SST
gradient—are simultaneously at play in shaping the tropical Pacific's response to radiative forcing (DiNezio
etal., 2010; Heede et al., 2020). Observations of the historical lack of warming in the cold tongue regions suggest
that the ODT mechanism likely outweighs the counteracting atmospheric processes. In model simulations,
however, the ODT mechanism appears to be less effective, possibly due to increasing upper-ocean stratification
damping its role in the SST pattern formation. Models with overestimated climate sensitivity and stronger surface
warming in the cold tongue region may disproportionately suppress the ODT mechanism, allowing the atmo-
spheric warming effects to overwhelm the oceanic cooling effects in the historical period. Besides, misrepre-
sentation of atmospheric thermodynamic effects, including the underestimated cloud radiative feedback in the
southeast Pacific (Kang et al., 2023; Kim et al., 2022), can contribute to erroneous pattern formation of SST trends
in climate models over the equatorial Pacific and beyond. Misrepresentations of oceanic and atmospheric pro-
cesses have been linked to systematic biases in climate models, including the excessive cold tongue, the double
Intertropical Convergence Zone, and unrealistically high relative humidity in the eastern Pacific that can then
influence forced trends (J.-J. Luo, Liu, & Lu, 2018; Seager et al., 2019; Wills et al., 2022). However, the extent to
which these biases interact, whether they compound or compensate for each other, and how they interact with the
ocean dynamical processes studied here in shaping the discrepancies between simulated and observed SST
patterns remains unclear.

Furthermore, although some models reproduce the same sign of the forced response over the equatorial Pacific as
observed, they likely do so for different reasons. These models simulate a realistic zonal wind stress trend pattern
across the equatorial Pacific, which is crucial for driving changes in ocean circulation and subsurface temperature
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structure. However, the simulated zonal wind stress changes are part of a cross-equatorial flow from the Southern
Hemisphere to the Northern Hemisphere associated with interhemispheric asymmetry of Pacific Ocean warming,
a pattern that differs significantly from the observation (Figures 3a and 3c). As shown in Figure 7b, the forced
response of the zonal SST gradient across the equatorial Pacific in LE simulations is closely linked to the
interhemispheric warming asymmetry in the tropical Pacific (R = 0.71, significant at the 95% confidence level).
All LE simulations show the northern tropical Pacific warming faster than the southern in the historical period,
compared to observations, which exhibit nearly equal warming in the north and south. Moreover, the same-signed
LE models show stronger asymmetric warming compared to the opposite-signed LE models. It is worth noting
that the distinctively strong asymmetric warming in E3SM1 and E3SM2 may be driving the strong cross-
equatorial flow (Figures S3g and h in Supporting Information S1). Hence it appears that the primary reason
the same-signed models match observations is because of this erroneous preferential warming of the north
tropical Pacific and the southerly flow across the equator that it drives (Fu et al., 2024; He et al., 2023). The
greater than observed warming of the Northern Hemisphere oceans relative to the Southern Hemisphere oceans in
models has been argued to be linked with misrepresentations of the response to radiative forcing, driven by
erroneous interhemispheric differences in GHGs-induced warming and/or underestimated aerosol-driven cooling
in the North Pacific (Deser et al., 2020; Friedman et al., 2013; He et al., 2023).

Throughout this study, we simplify the equatorial SST trend pattern by describing changes in the SST gradient
between two predefined regions and classifying LE model simulations accordingly. However, the observed SST
trend exhibits a more complex tripole-like structure, with warming in the western and far eastern equatorial
Pacific and lack-of-warming in the central-to-eastern Pacific (Fu et al., 2024). A similar SST trend pattern is
evident in same-signed LE models (Figure 2c). This tripole-like SST trend corresponds well to the surface zonal
wind stress trend in the equatorial Pacific, which exhibits easterly anomalies in the west and westerly anomalies in
the east (Figure 3d). Seager et al. (2019) linked the westerly anomalies in the east to enhanced Amazon pre-
cipitation, which weakens zonal wind stress over the eastern equatorial Pacific. Additionally, weak climatological
upwelling in the far eastern equatorial and weak downwelling in the coastal equatorial Pacific (Liang et al., 2017)
limit the influence of subsurface cooling on SST via thermocline feedback. Future studies should further
investigate the processes shaping the fine structure of equatorial SST trends.

7. Conclusions

The observed lack of warming in the cold tongue during the historical period has been previously linked to wind-
driven thermocline cooling (Jiang et al., 20244, Jiang et al., 2024b). Although current models continue to struggle
with reproducing the SST trend patterns in the equatorial Pacific, subsurface cooling is consistently evident across
all LE model simulations in response to historical radiative forcing. Our findings suggest that models with deeper
and westward-displaced subsurface cooling tend to simulate an opposite-signed forced response of the zonal SST
gradient across the equatorial Pacific compared to observations, whereas models with shallower and eastward-
displaced subsurface cooling tend to simulate the same-signed SST response.

It is important to emphasize that we do not posit different features of subsurface cooling as the sole causal origin
of changes in SST gradient. Instead, we demonstrate that these different characteristics of subsurface cooling are
diagnostics of the predominant mechanisms at work in observations and LE models. In Figure 8 we present
schematics that illustrate the following proposed mechanisms for the subsurface cooling and its connection to
SST trends.

1. The observed subsurface cooling in the central-to-eastern equatorial Pacific is primarily driven by increased
Ekman pumping as a response to the strengthening of surface zonal wind stress (Figure 8a). In the eastern
equatorial Pacific, where Ekman pumping decreases due to weakened wind stress, reduced vertical shear of the
zonal current leads to decreases in the subsurface mixing, contributing to the local subsurface cooling. Note
that the Ekman pumping change and associated subsurface cooling in the equatorial Pacific are situated within
a broader context of thermocline shoaling related to wind-driven geostrophic adjustments across the tropical
Pacific (Jiang et al., 2024a). The observed subsurface cooling, in turn, affects the SST trend through upwelling
and strengthens the zonal SST gradient across the equatorial Pacific.

2. In the opposite-signed models, the overall weakening of zonal wind stress across the equatorial Pacific leads to
decreased Ekman pumping and a weakened equatorial cell of the STC, which cools the subsurface ocean in the
central-to-eastern Pacific (Figure 8b). Additionally, increases in buoyancy frequency and reductions in current
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Figure 8. Schematic plot of proposed mechanisms for the subsurface cooling and its connection to sea surface temperature
trend pattern formation. (a) Observation, (b) opposite-signed, and (c) same-signed models.

shear in this region enhance the Richardson number and decrease subsurface mixing, further contributing to
the subsurface cooling. The increased upper ocean stability also limits the influence of this deeper and more
westward-displaced subsurface cooling on the SST pattern formation by mixing between the thermocline and
surface layer.

3. In the same-signed models, the zonal wind stress pattern resembles that of observations but with smaller
magnitudes, resulting in weaker subsurface cooling and a correspondingly weaker strengthening of the zonal
SST gradient compared to observations (Figure 8c). The changes in mixing processes are much weaker in
these models compared to same-signed models. However, the zonal wind stress pattern is part of a southern to
northern hemisphere flow that is opposite to that in the real world.

By addressing the different drivers of subsurface cooling in observations and climate simulations, and their
connections to SST, this work has provided a more comprehensive understanding of the historical SST pattern
formation in the tropical Pacific in observations and models. It is worth noting none of the models approximate the
changes in the real world tropical Pacific Ocean and atmosphere and those that come closest do so for the wrong
reasons.
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