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ABSTRACT

The emergence of an observed distinctive, meridionally confined surface cooling trend in the
tropical Pacific cold tongue over recent decades contrasts sharply with the rapid warming
simulated by most climate models, representing a key unresolved feature of climate change.
Ocean-only simulations, even when forced with observed atmospheric conditions, likewise fail
to reproduce the observed long-term absence of surface layer warming over the eastern Pacific
cold tongue. Here we examine the long-term heat budget of the surface layer in the equatorial
Pacific using atmospheric and oceanic reanalysis data, quantifying contributions from surface
heat fluxes, ocean advection, and vertical diffusion inferred through Richardson number-based
diffusivity estimates. In the Ocean ReAnalysis System 5 (ORASS), the observed cold tongue
cooling cannot be reproduced by the model’s intrinsic dynamics alone; instead, it depends on
a surface heat flux adjustment imposed during data assimilation. A reduction in the warming
effect associated with this adjustment in the eastern Pacific cold tongue over time emerges as
the dominant contributor to the long-term cooling in the reanalysis data, a deus ex machina
obscuring the actual physical drivers of change in the real ocean. We discuss potential origins
of this deus ex machina cooling effect, including the influence of analysis increments,
uncertainties in surface forcing and possible problems in the representation of oceanic
processes, particularly subsurface turbulent heat flux induced by oceanic mixing processes.
This work emphasizes that reanalysis-based assessments remain subject to inherent biases from
the ocean models they are built upon. Resolving the discrepancy between observed and

simulated Pacific trends will require confronting the structural limitations of models.
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1. Introduction

A critical aspect of the long-term sea surface temperature (SST) trend in the Pacific cold
tongue region is the actual SST cooling observed across the central-to-eastern equatorial
Pacific during recent decades, despite continued warming in the western Pacific warm pool
(Lee et al. 2022; Seager et al. 2022). In contrast, the vast majority of models under historical
radiative forcings simulate the opposite with faster warming in the eastern Pacific than in the
west (Watanabe et al. 2021; Wills et al. 2022; Byrne et al. 2025). Resolving this discrepancy
between observations and model simulations is critical for understanding the tropical Pacific’s
response to anthropogenic forcing and for projecting regional climate change worldwide (Sobel
et al. 2023; Seager et al. 2023; Watanabe et al. 2024) and, potentially, transient and equilibrium
climate sensitivity (Rose et al. 2014; Gregory and Andrews 2016; Andrews et al. 2022;
Rugenstein et al. 2023; Armour et al. 2024). Growing consensus points to systematic model
biases as the main source of the mismatch (Seager et al. 2019; Kim et al. 2022; Wills et al.
2022; Simpson et al. 2025; Zhuo et al. 2025), yet debate continues over whether the apparent
agreement of some models with observations reflects improved physics or coincidental internal
variability (Dong and Zhou 2014; Meehl et al. 2016; Coats and Karnauskas 2017; Watanabe et
al. 2021; Seager et al. 2022; Yeager et al. 2023; Jiang et al. 2024a, 2025; Dhame et al. 2025).
Regardless, even these climate model simulations fail to approximate the recent long-term (e.g.
1950s to now) SST trend pattern in the real world of a meridionally confined strip of cooling
in the eastern equatorial Pacific (Seager et al. 2022; Jiang et al. 2024a), which we label the
Pacific Climate Change (PCC) pattern (Jiang et al. 2024a).

Quantitative analysis of the processes driving the observed PCC pattern is challenging
because of the difficulty of closing the heat budget and accurately quantifying atmospheric and
oceanic processes using long-term observational or reanalysis datasets. In our previous work
(Jiang et al. 2024a,b), we conducted heat budget analyses for the upper Pacific Ocean using
ocean reanalysis data to understand historical changes. A key finding there, and critical to the
PCC pattern, was identification in observations and ocean reanalyses of a long-term cooling of
subsurface waters and shoaling of the thermocline that is driven by Ekman pumping in the
central-to-eastern Pacific west of ~140°W and reduced shear-driven mixing in the east. In the
presence of upwelling and vertical mixing the subsurface cooling is here hypothesized to be
key to explaining the cold tongue cooling. However, two key components of the upper ocean
heat budget and its relation to SST — surface heat flux and oceanic mixing processes — remain

poorly quantified in the context of the PCC pattern.
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Reliable quantification of air-sea fluxes is notoriously difficult, largely due to
uncertainties in measuring flux-related variables and in parameterizing boundary layer
processes (Isemer et al. 1989; Josey et al. 1999; Large et al. 1997; Brunke et al. 2003; Berry
and Kent 2009; Large and Yeager 2009; Dee et al. 2011; Rienecker et al. 2011; Bentamy et al.
2017; Liu et al. 2017; Tang et al. 2024). Moreover, the climate change signal is inherently
difficult to isolate in the presence of strong internal variability, and the accuracy required often
exceeds the capabilities of current observational systems (Gulev et al. 2007; Yu 2019).
Significant discrepancies exist in estimates of long-term trends in globally averaged surface
heat flux across datasets and, at regional scales even the sign of the change can differ among
them (Rahul and Gnanaseelan 2013; Tang et al. 2024). Ocean reanalysis products also provide
net surface heat fluxes (Valdivieso et al. 2017). However, in many ocean reanalysis products,
surface heat fluxes are computed interactively from near-surface atmospheric state variables
and the model-simulated SST at each time step via the CORE bulk formula (Large and Yeager
2009). These fluxes are subsequently adjusted so SST closely matches observations through
data assimilation and surface flux nudging. For instance, in the Ocean ReAnalysis System 5
(ORASS) data, the non-solar component of the total surface heat flux in the SST equation is
adjusted to compensate for model biases and deficiencies, particularly in surface layer
temperature (Zuo et al. 2019). The reported net surface heat flux includes these adjustments.

Compounding these challenges is the difficulty of quantifying turbulent oceanic mixing
and its long-term variability. In the upper equatorial Pacific Ocean, wind-driven and shear-
related subsurface turbulent heat flux induced by oceanic mixing processes acts to homogenize
the temperature vertically by diffusively redistributing heat gained at the surface downward
and entraining colder subsurface water into the mixed layer (Liu et al. 2005; Ray et al. 2018a,b;
Yang et al. 2014). Vertical mixing plays a crucial role in the formation and persistence of the
cold tongue (Deppenmeier et al. 2022; Holmes et al. 2019), as well as in modulating variability
across different timescales (Moum et al. 2009, 2013; Pham et al. 2017; Warner and Moum
2019; Nakamura et al. 2024; Liu et al. 2025; Tozuka 2025). However, there are few
measurements of vertical mixing across hourly, daily and monthly timescales since the 1950s,
hindering a full understanding of the dynamics underlying the historical cold tongue cooling.

In this study, we examine the heat budget of the Pacific cold tongue on climate change
timescales using oceanic and atmospheric reanalysis data. Our goal is to discover what physical
processes caused the cold tongue cooling; however, our results show that the ocean reanalysis
does not generate the cooling on its own. It must be imposed by an adjustment to the surface

heat flux inconsistent with atmospheric reanalysis estimates. This adjustment-driven cooling is
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a “deus ex machina” that obscures the physical processes actually responsible for cold tongue
temperature change. We then discuss several possible reasons for this adjustment-driven
cooling, including the influence of analysis increments, uncertainties in surface forcing as well

as problems in the representation of oceanic processes.

2. Data and methodology

We first examine the observed long-term SST trend in the tropical Pacific and compare it
with trends simulated by the Coupled Model Intercomparison Project Phase 6 (CMIP6) models.
We then evaluate surface layer temperature changes in ocean reanalysis products and contrast
them with Ocean Model Intercomparison Project Phase 2 (OMIP2) simulations. To diagnose
the processes driving the observed SST trends, we further analyze the surface layer heat budget
using ocean and atmospheric reanalysis data. The observational and reanalysis datasets, model
simulations, and methods used in this study are described below.

The observed monthly SST and sea ice analysis is obtained from the Met Office Hadley
Centre (HadISST) at a horizontal resolution of 1°x1° (Rayner et al. 2003) during 1958-2024.
The monthly surface heat fluxes including latent heat flux, sensible heat flux, shortwave and
longwave radiation are obtained from the European Center for Medium-Range Weather
Forecasts (ECMWF) Reanalysis v5 (ERAS) with a horizontal resolution of 0.25°x0.25°
(Hersbach et al. 2020). We also examine oceanic variables including monthly subsurface
temperature, zonal and meridional current data and surface net heat flux data from ORASS, the
latest ocean reanalysis product provided by European Centre for Medium-Range Weather
Forecasts (ECMWF) during 1958-2024 (Zuo et al. 2019). Vertical velocity in the ocean is
computed from ORASS horizontal currents using mass continuity by an upward integration of
the horizontal divergence from the bottom (Vidard et al. 2015). As our calculation does not
consider realistic boundary conditions at the surface and bottom and is not conducted on the
native model grid, a degree of error is likely introduced. ORASS has a horizontal resolution of
0.25° and 75 vertical levels with a finer 1-m resolution near the surface and uses the Nucleus
for European Modeling of the Ocean (NEMO) model driven by atmospheric surface forcing
from ECMWF, and constrained by in situ assimilation, SST nudging and bias correction
(Balmaseda et al. 2015; Zuo et al. 2017, 2019). ORASS is forced by different generations of
ECMWEF atmospheric reanalysis products as boundary conditions: ERA-40 prior to 1979,
ERA-Interim from 1979 to 2014, and ECMWF NWP from 2015 onward (Zuo et al. 2019).
Monthly surface heat flux components from the Japanese 55-year Reanalysis (JRA-55)
provided by the Japan Meteorological Agency (JMA) during 1958-2018 are also utilized for
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comparison. In addition, daily subsurface temperature and horizontal current data from the
Global Ocean Reanalysis and Simulations (GLORYS) (Lellouche et al. 2021) version 12V1
during 1993-2024 are used in the Appendix to validate calculations based on monthly ORASS
outputs.

To assess model-observation discrepancies, we also analyze SST from the 32 CMIP6
models (historical simulations during 1958-2014 extended with SSP3-7.0 to 2024) in
Supplementary Table 1 (Eyring et al. 2016; O’Neill et al. 2016). We also analyze subsurface
temperature data from 15 models participating in OMIP2 (Supplementary Table 2) during
1958-2018 to compare with ORASS. OMIP was designed to evaluate and identify systematic
biases in coupled models, particularly those originating from the ocean-sea ice component
(Griffies et al. 2016). In OMIP2, the ocean models are forced by the JRA55-do dataset from
1958 to 2018 including surface wind, air temperature, humidity, longwave and shortwave
radiation, and precipitation fluxes (Tsujino et al. 2018, 2020), which is a modified version of
JRA-55 (Kobayashi et al. 2015). We also analyze surface heat flux including latent heat flux,
sensible heat flux, shortwave radiation, and longwave radiation from 5 out of the 15 models,
where data were available.

All variables are interpolated to a horizontal resolution of 1° x 1°. For consistency, all
radiative and surface heat flux components (in units of W/m?) are converted to their equivalent
contributions to SST (in units of °C/month) by dividing by C, pod, where C, is the specific heat
capacity of seawater (4184 J/kg/°C), p, is the reference ocean density (1024 kg/m?), and d is
50 m. By convention, positive values indicate a net heat gain by the ocean, and negative values
indicate a net heat loss to the atmosphere.

We establish the vertically integrated heat budget of the surface layer in ORASS, which

is given by:

1 0 (/0T 1 00
Zf_d (E) dZ = Ef—d(Q adv)dz + Qnet - Qpen + Qres, Eq' (1)
where Q ¢ is the net heat flux provided by ORASS defined positive downward. Q pe, is the

portion of shortwave radiation (Q spor¢) that penetrates below the layer, which taken as Q ¢, =

-d —d
% * (0.58e035 + 0.42e23) as in ORASS. A constant value of 50 m is used for the layer
pPo

depth d so the surface layer here is not identical to the ocean mixed layer. For d =50 m, Q pen,
is around 5% of Qgpore- Since ORASS does not provide individual surface flux components,

and solar radiation should be nearly identical between ERAS and ORASS, we use Q g0r¢ from
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ERAS to calculate Q pepn in Eq. (1). Q g4y represents the dynamical advection terms, expressed

T aT T . . . .
as Q qqv = UG TV, T W Qres 1s the residual in (1) needed to make the equation

balance. It includes turbulent mixing, subgrid/submonthly variabilities, influences from data
assimilation and computing errors but will also be influenced by a surface heat flux adjustment

as we will discuss below.

3. Contrasting long-term SST and surface layer temperature trends in
observations/reanalysis and model simulations

Observations show a narrow band of SST cooling over the equatorial central-to-eastern
Pacific and along the southern equatorial coast of South America (Fig. 1a). Over the same
period, CMIP6 models simulate overall warming across the equatorial Pacific, with a
maximum in the far eastern equatorial Pacific (Fig. 1b). The discrepancy is evident in Figure
1c, where observations show pronounced equatorial warming in the western Pacific warm pool,
weak warming to slight cooling in the central-to-eastern Pacific, and enhanced warming near
the South American coast. In contrast, the CMIP6 multi-model mean (MMM) shows nearly
uniform warming across the equatorial Pacific, with a maximum east of 120°W. This mismatch
has been linked to systematic biases in climate models, including the excessive cold tongue
(Fig. 1d) as well as biases in surface fields, including overly weak winds and unrealistically
high relative humidity (Luo et al. 2018; Seager et al. 2019; Wills et al. 2022; Simpson et al.
2025).

Even in OMIP2 simulations forced with observed atmospheric conditions, the discrepancy
in upper ocean temperature trends persists over the equatorial Pacific cold tongue. In ORASS,
the surface layer temperature trend (Fig. 2a) closely resembles the SST trend (Fig. 1a), showing
a slight cooling in the eastern equatorial Pacific. In contrast, all ocean-only experiments exhibit
a pronounced warming trend in the same region (Fig. 2b and c), despite the prescribed
observational forcing. Note that among the 15 OMIP2 models, three are based on NEMO
(CMCC-CM2, CNRM-CM-6-1 and EC-Earth3), which is also the ocean model underlying
ORASS, and their representation of surface layer temperature trends does not differ markedly
from the other models (Fig. 2¢). This discrepancy is surprising, but it should be remembered
that ocean models retain inherent mean state biases even under prescribed atmospheric forcing.
For example, the climatological surface layer temperature in OMIP2 simulations relative to
ORASS during 1958—1977 shows a warm bias in the western Pacific and a cold bias in the east,

reaching up to ~1°C (Fig. 2d). The bias pattern in surface layer temperature differs from that



194  in SST along the South American coast, where the warm bias is confined to a very shallow
195  near-surface layer, and cold bias dominates at depth (not shown but see Wittenberg et al. 2018;

196  Reichl et al. 2024).
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198  Figure 1. (a) SST trend during 1958-2024 (°C/decade) based on HadISST. (b) CMIP6 MMM SST trend during
199 1958-2024 (°C/decade), using historical simulations for 1958-2014 extended to 2024 with SSP3-7.0. (¢)
200  Equatorial (1°S—1°N averaged) distribution of SST trends in HadISST and the CMIP6 MMM. (d) CMIP6 MMM
201 SST mean state bias during 1958—1977 relative to HadISST. Stippling in (a) marks regions where the trend is
202 significant at the 95% level based on the two-tailed Student’s 7 test with n—2 degrees of freedom, where n is the
203 sample size. In (b) and (d), stippling marks regions where at least 75% of models agree on the sign of the trend
204  (b) or on the sign of the bias (d).
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(a) ORASS Surface Layer Temperature Trend (1958-2018)
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(d) OMIP2 Surface Layer Temperature Mean State Bias P1 (1958-1977)
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Figure 2. Surface layer (50 m averaged) temperature trend during 1958-2018 (°C/decade) based on (a) ORASS
and (b) OMIP2 MMM. (c) Surface layer temperature trend (°C/decade) over the eastern equatorial Pacific (blue
box in (a-b), 1°S—1°N, 190°E-245°E) during 1958-2018 based on ORASS, the OMIP2 MME, and individual
OMIP2 models. (d) OMIP2 MMM bias in the surface layer temperature (°C) relative to ORASS5 during 1958—
1977. Error bars in (c) represent £0.5 standard deviations across the OMIP2 ensemble. In (a), stippling marks
regions where the trend is significant at the 95% level based on the two-tailed Student’s ¢ test. In (b) and (d),

stippling marks regions where at least 75% of models agree on the sign of the trend (b) or on the sign of the bias

().

4. Surface layer heat budget estimates in reanalysis data on climate change timescales.
To understand the dynamics underlying the SST trend over the equatorial Pacific cold
tongue in ORASS, we analyze the heat budget of the surface layer (upper 50 m), as its trend
pattern reasonably matches that of HadISST (Figs. 1a and 2a). Applying the heat budget
equation (Eq. (1)) to interpret long-term trends in surface layer temperature over the equatorial

Pacific is difficult. The SST trend in the equatorial Pacific is typically on the order of one
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degree over several decades (i.e. ~107 °C/month), while temperature variability associated
with the El Nifio—Southern Oscillation on interannual timescales is one degree over a few
months, making it challenging to isolate a robust climate change signal in the eastern equatorial
Pacific (Solomon and Newman 2012; Lee et al. 2022).

To understand the dynamics underlying the climate change, we follow an approach (Jiang
et al. 2024a,b) in which we compare heat budget terms between two time periods: the reference
period P1 when the climate change signal is weak and a more recent period P2 when the signal
is more prominent. Here we define P1 as 1958—1977 and P2 as 2005-2024. Our results are not
sensitive to the small shifts in these windows, provided that the reference lies within the early
decades of the record (e.g., 1959-1978) and the climate change period includes recent years
(e.g., 2004-2023). Averaged over the reference period P1, the heat budget is a balance among
large terms. The climatological warming due to Q ,,.; (Fig. 3a) and the cooling rate due to Q 4,
(Fig. 3b) are both on the order of 1°C/month at the equator. The long-term temperature trend
in the equatorial Pacific is only ~ 0.1% of the Q . and Q ,4,, terms. Thus, while the climate is
undergoing a transient adjustment toward a new equilibrium state due to radiative forcing, the
ocean system is well approximated as being in a quasi-equilibrium state, with a very small
temperature tendency term that is a small residual from the near-exact cancellation of much
larger terms (right-hand-side of Eq. (1)). Since this residual is orders of magnitude smaller than
the individual terms, even modest uncertainties in those terms can be comparable to or larger
than the residual itself, rendering it highly sensitive to observational and computational
uncertainties (Yu 2019).

As shown in Figure 3b, the net effect of advection is to cool the surface layer, primarily
via vertical advection by upwelling colder subsurface water to the surface, which is then
advected poleward and westward. However, this dynamical cooling only partially compensates
for the warming effect of Q or — Q pen at the equator, leaving a large residual cooling term
(Fig. 3c). This large residual is expected given that the ORASS does not archive mixing terms.
In the central-to-eastern equatorial Pacific, the residual includes the vertical mixing that
redistributes heat downward through shear-driven mixing, cooling the surface layer and
playing an important role in maintaining the cold tongue (Deppenmeier et al. 2022; Holmes et
al. 2019; Ray et al. 2018a).

Comparing P2 to P1, the net surface heat flux term Q ,,,; based on ORASS shows a robust
cooling effect in the equatorial Pacific (Fig. 3d), while the net advective effect leads to scattered

warming near the equator in the central-to-eastern Pacific and contributes to surface layer
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cooling north and south of the equator (Fig. 3¢). As shown in our previous work (Jiang et al.
2024b), the net advective warming tendency in the equatorial region is primarily the difference
of warming due to zonal advection and cooling due to vertical advection, with a minor

contribution from meridional advection.

(a) (Q{)et)OﬂASB Pl

(f) Qres PZ.~P1

0.‘0
(°C/month)

Figure 3. (a) Climatological net surface heat flux Q ,,,; (°C/ month) in P1 (1958-1977) based on ORASS. (b)
Climatological surface layer averaged dynamical advection Q .4, based on ORASS (°C/ month). (¢) Residual term
Q yes (°C/ month) in P1 based on Eq. (1). (d) Difference in net surface heat flux Q,.; (°C/month) between P2
(2005-2024) and P1 (1958-1977) based on ORASS. (e) Difference in surface layer averaged advection term Q4
(°C/month) between P2 and P1 based on ORASS. (f) Difference in residual term Q,.; (°C/month) between P2 and
P1 based on ORASS. Stippling in (e-f) marks regions where the difference between P2 and P1 is significant at the
95% level based on the two-tailed Student’s ¢ test.
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Fig. 3f shows that the change in the residual term Q ,..s between P2 and P1 contributes
substantially to surface layer warming. Since mixing terms are not archived in ORASS, they
are included in Q ,.; . We estimate the vertical diffusive flux using a Richardson number (Ri)-
dependent parameterization scheme described in the Appendix. As shown in Figure Al, the
climatological vertical diffusion in P1 using the monthly temperature gradient and eddy
diffusivity inferred from monthly Richardson numbers Qg;ff,, (Fig. Al) captures the large-
scale sign and zonal structure of the residual cooling in Figure 3¢ over the central-to-eastern
equatorial Pacific (180°-90°W), but there are substantial differences in magnitude. We
similarly calculate the Ri-based eddy diffusivity in P2 and estimate the corresponding diffusion
term (Fig. A1lb). As shown in Figure Alc, the change in the Ri-based diffusion term Qs
results in surface layer warming along the equator that is quantitatively consistent with the
change in the residual at the equator (Fig. 3f). It is well-known that vertical mixing is
exceptionally strong at the equator, and this calculation suggests that it is the greatest part of
the residual needed to close the heat budget. A more definitive statement would be possible if

the actual ORASS mixing term had been saved.

5. Deus ex machina cooling in reanalysis data

Based on analysis of ORASS, Q ,.: 1s the only robust cooling term in the equatorial
Pacific from P1 to P2. As noted in Section 1, ORASS Q ;.. 1s not the real-world air—sea flux.
Ocean reanalysis data is inherently dependent on ocean models. When included in climate
models, across multiple generations ocean models have had persistent systematic biases that
contribute to an excessively cold and overly westward-extended cold tongue, as well as warm
SST biases near the South American coast (Li and Xie 2014; Figures 1d and 2d). These
systematic mean state biases are not only present in free-running long-term simulations or those
driven by historical external forcings, but also tend to develop quickly within months after
initialization in seasonal forecast models, including those from ECMWF (Pillai et al. 2021;
L’Heureux et al. 2022). To compensate for such biases and reproduce observed surface
temperature distributions, ocean reanalysis data like ORASS5 apply additional heat flux
“adjustments” (Valdivieso et al. 2017). As Browne et al. (2019) and Zuo et al. (2019, from
which this quotation is taken) describe: “SST is assimilated in ORASS by modifying the
surface non-solar total heat flux using the product of a globally uniform restoration term of 200
W m2 K™ and the difference between modelled and observed SST”. This non-solar surface

heat flux adjustment plays a central role in reducing tropical Pacific surface temperature biases
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(Zuo et al. 2019; their Figs. 17-18). We treat the net surface heat flux from ERAS as the “true”
surface flux, since it was computed from the observed SST, the same SST used in the ORASS
data assimilation (Hersbach et al. 2020). The adjusted net surface heat flux in ORASS can then

be expressed as:

(Qnet)orass = (Qnet)Eras + Qadjust Eq. (2)

where ()orass and ( )gras denote the terms reported in ORASS and ERAS data, respectively,
and Qqqjus: indicates the flux adjustment required for the NEMO model underlying ORASS to
reproduce the observed SST. At the surface, this adjustment is applied over short damping
timescales to nudge the model toward observed SSTs, using a restoration term of 200
W /(m? x °C) and the difference between modelled and observed SST (Balmaseda et al. 2013;
Zuo et al. 2019). Thus, even a modest temperature discrepancy of 0.25 °C implies a continuous
adjustment heat flux of 50 W /m?2, which would adjust the temperature of a 50 m mixed layer
by that amount over an e-folding timescale of ~10 days.

According to ERAS, the SST cooling in P2 compared to P1 in the equatorial eastern
Pacific is accompanied by an increase in local net (downward) surface heat flux, while regions
to the north and southeast that experience surface warming show a decrease in net heat flux
(Fig. 4a). The net surface heat flux change between P2 and P1 along the equator is primarily
driven by changes in latent heat flux (Fig. 4b). A similar pattern in latent heat flux change is
also evident in a previous long-term trend estimate based on the Objectively Analyzed Air-Sea
Fluxes (OAFlux) dataset originating from ship observations, atmospheric reanalysis and
remote-sensed data for the period 1958-2013 (Yang et al. 2016). In most parts of the tropical
ocean, SST warming and intensified surface winds have led to enhanced evaporation and latent
heat loss (Liu and Curry 2006; Yu and Weller 2007; Lietal. 2011; Yang et al. 2016). In contrast,
in the equatorial Pacific between 150°W and 120°W the SST has not warmed, wind speeds
have weakened and the latent heat flux has decreased (Li et al. 2011; Yang et al. 2016),
increasing the net heat flux into the ocean (Fig. 4a and b). This change is a strengthening of the
climatological arrangement in which ocean processes generate the cold tongue which reduces

turbulent surface heat loss and leads to a net uptake of heat from the atmosphere to the ocean.
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Figure 4. Difference between P2 (2005-2024) and P1 (1958—-1977) based on ERAS for (a) net surface heat flux
Qnet (°C/month); (b) Equatorial (1°S—1°N averaged) distribution of ERAS Q,,.; (°C/month), latent heat flux Q;y

(°C/month), sensible heat flux Qgy (°C/month), shortwave radiation Qg , and longwave radiation Qpy

(°C/month). Climatological adjustment term Q g4 jys: (°C/ month) based on Eq. (2) in (¢) P1 (1958-1977) and (d)
in P2 (2005-2024). (e) Difference in Quqjus: (°C/month) between P2 and P1. Stippling in (a) and (e) marks

regions where the difference between P2 and P1 is significant at the 95% level based on the two-tailed Student’s
t test. Stippling in (c¢) and (d) marks regions where the difference between ERAS Q,,.; and ORASS is significant
at the 95% level.

During P1, the adjustment term adds heat to the central-to-eastern equatorial Pacific and
removes heat near the coast (Fig. 4¢), reflecting a correction for the well-known excessive cold
tongue SST bias pattern in the equatorial Pacific (Fig. 1d). While the adjustment term is very
large in P1, during P2 the adjustment term is close to zero west of 110°W (Fig. 4d). The
reduction in this adjustment term is the dominant contributor to the long-term cooling in the
ocean reanalysis data (Fig. 4e). That is, a deus ex machina cooling surface flux adjustment

must be imposed over the central-to-eastern equatorial Pacific to align the simulation with the
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long-term cooling SST trend observed in HadISST. This is in marked contrast to the observed
climatological arrangement where it is ocean processes that generate the cold tongue while
surface heat fluxes provide an offsetting warming (Fig. 3a and b).

If the ERAS surface fluxes are correct, at least in sign, the above analysis indicates the
ocean heat movement by currents or mixing generates the cooling trend while the surface flux
changes damp the SST response, which is an intensification of the climatological pattern of
cooling by vertical processes offset by surface heat uptake. However, such a cooling effect
does not appear in the directly computed dynamical terms or in the inferred mixing term
whether based on Richardson number or the residual. We hypothesize that, instead, an
additional flux adjustment term is needed to stand-in for an unrealized, due to model biases,
increase in cooling by ocean processes from P1 to P2.

One possible reason that the adjustment term is larger in the first period than in the second
is the increase in observational data with time. Perhaps the atmospheric data in the early period
is inadequate to estimate the surface heat and momentum fluxes driving the ocean model, and
oceanic observations are too few and far between for the data assimilation to replace problem
areas with observed ocean data.

A second explanation for the reduced adjustment term in recent periods is that there is a
compensating error within the reanalysis system that emerges when the climate change signal
becomes pronounced. As is ubiquitous in coupled climate models (e.g., Seager et al. 2019;
Jiang et al. 2025) (see also Fig. 1d), the ocean model underlying ORASS has a cold bias along
the central-to-eastern equatorial Pacific (Fig. 2d), which could lead to a biased warming
response to greenhouse gas forcing, with models showing excessive eastern Pacific warming
compared to observations (Figs. la,b and 2a,b). In CMIP6, the excessive warming trend
partially offsets the mean-state cold bias relative to HadISST during P2 (2005-2024) over the
central-to-eastern equatorial Pacific (Fig. 5a). Similarly, over the last 20 years of OMIP2
simulations (1999-2018), the mean state bias of surface layer temperature in the central-to-
eastern equatorial Pacific has largely diminished between 170°E and 110°W relative to ORASS
(Fig. 5b). As a result, these climate model results suggest a possible error compensation
mechanism is likely at play in ORASS: the ocean model misrepresented some processes in
maintaining the cold tongue climatology, introducing a cold bias in the surface layer that cannot
be overcome even when the atmospheric conditions are prescribed, while simultaneously
misrepresenting the response to radiative forcing, leading to an erroneous warming bias.
Together, these two biases can offset one another, reducing the apparent need for additional

surface heat flux adjustments in the recent period.
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Figure 5. (a) CMIP6 MMM SST mean state bias during P2 (2005-2024) relative to HadISST. (b) OMIP2 MMM
surface layer temperature mean state bias (°C) during the last 20 years of OMIP2 simulations relative to ORASS.

Stippling marks regions where at least 75% of models agree on the sign of the bias.

One caveat is that ORASS differs from the wind-driven OMIP2 experiments not only in
that it includes data assimilation and surface heat flux adjustment, but also a different
atmospheric boundary forcing dataset, which enters the bulk formula calculation. ORASS is
forced by atmospheric fields from ECMWF, whereas OMIP2 simulations use a modified
version of the JRA-55 reanalysis from JMA. In these ocean-only experiments, the surface
boundary layer conditions including air temperature and humidity, which are closely coupled
to the SST (Betts and Ridgway 1989; Bretherton 1993; Seager et al. 1995), that enter the bulk
formula calculations of surface heat flux are prescribed (Large and Yeager 2009). These
differences may also contribute to the discrepancy in the oceanic response and surface layer
temperature trends in ORASS and OMIP2. However, as shown in Figure 6, these are unlikely
to be the primary reason for the opposing long-term surface temperature trends over the eastern
equatorial Pacific in ORASS and OMIP2. Figure 6a shows that OMIP2 simulations have
increased net surface heat flux into the ocean in the western Pacific and decreased heat flux in
the east. The reduction in the east is largely driven by more latent heat flux out of the ocean,
which helps cool the ocean surface (Fig. 6b). However, these trend patterns are opposite in sign
to those in the JRA-55, the presumed atmospheric state prescribed in the forcing for OMIP2,
where the net surface heat flux decreases in the west (leading to surface cooling) and increases
in the east (leading to surface warming), with the changes again dominated by latent heat flux
(Fig. 6¢ and d). This JRA-55 heat flux trend is qualitatively consistent with ERAS (Fig. 3e).
This consistency again suggests that a biased response inherent in the ocean is responsible for

the pronounced surface warming in the cold tongue region in OMIP2.
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Figure 6. (2) Multi-model mean trend in net surface heat flux Q,,., for 5 OMIP2 simulations with available data
during 1958-2018 (°C/month/decade). (b) Similar to (a) but for latent heat flux Q5. (¢) Trend in Q,,,; based on
JRA-55 during 1958-2018 (°C/month/decade). (d) Similar to (c) but for latent heat flux Q. Stippling in (a) and
(b) marks regions where 4 out of 5 models agree on the sign of the trend. Stippling in (c) and (d) marks regions

where trend is significant at the 95% level based on the two-tailed Student’s ¢ test.

6. Conclusion and discussion

In this study, we show that the distinctive cooling trend of the tropical Pacific cold tongue
arises in ORASS not from physical processes but from a reduction in the surface flux
adjustment imposed during assimilation. This adjustment, introduced to compensate for the
cold tongue SST bias in the ocean model underlying ORASS, a bias also common to CMIP6
and OMIP models, reflects the inability of current reanalysis systems to reproduce the observed
long-term trends in the tropical Pacific in response to anthropogenic forcing with realistic
physics. Heat budget analyses based on oceanic reanalysis data (ORASS5) and atmospheric
reanalysis data (ERAS5) show that, in the climatological mean, as expected, net surface heat
flux contributes to surface layer warming, while ocean dynamical advective and mixing
processes induce cooling in the central-to-eastern equatorial Pacific. However, comparing the
climatological net surface heat flux expected given the observed SST (ERA Q ,.¢) with the flux
required for the ocean model to match this SST (ORASS Q ,.¢), shows that an additional
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surface flux adjustment is needed to offset excessive climatological oceanic cooling of the cold
tongue. Under climate change from 1958-2024, changes in surface heat flux (from ERAS) and
ocean processes (from ORASS5) both contribute positively to surface warming along the
equator in the eastern Pacific. Yet the observed surface layer temperature has a cooling trend.
Hence, while in the climatology the model requires a surface heat flux adjustment to correct
the cold SST bias in the central-to-eastern equatorial Pacific (Fig. 1d), the observed surface
layer cooling trend is produced via a reduction in this artificial flux term, a deus ex machina
within the reanalysis framework.

The reduced need for cold tongue bias adjustment could result from improved constraints
in reanalysis data in recent decades due to the availability of more and higher-quality
observations. Another hypothesis is that the reduction in the adjustment term reflects
compensation for SST warming in response to radiative forcing that is common in wind-driven
ocean models and coupled climate models in recent periods (Figs. 1a,b and 2a,b) and, we
suspect, in the ocean model underlying the ocean reanalysis data. Both explanations may be
true, and may jointly contribute to the pronounced deus ex machina decrease over time in the
surface flux adjustment. Notably, both suggest that during the earlier period (P1), the ocean
model behaves more like a free-running simulation with limited observational constraints, thus
requiring substantial heat flux adjustments to match observed SST due to model biases. The
distinction is that the analysis increment argument posits that, in the later period (P2), more
effective data assimilation tightly constrains the model through analysis increments, reducing
the need for additional flux adjustment. In contrast, the alternative hypothesis suggests that, in
P2, an excessive warming response to radiative forcing may compensate for the mean state bias
in the equatorial Pacific cold tongue.

Validating either hypothesis remains challenging. Confirming the first would require a
detailed examination of analysis increments over time, but such data are not typically available
in standard ocean reanalysis outputs. For the second hypothesis, the root causes of the cold
tongue mean state bias and the mechanisms underlying models’ biased responses to radiative
forcing remain unresolved. The need for heat flux adjustments in ocean reanalyses, together
with persistent temperature biases in ocean-only GCM simulations, indicates that deficiencies
persist within ocean models themselves, in addition to the well-documented surface and
atmospheric biases (e.g., Seager et al. 2019). In the equatorial Pacific, many models continue
to misrepresent the strength of the equatorial undercurrent (Karnauskas et al. 2020) and
upwelling (Karnauskas 2025), and still struggle to accurately simulate vertical mixing (Fox-

Kemper et al. 2019). In particular, models without high horizontal and vertical resolutions,
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such as the NEMO model underlying ORASS, are known to struggle to resolve small-scale
current shear and fine structure of upper ocean stratification in the equatorial Pacific that are
critical for mixing (Marchesiello et al. 2011; Hoteit et al. 2008; Inoue et al. 2019; Jia et al. 2021,
Reichl et al. 2024). This underrepresentation has been directly linked to the cold SST bias in
the equatorial Pacific and the warm bias along the South American coast (Jia et al. 2021; Reichl
et al. 2024), and is likely one of the key reasons why ocean reanalyses require artificial heat
flux adjustments. If so, the inferred vertical mixing warming trend along the equator in recent
decades (Fig. Alc) may be an artifact of model bias, whereas in the real ocean, or in a bias-free
system, such a signal might not exist. Instead, the signal of subsurface cooling is communicated
into the mixed layer of the cold tongue and offsets radiatively-driven warming. Nevertheless,
without a widely accepted observational benchmark, it remains difficult to fully assess the
accuracy of the mixing estimates presented here or to constrain the magnitude of ocean
circulation near the equator. At the same time, we cannot rule out the possibility that biases in
the oceanic response originate from uncertainties in atmospheric forcing data. For example, the
surface wind forcing is known to exhibit large uncertainties and substantial discrepancies
across datasets (Wittenberg 2004; McGregor et al. 2012), which can lead to markedly different
circulation solutions in ocean models (Merrifield and Maltrud 2011).

This study motivates intensive efforts to reconcile the discrepancy between simulated and
observed SST trends in the tropical Pacific through attention to equatorial oceanic processes in
addition to continued attention to atmospheric sources of bias. Several caveats should also be
acknowledged. While our results show that, in the eastern equatorial Pacific, mixing estimated
from monthly data aligns well with the residual term derived from the ORASS, and that the
upscaling approach from daily to monthly averages appears effective in GLORYS with similar
configurations (Fig. A2), it remains unclear whether this reflects true physical consistency.
Validation against in-situ observations and high-resolution models is needed to rigorously test
the upscaling approach across sub-daily to monthly timescales. Looking ahead, a key direction
for future research is to encourage the modeling community to standardize the inclusion of
mixing-related variables in outputs of Coupled Model Intercomparison Project and to identify
the most representative quantities and the optimal spatial and temporal resolutions for data
storage and analysis. Besides, more in-situ observations are needed especially for vertical
processes in the atmosphere and ocean that help determine the surface heat fluxes and the
vertical movement of heat in the ocean between the surface and thermocline (e.g., the planned
Tropical Pacific Observing System Equatorial Pacific Experiment (TEPEX) field program

(Kessler et al. 2021)). A combination of field experiments and long-term monitoring by buoys,
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floats and gliders should provide the needed information to identify higher frequency analogs
of the physical processes operating in response to radiative forcing and guide improvements to
parameterized model physics. Once done, we will be better able to assess why the Pacific
Climate Change pattern emerges: the cold tongue has been cooling and the zonal SST gradient

has been strengthening.
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Appendix
To demonstrate that the residual heat flux is likely dominated by vertical mixing and to
diagnose its change over time, we implement a Richardson number dependent estimate of
mixing. We express the contribution of vertical diffusive heat flux as an equivalent temperature
tendency of the surface layer (d = 50 m) to ensure consistency with the other budget terms.
The vertical diffusion term at the base of the surface layer (d = 50 m) is written as:

1 aor Eq. (A1)
Qaiffu = —E(KE .

where k indicates vertical eddy diffusivity. Following Pacanowski and Philander (1981), k is

parameterized as a function of the gradient Richardson number as:

Vo Up Eq. (A2)
= + +
“REZ 1+ aRO™1L " (1 +aRi) | ?

with vy = 102 m%s, v, = 10* m%s, n =2; a = 5, k,, = 10° m?/s. The gradient Richardson

number Ri is defined as:
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ag% Eq. (A3)
NCEC

where u and v represent the zonal and meridional currents, respectively, @ = 8.75*10°*(T+6)
°Cand g = 9.8 m/s>. A minimum value Ri is set to 0 to avoid invalid diagnostic values. It
should be noted that ORASS actually uses a Turbulent Kinetic Energy (TKE) scheme to
parameterize eddy diffusivity and vertical mixing (Bernard et al. 2006; Blanke and Delecluse
1993), instead of this simple Ri-based approach. The Ri-dependent approach is adopted here
due to its practical and diagnostic utility in illustrating the roles of shear and buoyancy in
driving mixing (Moum et al. 1986, 1989; Peters et al. 1988; Hayes et al. 1991; Wang and
McPhaden 1999; Huang et al. 2010), especially when model outputs of mixing are unavailable
for directly computing the prognostic TKE equation.

We therefore estimate the monthly k g; at the base of the surface layer using the squared

vertical shear of the horizontal currents ((Z—Z)Z + (3—;)2) and the buoyancy frequency associated

with the vertical temperature gradient (ag Z—Z) based on ORASS data. Ideally, the Richardson

number should be derived from data with finer spatial and higher temporal resolution. When
computed from heavily averaged in-situ data, particularly in regions of weak turbulence where
the Richardson number can vary by orders of magnitude, the Richardson number and the
parameterized diffusivity can be significantly biased (Peters et al. 1988; Moum et al. 1989).
However, in regions with strong turbulence, such as the eastern equatorial Pacific, unstable
regimes characterized by low Richardson numbers remain identifiable even in heavily averaged
datasets (Moum et al. 1986; Pham et al. 2017). In terms of spatial resolution, strong turbulent
regions near the equator can be resolved with vertical bin sizes of approximately 10-20 m
(Zaron and Moum 2009; Smyth and Moum 2013), comparable to the typical vertical resolution
of ocean models such as NEMO. In terms of temporal resolution, Richardson numbers in
strongly turbulent equatorial regions computed from daily-averaged data are generally
consistent with those derived from hourly observations (Pham et al. 2017). Furthermore,
previous studies documented the seasonal evolution of upper ocean mixing and its modulation
by El Nifio and La Nifia events, which exhibit limited submonthly variability at 0°, 140°W
(Moum et al. 2013; Pham et al. 2017). Therefore, we assume that temporal averaging does not
substantially alter the analysis of the dynamics of vertical mixing in the eastern equatorial
Pacific, and that the parameterization is suitable for upscaling. This assumption reasonably

requires that the covariance between sub-monthly variability in eddy diffusivity and the vertical
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temperature gradient is smaller than the monthly covariance at the ~10 m vertical resolution
scale (Zaron and Moum 2009).

Under this assumption, we estimate the climatological vertical diffusion in P1 using the
monthly temperature gradient and eddy diffusivity inferred from monthly Richardson numbers
(Fig. Al). The resulting diffusion term Qs s, roughly captures the spatial pattern of the
residual term Q,.¢ (Fig. 3c). In Figure Ald, we show the seasonal cycle of kp; at the base of
the surface layer along the equator based on the climatological mean for each calendar month.
The magnitude of kp; varies significantly along the equator, with values around 10* m?%/s in
the central-to-eastern Pacific (180°~110°W), peaking at 10> m?/s near 140°W. The inferred
diffusivity exhibits a pronounced seasonal cycle with stronger values during boreal autumn and
winter and weaker values in spring and summer (Fig. A1d), which, as noted before, is primarily
driven by the strong seasonal variations in the vertical temperature gradient and shear squared
in the cold tongue region (Moum et al. 2013). Assuming the vertical diffusion dominates the

residual term, we can also estimate the mean eddy diffusivity in P1 based on the climatological

Q res as:

_ Qres Eq. (A4)
Kres = a_T

0z

in which g—: is calculated as the climatological temperature gradient during P1 at the depth of

50 m based on ORASS. In Figure Ale, we show the seasonal evolution of this equatorial eddy
diffusivity inferred from the residual. The strong resemblance between k,.s and kg; (Fig.
Ald,e) lends further support to our assumption that vertical diffusion is the primary contributor

to the residual term.
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Figure Al. Climatological vertical diffusion Qg;ff,, at the base of the surface layer (°C/month) estimated using
Eq. (A1) for (a) P1 (1958-1977) and (b) P2 (2005-2024) . (c) Difference in Qg;rs,, (°C/month) between P2 and

P1. Seasonal evolution of k along the equator (m?/s) in P1, estimated from (d) Richardson number (kp;) and (e)

residual term Qg (K o) in P1.

Similarly, we calculate the Ri-based eddy diffusivity in P2 and estimate the corresponding
diffusion term in Figure A1b. As shown in Figure Alc, the change in the Ri-based diffusion
term Q¢ corresponds to surface layer warming along the equator. At the equator, this
warming change is quantitatively consistent with the residual-based estimates (Fig. 3f). The

differences between inferred mixing and the residual term observed in the off-equatorial
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regions indicate that other processes such as changes in the analysis increment and horizontal
mixing also contribute to changes in the residual term.

The upscaling approach used to quantify mixing based on monthly outputs requires further
validation. Previous studies have shown that Richardson numbers derived from daily-averaged
data in strongly turbulent equatorial regions are broadly consistent with those from higher-
frequency data (Pham et al. 2017). Since ORASS provides only monthly outputs, we used daily
subsurface temperature and current data from GLORYS to test whether this consistency also
holds when comparing daily to monthly averages. GLORYS uses essentially the same
configuration and boundary forcing as ORASS but at higher horizontal resolution and with
daily outputs during 1993-2024. As shown in Figure A2, the marginally unstable regime for
vertical mixing in the equatorial Pacific is captured reasonably consistently across daily and
monthly-averaged GLORYS data and monthly ORASS over their overlapping period (1993—
2024). Nevertheless, the extent to which Ri-based parameterizations accurately represent real-
world mixing remains uncertain. Ocean mixing can also be driven by finer-scale wave
dynamics that are unresolved at the current vertical resolution (Jia et al. 2020) and lie beyond

what large-scale Ri fields can capture.

Equatorial (1°S-1°N) Richardson Number at 50m, 1993-2024
Ef M M i
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Figure A2. Equatorial (1°S—1°N) distribution of the Richardson number at 50 m, calculated from daily GLORY'S
data (red), monthly-averaged GLORYS data (blue), and monthly ORASS5 data (green). Shadings indicate regions

of mixing instability as identified from each dataset, and the dashed line marks the critical threshold of Ri = 0.25.
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