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ABSTRACT: The trends over recent decades in tropical Pacific sea surface and upper ocean temperature are examined
in observations-based products, an ocean reanalysis and the latest models from the Coupled Model Intercomparison Pro-
ject phase six and the Multimodel Large Ensembles Archive. Comparison is made using three metrics of sea surface tem-
perature (SST) trend}the east–west and north–south SST gradients and a pattern correlation for the equatorial
region}as well as change in thermocline depth. It is shown that the latest generation of models persist in not reproducing
the observations-based SST trends as a response to radiative forcing and that the latter are at the far edge or beyond the
range of modeled internal variability. The observed combination of thermocline shoaling and lack of warming in the equa-
torial cold tongue upwelling region is similarly at the extreme limit of modeled behavior. The persistence over the last cen-
tury and a half of the observed trend toward an enhanced east–west SST gradient and, in four of five observed gridded
datasets, to an enhanced equatorial north–south SST gradient, is also at the limit of model behavior. It is concluded that it
is extremely unlikely that the observed trends are consistent with modeled internal variability. Instead, the results support
the argument that the observed trends are a response to radiative forcing in which an enhanced east–west SST gradient
and thermocline shoaling are key and that the latest generation of climate models continue to be unable to simulate this
aspect of climate change.

KEYWORDS: Pacific Ocean; Tropics; Atmosphere-ocean interaction; Sea surface temperature; Thermocline;
Climate change; Trends

1. Introduction

The tropical Pacific Ocean plays an outsize role in the
global climate system. There is a strong east–west gradient in
equatorial sea surface temperature (SST) between the warm
pool in the west and the oceanic upwelling-driven cold tongue
in the east. Deep convection is focused over the warm pool,
the intertropical convergence zone (ITCZ) that extends
from the warm pool to the Americas just north of the equator
and the South Pacific convergence zone that extends south-
eastwards from the warm pool. The spatial distribution of
convective heating and SSTs powerfully drives the meridional
Hadley and zonal Walker circulations in the tropics (Bjerknes
1966; Horel 1982; Brown et al. 2021). Warm pool convection
also drives stationary Rossby waves that propagate to the
extratropics (Held et al. 2002). As such, the tropical Pacific
influences the mean climate worldwide. Further, the eastern
tropical Pacific cold tongue has the largest uptake of heat
from the atmosphere of any ocean region (Valdivieso et al.
2017) and is the largest source of CO2 from the ocean to
the atmosphere (Takahashi et al. 2002). On interannual to
decadal time scales coupled atmosphere–ocean dynamics
cause variations in the tropical Pacific Ocean and atmosphere
as part of El Niño–Southern Oscillation (ENSO) and the

Pacific decadal oscillation (PDO). Zonal variations in the
locations of the warm pool and cold tongue and associated
atmospheric convection drive atmospheric circulation anoma-
lies that generate climate variability worldwide (Sarachik and
Cane 2010). In addition, decadal cold states of the equatorial
Pacific, such as that since the 1997/98 El Niño, have been con-
nected to increased ocean heat uptake and reduced global
warming (e.g., Meehl et al. 2011; Kosaka and Xie 2013, 2016;
Delworth et al. 2015; Deser et al. 2017). Further, during El
Niño events, reduced upwelling and a deepened thermocline
reduce the partial pressure of CO2 in the surface ocean and
outgassing of CO2, with the roughly opposite occurring during
La Niña events, which combines with the impact of ENSO on
terrestrial carbon sinks and sources to form the largest source
of interannual variability of atmospheric CO2 (Feely et al.
1999; McKinley et al. 2004; Zeng et al. 2005; Rödenbeck et al.
2015).

Given this critical role of the equatorial Pacific in the global
climate and carbon systems it is important to know how it
responds to rising greenhouse gases (GHGs). This has been a
matter of uncertainty and debate for decades. Early on, Knutson
and Manabe (1995) argued that, because of the nonlinearity of
the Clausius–Clapeyron equation, to balance reduced surface
longwave cooling with enhanced latent heat loss SSTs should
warm in response to rising GHGs more where it is cold than
where it is warm. Hence the east–west SST gradient should
weaken. In contrast, Clement et al. (1996) and Cane et al.
(1997) argued that equatorial upwelling should partially offset
warming in the cold tongue and the east–west gradient should
strengthen. Following on from Betts (1998), who argued for
weakening of the tropical overturning circulation in response
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to rising GHGs, Vecchi and Soden (2007) stated that weaken-
ing of the Walker circulation should reduce thermocline tilt,
upwelling and the east–west SST gradient. These disagree-
ments sparked a lively debate over the next two decades that
has focused on both trends in SST (see Olonscheck et al.
2020, and references therein) and the Walker circulation
(see Chung et al. 2019, and references therein) with current
opinion saying the observed trends might be within the range
of model simulations once internal variability is taken into
account.

A different argument is pursued in Seager et al. (2019),
who argue that the observed lack of warming, or slight cool-
ing, of the equatorial Pacific cold tongue over the past deca-
des is at or beyond the very cold limit of the ensemble of
simulations by multiple models in the Coupled Model Inter-
comparison Project phase five (CMIP5) and the National
Center for Atmospheric Research 40-member Large Ensem-
ble (LENS). In the observations the lack of cold tongue
warming is very narrowly confined to the cold tongue and dis-
tinct from the more meridionally broad patterns of SST vari-
ability familiar from ENSO and the PDO (e.g., Zhang et al.
1997). This equatorial feature is highly suggestive of an associ-
ation with ocean dynamics and upwelling. The meridional
Ekman current is given by yEk 5 2tx/rfH, where tx is zonal
wind stress, r is seawater density, f 5 2V cosf is the Coriolis
parameter with V the rotation rate of Earth, f latitude, and
H the Ekman layer depth. Hence, for a uniform easterly zonal
wind stress, there is poleward flow and divergence at the
equator but, due to the increase of f and decrease of poleward
flow with latitude, there is Ekman convergence immediately
north and south, thus restricting upwelling to the immediate
equator (Wyrtki 1981). Seager et al. (2019) showed using
a simple atmosphere–ocean model they could reproduce the
observed trend in response to GHG forcing. Upwelling was
key: increased radiative forcing causes more warming in the
west Pacific warm pool than in the cold tongue because of the
opposing effect of upwelling in the latter. The enhanced east–
west SST gradient forces stronger trade winds that cause the
thermocline to shoal leading to further suppression of warm-
ing in the cold tongue upwelling region.

The model of Seager et al. (2019) imposes aspects of the
observed climatology including the SST. The same model
could also reproduce the CMIP5 multimodel mean SST trend
of enhanced cold tongue warming when the CMIP5 climatol-
ogy was imposed. In this case the CMIP5 bias toward a cold
tongue that has too high relative humidity and too low wind
speed makes the SST in the region highly sensitive to forcing
leading to strong warming that overwhelms the effect of
upwelling. Consequently, Seager et al. (2019) argued that the
observed trends of trade wind strengthening, thermocline
shoaling and lack of cold tongue warming is a response to ris-
ing GHGs while CMIP5 models produce an opposite trend
due to their common biases in simulation of the mean tropical
Pacific climate}an overdeveloped cold tongue and a ten-
dency to double ITCZs straddling the equator (Li and Xie
2014). Two recent papers, Watanabe et al. (2020) and Olonscheck
et al. (2020), which use the CMIP5 and CMIP6 and multimodel
LENS (Deser et al. 2020) simulations, have been interpreted

to be contrary to the conclusion of Seager et al. (2019) by
showing that the observed trends in east–west SST gradient
are within the range of climate model simulations once inter-
nal variability is more fully sampled by the models. It has also
been suggested on the basis of model experiments that the ini-
tial response of the system might be to strengthen the east–
west gradient but, once the thermocline waters have warmed,
the gradient will weaken in the future (Heede et al. 2021;
Heede and Federov 2021). Even if so, this does not help
explain the model–observations discrepancy in the historical
record.

Here we revisit this critical issue focusing on trends to date
using updated observations-based products and CMIP6 mod-
els and multimodel LENS by (i) examining multiple metrics
of equatorial Pacific SST trends, (ii) trends over multiple time
periods, and also (iii) related observed and modeled trends in
the upper tropical Pacific Ocean temperature. Although a
handful of runs out of a total 511 runs do come close, we con-
clude that the observed trends in SST and thermocline depth
cannot easily be reconciled with internal variability of the
tropical Pacific atmosphere–ocean system and, instead, are
likely a forced response to rising GHGs that state-of-the-art
climate models misrepresent.

2. Data, models, and methods

For observed SST we use four SST analysis products: the
18 3 18 Hadley Centre data HadISST (Rayner et al. 2003), the
18 3 18 Japanese Meteorological Agency COBE data (Ishii
et al. 2005) and 18 3 18 COBE2 data (Hirahara et al. 2014),
and the 28 3 28 National Oceanic and Atmospheric Adminis-
tration ERSSTv5 data (Huang et al. 2015). COBE only uses
in situ data and COBE2 and ERSSTv5 use satellite data to
inform on the patterns of SST variations that are used to
reconstruct SSTs in data-sparse regions, while HadISST anal-
yses both in situ and satellite data. HadISST, ERSSTv5, and
COBE2 are used from 1870 to 2018 and COBE from 1890 to
2018. We also use for SST the European Centre for Medium-
Range Weather Forecasts (ECMWF) Ocean Reanalysis
5 (ORAs5) covering the period from 1958 to 2018 at 0.258 3
0.258 resolution (Zuo et al. 2019). ORAs5 assimilates subsur-
face ocean data and does a correction on SST using HadISST
data. The apparent absence of warming in the eastern equato-
rial Pacific is tightly confined to the equatorial upwelling
region (Seager et al. 2019) and for analysis requires observa-
tions-based datasets with at least 28 latitude resolution and
coverage in the upwelling region. Equatorial upwelling is an
essential feature of the coupled ocean–atmosphere dynamics
of the Pacific region, a critical element of the Bjerknes feed-
back, and we are interested in whether the models match
observations in the upwelling region. Whatever data products
are used, the underlying data are sparse in time and space in
the presatellite era, and all data products, including raw data
products such as ICOADS (Freeman et al. 2017), must make
some assumptions to fill gaps in order to calculate trends. The
products we use are in the lineage of Gandin’s seminal work
on optimal interpolation (OI), and in theory should produce
the best representation of trends over data-sparse areas, but
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uncertainties surely remain. The collection of observations-
based gridded SST datasets we do use represents a variety of
different sources of data and methodologies to develop the
product and, hence, a range of spatial patterns and magni-
tudes of equatorial Pacific SST trends to compare models
against. ORAs5 is also used for upper ocean temperatures.

For models we use the latest simulations from CMIP6 up to
2018 using the historical simulations extended with the Shared
Socioeconomic Pathway 8.5 (SSP-585) (Eyring et al. 2016).
We analyze all runs from all models with the necessary SST
and upper ocean data (Table 1 in the online supplementary
material provides information and citations for the CMIP6
models). In addition, we use simulations from six LENS
(Table 1). Collectively this amounts to 511 simulations from
45 CMIP6 plus 6 LENS models. For CMIP6, most models
have too few ensemble members for the ensemble mean to
effectively isolate the forced response common to all. Instead
we average across ensemble members for each model and
then average the ensemble means of all models to isolate a
CMIP6 multimodel mean forced response. For the six LENS
we average across ensemble members to isolate a forced
response for each model.

The prime period covered for analysis of trends is 1958–2018
with the start date dictated by the beginning of the ORAs5
ocean reanalysis. However, for SST alone, we look at all trends
ending in 2018 and starting at one year increments from 1870
(HadISST, COBE2, ERSSTv5) and 1890 (COBE) up to 1958.
Trends are computed by linear least squares regression using
annual mean data. Statistical significance is assessed using a
two-sided t test.

Prior work has focused on trends in the east–west equato-
rial Pacific SST gradients (e.g., Coats and Karnauskas 2017)
or the SST in the Niño-3.4 region (e.g., Seager et al. 2019).
Both metrics are influenced by ENSO and PDO. However,
evaluated over periods longer than that of decadal variability,
the region of lack of warming is far more confined to the
equatorial upwelling region than is typical of ENSO or PDO.
To reflect this difference here we use three metrics to measure
and compare the observed and modeled SST trends: the
east–west gradient [the trend in the SST in a western Pacific
box (1408–1708E, 38S–38N) minus an east Pacific box
(1708–908W, 38S–38N)], a north–south gradient (the trend in
the difference in SST between the average of off-equatorial
boxes for latitudes 98–38S and 38–98N minus an equatorial box
for latitude 38S–38N, all for longitudes 1708–1208W), and
finally, the pattern correlation for the entire equatorial Pacific
between 108S and 108N. The first metric measures the

differential warming between the warm pool region of the
west where the thermocline is deep and there is only weak or
no upwelling and the cold tongue region where the thermo-
cline is shallow and there is strong equatorial upwelling. It is
positive if the SST gradient strengthens. The second metric
measures the differential warming in the east between the
equatorial upwelling region and the waters immediately to
the north and south. It is positive for relative cooling at the
equator and negative if there is enhanced equatorial warming
(as in an El Niño–like response). The third metric measures
the similarity between observed and modeled trends across
the entire equatorial Pacific.

We also examine trends in observed and modeled thermo-
cline depth htc, defined as the depth at which the vertical tem-
perature gradient is a maximum in the upper 500 m of the
water column. Thermocline depth is computed for ORAs5
and each individual CMIP6 and LENS run for which data
were available. Using annual mean data, the trends in depth
are then computed. This definition of thermocline depth is
preferred over the depth of a representative isotherm because
of the direct tie to ocean thermal structure and its physical rel-
evance to SST variations and its lack of sensitivity to the over-
all ocean warming (see Yang and Wang 2009).

To assess the causes of thermocline depth trends we use the
linear shallow water ocean model with two vertical modes as
in Seager et al. (2019), described in detail by Israeli et al.
(2000) and referred to as the Tropical Climate Ocean Model
(TCOM). The model is forced by ECMWF ERA5 wind
stresses for 1958–2018 (Hersbach et al. 2020). The model also
calculates SST anomalies with the climatological SST and
parameterization of the temperature of upwelling water based
on ORAs5 as in Seager et al. (2019).

3. Results

a. Trends in observed and ensemble mean SSTs

Figure 1 shows maps of trends in tropical Pacific SSTs for
1958–2018 for the five observational gridded datasets and
their mean. In the HadISST, COBE, and ORAs5 gridded
datasets the trends show widespread warming but a narrow
equatorially confined region of cooling in the central to east-
ern tropical Pacific. In ERSSTv5 and COBE2 the equatorial
lack of warming is more confined to the central Pacific and is
broader in latitude [see also Santoso et al. (2007) and Coats
and Karnauskas (2017) for comparison of spatial patterns
of multidecadal tropical Pacific SST across different SST

TABLE 1. LENS models used in this study, modeling center, model version, model resolution, full length of simulation, number of
ensemble members, and reference.

Modeling center Model version Resolution atmosphere/ocean Years Members Reference

CCCma CanESM2 2.88 3 2.88/1.48 3 0.98 1950–2100 50 Kirchmeier-Young et al. (2017)
CSIRO Mk3.6 1.98 3 1.98/1.98 3 1.08 1850–2100 30 Jeffrey et al. (2013)
GFDL ESM2M 2.08 3 2.58/1.08 3 0.98 1950–2100 30 Rodgers et al. (2015)
GFDL CM3 2.08 3 2.58/1.08 3 0.98 1920–2100 20 Sun et al. (2018)
MPI MPI-ESM-LR 1.98 3 1.98/nominal 1.58 1850–2100 100 Maher et al. (2019)
NCAR CESM1-CAM5 1.38 3 0.98/nominal 1.08 1920–2100 40 Kay et al. (2015)
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products]. As seen in the observational mean, despite these
differences, there is substantial agreement across gridded
datasets that the central equatorial Pacific warmed less than
the west Pacific warm pool and also less than waters immedi-
ately to its north and south. There is no statistically significant
trend in the equatorial region of reduced or no warming while
elsewhere in the tropical Pacific there is widespread signifi-
cant warming. It is the very lack of a significant trend that
makes the equatorial region of relative cooling important
from a climate dynamics and impacts perspective.

Figure 2 shows the modeled forced responses as derived
from the CMIP6 multimodel mean, the ensemble mean for
each LENS and the mean across the LENS ensemble means.
The observed pattern of relative equatorial cooling is not cap-
tured as the response to changes in forcing in either the
CMIP6 multimodel ensemble mean nor any of the six LENS.
The multimodel CMIP6 and LENS ensemble means are
rather spatially uniform in the equatorial Pacific. Among the
ensemble means of the LENS models, CanESM2 and GFDL-
CM3 have El Niño–like responses with enhanced warming in
the eastern equatorial Pacific. In contrast, CSIRO-Mk3.0-6-0
and MPI-ESM tend to have a stronger zonal SST gradient.
Despite these differences, none of the CMIP6 or LENS
ensemble means have an SST trend pattern that is visually
similar to the observed ones with either narrow equatorial

cooling from the central to eastern equatorial Pacific (HadISST,
COBE, ORAs5) or a broad region of relative cooling in the
central equatorial Pacific (COBE2, ERSSTv5). Indeed, the
LENS models with a stronger gradient connect lesser warming
in the eastern equatorial Pacific to a wider region of reduced
warming in the southeast subtropical Pacific (He et al. 2017). It
is striking that the forced responses of all the models have weak
warming in the southeast Pacific Ocean. The observations-
based products also show an area of reduced warming in the
southeast Pacific but separate it from the equatorial cooling by
a zonal band of warming west of Peru. Because these ensemble
and multimodel mean trends are evaluated on averages across
many simulations in which the internal variability has been
greatly reduced all of the trends, even the smallest ones, are sig-
nificant at the 95% confidence level.

b. Trends in SST in individual models runs

These results make clear that the models do not have a
response to radiative forcing that resembles the observed
trend. Typically, recognizing this, the discrepancy between
the observed and modeled trends is explained in terms of the
observed trend being strongly influenced by internal variabil-
ity. To examine this possibility we next consider individually
all the trends in all the runs of all the models. Figure 3 shows
all three metrics of SST trend, with the east–west gradient

FIG. 1. The SST trend (K per 61 years) from five observations-based products over 1958–2018. Shown are those from (top left)
HadISST, (top right) COBE, (middle left) ERSSTv5, (middle right) COBE2, (bottom left) ORAs5, and (bottom right) the mean of these
five. Stippling indicates significance at the 95% confidence level according to a two-sided t test.
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trend on the horizontal axis, the north–south gradient trend
on the vertical axis (both in 8C), and the pattern correlation
with HadISST indicated by the color of the dot. The five
observations-based results are also indicated on each panel
(the pattern correlation for HadISST is 1 by construction).
Results are shown for each LENS model ensemble, the
CMIP6 models with the multimodel ensemble mean marked,
and the ensemble means of the LENS models.

From the point of view of all three metrics, the observed
trends tend to stand apart from the model ensembles. This
is definitely the case for all three metrics for the forced
responses as measured by the CMIP6 multimodel mean, the
individual LENS ensemble means, and the LENS multimodel
mean. Of the LENS, the MPI-ESM is the only model that has a
forced response with both a positive east–west and north–south
temperature gradient as in all the observations-based products.
Of the observations-based products ERSSTv5 is the one that
models find it easiest to agree with but, even so, no forced
response matches even its muted SST gradient changes.

For the individual model runs which contain full modeled
internal variability it is also the case that none can match the
amplitude of the gradient changes seen in the HadISST
and COBE gridded datasets. Further, only a handful of
511 CMIP6 and LENS individual runs can match the trends
seen in the other three observations-based gridded datasets.
Once more, the MPI-ESM stands out as the model whose
individual runs can best match the observed gradient changes.
In general, while some models can reproduce the trend in the
east–west gradient, they are less likely to reproduce the trend
in the north–south gradient (i.e., the equatorially confined
cooling) and even MPI-ESM does not match this as seen in
the HadISST and COBE gridded dataset. Notably, no individ-
ual runs have a pattern correlation with the HadISST trend
above 0.63, while the other observational gridded datasets have
pattern correlations withHadISST ranging from 0.65 (ERSSTv5)
to 0.87 (COBE).

We rank, relative to the HadISST data, the other four
observations-based gridded datasets and the individual

FIG. 2. The SST trend (K per 61 years) from climate models over 1958–2018. Shown are the multimodel mean trends of (top left) CMIP6
and (top right) LENS and, below, the ensemble mean trends of six individual LENS models.
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models runs by each metric: the amplitudes of the pattern cor-
relation, the east–west and north–south gradient trends and
then assign a multimetric rank by equally weighting the three
ranks. Results are shown in Table 2 for the top and bottom
eight model runs. We also show the change in the tropical
Pacific mean SST and the area-weighted root-mean-square
difference between the SST trends and the HadISST trend
in the 108S–108N, 1408E–908W domain. COBE ranks higher
than any model run, 3 model runs rank higher than COBE2,
3 more runs higher than ORAs5, and 21 more higher than
ERSSTv5. Interestingly, the GFDL-ESM2M model contributes

ensemble members to both the best matching and worst match-
ing groups, indicating large amplitude variability. Next we exam-
ine in closer detail the six model runs that best match the
observations-based products.

Figure 4 shows the 1958–2018 SST trends for these six runs
(which come from three models). All clearly have an
enhanced east–west SST gradient with muted warming in the
cold tongue region. However, unlike the observations-based
gridded datasets, the runs from the MPI-ESM and MIROC-
ES2L models connect this muted warming in the cold tongue
to the muted warming in the southeast subtropical Pacific

FIG. 3. Trends (K per 61 years) in the east–west SST gradient (horizontal axis), north–south near-equatorial SST gradient (vertical
axis), and the pattern correlation between the HadISST observations-based and modeled SST gradient in the Pacific Ocean 108S–108N
domain (color coding of dots), for 1958–2018. Results are shown for (top),(middle) the six LENS ensembles and (bottom left) for individ-
ual CMIP6 runs and the multimodel ensemble mean and (bottom right) for the six LENS ensemble means plus the multimodel LENS
ensemble mean. Observations-based estimates for HadISST, COBE, COBE2, ERSSTv5, and ORAs5 are also shown in each panel.
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Ocean. The run from the GFDL-ESM2M model, in contrast,
appears quite realistic in the sense that it has an equatorially
confined region of muted warming in the central to eastern
Pacific. This model, however, provides runs that were also
among the lowest ranked in terms of matching the observed
trends, so the good match clearly arises from model internal
variability as opposed to a forced response.

How unusual are the observed trends when viewed from
the perspective of the CMIP6 and LENS? Figure 5 shows his-
tograms for all 511 model runs of the east–west and north–
south gradient changes, and pattern correlation with
HadISST, for 1958–2018 as well as the five observational val-
ues. For the east–west gradient change 15 (3%) (relative to
HadISST) and 19 (4%) (relative to COBE) runs equal or
exceed the observed values. For the north–south gradient
change no runs equal or exceed the observed values in these
two observations-based gridded datasets. In the terminology
of the Intergovernmental Panel on Climate Change uncer-
tainty language (Mastrandrea et al. 2011), this means that the
east–west gradient change as observed by HadISST is
extremely likely, and the north–south change to be virtually
certain, to be outside the range of what CMIP6 and LENS
models can produce for this period as a combination of inter-
nal variability plus forced change. For the pattern correlation
coefficient with HadISST no LENS or CMIP6 models runs
exceed 0.66. Of the observations-based gridded datasets,

ERSSTv5 is the one that model runs come closest to being in
agreement with. The change in north–south SST gradient in
ERSSTv5 is well within the model ensemble but this dataset
clearly stands out as an outlier in this metric within the obser-
vations-based gridded datasets. However, even for ERSSTv5
only a handful more model runs (23 or ,5%) exceed its east–
west SST gradient change. The distributions of the multimo-
del ensemble for the east–west and north–south gradients and
the pattern correlation are all skewed negative, with a mean
close to zero or negative, quite distinct from the observed pos-
itive values.

c. Trends in equatorial Pacific thermocline depth and
upper ocean temperature

Seager et al. (2019) argued that the observed lack of cold
tongue warming was due to thermocline shallowing in
response to stronger trade winds that themselves were driven
by the enhanced east–west SST gradient. Examining the
observed and modeled thermocline depth trends provides
another check on the realism of the modeled tropical Pacific
climate trends. Figure 6 shows the trends in thermocline
depth and SST for the Niño-3.4 region for the CMIP6 and
LENS ensembles. There is a general tendency in the models
toward SST warming and thermocline shoaling. This is consis-
tent with GHG-driven warming being surface trapped and
not penetrating to depth (Fig. 7). As such the depth of the

TABLE 2. Observations-based, CMIP6, and LENS individual run SST trends for 1958–2018 compared to the HadISST
observations-based trend by three metrics showing the eight best matching (top of table) and eight worst matching (bottom of table)
runs. Listed are name of model and run identifier, whether from CMIP6 or LENS, the trend in the tropical Pacific mean SST and
root-mean-square error between the trend in the run and the HadISST one in the 108S–108N, 1408E–908W domain (both in 8C), the
three metrics: pattern correlation and east–west and north–south gradient change (8C), and, finally, overall rank. Trends significant at
the 95% (90%) confidence level are marked in bold (italics).

Obs or model Ensemble member Type

Statistics Ranked indices

Combined rankMean (8C) RMSE (8C) PC NS (8C) EW (8C)

HadISST OBS 0.44 0.00 1.00 0.32 0.64 1
COBE OBS 0.45 0.13 0.87 0.29 0.54 2
MPI-ESM r008i2005p3 CMIP5-LENS 0.59 0.28 0.62 0.20 0.68 2
MIROC-ES2L r6i1p1f2 CMIP6 0.67 0.39 0.50 0.25 0.84 4
MPI-ESM r073i2005p3 CMIP5-LENS 0.52 0.25 0.62 0.19 0.59 5
COBE2 OBS 0.58 0.22 0.77 0.19 0.42 6
MPI-ESM r090i2005p3 CMIP5-LENS 0.54 0.28 0.51 0.16 0.57 7
GFDL-ESM2M r19i1p1 CMIP5-LENS 1.02 0.64 0.46 0.16 0.68 8
MPI-ESM r033i2005p3 CMIP5-LENS 0.35 0.27 0.50 0.17 0.42 9
ORAs5 OBS 0.42 0.15 0.82 0.17 0.33 10
MPI-ESM r059i2005p3 CMIP5-LENS 0.55 0.24 0.63 0.25 0.25 11
MPI-ESM r075i2005p3 CMIP5-LENS 0.33 0.31 0.45 0.21 0.35 12

ERSSTv5 OBS 0.61 0.28 0.65 0.05 0.39 34

CESM1-CAM5 r19i1p1 CMIP5-LENS 0.70 0.49 20.56 20.17 20.52 509
GFDL-ESM2M r17i1p1 CMIP5-LENS 1.15 0.82 20.54 20.23 20.44 509
CESM1-CAM5 r33i1p1 CMIP5-LENS 0.71 0.51 20.43 20.24 20.63 511
CanESM2 r25i1p1 CMIP5-LENS 1.35 1.00 20.55 20.25 20.37 512
CESM1-CAM5 r12i1p1 CMIP5-LENS 0.70 0.57 20.47 20.22 20.93 513
CESM1-CAM5 r27i1p1 CMIP5-LENS 0.92 0.67 20.63 20.18 20.50 514
CanESM2 r21i1p1 CMIP5-LENS 1.28 0.93 20.55 20.30 20.45 515
CESM1-CAM5 r35i1p1 CMIP5-LENS 0.74 0.52 20.69 20.18 20.53 516
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maximum vertical temperature gradient}the thermocline}tends
to move upward. This is a thermodynamic (diabatic) change to
the thermocline depth. Once more, the observations-based
results from ORAs5 are distinct from the models with strong
thermocline shoaling going along with only weak warming of
the SSTs, suggesting a dynamical (adiabatic) shoaling. The
plots also show the thermocline and SST changes computed
with the linear shallow water ocean model of Seager et al.
(2019) forced by observed winds. In this model the thermo-
cline depth is only influenced by winds since the thermal
structure is held fixed. The model thermocline depth trend
reasonably well matches the observed one, confirming the
dynamical origins of the observed trend. The SST in the ocean
model (which, while depending in part on upwelling and ther-
mocline depth, does not influence the specified vertical ther-
mal structure) also matches the observed SST trend.

The vertical temperature profile trends, averaged over
28S–28N, are shown in Fig. 7 and emphasize just how different
the observed trends are from the models. ORAs5 has strong
(and statistically significant in a broad region) cooling in the
upper ocean driven by thermocline shoaling. While the mod-
els do have some dynamical lifting of the thermocline as indi-
cated by the subsurface cooling, which is widely statistically
significant for the ensemble and multimodel means and has
been explained in terms of changes to wind stress curl (DiNezio
et al. 2009), the greater dominance of dynamical driving in the
observations-based ocean reanalysis is clear. The difference

between ORAs5 and models is most stark for the CMIP6 and
LENS multimodel means. We also show in Fig. 7 the trend for
five of the six best-matching runs (GFDL does not make ocean
data available so only the MPI-ESM and MIROC results are
shown). They have upper ocean temperature trends more akin
to ORAs5 but the dynamically induced thermocline shoaling
and subsurface cooling is weak compared to the observations-
based ocean reanalysis.

d. Trends in the east–west and north–south SST gradients
over the last century and a half

In Fig. 8 we show how the east–west SST gradient trend has
evolved over time in observations-based products, the top six
model runs and the complete CMIP6 plus LENS multimodel
ensemble. Trends over all periods ending in 2018 are shown
beginning in 1870 (HadISST, COBE2, ERSSTv5) and
1890 (COBE) with the most recent one being 1958–2018.
Model trends are shown for 1870 on except for GFDL-
ESM2M which begins in 1950. The trend toward an increasing
east–west gradient in HadISST has been positive and between
0.38 and 0.68C over the entire observational record. At the
other end of the range of observations-based products, the
trend in ERSSTv5 has also been consistently positive but
varying between 0.08C (for 1870–2018) and 0.58C. The varia-
tions over time in the observations-based products are consis-
tent with amplification or partial cancellation of a steady
trend by internal PDO variability (Zhang et al. 1997). When

FIG. 4. The SST trends (K per 61 years) in the six runs from the CMIP6 and LENS ensembles that best match the observations-based
HadISST trend over 1958–2018, according to an equal weighting of the east–west gradient, north–south gradient, and pattern correlation metrics.
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the trend begins during a cold tropical Pacific state of the
PDO the trend from then to 2018 is least positive (e.g., the
1940s and 1950s) and when the trend begins in a warm PDO
state the trend from then to 2018 is more positive (e.g., the
1920s and 1930s). This steadiness with small variations is
not at all the case for the six model runs. Although they
match the observations-based products trends for the most
recent 60 year period (which is dictated by the selection
procedure), their trends have either been generally weaker,
or even toward a reduced east–west gradient in the MIROC
and GFDL models, when evaluated from earlier periods.
Consequently even these best matching model runs do not
well match the observed record of the east–west SST gradi-
ent when viewed over the whole period of observations.

The discrepancy between models and three of the four
observations-based products with long records is more

pronounced for the north–south gradient changes shown in
Fig. 9. These observed changes are beyond the 95th percentile
of the CMIP6 plus LENS ensemble spread for all trend peri-
ods and, very often, outside the entire ensemble spread. While
not as strong as the observations-based products, of the best-
matching six runs from all models, one run of the MPI-ESM
model is typically outside the 95th percentile of the model
ensemble spread of the north–south gradient. The other MPI-
ESM runs also have persistent positive trends in the north–
south gradient though much weaker than in the observations-
based products. The ERSSTv5 dataset is an outlier among the
observations-based gridded products for the north–south gra-
dient change and the models are consistent with it.

4. Conclusions

We have examined tropical Pacific climate change in the
latest generations of CMIP climate models and the multimo-
del large ensembles. As for prior generations of models, these
models still fail to reproduce the observed history of SST in
the equatorial Pacific Ocean. This is a matter of concern since
SST changes in this region exert a strong influence on climate
worldwide, global ocean heat uptake and air–sea exchange of
CO2. The forced response of the CMIP6 models, as repre-
sented by the multimodel mean, and the forced response of
the individual model large ensembles, as represented by the
ensemble mean of each, are emphatically different from the
trend in four observations-based gridded datasets and still dif-
ferent from the one dataset closest to the models (ERSSTv5).
The difference between trends on observations-based prod-
ucts and models cannot easily be explained away by appealing
to the observations-based trend being strongly influenced by
internal climate variability. By using three metrics of the pat-
tern of SST trend, only a handful of the 511 individual model
runs come close to matching the observations-based SST
trend pattern and only a few of these have the observed pat-
tern of meridionally narrow equatorial cooling surrounded by
warming. Instead, some of the best matching model runs erro-
neously connect the lack of cold tongue warming with a wider
area of muted warming in the southeast Pacific. Furthermore,
even those individual runs that best match the observations-
based trend for the 1958–2018 period do not simulate how the
trend has evolved over the period of instrumental records. In
the observations-based products, trends to 2018 beginning in
the nineteenth century and continuing up to the most recent
(1958–2018), consistently show a strengthening east–west SST
gradient. While the best matching models agree with the
observations-based products by this single metric for the most
recent period they do not have a gradient that strengthens as
consistently and strongly as observed from the nineteenth
century until now. The north–south gradient also is consis-
tently strengthening in all trends to 2018 starting from 1870 to
1958 in four gridded datasets. Only one model run (with MPI-
ESM) does this, though more weakly than observed. How-
ever, the ERSSTv5 dataset is a clear outlier for this metric
and models easily agree with it.

The cooling or lack of warming of the cold tongue in
observations-based gridded products has been linked to

FIG. 5. Histograms of CMIP6 plus LENS SST trend (1958–2018)
indices with observations-based values and CMIP6 and LENS mul-
timodel ensemble means marked. (top) The north–south SST gra-
dient index; (middle) the east–west SST gradient index; (bottom)
the pattern correlation with HadISST, all for trends (K per 61 years)
over 1958–2018. The CMIP6 and LENS multimodel means are
marked as red and orange vertical bars and the HadISST, COBE,
COBE2, ORAs5, and ERSSTv5 observations-based estimates
as black, green, light blue, dark blue, and purple vertical bars.
In the legend the numbers and percents are the trend values
and significance levels against the null hypothesis that the trend
is zero.

S E AGER E T AL . 457915 JULY 2022



thermocline shoaling driven by enhanced trade winds. Consis-
tent with the disagreement on SST trends, none of the CMIP6
(with the exception of the very scattered MIROC6 model)1 or
LENS models simulate the observed combination of strong
thermocline shoaling and muted cold tongue SST change.
Instead the models shoal the thermocline primarily for
thermodynamic reasons in response to surface warming. In
contrast the observed shoaling can be explained adiabati-
cally in terms of dynamical lifting in response to wind stress
trends.

These results are not inconsistent with those of Olonscheck
et al. (2020) and Watanabe et al. (2020). The latter worked
with a 1951–2010 period, comparable to that here in its ability
to average over the dominant time scales of internal varia-
tions. However, to estimate the trends in zonal SST gradient,
DSSTeq, they use a latitude range of 58S–58N whereas we use
the narrower 38S–38N to emphasize the equatorial upwelling
region that is so clear in the observed trend pattern and of sig-
nificant climatic and biogeochemical importance. Their results
for CMIP5 models and six observational products are summa-
rized in their Fig. 1a. They state, “While CMIP5 models show
a large inter-model spread, the average of the observed
DSSTeq trends lies outside the 5%–95% range of the CMIP5-

based trends.” We note that their average of six observed
trends includes two raw data products; all of the four analysis
products have stronger trends than any of the 27 CMIP5 mod-
els in their sample. The trends in the two raw data products
also show a lesser increase in the zonal gradient, while most
CMIP5 models have it decreasing. Though we prefer the anal-
yses, which use covariance information and so in principle
ought to be superior, even with all six observational products
included it remains highly unlikely that the CMIP5 models
simulate the observed trend.

Watanabe et al. (2020) then examine four models with large
ensembles, concluding that two (IPSL-CM6A-LR andMIROC6)
give only marginal agreement, in one (CESM1) 10% of the simu-
lations are close to observations, and one (MPI-ESM1.1) gives
agreement 40% of the time. A rigorous statistician might object
that, in the absence of an a priori reason to single out the models
giving good agreement, the only fair thing is to consider the
entire aggregate of simulations, in which case the small number
of total successes is not impressive. In this study we consider the
latest generation CMIP6 models and also the available LENS
and also find that only the MPI-ESMmodel simulations are close
enough to the observations-based products to be deemed poten-
tially realistic. Olonscheck et al. (2020) work with CMIP5,
CMIP6, and LENS models and do use the narrower latitude
range but focus on much shorter time periods for trend evalua-
tion than we use and which are more influenced by the natural
variability of the PDO.

An inescapable limitation of our investigation is the uncer-
tainty in the observations. Leaving aside errors in each datum,
data coverage in the tropical Pacific is too sparse to allow full

FIG. 6. Trends (K per 61 years) over 1958–2018 in SST (horizontal axis) and thermocline depth (vertical axis) in the Niño-3.4 region of
the central to eastern equatorial Pacific Ocean for (left) CMIP6 and (right) LENS with individual runs shown as dots and ensemble mean
as diamonds for LENS and CMIP6 models with more than 6 ensemble members, and the CMIP6 and LENS multimodel means as
squares. The ORAs5 trends are shown as a plus sign and the trends simulated by a linear shallow water model (TCOM) forced by ERA5
observations-based wind stresses are shown as a cross. The right panels show trends in the vertical temperature profile at the equator for
(top) ORAs5 and the multimodel mean of (middle) CMIP6 and (bottom) LENS.

1 TheMIROC6model, while simulating in the Niño-3.4 region a
combination of thermocline shoaling and SST change similar to
ORAs5, also simulates a region of relative SST cooling in the west-
ern equatorial Pacific while the thermocline shoaling is also shifted
west of that in ORAs5. Hence this model ranks low in the metrics
of SST trend patterns (not shown).
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confidence in computed trends. The resolution we require
restricts the “observational” datasets we use to a subset of the
available reanalysis schemes, which use covariance informa-
tion to fill data gaps and are not unadulterated observations.
In common with most but not all users, we prefer these to
more raw data products such as ICOADS because in principle
the added information should be helpful. Our experience con-
firms this; for example, the ENSO forecasts in Chen et al.
(2004) are initialized with SST reanalyses and are quite suc-
cessful in data-poor decades such as the late nineteenth cen-
tury even when initialized from times with no obvious strong
signal. Nonetheless we cannot rule out the possibility that
these reanalysis schemes misuse the additional information so
that it degrades the raw data, as suggested by Deser et al.
(2010) in their study of trends using ICOADS data. We note,
however, that not even ICOADS data are made from raw
observations but have been processed to try to eliminate
biases and changes in observing systems. As monthly gridded
data there is also some homogenization in time and space.
Moreover, as is true of the reanalysis products, a consequence
of incomplete coverage is a relaxation toward climatology,
which impacts estimates of trends.

As noted above, due to the limited spatial coverage and res-
olution of ICOADS data, we cannot make a direct compari-
son between reanalysis and ICOADS versions of our gradient
metrics. The closest fit we have found in the literature is
Fig. 1a of Watanabe et al. (2020), which compares six observa-
tional products (four reanalyses and two raw data) and
26 CMIP5 model runs. Compared with the present paper,
they use latitudinally broader boxes with somewhat different
longitudes and their calculated trends are from 1951 to 2010
instead of from 1958 to 2018 here so our period ends with
8 more years marked by a relatively strong east–west gradient.
In their figure both raw products (ICOADS and HadSST3;
Kennedy et al. 2011a,b) have trends that show a strengthening of
the east–west gradient, though neither is as strong as any of the
four reanalyses [HadISST, Kaplan (Kaplan et al. 1998), COBE2,
ERSSTv6]. While no CMIP5 model runs analyzed have a
trend as large as those four, there are four model runs
with stronger trends than ICOADS (and six stronger than
HadSST3). These findings strongly suggest that those who
believe ICOADS or HADSST3 to be more reliable than the
reanalyses are less likely to be persuaded by our results. For
the reasons stated, we are not, however, of that persuasion.

FIG. 7. Trends (K per 61 years) in the equatorial upper ocean temperature for ORAs5, the LENS multimodel mean, and CMIP6 multi-
model mean (first three panels in the left column) and four of the six best matching individual runs from the CMIP6 plus LENS ensemble
(remaining panels). Trends significant at the 95% level are stippled.
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If we do put faith in the SST reanalyses, this collection of
evidence from observations-based products and models sup-
ports the conclusions that (i) during the time of rising GHGs,
the observations-based products show a persistent increase of
the east–west SST gradient that has been associated with a
wind-driven shoaling of the thermocline that enhances cooling
due to upwelling in the cold tongue; (ii) models have forced
responses to rising GHGs that are quite different from the
observed trend; (iii) taken together, the observed SST and
thermocline trends are extremely likely (in IPCC usage) to be
outside the range of internal variability in the models. Only
one model (MPI-ESM) comes close in some of its runs to the
observed trends, both recent ones and those evaluated over
longer time periods, though its thermocline shoaling is weaker
than observed. It is still possible that the observed tropical
Pacific trends are a result of internal variability akin to that in
MPI-ESM (and also possibly GFDL-ESM2M, but in the
absence of ocean model data it is hard to tell). The character
of the observed trends could be artifacts of changes in obser-
vation density and observing practice or the analysis methods.
Also, perhaps the ERSSTv5, though an outlier among
observations-based gridded datasets, is closer to reality
than the other four gridded datasets reducing, but not

eliminating, the observations–models discrepancies. How-
ever, the parsimonious explanation of all the above results
is that there is a discrepancy between models and the real
world and it arises from models misrepresenting the forced
response to rising greenhouse gases, most likely due to
model biases in climatological SSTs and winds (e.g., Seager
et al. 2019).
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