
1. Introduction
Earth's climatological pattern of sea-surface temperature (SST) plays a key role in shaping the large-scale 
atmospheric circulation and regional climate. In particular, the relative warmth of the Warm Pool in the western 
Indo-Pacific compared to the Cold Tongue in the eastern equatorial Pacific drives the Walker circulation in the 
tropical atmosphere, which through its impact on the upper tropospheric divergence in the Warm Pool generates 
large-scale atmospheric Rossby waves that propagate into higher latitudes and impact climate around the globe 
(Bjerknes, 1969; Sardeshmukh & Hoskins, 1988). This is part of a two-way coupling between the tropical atmos-
phere and ocean; the Walker circulation also helps shape the climatological SST pattern by driving upwelling 
of cold waters in the Cold Tongue and ocean heat-flux convergence in the Warm Pool (Bjerknes, 1969; Neelin 
et al., 1998).

In response to anthropogenic greenhouse gas forcing, climate models generally show weakening of the 
Walker circulation (Vecchi et  al.,  2006) and enhanced warming in the eastern equatorial Pacific (Meehl & 
Washington, 1996). In contrast, SST observations show enhanced warming in the Indo-Pacific Warm Pool and 
weak cooling in the eastern equatorial Pacific over the 20th century (Cane et al., 1997; Coats & Karnauskas, 2017; 
Karnauskas et  al.,  2009; Solomon & Newman,  2012) as well as a pronounced strengthening of the tropical 
Pacific zonal SST gradient since the mid 1970s (Watanabe et al., 2021; Wills et al., 2020). Sea-level pressure 

Abstract Observed surface temperature trends over recent decades are characterized by (a) intensified 
warming in the Indo-Pacific Warm Pool and slight cooling in the eastern equatorial Pacific, consistent with 
Walker circulation strengthening, and (b) Southern Ocean cooling. In contrast, state-of-the-art coupled climate 
models generally project enhanced warming in the eastern equatorial Pacific, Walker circulation weakening, 
and Southern Ocean warming. Here we investigate the ability of 16 climate model large ensembles to reproduce 
observed sea-surface temperature and sea-level pressure trends over 1979–2020 through a combination of 
externally forced climate change and internal variability. We find large-scale differences between observed 
and modeled trends that are very unlikely (<5% probability) to occur due to internal variability as represented 
in models. Disparate trends in the ratio of Indo-Pacific Warm Pool to tropical-mean warming, which shows 
little  multi-decadal variability in models, hint that model biases in the response to historical forcing constitute 
part of the discrepancy.

Plain Language Summary Regional climate change depends not only on the magnitude of global 
warming, but also on the spatial pattern of warming. We show that the spatial pattern of observed surface 
temperature changes since 1979 is highly unusual, and many aspects of it cannot be reproduced in current 
climate models, even when accounting for the influence of natural variability. We find a particularly large 
discrepancy in the rate of warming within the western Pacific Ocean and eastern Indian Ocean, which suggests 
that models have systematic biases in the response of sea-surface temperature patterns to anthropogenic forcing, 
because the contribution of natural variability to multi-decadal trends is thought to be relatively small in this 
region. Our work raises the possibility that the recent trends toward more La-Niña-like conditions may be 
partly a response to anthropogenic forcing, even though most existing climate model and paleoclimate evidence 
suggests that trends will eventually reverse toward more El-Niño-like conditions, with an associated shift in 
regional climate trends.
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(SLP) observations show weakening of the Walker circulation over the 20th century (Tokinaga et  al.,  2012; 
Vecchi et al., 2006), however, the Walker circulation has strengthened since 1979 (Chung et al., 2019; Kociuba 
& Power, 2015; L’Heureux et al., 2013; Ma & Zhou, 2016; Zhao & Allen, 2019), in contrast to fully coupled 
historical simulations of this period (Figure 1). Recent decades have also been characterized by Southern Ocean 
cooling and sea-ice expansion, in contrast to the anthropogenically forced changes simulated in climate models 
(Fan et al., 2014; Turner & Overland, 2009).

It remains an open question whether the differences in recent multi-decadal trends between observations and 
models resulted from anomalous multi-decadal variability or from aspects of the forced climate response not 
captured by models. Some studies suggest that these difference in Pacific and Southern Ocean trends could have 
resulted from internal atmosphere-ocean variability (Chung et al., 2019, 2022; Olonscheck et al., 2020; Watanabe 
et al., 2021; L. Zhang et al., 2019; Zhao & Allen, 2019), while others suggest they result in part from missing 
forcings or model biases in the pattern of response to forcing (Bintanja et al., 2013; Coats & Karnauskas, 2018; 
Kohyama et al., 2017; Kostov et al., 2018; Schneider & Deser, 2018; Seager et al., 2019, 2022; Suarez-Gutierrez 
et al., 2021; Wills et al., 2020). It is critical to distinguish between these hypotheses in order to predict future SST 
trends and the associated atmospheric circulation changes.

Figure 1. Observed trends (per 41 yr) in annual-mean (a) sea-surface temperature (SST) and (b) sea-level pressure (SLP) over 1979–2020 from Extended 
Reconstructed SST data set v5 (ERSSTv5) (Huang et al., 2017) and the ERA5 reanalysis (Hersbach et al., 2020), respectively. Modeled trends in (c) SST and (d) SLP 
over 1979–2020, from the multi-model mean of simulations with 16 climate model large ensembles (LEs) (Table 1). The SST trends in each LE have been rescaled 
such that their global mean matches that in ERSSTv5. Observed trends in (e) SST and (f) SLP over 1979–2020, expressed in ensemble standard deviations away from 
the multi-model mean (i.e., the difference in trends between observations and the multi-model mean divided by the square root of the average variance in trends within 
LEs). Panels (c–f) are computed with the first 10 members of each LE such that models are weighted equally. The ±2 standard deviation contour is shown with a black 
line. The root mean square error over 60°S–60°N of the maps in panels (e and f) are shown in the upper right.

 19448007, 2022, 17, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100011 by C

ochrane France, W
iley O

nline L
ibrary on [03/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

WILLS ET AL.

10.1029/2022GL100011

3 of 12

Here, we leverage a recent proliferation of climate model data from initial-condition large ensembles (LEs) 
(Deser, Lehner, et al., 2020) to evaluate which aspects of the mismatch between observed and modeled trends 
can be explained by internal multi-decadal variability. In initial-condition LEs, the same model is run multiple 
times with the same forcing but small differences in the initial condition, such that each ensemble member shows 
a different realization of internal variability. The ensemble mean thus shows the forced climate response, while 
the ensemble spread shows the range of possible realizations due to internal variability. Olonscheck et al. (2020) 
used LEs to show that local 30-yr SST trends in climate models are largely consistent with observations, when 
accounting for internal variability. However, several other recent studies (Seager et al., 2019, 2022; Watanabe 
et al., 2021) have shown discrepancies between observations and models in longer-term equatorial Pacific SST 
trends. In this study, we will evaluate the large-scale pattern of SST and SLP changes during the well-observed 
42-yr period since 1979, during which the Walker circulation and Pacific zonal SST gradient trends are particu-
larly anomalous, and will show that the discrepancies in equatorial Pacific trends over this period are part of a 
large-scale pattern of systematic biases in trends between climate models and observations.

2. Climate Model Large Ensembles Unable to Reproduce Observed Trends
We analyze annual-mean SST and SLP in simulations from 16 climate models that have at least 10 ensemble 
members for the period 1979–2020 under historical and future forcing scenarios (Table 1). Historical simula-
tions only extend to 2005 (CMIP5) or 2014 (CMIP6), and different ensembles use different scenarios afterward, 
namely RCP8.5, SSP2-4.5, SSP3-7.0, and SSP5-8.5, but differences between these scenarios are small through 
the year 2020. We compare modeled trends against observational SST data from the Extended Reconstructed 
SST data set v5 (ERSSTv5) (Huang et al., 2017), the COBE SST data set (Ishii et al., 2005), and the Atmospheric 
Model Intecomparison Project SST boundary condition data set (Hurrell et al., 2008), and SLP data from the 
ERA5 (Hersbach et al., 2020) and JRA55 (Kobayashi et al., 2015) reanalyzes. All model output and observational 
data are linearly interpolated to a common 1.5° analysis grid used by the ETH Zurich CMIP6 next-generation 
archive (Brunner et al., 2020).

The multi-model-mean SST trends over 1979–2020 (Figure  1c) are relatively spatially uniform except for 
enhanced warming in the North Pacific and muted warming in the North Atlantic warming hole and the Southern 

Model Scenarios N Reference

CESM1.1 Historical, RCP8.5 40 Kay et al. (2015)

CanESM2 Historical, RCP8.5 50 Kirchmeier-Young et al. (2017)

CSIRO-Mk3.6 Historical, RCP8.5 30 Jeffrey et al. (2013)

GFDL-CM3 Historical, RCP8.5 20 Sun et al. (2018)

GFDL-ESM2M Historical, RCP8.5 30 Rodgers et al. (2015)

MPI-ESM Historical, RCP8.5 100 Maher et al. (2019)

ACCESS-ESM1.5 Historical, SSP2-4.5 13 Ziehn et al. (2020)

CanESM5 Historical, SSP3-7.0 25 Swart et al. (2019)

CESM2.1 Historical, SSP3-7.0 99 Rodgers et al. (2021)

CNRM-CM6.1 Historical, SSP2-4.5 10 Voldoire et al. (2019)

EC-Earth3 Historical, SSP5-8.5 50 Wyser et al. (2021)

GISS-E2.1-G Historical, SSP3-7.0 10 Kelley et al. (2020)

IPSL-CM6A-LR Historical, SSP3-7.0 11 Boucher et al. (2020)

MIROC6 Historical, SSP5-8.5 50 Tatebe et al. (2019)

MIROC-ES2L Historical, SSP2-4.5 30 Hajima et al. (2020)

NorCPM1 Historical, SSP2-4.5 30 Bethke et al. (2021)

Note. The experimental setups and forcing scenarios for the CMIP5 (top) and CMIP6 simulations (bottom) are described in Taylor et al. (2012) and Eyring et al. (2016), 
respectively.

Table 1 
CMIP5 and CMIP6 Large Ensembles Covering the Period 1979–2020, the Scenarios Used, and the Number of Ensemble Members Used (N)
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Ocean. Compared to the multi-model mean, observed SST trends (Figure 1a) show much larger warming in the 
northwest Atlantic and southwest Pacific, cooling instead of warming in the Southern Ocean (Figure 2c), and 
opposite trends in the Pacific zonal SST gradient (Figure 2a). In this comparison of modeled and observed SST 
trends, we have rescaled the ensemble-mean SST trends in each model such that the global-mean SST trend 
matches that in ERSSTv5 over 1979–2020, removing differences in global-mean warming rate between models 
(due largely to differences in climate sensitivity) and focusing instead on differences in the pattern of SST trends. 
This rescaling removes a global-mean SST trend difference between models and observations due to climate 
models overestimating recent warming (Jiménez-de-la Cuesta & Mauritsen, 2019; Nijsse et al., 2020; Tokarska 
et al., 2020).

The SLP trends over 1979–2020 in ERA5 reanalysis (Figure 1b) and models (Figure 1d) both show positive 
(anticyclonic) trends in the midlatitude oceans and negative (cyclonic) trends in the high latitudes, but the trends 
in the midlatitude oceans are much larger in observations than in models, and observations show a strengthen-
ing of the Walker circulation, as measured by the zonal SLP gradient across the equatorial Pacific, which is not 
seen in  the  multi-model mean (Figure 2c). Global-mean SLP trends are retained in the analysis, because abso-
lute surface pressure is assimilated in ERA5. There is a global-mean SLP trend of 20.6 Pa (41 yr) −1 in ERA5, 
compared to −0.3 Pa (41 yr) −1 in the multi-model mean, potentially related to the lack of mass conservation in the 
reanalysis. Removing the global-mean SLP trend would serve to shift the observed trends toward more negative 
values, while preserving the range of values.

To analyze how internal variability could have contributed to the differences in trends between observations and 
models, we calculate where the observations lie within the distribution of trends simulated by the LEs (Figures 1e 
and 1f). To do so, we divide the difference in trends (observations minus multi-model mean) by the multi-model 
ensemble standard deviation (i.e., the square root of the multi-model mean of the ensemble variance at each grid 
point). If the observations were consistent with the forced response and internal variability as represented in the 
models, and the distribution of anomalies due to internal variability is well-described by a Gaussian, then there 
would only be a ∼5% probability of observing a normalized difference more extreme than ±2 ensemble standard 
deviations. However, differences larger than this are found in many regions (12% of the globe for SST; 8% for 
SLP), including the strong observed warming in the Indian Ocean, West Pacific, South Pacific Convergence 
Zone, and Gulf Stream, the observed cooling in the Southern Ocean and southeast Pacific, and the observed SLP 
increase in the eastern Pacific, the Caribbean, South America, and the Mongolian Plateau (note however that SLP 
over topography is sensitive to the surface air temperature used in the adjustment to mean sea level). Differences 
in trends (from the multi-model mean) this large are very unlikely (<5% probability) to occur within the models.

The same basic patterns of normalized trend differences can be found by comparing observations to each LE 
separately (Figures S1 and S2 in Supporting Information S1) or when using different observational products 
(Figure S3 in Supporting Information S1). CESM2 and MPI-ESM show the smallest discrepancies with obser-
vations in the tropics (Figures S1 and S2 in Supporting Information S1), owing in part to strong (but potentially 
unrealistic; Samanta et  al.  (2018)) tropical Pacific multi-decadal variability in these models (Figures  2a, 2b, 
and  2d). A similar pattern of SST trend differences can be found in both boreal winter and boreal summer 
(Figures S4 and S5 in Supporting Information S1), though SST trends in the South Pacific are more anomalous 
in austral winter. The pattern of SLP trend differences differs between boreal winter and boreal summer (Figures 
S4 and S5 in Supporting Information S1), but both seasons show anomalous Walker circulation strengthening 
compared to the multi-model mean. Observed trends over a longer time period (1958–2021) are even more anom-
alous on average compared to the trends simulated by the LEs (Figure S6 in Supporting Information S1), though 
trends in Southern Ocean SST and Walker circulation strength are more consistent with models over this period.

The unusual nature of the observed trends compared to what is possible in coupled climate models is also appar-
ent in a number of key climate indices including the Pacific zonal SST gradient (Figure 2a), the Walker circula-
tion strength (Figure 2d), and Southern Ocean SST (Figure 2c). No ensemble member simulates the magnitudes 
of both Pacific SST gradient strengthening and Southern Ocean cooling found in ERSSTv5. The relative rate of 
Indo-Pacific Warm Pool warming (per degree of tropical-mean SST change), which plays a key role in global 
radiative feedbacks (Dong et al., 2019), is also particularly anomalous (Figure 2b), with most models showing 
trends of near 1°C (°C) −1 (i.e., Warm Pool warming rate equal to the tropical average), whereas observations 
show trends of around 1.3°C (°C) −1, which are only reproduced in a few ensemble members of one model 
(CESM2). Previous studies have also reported anomalous observed trends in related metrics such as the warming 
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Figure 2. Comparison of observed trends (1979–2020) in key indices with those in all ensemble members from 16 
large ensembles: (a) the Pacific sea-surface temperature (SST) gradient index used in Watanabe et al. (2021), defined as 
the difference between the western equatorial Pacific (5°S–5°N, 110°E–180°) and eastern equatorial Pacific (5°S–5°N, 
180°–80°W); (b) the ratio of Indo-Pacific Warm Pool (30°S–30°N, 50°E–160°W) SST warming to tropical-mean 
(30°S–30°N) SST warming; (c) Southern Ocean SST (45°S–75°S); (d) Walker Circulation strength, defined as in Vecchi 
et al. (2006) as the difference in sea-level pressure between the eastern equatorial Pacific (5°S–5°N, 160°W–80°W) and 
western equatorial Pacific (5°S–5°N, 80°E–160°E); (e and f) the signal-to-noise maximizing pattern indices shown in 
Figure 3. Violin plots (Waskom, 2021) for each model can be compared with multiple observational products, shown on the 
right-hand side. Ensemble average trends for each index and model are shown with black circles. See Figure S7 in Supporting 
Information S1 for a map of the averaging regions.
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in tropical convective regions (Fueglistaler & Silvers, 2021) or the tropical inter-basin warming contrast (Zhang 
& Karnauskas, 2017). There are also large discrepancies between observed and modeled SST trends in the south-
west Pacific (Figure S8 in Supporting Information S1), where observed SST trends have been linked to Southern 
Hemisphere SLP trends and an ongoing drought in Chile (Garreaud et al., 2019, 2021).

3. Isolating the Observed Pattern of Change Not Reproduced in Models
To isolate the time varying SST and SLP anomalies contributing to the discrepancy between modeled and observed 
trends, we use a signal-to-noise maximizing pattern analysis (Déqué,  1988; Schneider & Griffies,  1999; Ting 
et al., 2009; Wills et al., 2020). Our goal is to identify the aspects of observed SST and SLP variability and trends 
over 1979–2020 that are not captured by any of the simulations in the multi-model LE. In this way, we can high-
light aspects of the observed trends that are least consistent with the variability and change simulated by models.

First, we generate a difference ensemble, where each member is composed of the difference between observations 
and an individual member of one of the LEs, with 10 ensemble members used from each model (160 members 
total). The ensemble mean of the difference ensemble is thus the difference between observations and the 
multi-model mean, and the ensemble variance arises from inter-model and inter-ensemble-member differences 
within the multi-model LE. Next, we solve for patterns with the maximum signal-to-noise ratio (SNR), where 
signal is defined as the difference between observations and the multi-model mean on 5-yr and longer times-
cales, and noise is defined as all other variance in the difference ensemble (i.e., due to inter-model differences, 

Figure 3. First and second multi-field (sea-surface temperature [SST] and sea-level pressure [SLP]) signal-to-noise maximizing patterns, from an analysis that 
maximizes the ratio of signal to noise in the leading patterns, where signal is defined as the difference between observations and the multi-model mean on 5-yr and 
longer timescales and noise consists of inter-model differences, inter-ensemble-member differences, and sub-5-yr variability, with 20 EOFs included in the analysis (see 
Figure S9 in Supporting Information S1 for the sensitivity to the number of EOFs included). The orange (black) lines show the amplitude of anomalies in these patterns 
in ERSSTv5/ERA5 (and other combinations of observational products) relative to the multi-model mean. The gray lines show the amplitude of these patterns in each 
member of the multi-model large ensemble relative to the multi-model mean. Normalization is such that the orange line has unit standard deviation and the SST/SLP 
pattern shows the anomalies associated with a 1-standard-deviation anomaly in the associated index.
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inter-ensemble-member differences, and sub-5-yr variability). We use a 5-yr Lanczos lowpass filter in defining 
the signal to focus on low-frequency differences between observations and models that could contribute to the 
multi-decadal-trend difference. Unlike in the analysis for Figure 1, we do not rescale SST to account for differ-
ences in global-mean warming rate between models, because this would also modify the amplitude of internal 
variability. SST and SLP are normalized by their total variance such that they are weighted equally in the analysis.

The leading SST/SLP pattern shows less warming than models in a triangular region in the eastern tropical and 
subtropical Pacific, the Pacific sector of the Southern Ocean, and the subpolar North Pacific; more warming than 
models in the Labrador and Irminger Seas and the southwest Pacific; strengthening of the Walker Circulation and 
weakening of the Aleutian Low compared to models; and anomalies associated with the Pacific-South American 
pattern (Figure 3). The anomaly patterns are similar to those in Figures 1e and 1f but are expressed in absolute 
units instead of ensemble standard deviations. They therefore show the actual magnitude of anomalies (compared 
to the multi-model mean) that occurred in the observational data. This SST/SLP pattern increased monotoni-
cally from 1979 through 2003, then has shown relatively little change since 2003 (Figure 3). Despite the lack of 
changes in this pattern since 2003, its trend over the full time-period is still highly anomalous compared to trends 
in this pattern in models (Figure 2e), and none of the 598 ensemble members show the magnitude of trend found 
in observations. Only one ensemble member of one model (GFDL-CM3) shows anything close to the observed 
trends, owing to the large amplitude of Southern Ocean multi-decadal variability in versions of the GFDL model 
(Wills et al., 2021; L. Zhang et al., 2017), which projects strongly onto this pattern.

The second SST/SLP pattern is focused in the North Pacific and North Atlantic, potentially showing 
observations-model differences in the internal variability in these regions (Figure 3). The associated SLP anom-
alies capture an observed trend toward positive anomalies in the North Atlantic Oscillation, as well as the devel-
opment of an anomalous ridge over the northeast Pacific (Swain et al., 2014). Together, the midlatitude SST 
and SLP anomaly patterns are consistent with a response of upper-ocean temperature anomalies to atmospheric 
anomalies (Battisti et al., 2019). The time evolution of this SST/SLP pattern shows decadal variability, a trend 
over the full time-period with a magnitude greater than that in most ensemble members (Figure 2f), and a particu-
larly anomalous trend since 2005. This pattern thus shows how observed decadal variability differs from that in 
models, as well as including part of the observations-models difference in the monotonic trend over 1979–2020. 
Interestingly, the model that is closest to reproducing the trend in pattern 1 (GFDL-CM3) is furthest from repro-
ducing the trend in pattern 2 (Figure 2).

The signal-to-noise maximizing analysis used here is designed to identify patterns that are highly anomalous in 
observations compared to models, so a question naturally arises regarding the extent to which it is guaranteed 
to find something even if the models were capable of reproducing observations given enough realizations. To 
address this, we repeat this analysis on difference ensembles sampling inter-model differences and internal varia-
bility within the multi-model LE (Supporting Information S1). We find that anomaly patterns with as high a SNR 
as that for pattern 1 in Figure 3 commonly occur due to a combination of inter-model differences and internal 
variability within the LEs, but are unlikely (<12.5% chance) to occur due to internal variability alone (Figure 
S10 in Supporting Information S1). Even when patterns this anomalous do occur, they are different patterns than 
found for the difference between observations and models, and they rarely show such large trends over the full 
time period (<4% chance for internal variability alone).

4. Summary and Discussion
We have shown that observed SST and SLP trends over 1979–2020 are highly anomalous in several regions 
(Figure 1) and indices (Figure 2) compared to those simulated within a multi-model LE through a combina-
tion of forced responses and internal variability. The anomalous trends over 1979–2020 can be encapsulated in 
large-scale SST and SLP patterns that have trends that are undoubtedly outside the range of what can be simulated 
in climate models (Figures 2e, 2f, and 3). Our results illustrate that there are systematic climate model biases in 
the large-scale pattern of multi-decadal SST and SLP trends, even though climate models can reproduce observed 
SST trends over shorter time periods (Olonscheck et al., 2020) and in some tropical climate indices with large 
amounts of internal variability (Chung et al., 2019; Coats & Karnauskas, 2017; Watanabe et al., 2021; Figures 2a 
and 2d). While biased trends have been previously identified in the equatorial Pacific (Seager et al., 2019, 2022), 
our work shows that biased trends are a much more widespread problem in climate models.
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4.1. Possible Interpretations

With only a single realization of the real climate system, it remains difficult to robustly identify the forced 
response in observations. Therefore, the identified trend differences could result either from systematic model 
biases in the response to historical forcing (e.g., Seager et al. (2019)) or from model biases in the amplitude or 
pattern of multi-decadal variability (e.g., Laepple and Huybers (2014)).

Many previous studies have invoked negative trends in the Pacific Decadal Oscillation (PDO) as an explanation 
for the anomalous pattern of trends in observations (e.g., Trenberth and Fasullo (2013); Chung et al. (2019)). 
However, with a return toward positive PDO conditions between 2013 and 2020, trends are no longer as anoma-
lous in the North Pacific, while they remain anomalous in the South Pacific (Figure 1e), suggesting that the PDO 
is not the primary driver of the trend discrepancy for the full 1979–2020 period.

It has also been suggested that observed trends in the Southern Ocean could result from an anomalous phase 
of Southern Ocean multi-decadal variability (e.g., L. Zhang et al.  (2019)). This remains plausible, though its 
relevance for lower latitude SST trends depends on an active body of work to quantify the teleconnections from 
Southern Ocean SST changes (Dong et al., 2022; Hwang et al., 2017; Kang et al., 2019; Kim et al., 2022; X. 
Zhang et al., 2021). Furthermore, there are several mechanisms for how recent Southern Ocean cooling and sea 
ice expansion could result from anthropogenic forcing, including wind shifts due to a combination of greenhouse 
gas and ozone forcing (Kostov et al., 2018; Thompson et al., 2011) and increased surface stratification result-
ing from precipitation changes and/or ice-sheet melt (Bintanja et al., 2013; De Lavergne et al., 2014; Pauling 
et al., 2016; Purich et al., 2018), the latter of which is not included in CMIP models. Specifying observed extra-
tropical winds or adding Antarctic meltwater forcing to a climate model both shift the SST trend pattern closer 
to observations (Dong et al., 2022), but discrepancies in winds or meltwater forcing could result from a biased/
missing forced response or from multi-decadal variability, so the ultimate cause of the observed Southern Ocean 
cooling trend remains an open question.

The large difference in the relative Warm Pool warming rate between models and observations (Figure 2b) is 
particularly hard to explain with internal variability. CMIP models show little multi-decadal variability in Warm 
Pool SST (Parsons et al., 2020), because strong global radiative damping to space in response to surface warming 
in convective regions precludes persistent SST anomalies without either large global energy budget anomalies 
or compensating feedbacks in other regions (Wills et al., 2021). A bias in the response of the tropical Pacific to 
historical forcing could result from climatological biases that make the eastern equatorial Pacific too sensitive 
to greenhouse gas forcing (Seager et al., 2019, 2022) and overwhelm the cooling influence of ocean upwelling 
(Clement et  al.,  1996), model biases in the response to geographic changes in aerosol optical depth (Deser, 
Phillips, et al., 2020; Heede & Fedorov, 2021; Qin et al., 2020; Shi et al., 2022; Smith et al., 2016), or remote 
influences of biases in the North Atlantic (McGregor et al., 2018) or Southern Ocean (discussed in the previous 
paragraph). Another possibility is that multi-decadal variability of tropical and subtropical SSTs is much too 
weak in models, as suggested by a comparison to paleoclimate proxies (Laepple & Huybers, 2014). Further, we 
hypothesize that the damping feedbacks in response to Warm Pool warming could be too efficient in models 
due to the tendency of parameterized convection to overstabilize convective regions (Holloway et al., 2012; Keil 
et al., 2021; Sohn et al., 2016), which would reduce both the modeled warming rate and the modeled amplitude 
of multi-decadal variability in this region.

Building on methods to isolate the forced response in observations (Wills et al., 2020), our analysis in Figure 3 
identifies the anomaly patterns that distinguish models and observations on long timescales, in an attempt to detect 
the difference in forced response between models and observations from amongst the noise of internal variability. 
There presumably remains an unquantifiable contribution of multi-decadal variability to these anomaly patterns. 
However, the large magnitude of multi-decadal trends in these patterns compared to what is found in CMIP5/6 
models, together with the projection of pattern 1 onto the ratio of Indo-Pacific Warm Pool to tropical-mean warm-
ing, which shows little multi-decadal variability in models, lead us to conclude that it is extremely unlikely that 
this pattern of trend discrepancies results entirely from internal variability. Our analysis provides a starting point 
for more detailed mechanistic analysis to understand where model biases in the forced response are contributing.

4.2. Implications for Future Trends

Regardless of whether the differences in observed and modeled trends results from internal variability or from 
biases in the response to historical forcing, modeling and paleoclimate studies (Armour et al., 2016; Fedorov 
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et  al.,  2015; Forster et  al.,  2021; Heede & Fedorov, 2021; Tierney et  al.,  2019) suggest the East Pacific and 
Southern Oceans will eventually warm. Eventual warming in these regions favors more positive radiative feed-
backs, which would lead to a higher effective climate sensitivity in the future compared to that inferred from 
historical observations (Andrews et  al.,  2018; Dong et  al.,  2021; Zhou et  al.,  2016). That observations have 
shown less warming in these regions than almost any model suggests that the so-called pattern effect on climate 
sensitivity, due to changing SST patterns, could be larger in the real world than in models. A future shift toward 
a warming pattern with more warming in the eastern equatorial Pacific would also lead to major changes in the 
Walker circulation and the associated large-scale circulation and precipitation patterns. Without understanding 
why large-scale SST and SLP trends are so anomalous over the recent observational period or when and by how 
much delayed warming regions in the East Pacific and Southern Oceans will warm, we are left with a huge source 
of uncertainty in multi-decadal projections of regional and global climate.

Data Availability Statement
CMIP5 LE data were obtained from the U.S. CLIVAR Multi-Model Large Ensemble Archive, which can be down-
loaded following instructions at https://www.cesm.ucar.edu/projects/community-projects/MMLEA/. CMIP6 LE 
data were obtained from the ETH Zurich CMIP6 next-generation archive (Brunner et al., 2020). CESM2 LE 
data were obtained from the National Center for Atmospheric Research following instructions at https://www.
cesm.ucar.edu/projects/community-projects/LENS2/data-sets.html. All observational data are publicly available. 
ERSSTv5 and COBE SST data were obtained from NOAA/OAR/ESRL PSL (https://psl.noaa.gov/data/grid-
ded/data.noaa.ersst.v5.html; https://psl.noaa.gov/data/gridded/data.cobe.html). ERA5 data were obtained from 
the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/#!/search?text=ERA5%20monthly%20
single%20levels&type=dataset). JRA55 data were obtained from the NCAR Research Data Archive (https://
rda.ucar.edu/datasets/ds628.1/). Code and preprocessed data used for the analysis in this paper is available at 
https://doi.org/10.5281/zenodo.6998934.
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