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Abstract

Since the early 1990s the Pacific Walker circulation shows a multi-decadal strengthening, contradicting future model projections.

Whether this trend, evident in a range of indices especially before the 2015 El Niño, reflects the coupled ocean-atmosphere

response to global warming or the negative phase of the Pacific Decadal Oscillation (PDO) remains debated. Here we show

that sea surface temperature (SST) trends during 1980-2020 are dominated by three signals: a spatially uniform warming trend,

a negative PDO pattern, and a Northern Hemisphere/Indo-West Pacific warming pattern. The latter pattern, which closely

resembles the transient ocean thermostat-like response to global warming emerging in a subset of CMIP6 models, shows cooling

in the central-eastern Pacific but warming in the western Pacific and tropical Indian ocean. This pattern contributes to the

Walker circulation strengthening along with the PDO. Historical simulations appear to underestimate this pattern, contributing

to the models’ inability to replicate the Walker cell strengthening.
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Variable Metric
Temporal
coverage Dataset Source

Sea surface
temperature (SST)

West (130o E to
180o E, 5o S to 5o

N) minus East
(160o W to 80o W,
5o S to 5o N)

1975-2021 ERSSTv5 https://psl.noaa.gov/
data/gridded/
data.noaa.ersst.v5.html

Sea surface height
(SSH)

West (130o E to
180o E, 5o S to 5o

N) minus East
(160o W to 80o W,
5o S to 5o N)

1991-2021 MEaSUREs
Gridded Sea Surface
Height Anomalies
v1812

https://podaac.jpl.nasa.gov/
dataset/SEA SUR-
FACE HEIGHT -
ALT GRIDS L4 -
2SATS 5DAY -
6THDEG V -
JPL1812
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Variable Metric
Temporal
coverage Dataset Source

Precipitation West (130o E to
150o E, 5o S to 5o

N) minus East
(180o W to 80o W,
5o S to 5o N)

1979-2021 CMAP https://psl.noaa.gov/
data/gridded/
data.cmap.html

Sea level pressure
(SLP)

West (130o E to
150o E, 5o S to 5o

N) minus Central
(160o W to 120o W,
5o S to 5o N)

1975-2021 NCEP/NCAR
reanalysis

https://psl.noaa.gov/
data/reanalysis/
reanalysis.shtml

Outgoing longwave
radiation (OLR)

Central (160o W to
120o W, 10o S to
10o N)

1979-2021 NOAA interpolated
OLR

https://psl.noaa.gov/data
/grid-
ded/data.interp -
OLR.html

Zonal ocean
currents

Equatorial Pacific
(150o E to 80o W,
5o S to 5o N)

1992-2021 OSCAR https://podaac-
tools.jpl.nasa.gov
/drive/files/allData/oscar/preview
/L4/oscar third -
deg/

Surface winds Equatorial Pacific
(150o E to 80o W,
5o S to 5o N)

1975-2021 NCEP/NCAR
reanalysis

https://psl.noaa.gov/
data/gridded/
data.ncep.reanalysis.
derived.surface.html

Omega (pressure
velocity,ω)

West (130 o E to
150 o E, 10 o S to
10 o N)

1975-2021 NCEP/NCAR
reanalysis

https://psl.noaa.gov/
data/gridded/
data.ncep.reanalysis.
derived.surface.html

Supplementary Table 1. Overview of climatic indices used as measures of the Walker circu-
lation strength, including their temporal and spatial range. Indirect measures, such as the ocean surface
current speed along the equator, are also included. Note that the SSH dataset we used contains only SSH
anomalies, consequently to obtain SSH difference between the east and west equatorial Pacific, we first com-
pute the time-mean SSH for each grid based on the AVISO dataset (AVISO, 2011), then we add these back-
ground SSH values to the sea-surface height anomaly (MEaSUREs Gridded Sea Surface Height Anomalies
v1812).
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Supplementary Figure 1. Overview of CMIP6 models included with the EP and OT categories
noted. Then horizontal axis shows the change in the Indo-Pacific east-west SST gradient in the first 25
years of the abrupt-4xCO2 experiment, and the vertical axis shows the gradient after 100 years. Adapted
from Heede and Fedorov (2021). Note that the OT models used in the analysis are right of the leftmost
stippled line: ACCESS-CM2, CNRM-CM6, CNRM-ESM2, CNRM-CM6-HR, MPI-ESM-1-2-HAM, MPI-
ESM-1-2-LR, NorCPM1. While the EP models are right of the rightmost stippled line. This SST gradient
is defined following Heede and Fedorov (2021) as 80 oE to 150 oE minus 180 oE to 280oE averaged between
5o S to 5o N.

3



P
os

te
d

on
22

N
ov

20
22

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

23
04

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Supplementary Figure 2. As in Fig. 2 but with CESM2-FV2 is highlighted in green to illustrate the
strengthening of the Pacific Walker cell simulated by this particular model in the late 20th- early 21st century.
Yet, this example is an exception among the models analyzed.

Supplementary Figure 3. As in Fig. 1 but for the CESM2-FV2 (ensemble member r1i1p1f1) historical
simulation and a slightly different period (1970-2010).

4



P
os

te
d

on
22

N
ov

20
22

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

23
04

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Supplementary Figure 4. Decomposing CMIP6 multi-model-mean historical SST trends into different
components.

(a) Global map of local SST trends for years 1980-2020. These trends are partitioned into two components:
(b) spatially uniform warming trend T0; and (c) the residual trend pattern once the uniform warming has
been subtracted (c.f. Fig. 3d or Suppl Fig. 3d). There is no discernible PDO signal in the multi-model mean
sense. Note the preferential warming of the Northern hemisphere in panel (c), but no clear signature along
the equator. The last five years (from 2015 to 2020) are obtained from the SSP5-8.5 scenario.

5



P
os

te
d

on
22

N
ov

20
22

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

23
04

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y. Supplementary Fig 5. Decadal warming trends for different ocean regions in CMIP6 models
and observations. The multi-model mean (in blue) is calculated using one ensemble member for each of
40 different models used. The spread across the models is indicated by dark and light grey shadings (one and
two standard deviations, respectively). A 10-year running mean is applied before calculating the spread. To
account for mean state biases, all trends are evaluated relative to the 1950-1970 baseline. SST anomalies are
estimated for the following regions: (a) Equatorial Indian Ocean: 40o E - 100o E. (b) Equatorial Atlantic:
50oW - 20o W. (c) North Pacific: 120o E to 120o W, 20o N to 65o N. (d) Equatorial West Pacific: 150o E
- 180o E. (e) Equatorial East Pacific: 180o E - 80o W. Equatorial variables are averaged between 5o S -5o

N.

Supplementary Figure 6. As in Fig. 3 but for the CESM2-FV2 historical simulation (ensemble member
r1i1p1f1) and the same period as in Supplementary Fig. 2 (1970-2010). Note apparent similarities with Fig.
3.

6



P
os

te
d

on
22

N
ov

20
22

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

23
04

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Supplementary Figure 7. As in Supplementary Fig. 4 but for the time period 1950-2020.
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Supplementary Figure 8. As in Supplementary Fig. 4 but for the OT models only. Panel (c) is reproduced
in Fig. 5d but multiplied by four decades.
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Supplementary Figure 9. As in Supplementary Fig. 4 but for the EP models only. Panel (c) is reproduced
in Fig. 5d but multiplied by four decades.
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Supplementary Figure 10. As in Fig. 3a but for a longer time period (1950-2020). Note the enhanced
warming of the Indian ocean noted in other studies as well (e.g.Hu and Fedorov 2019), however the trends
associated with the weakening of the Walker circulation are much less pronounced, if any.
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Abstract 

 

Since the early 1990s the Pacific Walker circulation shows a multi-decadal strengthening, 

contradicting future model projections. Whether this trend, evident in a range of indices especially 

before the 2015 El Niño, reflects the coupled ocean-atmosphere response to global warming or the 

negative phase of the Pacific Decadal Oscillation (PDO) remains debated. Here we show that sea 

surface temperature (SST) trends during 1980-2020 are dominated by three signals: a spatially 

uniform warming trend, a negative PDO pattern, and a Northern Hemisphere/Indo-West Pacific 

warming pattern. The latter pattern, which closely resembles the transient ocean thermostat-like 

response to global warming emerging in a subset of CMIP6 models, shows cooling in the central-

eastern Pacific but warming in the western Pacific and tropical Indian ocean. This pattern 

contributes to the Walker circulation strengthening along with the PDO. Historical simulations 

appear to underestimate this pattern, contributing to the models’ inability to replicate the Walker 

cell strengthening. 
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Introduction 1 
 2 
The Tropical Pacific modulates the global climate on a broad range on timescales. The easterly 3 
trade winds drive equatorial upwelling, the strength of which is controlled by atmospheric zonal 4 
circulation – the Pacific Walker cell. The Walker cell is in turn coupled to the Pacific east-west 5 
surface temperature gradient via the Bjerknes feedback (Bjerknes 1969). Variations in the strength 6 
of the Walker cell occur both on interannual timescales, driving the El Niño Southern Oscillation 7 
(ENSO) (McPhaden, Santoso, and Cai 2020), and on decadal timescales, playing a key role in the 8 
Pacific Decadal Oscillation (Mantua and Hare 2002). Both ENSO and the PDO have been argued 9 
to modulate the rates of surface mean temperature increase in the context of contemporary global 10 
warming (England et al. 2014; Kosaka and Xie 2016; Hu and Fedorov 2017). Furthermore, the 11 
Pacific Walker cell is sensitive to external forcing, shown both in the paleo context (Fedorov et al. 12 
2015; Shankle et al. 2021) and with contemporary climate change (i.e. Knutson and Manabe, 1995; 13 
DiNezio et al., 2009; Heede et al., 2020, 2021). 14 
 15 
The majority of Global Climate Models (GCMs) analyzed as part of the Coupled Model 16 
Intercomparison Project (CMIP) indicate that the tropical Pacific Walker cell will slow down in 17 
the future, in response to increasing radiative forcing, which will be accompanied by the 18 
establishment of the eastern equatorial Pacific warming pattern (DiNezio et al. 2009; 2012; Xie et 19 
al. 2010; Kociuba and Power 2015, 5; Coats and Karnauskas 2017; Heede and Fedorov 2021). The 20 
development of this warming pattern can be explained by several contributing factors, including 21 
enhanced atmospheric stratification due to increase in latent heat release in the mid to upper 22 
troposphere (Knutson and Manabe 1995; Held and Soden 2006; Vecchi and Soden 2007), the 23 
lesser ability of the colder eastern Pacific to balance increased radiative forcing with latent heat 24 
release compared to the warmer western Pacific (Merlis and Schneider 2011; Heede et al. 2020), 25 
positive marine boundary layer cloud feedbacks in the eastern Pacific (Erfani and Burls 2019), and 26 
enhanced extra-tropical warming and/or slowdown of the oceanic subtropical cells (McCreary Jr 27 
and Lu 1994; Burls and Fedorov 2014; Heede et al. 2020; 2021; Sun et al. 2004).  28 
 29 
These GCM results have motivated studies looking for a similar eastern equatorial Pacific warming 30 
pattern and Walker cell slowdown in the observed record. Several studies argued that the Walker 31 
cell may have shown a long-term weakening trend throughout the 20th century (Vecchi et al. 2006; 32 
Tokinaga et al. 2012). However, these findings contradict other studies suggesting that the Pacific 33 
east-west SST gradient has increased over the 20th century (Solomon and Newman 2012; Seager 34 
et al. 2019). During the satellite era, when some of the uncertainties are greatly reduced, a robust 35 
multi-decadal strengthening of Pacific trade winds has been observed (Meng et al. 2012; Sohn et 36 
al. 2013; Luo et al. 2015; Ma and Zhou 2016). 37 
 38 
This apparent discrepancy between future projections and the recently observed trends, and the 39 
inability of CMIP models to capture the observed trends, has brought the reliability and robustness 40 
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of the future projections of a weaker Walker into question (Kociuba and Power 2015; Seager et al. 41 
2022). A related key issue has emerged: does the observed trend reflect the negative phase of the 42 
Pacific Decadal Oscillation (PDO) – a part of natural climate variability which the models do not 43 
necessarily capture well (Douville et al. 2015; McGregor et al. 2018)? A series of studies have 44 
argued that natural decadal variability may indeed play a role in the current trends and explain a 45 
part of the observed trend in the Pacific (Chung et al. 2019; Wu et al. 2021; Watanabe et al. 2020).  46 
 47 
Simultaneously, however, studies documented the existence of a transient response to global 48 
warming in GCMs involving a strengthening of the Walker cell, akin to an ocean thermostat-type 49 
response first documented by Clement et al. (1996), Sun and Liu (1996) and (Seager and 50 
Murtugudde 1997). Using a simple coupled model Seager et al. (2019) argued that a forced 51 
thermostat-type response to rising greenhouse gas concentrations may be consistent with the 52 
observed trends. However, in contrast to the original ideas of Clement et al. (1996) who used a 53 
Zebiak-Cane model (1987) with a fixed ocean mean state, this ocean thermostat must be a transient 54 
phenomenon as the subsurface ocean gradually warms thus limiting the effect of enhanced 55 
upwelling. Heede et al. (2020,2021) have shown that this transient response can maintain a 56 
stronger Walker cell for about half-a-century or even longer depending on the rate of change of 57 
the forcing (abrupt versus gradual). Additionally, a study nudging Indian ocean temperatures 58 
towards observed values in a GCM likewise showed an Indo-Pacific Walker cell strengthening 59 
(Zhang et al. 2019). Together, these studies suggest the possibility that the current trends may in 60 
part be driven by a transient response to global warming, as the far western equatorial Pacific and 61 
the Indian Ocean warm faster than the central-eastern Pacific, causing a stronger Pacific Walker 62 
cell. 63 
 64 
An overarching goal of the present study is to provide new insights into the recent decadal 65 
strengthening of the Walker circulation in the context of ongoing climate change. Using a broad 66 
range of indices based on different physical variables updated with the most recent data, including 67 
their spatial trends, reveal nuances a single index cannot capture and can help reduce uncertainty 68 
concerning whether a trend exceeds natural variability or not. Our further goal is to extract a pattern 69 
from the observed SST trends that is not associated with either the PDO signal or the uniform 70 
warming trend, and to compare this pattern and related Walker circulation changes to those 71 
generated by CMIP6 models. We refer to this residual pattern, presumably anthropogenically 72 
forced, as the Northern Hemisphere/Indo-West Pacific warming pattern (NH-IWP). We then 73 
compare it to the transient ocean-thermostat pattern simulated by a subset of CMIP6 models in a 74 
range of realistic and idealized global warming simulations while discussing the key mechanisms 75 
involved. 76 
 77 
 78 
 79 
 80 
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Methods 81 
 82 
Pacific Walker circulation indices and decomposition of SST trends  83 
 84 
To evaluate recent changes to the Pacific Walker cell, we use eight indices based on different 85 
physical variables all reflecting the strength of the Walker circulation from a combination of 86 
satellite, reanalysis and blended datasets. The datasets used to define these metrics are summarized 87 
in Supplementary Table 1.  88 
 89 
To compare the observed SST trends of the last 40 years with patterns associated with natural 90 
decadal variability in the Pacific, we define the PDO largely following d’Orgeville and Peltier 91 
(2007). We smooth the SST data using a 5-year rolling mean to eliminate shorter interannual 92 
variability. Then we take SST anomalies from 1920 until 2021 and compute the first and second 93 
EOFs for the North Pacific region defined as 120o E to 260o E, 20o N to 65o N. To obtain a global 94 
PDO pattern, we regress 5-year smoothed SST data for the same period onto the principal 95 
component timeseries corresponding to the 2nd EOF for the North Pacific. 96 
 97 
Next, we calculate a spatially uniform linear warming trend T0, in oC/decade, from 1980 to 2021, 98 
and subtract it from the observed full trend pattern to get spatially varying anomalies in the region 99 
65o S to 65o N. We then compute a spatial linear regression of those anomalies onto the already 100 
obtained PDO pattern by computing coefficient a, having units of decade-1, which minimizes the 101 
difference between the PDO pattern multiplied by a and these anomalies. The residual, obtained 102 
by subtracting the a*PDO from the anomalies, is not associated with the PDO pattern nor with 103 
uniform global warming. In summary, the trends are represented as:  104 
 105 

𝑇𝑟𝑒𝑛𝑑𝑠!"#,!%& = 𝑇' + 𝑎 ∙ 𝑃𝐷𝑂!"#,!%& + 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙!"#,!%& 106 
 107 
 108 
The CMIP6 archive 109 
 110 
To compare the observed trends with a broad range of CMIP6 models, we consider 40 different 111 
models from the CMIP6 archive (Eyring et al. 2016), as listed in Supplementary Figure 1, for 112 
which surface temperature (ts), sea level pressure (psl) and surface winds (uas) are available for 113 
the historical simulation. To give each model equal weight, we utilize only one ensemble member 114 
per model.  115 
 116 
Finally, we select a subset of models that have been identified as having a strong transient ocean-117 
thermostat-like (OT) response to global warming in idealized CO2 scenarios (here referred to as 118 
OT models, listed in Supplementary Fig 1). They are selected based on the criterion that their Indo-119 
Pacific SST gradient increases by at least 0.25 oC relative to the piControl experiment during the 120 
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first 25 years of the abrupt-4xCO2 simulation. Another model subset used includes models that 121 
develop a strong eastern equatorial Pacific (EP) warming pattern (see Supplementary Fig 1).  122 
 123 
Furthermore, we identify one model, CESM2-FV2, which is an outlier among CMIP6 models but 124 
which has a strong late 20th century Walker circulation strengthening trend, as measured by the 125 
zonal SST gradient strength, comparable to the observed trend, yet it is not part of the OT subset. 126 
For CESM2-FV2, we also decompose the 40-year SST trend pattern simulated by this model into 127 
different components, as done for the observations, and compare with the historical data.  128 
 129 
 130 
Results 131 
 132 
40-year trends of the Pacific Walker circulation 133 
 134 
Fig. 1 shows a clear decadal strengthening of the Walker circulation, as reflected in a variety of 135 
physical variables, that is robust across all indices since the 1990s. In most variables, the trend 136 
appears to be strongest between the El Niño events of 1997 and 2015. The trend is more 137 
pronounced in the SLP gradient than the SST gradient. After the year 2016, the trend does not 138 
continue for the majority of indices. For some indices (SLP, SLH), it appears to reverse the sign, 139 
while for some other indices (OLR and Omega), the trend plateaus. Nevertheless, for the zonal 140 
equatorial current speed the trend continues after 2015, showing no reversal or plateau. These 141 
differences preclude us from concluding whether the Walker cell strengthening trend has resumed 142 
or subsided after the El Niño of 2015. 143 
 144 
Looking at spatial changes contributing to the Walker circulation trends, we highlight a 145 
pronounced SST cooling in the Pacific SST since the 1980s that is located primarily in the eastern 146 
equatorial Pacific and the region south of the equator adjacent to South America (Fig. 1h). SLP 147 
trends show decreasing pressure over the Maritime continent but increasing pressure in the central-148 
eastern equatorial Pacific. Correspondingly, precipitation and OLR trends show an increase in 149 
precipitation (decrease in OLR) over the Maritime continent, and a decrease in precipitation 150 
(increase in OLR) across the Pacific (Figs. 1). All these changes are indicative of the Walker 151 
circulation intensification (and the general strengthening of Pacific trade winds).      152 
 153 
 154 
Comparison between the observed and CMIP6 model Walker cell trends 155 
 156 
Comparing three critical indices for the Walker cell (zonal SST gradient, SLP gradient, and surface 157 
winds along the equator) in Fig. 2, we find that the observed anomalies in the SST gradient reach, 158 
but does not exceed two standard deviations of CMIP6 model spread, while both the SLP gradient 159 
and the surface wind index do exceed two standard deviations of the CMIP6 spread during the 160 
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peak of the Walker circulation strengthening trend, indicating that the observed Walker cell trends 161 
cannot be replicated by CMIP6 models at large. 162 
 163 
We have identified only one model, which has a late 20th century Walker cell strengthening trend 164 
which exceeds (albeit slightly) the observed trend between 1970 and 2019 – CESM2-FV2 as 165 
shown in Supplementary Fig 2. As evident in Supplementary Fig. 3, this model has patterns of 166 
trends in the tropical Pacific qualitatively similar to the observed in Fig. 2. However, at the same 167 
time this model shows cooling in the Indian ocean and a weaker warming in the South Pacific, 168 
driving sea level pressure anomalies in those regions that differ from the observed trends.  169 
 170 
 171 
Decomposing SST trend pattern into a PDO signal and a residual signal 172 
 173 
Fig. 3 shows a decomposition of the observed SST trends (as a function of latitude and longitude) 174 
into the PDO signal, a spatially uniform warming and a non-PDO residual. These three signals 175 
have all comparable magnitudes. Importantly, the eastern-central Pacific cooling persists in the 176 
residual SST pattern (Fig. 3d). In addition, the residual pattern shows a clear hemispheric 177 
asymmetry with enhanced warming in the northern hemisphere and cooling in the southern 178 
hemisphere as well as a stronger SST gradient between the Pacific and Indian oceans. We refer to 179 
this pattern as the Northern Hemisphere/Indo-West Pacific warming pattern (NH-IWP). The origin 180 
of this pattern will be described next. 181 
 182 
 183 
Comparison of SST patterns between observations and CMIP6 models 184 
 185 
To understand the origin of the NH-IWP warming pattern (i.e. the non-PDO residual), we turn to 186 
the subset of CMIP6 models with a strong OT response (Methods). Fig. 4 compares the observed 187 
residual trends to the OT model SST anomalies across idealized and historical experiments. The 188 
residual trend pattern looks remarkably similar to the first decades of the abrupt-4xCO2 response 189 
to the forcing of OT models, both in terms of the southern hemisphere cooling and tropical Indo-190 
Pacific temperature gradient (Fig. 4b). Qualitatively, this pattern also looks similar in the gradual 191 
1pctCO2 and historical simulations (Fig. 4c,d), even though the Indian ocean warming is weaker, 192 
and hence the resultant strengthening of the Indo-Pacific temperature gradient is smaller than in 193 
the observations. Overall, the similarity of the NH-IWP pattern and the transient OT response in 194 
this subset of models suggests that this pattern may be part of the climate system forced response 195 
to radiative forcing. 196 
 197 
In the CMIP6 model mean across all 40 models, the Pacific cooling signal is absent 198 
(Supplementary Fig. 4). Conversely, there is a strong localized warming in the subtropical gyre 199 
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region of the North Pacific, which does not appear in the observed residual trend, once the PDO 200 
signal is subtracted (Fig. 3d).  201 
 202 
Supplementary Fig. 5 compares warming SST trends averaged for different regions of the tropical 203 
ocean basins in the observations and in CMIP6. It is evident that the CMIP6 models consistently 204 
underestimate warming in the Indian Ocean by about 0.3 K on average since 1950 with the 205 
observed trend outside two standard deviations of the CMIP6 model mean trend. Simultaneously, 206 
the CMIP6 models overestimate the North Pacific warming by about 0.3 K between 1970 and 207 
2000. The observed Atlantic warming is captured well by the models, while both the East and 208 
West Pacific warming is, on average, slightly underestimated by the models, but within two 209 
standard deviations.  210 
 211 
For the only model (CESM2-FV2) in which the Walker circulation trend exceeds the observed 212 
trend, we complete the same trend partitioning at in Fig. 3 but for the period of its historical 213 
simulation during which the Walker circulation increase is the strongest (Supplementary Fig. 6). 214 
For this particular model, the PDO and uniform warming signals are generally similar to the 215 
observations (Fig. 3). The residual warming trend, however, has both similarities and differences. 216 
In particular, the ocean cools in the eastern equatorial Pacific and off the South American coast, 217 
strengthening the east-west Pacific SST gradient. However, there is no enhanced Indian Ocean 218 
warming relative to the mean warming, which is markedly different from the observations. The 219 
North Pacific warming and interhemispheric asymmetry appear stronger in CESM2-FV2 than in 220 
the CMIP6 average. 221 
 222 
 223 
Discussion and conclusions 224 
 225 
A multi-variable assessment of the Pacific Walker circulation changes since 1980 shows a robust 226 
decadal strengthening trend, particularly pronounced from the early 1990s to 2015. This trend is 227 
accompanied by a central-eastern Pacific SST cooling along equator and off the coast of South 228 
America, a pronounced deepening of low pressure and increased precipitation over the Maritime 229 
continent, and a precipitation decrease over most of the equatorial Pacific Ocean.  230 
 231 
The full pattern of ocean warming share some similarities with the negative PDO pattern, but is 232 
distinct from the PDO pattern in two ways: enhanced warming of the northern hemisphere and of 233 
the Indian Ocean. This is highlighted by our decomposition of the signal into a spatially uniform 234 
warming, the PDO signal, and a non-PDO residual. It is the latter pattern that is characterized by 235 
an enhanced NH-IWP warming. All three signals have similar magnitudes. Consequently, the 236 
increase in the equatorial Indo-Pacific SST gradient and the increased hemispheric asymmetry 237 
compared to the PDO signal suggest that the recently observed decadal trends in the Pacific Walker 238 
circulation cannot be explained solely by the transition from a positive to a negative PDO phase.  239 
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 240 
Indeed, the residual trend pattern that we have isolated in the observations (full trend minus the 241 
uniform warming and the PDO), i.e. the NH-IWP pattern, generally resembles the transient pattern 242 
that emerges in the Indo-Pacific during the first decades of the abrupt-4xCO2 experiment among 243 
the OT model subset of CMIP6 models. Crucially however, in more gradual forcing scenarios the 244 
OT models capture this strong Indo-Pacific SST pattern only partially (having too weak Indian 245 
ocean warming), which raises the question whether CMIP models at large are missing or 246 
underestimating the strengthening of the Walker cell as part of the transient forced response to 247 
global warming. Eventually, the weakening of the Walker cell, while delayed by the transient 248 
response, is expected by the end of the 21st century  (Xie et al. 2010; DiNezio, Vecchi, and Clement 249 
2013; Kang et al. 2020; Heede and Fedorov 2021; Wu et al. 2021). However, coupled GCM 250 
experiments show that the timing and magnitude of the future weakening depends on the strength 251 
of the transient ocean thermostat-like response to global warming ( Heede and Fedorov 2021; Lu 252 
et al. 2021), which on the whole appears to be underestimated by the CMIP6 models, especially in 253 
the late 20th and early 21st century, raising questions about whether the models’ prediction of 254 
accelerated future Pacific warming are fully realistic. 255 
 256 
The tendency to underestimate Indian Ocean warming appears to be a general issue among the 257 
CMIP6 models for which the observed trend lies outside two standard deviations of the average. 258 
The models’ failure to capture the enhanced Indian Ocean warming in particular could explain 259 
why the models largely fail to capture the sea-level pressure and surface wind trends.  260 
 261 
The models’ overestimating the North Pacific warming is principally related to the simulated 262 
strong warming in the center of the northern subtropical gyre. This pattern is evident in the multi-263 
model mean since 1950 (Supplementary Fig. 7) and across both OT and EP models 264 
(Supplementary Figs. 8 and 9). This trend is also evident in the observations, but only since 1980, 265 
which correlates with the PDO signal (Supplementary Fig. 10). Therefore, it is difficult to assess 266 
the exact extent that the observed North Pacific warming is influenced by global warming, but the 267 
strong south-north asymmetry of the pattern suggest that global warming does play an important 268 
role. 269 
 270 
Among climate models analyzed, we find only one model (CESM2-FV2) that shows a late 20th 271 
century trend, similar to the observed in term of the magnitude of changes in the east-west 272 
equatorial SST gradient. In this model we see a qualitatively similar PDO pattern and a similar 273 
amplification of northern hemisphere warming in addition to the PDO signal. However, while this 274 
hemispheric asymmetry is even greater in the model than in the observations, the Indian ocean 275 
shows cooling relative to the mean warming. The leads to somewhat different spatial trend patterns 276 
in SLP and precipitation, driven by the strong north-south SST gradient in CESM2-FV2, rather 277 
than the zonal Indo-Pacific gradient as in the observations. Nevertheless, the residual NH IWP 278 
pattern (albeit modified) has clear similarities with that in the observations, and it is the 279 
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simultaneous occurrence of this pattern and the negative PDO that enables the strong strengthening 280 
trend of the Walker circulation in this model. 281 
 282 
Wu et al. (2021) have argued that model simulations with enough ensemble members are able to 283 
capture the observed strengthening of the Pacific Walker circulation trends by generating ensemble 284 
members that produce a sufficiently strong negative phase of the PDO. However, as we have 285 
shown in this paper, the PDO alone is not sufficient to describe the spatial structure of the observed 286 
trends. Another mode is also needed, i.e.  the NH-IWP warming pattern, which looks like a 287 
transient forced response of the system. It is also worth noting, as illustrated here for the CEMS2-288 
FV2 model, that it may be possible to replicate the observed changes in the Walker circulation 289 
without capturing the underlying trans-basin warming trends, which could influence the magnitude 290 
and duration of the Walker cell transient response. The inability of CMIP6 models to capture the 291 
observed differences in the warming rates across tropical ocean basins could have implications for 292 
the models’ ability to accurately predict the timing of the emergence of a weaker Pacific Walker 293 
circulation (i. e. Ying et al., 2022) and the magnitude of its future weakening. 294 
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Figures 470 
 

 
 
Figure 1. Temporal and spatial changes in the Pacific Walker circulation since the 1980s 471 
reflected in different atmospheric and oceanic variables. The climate indices and datasets used 472 
for a-h) are described in detail in the Methods and summarized in Supplementary Table 1. A 10-473 
year running mean is applied. The maps of i-l) show the spatial structure of changes associated 474 
with the strengthening of the Walker circulation in the tropical Pacific. Note the cooling of the 475 
eastern equatorial Pacific and of the broad region off the coast of South America, resulting in a 476 
significant increase in the east-west SST and SLP gradients along the equator. 477 
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Figure 2.  Observed and simulated historical variations in the east-west SST gradient, sea level 478 
pressure gradient and zonal surface winds anomalies along the equator (Methods). Observations 479 
are in red; multi-model mean of CMIP6 models is in blue. The model spread across the 40 CMIP6 480 
models is indicated by dark and light grey shadings (one and two standard deviations, 481 
respectively). A 10-year running mean is applied before calculating the spread. The observed 482 
anomalies of the past decades stay within models’ two standard deviations for the zonal SST 483 
gradient but exceed two standard deviations for the SLP gradient and zonal winds (note the reverse 484 
axis for 3b and 3c). A baseline value is computed and subtracted for each model and the 485 
observations to obtain anomalies relative to this baseline. The baseline is calculated from 1950 to 486 
1970 for SST and PSL gradients and 1980 to 1985 for zonal surface wind anomalies due to the 487 
unreliability of data prior to this time period. 488 
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Figure 3. Decomposing the observed SST trends into different components. (a) The global 489 
pattern of the observed local SST trends for years 1980-2020. This pattern is partitioned into three 490 
components: (b) a weighted negative PDO pattern; (c) spatially uniform warming trend T0; and 491 
(d) the residual trend pattern once the PDO signal and uniform warming have been subtracted 492 
from the full SST pattern. We refer to the residual, in the global context, as the Northern 493 
Hemisphere - Indian West Pacific (NH-IWP) warming pattern.  The computation of historical 494 
PDO is described in Methods. The weight coefficient ‘a’ is obtained by a least-squares fit between 495 
the PDO pattern and the full trend map minus uniform warming. 496 
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Figure 4. Comparison between the observed NH-IWP warming pattern and OT model SST 497 
anomalies for 3 types of experiments. (a) the observed NH-IWP SST pattern trend (i.e. the 498 
residual in Fig. 3d) multiplied by four decades. (b) SST anomalies for the first 10 years of the 499 
abrupt-4xCO2 experiment averaged across OT models (a subset of CMIP6 models with a strong 500 
ocean thermostat, see Methods). (c) SST anomalies for the years 10 to 30 in the 1pctCO2 501 
experiment averaged across OT models. (d) Historical trends for the OT models for years 1980-502 
2015 multiplied by 3.5 decades. Mean warming is subtracted from panels (b),(c) and (d). 503 
 
 
 
 
 
 


