
1.  Introduction
The atmosphere and ocean are strongly tied in the tropical Pacific, forming the Pacific Walker circulation (PWC) 
and a set of warm pool/cold tongue. They maintain each other in a way that the zonal gradient in sea surface 
temperature (SST) drives the easterly trades, a surface manifestation of PWC, and the trade winds in turn pile 
warm water up to the western Pacific as well as cool the eastern Pacific via ocean upwelling. This process, called 
the Bjerknes feedback (Bjerknes, 1969), explains not only mean states and El Niño-Southern Oscillation (ENSO) 
(Jin, 1996) but also a part of climate change patterns in response to greenhouse gas (GHG) increase (Xie, 2022). 
In the instrumental measurement period since the late 19th century, recent decades are marked by a particularly 
large intensification trend of the PWC and the zonal SST gradient (England et al., 2014) and the cause has long 
been controversial. The magnitude and sign of the trend depend on the period but it was the largest positive over 
the recent decades (Figure S1 in Supporting Information S1), so we take a 35 years period of 1979–2013 when 
calculating the trends in this study.

The global pattern of SST trends for 1979–2013 is characterized by warming except in the eastern Pacific 
and the Southern Ocean (Figure S1 in Supporting Information S1). Consistent with the enhanced zonal SST 
gradient in the equatorial Pacific, sea-level pressure (SLP) trends are negative in the west and positive in the 
east, indicating that the PWC is also intensified. Their metrics, the zonal SST gradient in the equatorial Pacific 
defined as the SST difference between the central-eastern Pacific (180°–80°W, 5°S–5°N) and the western Pacific 
(80°–150°E, 5°S–5°N) (Heede & Fedorov, 2021) and the Walker circulation index defined as a SLP difference 
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between the central-eastern Pacific (160°−80°W, 5°S–5°N) and warm pool region (80°−160°E, 5°S–5°N) 
(Vecchi et al., 2006), are significantly correlated at the interannual time scale, and the 35 years trends lie in the 
linear relationship (Figure S1d in Supporting Information S1). Because the pattern of SST trends is similar to 
the well-known Interdecadal Pacific Oscillation (IPO), an internal mode of variability in the Pacific (Henley 
et al., 2017; Power et al., 1999), the recent trends in the SST gradient and the PWC are often considered to arise 
from the negative IPO (Bordbar et al., 2017; Coats & Karnauskas, 2017; Lee et al., 2022).

The active role of such natural variability in the observed multi-decadal trend has been supported by analyses 
of large ensembles of global climate model (GCM) simulations (Chung et al., 2019; Watanabe et al., 2021; Wu 
et  al.,  2021). However, it is becoming clear that the climate model simulations are systematically biased to 
generate a weakening of the zonal contrast in SST and SLP over the past decades (Wills et al., 2022), leading to 
suspicion that the models do not adequately represent a forced response to GHGs or aerosols due perhaps to errors 
in the coupled mean state in the Pacific (Seager et al., 2019, 2022). There are several mechanisms to explain 
the observed strengthening, for example, aerosol forcing (Smith et  al.,  2016; Takahashi & Watanabe,  2016), 
remote effect of the Southern Ocean cooling (Dong et al., 2022; England et al., 2020; Kang et al., 2023; Kim 
et  al.,  2022), and coupling with tropical Atlantic and Indian Oceans (Li et  al.,  2016; McGregor et  al.,  2014; 
O’Reilly et al., 2023), but they are based on the potentially biased coupled model simulations, hindering a robust 
attribution of the past PWC intensification.

2.  Attribution of the Observed PWC Intensification
2.1.  Advantage of Using Atmosphere-Only Simulations for the Attribution

Climate simulations using an atmospheric component of GCM, driven by the observed history of SST, sea ice, 
and radiative forcing such as GHGs and aerosols, are called the Atmospheric Model Intercomparison Project 
(AMIP) experiment (Gates et al., 1999), which is part of the Coupled Model Intercomparison Project Phase 6 
(CMIP6) archive (Eyring et al., 2016). Because the AMIP simulation is free from systematic bias in the mean 
SST, it reproduces the past variability and change in some aspects of climate such as precipitation and radiative 
budgets (Loeb et al., 2020; Zhou et al., 2018). It is also true that the PWC trend for 1979–2013 in terms of the 
pattern and the magnitude is well reproduced by an ensemble of AMIP simulations (Figure 1). Because the trop-
ical atmosphere tends to obey the underlying SST and is less affected by stochastic weather disturbances than 
the extratropics, the ensemble spread is very small and the results are even quite similar across different models 
(Figure S2 and Text S1 in Supporting Information S1). This indicates that we can make a robust attribution of the 
PWC trend using the AMIP simulation but with trading off a weakness: we cannot explore mechanisms for the 
PWC intensification mediated by atmosphere-ocean coupled processes, which are beyond the scope of this study.

2.2.  Hydrological Constraint

A discrepancy in the past PWC trend between observations and coupled models may affect the reliability of 
future projections. The weakening of PWC simulated in the historical simulations is continuous and amplified 
in future scenario simulations (Heede & Fedorov, 2021; IPCC, 2021). The most likely process that weakens the 
PWC has been provided by a global hydrological constraint (Held & Soden, 2006, hereafter referred to as the HS 
mechanism; see Text S2 in Supporting Information S1). Namely, tropical vertical mass flux, M, has to decrease 
in a warmed climate given that precipitation increase (ΔP) cannot exceed water vapor increase (Δq), the former 
controlled by the atmospheric energy balance whereas the latter determined by the Clausius–Clapeyron (CC) 
relationship. The mass flux reduction has been identified in global warming simulations by GCMs with various 
configurations and is a solid feature of climate change (Chadwick et al., 2013; He & Soden, 2015; Vecchi & 
Soden, 2007).

The HS mechanism has also been employed vaguely to explain the centennial-scale weakening of tropical circu-
lation in the 20th century (Tokinaga et al., 2012; Vecchi et al., 2006). However, quantitative assessments claim 
that the HS mechanism does not work for the PWC trend over the past decades (Heede et al., 2020; Merlis & 
Schneider, 2011; Sandeep et al., 2014). Indeed, the proponents of the mechanism acknowledge that a reduction in 
the mass exchange in the tropics does not necessarily entail a proportional reduction in the strength of the mean 
tropical circulation (Held & Soden, 2006). Therefore, it is still an open question to ask why the HS mechanism 
cannot be identified in the present climate which already experiences global warming of about 1°C. We show in 
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this study that the PWC actually weakens scaled with surface warming consistent with the prediction by the HS 
mechanism, but the effect of the past SST pattern change overcomes and acts to intensify the PWC. It has been 
recognized that the evolving surface warming pattern modulates climate feedbacks—called the pattern effect 
(IPCC, 2021; Stevens et al., 2016). The pattern effect on the PWC has a different meaning but is closely related to 
the effect on the feedbacks because the latter happens via changing the tropical circulation (Andrews et al., 2018; 
Ceppi & Gregory, 2017; Dong et al., 2019; Zhou et al., 2016).

2.3.  AMIP-Trend Experiment

For understanding future changes in the tropical circulation and precipitation patterns, AMIP-type experiments 
with either uniform or patterned warming in SST have been used (Chadwick et al., 2014; He & Soden, 2015; 
Huang et al., 2013; Xie et al., 2010). Such simulations, including a conventional experiment with a uniform SST 
increase by 4 K (AMIP+4K), are irrelevant to isolate the effect of evolving global warming on the PWC trend 
reproduced in the AMIP run.

Therefore, we conducted a series of AMIP runs driven by observed SST on which a hypothetical global-mean 
SST trend was imposed, called the AMIP-trend experiment. The experiment was carried out using the atmos-
pheric component model of MIROC6 (Tatebe et al., 2019), which has a horizontal resolution of 1.4° in longitude 
and latitude and 81 vertical layers. The boundary conditions to drive the model are the same as those for the 
CMIP6 AMIP experiment except the SST data replaced with the National Oceanic and Atmospheric Adminis-
tration Extended Reconstructed SST version 5 (ERSSTv5) (Huang et al., 2017). There are several SST data sets 
containing observational uncertainty, but their difference in the tropical Pacific SST trends after around 1950 is 
small (Watanabe et al., 2021), and indeed the CMIP6 AMIP simulations driven by the AMIP-SST data show a 
very similar trend to our AMIP run forced by ERSSTv5 (Figure 1c and Figure S2 in Supporting Information S1).

In addition to the conventional AMIP run which is regarded as a reference, we performed four experiments by 
re-scaling the global-mean SST anomaly time series to have the linear trend of 0, 1, 2, and 4K for 1979–2013, 
with other boundary conditions unchanged (Figure S3 in Supporting Information S1). The globally uniform SST 

Figure 1.  Walker circulation intensification for 1971–2013. (a, b) Linear trends in SLP (shading) and surface winds (vector) 
for the Japanese 55-Year Reanalysis (JRA55) data (Kobayashi et al., 2015) and the ensemble mean of the MIROC6 AMIP 
experiment. The stippling denotes that the SLP trends are statistically significant at the 95% level. The wind trends are plotted 
over the Pacific, with those significant at the 95% level in black and the 90% level in gray. (c) Time series of the Walker index 
in JRA55 (blue) and the AMIP (red), with the linear trends by dashed lines. The positive value indicates strengthening in the 
Pacific Walker circulation. The ensemble range (maximum and minimum) is shown by shading. The correlation coefficient 
between the time series is indicated in the panel.
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perturbation was applied for each month without changing the pattern of local SST trends. These experiments are 
referred to as AMIP+0Ktrend, AMIP+1Ktrend, AMIP+2Ktrend, and AMIP+4Ktrend experiments. It is noted 
that there is no global-mean SST trend in AMIP+0Ktrend over the whole period. Each experiment has three 
members and all simulations span from 1978 to 2015.

3.  Role of Uniform Warming and the Pattern Change in the PWC Intensification
Figure 2a shows the linear trends in the Walker index for 1979–2013 obtained from the MIROC6 AMIP-trend 
experiments. It is evident that the PWC does weaken in proportion to global warming, and at the same time, the 
effect of uniform warming is not enough to change the sign of the PWC trend even with the +4K warming trend, 
which only accounts for about half of the PWC trend in AMIP. It is thus reasonable that the uniform warming 
impact on the PWC trend can hardly be detected at the present global warming level (0.29 K in global-mean SST 
over the period) as found in little difference between the AMIP and AMIP+0Ktrend. The relative slowdown of 
the PWC in AMIP+4Ktrend is slightly weaker than that in AMIP+4K but the difference is within the uncertainty 
range.

The weakening of the PWC trend with uniform warming in the AMIP-trend experiments is consistent with the HS 
mechanism (Figure 2b). Changes in the global hydrological budgets are roughly balanced between the convective 
mass flux change (ΔM) and the atmospheric water amount change (ΔP-Δq), the latter further approximated using 
the CC relationship as ΔP-αΔT, where α = 7% K −1. In this study, we used the convective mass flux derived from 
parameterization schemes as M and then integrated it over 925–700 hPa. The reduction of the mass flux and the 
PWC weakening are highly correlated across the ensemble (five experiments and three members for each), show-
ing the correlation coefficient of r = 0.93 (Figure 2c). The sensitivity of mass flux reduction to warming, about 
4% K −1, is consistent with the global precipitation increase of 2%–3% K −1 (DeAngelis et al., 2015; Fläschner 
et al., 2016), whereas the PWC weakens more sensitively to surface warming with about 8% per °C, although the 
reason of higher sensitivity is not very clear. However, this weakening tendency cannot overcome the strength-
ening due to the SST pattern effect as represented by the y-intercept showing a large PWC strengthening without 
reduction in M (Figure 2c). The result in Figure 2 also shows that the reduction in the mass flux and the strength-
ening of the PWC can coexist in the AMIP simulation, consistent with a recent study (Shrestha & Soden, 2023).

Figure 2.  Attribution of the Pacific Walker circulation trend to the SST pattern and uniform warming. (a) Linear trend of the 
Walker index in the AMIP-trend experiments (red) and the difference from the trend in AMIP (blue). The trend in AMIP+4K 
(purple) is shown for comparison. The error bar represents the maximum-minimum range. The orange dot with the gray line 
indicates the mean and the standard deviation of the trends from the CMIP6 multi models. (b) As in (a) but for the trend in 
the global hydrological budgets from the AMIP-trend experiments: ΔM (blue), ΔP-Δq (light green), and ΔP-αΔT (green), all 
presented as a fractional change against their climatological mean. We used precipitable water as q whereas the convective 
mass flux derived from parameterization schemes and integrated for 925–700 hPa as M. (c) Scatter plot between the 35 years 
trends in the mass flux (ΔM) and the Walker index (ΔW), respectively. Their correlation coefficient, regression line, and 
sensitivity to warming are shown in the panel.
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Associated with the PWC weakening with increasing global warming level, the net climate feedback becomes 
less negative (from −2.4 W m 2 K −1 in AMIP to −1.8 W m 2 K −1 in AMIP+4Ktrend; see Figure S4 in Supporting 
Information S1), indicating that the HS mechanism explains the state-dependence of the climate feedback distinct 
from the pattern effect because the SST trend pattern is identical among the experiments.

In the climatological mean state, water vapor has a broad horizontal structure compared to precipitation and mass 
flux in the tropics (Figure S5 in Supporting Information S1) and the increase with warming causes the mass flux 
to reduce (Figure 2b). However, the mass flux can increase over limited regions where precipitation increases, 
which should happen because both quantities measure the convective activity. In tropical atmospheric dynamics, 
circulation anomaly is coupled to diabatic heating due mainly to condensation, corresponding to the precipitation 
anomaly. Therefore, comparing precipitation trends among the AMIP-trend experiments could reveal mecha-
nisms of the PWC strengthening and weakening by the SST pattern change and uniform warming, respectively.

Observed trends in precipitation for 1979–2013 show an increase over the western Pacific and a decrease over the 
central-eastern basin in association with the intensified trade winds (Figure 3a). This pattern is well reproduced 
in the AMIP run, which approximates the effect of the SST trend pattern as the difference from the AMIP+0K-
trend is very small (Figure 3b). In the AMIP+4Ktrend, precipitation considerably increases over the subtropical 
Pacific, which accompanies surface westerly trends (Figure  3c). The effect of the uniform warming trend is 
then extracted by the difference between the AMIP and AMIP+4Ktrend, showing the pattern of precipitation 
trend that has a meridional, but not zonal, contrast unlike the trend in the AMIP and observations (Figure 3d). 
In the global warming response, enhanced radiative cooling and tropospheric stability both act to counteract the 
increased condensational heating (Kang et al., 2023; Knutson & Manabe, 1995; Ma et al., 2012), the features 
also identified in our experiments (Figures S6 and S7 in Supporting Information S1). However, those effects are 
relatively zonally homogeneous besides are not yet visible in the past, and therefore the PWC strengthening is 
reproduced solely by the precipitation pattern change using a simple linear dynamical computation (Figure S8 
and Text S3 in Supporting Information S1). In summary, an increase in the zonal contrast of precipitation in the 
tropical Pacific is the key counterpart to the past PWC strengthening.

4.  Further Attribution of the PWC Trend to Regional SST Pattern Change
To identify regions of the SST pattern change responsible for the PWC strengthening, we repeated the AMIP run 
but with the SST trend confined to the Northern Hemisphere (10°−90°N), the Southern Hemisphere (10°−90°S), 

Figure 3.  Trend patterns induced by the SST trend pattern and uniform warming. (a) Linear trends for 1971–2013 in precipitation (shading) and surface winds 
(vector) in Global Precipitation Climatology Project (GPCP) observation (Adler et al., 2018) and the JRA55, and (b) as in (a) but for the ensemble mean of the AMIP 
experiment. The precipitation trends statistically significant at the 95% level are stippled. The wind trends are plotted for the magnitude greater than 1 m s −1 in JRA55 
and 0.5 m s −1 per 35 years in the AMIP. (c, d) As in (b) but for the trends in the AMIP+4Ktrend and their difference from the AMIP.
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and the equatorial band (10°S–10°N), called the AMIP-NHtrend, AMIP-SHtrend, and AMIP-EQtrend exper-
iments. The equatorial SST trend is further decomposed into the Indian Ocean (40°−120°E), western Pacific 
(120°−170°E), eastern Pacific (170°E −70°W), and Atlantic (70°W −20°E) (Figure S9 in Supporting Informa-
tion S1). Because part of the PWC trends in the AMIP experiment might come from the direct radiative forcing 
(Bony et al., 2013), the effect is separately estimated using the so-called AMIP-piForcing experiment (Andrews 
et al., 2018). The regional SST trends are in reality not independent of each other, especially in the equatorial 
Pacific, but the above experiments could give us a hint of the primary trigger for the PWC strengthening.

It is found that the impacts of SST trend patterns in three latitudinal bands on the PWC intensification are roughly 
additive and the warming pattern in the equatorial strip is the most effective contributor, accounting for 79% of 
the PWC trend seen in the AMIP (Figure 4a). Both the direct radiative forcing and the Southern Hemisphere SST 
trends have negligible impact whereas the Northern Hemisphere SST trends explain 19% of the PWC trend, due 
perhaps to a remote influence of the surface warming pattern associated with changing aerosols emission.

Additional attribution experiments show that the SST trends in the equatorial Indian Ocean and the Pacific are 
equally important but the equatorial Atlantic has a minor impact on the PWC trend (Figure 4b; Figure S10 in 
Supporting Information S1). It is not surprising that the PWC trend is driven by the in-situ SST trend pattern 
in the Pacific, but a direct impact of the Indian Ocean warming pattern, accounting for about one-third of the 
total impact of the equatorial SST trends, is an intriguing result. It is noted, however, the fractional contribution 

Figure 4.  Attribution of the Pacific Walker circulation trend to the regional SST trend. (a) Linear trend of the Walker 
index in the AMIP experiment (left) and the trend due to direct radiative forcing (RF), SST trend in the equatorial band 
(EQ), Northern Hemisphere (NH), Sothern Hemisphere (SH), and their sum. The fractional percentage of each contribution 
is shown by numbers. The orange dot with the gray line indicates the trend due to RF obtained from AMIP-piForcing 
experiments by 8 models. (b) As in (a) but for the attribution of the Walker index trend in the AMIP-EQtrend into the trend 
due to the Indian Ocean (IND), western Pacific (WP), eastern Pacific (EP), and Atlantic (ATL) SST trends. See Section 4 for 
the description of the experiments.
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of the Indian Ocean warming to the PWC trend depends on the definition 
of the Walker circulation index (Figure S11 in Supporting Information S1). 
The contribution remains similar (31%) when the PWC is measured by the 
surface zonal wind in the equatorial Pacific but reduces to 9% when the east-
ern Indian Ocean is excluded from the SLP-based Walker index.

The above result is further supported using the Green's function experiment, 
in which a patch of warm SST anomaly is given to 137 locations over the 
globe to identify the pattern effect on climate feedback (Dong et al., 2019). 
This experiment was done using a different model, NCAR's Community 
Atmosphere Model version 4.0, but the sensitivity map of the PWC response 
to local SST forcing, that is, Green's function, shows that the equatorial Indian 
Ocean warming, in addition to the equatorial Pacific warming and cooling, 
is effective in altering the PWC (Figure 5). Another support is obtained from 
the Indian Ocean pacemaker experiments (Mochizuki et  al.,  2016; Zhang 
et al., 2019), which show the acceleration of trade winds compared to the 
historical run based on the same GCM although the extent to which the 
observed Indian Ocean warming impacts the tropical Pacific is dependent 
on the model.

The attribution analysis based on our AMIP-trend experiments suggests that the tropical basin coupling and the 
atmosphere-ocean interaction within the equatorial Pacific are the major drivers for the past PWC intensification. 
However, this does not deny the possibility that the extratropical forcing, for example, Southern Ocean cooling 
(Kim et al., 2022), can be a factor for the PWC trend because our experiments do not represent, by definition, 
remote mechanisms mediated by atmosphere-ocean coupling. Yet, it is clear that, for such a remote mechanism to 
work, SST in the narrow equatorial strip has to change. Likewise, tropical Atlantic warming may also be a driver 
if it affects the eastern equatorial Pacific (McGregor et al., 2014) or the Indian Ocean SST trends (Li et al., 2016).

5.  Discussion
5.1.  Possible Role of Forced Change Versus Internal Variability

In this study, we have not discussed the relative role of the forced response and internal variability in the observed 
PWC intensification. To fully address this issue, the cause of the global SST trend pattern needs to be investi-
gated, which is beyond our scope. Nevertheless, we could infer that the Indian Ocean warming impact on the 
PWC trend (Figures 4b and 5) represents the forced response.

When forced response is defined with an ensemble mean of single-model large-ensemble historical simulations 
following previous studies (Chung et al., 2019; Watanabe et al., 2021), the forced SST trend in the Indian Ocean, 
as well as the tropical Atlantic and some regions in the northern extratropics, is more than twice as large as the 
trend due to internal variability (Figure S12 in Supporting Information S1). This signal-to-noise pattern may be 
partly model-dependent but suggests that the Indian Ocean warming partly responsible for the PWC intensifica-
tion is unlikely due to internal variability. In contrast, the signal-to-noise ratio is small in the equatorial Pacific, 
which indicates that the local impact on the PWC intensification, accounting for 60% of the trend in AMIP, 
represents internal variability to a large extent. A recent study suggests that the relative warming of the Indian 
Ocean has been explained by the radiative forcing associated with biomass burning aerosols, which are uncertain 
in current GCMs (Tian et al., 2023), and therefore underrepresented forced SST response may partly explain the 
discrepancy of the PWC trend between observations and models.

5.2.  Implications for Future Projections

The majority of climate simulations forced by future emission scenarios show enhanced warming of the equa-
torial central-eastern Pacific compared to the other tropical basins, driving the PWC weakening (IPCC, 2021). 
Those changes are supported by an idealized abrupt 4 × CO2 experiment by MIROC6, in which the PWC response 
scales well with the rise of global-mean surface temperature (Figure S13 in Supporting Information S1). During 
the late period of the 150 years simulation, the PWC weakening is greater than double that in the AMIP+4Ktrend, 

Figure 5.  Green's function of the Pacific Walker circulation (PWC) to 
local SST warming. Response of the annual-mean Walker index to a unit of 
SST warming at each grid box, obtained from the CAM4 Green's function 
experiment. The units are Pa K −1. Positive values indicate that the PWC 
strengthens in response to an SST increase there and vice versa for negative 
values.
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indicating that the pattern effect acts to further slow down the PWC via the Bjerknes feedback in a similar 
manner to the past trend but with the opposite direction (He & Soden, 2015). The future changes in the SST 
pattern and thereby the PWC in the tropical Pacific are still subject to uncertainty (Han & Zheng, 2023) but, 
given the multi-decadal change in the past PWC trend during the instrumental era (Figure S1 in Supporting 
Information S1), it is likely that the SST trend pattern as observed in the recent decades will not last for a century 
and  then  the global warming influence to weaken the PWC will eventually dominate.
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