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Slowdown of the Walker circulation driven by
tropical Indo-Pacific warming
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Global mean sea surface temperature (SST) has risen steadily over
the past century1,2, but the overall pattern contains extensive and
often uncertain spatial variations, with potentially important
effects on regional precipitation3,4. Observations suggest a slow-
down of the zonal atmospheric overturning circulation above the
tropical Pacific Ocean (the Walker circulation) over the twentieth
century1,5. Although this change has been attributed to a muted
hydrological cycle forced by global warming5,6, the effect of SST
warming patterns has not been explored and quantified1,7,8. Here
we perform experiments using an atmospheric model, and find
that SST warming patterns are the main cause of the weakened
Walker circulation over the past six decades (1950–2009). The
SST trend reconstructed from bucket-sampled SST and night-time
marine surface air temperature features a reduced zonal gradient
in the tropical Indo-Pacific Ocean, a change consistent with sub-
surface temperature observations8. Model experiments with this
trend pattern robustly simulate the observed changes, including
the Walker circulation slowdown and the eastward shift of atmos-
pheric convection from the Indonesian maritime continent to the
central tropical Pacific. Our results cannot establish whether the
observed changes are due to natural variability or anthropogenic
global warming, but they do show that the observed slowdown in
the Walker circulation is presumably driven by oceanic rather than
atmospheric processes.

The Walker circulation is a defining feature of tropical climate. On
seasonal-to-interannual timescales, it is closely tied to the east–west
SST gradient along the Equator, as is the El Niño–Southern Oscillation
(ENSO). Long-term changes in the Walker circulation have recently
been the subject of intense debate1,5–12. Most climate models in the
Coupled Model Intercomparison Project phase 3 (CMIP3) predict a
slowdown of the Walker circulation under global warming5–7,9,13, con-
sistent with sea level pressure (SLP) measurements during the twen-
tieth century1,5,8. The Walker circulation weakening relaxes prevailing
easterly trade winds over the equatorial Pacific5,8 and suppresses the
upwelling of nutrient-rich cold water7, affecting fishery stocks in the
region. Despite these important climatic and biogeochemical influences,
the mechanism for the observed long-term change in the Walker cir-
culation has not been rigorously investigated.

One major hypothesis attributes the Walker circulation slowdown
to a decrease in convective mass flux under global warming that
balances a slower increase in global mean precipitation than can be
expected from the increase in atmospheric water vapour6. This
muted hydrological cycle mechanism relies only on a globally uniform
increase in SST3. Overlooked, however, is an alternative hypothesis
that points to changes in zonal SST gradient across the tropical
oceans1,11,14. This mechanism is dominant for ENSO, but the effort
to test its role in the long-term weakening of the Walker circula-
tion has been hampered by uncertainty in observed SST warming
patterns1,7,8. For 1950–2009, the zonal SST gradient across the Indo-
Pacific has intensified in the HadISST1 (Hadley Centre sea ice and SST

version 1; ref. 15) data set but shows little change in the ERSST3b
(extended reconstructed SST version 3b; ref. 16) data set (Fig. 1).
This disagreement is due to the change in SST measurement technique
and different analysis methods7.

We reconstruct the SST trend pattern for the period 1950–2009
(Fig. 1a), for which various data sets are available with improved
quality. To reduce biases caused by changes in SST measurement
technique, we construct an SST data set using only bucket measure-
ments from the International Comprehensive Ocean–Atmosphere
Data Set17 (ICOADS). The resulting trend pattern exhibits a reduced
zonal gradient between the eastern Pacific and the western Pacific/
southeastern Indian Ocean (Supplementary Fig. 1a), in contrast to
HadISST1 and ERSST3b results (Fig. 1b, c). We also examine night-
time marine surface air temperature (NMAT), a meteorological para-
meter that is highly correlated with SST (Supplementary Fig. 2) but
free of the biases introduced by changes in SST measurement technique.
The NMAT trend pattern bears a striking resemblance to that of bucket
SST (Supplementary Fig. 1b, c). This motivates us to estimate trends in
merged surface temperature (MST) of the bucket SST and NMAT (see
Methods). The MST trend features a reduced zonal gradient in the
tropical Indo-Pacific (Fig. 1a, d), physically consistent with a flattened
ocean thermocline observed by expendable bathythermographs8.

To investigate the SST gradient effect, we use four atmospheric
general circulation models (AGCMs; see Methods) and construct a
multi-model ensemble for an unbiased estimate of the atmospheric
response. Each AGCM is forced with four different tropical SST trend
patterns: a spatially uniform SST increase (SUSI; ,0.5 uC for 60 yr
from 1950 to 2009) and those estimated from MST, HadISST1 and
ERSST3b. In all the experiments including SUSI, the greenhouse-gas
increase from the 1950s to the 2000s is imposed. The AGCM response
to SUSI is not an accurate proxy for anthropogenic change, but serves
as a useful reference to evaluate the SST pattern effect. To validate the
model experiments, we use a wide variety of data sets, all of which have
successfully captured regional patterns of tropical climate change1,8

(Methods). We also use 71 ensemble members of the ‘climate of
the twentieth century’ experiments (20C3M) from 24 CMIP3 models
and three atmospheric reanalyses for comparison: the US National
Centers for Environmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR) reanalysis18, the European Centre
for Medium-Range Weather Forecasting 40-year reanalysis (ERA-40;
ref. 19), and the Twentieth Century Reanalysis version 2 (20CRv2; ref. 20).

Over the past six decades, a weakening trend in the Walker circula-
tion is apparent in SLP change1,8,9 (Fig. 1a and Supplementary Fig. 3a),
increasing over the maritime continent and decreasing east of
the Philippines and over the central to eastern tropical Pacific. The
MST-forced experiments reproduce these SLP change patterns quite
well, with a slight eastward displacement of negative values over the
eastern Pacific (Fig. 1d). In contrast, the HadISST1-forced experiments
strengthen the Walker circulation12 (Fig. 1b), while the ERSST3b
experiments show no significant change (Fig. 1c). The SUSI-forced
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experiments simulate a slight weakening of the Walker circulation
(Fig. 1e) but its magnitude is much weaker than that of observations9

and MST-forced experiments. These AGCM experiments suggest that
SST trend patterns are key to the Walker circulation change.

Both the NCEP-NCAR (Fig. 1f ) and ERA-40 (Supplementary
Fig. 3b) reanalyses show an intensification of the Walker circulation
with SLP increasing over the central equatorial Pacific and decreasing
over the maritime continent. The SST data sets used in these reanalyses
exhibit an intensified zonal gradient similar to that in HadISST1,
suggesting a strong impact of SST forcing even in the NCEP-NCAR
and ERA-40 reanalyses. The 20CRv2 reanalysis exhibits no significant
change in SLP gradient despite the assimilation of SLP observations
(Supplementary Fig. 3c). HadISST1 is used as a surface forcing in
20CRv2, which we speculate acts to oppose the observed reduction
in the Walker circulation.

Changes in atmospheric convection are a clue to the Walker
circulation slowdown. Observations indicate an eastward shift of
precipitation/cloudiness from the maritime continent to the central
tropical Pacific, accompanied by consistent changes in surface wind
convergence (Fig. 2a, b). The MST-forced experiments simulate these
patterns of cloud, precipitation and surface wind changes quite well,
albeit at reduced magnitudes (Fig. 2c, d). The simulated convection
changes closely follow spatial patterns of SST warming, consistent with
the ‘‘warmer-get-wetter’’ idea, with support from model projections3

and satellite observations for the past three decades21. In contrast, the
SUSI experiments simulate a precipitation/cloudiness increase over
the maritime continent (Fig. 2e, f ), in disagreement with observations.
Within the framework of our AGCM experiments, SST warming
patterns, rather than the hydrological cycle response to uniform
warming, is the main driver for the Walker circulation slowdown
and atmospheric convection changes over the past six decades.

The close linkage between SST and the Walker circulation is readily
illustrated in a scatter plot of changes in zonal SST and SLP gradients
(denotedDSST andDSLP, respectively), defined as the zonal difference
on the Equator between the eastern Pacific (150u–90uW, 5u S–5uN)
and western Pacific/eastern Indian Ocean (90u–150uE, 5u S–5uN)
(Fig. 3). Changes in DSST and DSLP are linearly correlated among

AGCM experiments and reanalyses (r < –0.97, significant at P , 0.01),
with a strong dependence on SST data sets. MST-forced (HadISST1-
forced) AGCMs robustly simulate a weakening (strengthening) of
DSLP in response to the DSST weakening (strengthening), whereas
ERSST3b-forced AGCMs show little change in DSLP. SUSI-forced
AGCMs tend to weaken DSLP, but this is not robust among
models and the amplitude is small. Overall, MST-forced AGCMs
simulate the observed DSLP change more realistically than other
SST data sets. In addition, DSLP and DSST are highly correlated
among the 71 simulations in the CMIP3 20C3M ensemble (r < –0.83,
significant at P , 0.01), although the DSLP reduction is smaller than in
observations9.

We estimate uncertainty in SST trends arising from observational
biases based on 100 realizations of SST data in the third version of
the Hadley Centre gridded SST data set (HadSST3; refs 2, 22). There
are large variations in DSST among different realizations (Figs 3
and 4a). We apply empirical orthogonal function (EOF) analysis
to the 1950–2006 trend patterns over the tropical Indo-Pacific
(30uE–60uW, 32.5u S–32.5uN) from the 100 realizations. The leading
EOF reveals large uncertainty in warming magnitude over the equa-
torial Indo-western Pacific, accounting for 83.6% of the total variance
among the 100 SST realizations (Supplementary Fig. 4a). The cor-
relation between the principal component of the leading EOF and
the DSST trend is –0.75 (significant at P , 0.01), indicating that the
DSST trend is strongly affected by uncertainty in the magnitude of
SST warming over the equatorial Indo-western Pacific (Fig. 4a).
Nevertheless, all the HadSST3 realizations show a reduction in
DSST. AGCM experiments forced by a subset of HadSST3 realiza-
tions, including the two extremes (no. 12 and no. 34) and median,
all simulate the Walker circulation slowdown (Fig. 4b–e), with
SLP increasing (decreasing) over the maritime continent (tropical
Pacific). The magnitude of circulation change is proportional to
that of DSST (green triangles in Fig. 3). These HadSST3 experiments
provide strong support for our results from observations and MST-
forced AGCMs.

Our AGCM results show that the observed Walker circulation slow-
down is due to the weakened zonal SST gradient across the equatorial
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Figure 1 | Observed and simulated patterns of SLP and SST changes for
1950–2009. Changes in SLP (hPa per 60 yr; contours) and SST (uC per 60 yr;
shading) from: a, ICOADS and MST; b, HadISST1-forced experiment;
c, ERSST3b-forced experiment; d, MST-forced experiment; e, SUSI-forced

experiment; and f, NCEP-NCAR reanalysis. The contour interval (CI) for SLP
change is indicated at the top-right corner of each panel. Positive (negative)
contours are solid (dashed) lines, and zero contours are thickened. The basin
averages (40uE–70uW, 20u S–20uN) of SLP change are removed.
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Indo-Pacific, rather than to the muted hydrological cycle under uni-
form warming5,6. This SST pattern mechanism itself is not new1,11,14,23

but its dominance in tropical climate change over the past six decades
is surprising, given the prevailing assumption that the Walker circula-
tion slowdown occurs without the zonal SST gradient change.
Conversely, the reduced zonal SST gradient is the response to the
weakened easterly trades8. The circular results suggest a positive feed-
back between the Walker circulation and SST gradient. In light of
modest changes in the 20C3M simulations (Fig. 3), the observed
changes discussed here probably include the influence of natural
variability superimposed on externally forced response9,24. The major-
ity of CMIP phase 5 (CMIP5) models project a weakened SST gra-
dient across the equatorial Indo-Pacific in response to increased
greenhouse-gas forcing, but its magnitude is not significant in the
twentieth century (Supplementary Fig. 5). On the other hand, the
increased aerosols due to economic development and biomass burning
may also have contributed to the reduced SST warming over the Indo-
western Pacific region25. An open question still remains: to what degree
does anthropogenic forcing contribute to the observed changes? A
conclusive attribution will have to wait for longer observations and
the growth of the forced response.

Research into future climate change relies heavily on numerical
models, but model skill in simulating long-term changes is largely
untested. Validating climate models against observed change is critical
in building confidence in their future projections. The slowdown of the
Walker circulation is a robust change observed for the past century and
serves a useful testbed for model evaluation. Our results show that
AGCMs are successful in reproducing the Walker circulation slow-
down, provided that the correct pattern of SST warming is prescribed.
Taken together, our SST analysis and AGCM experiments indicate a
weakening of zonal SST gradient across the equatorial Indo-Pacific
over the past six decades. Our study highlights uncertainties in the
tropical Indo-Pacific warming pattern and their effect on the Walker
circulation change. The effect of SST warming uncertainty may extend
remotely to densely populated regions such as East Asia through the
atmospheric bridge26 (Supplementary Fig. 4b). Our analysis suggests
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that atmospheric reanalyses are also subject to errors of SST warming
pattern. Their judicial use is advised in studying long-term changes.
Reducing biases and uncertainty in regional patterns of SST warming
is a key step for improving the reanalyses and interpretation of long-
term climate change.

METHODS SUMMARY
The MST trends were calculated for 1950–2009 as an unweighted average of the
bucket SST and NMAT trends from ICOADS release 2.5 (ref. 17) and the Met Office
Historical Marine Air Temperature 43N (MOHMAT; ref. 15). We performed a set of
two AGCM experiments, in which the 30-yr-scaled MST trend pattern was either
added to or subtracted from the HadISST1 climatology over the tropics only
(20u S–20uN). These two experiments were also forced with greenhouse-gas con-
centrations averaged in the 2000s and 1950s, respectively. By taking the difference
between the two experiments, we extracted atmospheric changes over the past 60 yr.
To investigate the effect of SST warming patterns, the same sets of AGCM experi-
ments were forced by HadISST1, ERSST3b and HadSST3 trend patterns and SUSI
(,0.5 uC increase per 60 yr). To obtain an unbiased estimate of the atmospheric
response, we used four AGCMs: the US National Oceanic and Atmospheric
Administration (NOAA) Geophysical Fluid Dynamics Laboratory (GFDL)
AM2.1 (ref. 27), the Max Planck Institute (MPI) ECHAM5 (ref. 28), the NCAR
Community Atmospheric Model (CAM) version 3 (ref. 29) and 4 (ref. 30). The
AM2.1 (CAM4) uses a finite-volume grid of 2.5u3 2u (2.5u3 1.9u) longitude–
latitude and 24 (26) vertical levels, and the ECHAM5 (CAM3) uses a T42 grid and
19 (26) vertical levels. For each experiment the models were integrated for 41 yr with
the first year of integration discarded as a spin-up. Further details of observational
data sets, AGCM experiments and analysis methods are discussed in Methods.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
SLP, SST and NMAT. For SLP, we used the ICOADS release 2.5 (ref. 17) and the
Hadley Centre’s mean SLP data set version 2 (HadSLP2; ref. 31). For SST, we used
HadISST1 (ref. 15), ERSST3b (ref. 16), HadSST3 (refs 2, 22) and bucket-sampled
SSTs from ICOADS. For surface air temperature, we analysed only night-time data
because daytime observations are strongly biased by heating effects over ship
decks. For NMAT, ICOADS and the Met Office Historical Marine Air
Temperature (MOHMAT) 43N (ref. 15) were used. All ICOADS data have been
trimmed using the climatological 4.5 standard-deviation limit that identifies
potential outliers and then gridded on a 4u grid with an unweighted box average8.
Missing data in ICOADS were filled with linear interpolation across ‘no data’ grids
not exceeding 5 points in longitude and 3 points in latitude. This interpolation was
applied twice to obtain basin-scale characteristics. For the MST trend patterns, we
first calculated trends in bucket SST and NMAT separately, and then constructed
an unweighted average of their trend patterns. To improve the readability,
the MST trend patterns were spatially smoothed with a 5 3 5 point Gaussian
filter. ICOADS (http://rda.ucar.edu/datasets/ds540.0/), HadSLP2 (http://www.
metoffice.gov.uk/hadobs/hadslp2/), HadISST1 (http://www.metoffice.gov.uk/
hadobs/hadisst/), ERSST3b (http://www.ncdc.noaa.gov/ersst/), HadSST3 (http://
www.metoffice.gov.uk/hadobs/hadsst3/), MOHMAT43N (http://www.metoffice.
gov.uk/hadobs/mohmat/) are all available online.
Surface wind. The Wave- and Anemometer-based Sea-surface Wind (WASWind)
data set32 (http://iprc.soest.hawaii.edu/users/tokinaga/waswind.html) was used.
This data set substantially reduces spurious upward trends in the ICOADS raw
winds by applying bias corrections with a stability-dependent height correction for
measured winds and using wind-wave height. The obtained trend patterns are in
good agreement with SLP measurements since the 1950s and satellite measure-
ments for recent decades, illustrating the utility for climate change studies.
Precipitation and cloudiness. We used four rain-gauge based monthly mean
gridded products available at NOAA33 (http://www.esrl.noaa.gov/psd/data/
gridded/data.precl.html), the Global Precipitation Climatology Centre34 (ftp://
ftp.dwd.de/pub/data/gpcc/html/fulldata_v6_doi_download.html), the University
of Delaware35 (http://climate.geog.udel.edu/,climate/html_pages/Global2_Ts
_2009/Global_p_ts_2009.html), and the University of East Anglia Climate
Research Unit36 (http://www.cru.uea.ac.uk/cru/data/precip/). All data were
regridded onto a 3.75u3 2.5u longitude–latitude grid, and precipitation trends
were calculated for 1950–2007 from an unweighted average of the four products.
Marine cloudiness trends were calculated for 1950–2009 based on ICOADS. To
eliminate the bias in ship-observed marine cloudiness, we removed the tropical
(30uN–30u S) mean trend from each oceanic grid box1.
Estimate of observed trends. All trends were calculated using only well-sampled
grid boxes that contain monthly means for more than 75% of the total months. To
suppress interannual variability for each month, all yearly data were smoothed
with a five-point binominal temporal filter before the trend analysis. We estimated
long-term trends and their statistical significance with the Sen median slope37 and
the Mann-Kendall38 test, respectively, non-parametric methods less affected by
outliers. The analysis period is basically from 1950 to 2009, but some data sets are
not available for the entire period. In such cases, we scaled the trends to the 60-yr
changes. Annual mean trends were presented in all figures.
AGCM experiments. We used the NOAA GFDL AM2.1 (ref. 27), the MPI
ECHAM5 (ref. 28), the NCAR CAM3 (ref. 29) and CAM4 (ref. 30). The AM2.1

(CAM4) uses the finite-volume grid of 2.5u3 2u (2.5u3 1.9u) longitude–latitude
and 24 (26) vertical levels, and the ECHAM5 (CAM3) uses a T42 grid and 19 (26)
vertical levels. For each model and SST data set, we performed a set of two
experiments, in which the 30-yr-scaled SST trend pattern was either added to or
subtracted from the SST climatology over the tropics only (20u S–20uN). Two SST
forcing fields were derived as follows:

SSTwarm ~ SST z 30 SST’

SSTcold ~ SST { 30 SST’

where SST is the monthly SST climatology obtained from HadISST1, and SST’ is
the monthly mean SST trends per year estimated from each SST data set. Both SST
and SST’ were calculated for 1950–2009. For the SUSI experiment, we used a
tropical mean SST trend of 0.0083 uC increase per year (,0.5 uC per 60 yr) based
on the HadSST3 estimate. All SST forcing is yearly cycling data so that does not
include interannual variability. The SSTwarm and SSTcold experiments were also
forced with greenhouse-gas concentrations (CO2, CH4, N2O, CFC11, CFC12 and
O3) averaged in the 2000s and 1950s, respectively. By taking the difference between
the two experiments, we extracted atmospheric changes over the past 60 yr. For
each experiment the models were integrated for 41 yr with the first year of integ-
ration discarded as a spin-up. We used only ECHAM5 for HadSST3-forced
experiments. The statistical significance for the difference between SSTwarm and
SSTcold experiments was estimated with the two-sided Student’s t-test.
Other data sets. We used three atmospheric reanalysis products: the NCEP-
NCAR reanalysis18 for 1950–2009 (http://rda.ucar.edu/pub/reanalysis/index.html),
the ERA-40 reanalysis19 for 1958–2001 (http://www.ecmwf.int/products/data/
archive/descriptions/e4/index.html), and 20CRv2 (ref. 20) for 1950–2008 (http://
www.esrl.noaa.gov/psd/data/gridded/data.20thC_ReanV2.html). We also used the
CMIP3 ‘Climate of the twentieth century experiments (20C3M)’ (24 models) for
1900–1999, the CMIP5 historical run (22 models) for 1900–2005, and the CMIP5
high emission scenario (RCP8.5; 22 models) and medium mitigation scenario
(RCP4.5; 22 models) for 2006–2098.

31. Allan, R. & Ansell, T. A new globally complete monthly historical gridded mean
sea level pressure dataset (HadSLP2): 1850-2004. J. Clim. 19, 5816–5842
(2006).

32. Tokinaga, H. & Xie, S.-P. Wave- and anemometer-based sea surface wind
(WASWind) for climate change analysis. J. Clim. 24, 267–285 (2011).

33. Chen, M. Y., Xie, P. P., Janowiak, J. E. & Arkin, P. A. Global land precipitation: a 50-
yr monthly analysis based on gauge observations. J. Hydrometeorol. 3, 249–266
(2002).

34. Schneider, U., Fuchs, T., Meyer-Christoffer, A. & Rudolf, B. Global Precipitation
Analysis Products of the GPCC (Global Precipitation Climatology Centre, 2008);
available at ftp://ftp-anon.dwd.de/pub/data/gpcc/PDF/GPCC_intro_
products_2008.pdf (2008).

35. Willmott, C. J. & Robeson, S. M. Climatologically aided interpolation (CAI) of
terrestrial air temperature. Int. J. Climatol. 15, 221–229 (1995).

36. Hulme, M., Osborn, T. J. & Johns, T. C. Precipitation sensitivity to global warming:
comparison of observations with HadCM2 simulations. Geophys. Res. Lett. 25,
3379–3382 (1998).

37. Sen, P. K. Estimates of the regression coefficient based on Kendall’s tau. J. Am.
Stat. Assoc. 63, 1379–1389 (1968).

38. Kendall, M. G. Rank Correlation Methods (Griffin, 1975).
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