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Pacific trade winds accelerated by aerosol forcing
over the past two decades
Chiharu Takahashi and MasahiroWatanabe*
The Pacific trade winds, coupled with the zonal sea surface
temperature gradient in the equatorial Pacific Ocean, control
regional sea levels1, and therefore their trend is a great concern
in the Pacific Rim. Over the past two decades, easterly winds
have been accelerated in association with eastern tropical
Pacific cooling2. They may represent natural interdecadal
variability in the Pacific3 and possibly explain the recent
global warming hiatus4–7. However, the intensification of the
winds has been the strongest ever observed in the past
century2,5,8, the reason for which is still unclear. Here we show,
using multiple climate simulations for 1921–2014 by a global
climate model, that approximately one-third of the trade-wind
intensification for 1991–2010 can be attributed to changes in
sulfate aerosols. The multidecadal sea surface temperature
anomaly induced mostly by volcanic aerosols dominates in
the western North Pacific, and its sign changed rapidly from
negative to positive in the 1990s, coherently with Atlantic
multidecadal variability9–11. ThewesternNorth Pacificwarming
resulted in intensification of trade winds to the west of the
dateline. These trends have not contributedmuch to the global
warming hiatus, but have greatly impacted rainfall over the
western Pacific islands.

Changes in the tropical Pacific sea surface temperature (SST)
and surface winds over the past two decades, namely, La Niña-
like cooling in the eastern Pacific and intensified surface easterly
winds, are important for understanding the recent pause of global-
mean surface temperature increase called the warming hiatus4–6.
The La Niña-like SST anomalies act to prevent the global surface
temperature from rising via teleconnection4, and accelerated trade
winds enhance ocean heat uptake, which suppresses surface
warming5,12,13. Althoughmost of these decadal-scale changes in SSTs
and winds fit well with the negative phase of the Interdecadal Pacific
Oscillation (IPO), a dominant natural variability on interannual-to-
interdecadal timescales in the Pacific3,14, the marked intensification
of trade winds during 1992–2011 may not be explained by the
IPO alone5.

Intensification of trade winds over the past two decades has
occurred despite a longer-term weakening trend, which is plausibly
a response of the Walker circulation to global warming15,16. The
magnitude of the trade winds can be altered either by cooling of the
eastern basin or warming of the western basin, making it difficult to
attribute the trade-wind changes to external forcing. The Coupled
Model Intercomparison Project Phase 5 (CMIP5) simulations for
the twentieth and twenty-first centuries show that externally forced
SST changes appear strongly in the western Pacific17,18, so that
the external driving of the Pacific trade winds may occur through
changes in the warm pool SST.

Historical changes in well-mixed greenhouse gases show a
monotonic increase, which was unlikely to have caused the decadal

variability of SST and associated surface winds. Among other
external radiative forcings, natural volcanic and anthropogenic
sulfate aerosols have been shown to drive multidecadal changes in
the North Atlantic SST19, the frequency of Atlantic hurricanes20,
the North Pacific SST21, and the south Asian summer monsoon22.
Because sulfate aerosols injected into the atmosphere act to cool
the Earth’s surface by scattering or absorbing solar radiation, as
well as by interacting with clouds23, a series of large eruptions
and a peak in anthropogenic emissions from North America and
Europe, occurring concurrently between the 1960s and early 1990s
(Supplementary Fig. 1), could have caused a cooler climate during
this period. However, there is a critique to the aerosol forcing of
the North Atlantic SST variability24; furthermore, aerosol-induced
multidecadal anomalies have not been identified in the tropical
Pacific so far.

Here, we first demonstrate that sulfate aerosol forcing was critical
for the multidecadal SST variability in the tropical western Pacific
and contributed to the intensification of the Pacific trade winds
over the past two decades. The above results are based on a five-
member ensemble climate simulation for 1921–2014 using a state-
of-the-art atmosphere–ocean coupled general circulation model
(CGCM) called MIROC5.2 (ref. 6; see Methods). In addition to the
historical simulation driven by all external forcing agents (denoted
as HIST), we performed two modified historical experiments in
which either volcanic or both volcanic and anthropogenic sulfate
aerosols were prescribed to their pre-industrial levels (VOLCONST
and SO2CONST, respectively). A combined analysis of the three sets
of experiments, 15 ensembles altogether, enables us to quantitatively
estimate the contributions of anthropogenic and volcanic sulfate
aerosols to the trends in the SST and trade winds for 1991–2010.

Empirical orthogonal functions (EOFs) to detrended 10-year
low-pass-filtered SST anomalies (called decadal SST anomalies, see
Methods) over the tropical Pacific (25◦ S–25◦N and 100◦ E–80◦W)
were used to extract two dominant patterns of variability in the
observations (Fig. 1a,b). The first EOF (EOF1) shows a pattern
similar to the IPO, having its maximum amplitudes in the central-
eastern equatorial Pacific and the North Pacific with opposite signs
(Fig. 1a). The second EOF (EOF2) exhibits a prominent warming
pattern extending from the equatorial western Pacific into the
extratropical Pacific, and accompanies significant warming signals
in the Atlantic and the eastern Indian oceans (Fig. 1b). A pattern of
sea-level pressure (SLP) anomalies associated with EOF2 reveals a
tropics-wide dipole between the eastern and western hemispheres
(Supplementary Fig. 2). This variability represents a modulation of
the entire Walker circulation linking tropical ocean basins, and is
therefore referred to as the trans-basin variability (TBV)9,10.

The above two dominant modes are obtained from HIST as
well, showing that the overall patterns are in good agreement with
observations (Fig. 1c,d). Characteristics of the principal component
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Figure 1 | Two dominant decadal SST patterns and time series for 1936–2009. a,b, Observed low-frequency detrended SST anomalies regressed on the
PCs associated with EOF1 and EOF2, respectively, to the tropical Pacific SST (grey rectangles). The fractional variance is denoted at the top. Stippling
indicates regions exceeding the 95% statistical significance. c,d, As in a,b, but for the HIST five-member ensemble. e,f, Corresponding PC time series for
observations (black) and simulations (red curve for the ensemble mean and shading for the ensemble spread). Correlation coe�cients between the
observed and simulated PC time series are shown.

Table 1 | Fractional contributions of external radiative forcing to SST trends in theWNP and tropical Atlantic for 1991–2010.

Region SST trend (◦Cper decade) Fractional contribution (%)

COBE SST HIST Anthropogenic SO2 Volcanic SO2 Others (GHGs and so on)

WNP 0.27±0.21 0.23±0.12 −22 89 33
Tropical Atlantic 0.21±0.15 0.21±0.11 29 73 −2

Contributions (%) of anthropogenic sulfate aerosols, natural volcanic sulfate aerosols and other radiative forcing factors including greenhouse gases (GHGs) to the SST trends that were estimated by
using HIST, SO2CONST and VOLCONST (see Methods). The SST trends (◦C) for observations (COBE SST)31 and the HIST ensemble mean (with the uncertainty ranges, see Methods) are also
indicated. The WNP and tropical Atlantic regions are defined in Fig. 2a.

(PC) time series associated with the two simulated EOFs reveal
their different origins. The PC1 time series shows a large spread,
which represents the different phases and amplitudes of decadal
variability across ensemble members, and the ensemble-mean
values are weak and negatively correlated with the observed PC1
scores (Fig. 1e). Although the interannual variability associated
with the El Niño–La Niña cycle is not fully filtered out, the
observed PC1 exhibits a positive decadal trend beginning in the
early 1990s. In contrast, the PC2 time series representing the
TBV shows multidecadal changes (positive before the 1960s and
after the mid-1990s, and negative between them) both in the
observations and HIST (Fig. 1f). Unlike EOF1, the spread of PC2
is small, and the ensemble-mean time series is highly correlated
with the observations (r=0.79). Additional EOF analyses of the
HIST ensemble mean and ensemble deviations strengthen our
interpretation that the IPO represents natural variability intrinsic to
the Pacific atmosphere–ocean system, whereas the TBV represents
the externally forced variability (Supplementary Fig. 3). In the
western subtropical North/South Pacific and the North Atlantic,
where TBV-related SST anomalies dominate (Fig. 1b), the observed
decadal/interdecadal SST variability is reproduced well by the
ensemble-mean anomalies in HIST (Fig. 2a). We focus on the
western North Pacific (WNP) region of 130◦–180◦ E and 10◦–25◦N
(red box in Fig. 2a), because the decadal variability in this area

is the least affected by the IPO, but is rather controlled by the
TBV (Fig. 1a,b). Indeed, the time series of WNP SST anomalies
exhibitsmultidecadal variability similar to PC2 both in observations
and HIST (Fig. 2b,c). In the mid-1990s, the WNP SST anomalies
rapidly changed their sign from negative to positive, resulting in
1991–2010 warming trends of 0.27± 0.21 and 0.23± 0.12 ◦C per
decade in the observations and HIST, respectively. Interestingly,
the ensemble-mean SST anomalies in SO2CONST are unable to
reproduce most of the multidecadal changes, with a negligible and
insignificant linear trend for 1991–2010 (0.08±0.05 ◦C per decade)
(Fig. 2d). This provides clear modelling evidence that multidecadal
SST variability in the WNP region has been driven by past changes
in sulfate aerosols.

Observed SST trends for 1991–2010 show similar values in the
WNP and tropical Atlantic (red and blue box regions in Fig. 2a).
As most of these trends have been induced by sulfate aerosols
(Fig. 2 and Supplementary Fig. 4), the relative contributions of
anthropogenic and volcanic sulfate aerosols to the simulated SST
trends can be estimated (see Methods). It has been identified that
volcanic aerosols have predominantly contributed to the warming
in both regions (Table 1). Actually, the sulfate aerosol radiative
effect is negative, and therefore this volcanic forcing for 1991–2010
is interpreted as a recovery from the Pinatubo-induced cooling
period in the early 1990s25,26 (Fig. 2c). In the tropical Atlantic,
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Figure 2 | Multidecadal SST variability in theWNP for 1931–2014. a, Local
correlation map for the low-frequency SST anomalies between observations
and the HIST ensemble mean. Stippling indicates regions exceeding the
95% statistical significance. b–d, Time series of detrended annual-mean
SST anomalies (bold grey curve) and their low-frequency components
(black curve with shading) averaged in the WNP (red rectangle in a) in
observations, HIST and SO2CONST, respectively. The thick black curves
and thin grey bars in c,d, indicate the ensemble mean and the spread. Linear
trends for 1991–2010 are shown by dashed black lines.

decline of anthropogenic aerosols also contributed to the warming
trend by about 30%, consistent with a previous model experiment19.
However, the anthropogenic sulfate aerosols counteract the effect
of volcanic aerosols in the WNP. This may be reasonable, given
the continuous increase of anthropogenic emissions over Asia
(Supplementary Fig. 1).

As the volcanic impact on SST tends to disappear within
five years26, it cannot explain the WNP warming after the late
1990s (Fig. 2). Another possible driver for multidecadal SST
variability in the WNP is large-scale atmosphere–ocean dynamics
coupled with aerosol forcing27. Unlike the Atlantic Ocean, where
direct and indirect aerosol effects work together to generate the

multidecadal SST variability (Supplementary Fig. 5), the net aerosol
forcing to the WNP SST variability is weak, and instead decadal
change in the surface latent heat flux generates the SST variability
(Supplementary Fig. 6). The contrast of surface energy budgets
between the WNP and tropical Atlantic suggests that the latter
region is the major source of the TBV, consistent with arguments
in previous studies9–11. This remote mechanism working with
dominant volcanic aerosol forcing can explain why the WNP SST
anomalies show a significant warming trend during 1991–2010.

The observed SST trends for 1991–2010 show cooling in the
eastern tropical Pacific but warming in the western Pacific and
Indian Ocean, accompanied by increased rainfall over theMaritime
Continent and decreased rainfall over the central equatorial Pacific
(Fig. 3a). The greater zonal contrasts in SST and precipitation
link to the intensification of the Pacific trade winds (Fig. 3c).
Decomposition of the SST trend pattern using two EOFs clearly
shows that the warming in the western Pacific is attributable to the
positive trend in the TBV (Supplementary Fig. 7), which is captured
by the HIST ensemble mean (Fig. 3b). In the model, increasing
zonal contrasts in SST and precipitation are confined to the region
west of the dateline. The HIST ensemble mean reproduces neither
eastern Pacific cooling trends nor the warming hiatus in global-
mean surface temperature (Supplementary Fig. 8), consistent with
the argument that the warming hiatus is largely induced by internal
climate variability6,7. Yet, the Pacific trade winds were intensified in
the HIST ensemble-mean fields (Fig. 3d). The accelerated surface
easterlies promote the accumulation of ocean subsurface water and
raise sea levels in the western Pacific28,29, so that salient features of
the observed increasing trend in the 0–300m heat content (HC300)
are captured by the HIST ensemble mean (Fig. 3c,d).

The Pacific trade-wind anomaly associated with the TBV is
measured by the surface zonal wind averaged over 5◦ S–5◦N and
140◦ E–170◦W (yellow box in Fig. 3c,d). The observed trade-
wind index calculated with two independent reanalysis data sets
(Methods) shows the decadal variability imposed on a multidecadal
change, which has a significant negative trend during 1991–2010
(Fig. 4a). Evaluation of the 20-year linear trends with a sliding
window shows that the above trend was never observed over the
previous eight decades, and that it is associated with pronounced
increasing trends in the WNP SST and the western Pacific HC300
anomalies (Fig. 4d).

Although the magnitude is smaller than the observations,
ensemble-mean anomalies in HIST show trade-wind intensification
and associated increases in theWNP SST and western Pacific HC300
after the 1990s (Fig. 4b,e). The simulated zonal wind trend for
1991–2010 is −0.28 ± 0.12m s−1 per decade, which accounts for
34±18% of the observed trends. It is clear from the comparison of
the trends between HIST and SO2CONST that the intensification
of the trade winds in the HIST ensemble mean was induced by
sulfate aerosol forcing (Fig. 4b,c,e,f). The discrepancy in magnitude
between the observations and HIST is large, and could be attributed
to the negative IPO and the influence of Indian Ocean warming29,30.
As the simulated internal variability of trade winds appears weaker
than observations (Fig. 4a,b), the uncertainty range of the forced
trend might actually be larger. Nevertheless, the influence of sulfate
aerosols is robust, without which the Pacific trade winds would not
have reached record levels of intensification during 1991–2010.

An indication of external driving for the multidecadal changes
in the WNP SST is also obtained from the CMIP5 multi-model
ensemble, which reproduces the multidecadal SST variability in the
WNP and tropical Atlantic, as well as intensification of trade winds
(Supplementary Fig. 9). Although aerosol forcing cannot explain
a part of the trade-wind intensification responsible for the global
warming hiatus4–6 (Supplementary Fig. 8), our findings are relevant
for understanding decadal climate changes in the Pacific. If sulfate
aerosol cooling is strengthened again in the near future by large
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Figure 3 | Observed and simulated trends during 1991–2010. a,b, Trends in SST (shading) and precipitation (circles) anomalies from observations and the
HIST ensemble mean. Stippling indicates regions exceeding the 95% statistical significance. c,d, As in a,b, but for surface zonal wind (shading), HC300
(contour, red for positive and blue for negative values, in unit of 1019 J m2 per decade, interval±0.2, 0.4, 0.6, 0.9, 1.2), and surface wind anomalies (green
arrows). The yellow and orange boxes represent the areas of zonal wind and HC300 presented in Fig. 4. The wind vectors significant at the 95% level
are plotted.

1991−2010 trend = −0.06 ± 0.38 m s−1 per decade

1991−2010 trend = −0.28∗ ± 0.12 m s−1 per decade

1991−2010 trend = −0.87∗ ± 0.63 m s−1 per decade (JRA55)
−0.76∗ ± 0.66 m s−1 per decade (20CR)

1940 1950 1960 1970
Year

1980 1990 2000 2010 1940 1950 1960 1970
Year

1980 1990 2000 2010

1940 1950 1960 1970
Year

1980 1990 2000 2010 1940 1950 1960 1970
Year

1980 1990 2000 2010

1940 1950 1960 1970
Year

1980 1990 2000 2010 1940 1950 1960 1970
Year

1980 1990 2000 2010

W
N

P 
SS

T 
tr

en
d

(°
C 

pe
r d

ec
ad

e)

0.2

0.1

0.0

−0.1

−0.2

W
N

P 
SS

T 
tr

en
d

(°
C 

pe
r d

ec
ad

e)

0.2

0.1

0.0

−0.1

−0.2

W
N

P 
SS

T 
tr

en
d

(°
C 

pe
r d

ec
ad

e)

0.2

0.1

0.0

−0.1

−0.2

0.8

0.4

0.0

−0.4

−0.8

0.8

0.4

0.0

−0.4

−0.8

0.8

0.4

0.0

−0.4

−0.8

Zonal w
ind trend

(m
 s −1 per decade)

H
C

300  trend
(10

19 J m
−2 per decade)

Zonal w
ind trend

(m
 s −1 per decade)

H
C

300  trend
(10

19 J m
−2 per decade)

Zonal w
ind trend

(m
 s −1 per decade)

H
C

300  trend
(10

19 J m
−2 per decade)

WNP SST HC300Trade wind

WNP SST HC300Trade wind

1

a

0

−1

1

0

−1

1

0

−1

∗95% significant

20CR 20CR

JRA55 JRA55

Zo
na

l w
in

d 
an

om
al

y 
(m

 s
−1

)
Zo

na
l w

in
d 

an
om

al
y 

(m
 s

−1
)

Zo
na

l w
in

d 
an

om
al

y 
(m

 s
−1

)

b

c

d

e

f

Figure 4 | Twenty-year trends in the Pacific trade winds and associated ocean anomalies for 1935–2010. a–c, Time series of the Pacific trade-wind index
(defined in Fig. 3) from two reanalysis data sets (a), HIST (b) and SO2CONST (c) (thick curves and the shading indicate the ensemble mean and spread).
Linear trends for 1991–2010 are also presented. d–f, As in a–c, but for 20-year trends with a sliding window, leading up to each year shown, for the WNP
SST, Pacific trade-wind index, and western Pacific HC300.
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volcanic eruptions or further increases of anthropogenic emissions
from Asia, it could cause regional sea-level rises and enhanced
drying over theMaritimeContinents, both of whichwould seriously
impact the Pacific islands.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Observational data.We used observed monthly SSTs derived from COBE SST
during 1845–2014 and a concomitant ocean temperature data set for 1945–2014,
both having a 1◦ horizontal resolution31. Surface wind data were derived from the
Twentieth Century Reanalysis (20CR) Project32 for 1871–2012 and the Japanese
55-Year Reanalysis (JRA55) Project33 for 1958–2014, the latter data set also
providing SLP. Monthly precipitation data were based on the Global Precipitation
Climatology Project (GPCP)34.

Model and experiments.We used the Model for Interdisciplinary Research on
Climate version 5.2 (MIROC5.2) CGCM (ref. 6), cooperatively developed at the
Atmosphere and Ocean Research Institute (AORI) of The University of Tokyo, the
National Institute for Environmental Studies (NIES), and the Japan Agency for
Marine Earth Science and Technology (JAMSTEC). The resolution is T85 spectral
truncation (horizontal spacing of approximately 150 km) and 40 vertical levels for
the atmosphere, whereas the resolution is 1◦ and 63◦ vertical levels for the ocean.
MIROC5.2 has been updated from our CMIP5 model called MIROC5, but the
major properties such as the climatological mean states, twentieth-century
warming trend, and equilibrium climate sensitivity remained nearly unchanged.
This model allows sulfate aerosols to interact with radiation, and calculates the
direct, semi-direct and indirect effects35.

The MIROC5.2 HIST experiment for 1921–2014 was branched off from the
official CMIP5 historical experiments36 and run with the external forcing used
for the historical experiment before 2005 and for the Representative Concentration
Pathway 4.5 (RCP4.5) run after 2006. Slightly different initial conditions have
been adopted in generating the five-member ensemble. Similarly, two attribution
experiments (VOLCONST and SO2CONST, five members for each experiment)
were conducted, but with sulfate aerosol forcing of either natural volcanic
origin or both natural and anthropogenic origins fixed at 1850 levels. The
anthropogenic sulfate emission in 1921 was much lower than the emission in
recent decades (18% of the 1990 level), so that the choice of this start year would
not affect our conclusions. The initial ten years of data were discarded before
the analysis.

Statistics. Observational and simulated data were both compiled to annual-mean
anomalies relative to the 1961–1990 mean state. When comparing decadal
anomalies, we applied a ten-year low-pass filter to the detrended annual-mean
fields. The detrending for the entire period greatly reduces the anthropogenic
warming signal, but does not affect results of our attribution (Supplementary
Fig. 10). To avoid artefact of the low-pass-filtering to the 20-year linear trends, we
instead used five-year running means to the detrended annual anomalies for the
trend calculation. A statistical test for correlation coefficients and trends was
performed by using a two-sided Student’s t-test with an estimate of the effective
sample size for the filtered data. Uncertainty of the observed trend was quantified
using the 95% confidence interval37. The uncertainty range of the model
ensemble-mean values was presented as either the ensemble standard deviation or
a percentile assuming a normal distribution.

Attribution analysis. In the CGCM ensemble, externally forced and internally
generated components of variability were defined by the ensemble average and
deviations from the ensemble mean (Supplementary Fig. 3). In the MIROC5.2
ensembles, contributions from volcanic sulfate aerosols can be isolated by using the
differences between HIST and VOLCONST, whereas the difference between
SO2CONST and VOLCONST reveals contributions from anthropogenic sulfate
aerosols assuming that the impact of each forcing is additive (Table 1). Anomalies
in SO2CONST represent internal variability and forced component induced by
non-radiative boundary effects such as those due to land-use change and all
radiative forcing parameters, except sulfate aerosols. Linear trends of individual
components for 1991–2010, their contributions to the total trend, and verification
of the additivity assumption have been fully explored (Supplementary Figs 4 and
11–13).

Modes of decadal SST variability. Two dominant modes of decadal SST variability
in the tropical Pacific, namely, the IPO and TBV, can be similarly obtained when
the EOF domain includes the North and South Pacific. When we include the
Atlantic, the TBV appears as EOF1, whereas the IPO follows as EOF2. This
swapping of the fractional variance between the two EOFs happens because the
TBV has a large signal in the Atlantic (Fig. 1b,d). The two patterns of variability are
thus robust and insensitive to the minor change in the analysis domain.

The origin of the two patterns was further explored by using different
definitions of SST anomalies in HIST. Assuming that the internal fluctuations
could be filtered out by taking the ensemble average, an EOF analysis was
performed on the ensemble-mean decadal SST anomalies (Supplementary Fig. 3a).
The resultant EOF1, which accounts for 54.7% of the total variance, is very
similar to the TBV pattern shown in Fig. 1d, thus strengthening the argument that
the model’s TBV is, in the main, a forced variability. Conversely, the HIST
ensemble deviation’s EOF1, which accounts for 49.0% of the total variance

(Supplementary Fig. 3b), resembles the model’s IPO pattern (Fig. 1c), indicating
that the latter was independent of external forcing. Furthermore, an EOF analysis
of a long pre-industrial control simulation (Supplementary Fig. 3c) shows a leading
EOF pattern nearly identical to Fig. 1c. The findings are therefore robust in that the
IPO pattern emerges as the dominant mode of natural decadal SST variability in
the Pacific, which is consistent with previous studies3,14.

Trends and multidecadal variability in ocean temperature. The importance of
aerosols as the primary driver of the Atlantic multidecadal variability (AMV)19 has
been questioned because of a discrepancy in ocean interior temperature changes
between model and observation24. To strengthen the credibility of our simulations,
we examined the Atlantic basin SST (averaged in 0◦–70◦ N and longitudes of
80◦W–0◦), often called the AMV index38, and the 0–700m ocean heat content
(HC700) in the North Atlantic (Supplementary Fig. 5). The AMV indices in
observations and the HIST ensemble mean show a multidecadal variability
imposed on a linear trend, and the detrended time series are significantly
correlated (r=0.73). The multidecadal variability in SO2CONST is weak, and not
significantly correlated with observations. A greater reproducibility of HC700 is also
seen in HIST, showing an increasing trend similar to the observations for
1945–2014. The long-term trend is over-represented in SO2CONST, which
furthermore lacks multidecadal variations. Therefore, the failure to capture the
observed heat content change in the previous model study19, linking aerosols to the
AMV, is not observed in the MIROC5.2 simulations.

Because the aerosol radiative effect is subject to uncertainty in GCMs39, the
relevance of the sulfate aerosol forcing in HIST is confirmed by the global-mean
surface air temperature (SAT) time series compared with observations of
HadCRUT4 (ref. 40) (Supplementary Fig. 8). Except for discrepancies around 1940
and after 2000, the latter known as the failure of simulating the global warming
hiatus4–6, the SAT time series in the HIST ensemble mean is in good agreement
with the observations, including the linear trend for 1931–2014 and the cooling
response to the Pinatubo eruption. In SO2CONST, the warming trend is 1.4 times
larger than that of HIST owing to the lack of sulfate aerosol cooling, and
furthermore, its multidecadal variability is very weak.

The long-term linear detrending greatly reduces the anthropogenic warming
signal, but it does not affect the results of the present study. This is confirmed by
the 10-year low-pass SST anomalies in the WNP, without long-term detrending, in
observations, HIST, and SO2CONST (Supplementary Fig. 10). The 1991–2010
warming trends in observations and HIST were clearly not seen in the past
decades, whereas the warming trend in SO2CONST is similar to the linear trend
during 1931–2014.

Mechanism of the decadal SST variability associated with the TBV. The extent to
which aerosol radiative forcing could account for the local correlation between
observed and simulated decadal SST anomalies (Fig. 2a) was examined using
surface energy budgets. Because sulfate aerosols affect SST through the modulation
of surface shortwave radiation (SWsfc)19–22, we expect to find a positive correlation
between decadal SST and SWsfc anomalies where the time-varying aerosol
concentration locally drives the SST variability.

In reality, a significant positive correlation between these variables was
found in the tropical Atlantic (r=0.89), but not in the western Pacific
(Supplementary Fig. 6a). Although the clear-sky SWsfc that measures the aerosol
direct effect23 is positively correlated with the SST anomaly in the WNP, the cloud
SWsfc that represents the aerosol indirect effect interferes, leading to a weak
correlation (r=0.25) between the decadal SST and net SWsfc anomalies in the
WNP (Supplementary Fig. 6b,c). However, decadal SST anomalies in the WNP
are significantly and positively correlated with the decadal latent heat flux
anomalies (Supplementary Fig. 6d). This is in contrast to the other regions,
including the tropical Atlantic, where latent heat flux anomalies are negatively
correlated with the SST anomalies; this is indicative of an evaporative damping
effect on the SST variability. Overall, sulfate aerosol forcing was locally active
in the tropical Atlantic, where it generated multidecadal SST variability,
whereas the coherent SST variability in the WNP was not directly due to
aerosol forcing; instead, it was induced dynamically by the tropical circulation
changes. This remote mechanism originating in the tropical Atlantic appears
consistent with previous modelling studies demonstrating the Atlantic impact
on the Pacific9–11,41.

Observed and simulated SST trends over the past two decades. The patterns of
SST trends for 1991–2010 in observations and HIST (Fig. 3a,b)—albeit they are
different in the central-eastern tropical Pacific—can both be explained by a
combination of trends in the IPO and the TBV. This was demonstrated by
reconstructing the decadal SST anomaly fields by using two EOFs (Supplementary
Fig. 7a,d). Because each EOF is orthogonal, the reconstructed SST trends are
divided into two trend patterns associated with the respective EOF. In the
observations, the central-eastern Pacific cooling trend can be explained by the
negative trend in the IPO, whereas the western Pacific warming is due to the
positive TBV trend (Supplementary Fig. 7b,c). A large discrepancy between
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observations and HIST is the lack of a cooling trend associated with the IPO
(Supplementary Fig. 7e). This is not surprising, given that the internally generated
IPO has various phases across the ensemble members. Consequently, the
contribution of the TBV to the SST trend for 1991–2010, as measured by the
fraction of the trend pattern explained by EOF2, is much larger in the simulation;
about 40% and 83% for observations and HIST, respectively.

Decomposition of the HIST ensemble mean using the three ensembles. The
contributions of volcanic and anthropogenic sulfate aerosols to the WNP SST
trends were estimated using a combination of the three sets of ensemble-mean
anomalies (Table 1). Here, those components are re-defined not only for the WNP
SST, but also for other fields for further attribution analysis:

ALL=HIST,
AERO=HIST− SO2CONST,
ANTH= VOLCONST− SO2CONST,
VOLC=HIST− VOLCONST,
OTHER= SO2CONST,

where the left-hand side denotes the name of the component and the right-hand
side indicates the name of the experiment. By definition, ALL is decomposed into
ALL= AERO+ OTHER, and AERO is equal to ANTH+ VOLC. Shown in
Supplementary Fig. 4a,b are local correlation maps of the decadal SST anomalies
between observations and the above two components—that is, OTHER and
AERO—indicating the dominant role of sulfate aerosol forcing in the
decadal/multidecadal variability in the WNP and the Atlantic SSTs (red and blue
box regions).

The patterns of the 1991–2010 trend in the HIST ensemble mean (Fig. 3b,d) are
decomposed into the above components (Supplementary Fig. 11). It is clear (and
consistent with the results in Table 1) that AERO shows fairly similar patterns to
ALL (=HIST), which is further explained the most by VOLC. The intensification of
trade winds in ALL and AERO is associated with ascending and descending trends
in the vertical velocity in the western and central equatorial Pacific (Supplementary
Fig. 12). Although an aerosol-induced easterly trend in the western Pacific has been
obtained in a previous study22, the overall patterns of the circulation trends are
different, plausibly owing to different periods for the trend.

Using a 20-year sliding window (see Fig. 4d–f), the fractional contributions of
each component to ALL in the WNP SST trend is estimated for the entire period
(Supplementary Fig. 13). The values for 2010 in Supplementary Fig. 13b are shown
in Table 1. Again, it is evident that AERO reproduces most of the trends in ALL
(black and orange curves in Supplementary Fig. 13a). However, the relative
contribution of volcanic and anthropogenic aerosols varies in time, and shows a
comparable contribution in the 1980s and 1990s, whereas the volcanic contribution
dominates in the recent two decades and in the middle of the twentieth century
(Supplementary Fig. 13b).

Additivity of aerosol and other radiative forcings.We have defined the decadal
anomalies forced by sulfate aerosols using AERO, assuming that the forced
components are additive. This assumption was tested by performing an additional
five-member ensemble experiment, called SO2ONLY. This experiment is the same
as HIST, but all the external radiative forcing agents except for volcanic and
anthropogenic sulfate aerosols have been fixed at the 1850 level. The
ensemble-mean anomalies can be directly compared between AERO and
SO2ONLY (Supplementary Fig. 4b–e). It is remarkable that the spatial patterns of
local correlation of the decadal SST anomalies with observations are similar to each
other in the two ensembles. Moreover, the time series of the WNP SST anomalies
both show a significant increasing trend for 1991–2010 (0.15±0.15 and
0.16±0.08 ◦C per decade, respectively). The above result clearly shows that the
additivity assumption of aerosol forcing was appropriate for the multidecadal SST
variability investigated in the present study.

CMIP5 models and analysis. Combined data from historical and RCP4.5
experiments were used for the following 26 CGCMs (single member for each
model): ACCESS1.0, ACCESS1.3, BCC-CSM1.1, BCC-CSM1.1-M, CanESM2,
CMCC-CM, CMCC-CMS, CNRM-CM5, CSIRO-Mk3.6.0, GFDL-CM3,
GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-E2-R, HadGEM2-CC,
HadGEM2-ES, INM-CM4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR,
MIROC5, MIROC-ESM, MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3 and
NorESM1-M. Some of the models do not incorporate the aerosol indirect
radiative effect, but the multi-model mean trends were not significantly
different when we selected a subset of models that include both direct and
first-order indirect effects of sulfate aerosols by referring to previous studies42–44.
It turned out that the multi-model mean trends in the WNP and the Atlantic
SST anomalies for 1991–2010 are significantly positive as in MIROC5.2,
but the values (0.17±0.1 and 0.18±0.09 ◦C per decade) account only for
74–86% of the trends in the HIST ensemble mean (Supplementary Fig. 9a–c).
This suggests that some models failed to capture the recent warming in
these regions. Similarly, the multi-model mean surface easterly is accelerated
in the central Pacific, but with a much weaker magnitude than HIST
(Supplementary Fig. 9a,d).
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