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Abstract
The surfaceWalker and tropical tropospheric circulations have been inferred to slowdown from
historical observations andmodel projections, yet analysis of large-scale surfacewind predictions is
lacking. Satellitemeasurements of surface wind speed indicate strengthening trends averaged over the
global and tropical oceans that are supported by precipitation and evaporation changes. Herewe use
corrected anemometer-based observations to show that the surface wind speed has not decreased in
the averaged tropical oceans, despite its reduction in the region of theWalker circulation.Historical
simulations and future projections for climate change also suggest a near-zerowind speed trend
averaged in space, regardless of theWalker cell change. In the tropics, the sea surface temperature
pattern effect acts against the large-scale circulation slow-down. For higher latitudes, the surfacewinds
shift poleward alongwith the eddy-drivenmid-latitude westerlies, resulting in a very small
contribution to the global change in surface wind speed. Despite its importance for surface wind speed
change, the influence of the SST pattern change on global-mean rainfall is insignificant since it cannot
substantially alter the global energy balance. As a result, the precipitation response to global warming
remains ‘muted’ relative to atmosphericmoisture increase. Our results therefore show consistency
between projections and observations of surface winds and precipitation.

1. Introduction

The atmospheric circulation is an essential element of
Earth’s climate system, affecting precipitation, moist-
ure and energy transports, and tropical cyclone devel-
opment. Weakening of the tropical tropospheric
circulation is a widely expected consequence of global
warming associated with the increase in greenhouse
gas (GHG) concentration. Historical evolution of the
equatorial sea level pressure gradient (Vecchi
et al 2006) and surface wind observations (Tokinaga
et al 2012) support these expectations, showing a slow-
down of the Walker circulation (Clarke and Lebe-
dev 1996). The observed slow-down is accurately
reproduced in global climate model (GCM) simula-
tions and has been attributed largely to anthropogenic

forcing (Vecchi et al 2006). Tanaka et al (2004) found
evidence in the upper troposphere for the weakening
of both theWalker andmonsoon circulations in recent
decades, while the Hadley circulation was shown to
intensify in boreal winter. McVicar and Roderick
(2010) reported that terrestrial near-surface winds
have slowed down on average in recent decades.
Further weakening of the tropical circulation asso-
ciated with a decrease of the convective mass fluxes
between the planetary boundary layer and free tropo-
sphere (Held and Soden 2006) are found in GCM
projections for the 21st century, preferentially for the
Walker rather than the Hadley cell (Vecchi and
Soden 2007). Theweakening of the tropical circulation
alters the tropical Pacific Ocean thermal structure and
circulation, with important implications for global
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weather and climate (Vecchi et al 2006, Vecchi and
Soden 2007).

Nevertheless, 20th century trends in Pacific sea
surface temperature (SST) and sea level pressure
remain diverse across different datasets (Solomon and
Newman 2012), which has raised uncertainty about
the weakening of the Walker circulation. Recent
observational studies suggest a hiatus in global warm-
ing during the last two decades, which has been attrib-
uted to La Nina-like SST patterns on the equator
(Kosaka and Xie 2013), cooling the globe via atmo-
spheric teleconnections. This pattern of SST warming
in the central/western Pacific and cooling in the east-
ern Pacific would intensify the Walker cell, as shown
by Sandeep et al (2014) by removing aweakening trend
in the 20th century associated with El Nino variability.
In turn, enhanced trade winds could also positively
feedback to the hiatus by increasing subsurface ocean
heat uptake and equatorial upwelling (England
et al 2014). However, the strengthening of the Walker
cell associated with the hiatus can be regarded as nat-
ural interdecadal variability (see also Sohn and
Park 2010, Merrifield 2011). Moreover, corrected SST
observations (Karl et al 2015) question the existence of
the hiatus and its ability to influence the long-term
trend.

One major consequence of the slow-down of the
tropical tropospheric circulation is the ‘muted’ pre-
cipitation response (Held and Soden 2006) of 2%–3%
per degree of global SST warming, in comparison to a
water vapor increase of 7% K−1. This constrains the
circulation to weaken at ∼5% K−1. The circulation
slow-down has also been explained with a radiative
constraint (Knutson and Manabe 1995), and this idea
has been extended to show the importance of the
mean advection of stratification change (MASC)
throughout the tropics (Ma et al 2012). Sohn et al
(2016) supported this mechanism by reporting that
GCMs with a greater increase in static stability simu-
late a more significant Walker circulation weakening.
It has also been adequately applied for further examin-
ing rainfall and circulation changes (He and
Soden 2015, Chadwick 2016).

Surface winds are important for heat andmomen-
tum exchange between the ocean and atmosphere. It
seems straightforward to extend the predicted slow-
down of the tropospheric and surface Walker circula-
tion to the surface wind speed field throughout the
tropics; however, no literature was found to provide
evidence from GCM projections. On the other hand,
satellite-derived microwave measurements during

1987–2006 do not support this assumption (Wentz
et al 2007). Surface wind speed was observed to
increase at a rate of 5% K−1 over the global ocean and
3%K−1 in the tropics (table 1), with an error bar of
3.5% K−1. This is supported by a positive trend in the
observed global evaporation since the late 1970 s
(Yu 2007). Observed precipitation increased at
6% K−1, similar to the rate of water vapor change
(Wentz et al 2007). Indeed, with an uncertainty of
2.5% K−1, this increase in precipitation (3.5%–

8.5% K−1) is generally consistent with the predicted
trend (2%–3% K−1), yet the observed surface wind
speed change of −0.5 to 6.5% K−1 cannot be inter-
preted as a significant weakening.

The above-mentioned predictions and observa-
tions in the literature seemingly lead to different con-
clusions regarding the tropics-wide surface wind
response to global warming. To address this incon-
sistency, we investigate mechanisms controlling the
surface wind speed change in the wave and anem-
ometer-based sea-surface wind (WASWind) dataset
(Tokinaga and Xie 2011, Tokinaga et al 2012), and 19
GCM projections from the World Climate Research
Program’s (WCRP’s) Coupled Model Inter-
comparison Project phases 5 (CMIP5) (Taylor
et al 2012) along the historical and Representative
Concentration Pathways 4.5 (RCP4.5) scenarios.
Implications are then discussed for precipitation, eva-
poration, wind energy, and air quality.

2.Data andMethod

The WASWind dataset (Tokinaga and Xie 2011)
rejects spurious Beaufort winds and corrects ship
observations of surface wind velocity with wind wave
height archived in the International Comprehensive
Ocean-Atmosphere Data Set. The correction accounts
for the upward trend due to increase in anemometer
height and results of it exhibit a weakening of the
Walker circulation (Tokinaga et al 2012). The dataset
is at a monthly resolution of 4° by 4° from 1950 to
2011, and the tropical region during 1970–1995 is
selected for our trend analysis.

Historical and RCP4.5 simulations produced by
19 CMIP5 models are used in this study. We analyze
one realization (‘r1i1p1’) for each of the following
models: ACCESS1.0, BCC-CSM1.1, CanESM2,
CCSM4, CNRM-CM5, GFDL-CM3, GFDL-ESM2G,
GISS-E2-R, HadGEM2-CC, HadGEM2-ES, INM-
CM4, IPSL-CM5A-LR, IPSL-CM5A-MR, MIROC5,
MIROC-ESM-CHEM, MIROC-ESM, MPI-ESM-LR,

Table 1. Statistics of the simulated 21st century surfacewind change in response to global warming (ensemblemean± inter-
model spread), in comparisonwith the satellite observations (Wentz et al 2007).

Surfacewind change (% K−1) CMIP3 ocean CMIP5 ocean CMIP5 ocean+land Wentz et al (2007)

Globalmean 1.00±0.90 −0.20±0.40 −0.34±0.34 5.00±3.50
Tropicalmean 0.60±0.80 −0.20±0.40 −0.16±0.36 3.00±3.50
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MRI-CGCM3, NorESM1-M. The surface wind speed
is from the direct monthly output, and its spatial-
mean is the mean of the wind speed, not the speed of
the mean wind. Exceptions are the CCSM4, INM-
CM4, and NorESM1-M models, for which monthly
means of wind speed are not available.

The historical simulations are carried out from the
industrial revolution to near the present (1850–2005),
andwe take the 1970–1995 period to compare with the
WASWind observations. They are forced by historical
estimates of natural and anthropogenic changes
including solar output, volcanoes, GHGs, aerosols,
and land cover. Note that only anthropogenic GHGs
and aerosols are prescribed commonly, and other for-
cings differ among themodels.

The RCP4.5 runs provide various lengths of simu-
lations with the future radiative forcing stabilized at
4.5Wm−2 in 2100. All changes are calculated as the
difference between the 10-year averages for 2089–98
and 2006–15, and normalized by the tropical mean
SST warming (20°S–20°N) before the computation of
ensemblemeans and spreads. For cross-validation, the
CMIP3 output under SRES A1B scenario (described in
Ma and Xie 2013) is also used, with wind speed
roughly estimated from the monthly wind vectors due
to data availability.

The contributions of various factors to the surface
wind change are calculated based on the following
Atmospheric Model Intercomparison Project (AMIP)
type experiments in CMIP5. 1pctCO2: CO2 con-
centration increases 1% yr–1 until quadrupling, with
change calculated as the difference between means of
years 121–140 and 1–20; AMIP: forced with observed
monthly mean SST and sea ice concentration for years
1979–2008; AMIP4xCO2: same as AMIP, except that
the atmospheric CO2 concentration is quadrupled;
AMIP4K: Same as AMIP, except adding a uniform 4 K
SST anomaly. Despite their lack of full air-sea cou-
pling, the AMIP experiments are able to faithfully
reproduce coupled simulations of anthropogenic cli-
mate change (He and Soden 2016). The total climate
change is represented by the 1pctCO2 experiment.
The direct CO2 effect is calculated as the difference
between AMIP4xCO2 and AMIP, the spatial-uniform
SST increase (SUSI) effect between AMIP4K and
AMIP, and the SST pattern effect as the residual of
1pctCO2—CO2—SUSI. All changes are normalized
by the tropical-mean SST warming. Nine GCMs and
the correspondent atmosphere-only components are
used, namely the BCC-CSM1.1, CanESM2/AM4,
CNRM-CM5, HadGEM2-ES/-A, IPSL-CM5B-LR,
MIROC5, MPI-ESM-LR, MPI-ESM-MR and MRI-
CGCM3. The monthly mean output from one realiza-
tion is taken from each model. BCC-CSM1.1 and
MPI-ESM-LR do not include surface wind output, so
the lowest pressure level (1000 hPa) is used.

3. Results

One may suggest that the observed non-weakening in
surface wind speed is associated with the global
warming hiatus since 1993 (Meehl et al 2013). To reject
this hypothesis, we examine the WASWind dataset
during 1970–1995, when the hiatus signal is insignif-
icant. Figure 1 shows the ratio of surface wind speed
change to the climatology in the tropical oceans. In
figure 1(a), evidence for the Walker circulation slow-
down appears in the central equatorial Pacific, and
surface winds strengthen in the subtropical South
Pacific, equatorial Atlantic and Indian Ocean. How-
ever, even within the tropics where tropospheric
circulation tends to slow down, the spatial-mean
surface wind speed has a positive trend (figure 1(b)),
consistent with the microwave measurements (Wentz
et al 2007). Although this trend is rather weak (4.15%/

25 yr), it suggests non-weakening average surface wind
speed even while the Walker circulation (represented
by wind speed change averaged in the square in
figure 1(a)) weakens substantially (−7.78%/25 yr),
exceeding the 95% confidence level. We considered
autocorrelation effect in the significance test following
Trenberth (1984), though a Student’s t-test gives
similar estimation.

To compare with the WASWind observations,
figure 2 shows the corresponding results from 16
CMIP5 historical simulations with output of surface
wind speed. It is noteworthy that the simulated trends
are not as strong as those observed, consistent with sea
level pressure-based studies (e.g., Power and
Kociuba 2011). Because of inter-model difference in
interdecadal oscillation (Sohn and Park 2010, Merri-
field 2011), there is significant spread between the
Walker circulation changes among the GCMs. We
therefore divide them into two groups and modify the
location of the square (figure 1(a)) representing the
region of the Walker circulation accordingly.
Figures 2(a) and (b) present the mean of six models
with increasing Walker cell strength (2.12%/25 yr),
and figures 2(c) and (d) illustrate the mean of the
remaining 10 models with diminishing Walker cell
strength (−1.27%/25 yr), both reaching the 90% con-
fidence level. However, regardless of the sign of the
Walker circulation changes, opposing trends occur in
other regions to reach a balance in the tropical-mean,
resulting in a weak and insignificant change in wind
speed (±0.33%/25 yr). This separation between the
tropical-mean trend and change of theWalker circula-
tion is consistent with theWASWind observations.

The above-shown historical observations and
simulations suggest that the spatial-mean surface wind
speed change may not be directly linked to the change
of the Walker circulation. This may shed light on the
long-term equilibrium of global warming, putting for-
ward an important question: What mechanism may
play an enhancing role for the surface winds? The SST
pattern effect (i.e., deviations from the tropical-mean
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warming) is a promising candidate, since it is an
important dynamical forcing (Xie et al 2010) for the
atmospheric circulation and regional precipitation
change. In particular, it strengthens the Hadley cell

near and to the south of the equator (Ma and
Xie 2013).

To illustrate if the SST pattern effect contributes to
the non-weakening of surface winds, figure 3 shows

Figure 1.Observed fractional change of surface wind speed during 1970–1995 from theWASWind dataset. (a)Tropical distribution
of the ratio of trend to climatology (color,%/25 yr), with regions exceeding the 90% confidence levelmarked by black contours. (b)
Comparison of the fractional annual anomalies (%) and trends (straight) between the tropical (30°S–30°N)-meanwind speed (red)
and surfaceWalker circulation (blue) calculated asmean speedwithin the square (6°S–6°N, 170°E–160°W) in (a).

Figure 2.Multi-model simulations for fractional change of surfacewind speed during 1970–1995 in theCMIP5 historical experiment.
(a), (c)Tropical distributions of the ratio of trend to climatology (color,%/25 yr), with regions exceeding the 90% confidence level
marked by black contours. (b), (d)Comparisons of the fractional annual anomalies (%) and trends (straight) between the tropical (30°
S–30°N)-meanwind speed (red) and surfaceWalker circulation (blue) calculated asmean speedwithin the square (5°S–5°N, 150°E–
80°W) in (a), (c). Here, the 16-model (with available output) ensemble is divided into two groupswith enhancing and reducing
Walker circulation, and theirmeans are shown in (a), (b) and (c), (d), respectively. The formermodel group includes 6GCMs:
ACCESS1.0, HadGEM2-CC/ES, IPSL-CM5A-LR/MR,MIROC5, and the rest 10models belong to the latter.
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the ensemble-mean SST and surface wind changes in
the 19 CMIP5 simulations for the 21st century. In
figure 3(a), the vector wind change is largely consistent
with the SST warming patterns (Xie et al 2010, Ma and
Xie 2013). For instance, the El Nino-like SST warming
peak in the eastern equatorial Pacific and Atlantic is
associated with the slow-down of the Walker cell
through the Bjerknes feedback (Bjerknes 1969) and a
local strengthening of the Hadley cell (Ma and
Xie 2013). The trade winds increase (decrease) in
strength in the southeastern (northeastern) sub-
tropical Pacific, associated with collocated minimum
(maximum) of SST warming. This is consistent with
the wind-evaporation-SST (WES) feedback (Xie and
Philander 1994), in which stronger trade winds
enhance evaporation, cooling SST, and in turn leading
to strongerwinds.

Figure 3(b) shows the ensemble-mean change of
the surface wind speed and divergence. Consistent
with figures 1(a) and 3(a), the surface winds increase in
the subtropical South Pacific (maximum), equatorial
Atlantic, Indian, Southern Oceans, and northernmid-
latitudes. Anomalous surface divergence co-locates
with the center of weak SST warming—an effect of the
WES feedback. The Walker circulation weakens in an

eastern Pacific El Nino style, rather than the central
Pacific flavor in figure 1(a), possibly due to natural
variability in the eastern equatorial Pacific (Merri-
field 2011). As a result, the global- and tropical-mean
surface wind speed trends are statistically insignificant
(table 1), both with values of −0.2% K−1 and with
inter-model spread of 0.4% K−1. The CMIP3 output
under the A1B scenario (table 1) is similar. Although
the simulated measures are below the observed trend
(Wentz et al 2007), they fall well within the tropical
error bar (−0.5% to 6.5% K−1) and are close to the
global lower limit of 1.5% K−1.

The SST pattern effect is therefore a strong candi-
date tomitigate theMASC effect in weakening the sur-
face winds, which is indeed confirmed in figure 4.
Contributions of several factors to surface wind
change are examined with a series of AMIP experi-
ments in the CMIP5 archive. The 1pctCO2 represents
total climate change with patterns resembling figure 3,
which is decomposed into three constituents: CO2 has
aweak effect on the strengthening of trade winds in the
southeastern Pacific. Change over the tropical ocean
can be understood as the offset of SUSI and SST pat-
tern effects: the former nearly uniformly weakens the
surface winds, while the latter makes a positive

Figure 3.Ensemblemean of the SST and surfacewind changes (2089–98minus 2006–15) in the 19CMIP5 simulations along RCP4.5,
normalized by the tropical (20°S–20°N)-mean SSTwarming. (a) SST (color, K) and surfacewind (vectors,m s−1) changes. (b) Speed
(color,m s−1) and divergence (10−6 s−1, contour interval: 0.1) changes of the surfacewind.
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contribution on average, especially for the enhanced
trades in the subtropical South Pacific.

Over land, the surface wind change is generally
weaker than over the ocean (figure 4), so that the spa-
tial-mean speed trend is similar with or without the
land contribution (table 1). The dynamic offset effect
of SUSI and SST patterns is apparently important (He
et al 2014), though surface friction may be another
cause of the reduced magnitude of the land wind
response. Outside the tropics, the surface wind change
appears as opposing belts, representing poleward
shifts of the storm tracks and consistent with the Had-
ley cell expansion (Lu et al 2007). These mechanisms
result in a near-zero trend of surface speed for the tro-
pical and global means, either for the ocean only or
with land included.

It is not the spatial-mean surface heating driving
tropical atmospheric circulation, but the baroclinicity
of the heating. Hence, it is reasonable that the SST
anomaly can increase spatial-mean wind speed with a
zero spatial-mean warming. However, global energy
balance prohibits significant footprint of SST patterns
on the global-mean precipitation. Although figure 3
shows dominance of the SST patterns in regional pre-
cipitation change through anomalous surface diver-
gence (Ma and Xie 2013), this tends to be conserved as
shifts (Chadwick et al 2013). The influence on the glo-
bal-mean rainfall is rather weak (−0.3% K−1) for SST

in figure 4, compared to other factors (1.5, −0.7, and
2.5% K−1 for 1pctCO2, CO2 and SUSI, respectively).
Thus, the GCMs predict precipitation to increase at
2%–3% K−1 according to the large-scale slow-down,
close to the lower limit of observations (3.5% K−1),
indicating that rainfall projections are also con-
siderably consistent with the observed trend.

4. Conclusion anddiscussion

The present study reconciles different views in the
literature on whether surface winds will slow down
across the globe and tropics in response to global
warming by showing consistency between observa-
tions and predictions. The observations presented in
this study indicate that over the latter part of the 20th
century, surface winds have not weakened in the
tropical average, despite a weakening in the region
local to the Walker circulation. This is consistent with
past trend estimation from satellite measurements
(Wentz et al 2007) of surface wind speed averaged in
the global (1.5 to 8.5% K−1) and tropical (−0.5 to
6.5% K−1) oceans. Historical simulations and future
projections for climate change indicate near-zero
spatial-mean changes for surface wind speed, close to
the lower limit of the observational trends, but far
from weakening shown by the surface Walker and
tropospheric circulations (Held and Soden 2006).

Figure 4.Ensemblemean changes (ms−1) in surfacewind (vector) and its speed (color) of different forcing factors based on the
1pctCO2 and 3AMIP experiments in theCMIP5 archive. The 1pctCO2 represents total climate change by using years 121–140minus
1–20, the direct CO2 as AMIP4xCO2minusAMIP, the SUSI as AMIP4KminusAMIP, and the SST pattern effect as the residual of
1pctCO2—CO2—SUSI. Areas where at least 8 (out of 9)models agree on the sign of changes are stippled.
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Multiple mechanisms are responsible for inducing
near-zero wind speed change in both the tropical- and
global-mean predictions. The SST pattern effect
enhances the surface winds, opposing the large-scale
processes that weaken the tropical circulation, while
poleward shifts of the jet streams dominate in the
extra-tropics. Due to global energy balance, the SST
patterns cannot have a significant influence on the glo-
bal-mean precipitation change; hence, the GCM-pro-
jected global rainfall has a ‘muted’ change rate
(2–3%K−1) compared to that of the atmospheric
moisture increase. Attributed to the large-scale circu-
lation slow-down, this rainfall change is also close to
the lower limit of the above-mentioned satellite obser-
vations (3.5–8.5% K−1). These results show consider-
able consistency between the predictions and
observations for both surface winds and rainfall chan-
ges, enhancing our confidence in climate change
projections.

In figure 1(b), with ratio of wind speed trends of
∼1/2 and that of the standard deviations of<1/4, the
tropical-mean wind anomalies are substantially
weaker than those of the Walker cell on time-scales
such as interannual and climate change. In addition,
figures 2(b) and (d) show that the tropical-mean wind
speed does not vary significantly in relation to positive
or negative phases of interdecadal oscillations. This
suggests that there may be some forms of constraints
that prevent the spatial-averaged surface winds from
changing substantially, which is worth exploring in
future study. Indeed, angular momentum conserva-
tion is one approach, since the rotational wind may
not change proportional to the divergent wind where
different constraints apply here. The divergent wind is
associated with vertical motion constrained thermo-
dynamically or radiatively, while the rotational wind is
more controlled by potential vorticity conservation
and thermal-wind relation. Although the MASC
mechanism (Ma et al 2012) suggests that the vertical
wind shear would reduce with weaker horizontal gra-
dient of the tropospheric temperature, its rate of
change still needs to be quantified. Another possibility
may come from the surface latent heat budget. As a
crucial factor for surface evaporation, wind speed was
surprisingly found to be the weakest contributor that
‘mutes’ the evaporation increase in global warming
(Richter and Xie 2008). The weak surface relative
humidity (RH) change may contribute to constrain
the surface winds, since 1% increase in RH can reduce
evaporation by up to 4% (Richter andXie 2008).

Indeed, near-surface wind speed change has
important implications for the impacts of climate
change. For instance, wind energy is roughly propor-
tional to its third power, and calm winds favor air pol-
lution, so that reduced wind power and enhanced haze
formation would be expected from the weakening of
the tropical atmospheric circulation (McVicar and
Roderick 2010). However, the near-zero surface speed
trend indicates that these unwelcome changesmay not

occur in the future, which enhances our confidence on
global potential wind energy and mitigates public
anxiety on haze intensification, especially with the dra-
matically strengthened trade winds in the subtropical
South Pacific. Figure 4 provides promising explana-
tions for recently found increase of wind energy and
haze conditions in northern Europe (Pryor et al 2005)
and the western US (Horton et al 2014), respectively,
showing SUSI effects (poleward eddy shift andMASC)
mitigated by the SST patterns. Wind energy and days
of atmospheric stagnation were reported changing lit-
tle in the US (Pryor and Barthelmie 2011) and China
(Dawson 2014), respectively, because the SST pattern-
enforced wind speed increase opposes the MASC
effect, consistent with the Pacific-North American
pattern (Straus and Shukla 2002). Since the SST pat-
tern effect is not as straightforward on land as over
ocean, future in-depth studies are required, particu-
larly for regions with popular concerns on sustainable
energy and environmental protection, e.g., the Amer-
ican and Eurasian continents.
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