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amplifies the weakening of both east–west SST gradient 
and Pacific trade winds.
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1 Introduction

The earth is warming due to the emission of greenhouse 
gases (GHGs) associated with anthropogenic activities 
since industrial revolution, with an increasing rate of global 
mean surface temperature around 0.1–0.15 K decade−1 
based on the intergovernmental panel on climate change 
(IPCC) Fourth Assessment report (AR4) (IPCC 2007). 
Given the pronounced warming rate, the impacts of global 
warming draw lots of attention and have been studied 
intensively (Manabe et al. 1990, 1991; Vecchi and Soden 
2007; Knutson et al. 2010; Li et al. 2010; Xie et al. 2010; 
Murakami et al. 2011, 2012; Zhao and Held 2010, 2012).

Tropical precipitation provides large amount of energy 
for the global climate system, and the changes of cou-
pled atmosphere–ocean system in the tropics under global 
warming have been widely examined (e.g. Vecchi et al. 
2008; Xie et al. 2010; Hsu and Li 2012; Zhang 2016). 
In particular, since it has been shown that the anomalous 
Walker circulation influences weather and climate systems 
globally (Hoskins and Karoly 1981; Wallace and gutzler 
1981; Wang et al. 2000), the responses of the Walker cir-
culation to global warming has been analyzed intensively 
(Knutson and Manabe 1995; Clement et al. 1996; Cane 
et al. 1997; Vecchi et al. 2006; Held and Soden 2006; Vec-
chi and Soden 2007; DiNezio et al. 2009; Collins et al. 
2010; DiNezio et al. 2010; Schneider et al. 2010). Some 
studies have suggested that the Walker circulation has been 
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strengthening in the past (Sandeep et al. 2014), whereas 
Vecchi et al. (2006) found that the zonal sea level pressure 
(SLP) gradient in tropical Pacific has been weakening due 
to anthropogenic forcing. In contrast, the future projec-
tions from most climate models that participate in coupled 
model inter-comparison project phase 5 (CMIP5) pre-
dominantly simulate a weakened Walker circulation under 
global warming (Fig. 1a). Since this is the region where air-
sea coupling is extraordinarily active (Bjerknes 1969), it is 
not surprising that CMIP5 multi-model mean results show 
a weaker east–west sea surface temperature (SST) gradient 
in the equatorial Pacific as well (Fig. 1a). Figure 1b shows 
that the major rainfall center in the warm pool region shifts 
eastward and anomalous subsidence occupies the Maritime 
Continent region, which are also consistent with weakened 
Walker circulation.

In tropical Pacific, the weakened Walker circulation and 
the El Nino like SST warming are closely related through 
air-sea interactions. What are the causes of the forma-
tion of a weakened Walker circulation/El Nino like SST 
warming? It is noted that the positive atmosphere–ocean 
feedback, i.e., the Bjerknes feedback, can favor either 
an El Nino like SST warming or a La Nina like cooling, 
depending on the sign of the initial perturbation, and there-
fore, such process is an amplifier. In contrast, Zhang and 
Li (2014) found that the formation of the El Nino like 
SST warming essentially arises from a “longwave radia-
tive—evaporative damping” mechanism: in western (east-
ern) tropical Pacific, where the mean-state surface latent 
heat flux and SST are relatively large (small), it requires 
a smaller (greater) ocean warming response to cancel 
out the imposed longwave radiative forcing. The weak-
ened east–west SST gradient is further amplified through 
cloud feedback associated with the weakened Walker cir-
culation (Zhang and Li 2014). In addition to this mean 
state-determined SST gradient changes, are there other 
causes of the weakening of the Walker circulation under 
global warming? Knutson and Manabe (1995) analyzed 
increased CO2 concentration-induced changes in their cou-
pled climate model, and they found that the static stabil-
ity in the troposphere became greater due to GHG effect, 
which may result in the weakening of atmospheric circula-
tion. Held and Soden (2006) examined the future projec-
tions from climate models and found that the global mean 
precipitation increases at a much slower rate (1–2 % per 
degree surface warming) than moisture (6–7 %, Clausius-
Clapeyron equation). This result suggests that the global 
mean upward mass flux is reduced and therefore atmos-
pheric overturning circulation is weakened under global 
warming. However, by analyzing a uniform SST warming 
experiment with an aqua-planet setting, Li et al. (2015) 
found that the Walker circulation is strengthened in a 
warmer climate, with similar rainfall-moisture “mismatch” 

and enhanced tropospheric static stability. Such a result 
indicates that the aforementioned mechanisms may not be 
sufficient to explain the weakened Walker circulation in a 
warmer climate. This result also implies that the presence 
of the continents may play an essential role in the pro-
jected weakening of the Walker circulation.

Given the great impacts of the Walker circulation 
changes on global climate system, we aim to reveal the 
causes of the weakening of the Walker circulation by ana-
lyzing outputs from CMIP5 climate models and conducting 
numerical experiments.

2  Model and methodology

To explore the causes of the projected weakening of the 
Walker circulation in addition to the El Nino like SST 
warming, a uniform SST warming experiment was con-
ducted using atmospheric general circulation model 
(AGCM) ECHAM4.6 (Roeckner et al. 1996) at T42 hori-
zontal resolution. In addition to the control run (CTRL), 
which was forced by the monthly climatological SST field, 
2 K uniform SST warming was added globally in the sen-
sitivity experiment. In both experiments, model was inte-
grated for 20 years and results from the last 15 years were 
analyzed.

As demonstrated in the following sections, it is hypoth-
esized that the uniform warming and extra land warming 

Fig. 1  a Multi-model mean differences of annual mean surface tem-
perature (shading, K) and 850 hPa winds (vector, m s−1) between 
present day (1986–2005) and global warming (2081–2100) climate 
states from CMIP5 climate models. b Same as (a) but for precipita-
tion (shading, mm day−1) and 500 hPa omega changes (contour, 
Pa s−1)
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may cause weakening of the Pacific trade winds, and 
hence, the responses of the Walker circulation to different 
surface warming were explored, using idealized numerical 
experiments. To obtain the differential SST warming pat-
tern and to determine the magnitudes of mean SST warm-
ing and additional land surface warming, monthly outputs 
from CMIP5 climate models were analyzed. Fifteen cli-
mate models were available for analysis (Table 1), and both 
historical runs and future projections under representative 
concentration pathway 4.5 (RCP4.5) from these models 
were analyzed. In RCP4.5, the radiative forcing reaches 
4.5 W/m2 (equivalent to 650 ppm CO2 concentration) in 
2100 and stabilizes after that. The changes in a warmer 
climate are defined as the differences between present-day 
(1986–2005) and global-warming (2081–2100) climate 
states.

It is noted that the projected land surface warming is 
evidently greater than the ocean, which is hypothesized to 
play an important role in the weakening of the Walker cir-
culation (Fig. 2a, b). The effects of SST warming and land 
surface warming were thereby explored separately through 
idealized numerical simulations, in which the land surface 
temperatures were prescribed (diurnal cycle included). This 
is in contrast to the AGCM experiment with an interactive 
land surface, such as the 2 K uniform SST warming experi-
ment described above. The differences of the mean states 
between prescribed and interactive land surface experi-
ments are examined (Fig. 3). Overall, the mean states are 
similar between the two experiments, but it is noted that the 
land rainfall is greater in Fig. 3b. This is because precipita-
tion tend to cool the land surface, but such an interactive 

process is precluded when the land surface temperature is 
prescribed. To exclude the impacts of different mean states 
due to the prescribed land surface temperature, land surface 

Table 1  Fifteen CMIP5 climate models analyzed in this study

Monthly horizontal winds, surface temperature, vertical motion and precipitation are analyzed

Model Modeling center (Group) AGCM resolution

ACCESS1-0 The Centre for Australian Weather and Climate Research 1.875° × 1.25°

BCC-CSM1.1 Beijing Climate Center, China Meteorological Administration 2.8125° × 2.8125°

CanESM2 Canadian Centre for Climate Modelling and Analysis 2.8125° × 2.8125°

CNRM-CM5 Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et Formation 
Avancees en Calcul Scientifique

1.40625° × 1.40625°

GFDL-CM3 Geophysical Fluid Dynamics Laboratory 2.5° × 2°

GFDL-ESM2 M NOAA GFDL 2.5° × 2°

GISS-E2-R NASA Goddard Institute for Space Studies 2.5° × 2°

HadGEM2-CC Met Office Hadley Centre 1.875° × 1.24°

HadGEM2-ES

IPSL-CM5A-LR Institut Pierre-Simon Laplace 3.75° × 1.875°

IPSL-CM5A-MR 2.5° × 1.258°

MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research  
Institute (The University of Tokyo), and National Institute for Environmental Studies

2.8125° × 2.8125°

MIROC-ESM-CHEM

MPI-ESM-LR Max Planck Institute for Meteorology 1.875° × 1.875°

NorESM1-M Norwegian Climate Centre 2.5° × 1.875°

Annual meanJJA DJF

JJA

DJF

850hPa U

(a)

(b)

(c)

Surface temperature & 850hPa wind

Fig. 2  Multi-model mean differences of surface temperature (unit: 
K; tropical annual mean SST warming between 30°S and 30°N is 
removed) and 850 hPa winds (vector, m s−1) between 2081–2100 and 
1986–2005 in a JJA and b DJF, respectively. c 850 hPa zonal wind 
changes averaged between 5°S and 5°N (units, m s−1) in boreal sum-
mer (red) and winter (blue), and black for annual mean changes. 
Arrows denote regions with significant westerly anomalies in differ-
ent seasons
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temperatures are prescribed in both CTRL and sensitivity 
experiments. However, a caution is needed, as the present-
day biases may affect the climate change processes in the 
climate models.

In addition to CTRL, which is forced by climatological 
surface temperature fields over both land and ocean, four 
sensitivity experiments were carried out: (1) monthly dif-
ferential SST warming (tropical annual mean SST warm-
ing removed) from CMIP5 models was added to the cli-
matological SST field, while land surface temperatures 
remain the same as in CTRL; (2) 1.5 K uniform warming, 
which is the tropical annual mean SST warming derived 
from CMIP5 models, was added to both ocean and land 
surfaces compared to CTRL; (3) 0.9 K warming is added 
to the land surface, while SST field has no difference 
from CTRL. The value 0.9 K is the average excessive 
land surface warming compared to the ocean surface in 
the tropical region in CMIP5 models; (4) monthly surface 
warming from CMIP5 climate models (differential SST 
warming, uniform surface warming and excessive land 
surface warming pattern all included) is added to the cli-
matological surface temperature field used in CTRL. For 
each experiment, the model was integrated for 30 years 
and last 20 years were analyzed. By comparing the first 
three sensitivity experiments with CTRL, the effects of 
differential SST warming, uniform surface warming and 
land-sea warming contrast on Walker circulation changes 
were analyzed. Differences between experiment (4) and 
CTRL are compared to the projected rainfall changes in 
CMIP5 models to validate the performance of our numeri-
cal simulations.

3  Weakening of the Walker circulation

Aside from a nearly ubiquitous surface warming, a pro-
nounced differential warming pattern shows up in the 
future projections from CMIP5 models (Fig. 2). Warming 
in the land area is greater than the ocean and an El Nino 
like SST warming shows up in tropical Pacific. There is an 
inter-hemispheric contrast in Pacific SST warming (greater 
warming in northern hemisphere), which is relatively more 
evident in boreal summer (June, July, August, JJA) (Fig. 2a, 
b). It is noted that the low-level westerly anomalies occupy 
the entire equatorial Pacific in JJA, whereas the relaxed 
trade winds are mainly located over equatorial central-east-
ern Pacific in boreal winter (December, January, February, 
DJF) (Fig. 2c). Annual mean Pacific trade wind changes are 
similar to the winter season (Fig. 2c). It is thus clear that 
the Walker circulation is projected to be weakened in both 
seasons, and the causes of such changes are explored in the 
following sections.

3.1  Hypotheses for the projected weakening of the 
Walker circulation

The east–west SST gradient in tropical pacific is projected 
to be weakened (Fig. 2), which may play a role in driving 
low-level westerly anomalies. But such an effect involves 
a positive air-sea feedback that amplifies the weakening of 
both east–west SST gradient and Pacific trade winds. To 
explore the fundamental cause of the projected weakening 
of the Walker circulation, a uniform SST warming experi-
ment that precludes the impacts of SST gradients changes 

Fig. 3  a Climatological 
annual mean precipitation field 
(mm day−1) and 850 hPa winds 
(m s−1) in control run using 
ECHAM4.6 with an interactive 
land surface. b Same as (a) but 
for the numerical experiment 
with land surface temperatures 
being prescribed to the same 
climatological values as in (a). 
c The differences between (a) 
and (b)
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was conducted. Given the pronounced seasonality in pro-
jected trade wind changes in CMIP5 models (Fig. 2c), the 
uniform SST warming-induced changes in boreal summer 
and winter are analyzed separately. It is noted that the low-
level westerly anomalies show up over equatorial Pacific 
in both seasons, which suggests that the Walker circula-
tion is weakened even when the ocean surface is uniformly 
warmed.

The low-level westerly anomalies are mainly located 
over equatorial western Pacific in boreal summer, which 
seems related to the anomalous low-level cyclonic gyre 
associated with positive precipitation anomaly in western 
North Pacific (WNP) region (Fig. 4a). Such a result is con-
sistent with the so-called “richest-get-richer” mechanism: 
greater water vapor availability in a warmer climate leads 
to a greater moisture convergence that enhances WNP 
rainfall; the enhanced precipitation/heating in turn forces 
anomalous large-scale convergent flow that further intensi-
fies the positive rainfall anomalies in WNP region, whereas 
the adjacent relatively weaker rainfall centers are sup-
pressed due to the circulation changes. It is then hypoth-
esized that the WNP monsoon trough is enhanced by com-
peting moisture with other adjacent convective branches 
under the influence of uniform warming, and this process 
eventually leads to low-level cyclonic wind anomalies over 
WNP and associated westerly anomalies over equatorial 
western Pacific, weakening the Walker circulation.

Another robust feature found in both uniform SST 
warming experiment and future projections from CMIP5 
models is the greater surface warming over land than the 
ocean. Such land-sea warming contrast is due to small 
surface latent heat flux over land climatologically, which 
leads to the GHG effect-induced surface longwave radia-
tion increase being primarily balanced by greater surface 
sensible heat release through raising land surface tem-
perature. The additional land warming leads to lower SLP 
over American Continent compared to the adjacent eastern 
Pacific (EP) region (figure not shown). Hence, it is hypoth-
esized that changes in zonal SLP gradients may force 

low-level westerly anomalies over tropical EP that weak-
ens the Walker circulation (Fig. 4). A recent study by Bayr 
et al. (2014) also pointed out the importance of greater land 
warming on the projected Walker circulation changes.

3.2  Uniform warming and additional land warming 
effects

Given the aforementioned hypotheses, idealized numeri-
cal simulations that separate the effects of different surface 
warming patterns are analyzed here to explore the relative 
roles of uniform warming (through “richest-get-richer” 
mechanism) and excessive land surface warming (through 
inducing SLP gradients changes) in causing the projected 
Walker circulation changes under global warming. Differ-
ential SST warming effect is also examined for compari-
son, but it was pointed out by Zhang and Li (2014) that 
the formation of the El Nino like SST warming in the cli-
mate models is partly attributed to the weakened Walker 
circulation, and therefore, the differential SST warming 
effect involves air-sea positive feedback that serves as an 
amplifier.

3.2.1  Weakened trade winds in boreal summer and winter

Atmospheric responses to different surface warming pat-
terns in different seasons are analyzed firstly. Changes of 
low-level winds and precipitation in boreal summer are 
shown in Fig. 5. An El-Nino like SST warming, enhanced 
equatorial warming and an evident inter-hemispheric 
warming contrast show up in JJA (Fig. 5a). Correspond-
ingly, major rainfall center shifts eastward and low-level 
trade winds are weakened in equatorial Pacific, and promi-
nent anomalous southerly cross-equatorial flows appear 
over tropical Pacific. Over WNP, an anomalous low-level 
anti-cyclone and negative rainfall anomalies occupy Phil-
ippine Sea in response to the differential SST warming 
(Fig. 5a). Previous studies suggest that rainfall changes in 
WNP is dynamically linked to the Indian summer monsoon 

Fig. 4  Differences of 850 hPa 
winds (vector, m s−1) and pre-
cipitation (shading, mm day−1) 
between a 2 K uniform SST 
warming experiment and CTRL 
in a JJA and b DJF. Contours 
represent land surface tempera-
ture changes with 2 K uniform 
warming removed (contour, K). 
Red arrows denote a low-level 
cyclonic wind anomaly over 
WNP region and b low-level 
westerly anomalies over eastern 
Pacific
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(ISM) rainfall anomaly, with an out-of-phase relationship 
(Chang and Li 2000; Wang et al. 2013). Hence, the weak-
ened WNPSM rainfall may be related to the enhanced ISM 
associated with the SST anomaly dipole in Indian Ocean 
(IO).

The uniform warming-induced changes in JJA are shown 
in Fig. 5b. Climatologically, major rainfall centers are pri-
marily located at northern hemisphere in boreal summer, 
i.e. WNPSM and ISM (Fig. 5b). In response to the uniform 
warming, with no changes in land-sea thermal contrast or 
SST gradients, positive precipitation anomaly as well as 
low-level anomalous cyclonic flow appear in WNP region 
(Fig. 5b), suggesting that the WNP monsoon trough is 
enhanced. Such a result is consistent with the “richest-get-
richer” theory. Consequently, low-level westerly anomalies 
show up over equatorial central-western Pacific (Fig. 5b). 
Figure 5c shows the changes due to additional land warm-
ing effect in boreal summer. Rainfall in North America and 

Southeast Asia is enhanced due to higher surface tempera-
ture. Positive precipitation anomalies and warmer land sur-
face lead to lower SLP over North America, which alters 
the zonal SLP gradient and thereby forces large-scale low-
level westerly anomalies over tropical EP region (Fig. 5c).

The atmospheric responses to surface warming in boreal 
winter are shown in Fig. 6. With an El Nino-like SST 
warming in tropical Pacific, precipitation is enhanced in 
equatorial central Pacific and low-level westerly anomalies 
occur over equatorial central-eastern Pacific, weakening 
the trade winds (Fig. 6a). Compared to JJA, the anomalous 
southerly cross-equatorial flow over equatorial Pacific are 
less evident, which agrees with smaller inter-hemispheric 
warming contrast in DJF (Fig. 2). In contrast, the uniform 
surface warming-induced positive precipitation anomalies 
are mainly located at western Pacific warm pool region 
and south Pacific convergence zone (SPCZ), following the 
climatological precipitation distribution in DJF (Fig. 6b). 

Fig. 5  a Changes of precipitation (shading, mm day−1) and 850 hPa 
winds (vector, m s−1) in JJA due to differential SST warming effect, 
contours denote differential SST warming pattern with tropical 
mean SST warming removed (0.2 K interval); b Same as (a), but 
for changes due to the uniform surface warming effect, and contours 
denote precipitation distribution in the ocean in CTRL (5 mm day−1 
interval); c Changes due to excessive land warming, and contours 
denote SLP changes (solid for positive SLP anomalies and dashed 
for negative SLP anomalies with a 0.2 hPa interval). d 850 hPa zonal 

wind changes (averaged between 5°S and 5°N) due to the effects of 
differential SST warming (green), uniform warming (blue) and exces-
sive land warming (red), and solid black line is the sum of the three 
curves. Dashed black curve is for zonal wind changes due to the total 
surface warming (experiment (4) minus CTRL). Units are m s−1. Red 
arrows denote b low-level cyclonic wind anomaly over WNP region 
and c low-level westerly anomalies over eastern Pacific. Black lines 
in d denote the region with significant westerly anomalies (same as 
Fig. 2c)
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Rainfall also increases in South America, which induces 
anomalous large-scale low-level westerlies over subtropical 
EP in southern hemisphere (Fig. 6b). In IO, climatological 
rainfall center shifts southward in DJF, and correspond-
ingly, positive precipitation anomalies are located to the 
south of equator, with prominent northerly anomalies over 
equatorial IO (Fig. 6b). Due to the excessive land warming, 
low-level westerly anomalies show up over equatorial EP 
(Fig. 6c), which is associated with changes in zonal SLP 
gradients in the EP-American Continent sector due to lower 
SLP over South America (Fig. 6c). Anomalous large-scale 
flows toward Australia also occur over south IO in response 
to the additional land warming (Fig. 6c).

To sum up, the uniform warming and additional land 
warming effects indeed contribute to the weakened Walker 
circulation. While the former effect leads to westerly 
anomalies over equatorial central-western Pacific in JJA, 
changes in land-sea thermal contrast is responsible for the 
occurrence of low-level westerly anomalies over equatorial 
EP in both boreal summer and winter (Figs. 5d, 6d). Differ-
ential SST warming also contributes to the weakened trade 
winds. It is noted that the total westerly anomalies occupy 
the entire equatorial Pacific in JJA (Fig. 5d), whereas the 
westerly anomalies are mainly located over equatorial EP 
region in DJF (Fig. 6d). These results are in agreement with 
projections from CMIP5 models (Fig. 2c). It is interesting 
to note that over equatorial western Pacific, the excessive 

land warming effect generates low-level easterly anomalies 
that enhance Pacific trade wind, which might be associated 
with additional warming in Maritime Continent (Figs. 5, 6).

3.2.2  Annual mean trade wind changes

The annual mean changes of precipitation and low-level 
winds due to different surface warming effects are analyzed 
(Fig. 7). The annual mean differential SST warming still 
exhibits an El Nino-like warming and an enhanced equato-
rial warming in tropical Pacific (Fig. 7a). Correspondingly, 
major rainfall center displaces eastward in the equatorial 
central Pacific, and the subtropical region becomes drier. 
Low-level westerly anomalies show up in equatorial cen-
tral-eastern Pacific, which agrees with warmer SST in EP. 
Anomalous southerly cross-equatorial flows emerge over 
the equatorial Pacific in response to the inter-hemispheric 
warming contrast. In IO, the SST warming dipole induces 
low-level southeasterly anomalies in the equatorial region 
and a precipitation change dipole.

In contrast to the differential SST warming-induced 
changes, the annual mean positive rainfall anomalies due 
to the uniform warming effect generally follow the “rich-
est” climatological precipitation centers in the tropics, i.e. 
IO-western Pacific warm pool region (Fig. 7b). In tropical 
Pacific, the enhanced rainfall in WNP region is associated 
with a low-level cyclonic gyre anomaly, which leads to 

Fig. 6  Same as Fig. 5, but for 
changes in boreal winter (DJF). 
Red arrow in c denotes low-
level westerly anomalies over 
eastern Pacific region
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westerly anomalies in Maritime Continent region (Fig. 7b). 
Over subtropical region, large-scale westerly anomalies 
toward American Continent show up in both northern and 
southern subtropical Pacific, which are associated with 
enhanced land rainfall. The excessive land warming-
induced changes are shown in Fig. 7c. Overall, the anom-
alous low-level winds are directed toward the continental 
region where SLP anomalies are negative. It is noted that 
the trade winds are enhanced over equatorial western 
Pacific, which might be associated with additional warm-
ing in Maritime Continent. More importantly, warmer land 
surface over American Continent leads to lower SLP in situ 
and forces low-level westerly anomalies over equatorial EP 
through changes in zonal SLP gradients (Fig. 7c). Annual 
mean westerly anomalies induced by the surface warm-
ing effects are mainly located at equatorial central-eastern 
Pacific (Fig. 7d), which is consistent with the annual mean 
Pacific trade wind changes in CMIP5 models (Fig. 2c).

It is noted that the zonal wind changes due to the total 
surface warming agree with the sum of zonal wind changes 
induced by different surface warming effects reasonably 
well, albeit some discrepancies in the IO-western Pacific 
sector in DJF (Figs. 5d, 6d, 7d). This suggests that the total 
warming effect on Walker circulation changes is reason-
ably separated through idealized numerical experiments. 
The area averaged zonal wind changes over equatorial 
central-eastern Pacific were calculated, and it is found that 

the weakening of the Pacific trade wind is mostly attrib-
uted to the differential SST warming effect, which contrib-
utes to around 58 % of total zonal wind changes (Fig. 8). 
Uniform warming and extra land warming effects lead to 
30 and 12 % weakening of the trade winds, respectively. 
Although differential SST warming plays an important role 

Fig. 7  Same as Fig. 5, but 
for annual mean changes. 
The contour interval in (c) is 
0.1 hPa. Red arrow in c denotes 
low-level westerly anomalies 
over eastern Pacific region

Annual mean zonal wind changes in ECHAM 4.6 
(5˚S-5˚N, 165˚W-90˚W)

58%

30%

12%

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

Differential SST
Warming

Uniform Warming Land Warming

Fig. 8  Area averaged (5°S–5°N, 165°W–90°W) annual mean 
850 hPa zonal wind changes due to the effects of differential SST 
warming (green), uniform warming (blue) and additional land warm-
ing (red). Units are m s−1. Vertical error bars denote the SD. Num-
bers above the bars are the percentages of zonal wind changes due to 
the three factors



995Relative roles of differential SST warming, uniform SST warming and land surface warming…

1 3

in driving low-level zonal wind changes over equatorial 
Pacific, this effect already involves a positive air-sea feed-
back process. In contrast, both uniform warming (through 
“richest-get-richer” mechanism) and additional land warm-
ing effects are independent of SST gradients changes, and 
therefore, they are fundamental causes of the weakening of 
the Walker circulation in a warmer climate.

4  Relative roles of different surface warming 
patterns in determining precipitation changes

In addition to the changes in Pacific trade winds, the rela-
tive roles of different surface warming patterns in deter-
mining precipitation changes are also explored. The total 
surface warming-induced changes are shown in Fig. 9a. 
Overall, the projected precipitation changes in CMIP5 
models are reproduced reasonably well, including the pre-
cipitation anomaly dipole in IO and the enhanced rainfall 
in equatorial Pacific (Figs. 1b, 9a). Although it is noted 
that there are substantial discrepancies in the zonal wind 
changes over equatorial western Pacific between Figs. 1a 
and 9a.

Figure 9b shows the atmospheric responses to the differ-
ential SST warming. Positive (negative) rainfall anomalies 
show up in tropical (subtropical) Pacific due to enhanced 
equatorial warming. The rainfall anomaly dipole in IO 
also agrees with greater warming in north IO (Fig. 9b). 
These results are consistent with the so-called “warmer-
get-wetter” theory (Xie et al. 2010), which predicts more 
(less) rainfall in the tropical region where SST warming 
is greater (smaller) than the tropical mean SST warming. 
The differences between Fig. 9a and b are shown in Fig. 9c, 
which are attributed to the effects of both uniform warming 
and additional land warming. It is found that the positive 

precipitation anomalies follow the major climatological 
rainfall centers, i.e. IO-western Pacific warm pool region 
(Fig. 9c).

The remarkable similarities between Fig. 9a and b sug-
gest that a large portion of the projected annual mean pre-
cipitation changes in climate models is attributed to the dif-
ferential SST warming effect. But other forcing also plays 
a role, especially in the enhanced rainfall in equatorial IO 
and equatorial central-western Pacific (Fig. 9c). The une-
qual SST warming effect accounts for 63 % of total rainfall 
changes in equatorial central-western Pacific, where most 
significant positive precipitation anomalies are located at, 
and other forcing contributes to 37 % of total changes. This 
result is consistent with the finding in the previous sec-
tion that almost 60 % of westerly anomalies over equato-
rial central-eastern Pacific are due to the differential SST 
warming effect (Fig. 8), but it is worth stressing that the 
formation of such differential SST warming has already 
involved the air-sea interaction process.

5  Discussion and conclusions

Most of CMIP5 climate models projected a weakened 
Walker circulation and an El Nino like SST warming in 
tropical Pacific due to the GHG effect. It is further noted 
that trade winds over tropical Pacific are weakened even 
in a uniform SST warming experiment, with no changes in 
SST gradients. By conducting numerical experiments that 
separate the effects of uniform warming, additional land 
warming and differential SST warming, the fundamental 
cause of the projected weakening of the Walker circulation 
in a warmer climate is investigated.

Our numerical simulations demonstrate that the uni-
form warming and excessive land warming can weaken the 

Fig. 9  Annual mean changes of 
precipitation (units: mm day−1) 
and 850 hPa winds (units: 
m s−1) due to a total surface 
warming effect and b differen-
tial SST warming effect. c The 
differences between (a) and (b), 
which are due to the effects of 
both uniform warming and land 
warming. Contours represent b 
differential SST warming (K, 
0.2 K interval) and c rainfall 
field in CTRL (mm day−1, 
5 mm day−1 interval). Box 
denotes the region with evident 
positive rainfall anomalies over 
tropical Pacific in (a) (5°S–5°N, 
120°E–160°W)

(a)

(b)

(c)

Total surface warming

Differential SST warming

Mean warming &
Land warming

Annual mean precipitation & 850hPa wind
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Walker circulation. They can cause 30 and 12 % weaken-
ing of the annual mean trade winds over equatorial cen-
tral-eastern Pacific, respectively. In response to a uniform 
warming, the WNPSM is enhanced in JJA, accompanied 
by a low-level cyclonic circulation anomaly, which is con-
sistent with the “richest-get-richer” theory. Consequently, 
the uniform warming-induced surface westerly anomalies 
show up over equatorial western-central Pacific in boreal 
summer, leading to the weakening of the Walker circula-
tion. The extra land surface warming, which is a robust fea-
ture in the future projections from all climate models, leads 
to a greater land–ocean thermal contrast, which changes 
zonal SLP gradients and drives anomalous low-level west-
erlies over EP-American Continent sector.

The differential SST warming contributes to 58 % weak-
ening of the annual mean low-level zonal winds over the 
equatorial central-eastern Pacific. However, this process 
has already involved a positive air-sea feedback process 
that amplifies weakening of both east–west SST gradient 
and Pacific trade winds. In contrast, both the uniform SST 
warming (“richest-get-richer”) and additional land warm-
ing effects are independent of SST gradients changes, and 
therefore, they are the fundamental causes of the weakened 
Walker circulation over the equatorial Pacific. These two 
mechanisms are complimentary to a previously identified 
“longwave radiative—evaporative damping” mechanism 
suggested by Zhang and Li (2014), which explains the 
formation of the El Nino like SST warming even with no 
atmospheric feedback involved. It is also worth mentioning 
that the WNPSM and land warming effects are both related 
to the presence and positions of the continents, which were 
precluded in the aqua-planet simulation with which Li et al. 
(2015) found a strengthened Walker circulation.

Finally, the effects of the three factors on precipitation 
changes are also examined. It is found that the differen-
tial SST warming effect explains a large portion (63 %) of 
the rainfall changes in tropical Pacific under global warm-
ing. This result is consistent with the “warmer-get-wet-
ter” mechanism. The uniform warming and the extra land 
warming also contribute significantly to the projected rain-
fall changes in tropical Pacific (37 %).

It is noted that some observational studies have found 
strengthening of the Walker circulation and an evident EP 
cooling anomaly in recent decades (Trenberth et al. 2014; 
England et al. 2014; Zhang 2016). However, based on the 
analysis in this study, the EP cooling would lead to an 
enhanced land–ocean thermal contrast, which is supposed to 
weaken the Pacific trade wind. It should be noted that these 
two results, i.e., the enhanced land–ocean thermal contrast 
and intensification of the Walker circulation, are not neces-
sarily in conflict with each other because in addition to the 
prominent EP cooling, there are other SST anomaly patterns 
that are important for the Walker circulation changes. For 

instance, the enhanced east–west SST gradient in the tropi-
cal Pacific associated with inter-decadal Pacific oscillation 
(Trenberth et al. 2014), the greater warming in Indian Ocean 
(Luo et al. 2012) and Atlantic (McGregor et al. 2014) com-
pared to the tropical Pacific, have been suggested to contrib-
ute to the intensification of the Walker circulation. These 
mechanisms might be responsible for the observed strength-
ening of the Walker circulation in recent decades, despite 
the greater land–ocean thermal contrast.

One limitation of this study is that only one AGCM was 
used to conduct the idealized numerical simulations, while 
there are substantial intermodel discrepancies in the pro-
jected future rainfall changes, which may affect the changes 
of the Walker circulation. Besides, the long-term change of 
the Walker circulation in observation is still unclear. There-
fore, idealized numerical experiments using different mod-
els and more observational studies are still needed for bet-
ter understanding of the changes of the Walker circulation 
under global warming.
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