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ABSTRACT

Understanding the change of equatorial Pacific trade winds is pivotal for understanding the global mean
temperature change and the El Nifio-Southern Oscillation (ENSO) property change. The weakening of the
Walker circulation due to anthropogenic greenhouse gas (GHG) forcing was suggested as one of the most robust
phenomena in current climate models by examining zonal sea level pressure gradient over the tropical Pacific. This
study explores another component of the Walker circulation change focusing on equatorial Pacific trade wind
change. Model sensitivity experiments demonstrate that the direct/fast response due to GHG forcing is to increase
the trade winds, especially over the equatorial central-western Pacific (ECWP) (5°S-5°N, 140°E-150°W), while the
indirect/slow response associated with sea surface temperature (SST) warming weakens the trade winds.

Further, analysis of the results from 19 models in phase 5 of the Coupled Model Intercomparison Project (CMIP5)
and the Parallel Ocean Program (POP)-Ocean Atmosphere Sea Ice Soil (OASIS)-ECHAM model (POEM)
shows that the projected weakening of the trades is robust only in the equatorial eastern Pacific (EEP) ( 5°S-5°N,
150°-80°W), but highly uncertain over the ECWP with 9 out of 19 CMIP5 models producing intensified trades. The
prominent and robust weakening of EEP trades is suggested to be mainly driven by a top-down mechanism: the
mean vertical advection of more upper-tropospheric warming downward to generate a cyclonic circulation anomaly
in the southeast tropical Pacific. In the ECWP, the large intermodel spread is primarily linked to model diversity in
simulating the relative warming of the equatorial Pacific versus the tropical mean sea surface temperature. The
possible root causes of the uncertainty for the trade wind change are also discussed.
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1. Introduction

The tropical Pacific is a key region in regulating the
earth’s weather and climate change on a wide range of
time scales. How the tropical Pacific responds to an-
thropogenic greenhouse gas (GHG) forcing remains an
important but highly controversial issue. Regarding the
historical data, large discrepancies exist for the twentieth-
century sea surface temperature (SST) trend over the
tropical Pacific with some data exhibiting an El Nifio-like
pattern while others showing a La Nifia-like pattern (e.g.,
Vecchi et al. 2008; Deser et al. 2010; Meng et al. 2012;
Solomon and Newman 2012; Tokinaga et al. 2012a,b).
Similarly, whether the Walker circulation was weakened
or intensified over the last century is also a matter of
debate (Vecchi et al. 2006; Power and Kociuba 2011;
Tokinaga et al. 2012a,b; Meng et al. 2012; L’Heureux
et al. 2013). The broad discrepancy in changes of histor-
ical SST and circulation pattern in the aforementioned
studies is partially due to the paucity of in situ observa-
tions over the tropical Pacific, especially over its eastern
part. The problem is further complicated by the large
multidecadal variability, which can modulate the trend
detection.

In contrast to the observed analysis, most state-of-the-
art coupled climate models and their multimodel ensemble
mean (MME) project an El Nifio-like warming under the
GHG forcing characterized by more warming in the center
and eastern equatorial Pacific than in the western Pacific—
that is, reduction of equatorial zonal SST gradients (e.g.,
Liu et al. 2005; Christensen et al. 2014; Lee and Wang
2014). The resultant greater warming over the equatorial
region compared to the subtropics is suggested to be due to
the local wind—evaporation—-SST feedback (Lu and Zhao
2012) and the relatively weaker mean winds over the
tropics than the subtropics (Xie et al. 2010). Meanwhile, an
eastward shift in mean precipitation together with
a weakening of the Walker cell was reported over the
tropical Pacific for the majority of current climate models
(Vecchi et al. 2006; Vecchi and Soden 2007).

Several mechanisms have been proposed to understand
the observed and model projected weakening of the
Walker cell. One is ascribable to the different increase
rate between precipitation and water vapor (Held and
Soden 2006). In agreement with the Clausius—Clapeyron
relationship, the water vapor increases by roughly 7% per
degree of global warming as the relative humidity remains
rather constant. However, the precipitation increases at
a much lower rate of about 2%-3% per degree of global
warming so that the global convective mass fluxes have to
be weakened (Held and Soden 2006). The above argu-
ment is further applied to the regional tropical Pacific to
explain the weakened Walker circulation (Vecchi et al.
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2006; Vecchi and Soden 2007) although it is still under
debate (Sandeep et al. 2014). The root cause related to
this mechanism can be attributed to the fact that the
precipitation change is strongly constrained by the radia-
tion change, which evolves much more slowly than the
moisture change. A recent study highlighted the role of
the mean vertical advection of anomalous vertical po-
tential temperature gradient and further argued that
tropical mean SST warming dominates the relative SST
pattern in driving the Walker circulation change by ana-
lyzing the velocity potential change over the tropics (Ma
et al. 2012). We will discuss the linkage of the above two
mechanisms in this paper. Meanwhile, the role of weak-
ened zonal SST gradients has been emphasized for the
slowdown of the Walker circulation, in particular for
twentieth-century observations (Tokinaga et al. 2012a,b;
Sandeep et al. 2014).

Disentangling the causality in a strongly coupled cli-
mate system is usually difficult. On the one hand, in-
crease of anthropogenic GHG is expected to directly
alter radiation, precipitation, and atmospheric circula-
tion. On the other hand, the resultant SST warming can
in turn feed back to change the radiation, precipitation,
and circulation. The first (second) process is typically
very fast (slow) and can be referred to the direct (in-
direct) effect. The equilibrium climate is a state repre-
senting the total climate change, which is the sum of both
slow and fast responses (e.g., Bala et al. 2010). The direct
effect owing to the increase of GHG (without SST
change) has been studied focusing on the precipitation
and tropical cyclone changes (e.g., Sugi and Yoshimura
2004; Held and Zhao 2011). However, to the best of our
knowledge, how the increased GHG directly impacts the
Walker circulation or trade winds remains elusive. One
objective of this study is to explore the direct and in-
direct impacts on the trade wind change owing to an
increase in GHG concentration.

Theoretically, the Walker circulation consists of two
branches of vertical motion in the Maritime Continent and
eastern Pacific and the other two branches of equatorial
zonal flows in the lower and upper troposphere, forming
a circulation cell system. Usually, the Walker circulation
is measured by the sea level pressure (SLP) difference
between the western warm pool and eastern cold tongue
(e.g., Vecchi et al. 2006; Tokinaga et al. 2012b; DiNezio
et al. 2013). One reason is the strong dynamical linkage
between zonal SLP gradient and zonal wind/wind stress
(Clarke and Lebedev 1996; Vecchi et al. 2006). The other
consideration is that the SLP data are relatively reliable
while surface winds data could be problematic, in par-
ticular for studying the long-term variability (Vecchi et al.
2006). However, use of the zonal SLP gradient for mea-
suring the Walker cell strength has limitations too. First, it
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has an implicit assumption that the zonal winds are
largely balanced by the zonal SLP gradient, which works
only near the equator within the boundary layer. Second,
the zonal SLP gradient index cannot describe the detailed
spatial structure of trade wind change at specific locations
from the western to the eastern Pacific.

Investigation of the change in surface trade winds can be
regarded as another measure of the Walker circulation,
which has important implications for understanding future
climate change on both local and global scales. For ex-
ample, it has potential impacts on El Nifio-Southern Os-
cillation (ENSO) property changes because both the
equatorial mean upwelling and the zonal tilt of thermo-
cline depth are dominantly governed by the amplitude of
trade winds; it also plays an essential role in determining
the warming rate over the tropical Pacific as well as the
globe (e.g., Kosaka and Xie 2013). In this paper, we aim
to examine the GHG-induced change in zonal winds over
the equatorial Pacific, and offer an explanation in the trade
wind change along with discussion of the uncertainty
source.

This paper is organized as follows. Section 2 in-
troduces the models, experiments, and methodology.
In section 3, we explore the projected tropical Pacific
mean state change due to anthropogenic GHG forcing
by focusing on the equatorial Pacific trade winds. The
possible physical mechanisms governing the trade wind
change associated with GHG forcing are investigated
in section 4. Section 5 documents the uncertainty and
the source of uncertainty for the equatorial Pacific
trade wind change. The last section is the summary and
discussion.

2. Model, experiments, and methodology

In this study, we examine 19 climate models that par-
ticipated in Coupled Model Intercomparison Project
phase 5 (CMIP5) (Taylor et al. 2012); the models and their
expansions are listed in Table 1. The projected future
change is estimated based on the representative concen-
tration pathway (RCP) 4.5 simulations for the period 2071
to 2099 relative to the corresponding historical simulations
for the period 1980 to 2005. The radiative forcing achieved
around 2090 in the RCP4.5 scenario is approximately
equivalent to that produced by a doubling of CO,.

We also use a coupled model, POEM [named for its
constituent elements, the Parallel Ocean Program
(POP), the Ocean Atmosphere Sea Ice Soil (OASIS)
coupler, and ECHAM; Xiang et al. (2012)], and its
atmospheric-only component ECHAM (v4.6) (Roeckner
et al. 1996). For ECHAM, we use T42 horizontal resolu-
tion with 19 sigma levels in the vertical. POEM is a newly
developed atmosphere—ocean coupled model that couples
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the POP ocean model and ECHAM atmospheric model
through the OASIS coupler (Xiang et al. 2012). We use
a relatively coarse resolution of ocean model with 100 X
116 grid points in the horizontal and 25 levels in the ver-
tical. We apply a SST correction over the equatorial
central Pacific and southeast Pacific to artificially elimi-
nate the commonly seen mean SST bias associated with
the double intertropical convergence zone (ITCZ) prob-
lem (Xiang and Wang 2013; Xiang et al. 2014). Two
coupled model experiments are performed. The first is
a 50-yr control run (CTRL). The second is a 50-yr
double CO; run (2 X CO,) and we use the last 20-yr
mean as an equilibrium state to study the GHG effect.
To show the time evolution of trade winds with GHG
forcing, we also perform experiments during the
first four years with double CO, forcing with each
having 30 ensemble members. For example, the first
year (year 1) runs are initiated from 30 members of
CTRL experiments with each starting from 1 January
and then integrated for 1 year. In other words, the first
year run and the control run share the same initial
conditions but the first year run has double CO, effect.
The second year (year 2) runs start with the initial
conditions generated from the first year runs at the end
of their one year integrations. The difference between
the first year run and CTRL run represents the first
year’s response and the difference between the second
year run and the first year run shows the second year’s
response.

To verify the possible mechanisms for trade wind
changes, we carry out three atmospheric general circu-
lation model (AGCM) experiments by using ECHAM.
The first is a control run forced by climatological SST
and sea ice concentration. The second is similar to the
control but with double CO, forcing. The third is sim-
ilar to the control except with the SST uniformly
warmed by 1.59°C, which is estimated based on the
tropical mean SST difference (averaged within 30°S
and 30°N) between coupled model experiments 2 X
CO; and CTRL. The last one is a relative SST forcing
experiment with the SST forcing pattern obtaining
from the difference between 2 X CO, and CTRL but
removing the tropical mean SST. The last two experi-
ments adopt the same CO, concentration as in the
control run. Each AGCM experiment is carried out for
20 years and we analyze the results for the last 18 years.

Following Ma et al. (2012), we use the following
thermodynamic equation to understand the physical
processes for the circulation change:

T’ 90 ! 96’
—+Bw’—:g—B6—, 1)
ot op Cp ap
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TABLE 1. Brief description of 19 CMIP5 models used in this study.
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Coupled model acronym

Model; institution

AGCM resolution

ACCESS1.0 Australian Community Climate and Earth-System Simulator,
version 1.0; Commonwealth Scientific and Industrial
Research Organization (CSIRO) and Bureau of Meteorology,
Australia (BOM)

BCC_CSM1.1 Beijing Climate Center (BCC), Climate System Model, version 1.1;
BCC, China Meteorological Administration

CanESM2 Second Generation Canadian Earth System Model; Canadian
Centre for Climate Modeling and Analysis (CCCma)

CCSM4 Community Climate System Model, version 4; National Center for
Atmospheric Research (NCAR)

CNRM-CM5

CSIRO-Mk3.6.0

Centre National de Recherches Météorologiques (CNRM) Coupled
Global Climate Model, version 5; CNRM and Centre Européen
de Recherche et Formation Avancees en Calcul Scientifique
(CERFACS)

CSIRO Mark, version 3.6.0; CSIRO and the Queensland Climate
Change Centre of Excellence (QCCCE)

GFDL-CM3 Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model,

GFDL-ESM2M version 3, and GFDL Earth System Model with Modular
Ocean Model 4 (MOM4) component; NOAA GFDL

GISS-E2-R Goddard Institute for Space Studies (GISS) Model E, coupled
with the Russell ocean model; NASA GISS

HadGEM2-CC Hadley Centre Global Environment Model, version 2-Carbon

HadGEM2-ES Cycle and —Earth System; Met Office Hadley Centre (MOHC)

INM-CM4 Institute of Numerical Mathematics (INM) Coupled Model,

IPSL-CM5A-LR
IPSL-CM5A-MR

version 4.0; INM

L’Institut Pierre-Simon Laplace (IPSL) Coupled Model,
version 5, coupled with NEMO, low resolution, and mid
resolution; IPSL

Model for Interdisciplinary Research on Climate (MIROC), version 5,

Research Institute (University of Tokyo), National Institute for

Atmosphere-Ocean General Circulation Model, version 3; MRI

MIROCS

MIROC-ESM and MIROC, Earth System Model; Atmosphere and Ocean
Environmental Studies, and Japan Agency for Marine-Earth
Science and Technology

MPI-ESM-LR Max Planck Institute Earth System Model, low resolution;
Max Planck Institute for Meteorology

MRI-CGCM3 Meteorological Research Institute (MRI) Coupled

NorESM1-M

Norwegian Earth System Model, version 1 (intermediate resolution);

1.875° X 1.25°

2.8125° X 2.8125°

2.8125° X 2.8125°

1.25° X 0.9375°

1.40625° X 1.40625°

1.875° X 1.875°

2.5° %X 2°
2.5° % 2°

2.5° % 2°
1.875° X 1.24°
1.875° X 1.24°
2° X 1.5°

3.75° X 1.875°
2.5° X 1.258°

1.40625° X 1.40625°
2.8125° X 2.8125°

1.875° X 1.875°

1.125° X 2.25°

2.5° X 1.875°

Norwegian Climate Centre

where T’ is tropospheric air temperature change, 6
and ¢’ are mean potential temperature and potential
temperature change, p is pressure, and B = (P/PS)R/ G,
where P; is surface pressure, R is the gas constant for
air, and C, is the specific heat at constant pressure.
Also, Q is a heating term including longwave and
shortwave radiation, surface sensible heat flux, and the
latent heat released due to precipitation. Here we omit
the horizontal advection term because of the small
temperature gradients in the tropics, but keep another
small term, the temperature change tendency term,
because weak temperature change may induce signifi-
cant geopotential height and circulation change. The
role of the vertical advection term associated with dry
static stability change has been noticed for a long time
in understanding the tropical climate change (Knutson

and Manabe 1995). Here this term is further separated
into two terms, Bw'd6/0p and Bwd#'/dp, and the mean
advection of anomalous potential temperature change
(Bwdd'/dp) is moved to the rhs of the equation since it
can be regarded as a forcing term from the atmospheric
perspective given its tight relationship with SST change
(Ma et al. 2012; Muller and O’Gorman 2011).

3. Mean state change over the tropical Pacific

In this section we analyze the projected changes of the
mean state in 19 CMIP5 models and POEM by focusing
on the equatorial Pacific trade winds. Figure 1 presents
changes in mean SST, precipitation, and 850-hPa winds.
Consistent with the previous studies (Liu et al. 2005; Lu
and Zhao 2012; Xie et al. 2010; Ma and Xie 2013; Lee
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FIG. 1. The multimodel ensemble (MME) mean of (a) SST (°C) and (b) precipitation (shading, mm day '), 850-hPa
wind (vectors, ms ') changes between the RCP4.5 simulations (2071-99) and the historical simulations (1980-2005)

from 19 CMIPS5 models. (c),(d) As in (a),(b), but for the double CO, experiments results comparing with the control
run using POEM. The last 20 yr are used with a 50-yr integration for the double CO, experiment. The domains for
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ECWP and EEP are also shown in (b). The red letter C in (b) and (d) represents cyclonic circulation change.

and Wang 2014; Lee et al. 2014), conspicuous warming is
found over the equatorial Pacific, extending from the far
equatorial eastern Pacific (EEP) to the equatorial
western Pacific. Over the subtropical Southern Hemi-
sphere, two minimum warming centers are evident over
the southeast Pacific and Indian Ocean (Fig. 1a). Several
narrow bands of SST structures appear in the North
Pacific. Precipitation increases over the equatorial Pa-
cific and the northwestern Pacific (Fig. 1b). Change in
850-hPa winds is characterized by a conspicuous west-
erly over the equatorial Pacific, inferring a weakening of
the Walker circulation. Of particular note is that a cy-
clonic anomaly occurs over the southeast tropical Pacific
(SETP) concurrent with considerable westerly winds
over the EEP (Fig. 1b). The broad features of the change
in SST, precipitation, and 850-hPa winds from POEM
bear similar resemblance to the CMIP5 models (Figs. 1c,
d), justifying an investigation of the mechanisms of
weakening trades using this model.

The 19-model MME projects a decrease of mean
trade winds by 0.30ms~! over the equatorial Pacific
(5°S-5°N, 140°E-80°W) during 2071-99, which corre-
sponds to about 3.2% reduction per degree of global
warming.

The wind change can be decomposed into rotational and
divergent wind components based on the streamfunction

and velocity potential. As depicted in Fig. 2a, a positive
streamfunction center is located over the SETP, and the
associated salient zonal winds appear over the EEP. The
velocity potential change indicates noticeable divergence
(convergence) over the Maritime Continent (SETP), col-
locating a descending (ascending) motion over the Mari-
time Continent (SETP). The slackened trade winds
(averaged over 5°S-5°N) are dominated by the rotational
winds although the divergent winds also have a contribu-
tion (Fig. 2c). Averaged over the equatorial Pacific
(140°E-80°W), the rotational winds are about 4 times
larger than the divergent component. The divergent wind
change shows a zonally uniform westerly, while the rota-
tional wind change exhibits a maximum over the far EEP.
Similar results are obtained for zonal wind change aver-
aged over 2°S-2°N, confirming the robustness of the above
results. Examination of change in 850-hPa geopotential
height (Hgsg) reveals a conspicuous relative low pressure
center residing in the SETP.

The tropical circulation can be both dynamically and
thermally driven. On the one hand, both the radiation and
dry static stability change result in an ascending motion
change in the mean subsidence region (Held and Soden
2006; Huang et al. 2013). The induced vertical motion
change (') further leads to low-level convergence as well
as the cyclonic circulation in the SETP via a dynamic
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FIG. 2. (left) As in Fig. 1, but for the changes of streamfunction (shading) and (b) velocity potential and the
corresponding 850-hPa (a) rotational winds and (b) divergent winds from CMIP5 models; (c) the equatorial (5°S—
5°N) zonal rotational (black) and divergent (red) wind change. (right) As at (left), but for POEM results.

effect. On the other hand, the tropospheric temperature
change (7”) may also partly explain the relative low Hgsg
over the SETP via a thermodynamic effect. These two
effects are reflected by two terms from the lhs of the
thermodynamic equation (1). Figure 3b shows the verti-
cally integrated (from 300 to 850 hPa) temperature pattern
(after removing the tropical mean averaged over 30°S—
30°N), featuring a robust east-west zonal contrast pattern
with relatively more warming over the eastern Pacific than
western Pacific. Meanwhile, a maximum warming center is
collocated with the relative low Hgsoin the SETP (Fig. 3b).
However, the lower-tropospheric (below 850hPa) tem-
perature change pattern closely follows the SST change
pattern. The relative warming of vertically integrated
temperature change over the SETP seems to be important
for the generation of the local relatively low Hgsg, pro-
moting the weakening of easterlies over the EEP.

4. Understanding what governs the trade wind
change

Detection of the root cause of the trade wind change in
a fully coupled system is challenging since it involves

direct/fast atmospheric adjustment (without SST change)
and indirect/slow atmosphere-ocean coupled (with SST
change) effects and also complex feedbacks. In this sec-
tion, we carried out AGCM experiments using ECHAM
(v4.6), the atmospheric component of POEM, to inves-
tigate the direct/fast response due to GHG forcing, and
also the SST warming-induced indirect/slow response. The
atmospheric slow response due to SST-warming forcing
can be further decomposed into the tropical mean SST
forcing (1.59°C) and the relative SST forcing deviated from
the tropical mean SST.

a. Transient response due to double CO; forcing

The fast response with CO, doubling shows sup-
pressed precipitation over most of the tropical ocean
areas in order to balance the reduced radiative cooling
effect (Fig. 4). The most pronounced reduction of pre-
cipitation is found over the equatorial Pacific near 160°E
with a southeastward elongated pattern. It is interesting
that the precipitation is suppressed but the trade winds
over the ECWP are actually intensified. The suppressed
convection over the equatorial Pacific can well explain
the intensified trade winds west of the international date
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FIG. 3. As in Fig. 1, but for changes of (top) 850-hPa geopotential height and (bottom) temperature averaged from

300 to 850 hPa. Note that the tropical mean (3

line. However, the easterly wind change east of date line
acts as one component of the intensification of South
Pacific subtropical high (Li et al. 2013), which may be
also linked to the suppressed convection over South
Pacific (Fig. 4a). Although a weak cyclonic circulation
and relatively large top of atmosphere (TOA) radiation
are seen in the SETP (Fig. 4b), the local maximum of
column integrated temperature is absent (Fig. 4c). By
contrast, a large area of relative tropospheric cooling is
observed in the central tropical Pacific (Fig. 4c), in
agreement with the suppressed precipitation and the
resultant less latent heat release. In the EEP, there are
weak westerly winds and cyclonic circulation change,
suggested to be mainly driven by the dynamic effect with
local ascending motion change (not shown). The tro-
pospheric temperature change does not show clear local
maximum warming (Fig. 4c) because the vertical po-
tential temperature gradient change is very small in the
Atmospheric Model Intercomparison Project (AMIP)
run with double CO, forcing. Thus the dominant terms
balanced each other in the thermodynamic equation are
radiation and dry adiabatic cooling associated with the
ascending motion change.

b. Atmospheric response to the uniform SST warming
forcing

Comparing with the control run, the uniform warming
experiment generally produces a wet-get-wetter and dry-
get-dryer precipitation pattern (Fig. 5a). In the western

0°S-30°N) has been removed for these two fields.

North Pacific, the intensified precipitation tends to
drive westerly winds over the equatorial western Pa-
cific. Meanwhile, a cyclonic circulation is confined over
the SETP accompanied by salient westerly winds over
the EEP (Fig. 5a). This cyclonic circulation is collocated
with a column integrated (300-850 hPa) relative warming
center over the SETP (Fig. 5c), consistent with the cou-
pled model results (Figs. 3b,d). As mentioned above,
the relative tropospheric (300-850 hPa) warming in the
SETP is essential to form the cyclonic circulation as well
as the equatorial westerly in the EEP.

The question then arises as to what causes the maxi-
mum column integrated temperature warming over the
SETP. Here we also assume that the horizontal advection
term is small because of the small temperature gradients
in the tropics. The TOA radiative forcing effect cannot
explain the maximum warming over the SETP (Fig. 5b).
The surface sensible heat flux is neglected since it has less
contribution to the free-tropospheric temperature change
(Ma et al. 2012). Associated with the cyclonic circulation
over the SETP, lower-level convergence (Figs. 2b,e) and
the ascending motion (not shown) tend to generate adi-
abatic cooling in the absence of local precipitation heat-
ing change (Fig. 1).

Therefore, the largest term contributing to the rela-
tive warming in the SETP has to be the mean vertical
advection of anomalous warm air from the upper tro-
posphere downward to warm the lower troposphere.
Associated with anthropogenic GHG forcing, the most
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(TOA) radiation change (Wm™?) including both outgoing long-
wave radiation and net shortwave radiation, and (c) column in-
tegrated temperature change averaged from 300 to 850 hPa with
the tropical mean (30°S-30°N) removed. The atmospheric model
used here is ECHAM.

pronounced warming is taking place in the tropical up-
per troposphere, resembling a quite uniform horizontal
distribution (Fig. 6a). This is a very robust feature
among the current state-of-the-art models due to the
moist adiabatic adjustment and wave adjustment
(Knutson and Manabe 1995). The upper-tropospheric
warming can influence the lower-tropospheric circula-
tion in the presence of mean subsidence, such as the
EEP over the subsiding branch of the mean Walker
circulation. The key system that bridges the upper-
tropospheric warming and the lower-level wind change
is the mean subsidence, acting as a draining tube to
“suck” the upper-tropospheric warm air downward to
warm the mid to lower troposphere. Similar to the
double CO; effect, an anomalous upward motion is also
found near the coast of South America favoring the
formation of cyclonic circulation in the SETP (not
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shown). Given the negative TOA radiation effect, the
ascending motion is also attributed to the forcing effect
from the mean advection of vertical potential tempera-
ture gradient change based on Eq. (1). This can be re-
ferred to as a “‘top-down” mechanism, and this effect has
been emphasized by Ma et al. (2012) in which they refer
to this as the mean advection of stratification change
(MASC). This top-down mechanism largely explains the
ascending motion change through altering the dry static
stability, consistent with previous studies (e.g., Held and
Soden 2006; Huang et al. 2013). Meanwhile, it warms the
tropospheric temperature and favors a relatively low
pressure and cyclonic circulation system at the lower
troposphere over the SETP.

c. Atmospheric response to the relative SST forcing

The experiment with the relative SST pattern forcing
induces pronounced cross-equatorial flow because of the
meridional SST gradient (Fig. 7). Meanwhile, the west-
erly wind anomaly prevails from the equatorial western
Pacific to EEP, together with enhanced precipitation
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(c) Temp Change at 200hPa (POEM)
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F1G. 6. Changes of upper-tropospheric (200 hPa) temperature (°C) from (a) the MME of CMIP5 models and

(c) POEM. Also shown are the long-term mean vertical
models and (d) POEM. The negative denotes ascending
key region in driving the cyclonic circulation associated

(Fig. 7b). The westerly wind anomaly over the equatorial
Pacific can be driven directly by the weakened zonal
SST gradient and also the local enhanced precipitation.
Different from the uniform SST warming forcing exper-
iment, the relative tropospheric temperature warming
(Fig. 7d) and vertical motion change in the SETP are
very weak. Meanwhile, the TOA radiation change (Fig. 7c)
mainly reflects the deep-convection-related cloud change,
having less contribution to the tropospheric temperature
and circulation change.

For the convenience of intermodel comparison in the
following section, we propose one index as a proxy
representing the contribution from the relative SST
pattern to the weakening of trade winds: the relative
SST warming over the equatorial Pacific (5°S-5°N,
140°E-80°W) [i.e., the deviation from the tropical mean
(30°S-30°N) SST] normalized by its tropical mean SST
change. The reason is twofold. First, the gross moist
instability tightly follows the relative SST pattern as the
upper-tropospheric temperature change is rather spa-
tially uniform (Xie et al. 2010). Hence the relative SST
warming over the equatorial Pacific tends to cause local
enhanced convection as well as westerly winds. Second,
the majority of the CMIP5 models produce an El Nifio—
like warming pattern with more warming in the far EEP
than the ECWP. Therefore, a larger relative SST over
the equatorial Pacific typically implies more intensified

velocity (1072 Pas™") at 500 hPa from (b) MME of CMIP5
motion, and vice versa. Black boxes in (b) and (d) show the
with mean subsidence.

local convection but reduced zonal mean SST gradient,
ending up with more slackened trade winds.

d. Time evolution of trade wind change in response to
double CO; forcing

The above three subsections showed how the atmo-
sphere responds to the direct/fast CO, forcing and indirect/
slow SST forcing. In reality, the atmospheric response at
the equilibrium state may not be exactly the sum of the
above three processes owing to the existence of non-
linearity in the system. Here we also examine the time
evolution of trade winds in response to double CO,
forcing using the coupled model POEM.

In the first year (year 1), the atmospheric response is
very similar to the AMIP run with fixed SST forcing
(cf. Figs. 8d and 4a), characterized by suppressed pre-
cipitation but intensified trade winds over the ECWP.
The suppressed convection over the off-equatorial region
may also contribute to the easterly winds over the ECWP.
In the EEP, a westerly wind anomaly is also obvious
(Fig. 8d). The SST pattern displays less warming over the
ECWP but more warming over the EEP, which is also
linked to the fact that the mean winds are smaller there so
that the latent heat flux damping is relatively smaller
compared with that in the equatorial central Pacific. In
the second year (year 2), the ECWP is still dominated
by easterly winds but with reduced amplitude, while an
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anomalous cyclonic circulation becomes conspicuous in
the SETP (Fig. 8¢). The maximum of suppressed pre-
cipitation retreats southeastward compared with the first
year, while intensified precipitation become more pro-
nounced west of 160°E. We argue that the wind change is
both associated with the tropical mean SST change (from
0.24° to 0.59°C) and relative SST change over the equa-
torial Pacific (from —0.05° to 0.03°C). For year 4, the SST
warming pattern has been well established compared to
the equilibrium state. The meridional SST pattern also
shows more warming in the northeastern Pacific but less
warming over the southeast Pacific (Fig. 8c). The region
with enhanced precipitation and westerly wind change
are expanding farther eastward accompanied by the
westerly wind change (Fig. 8f).

Figure 9 illustrates the time evolution of equatorial
zonal winds and vertical motion. For year 1, the in-
tensified trade winds and suppressed vertical motion are
similar to that in the AMIP run (Fig. 9a), indicative of
the dominant role of atmospheric fast/direct response.
The westerly winds over the western Pacific first occur in
the second year and migrate eastward together with the
enhanced convection. This result suggests that the
weakened trade winds first take place in the EEP, then
occur over the western Pacific, and finally over the
equatorial central Pacific with the involvement of strong
atmosphere—ocean interaction. Although both fast and
slow processes contribute to the westerly winds in the

EEP (Figs. 4a, 5a, 7b), it is not very clear why the zonal
winds over the EEP have less change with time evolu-
tion (Fig. 9a).

The above experiments show how the SST and surface
wind evolve over time with transient double CO, forcing.
They highlight the importance of direct/fast response to
GHG forcing in the coupled model equilibrium state,
which has drawn less attention previously. Meanwhile,
they also suggest that the atmosphere—ocean coupling
and the resultant SST pattern play an important role in
regulating the wind change.

5. The uncertainty in trade wind change

The above session suggests three possible processes
that are responsible for the equatorial Pacific trade wind
change: atmospheric fast adjustment due to CO, change,
uniform SST forcing, and relative SST pattern forcing.
In this section we further investigate the zonal structure
of the trade wind change, and then elaborate on the
uncertainty of trade wind change and its origins.

a. Discrepancy among model projections of trade
winds

We present, in Fig. 10, the equatorial (5°S-5°N) zonal
wind change for 19 individual CMIP5 models and POEM.
Although the 19-model ensemble mean experiences a
westerly wind change across the entire equatorial Pacific
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forcing in POEM model during the first four years; 30 ensemble members are used for each experiment.

(red line in Fig. 10), 5 out of 19 models produce zonal mean
averaged easterly winds over 5°S-5°N, 140°E-80°W. The
multimodel-ensemble mean value of the zonal wind
change is 0.28 ms~ ! while the standard deviation of the
intermodel spread is 0.56ms ™', indicating that the zonal
wind change is not significant in terms of the signal-to-
noise ratio.

We further separate the zonal mean trade winds into
two regions, the ECWP (5°S-5°N, 140°E-150°W) and EEP
(5°S-5°N, 150°-80°W). For the zonal mean winds in the
EEP, 18 out of 19 models produce anomalous westerly
winds, while in the ECWP 10 out of 19 models produce
westerly anomalous winds, indicating that conspicuous
uncertainty exists in the ECWP. Note that one model
produces extremely strong westerly change in the equa-
torial Pacific (Fig. 10), but the aforementioned conclusion
still remains valid if this “‘outlier” is removed. These results
are also robust for the trade wind change at the boundary
layer of 1000 hPa (not shown).

In the previous section, we have proposed three dif-
ferent processes contributing to the trade wind change.
In the EEP, all these three processes seem to contribute

to the weakened trade wind, which is consistent with the
robust change over the EEP for CMIP5 models. In the
ECWP, however, the effect from direct/fast response is
opposite to that due to indirect/slow response with SST
forcing. This to a certain degree accounts for the large
uncertainty over the ECWP for CMIP5 models.
Considering the model output availability, we cannot
distinguish the intermodel diversity for the direct/fast
response due to GHG forcing for the CMIP5 models,
but it is definitely one source explaining the uncertainty
of relative SST warming pattern as well as the trade wind
change over the ECWP. The other two processes asso-
ciated with SST change are then emphasized here. We
plot the scatter diagram of the mean advection of
the vertical potential temperature gradient (—wd6'/dp)
over the SETP (20°-5°S, 120°-80°W) (black boxes in
Figs. 6b,d) and the equatorial zonal wind change
(Figs. 11a,c). Note that the vertical advection term has
large intermodel spread, and their tight relationship is
significant (at 99% confidence level) only over the EEP
(r = 0.69; Fig. 11c) but not over the ECWP (r = 0.33;
Fig. 11a). Both the mean vertical velocity and vertical
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FIG. 9. (a) Equatorial (5°S-5°N) zonal wind change in the
coupled model experiments with double CO, forcing during
the first four years. (b) As in (a), but for vertical motion change
(1072Pas™ ).

potential temperature gradient change are significantly
correlated with the EEP zonal wind change: r = 0.62 and

= (.53, respectively. This result partly reflects the
contribution from the tropical mean SST temperature
change that shows a tight relationship with the vertical
potential temperature gradient with the intermodel
correlation (r = 0.87). By contrast, the ECWP trade
wind change is well correlated with the tropical Pacific
relative SST change (r = 0.80, Fig. 11b), opposite to that
in the EEP (r = 0.24, Fig. 11d).

The above results confirm that both uniform warming
and relative warming SST patterns can contribute to the
weakened trade winds, while the large uncertainty over
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the ECWP likely originates from the disparity of the
relative SST pattern among different models.

b. Possible root causes of the uncertainty

It is demonstrated that the trade wind change remains
of great uncertainty over the ECWP and this uncertainty
is tightly linked to model equatorial Pacific SST deviation
from the tropical mean. We have made composite anal-
yses by separating the 19 models into two groups: one
with weakened (10 models) and the other with intensified
trades (9 models) over the ECWP (Fig. 12). In the EEP,
both groups show weakening of trades together with
a cyclonic circulation over the SETP. As expected, the
more weakened trade winds correspond to stronger
equatorial Pacific SST warming (Fig. 12).

However, the SST change should not be solely treated
as a forcing in a coupled system. From the oceanic point of
view, weakened trade winds are also able to induce SST
warming over the equatorial Pacific through both ther-
modynamic and dynamic effects. On the one hand,
weakened trade winds tend to lead less evaporation so as
to warm the sea surface. On the other hand, weakened
trade winds can cause eastward warm advection as well as
suppressed cold vertical advection, facilitating the SST
warming. Then the key concern is to identify the root
cause of the SST pattern so as to understand the un-
certainty source of the trade wind change. This is critical
to estimate the most likely future change of trade winds
and also provides guidance for the improvement of cur-
rent climate models. But, it is also a very challenging issue
since many factors can influence the equatorial Pacific
SST warming such as convection, atmosphere—ocean
coupling, and feedbacks, as well as the ocean and atmo-
spheric mean states.

A realistic simulation of the current mean climate may
provide a necessary (but not sufficient) condition for
a reliable future projection. Inspection of mean winds

-2.0 +—— T T T
80°E 120°E 160°E

T
160°W 120°W 80°W

FIG. 10. Equatorial (5°S-5°N) zonal wind changes from 19 individual CMIP5 models (dotted
lines) and the corresponding MME (red). Two green lines show the MME plus/minus one
standard deviation of the zonal wind changes for 19 CMIP5 models. The blue line is the
equatorial (5°S-5°N) zonal wind changes from POEM.
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corresponding correlations.

under the current climate is instrumental in under-
standing the intermodel spread of SST and trade wind
changes. Figure 13a shows the composite difference of
the long-term mean 850-hPa winds for the historical run
between the two groups. The intensified ECWP trade
winds group has stronger mean winds than the weakened
ECWP trade winds group. The scatter diagram between
the mean winds over 5°S-5°N, 180°-80°W and the zonal
wind change in the ECWP corroborates the significant re-
lationship (r = 0.54) between the mean winds and projected
wind change (Fig. 13b). How do the mean trade winds
under current climate determine the future projections of
trade wind change? For a model with stronger mean trade
winds, it tends to have a larger damping effect on the SST
warming over the equatorial Pacific. Along with SST rise,
larger mean winds not only give rise to stronger upward

latent heat flux, but also produce stronger mean upwelling
and more tilted zonal thermocline, both contributing to
a relatively cooler equatorial Pacific through the so-called
thermostat cooling effect for future projections (Clement
et al. 1996; Cane et al. 1997). Therefore, for the model with
stronger mean trades, both the thermodynamic and dy-
namic effect can result in weaker equatorial Pacific SST
warming but more intensified trade winds.

The mean zonal winds over the equatorial central to
eastern Pacific (5°S-5°N, 180°-80°W) vary greatly from
one model to the other, ranging from —5to —10.5ms !
with their MME of —7.5ms™! (Fig. 10b). The mean
850-hPa zonal winds (5°S-5°N, 180°-80°W) from the
National Centers for Environmental prediction (NCEP)-
Department of Energy (DOE) AMIP-II reanalysis
products (1979-2011; Kanamitsu et al. 2002) and the
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FIG. 12. The MME of SST (shading) and 850-hPa mean wind (vectors) changes for (a) 10
models with weakened ECWP zonal winds and (b) 9 models with intensified ECWP zonal

winds.

Interim European Centre for Medium-Range Weather
Forecasts Re-Analysis (ERA-Interim) data (1979-
2011; Dee et al. 2011) are about —7.0 and —5.8ms ™!,
respectively. These results indicate that mean trade
winds are overestimated in the MME of 19 CMIP5
models than observations, which is cohesive with the
equatorial Pacific cold SST bias common to current
climate models (e.g., Lin 2007). Note that the MME of
10 models (weakened ECWP trade winds) and 9
models (intensified ECWP trade winds) are —6.5 and
—8.5ms ™!, respectively. Comparing the mean winds
between CMIP5 models and observations, we suggest
that the MME of 10 CMIP5 models with weakened
ECWP winds may provide a most likely projection with
about 0.63ms ™! reduction of trades over the ECWP at
the end of the twenty-first century, while the 19 CMIP5
model MME may underestimate the amplitude of trade
wind change. The broad discrepancy of mean trade
wind simulation spotlights the importance and neces-
sity to improve coupled model performance for the
current climate so as to obtain more reliable future
projections.

6. Summary and discussion

The weakened Walker circulation associated with
GHG forcing has been extensively studied previously by

focusing on the zonal SLP gradient change or the ver-
tical motion between the Maritime Continent and the
far EEP as it is closely linked to the change of pre-
cipitation and the hydrological cycle. As one branch of
Walker circulation, understanding the change of equa-
torial Pacific trade winds is also pivotal because it can to
a great degree determine the global mean temperature
change (e.g., Kosaka and Xie 2013) and also has po-
tential impacts on ENSO property changes.

Sensitivity experiments demonstrate that the trade wind
response involves both direct/fast atmospheric adjustment
and indirect/slow atmosphere—ocean coupled adjustment.
The direct/fast response tends to enhance the trade winds,
especially over the ECWP. By contrast, the SST warming-
related indirect/slow process weakens the trade winds, and
the uniform (relative) tropical warming facilitates the
slackening of trades over the EEP (ECWP). The atmo-
spheric direct/fast response to GHG forcing with enhanced
trades is supported by the Geophysical Fluid Dynamics
Laboratory global High Resolution Atmospheric Model
(HiRAM) (Zhao et al. 2009) results (not shown). But, the
establishment of robustness requires investigation of more
climate models in the future.

The MME of 19 CMIP5 models shows weakened
trade winds at 850 hPa, that is, a westerly wind anomaly,
prevailing from the equatorial western Pacific to the
EEP with the maximum over the EEP. The weakened
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FIG. 13. (a) The 850-hPa mean wind difference (historical runs)
between the two groups with weakened (10 models) and intensified
(9 models) trade winds. (b) Scatter diagram between the equatorial
zonal mean wind (180°-80°W) [red box in (a)] and the projected
changes of ECWP (140°E-150°W) zonal winds [blue box in (a)].
The black (green) dots show the weakened (intensified) trade
winds over the ECWP. The red dot denotes the MME results and
the blue open circle represents the POEM result. The red stars
show the observational mean trade winds from NCEP and ERA-
Interim. The MME of mean zonal winds over (180°-80°W) for 10
models (weakened ECWP trade winds) and 9 models (intensified
ECWP trade winds) are —6.5 and —8.5ms ™, respectively.

trade winds are only robust over the EEP (5°S-5°N,
150°-80°W) with weak intermodel spread. The robust
change of trades over the EEP is driven by both a dy-
namic effect (vertical motion change) and thermody-
namic effect (temperature change). These two effects are
both related to the downward advection of upper-
tropospheric warming by mean subsidence to form an
anomalous low-level cyclonic circulation over the SETP.
This top-down mechanism is tightly linked to the tropical
mean SST change. This point is also confirmed by a cou-
pled model experiment with a relatively uniform upper-
tropospheric heating experiment, which produces
strikingly similar surface winds and SST change pattern
with the double CO, experiment (Xiang et al. 2014;
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Xie et al. 2013). Over the ECWP, considerable un-
certainty is seen among individual models, with 9 out of
19 models producing intensified trade winds. It is dem-
onstrated that the uncertainty likely originates from the
uncertainty of the relative SST over the equatorial Pa-
cific with respective to the tropical mean. Meanwhile,
the large intermodel diversity in simulating the mean
trade winds under current climate provides one possi-
bility for explaining the intermodel spread of future
trade wind change.

This study may give some clues to understand the
trade wind change in the twentieth century. Distin-
guished from modeling future projections (Fig. 1b), the
observed weakened trade winds are apparent only over
the ECWP but not in the EEP (Fig. 2a in Tokinaga et al.
2012b). There are two possible interpolations based on
analysis of model results presented in this study. First,
the upward amplification of temperature warming in the
troposphere is not confirmed from observations (e.g., Fu
et al. 2011) so the top-down mechanism may not be very
effective during the studied period in driving the surface
wind change especially over the ECWP. Second, the
anthropogenic forcing effect may not be as strong as
internal variability. For example, the interdecadal Pa-
cific oscillation has been suggested to play an important
role in intensifying the Walker circulation during the
previous three decades (Dong and Lu 2013).
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