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ABSTRACT

By analyzing a set of the Coupled Model Intercomparison Project phase 3 (CMIP3) climate model pro-

jections of the twenty-first century, it is found that the shallow meridional overturning of the Pacific sub-

tropical cells (STCs) show contrasting trends between two hemispheres in a warming climate. The strength of

STCs and equivalently the STC surface-layer transport tend to be weakening (strengthening) in the Northern

(Southern) Hemisphere as a response to large-scale surface wind changes over the tropical Pacific. The STC

pycnocline transport convergence into the equatorial Pacific Ocean from higher latitudes shows a robust

weakening in the twenty-first century. This weakening is mainly through interior pathways consistent with the

relaxation of the zonal pycnocline tilt, whereas the transport change through western boundary pathways is

small and not consistent across models. It is found that the change of the western boundary pycnocline

transport is strongly affected by the shoaling of the pycnocline base. In addition, there is a robust weakening of

the Indonesian Throughflow (ITF) transport in a warming climate. In the multimodel ensemble mean, the

response to greenhouse warming of the upper-ocean mass balance associated with the STCs is such that the

weakening of the equatorward pycnocline transport convergence is balanced by a weakening of the poleward

surface-layer transport divergence and the ITF transport of similar amounts.

1. Introduction

The general circulation of the upper tropical Pacific

Ocean is characterized by strong zonal currents and shal-

low meridional overturning cells (Godfrey et al. 2001; Liu

and Philander 2001). Many studies have shown that these

cells, known as the subtropical cells (STCs), connect the

equatorial thermocline–pycnocline and upwelling regions

in the tropics to the subduction regions in the subtropics

of both hemispheres, thus providing a principal mecha-

nism for tropical–subtropical water mass exchange (e.g.,

McCreary and Lu 1994; Liu 1994). The STCs involve

waters subducted in the subtropics, flowing equatorward

in the pycnocline, feeding into the equatorial under-

current (EUC), and upwelling in the eastern equatorial

regions before returning back to the subtropics in the sur-

face Ekman flow. The equatorward branches of the STCs

in the pycnocline are large-scale geostrophic flows and

tend to conserve their potential vorticity (PV). As a re-

sult of PV conservation, the pycnocline flows are also

oriented westward, reaching the equatorial regions ei-

ther through the low-latitude western boundary current

(LLWBC) or directly in the ocean interior. This basic

structure of the STCs has been elucidated by a number

of numerical modeling studies (e.g., Liu et al. 1994; Lu

et al. 1998; Rothstein et al. 1998; Huang and Liu 1999).

The STCs are most prominent in the Pacific Ocean but

also found in the Atlantic Ocean (see Schott et al. 2004

for a comprehensive review). In this study, we focus on

the Pacific STCs.

Significant decadal variations of the Pacific STCs over

the last several decades, particularly the equatorward

pycnocline flow in the ocean interior, have been docu-

mented based on historical hydrographic data analyses

(McPhaden and Zhang 2002, 2004; Zhang and McPhaden

2006). The transport convergence of the equatorward

pycnocline flows across 98N and 98S in the ocean in-

terior slowed from the 1970s to the 1990s by ;13 Sv

(1 Sv [ 106 m3 s21; McPhaden and Zhang 2002), and

thereafter saw a rebound of ;11 Sv from 1992–98 to

1998–2003 (McPhaden and Zhang 2004). There was an

overall decrease of ;11 Sv over the period 1953–2001,
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with strong decade-to-decade variations of similar mag-

nitude (Zhang and McPhaden 2006). However, it is un-

clear how much of this observed long-term trend in the

STCs is associated with greenhouse warming. The observed

decadal variability and trend of the Pacific STCs have been

successfully reproduced by several ocean general circula-

tion model hindcasts forced by historical reanalysis forcing

data but with somewhat different magnitudes and weaker-

than-observed trends (Lee and Fukumori 2003; Capotondi

et al. 2005; Cheng et al. 2007; Lübbecke et al. 2008).

Many studies have suggested an active role of the

STCs in modulating the tropical climate and climate vari-

ability, particularly on decadal time scales. Since the

STCs bring cold pycnocline waters from the subtropics

to the tropics and export warm surface waters out of the

tropics, they contribute a significant amount of ocean

heat transport, thus regulating the upper-ocean heat

content in the low latitudes (Klinger and Marotzke 2000;

Held 2001). There are two general mechanisms that may

make the STCs responsible for the decadal variability in

the tropical Pacific. The first mechanism, proposed by

Gu and Philander (1997), involves surface temperature

anomalies subducted in the subtropics, carried equa-

torward by the STCs within the pycnocline, before re-

emerging in the eastern equatorial upwelling regions,

where the anomalies may be amplified through the Bjerknes

feedback. The time scales for temperature anomalies to

be advected from the subtropics to the tropics are on the

order of a decade or two. This mechanism, however, has

been called into question for the lack of evidence that

these temperature anomalies indeed reach the equato-

rial regions with discernible amplitude (Schneider et al.

1999; Nonaka and Xie 2000; Hazeleger et al. 2001b).

An alternative mechanism, first proposed by Kleeman

et al. (1999), hypothesizes that the decadal variations of

the STCs affect the amount of cold pycnocline waters

upwelled in the eastern equatorial Pacific, thus creating

sea surface temperature (SST) anomalies that may feed

back to the surface winds that drive the STCs. This

mechanism has gained support from observational anal-

yses showing that the STC interior pycnocline transport

convergence is highly correlated with the SST in the

central and eastern tropical Pacific on decadal time scales

(McPhaden and Zhang 2002, 2004; Zhang and McPhaden

2006). Using an ocean general circulation model forced

by observed surface wind stress, Nonaka et al. (2002)

found that the off-equatorial winds in the tropics account

for about one-half of the decadal SST variability in

the eastern equatorial Pacific by spinning up and down

the STCs. The strong correlation between the decadal

variations of the STCs and tropical SST was also iden-

tified in coupled general circulation models (Zhang and

McPhaden 2006).

Anthropogenic climate change due to increasing green-

house gases in the atmosphere has become a principal

scientific and socioeconomic concern. The regional sig-

natures of global warming, modulated by natural cli-

mate variability and feedback, are rather complex (Xie

et al. 2010). A host of robust changes in the tropical Pa-

cific under global warming have been identified in climate

projection simulations by state-of-the-art coupled general

circulation models (Vecchi et al. 2006; Vecchi and Soden

2007; DiNezio et al. 2009). The changes include a weak-

ening of the Walker circulation and associated easterly

trade winds, a shoaling and intensification of the equa-

torial thermocline, a weakening of the surface zonal cur-

rents, and a reduction of the Indonesian Throughflow

(ITF). With a few exceptions, however, little work has

focused on the possible response of the STCs to future

greenhouse warming. Merryfield and Boer (2005) ana-

lyzed three anthropogenically forced warming simula-

tions of the Canadian Centre for Climate Modelling and

Analysis (CCCma) global coupled model from 1900 to

2100 and found the simulated STC pycnocline transports

in the ocean interior decrease progressively under global

warming in both hemispheres with a reduction up to 46%

by 2100 (their Fig. 2). Lohmann and Latif (2005) ana-

lyzed a 240-yr greenhouse warming scenario integration

from the coupled ECHAM4/Ocean Isopycnal Model

(OPYC) and found the STC strength, measured by the

meridional overturning streamfunction, is decreasing

(increasing) in the Northern (Southern) Hemisphere

(their Fig. 13). A similar result was noted by Park et al.

(2009) in their global warming simulations of a different

coupled model, the Kiel Climate Model (their Fig. 13).

These studies are all based on one single model, leaving

the question of whether their results are model dependent

or not. The only multimodel intercomparison study that

we are aware of is Luo et al. (2009), who analyzed an

ensemble of 11 coupled global climate models and found

the interior (western boundary) STC pycnocline trans-

port is reduced (enhanced) in a warmer period 2151–

2200 relative to a present-day period 1951–2000 in most

models, resulting in no significant change of the total STC

transport. This result, however, is at odds with our anal-

ysis, and the discrepancy will be discussed in section 3d.

The partitioning of the STC transport between the in-

terior and the western boundary regions has been a topic

of particular interest. A number of modeling studies

showed that there is a partial compensation of the STC

transport variations between the interior and western

boundary regions on interannual-to-decadal time scales.

Lee and Fukumori (2003) found in their model that the

variation of STC western boundary transport is out-of-

phase with and smaller than that of the STC interior

transport. They attributed this partial compensation to
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the covariability of off-equatorial wind stress curl in the

western Pacific and near-equatorial zonal wind stress.

Capotondi et al. (2005) also found in a different ocean

model that the STC boundary transport variation tends

to partially compensate for the interior transport variation,

which they argued is a consequence of the baroclinic ad-

justment to large-scale wind stress curl variations. Lübbecke

et al. (2008), however, suggested that the compensatory

variations of the STC interior and western boundary

transports are a result of wind-driven expansion and con-

traction of the poleward extent of the tropical gyres. It is

unclear, however, whether this compensatory behavior is

also present on longer time scales associated with green-

house warming.

In this study, we analyzed the projected long-term

change of the Pacific STCs in the twenty-first century sim-

ulated by a coordinated suite of coupled general circula-

tion models. Section 2 details the model output data that

we analyzed and the diagnostic methods that we used. In

section 3, we present the results in terms of the changes

of the meridional overturning streamfunction, the surface-

layer transport and the pycnocline transport of the Pacific

STCs, as well as the Indonesian Throughflow transport.

Section 4 concludes the paper with a summary and dis-

cussion of our main findings.

2. Data and methods

We analyzed a coordinated suite of twenty-first century

climate projections from the World Climate Research

Programme (WCRP) Coupled Model Intercomparison

Project phase 3 (CMIP3) multimodel dataset that serves

the Intergovernmental Panel on Climate Change (IPCC)

Fourth Assessment Report (AR4; Meehl et al. 2007).

The projections are based on the numerical simulations

of state-of-the-art global climate models subject to the

radiative forcing of the Special Report on Emission Sce-

narios (SRES) A1B, in which the atmospheric CO2

concentration, among other greenhouse gases, ramps

from the present-day level to 720 ppm by year 2100. The

model output data of ocean, atmosphere, and land sur-

face variables from 25 climate models are archived at

and made available by the Program for Climate Model

Diagnosis and Intercomparison (PCMDI). Since our goal

is to analyze the meridional overturning circulation in the

tropical Pacific Ocean, we used the three-dimensional

ocean meridional velocity fields from seven CMIP3 mod-

els, whose names and specifications are listed in Table 1.

This small subset of models was chosen among the total 25

models because their ocean velocity fields are archived on

the original model grids, thus preserving mass balance

closure. We examined the mass balance closure in each

model in the following way. The mean meridional ve-

locity is integrated vertically from surface to bottom and

zonally around the globe. If mass is conserved, the re-

sultant meridional transport should be exactly zero if the

model uses a rigid-lid formulation or near zero if the

model uses a free surface formulation. It was found,

however, this transport is on the order of several Sv or

even larger in the majority of the models, suggesting

considerable errors in their meridional mass transport.

Therefore we excluded all the models whose global

mean meridional transport exceeds 1 Sv in magnitude.

We used the ocean potential density fields from the

same models to determine the base of the tropical pyc-

nocline that marks the lower boundary of the equatorward

pycnocline flow. In addition, the zonal and meridional

surface wind stress fields are used to compute the wind-

driven meridional transport so as to compare with the

actual transport derived from the ocean meridional ve-

locity. It is worth mentioning that among seven selected

models, CCCma Coupled General Circulation Model,

version 3.1 (CGCM3.1) (T47) and CGCM3.1 (T63) are

essentially the same model of different resolutions; Com-

monwealth Scientific and Industrial Research Organisa-

tion Mark version 3.0 (CSIRO Mk3.0) and CSIRO Mk3.5

share the same horizontal and vertical resolution but have

significant differences in model physical parameteriza-

tions; the Geophysical Fluid Dynamics Laboratory Cli-

mate Model version 2.0 (GFDL CM2.0) and GFDL

CM2.1 also have approximately the same resolution but

differ in the numerics of atmospheric dynamical core and

in the parameter settings for some of the oceanic subgrid-

scale physics.

TABLE 1. CMIP3 models analyzed in this study. Horizontal resolution is expressed as degree longitude by latitude (with enhanced

latitudinal spacing in the parentheses). Vertical resolution, starting with the letter L, is the number of vertical levels.

Model ID Model name Country Ocean resolution Reference

1 CGCM3.1(T47) Canada 1.858 3 1.858 L29 Kim et al. (2002)

2 CGCM3.1(T63) Canada 1.48 3 0.948 L29 Kim et al. (2002)

3 CSIRO Mk3.0 Australia 1.8758 3 0.848 L31 Gordon et al. (2002)

4 CSIRO Mk3.5 Australia 1.8758 3 0.848 L31 Gordon et al. (2002)

5 GFDL CM2.0 United States 18 3 18(1/38) L50 Delworth et al. (2006)

6 GFDL CM2.1 United States 18 3 18(1/38) L50 Delworth et al. (2006)

7 MRI CGCM2.3.2 Japan 2.58 3 28(0.58) L23 Yukimoto and Noda (2002)
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The meridional overturning circulation in the ocean is

commonly represented by the meridional overturning

streamfunction as a function of latitude, depth, and time

C(f, z, t) 5

ð0

z

ðl
E

l
W

y(l, f, z, t)a cosfl dz, (1)

where a 5 6370 km is the radius of the earth, y is me-

ridional velocity as a function of longitude l, latitude f,

depth z, and time t. Here, lE and lW are the longitudes

of the eastern and western boundary of an ocean basin,

respectively. In the tropical Pacific Ocean, lE marks the

west coast of the American continent. In the western

tropical basin, the Pacific Ocean is connected to the In-

dian Ocean through several Indonesian sea passages.

The lW denotes the east coast of East and Southeast

Asia in the Northern Hemisphere and the east coast of

Australia–New Guinea in the Southern Hemisphere,

with the equator separating the Pacific Ocean and the

Indian Ocean in the vicinity of Indonesian Seas. In ad-

dition, the Torres Strait between Australia and New

Guinea is open with a finite transport in three models

[CSIRO Mk3.0, CSIRO Mk3.5, and the Meteorological

Research Institute Coupled General Circulation Model,

version 2.3.2 (MRI CGCM2.3.2)]. The meridional

overturning streamfunction in these models is thus left

undefined near 108S where the Torres Strait is located.

To quantify the water mass exchange between the

tropics and subtropics, it is common practice to compute

the zonally and vertically integrated poleward surface

transport and equatorward pycnocline transport along

specific latitudes. We chose to compute these meridional

transports along 98N and 98S, following most of the

previous studies (e.g., McPhaden and Zhang 2002, 2004;

Capotondi et al. 2005; Zhang and McPhaden 2006; Luo

et al. 2009). These latitudes are poleward of the merid-

ional extent of the tropical cells (about 58S–58N) and

equatorward of the bifurcation latitudes of the North

and South Equatorial Currents (about 158N and 158S).

To compute the poleward surface transport, the merid-

ional velocity is first integrated zonally from the western

boundary to the eastern boundary of the Pacific Ocean

along 98N and 98S, then vertically from the surface to the

depth where the zonally integrated flow turns from

poleward to equatorward. This depth marks the base of

the surface layer and is about 50 m. The equatorward

pycnocline transport is vertically integrated from the

base of the surface layer to the base of the pycnocline

and divided into two components: the interior pycno-

cline transport and the western boundary pycnocline

transport. The former is zonally integrated from the

dividing longitude between the interior and western

boundary regimes to the eastern boundary; the latter

from the western boundary to the dividing longitude,

which is 1358E at 98N and 1608E at 98S near the east edge

of the LLWBC and its recirculation. The choice of di-

viding longitudes is consistent with previous studies (Lee

and Fukumori 2003; Capotondi et al. 2005). The sum of

two transport components gives the total pycnocline

transport across 98N and 98S.

The determination of the pycnocline base as the lower

boundary of the equatorward pycnocline transport is

somewhat involved. Previous studies chose to integrate

the meridional pycnocline transport above a specific

isopycnal surface, for example, 26 (26.2) kg m23 along

98N (S) in McPhaden and Zhang (2002), 26 kg m23

along both 98N and 98S in Capotondi et al. (2005),

and 26.5 kg m23 along both 108N and 108S in Lee and

Fukumori (2003). In our multimodel climate change anal-

ysis, however, the representative isopycnal surface for

the tropical pycnocline base varies from model to model

and also changes over time as seawater becomes less

dense under greenhouse warming. Therefore, we adop-

ted the functional definition of the tropical pycnocline

base of Johnson and McPhaden (1999) as the isopycnal

surface at which the interior meridional transport changes

sign from equatorward above to poleward below. Spe-

cifically, the meridional velocity is first interpolated from

depth coordinate to potential density coordinate, before

being zonally integrated from the dividing longitude to

the eastern boundary along 98N and 98S. From the re-

sultant interior meridional transport in potential density

coordinate, time-varying turning density is located as the

pycnocline base where the flow is equatorward above

(except in the lowest density classes where the surface

flow is poleward) and poleward below. To ensure that

turning density is always found in the upper ocean for

every single year, a 3-yr running averaging is applied to

the interior meridional transport in potential density

coordinate. The pycnocline base determined with this

procedure differs from model to model and to a lesser

degree between 98N and 98S. It also becomes less dense

with time in the twenty-first century (Fig. 1).

Not all equatorward flow in the pycnocline that con-

verges across 98N and 98S reaches the Pacific equatorial

pycnocline. Part of it leaks out into the Indian Ocean

through the Indonesian seas. Since the meridional flow

in the ITF is mostly southward in the upper ocean, there

is no turning density or depth. Therefore, we defined the

pycnocline base in the ITF region as the surface of the

averaged potential density of the pycnocline base at 98N

and 98S. The ITF transport is computed as the vertically

integrated meridional transport between the surface and

pycnocline base at 48S across all ITF passages.

In addition to various meridional transports derived di-

rectly from the ocean meridional velocity field as described,

15 DECEMBER 2011 W A N G A N D C A N E 6427



we also computed the zonally integrated meridional Ekman

transport based on Ekman theory and the zonally inte-

grated meridional geostrophic transport based on Sverdrup

theory for comparison. The Ekman transport per unit lon-

gitude is given by

Me 5 2
t x

r0 f
, (2)

where tx is the zonal component of surface wind stress, f

is the Coriolis parameter, and r0 is the reference density

of seawater. Equation (2) was zonally integrated from

the western boundary to the eastern boundary of the

Pacific along 98N and 98S. The geostrophic transport per

unit longitude based on Sverdrup theory is given by

Mg 5
curl t

r0b
1

t x

r0 f
, (3)

where curl t is the surface wind stress curl, and b is the

meridional derivative of the Coriolis parameter f. Equa-

tion (3) was zonally integrated from the dividing longi-

tude to the eastern boundary of the Pacific along 98N

and 98S.

The archived monthly model data at PCMDI were

averaged into yearly means for all the analyses in this

paper. The projected change in any meridional transport

was computed as the linear least squares trend in the

yearly transport time series over the twenty-first cen-

tury, with the 95% confidence interval obtained by the F

test. A trend is considered as statistically ‘‘significant’’ if

the p value is less than 0.05 (statistically significant at the

95% confidence level), as ‘‘marginally significant’’ if the

p value falls between 0.05 and 0.1 (statistically significant

at the 90% but not 95% confidence level), and as ‘‘not

significant’’ if the p value is larger than 0.1. The sign

convention is such that a transport, as discussed in sec-

tions 3b–e, is always positive in its prevailing direction,

which means that a strengthening (weakening) transport

trend is always positive (negative).

3. Results

a. Shallow meridional overturning circulation

Figure 2 shows the mean meridional overturning

streamfunction C averaged over the first 20 years of the

twenty-first century (contours) and linear trend of C

FIG. 1. Time series of the potential density (kg m23) at the base of the pycnocline in the twenty-first century at 98N

(solid) and 98S (dotted) for (a)–(g) individual CMIP3 models and (h) the multimodel ensemble mean.
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over the twenty-first century (shading) in the upper Pa-

cific Ocean between 208S and 208N for each individual

model and their ensemble mean. The mean structure of

the STCs on both sides of the equator is captured rea-

sonably well by the models. The turning depth between

the poleward surface flow and the equatorward pycno-

cline flow where C reaches local extrema is at about

50 m. The strength of the STC overturning, outside the

equatorial region, is about 15–25 Sv in both hemispheres.

Near the equator between 58S and 58N, there is stronger

overturning on both sides of the equator. These equa-

torially confined tropical cells (TCs) are thought not to

be involved in the subtropical–tropical water mass ex-

change (Hazeleger et al. 2001a).

Next we examine the projected change of the STC

meridional overturning streamfunction in the twenty-first

century. In the Northern Hemisphere, the STC over-

turning shows consistent weakening trends in four

models (CSIRO Mk3.0, CSIRO Mk3.5, GFDL CM2.0,

and GFDL CM2.1), while the change is less obvious in

the other three models. The change of the STC over-

turning in the Southern Hemisphere is less consistent across

models. Strengthening trends are seen in CGCM3.1(T47),

CSIRO Mk3.0, GFDL CM2.0, and GFDL CM2.1, while

FIG. 2. Linear least squares trends of the meridional overturning streamfunction C in the Pacific between 208N and

208S in the twenty-first century (shading, Sv century21) with the time-mean C averaged over the first 20 years of the

twenty-first century (black contours, Sv) for (a)–(g) individual CMIP3 models and (h) the multimodel ensemble

mean. Also shown is the time-mean potential density in the central Pacific (1608W) averaged over the first 20 years of

the twenty-first century (green contours, kg m23).
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weakening trends are found in CGCM3.1(T63). The

change is less clear in CSIRO Mk3.5 and MRI CGCM2.3.2.

In summary, the twenty-first century climate projections

show a consistent weakening of the STC overturning in

the Northern Hemisphere, while the Southern Hemi-

sphere STC tends to strengthen (to become more neg-

ative) in most but not all models. This is reflected in the

trends of the ensemble-mean meridional overturning

streamfunction averaged across all seven models as fol-

lows (Fig. 2h): the northern STC weakens (a negative

trend on a positive mean) while the southern STC

strengthens slightly (a weak negative trend added to a

negative mean), and the TC overturning between 58S and

58N shows robust weakening trends in both hemispheres.

b. Surface-layer meridional transport

The meridional overturning streamfunction gives a

general picture of the shallow meridional overturning

associated with the STCs. In addition, we analyzed the

twenty-first-century changes in the individual branches

of the STCs as they may not all respond to greenhouse

warming in the same fashion. The linear trends of the

meridional surface-layer transport—the poleward branch

of the STCs—are shown in Fig. 3. The surface-layer

transport across 98N exhibits a general weakening. The

weakening trends are statistically significant in four mod-

els (CSIRO Mk3.0, CSIRO Mk3.5, GFDL CM2.0, and

GFDL CM2.1) but not in the other three models. The

weakening trend in the ensemble-mean surface-layer

transport across 98N is 22.1 60.7 Sv century21. In the

Southern Hemisphere, the surface-layer transport across

98S shows some strengthening but is less robust across

models. The strengthening trends are statistically

significant in two models (GFDL CM2.0 and GFDL

CM2.1) and marginally significant in another two

models [CGCM3.1(T47) and CSIRO Mk3.0], whereas in

CGCM3.1(T63) and MRI CGCM2.3.2 we find margin-

ally significant weakening trends. The strengthening

trend in the ensemble-mean surface-layer transport across

98S is 0.7 60.4 Sv century21. It is evident that the surface-

layer transport changes tend to be contrasting between

two hemispheres: weakening across 98N and strengthening

across 98S. Indeed, there is a strong negative intermodel

correlation (r 5 20.84, where r is the intermodel cor-

relation coefficient) between the trends of the surface-

layer transport across 98N and 98S. As a result of this

partial compensation of the interhemispheric contrast-

ing changes in the meridional surface-layer transport, the

change of the surface-layer transport divergence across

98N and 98S is less consistent across models (Table 2). A

general weakening is evident, but the weakening trends

are statistically significant in only three models (CSIRO

Mk3.0, CSIRO Mk3.5, and GFDL CM2.0). The multi-

model ensemble-mean surface-layer transport divergence

has a weakening trend of 21.4 60.8 Sv century21.

The contrasting and correlated changes in the me-

ridional surface-layer transport across 98N and 98S are

intriguing and require explanation. In principle, the me-

ridional flow near the ocean surface is largely driven by

the zonal component of the surface wind stress through

Ekman dynamics. A change in the zonal wind stress will

alter the Ekman transport and subsequently the merid-

ional transport in the surface layer. So we compared the

twenty-first century changes in the meridional Ekman

transport and the surface-layer transport, which are

highly correlated at both 98N and 98S (Fig. 4). The ex-

tremely strong correlations (r 5 0.99) indicate that the

interhemispheric contrasting trends in the meridional sur-

face transport are predominantly driven by the weakening

(strengthening) of the off-equatorial easterlies along 98N

(S) through Ekman dynamics. It is noteworthy that the

slope of the intermodel linear fit is less than 1 at both

latitudes. This is because the changes in the ageostrophic

Ekman transport are partially compensated by the changes

in the geostrophic transport in the surface layer.

We further examined the large-scale patterns of the

surface wind stress change responsible for the contrasting

trends in the meridional surface-layer transport across

98N and 98S. Figure 5 shows the multimodel ensemble-

mean linear trends in the zonal wind stress tx over the

tropical Pacific in the twenty-first century averaged

across all seven models. In the equatorial region (about

58S–58N), the easterly trade winds weaken under global

warming, noted in a number of previous studies and

FIG. 3. Linear least squares trends (Sv century21) of the surface-

layer transport in the twenty-first century across 98N and 98S for

individual CMIP3 models and the multimodel ensemble mean.

Positive (negative) values indicate strengthening (weakening)

trends. Error bars indicate the 95% confidence intervals for the

trends based on the F test.
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linked to the weakening of the Walker circulation driven

by changes in the atmospheric hydrological cycle in re-

sponse to greenhouse warming (Held and Soden 2006;

Vecchi et al. 2006; Vecchi and Soden 2007). The weak-

ening of the equatorial trade winds explains the slow-

down of the TCs. The largest changes of tx, however, are

found outside the equatorial region. The trends of the

off-equatorial tx exhibit a striking spatial pattern of in-

terhemispheric asymmetry. Specifically, tx weakens in

the Northern Hemisphere west of 1208W between 58N

and 208N with the maximum weakening trend up to

0.1 dPa century21 near the location of the mean north-

east trade wind maximum (;1.0 dPa) in the central

Pacific. East of 1208W, there is a modest strengthening

of tx where the mean easterlies are weak. On the con-

trary, tx strengthens almost everywhere over the tropi-

cal South Pacific (south of 58S) except in the far east.

The maximum strengthening trend of about 20.1 dPa

century21 is found to the west of the mean southeast

trade wind maximum (;0.6 dPa) in the southeastern

Pacific. The large-scale, coherent changes in the off-

equatorial trade winds over the tropical Pacific of op-

posite signs between two hemispheres thus explain the

inter-hemispherically contrasting changes in the merid-

ional surface-layer transport over a broad latitudinal range

in the off-equatorial tropics through Ekman dynamics. In

TABLE 2. The linear least squares trends (Sv century21) of various transport time series associated with the STCs in the twenty-first

century for individual CMIP3 models and their ensemble mean. Here, VS is the surface-layer transport divergence across 98N and 98S; VIP,

VBP, and VP are the interior, western boundary, and total pycnocline transport convergence across 98N and 98S; VITF is the ITF transport

above the pycnocline base across 48S; and VR is the vertical transport across the pycnocline base computed as the residual of VS, VP, and

VITF. Positive (negative) values indicate strengthening (weakening) trends. Errors indicate the 95% confidence intervals for the trends

based on the F test.

Model name VS VIP VBP VP VITF VR

CGCM3.1(T47) 0.6 61.8 22.5 61.5 0.6 60.8 21.9 61.4 22.3 60.5 0.2 61.8

CGCM3.1(T63) 20.7 61.7 23.1 61.6 0.1 61.0 23.0 61.4 21.8 60.5 0.5 61.7

CSIRO Mk3.0 21.6 61.6 20.6 62.1 21.2 61.5 21.7 62.4 21.8 60.6 21.7 62.6

CSIRO Mk3.5 22.5 62.3 25.0 62.9 1.7 61.9 23.3 61.9 21.8 60.6 21.0 63.3

GFDL CM2.0 24.1 62.6 27.0 62.9 0.2 61.8 26.8 62.2 21.4 60.6 1.3 63.6

GFDL CM2.1 21.3 62.4 0.1 63.2 21.9 62.5 21.9 62.3 20.2 60.7 0.3 63.4

MRI CGCM2.3.2 20.2 62.0 26.2 63.2 4.2 62.0 22.0 62.4 21.0 60.7 0.8 62.5

Ensemble mean 21.4 60.8 23.5 61.0 0.5 60.7 22.9 60.8 21.5 60.2 0.1 61.0

FIG. 4. Intermodel scatterplot and linear fit of the linear least squares trends in the meridional Ekman transport and

surface-layer transport across 98N and 98S, respectively. Each open circle denotes a CMIP3 model marked by its

model ID; the cross denotes the multimodel ensemble mean. Also shown are intermodel correlation coefficient and

regression equation.
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addition, the convergence of the surface wind stress

under the ITCZ shows a robust weakening across all

models (not shown).

c. Interior pycnocline meridional transport

Unlike the surface-layer transport, the interior pyc-

nocline transport across 98N and 98S tends to weaken

in both hemispheres (Fig. 6). The interior pycnocline

transport across 98N shows significant weakening trends

in three models [CGCM3.1(T47), CSIRO Mk3.5, and

GFDL CM2.0] and a marginally significant weakening

trend in CGCM3.1(T63). The multimodel ensemble-

mean trend in the interior pycnocline transport across

98N is 21.2 60.4 Sv century21. In the Southern Hemi-

sphere, the weakening of the interior pycnocline trans-

port across 98S is more robust than in the Northern

Hemisphere. The weakening trends are significant in

four models [CGCM3.1(T63), CSIRO Mk3.5, GFDL

CM2.0, and MRI CGCM2.3.2]. The trend in the multi-

model ensemble-mean interior pycnocline transport across

98S is 22.3 60.7 Sv century21. Because the interior pyc-

nocline transport tends to weaken in both hemispheres, the

pycnocline transport convergence in the ocean interior

across both 98N and 98S shows robust weakening trends

in most models, with the weakening significant in five

models [CGCM3.1(T47), CGCM3.1(T63), CSIRO Mk3.5,

GFDL CM2.0, and MRI CGCM2.3.2; see Table 2]. In

terms of the multimodel ensemble mean, the interior

pycnocline transport convergence weakens by 3.5 61.0 Sv

in the twenty-first century.

What accounts for the projected weakening of the

pycnocline transport in the ocean interior? Since large-

scale pycnocline flow in the ocean interior is essentially

geostrophic, we first compared the changes in the in-

terior pycnocline transport convergence across both 98N

and 98S and the geostrophic transport convergence based

on Sverdrup theory across the same latitudes. Figure 7

shows that there is a very strong intermodel correlation

(r 5 0.96) between the two, suggesting that the inter-

model spread in the interior pycnocline transport change

stems from the differences in the local zonal wind stress

and wind stress curl via Sverdrup dynamics. Sverdrup

theory, however, does not explain the robust weakening

of the interior pycnocline transport in most models be-

cause the geostrophic transport convergence shows both

weakening and strengthening trends across models. This

discrepancy is not unexpected as the geostrophic trans-

port based on Sverdrup theory measures the geostrophic

flow integrated over the entire water column rather than

the pycnocline alone. It also suggests that the weakening

of the interior pycnocline transport is associated with the

changes in the vertical structure of the geostrophic flow,

FIG. 5. Linear least squares trends of the multimodel ensemble-mean zonal wind stress in the twenty-first century

over the tropical Pacific (dPa century21). Overlying contours are the mean multimodel ensemble-mean zonal wind

stress over the first 20 years of the twenty-first century (in dPa).

FIG. 6. Linear least squares trends (Sv century21) of the interior

pycnocline transport in the twenty-first century across 98N and 98S

for individual CMIP3 models and the multimodel ensemble mean.

Positive (negative) values indicate strengthening (weakening)

trends. Error bars indicate the 95% confidence intervals for the

trends based on the F test.

6432 J O U R N A L O F C L I M A T E VOLUME 24



determined by the horizontal density gradient. Based on

thermal wind balance, a lessened zonal density gradient

in the pycnocline reduces the vertical shear of the me-

ridional geostrophic flow and may result in a reduction

of the geostrophic flow in the pycnocline. Indeed, Fig. 8

shows that the depth of the pycnocline base becomes

shallower in the west and remains steady in the east,

corresponding to a reduction of the pycnocline tilt and

zonal density gradient along both 98N and 98S in most

models. The zonal pycnocline tilt, measured by the

depth difference in the pycnocline base between 1358–

1558E and 858–1058W along 98N and 1608W–1808 and

808–1008W along 98S, shows significant decreasing trends

in five models [CGCM3.1(T47), CGCM3.1(T63), CSIRO

Mk3.5, GFDL CM2.0, and MRI CGCM2.3.2; see Table

4]. In terms of the multimodel ensemble mean, the pyc-

nocline tilt is reduced by 18.4 63.2 (19.1 64.1) m along

98N (S) in the twenty-first century, in accordance with the

robust weakening of the pycnocline transport in the

ocean interior. The relaxation of the pycnocline tilt is

likely wind driven, as a baroclinic response of the ocean

to basin-scale surface wind changes. Previous theoreti-

cal studies showed that the quasi-steady response of the

tropical pycnocline to a slow weakening of equatorial

trade winds is characterized by both a relaxation of the

pycnocline tilt and a zonal mean shoaling of the pyc-

nocline depth (Cane and Sarachik 1981; Clarke 2010). In

CMIP3 models, the overall change of the equatorial trade

winds is weakening (Fig. 5), which results in a weak

pycnocline response in the eastern equatorial Pacific and

a pycnocline shoaling in the western equatorial Pacific

(Fig. 8), Such pycnocline responses were also noted by

previous observational and multimodel intercomparison

studies (Vecchi et al. 2006; Vecchi and Soden 2007).

Therefore, we conclude that there is a robust weakening

in the convergence of the equatorward interior pycno-

cline transport in the tropical Pacific Ocean under global

warming, and this weakening is associated with the baro-

tropic and baroclinic adjustment of the tropical Pacific

Ocean to the changing trade winds in a warming climate.

d. Interior versus western boundary pycnocline
transport

On interannual-to-decadal time scales, the variations

of the pycnocline transport in the ocean interior and

along the western boundary tend to partially compen-

sate each other (Lee and Fukumori 2003; Capotondi

et al. 2005). Such partial compensation is attributed to

the variations of the off-equatorial wind stress curl be-

tween the tropics and subtropics (Lee and Fukumori

2003). Here, we examined the changes of the interior

pycnocline transport versus the western boundary pyc-

nocline transport to see if such partial compensation is

also present on centennial time scales under greenhouse

warming. Figure 9 shows the twenty-first century trends

in the interior and western boundary pycnocline trans-

port convergence across both 98N and 98S. The pycno-

cline transport convergence in the interior shows robust

weakening trends in most models as described in section

3c. The changes in the western boundary pycnocline

transport convergence, however, are not consistent across

models, nor statistically different from zero in most models

[CGCM3.1(T47), CGCM3.1(T63), CSIRO Mk3.0, GFDL

CM2.0, and GFDL CM2.1]. The trend in the multimodel

ensemble mean is only 0.5 60.7 Sv century21, in contrast

to a significant weakening trend of 3.5 61.0 Sv century21

in the interior pycnocline transport convergence. As a

result, the total pycnocline transport convergence shows

a robust weakening similar to the interior component, with

four models [CGCM3.1(T47), CGCM3.1(T63), CSIRO

Mk3.5, and GFDL CM2.0] showing significant weak-

ening trends (Table 2). Furthermore, Fig. 10 shows that

at 98N no robust compensation between the interior and

western boundary pycnocline transport changes exists;

and at 98S only two models (CSIRO Mk3.5 and MRI

CGCM2.3.2) show that the weakening of the interior pyc-

nocline transport is partially compensated by a strength-

ening of the western boundary pycnocline transport. The

multimodel ensemble-mean changes in the interior (west-

ern boundary) transport are 21.2 60.4 Sv (20.4 60.4 Sv)

FIG. 7. Intermodel scatterplot and linear fit of the linear least

squares trends in the meridional geostrophic transport conver-

gence based on Sverdrup theory and the interior pycnocline

transport convergence across 98N and 98S. Each open circle de-

notes a CMIP3 model marked by its model ID; the cross denotes

the multimodel ensemble mean.
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for the Northern Hemisphere and 22.3 60.7 Sv (0.9

60.6 Sv) for the Southern Hemisphere. The transport

changes for individual models are given in Table 3.

Our analysis showed no robust compensation between

the interior and western boundary pycnocline transport

changes in the twenty-first century. The changes of the

pycnocline transport along the western boundary are

relatively small, and the weakening of the pycnocline

transport convergence mainly takes place in the ocean

interior. These results are at odds with the analysis of

Luo et al. (2009) who identified a nearly complete com-

pensation between the weakening of the interior com-

ponent and the strengthening of the western boundary

component of the pycnocline transport under global

FIG. 8. Meridional velocity change (cm s21) between the first and the last 20 years of the twenty-first century in the

upper Pacific Ocean (0–500 m) along (left) 98N and (right) 98S. The black (red) curve marks the mean pycnocline

base of the first (last) 20 years of the twenty-first century. Each row corresponds to a CMIP3 model in the same order

as in Table 1.
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warming based on a different subset of the same CMIP3

multimodel dataset. Specifically, Luo et al. (2009) found

a weakening of ;3.2 Sv in the interior pycnocline trans-

port convergence and a strengthening of ;3.0 Sv in the

western boundary pycnocline transport convergence across

both 98N and 98S between the last 50 years of the twentieth

century and the last 50 years of the twenty-second cen-

tury, averaged over 11 CMIP3 models. The discrepancy

between our results and theirs might arise from the fact

that we analyzed a different, smaller subset of CMIP3

models for a different time period. So we computed the

differences in the interior and western boundary pyc-

nocline transport convergence between the last 50 years

of the twentieth century in the climate of the twentieth-

century experiment (20C3M) and the last 50 years of the

twenty-second century in the 720-ppm stabilization

experiment (SRES A1B) for five models [CGCM3.1(T63),

CSIRO Mk3.0, GFDL CM2.0, GFDL CM2.1, and MRI

CGCM2.3.2] that are among both our selection and that

of Luo et al. (2009). The results show little difference from

our twenty-first-century analysis. Only in MRI CGCM2.3.2

is the partial compensation evident between the weak-

ening of the interior component and the strengthening

of the western boundary component of the pycnocline

FIG. 9. Linear least squares trends (Sv century21) of the interior

pycnocline transport convergence and the western boundary

transport convergence across 98N and 98S in the twenty-first cen-

tury for individual CMIP3 models and the multimodel ensemble

mean. Positive (negative) values indicate strengthening (weaken-

ing) trends. Error bars indicate the 95% confidence intervals for

the trends based on the F test.

FIG. 10. As in Fig. 9, but for the transport trends at (a) 98N and (b)

98S separately.

TABLE 3. The linear least squares trends (Sv century21) of interior (VIP), western boundary (VBP), and total (VP) pycnocline transport

across 98N and 98S for individual CMIP3 models and their ensemble mean. Positive (negative) values indicate strengthening (weakening)

trends. Errors indicate the 95% confidence intervals for the trends based on the F test.

98N 98S

Model name VIP VBP VP VIP VBP VP

CGCM3.1(T47) 21.9 61.0 0.4 60.6 21.5 61.0 20.6 60.9 0.2 60.5 20.2 60.8

CGCM3.1(T63) 20.8 60.9 20.5 60.7 21.3 60.9 22.3 61.0 0.6 60.7 21.7 60.9

CSIRO Mk3.0 0.2 61.0 21.5 61.0 21.3 61.3 20.8 61.4 0.4 60.9 20.4 61.5

CSIRO Mk3.5 22.4 61.2 0.5 60.8 21.9 61.1 22.7 62.0 1.3 61.5 21.4 61.0

GFDL CM2.0 21.9 61.0 22.1 61.4 24.1 61.5 25.1 62.5 2.3 61.9 22.8 61.0

GFDL CM2.1 20.1 61.4 21.4 61.4 21.5 61.4 0.2 62.8 20.6 62.0 20.4 61.2

MRI CGCM2.3.2 21.2 61.6 2.1 61.1 0.9 61.4 25.0 62.3 2.1 61.4 22.9 61.3

Ensemble mean 21.2 60.4 20.4 60.4 21.5 60.5 22.3 60.7 0.9 60.6 21.4 60.4
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transport. The multimodel ensemble-mean differences

averaged over five models between two periods are 23.7 Sv

for the interior pycnocline transport convergence and

virtually zero for the western boundary pycnocline trans-

port convergence. Therefore, the discrepancy between

our results and those of Luo et al. (2009) cannot be

explained by the different models and time periods that

we used.

In principle, a measure of compensation between the

variations of the pycnocline transports in the interior and

along the western boundary is expected as a result of the

adjustment of gyre circulation in the tropics. Based on

Sverdrup theory, a strengthening (weakening) of the tro-

pical surface wind stress curl will increase (decrease) both

the poleward Sverdrup transport in the interior and the

equatorward-compensating transport along the western

boundary on the time scales longer than a few years

when the tropical ocean is in dynamical equilibrium with

the wind forcing. This results in contrasting changes in

the depth-integrated, equatorward interior geostrophic

transport and western boundary transport, which are

mainly realized within and above the pycnocline as the

circulation in the tropical Pacific is most vigorous in the

upper ocean. Indeed, Fig. 8 shows that the LLWBC tends

to strengthen in the twenty-first century, particularly in

the Southern Hemisphere across 98S. However, it is also

evident that the depth of the pycnocline base tends to

become shallower in the western boundary region. The

shoaling of the pycnocline base causes a reduction in

the equatorward western boundary transport above the

pycnocline base, counteracting the strengthening of the

LLWBC. The shoaling of the pycnocline base is robust

across models with the multimodel ensemble-mean trends

being 223.3 62.9 m century21 at 98N and 228.5 63.5 m

century21 at 98S in the twenty-first century (Table 4).

To further illustrate the effect of the shoaling of the

pycnocline base, we computed the twenty-first-century

trends of the interior and western boundary pycnocline

transport convergence above the mean pycnocline base

across both 98N and 98S (Fig. 11). The depth of the mean

pycnocline base is averaged out over the first 20 years of

the twenty-first century and used as a model-dependent,

time-invariant lower limit of integration for the pycno-

cline transport. By comparing Fig. 11 with Fig. 9, it is

evident that the changes of the interior pycnocline trans-

port show little difference between two cases. The changes

of the western boundary pycnocline transport, however,

are very sensitive to the shoaling of the pycnocline base.

In fact, in Fig. 11 there is a robust strengthening of the

western boundary pycnocline transport convergence across

models and the strengthening trends are significant in five

models [CGCM3.1(T47), CGCM3.1(T63), CSIRO Mk3.5,

GFDL CM2.0, and MRI CGCM2.3.2], which also show

significant weakening trends in the interior pycnocline

transport convergence. The intermodel correlation be-

tween the changes of the two components of the pyc-

nocline transport is very strong (r 5 20.97). In terms of

the multimodel ensemble mean, the compensation is al-

most exact between the weakening of the interior compo-

nent (23.1 61.0 Sv century21) and the strengthening of the

TABLE 4. The linear least squares trends (in m century21) of the zonal tilt of the pycnocline base (DD) and the depth of the pycnocline

base in the western boundary region (DWBC) along 98N and 98S in the twenty-first century for individual CMIP3 models and their

ensemble mean. Positive (negative) values indicate deepening (shoaling) trends. Errors indicates the 95% confidence intervals for the

trends based on the F test.

Model name DD (98N) DD (98S) DWBC (98N) DWBC (98S)

CGCM3.1(T47) 227.3 65.0 220.3 64.3 224.8 63.3 223.4 63.4

CGCM3.1(T63) 232.5 64.8 230.3 65.0 237.5 63.3 231.0 63.6

CSIRO Mk3.0 22.4 69.7 21.2 610.3 214.3 610.5 220.0 611.7

CSIRO Mk3.5 222.4 612.2 219.2 616.1 231.6 69.6 233.8 613.6

GFDL CM2.0 223.7 68.3 236.7 613.7 230.4 67.7 242.3 610.6

GFDL CM2.1 23.1 611.3 24.5 615.5 27.1 68.7 212.8 611.5

MRI CGCM2.3.2 217.4 66.6 221.2 68.0 217.4 64.2 236.3 67.4

Ensemble mean 218.4 63.2 219.1 64.1 223.3 62.9 228.5 63.5

FIG. 11. As in Fig. 9, but estimated above the time-invariant mean

pycnocline base.
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western boundary component (3.4 60.9 Sv century21)

of the pycnocline transport convergence if the pycno-

cline base would not become shallower in the twenty-

first century. This is similar to the results of Luo et al.

(2009). However, the shoaling of the pycnocline base is

a robust response among models (Fig. 8), which was

probably not considered by Luo et al. (2009). Therefore,

we conclude that the shoaling of the pycnocline base

substantially reduces the pycnocline transport conver-

gence along the western boundary and breaks down the

compensatory behavior between the interior and west-

ern boundary pycnocline transports.

e. Indonesian Throughflow transport

Not all equatorward flow in the pycnocline conver-

gence across 98N and 98S ventilates the Pacific equato-

rial pycnocline. Part of it exits from the western Pacific

into the Indian Ocean through the ITF. The ITF trans-

port above the pycnocline base shows a robust weakening

in the twenty-first century (Table 2). The weakening trends

are significant in all models except GFDL CM2.1. The

multimodel ensemble-mean ITF transport above the

pycnocline base weakens by 1.5 60.2 Sv century21, which

is very close to the difference between the changes of the

surface transport divergence and pycnocline transport

convergence across 98N and 98S (1.5 61.0 Sv century21),

suggesting near closure of the mass budget of the tropi-

cal Pacific above the base of the pycnocline. The re-

duction of ITF is consistent with the slowdown of the

Walker circulation (Vecchi and Soden 2007) and asso-

ciated weakening of the Pacific equatorial zonal wind

stress (Fig. 4, lower panel). However, no obvious inter-

model correlation is found between the changes of the

ITF transport and the zonal surface wind stress over the

equatorial Pacific, suggesting other processes may be

responsible for the intermodel spread in the weakening

of the ITF transport above the pycnocline base.

4. Summary and discussion

In this paper, we examined the twenty-first-century

projected changes of the Pacific STCs in an ensemble of

seven CMIP3 models. We found that there is a general

tendency for the shallow meridional overturning circu-

lation to weaken in the Northern Hemisphere and

strengthen in the Southern Hemisphere under future

warming. Likewise, the changes of the poleward surface-

layer transport in the STCs across 98N and 98S also tend to

be contrasting and highly correlated—weakening in the

Northern Hemisphere and strengthening in the Southern

Hemisphere, with the former more robust than the latter

across models. They are also strongly correlated with the

changes in the meridional Ekman transport across the

same latitudes, suggesting the dominant role of the local

surface winds in driving the changes of the surface branches

of the STCs, consistent with the STC theory (McCreary

and Lu 1994; Liu 1994). The large-scale, coherent sur-

face wind change patterns over the tropical Pacific under

global warming are characterized by the weakening

(strengthening) of the off-equatorial easterlies in the

Northern (southern) Hemisphere and weakening of the

equatorial easterlies.

The changes of the equatorward pycnocline transport

in the ocean interior tend to be weakening across both

98N and 98S, resulting in a robust reduction of the interior

pycnocline transport convergence, with a weakening trend

of about 23.5 Sv century21 for the multimodel ensem-

ble mean. This result is consistent with the single-model

study by Merryfield and Boer (2005) and the multimodel

study by Luo et al. (2009). The weakening of the interior

pycnocline transport under global warming is associated

with the relaxation of the zonal pycnocline tilt present in

most models. The intermodel differences of this weak-

ening are consistent with the wind-driven geostrophic

transport changes based on Sverdrup theory. It is interesting

to note that Zhang and McPhaden (2006) analyzed 14

CMIP3 models and found no significant interior pycnocline

transport trend in most models during the second half of

the twentieth century, suggesting that the response of the

STCs in the models is not sensitive enough to greenhouse

warming to be discernible in the twentieth century.

It is also found that the changes of the equatorward

pycnocline transport through the western boundary are

relatively minor and not consistent across models. As

a result, the changes in the total pycnocline transport

convergence are largely determined by the weakening of

the pycnocline transport in the ocean interior. This result

is consistent with the analysis by Zhang and McPhaden

(2006) who found that the decadal variability of the total

pycnocline transport is dominated by its interior com-

ponent in 14 CMIP3 models over the last 50 years of the

twentieth century. It is, however, at odds with the anal-

ysis by Luo et al. (2009) who found a robust strength-

ening of the western boundary pycnocline transport

convergence of similar magnitude to the weakening of

the interior pycnocline transport convergence, resulting

in no significant change in the total pycnocline transport

under global warming. It is found in our analysis that the

shoaling of the pycnocline base strongly affects the changes

in western boundary pycnocline transport by bringing

about a transport reduction above the pycnocline base.

If the pycnocline base were unchanged in the twenty-first

century, there would be an almost exact compensation

between the weakening of the interior component and

the strengthening of the western boundary component

of the pycnocline transport.
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In addition, the ITF transport above the pycnocline

base shows a robust reduction across models, which is

consistent with the weakening of the easterly trade winds

over the equatorial Pacific. The intermodel spread in the

ITF transport change, however, cannot be adequately

explained by the intermodel differences in the equatorial

Pacific zonal wind stress change. Put together in terms

of the multimodel ensemble-mean meridional transport

changes, the response of the tropical Pacific upper-ocean

mass balance to future warming in the twenty-first cen-

tury involves a reduction of inflow in the pycnocline

transport convergence (2.9 Sv century21), and reduc-

tions of outflow of similar amounts in the surface-layer

transport divergence (1.4 Sv century21) and the ITF trans-

port (1.5 Sv century21), with no significant change in the

water mass exchange between the pycnocline and the

deep ocean.
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