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Abstract The response of El Niño and Southern Oscil-

lation (ENSO)-like variability to global warming varies

comparatively between the two different climate system

models, i.e., the Meteorological Research Institute (MRI)

and Geophysical Fluid Dynamics Laboratory (GFDL)

Coupled General Circulation Models (CGCMs). Here, we

examine the role of the simulated upper ocean temperature

structure in the different sensitivities of the simulated

ENSO variability in the models based on the different level

of CO2 concentrations. In the MRI model, the sea surface

temperature (SST) undergoes a rather drastic modification,

namely a tendency toward a permanent El Niño-like state.

This is associated with an enhanced stratification which

results in greater ENSO amplitude for the MRI model. On

the other hand, the ENSO simulated by GFDL model is

hardly modified although the mean temperature in the near

surface layer increases. In order to understand the associ-

ated mechanisms we carry out a vertical mode decompo-

sition of the mean equatorial stratification and a simplified

heat balance analysis using an intermediate tropical Pacific

model tuned from the CGCM outputs. It is found that in the

MRI model the increased stratification is associated with

an enhancement of the zonal advective feedback and the

non-linear advection. In the GFDL model, on the other

hand, the thermocline variability and associated anomalous

vertical advection are reduced in the eastern equatorial

Pacific under global warming, which erodes the thermo-

cline feedback and explains why the ENSO amplitude is

reduced in a warmer climate in this model. It is suggested

that change in stratification associated with global warming

impacts the equatorial wave dynamics in a way that

enhances the second baroclinic mode over the gravest one,

which leads to the change in feedback processes in the

CGCMs. Our results illustrate that the upper ocean vertical

structure simulated in the CGCMs is a key parameter of

the sensitivity of ENSO-like SST variability to global

warming.

1 Introduction

It is a top-priority issue to understand how the tropical

Pacific climate system responds to global warming for our

society because it has a significant economic and societal

impact on many countries. Recent attempts towards such

understanding rely on the long-term simulations of coupled

ocean–atmosphere general circulation models (CGCMs)

using different climate change scenarios (see http://www-

pcmdi.llnl.gov/ipcc/subproject_publications.php).

Many of these studies have focused on changes in the

mean state in the tropical Pacific, and in El Niño and

Southern Oscillation (ENSO) statistics (Meehl et al. 1993;

Knutson and Manabe 1995; Knutson et al. 1997; Trenberth

and Hoar 1997; Timmermann et al. 1999; Collins 2000;

Collins and The CMIP modeling groups 2005; Zelle et al.

2005; Merryfield 2006; Guilyardi 2006; Zhang and

Song 2006; Meehl et al. 2006; Yeh and Kirtman 2007;

Guilyardi et al. 2009). A majority of the Coupled Model
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Intercomparison Project 3 (CMIP3) multi-model dataset

(Meehl et al. 2007) tends to indicate that as global tem-

perature rises due to increased greenhouse gases, the

response of the tropical Pacific mean sea surface tempera-

ture (SST) would show enhanced warming concentrated in

the equatorial Pacific. Some studies reported that an

important tropical mean SST fingerprint to global warming

is an enhanced equatorial warming relative to the sub-

tropics rather than the El Niño-like response (e.g., Liu et al.

2005; Vecchi et al. 2008; DiNezio et al. 2009). In order to

explain why the CGCMs tend to simulate enhanced equa-

torial warming rather than El Niño-like warming in

response to a weaker Walker circulation, DiNezio et al.

(2009) analyzed eleven CGCMs and showed that in the

ensemble mean, the ocean dynamics changes act to reduce

(enhance) the net heating in the east (west). However they

noted that the inter-model spread in the heat budget

responses is as large as the multi-model mean, traducing a

large diversity of model behaviour and mean state biases.

Furthermore, Vecchi et al. (2008) argued that it is needed

to improve instrumental and paleo-climatic reconstructions

to better evaluate the fidelity of current model projections

on the response of the tropical Pacific mean SST to

increasing greenhouse gases.

Similarly, there is a significant CGCM dependence on

future changes of ENSO statistics. Some CGCMs show an

enhanced ENSO amplitude and some show a reduced

ENSO amplitude and some show little change at all

(Knutson and Manabe 1995; Knutson et al. 1997; Collins

2000; Guilyardi 2006; Yeh et al. 2006; Yeh and Kirtman

2007; Merryfield 2006; Meehl et al. 2006; Guilyardi et al.

2009). The origin of these differences is unknown and

remains a difficult problem; so far there is no consensus on

the mechanisms which explain changes in ENSO statistics

under global warming although some statistically signifi-

cant changes in some ENSO characteristics can be inferred

(Yeh et al. 2009).

Despite the fact that there have been many studies on the

response of the tropical Pacific mean SST and changes in

ENSO statistics to climate change projections, little effort

has been dedicated to the role of the upper ocean. This may

be due to the fact that most existing CGCMs still struggle

to correctly simulate key features of the upper ocean

structure such as the thermocline depth, ocean mixed layer

and equatorial upwelling, etc. (Stockdale et al. 1998;

Capotondi et al. 2006). In spite of such deficiencies, these

CGCM simulations provide a useful data set to understand

the sensitivity of ENSO-like variability to changes in the

upper ocean due to global warming and the mechanism in

relation to the response of the tropical Pacific Ocean. In the

eastern equatorial Pacific, the mixed layer dynamics pri-

marily determines the heat exchange with the atmosphere

(Yang et al. 2005; Imada and Kimoto 2006; Zhang and

DeWitt 2006; Zhang et al. 2007), therefore, its change

under global warming can largely influence the coupled

climate system in the tropical Pacific. Furthermore, ENSO

statistics can be affected by the subsurface temperature

structure, including mean thermocline depth and stratifi-

cation (Collins 2000; Meehl et al. 2001; Fedorov and

Philander 2000; An et al. 2008). In this paper we examine

the role of the simulated upper ocean temperature structure

in order to understand the different responses of the

tropical Pacific to the doubling of atmospheric CO2 in two

CGCMs, GFDL and MRI.

The paper is organized as follows. Section 2 provides

the model description and the methodology. Two scenarios

of the CGCM simulations are examined: the so called

‘present-day’ or ‘pre-industrial’ scenario that uses con-

centrations of greenhouse gas of the early 19th century

(hereafter refer as control run) and the 2 9 CO2 scenario

that considers a doubling in CO2 concentrations (hereafter

refer as 2 9 CO2 run). Section 3 is devoted to the analysis

of the upper ocean temperature structure simulated in the

control run. Section 4 describes the impact of increased

CO2 concentrations. In Sect. 5, we describe the role of the

simulated upper ocean structure to the different response of

ENSO-like SST variability under global warming in two

CGCMs. A discussion and concluding remarks are given in

Sect. 6.

2 Model and methodology

2.1 CGCM

We use the selected CGCM simulations, namely

MRI_CGCM2_3_2a and GFDL_CM2_0 (hereafter refer-

red to as MRI and GFDL; see Table 1 for references and

additional model details). The CGCM simulations are

made available by the Program for Climate Model Diag-

nosis and Intercomparison (PCMDI) on the website http://

www-pcmdi.llnl.gov/ipcc/about_ipcc.php (Meehl et al.

2007). Table 1 summarizes the description of the present-

day control run and the pre-industrial control run using the

MRI model and the GFDL model, respectively, and the

1%/year 2 9 CO2 run using the two CGCMs. In the dou-

bled (2 9 CO2) run, CO2 increased at a rate of 1% per year

to a level twice that of the present climate. The CGCM

holds CO2 fixed after reaching doubled concentration.

After the 70-year period to the CO2 doubling the CGCMs

were integrated for an additional 150-year period to

examine the long term response of the climate system.

The control run was set to the present-day scenario run in

the MRI model, but to the pre-industrial scenario run in the

GFDL model. Therefore, we will analyze changes in

simulated variability between the 2 9 CO2 experiment and

S. Yeh et al.: Role of the upper ocean structure

123

http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php
http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php


the present-day control for the MRI model and between the

2 9 CO2 experiment and the pre-industrial control run for

the GFDL model.

There exists a difference in coupling strategy in the two

CGCMs. Whereas the GFDL has no flux adjustment, the

MRI model uses monthly climatological flux adjustment

for the heat, water and momentum between 12�N and 12�S

in order to keep the model climatology close to the

observed one. Such procedure, however, may not prevent

the model from developing anomalies in relation to various

time scales of climate variability as suggested by Kirtman

et al. (2002). Therefore, there is little problem to directly

compare the two CGCMs. Detailed documentation and

validation of these models can be found on the PCMDI

website at http://esg.llnl.gov/portal.

According to previous studies, both the MRI and GFDL

models are capable of simulating ENSO variability and

ocean–atmosphere interactions reasonably in the control

run although they present different characteristics in terms

of decadal variability and thermocline structure (van

Oldenborgh et al. 2005; Capotondi et al. 2006; Guilyardi

2006; Yeh et al. 2006; Yeh and Kirtman 2007; Lin 2007;

Annamalai et al. 2007). Furthermore, both the MRI and the

GFDL models are able to simulate to some extent the

characteristics of SST variability in relation to a shift in

ENSO properties with changes in the upper ocean thermal

structure before and after the mid 1970s (not shown). They

also simulate a rather realistic ENSO asymmetry pattern

(see Fig. 2 of An et al. (2005)), which somehow gives

confidence in the rectification processes at work in these

models. However, the MRI model and the GFDL model

show relatively different sensitivity of ENSO statistics and

the tropical Pacific mean state to increased atmospheric

CO2 concentrations (Collins and The CMIP modeling

groups 2005; Yeh et al. 2006; Yeh and Kirtman, 2007). For

example, Yeh et al. (2006) showed that the ENSO ampli-

tude increased in response to a transient increase in

atmospheric CO2 in the MRI model, but no significant

sensitivity was found for the GFDL model. Therefore, it is

useful to examine the effects of the simulated upper ocean

structure by directly comparing two CGCMs that have

different sensitivity of ocean surface temperature and

ENSO statistics to anthropogenic climate change. Here-

after, the terms ‘‘control run’’ and ‘‘2 9 CO2 run’’ refer to

data from the last 100 years for the control run and the

2 9 CO2 run, respectively.

2.2 LODCA

In order to infer the feedbacks in the two CGCMs we use an

intermediate complexity model of the tropical Pacific.

LODCA is a tropical Pacific ocean–atmosphere model of

intermediate complexity (Dewitte 2000). It is an extension

of the Zebiak and Cane (1987) model which based on

similar physics, namely shallow-water dynamics. The

ocean component includes three baroclinic modes, with

characteristics of phase speed, Cn, wind projection coeffi-

cient, Pn, and thermocline coefficient, scln derived from

Levitus et al. (1998) in the standard configuration (Dewitte

2000). Here n indicates the order of baroclinic mode. A

mixed layer model embedded in the ocean model consists of

a thermodynamic budget in a 50-m-thick surface layer. The

surface heat flux is set to be negatively proportional to local

SST anomalies (SSTAs). Subsurface entrainment tempera-

ture into the surface mixed layer is given as a function of

thermocline depth anomalies and mean thermocline depth

(Dewitte and Perigaud 1996). Thanks to the simplified

formulation of the embedded mixed-layer model, LODCA

allows the direct estimation of the contribution of the ten-

dency terms in SST equation, including non-linear advec-

tion. Therefore, LODCA could be considered as a useful

tool to examine the dominant feedback processes in relation

to ENSO, i.e., zonal advective feedback versus thermocline

feedback process in the CGCMs. In addition, LODCA

allows to estimate to which extent the CGCMs variability

can be interpreted in terms of equatorial wave dynamics

(Dewitte et al. 2007a and b). The reader is invited to refer to

Dewitte (2000) for more details on this model.

LODCA is an anomaly model in which the climato-

logical mean field is prescribed; In this paper, those are

Table 1 CGCM runs used in this study

Model name (Center) Global ocean resolution

(Longitude 9 latitude)

Simulation period Reference

MRI_CGCM2_3_2a

(MRI/Japana)

144 9 111 Present-day control Exp 1%/year CO2 increase

(to doubling)

Yukimoto et al. (2001)

150 years 220 years

GFDL_CM2_0

(NOAA GFDLb)

144 9 90 Pre-industrial control Exp. 1%/year CO2 increase

(to doubling)

Delworth et al. (2006)

500 years 280 years

a Meteorological Research Institute (MRI)/Japan
b NOAA Geophysical Fluid Dynamics Laboratory (GFDL)
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derived from the CGCMs. First, the vertical mode

decomposition provides the characteristics of oceanic

baroclinic modes such as Cn, Pn and scln, used to derive the

thermocline fluctuations in a multimode context (see

Dewitte (2000) for details). The density profile used for the

decomposition is taken at the location along the equator

where the variability of zonal wind stress simulated in the

CGCMs is the maximum. Note that the variability of zonal

wind stress is obtained from the first singular value

decomposition of SST and zonal wind stress. Second, cli-

matological fields (velocity field within the mixed layer

and SST) are obtained from the CGCM climatology.

Whereas climatological SST is directly inferred from the

CGCM outputs, three dimensional velocity fields are

derived from LODCA forced by the climatological wind

stress from the CGCMs. The latter climatological fields are

then prescribed in LODCA and the anomalous wind stress

from the CGCMs is used to force LODCA. A coupling

efficiency of 1.5 is used to compensate for the physics that

is not present in LODCA (High frequency atmospheric

variability, non-linear processes and so on). Note that this

corresponds to correcting the drag coefficient by a factor of

1.5. This coefficient was arbitrarily obtained by regressing

the simulated SSTAs in the NINO3 region by LODCA

(with a value for the coupling efficiency of 1.0) with the

CGCM outputs for the control experiment. Once LODCA

tuned, four experiments are carried out corresponding to

the four CGCM simulations used in this study. This results

in simulated SSTAs and associated tendency (advection)

terms for the various set of experiments and CGCMs. As

will be seen, LODCA can simulate SSTAs that are com-

parable with the CGCM outputs. The analysis of the ten-

dency terms and their relative importance will be used to

diagnose the change in dominant feedback process in the

CGCMs (see Sect. 5).

3 The control run

3.1 Upper temperature structure

We begin by showing the mean temperature in the upper

300 m along the equator for the entire analyzed period in

the MRI and GFDL models for the control run, respectively

(Fig. 1a, b). Large differences in the vertical temperature

structure are found in the equatorial Pacific between the

two CGCMs. The subsurface temperature at upper layers

(*100 m) is more diffuse in the central and eastern

equatorial Pacific in the GFDL model compared to the MRI

model. In particular, the vertical temperature gradient in

the eastern equatorial Pacific (120�W–90�W), measured as

the difference between the 23�C and 15�C isotherms, is

larger in the MRI model than in the GFDL model. The

20�C isotherm can be used as a proxy of thermocline depth.

The depth of the annual mean thermocline (thick blue lines

in Fig. 1a, b) simulated in the GFDL model is deeper than

that in the MRI model except in the far eastern tropical

Pacific.

These features can be clearly identified in the mean

temperature profile averaged over 120�W–90�W along the

equator (Fig. 2). Figure 2 also indicates that the near sur-

face water (*30 m) in the MRI model is warmer than in

the GFDL model, while it is opposite below 30 m. Such a

large difference in the vertical temperature profile between

the two CGCMs may be attributed to several causes, such

as the difference in equatorial upwelling intensity or the

difference in the mixing scheme1 used in the CGCM. For

example, Halpern et al. (1995) showed that the upper ocean

structure in the tropical Pacific is sensitive to the vertical

mixing scheme. The difference in the vertical temperature

profile between the two CGCMs can be also caused by

(b)

(a)

Fig. 1 Vertical profiles of mean temperature in the upper 300 m

along the equator in the MRI model (a) and the GFDL model (b).

Contour interval is 1�C. The x-axis and y-axis indicate longitude and

depth, respectively. Thick blue line indicates the 20�C isotherm

1 The mixed-layer treatment used in the MRI model is a turbulent

closure level 2 (Mellor and Yamada 1982). On the other hand, that in

the GFDL model is a K-Profile Parameterization (KPP) scheme

(Large et al. 1994).

S. Yeh et al.: Role of the upper ocean structure

123



different vertical resolutions. If the vertical resolution is

coarse, upwelling easily brings cold water to the subsurface

in the eastern equatorial Pacific (Meehl 1990; Meehl et al.

2001). The number of vertical levels in the upper 500 m is

15 in the MRI model and 30 in the GFDL model. There-

fore, the upwelling to bring up cold water may be over-

estimated in the MRI model compared to the GFDL model,

resulting in a sharp vertical temperature gradient at sub-

surface layers.

Besides significant temperature decrease at subsurface

levels seen in Fig. 2 could be due to large baroclinic (as

opposed to Ekman) current divergence in the MRI model

compared to the GFDL model, which is associated with

overenergetic climatological westward current in the MRI

model compared to the GFDL model. This will be inves-

tigated and discussed in the next subsection. Furthermore,

we will examine the change in dominant feedback process

in the two CGCMs based on the LODCA experiments.

3.2 Dominant feedback processes in the CGCMs

If thermocline feedback is the dominant process in the

eastern equatorial Pacific, it is expected that the larger the

thermocline variability, the larger the SSTA variability.

Figure 3a shows the zonal distribution of the standard

deviation of total SSTA variability averaged in the 2�N–

2�S in the control run in the MRI model and the GFDL

model, respectively. Note that SSTA is defined as the

deviation from the monthly climatological cycle over the

analyzed period without removing any trends. The maxi-

mum standard deviation of SSTA variability is located in

the central equatorial Pacific in the MRI model, but it is

found in the eastern equatorial Pacific in the GFDL model.

We also calculate the standard deviation of thermocline

depth anomaly in the MRI and GFDL models, respectively

(Fig. 3b). Note that the thermocline depth is estimated by

the location of the maximum vertical temperature gradient

and not by the depth of 20�C isotherm and thermocline

depth anomaly is defined as the deviation from the monthly

climatological thermocline depth over the analyzed period.

Large variability of thermocline depth anomaly is found in

the central equatorial Pacific in the MRI model, whereas it

is observed in the eastern equatorial Pacific in the GFDL

model. Such difference in the variability of SSTA and

thermocline depth anomaly between the two CGCMs may

be associated with difference in the dominant ENSO

feedback process in the two CGCMs. Large ENSO vari-

ability in the GFDL model is associated with large devia-

tion of thermocline variability in the eastern equatorial

Fig. 2 Vertical profile of ocean mean temperature averaged over

120�W–90�W along the equator in the MRI model (thin line) and the

GFDL model (thick line) in the control run

(a)

(b)

Fig. 3 a The zonal distribution of the standard deviation of total

SSTA averaged in the 2�N–2�S in the control run in the MRI model

(thin) and the GFDL model (thick), respectively. Unit is �C. b is the

same as in (a) except for the thermocline depth anomaly. Unit is

meter
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Pacific (Fig. 3a, b) suggesting that the thermocline feed-

back is dominant in the GFDL model.

In order to infer the dominant feedbacks at work in the

two CGCMs, alternatively, we performed a mixed-layer

budget from the results of LODCA simulations. LODCA is

then forced by the wind stress anomalies derived from the

two CGCMs. Figure 4 provides the time series of NINO3.4

SST index which is averaged SSTAs over the NINO3.4

region (5�N–5�S, 170�W–120�W) in LODCA and the

CGCMs. The comparison of the NINO3.4 SST index

between the two CGCMs and the LODCA run indicates

correlation coefficients above 0.88. The SSTAs simulated

from the LODCA are in good agreement with those from

the MRI model and the GFDL model, respectively, indi-

cating that the CGCMs’ variability in the equatorial Pacific

can be explained to a large extend in terms of equatorial

wave dynamics.

The inspection of the contribution of the advection terms

in the LODCA simulations indicates that the MRI model

has a tendency to favour zonal advection over vertical

advection (see also Belmadani et al. (2010)). As an illus-

tration, we provide the figure which shows time-longitude

plots of climatological zonal currents along the equator

obtained from LODCA forced by the climatological wind

stress from the MRI model (Fig. 5a) and the GFDL model

(Fig. 5c), respectively. Figure 5b, d are the same as

Fig. 5a, c but for the equatorial climatological upwelling

rate. The most striking difference between the two LODCA

runs is found in the magnitude of climatological mean

zonal currents along the equator. The maximum zonal

current for the LODCA solution using the climatological

wind stress from the MRI model (Fig. 5a) is observed in

the central equatorial Pacific and its magnitude is almost as

large as three times than that for LODCA forced by the

climatological wind stress from the GFDL model (Fig. 5c).

On the other hand, the climatological vertical velocity

(Fig. 5b, d) is not much different in terms of its magnitude

between the two LODCA runs. This result indicates that in

the MRI model the zonal advective feedback is dominant.

A more detailed analysis of the heat budget from the

LODCA runs will be given in Sect. 5 for further clarifi-

cation. In summary, the MRI model is dominated by the

zonal advective feedback in ENSO dynamics and the

GFDL model is dominated by the thermocline feedback.

The present analysis is consistent with former studies (van

Oldenborgh et al. 2005; Guilyardi 2006; Capotondi et al.

2006; Belmadani et al. 2010).

4 Impact of increased CO2

In the light of the above results, we now investigate the

impact of global warming. Changes in tropical Pacific

mean SST between the control run and the 2 9 CO2 run

(i.e., the 2 9 CO2 run minus the control run) are first

shown in Fig. 6a, b for both models. In the MRI model

(Fig. 6a), the SST warming is projected to be large over

much of the central and eastern equatorial Pacific. Thus,

the warming is not uniform in the region of the equatorial

and subtropical Pacific, resembling an El Niño-like

warming trend with the doubled CO2 concentration. On the

other hand, in the GFDL model (Fig. 6b), there is a

warming tendency all along the equator in the central and

eastern equatorial Pacific. The rate of the mean SST

increases in the tropical Pacific is also different between

the two CGCMs. The tropical Pacific mean SSTs increase

in the MRI model (2.2–2.4�C) is larger than the GFDL

model (1.6–1.8�C).

Both CGCMs exhibit significant differences in ENSO

variability between the control run and the 2 9 CO2 run as

well. The difference maps of SSTA standard deviation

Fig. 4 NINO3.4 SST index (SST anomalies averaged over (5�N–5�S,

170�W–120�W)) for the CGCM outputs (black dotted line) and the

LODCA simulations (red plain line). From top to bottom: MRI for the

control run and the 2 9 CO2 experiment, GFDL for the control run

and the 2CO2 experiment. The correlation and root mean square

difference between the CGCM and LODCA is given on top of each

panel
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between the control run and the 2 9 CO2 run in the MRI

model and the GFDL model are shown in Fig. 6c, d,

respectively. The SSTA standard deviation is largely

increased in the 2 9 CO2 run for the MRI model (Fig. 6c).

In contrast, there is little change of SSTA standard devia-

tion in the GFDL model (Fig. 6d). One may find that the

SSTA standard deviation is even slightly reduced under

global warming in the GFDL model. The power spectral

density of the NINO3.4 SST index simulated in the MRI

model shows the enhancement of ENSO frequency and

decadal timescales under global warming (Fig. 7a). On the

other hand, in the GFDL model there is not much change in

ENSO frequency (Fig. 7b). The NINO3.4 SST index sim-

ulated in the GFDL model has a spectral peak at around

37 months in both the control run and the 2 9 CO2 run. In

addition, the spectral density between the two runs in the

GFDL model is not much different on interannual-to-dec-

adal timescales. In summary, the MRI model experiences

large changes in tropical Pacific mean SST and ENSO

variability under global warming, whereas the GFDL

model is insensitive to it.

We also examine the changes in the mean thermocline

depth and its variability in the control run and the 2 9 CO2

run in the MRI and GFDL models. It is found that the

thermocline depth in the western and central Pacific

becomes much shallower than the eastern Pacific and thus

leading to the decrease of the zonal slope of the thermo-

cline in the 2 9 CO2 run in the MRI model (Fig. 8a, b). It

represents the tendency toward the El Niño-like state,

observed in many CGCMs under global warming (Collins

and The CMIP modeling groups 2005). The upper ocean

temperature variability within the thermocline variations is

also found to be enhanced under global warming in the

MRI model. Similarly to the MRI model, the mean ther-

mocline depth is shallower in the 2 9 CO2 run in the

GFDL model than in the control run (Fig. 8c, d). In

Fig. 5 Time-longitude plots of

equatorial climatological zonal

currents for a, c LODCA forced

with the MRI model (top) and

the GFDL model (bottom) wind

climatologies (control run),

respectively. The blue-shaded
zone corresponds to westward

currents. Root mean square (full
line) and mean (dotted line)

values in time are plotted as

function of longitude on top of

each diagram. b, d are the same

as in (a, c) except but the

climatological vertical velocity.

Units are cms-1 for zonal

currents and mdays-1 for

vertical velocity. Contour

interval is every 10 (0.5) units

for zonal current (vertical

velocity)
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addition, the mean thermocline slope in the 2 9 CO2 run

tends to flatten out along the equator in the GFDL model.

In contrast to the MRI model, however, the maximum

standard deviation of the upper ocean temperature vari-

ability in the 2 9 CO2 run is slightly reduced. Such a

tendency is consistent with the reduction of the maximum

standard deviation of SSTA variability under global

warming in the GFDL model (cf. Fig. 6). In addition, the

standard deviation of thermocline depth anomaly in the

eastern equatorial Pacific is reduced under global warming,

which is contrary to the MRI model.

5 Role of the simulated upper ocean structure

In this section, the difference in upper ocean temperatures

between the control run and the 2 9 CO2 run is examined to

understand the relative difference in sensitivity to global

warming for the MRI model and the GFDL model. Figure 9

displays the temperature changes (i.e., the 2 9 CO2 run

minus the control run) in the upper 300 m along the equator

of the MRI model (Fig. 9a) and the GFDL model (Fig. 9b).

In the MRI model, the near-surface water (*30 m) tem-

perature increases by 1.5–2.5�C under global warming, but

the subsurface temperature between the depth of 90 and

180 m decreases by 0.5�C in the western equatorial Pacific

and increases by 0.5–1.5�C in the eastern equatorial Pacific

(Fig. 9a). On the other hand, in the GFDL model, the ocean

warming due to increased CO2 concentrations is more

uniformly distributed and more homogenous in the upper

ocean. These results suggest a difference in the mixed-layer

dynamics in the MRI and GFDL models. To examine this

argument, we conduct a vertical mode decomposition of the

mean stratification of the CGCMs.

(a)

(b)

(c)

(d)

Fig. 6 Difference in annual

mean sea surface temperature

simulated in the MRI model

a and the GFDL model

b between the control run and

the 2 9 CO2 run. Contour

interval is 0.2�C. c, d is the

difference in standard deviation

of SSTA variability simulated in

the MRI model and the GFDL

model between the control run

and the 2 9 CO2 run,

respectively. Contour interval is

0.1�C and shading is above

0.1�C
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In order to estimate the change in vertical stratification,

the vertical profiles of mean buoyancy frequency

N2ðzÞ(here, N2 ¼ � g
q0

oq0

oz ) for in 150�E–150�W along the

equator are obtained in the control run and the 2 9 CO2

run for both CGCMs (Fig. 10). The global warming leads

to a large increase in stratification at upper levels

(z \*120 m) in the MRI model (Fig. 10). On the other

hand, the impact of the warming does not result in a sig-

nificant change in vertical stratification in the GFDL model

although stratification increases slightly.

Previous studies (Moon et al. 2004, 2007; Dewitte et al.

2007a) argued that changes in equatorial stratification are

associated with ENSO amplitude modulation which can be

explained by the impact of the change in mean state on

equatorial ocean wave dynamics. In other words, the

changes in vertical thermal structure (i.e., Fig. 9, 10) can

modify the way the wind stress projects onto the oceanic

baroclinic modes, so that it modify dominant feedback

processes associated with ENSO (i.e., thermocline and

zonal advective feedbacks). For instance, an increased

contribution of the second baroclinic mode will lead to

enhanced amplitude of Kelvin wave which projects more

on thermocline than on zonal currents along the equator

(Cane and Sarachik 1976). Such change modifies the

relative contribution of thermocline and zonal advective

feedbacks to the rate of SST change because the Kelvin

wave of the higher-order baroclinic mode is slower and has

a different meridional scale than that in the gravest baro-

clinic mode (Dewitte 2000). The observed intensification

of vertical stratification at the upper levels from before the

mid 1970s to after the late 1970s is due to changes in

vertical upper ocean temperature structure2 (Moon et al.

2004). Such augmented vertical stratification contributes to

an increase in variability of the higher-order baroclinic

mode, resulting in an enhanced ENSO amplitude (Moon

et al. 2004). A similar relationship was examined based on

long-term simulations of CGCMs (Moon et al. 2007;

Dewitte et al. 2007a). They argued that an intensification of

the vertical stratification is associated with a redistribution

of the energy of the baroclinic modes with an increase in

the contribution of the high-order baroclinic modes (cf.

Fig. 4b in Moon et al. (2007)) resulting in an increase in

ENSO amplitude. Such a mechanism provides a theoretical

framework for understanding the sensitivity characteristics

of the two CGCMs used in this paper. In fact, one can

argue that changes in stratification at upper levels due to

global warming can explain changes in ENSO variability.

Both vertical stratification and ENSO amplitude are

enhanced in the MRI model under global warming,

whereas they are hardly affected in the GFDL.

In order to examine this hypothesis, we conduct the

vertical mode decomposition of a mean density profile at

0�N, 180� in the control run and the 2 9 CO2 run in both

CGCMs. Table 2 displays the projection coefficients (Pn,

n = 1,2, and 3) calculated from the mean vertical stratifi-

cation simulated by the MRI model and the GFDL model

for both runs. Here, n indicates the order of baroclinic

mode. Note that these coefficients are the ones used to tune

LODCA (Fig. 4). In both CGCMs the projection coeffi-

cient decreases for the first baroclinic mode (n = 1), but

increases for higher baroclinic modes (n = 2, 3). The

overall change in the higher-order baroclinic modes,

however, is smaller in the GFDL model than the MRI

model. The P2 increased as much as 28% under global

(b)

(a)

Fig. 7 Power spectral density of the NINO3.4 SST index simulated

in the MRI model in the control run (black) and the 2 9 CO2 run

(red) (a). b is the same as in (a) except but the GFDL model. Dashed
line in (a, b) denote the spectrum of red noise

2 We further analyzed the changes in the upper ocean temperature

before and after the mid 1970 s in the MRI and GFDL models using

the 20th Century Climate Change Modeling (20C3M) simulation to

year 2000 with anthropogenic and natural forcing. Both CGCMs show

that temperature structures with sign alternating in the vertical,

indicating that the vertical stratification increased after the mid 1970s.
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warming in the MRI model, but only 19% in the GFDL

model. Similar tendency is also observed for P3. These

results indicate that changes in vertical thermal structure

results in a larger redistribution of energy on the baroclinic

modes under global warming (with a tendency to higher-

order baroclinic modes) in the MRI model than in the

GFDL model.

Meanwhile, one would expect that changes in the

contribution of the higher-order baroclinic mode can lead

to an increase of ENSO period (Moon et al. 2004). As

shown in Fig. 7, the ENSO period becomes longer under

global warming and the spectral density is significantly

enhanced on interannual-to-decadal timescales seen in the

control run (Fig. 7a). Note however that the longer ENSO

period shown above in the MRI model may be limited by

the fact that the MRI model has a dominant zonal

advective feedback, which favors fast ENSO variability

(Hirst 1986). Conversely, the ENSO period for the GFDL

model does not exhibit much change under global

warming (Fig. 7b), which is associated with the little

change in vertical stratification (changes in Pn are weak,

Table 2).

In order to support the above interpretation of the

models’ sensitivity to a warmer climate and quantify the

changes in the strength of the feedback processes in

the models under global warming, we analyze the result of

the LODCA runs for a heat-budget within the mixed-layer.

As mentioned above (Sect. 2.2), LODCA was tuned from

the two CGCMs outputs (equatorial wave parameters and

climatologies) and forced by the wind stress anomalies

from the two different CGCMs and scenarios. The contri-

bution of the advections terms to the change in SST is

estimated ‘on-line’ in LODCA for the four experiments.

We focus here on anomalous zonal advection of mean

temperature (which accounts for the zonal advective

feedback), mean vertical advection of anomalous tempera-

ture (accounting for the thermocline feedback) and

non-linear dynamical heating (accounting for non-linear

advection, hereafter, referred to as NDH, cf. Jin et al.

(2003)). These terms have a major role on the ENSO

(a)

(b)

(c)

(d)

Fig. 8 Standard deviation of

upper ocean temperature

anomaly along with standard

deviation of thermocline depth

anomaly (thick dashed lines)

and mean thermocline depth

(thick solid lines) in the control

run of the MRI model (a). b is

the same as (a) except for the

2 9 CO2 run. Contour interval

is 0.2�C and shading indicates

above 1.4�C. c, d is the same as

in (a, b) except for the GFDL

model
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dynamics and are the ones that are considered in most

theoretical ENSO studies (An and Jin 2000; Timmermann

and Jin 2002). Note that the anomalous zonal advection of

mean temperature ð�u0oT
oxÞ does involve the time-mean

thermal stratification through the zonal gradient of mean

temperature ðoT
oxÞ which results from the change in mean

SST, and through the energy distribution on the baroclinic

oceanic modes (Pn) which results from change in mean

thermocline depth slope and stratification. Furthermore, the

(Pn)[n=1,3] impact the dynamical response of anomalous

zonal current (u0), so the zonal advective feedback.

Figure 11 displays the difference of the contribution of

these various terms of the SST equation between the

2 9 CO2 run and the control run (i.e., the 2 9 CO2 run

minus the control run) in the NINO3.4 region for the MRI

model and the GFDL model, respectively. Whereas we

consider the difference in variability for the horizontal and

vertical advection to account for the change in the two

feedback processes, however, the difference in mean NDH

between the two experiments is considered because NDH

accounts for the asymmetry of ENSO and has a positive

contribution during both phase of ENSO (Timmermann

and Jin 2002; Jin et al. 2003; An and Jin 2004). Therefore,

its time-average is more relevant than its variability to

measure its rectified effect on the ENSO variability.

In the MRI model, whereas there is a decrease in the

thermocline feedback, the zonal advective feedback

increases under global warming. In addition, the non-linear

advection is also enhanced in the MRI model. We argue

that the SSTA variability in the MRI model is enhanced

under global warming because of the increased zonal

advective feedback and non-linear advection. Note that

although thermocline depth variability is increased under

global warming in the MRI model (Fig. 8), the thermocline

(a)

(b)

Fig. 9 Difference in upper ocean temperature along the equator from

the surface to the depth of 300 m between the control run and the

2 9 CO2 run in the MRI model (a) and the GFDL model (b). Contour

interval is 0.5�C

Fig. 10 Vertical profile of mean buoyancy averaged between 150�E

and 150�W along the equator for the MRI model (black lines) and the

GFDL model (red lines), in the control run (solid lines) and the

2 9 CO2 run (dashed lines). Unit is 10-3 s-2

Table 2 The projection coefficients of wind stress (in the linear

sense) in the MRI model and the GFDL model between the control

run and the 2 9 CO2 run

MRI GFDL

Control run 2 9 CO2 run Control run 2 9 CO2 run

P1 0.74 0.66 0.43 0.41

P2 0.42 0.54 0.49 0.60

P3 0.17 0.22 0.08 0.10
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feedback is reduced because of weaker mean upwelling in

the warmer climate (due to weaker trade winds). Still,

increased thermocline depth variability participates to the

increased in non-linear vertical advection (through w0oT 0

oz ),

which corresponds to an increase in NDH. Note also that

variability in anomalous vertical advection of mean tem-

perature (�w0o
�T

oz) is increased in the NINO3 region under

global warming in the MRI model (not shown), which also

reflects the increased variability in thermocline depth. In

other words, the contribution of the high-order baroclinic

mode tends to increase the thermocline variability through

the forcing of the Kelvin wave, however, do not translate

into increased thermocline feedback (i.e., �w:oT
0

oz ) because

the upwelling is reduced in the warming climate. It does

however translate into non-linear vertical advection (i.e.,

w0oT 0

oz ) increases NDH under global warming, resulting in an

enhanced ENSO variability in the MRI model. At the same

time, a shallowing thermocline will tend to amplify the

zonal advective feedback in the central tropical Pacific

because of an increase of horizontal flux into a thinner

active layer, resulting in the efficiency of the zonal

advective feedback.

In contrast, in the GFDL model the thermocline feed-

back ð�woT 0

oz Þ along with NDH is reduced under global

warming in the GFDL model. The zonal advective feed-

back on the other hand has little change under global

warming. Therefore, we may conclude that change in

thermocline feedback and NDH contributes to reducing the

SSTA variability under global warming in the GFDL

model. Changes in equatorial stratification tend to enhance

ENSO amplitude in the GFDL model through an increase

in variability of the higher-order baroclinic mode as we

mentioned above, however, its contribution is small. In

spite of a contribution of the higher-order baroclinic

modes, the SSTA variability in the GFDL model decreases

under global warming (Fig. 6c, d) because of a reduction in

the SSTA variability associated with thermocline feedback

and NDH in the central Pacific (Fig. 11). The increase in

the higher-order baroclinic mode contribution, however,

does participate to the increase in asymmetry (i.e., non-

linearities) in the eastern equatorial Pacific (see the positive

value in the eastern equatorial Pacific in Fig. 12c). It is

argued here that because the asymmetry is weaker in the

GFDL model than in the MRI model (Fig. 12a, b) these

results in a weaker sensitivity of the ENSO variability to

change in stratification (Yeh and Kirtman 2007).

As a consistency check with the above interpretation on

the role of NDH and its change under global warming, we

provide the maps of skewness of the SSTAs simulated by

the CGCMs under the different conditions (Fig. 12).

Skewness measured the asymmetry of ENSO and to some

extent accounts for the non-linearity of ENSO, which

includes NDH (see An and Jin (2004)). Consistently with

the increased non-linear advection under global warming

as derived from the LODCA simulations, the asymmetry of

ENSO increases in both the central (positive skewness) and

far western (negative skewness) equatorial Pacific in the

MRI model. On the other hand, the GFDL exhibit a

decreased in ENSO asymmetry in the central equatorial

Pacific (positive skewness) and far western Pacific (nega-

tive skewness) from the control run to the 2 9 CO2

experiment.

6 Discussion and concluding Remarks

In this paper, we have examined the effects of the simu-

lated upper ocean temperature structure in order to under-

stand the differing response of the tropical Pacific to a

doubling of atmospheric CO2 in the two CGCMs which

exhibit relatively different ENSO variability and mean

state. Changes in both the tropical Pacific mean SSTs and

the standard deviation of SSTA variability is large under

global warming in the MRI model than in the GFDL

model. Along with such changes in the ocean surface the

two CGCMs show large differences in the upper ocean

temperature structure under global warming. We have

argued that different sensitivity to global warming of the

two CGCMs is largely due to differences in the charac-

teristics of the simulated upper ocean structure between the

two OGCMs.

Fig. 11 Mixed-layer heat budget based on LODCA (see text) for the

MRI and GFDL models in the NINO3.4 region (5�N–5�S, 170�W–

120�W): Difference in variability (root mean square) between the

2 9 CO2 experiment and the control run (CR) for the MRI model

(left) and the GFDL model (right) for anomalous horizontal advection

of mean temperature ð�u0oT
oxÞ (term 1) and for vertical advection of

anomalous temperature ð�woT 0

oz Þ (term 2); Difference in mean value

for the non-linear advection NDH ¼ �u0oT 0

ox � v0oT 0

oy � w0oT 0

oz (term 3),

i.e., NDH2�CO2
h it� NDHCRh it for the MRI model (left) and the GFDL

model (right)
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In the control run, the subsurface temperature at upper

layers is more diffuse in the central and eastern equatorial

Pacific in the GFDL model compared to the MRI model.

Using an intermediate coupled model tuned to the CGCMs,

we also examined the dominant feedback in the MRI model

and the GFDL model. It is found that the MRI model is

dominated by the zonal advective feedback, which is due to

strong westward climatological zonal currents, and the

GFDL model is dominated by the thermocline feedback.

Upper ocean warming due to increased CO2 concen-

trations is confined to the near surface layers in the MRI

model, in contrast, ocean warming due to increased CO2

concentrations is more uniformly distributed at the upper

ocean in the GFDL model compared to the MRI model.

This results in large differences in ocean vertical stratifi-

cation changes under global warming in the two CGCMs.

The vertical stratification is significantly increased at upper

levels in the MRI model, however, the impact of the

warming does not result in a significant change in vertical

stratification in the GFDL model. From the results of a

modal decomposition of the mean vertical stratification, we

have argued that changes in stratification at upper levels

due to global warming can explain changes in ENSO

variability in the two CGCM through the energy redistri-

bution of high-order baroclinic modes accompanying with

changes in the strength of dominant feedback processes,

i.e., zonal advective and thermocline feedback. It is found

that changes in vertical thermal structure modify more

significantly the way the wind stress projects onto the high-

order baroclinic modes under global warming in the MRI

model compared to the GFDL model. In order to quantify

the changes in the strength of the feedback processes in the

models, we examined a mixed-layer heat budget based on

an intermediate coupled model using as a forcing the

interannual wind stress anomalies derived from the two

CGCMs. The thermocline feedback is decreased in the

central Pacific under global warming in the GFDL model,

whereas the MRI model exhibits an increase of zonal

advective feedback and non-linear advection under global

warming, which is consistent with a rectification on the

ENSO variability by change in mean state.

This study illustrates first that the upper ocean structure

simulated in the CGCMs is a key parameter of the sensi-

tivity of ENSO-like SST variability to global warming. The

results proposed here could be used to interpret the

response of other CMIP models. In particular, the CMIP3

Fig. 12 Weighted skewness of

SST anomalies for the MRI

model (left) and the GFDL

model (right): From top to

bottom: a, b CR experiment,

c, d 2 9 CO2 experiment,

e, f difference between both

(weighted skewness ¼ m3=
ffiffiffiffiffiffi

m2
p

with mk ¼
PN

i¼1
xi�X

k

N is the k-th

moment where (xi) are the N
observations of mean value �X)
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models can be classified with the dominant feedback in

relation to ENSO variability in their control simulation

(van Oldenborgh et al. 2005; Belmadani et al. 2010).

Because of drastic change in the thermocline depth in the

western and central equatorial Pacific under global warm-

ing, we expect that the CMIP3 models would be dominated

by the zonal advective feedback under global warming.

Therefore, our result further indicates that the dominant

air-sea coupled feedback in CGCM simulations can make it

a key player to determine the response of the climate to

global warming.

It is noteworthy to compare these results with previously

theoretical analyses. For instance, Fedorov and Philander

(2000) analyzed the effects of various factors on ENSO

properties including the mean thermocline depth and mean

wind in the tropical Pacific. The MRI and GFDL models

show that both the mean zonal trade winds and the ther-

mocline depth decrease in the western and central tropical

Pacific under global warming (not shown), which corre-

spond to a displacement of the stability towards small

growth rate and lower periods of ENSO based on a theo-

retical result in Fedorov and Philander (2000). It shows

some inconsistency with the present results since the MRI

model simulates an increased ENSO variability in a war-

mer climate. This stresses on the importance of non-lin-

earities in the tropical Pacific system and their role in

regulating the ENSO variability under different mean state

conditions. The diversity of current generation models in

simulating non-linearities (An et al. 2005) may provide

useful material for sensitivity studies.

Overall, our study suggests that in order to increase

confidence in the response of CGCMs to global warming,

the models must properly simulate the mean upper ocean

temperature structure in the tropical Pacific as well as the

asymmetry of ENSO. Interestingly, whereas the MRI

model has a rather realistic ENSO asymmetry pattern in the

central equatorial Pacific (Fig. 12a), it has a mean state

biased towards overenergetic westward surface currents

(Fig. 5a). On the other hand, the GFDL model simulates a

weaker positive skewness in the central equatorial Pacific

(Fig. 12b) and has a dominant thermocline feedback. Both

models also simulate weaker skewness than observed in the

far eastern Pacific, which suggests an underestimation of

non-linearities associated with non-linear vertical advec-

tion there. Considering these different characteristics and

the large difference in sensitivity of these two models to a

warmer climate, one also can not exclude the role of

atmospheric winds on the response of ENSO-like SST

variability to global warming. The changes in atmospheric

structure associated with global warming can also impact

the ENSO properties (An and Wang 2000; Kirtman 1997;

Guilyardi et al. 2004). It is found here that the position of

maximum center in zonal wind stress variability is slightly

shifted eastward under global warming in the MRI model,

however, it is not significant in the GFDL model (not

shown). Such an eastward shift may contribute to increase

the ENSO period in the MRI model (Fig. 7), indicating that

changes in the atmosphere may also play a role to change

the ENSO properties under global warming. All these

parameters will need to be considered in future investiga-

tion of the sensitivity of the CGCM to a warming climate.
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