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ABSTRACT

This study assesses the changes in the tropical Pacific Ocean sea surface temperature (SST) trend and

ENSO amplitude by comparing a historical run of the World Climate Research Programme Coupled Model

Intercomparison Project (CMIP) phase-5 multimodel ensemble dataset (CMIP5) and the CMIP phase-3

dataset (CMIP3). The results indicate that the magnitude of the SST trend in the tropical Pacific basin has

been significantly reduced from CMIP3 to CMIP5, which may be associated with the overestimation of the

response to natural forcing and aerosols by including Earth systemmodels in CMIP5. Moreover, the patterns

of tropical warming over the second half of the twentieth century have changed from a LaNiña–like structure

in CMIP3 to an El Niño–like structure in CMIP5. Further analysis indicates that such changes in the back-

ground state of the tropical Pacific and an increase in the sensitivity of the atmospheric response to the SST

changes in the eastern tropical Pacific have influenced the ENSOproperties. In particular, the ratio of the SST

anomaly variance in the eastern and western tropical Pacific increased fromCMIP3 to CMIP5, indicating that

a center of action associated with the ENSO amplitude has shifted to the east.

1. Introduction

The El Niño–Southern Oscillation (ENSO) is the most

prominent interannual variability on Earth. Changes

in the amplitude and frequency of ENSO can affect

the occurrence of climate extremes around the globe

(McPhaden et al. 2006).

In 2007, the Intergovernmental Panel on Climate

Change (IPCC) released its Fourth Assessment Report

(Solomon et al. 2007), which concludes that the warming

of Earth is unequivocal. Furthermore, recent studies

have shown that global warming may significantly in-

fluence ENSO properties by altering the background

state of the tropical Pacific Ocean (Timmermann et al.

1999; Fedorov and Philander 2000; Koutavas et al. 2002;

Li et al. 2011). Hence, subtle patterns of evolving trop-

ical Pacific sea surface temperatures (SSTs) induced

by global warming could have a disproportionate effect

on the climate in many regions of the world (Xie et al.

2010; Shin and Sardeshmukh 2011). Therefore, it is

crucial to correctly simulate the structure of changes

in the ocean SST in response to external forcings to

understand the changes in ENSO properties. Conse-

quently, this issue has been thoroughly examined using

the World Climate Research Programme’s (WCRP)

Coupled Model Intercomparison Project phase-3

(CMIP3) multimodel database (Meehl et al. 2007);

yet, despite such efforts, there is little agreement in
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the climate community as to whether the structure of

the mean SST changes is trending toward an El Niño–

like pattern or a La Niña–like pattern under the global

warming (Collins 2005; Collins et al. 2010; Vecchi et al.

2008). In addition, it is still not clear whether the ENSO

amplitude has been enhanced, has been reduced, or

has not altered significantly under these mean state

changes.

Likewise, observations in the ocean SST with a pe-

riod of more than 100 yr indicate a diversity of struc-

tural changes (Deser et al. 2010). For example, a warming

trend with an El Niño–like pattern has been identified

during recent decades (Graham 1995; Trenberth and

Hoar 1996), but some evidence suggests that the zonal

SST gradient across the tropical Pacific has increased

(Cane et al. 1997; Karnauskas et al. 2009; An et al. 2012).

Despite this information, some results consistently

indicate that the linear trend in the western tropical

Pacific is larger than that in the eastern tropical Pacific

for the second half of the twentieth century. Table 1

shows the average linear trend in the western tropical

Pacific (58N–58S, 1208E–1708W) and in the eastern

tropical Pacific (58N–58S, 1508–908W) for the period of

1950–2010 from the various observed SST datasets.

Clearly, the linear trend in the western Pacific is larger

than that in the eastern Pacific in all SST datasets, in-

dicating that the zonal SST gradient across the tropical

Pacific has become strong. Consequently, since the

WCRP CMIP5 (phase 5) multimodel ensemble data-

sets (Taylor et al. 2012) have recently been released, it

is useful to compare the structure of the tropical Pacific

SST changes during a similar time period (i.e., after 1950)

using the CMIP3 and CMIP5 datasets. Furthermore,

it is interesting to examine how changes in the ocean

SST structure under global warming from CMIP3 to

CMIP5 may be associated with changes in the ENSO

amplitude.

Thus, the intent of this paper is to compare the SST

trends from the tropical Pacific using CMIP3 coupled

general circulation models (CGCMs) and CMIP5 CGCMs

and to examine how such changes in SST trends are asso-

ciated with changes in the ENSO amplitude. We directly

compare CMIP3 CGCMs with CMIP5 CGCMs, noting

that the CMIP5 CGCMs have been improved from the

CMIP3 CGCMs, following the recommended CMIP5

specifications (online at http://cmip-pcmdi.llnl.gov/cmip5/

forcing.html).

2. Data and method

The observed SST information used in Table 1 are

from the Hadley Centre Global Sea Ice and Sea Surface

Temperature (HadISST) dataset (Rayner et al. 2003);

the extended reconstruction SST, version 3 (ERSSTV3),

dataset (Smith and Reynolds 2004); the National Oce-

anic and Atmospheric Administration (NOAA) Climate

Diagnostic Center dataset known as the Kaplan SST

dataset (Kaplan et al. 1998); and the European Centre

forMedium-RangeWeather Forecasts (ECMWF)Ocean

Reanalysis, version S3 (ORA-3), SST dataset (Balmaseda

et al. 2008).

We use 12 CGCM simulations selected from a histor-

ical run (i.e., from a twentieth-century run) that have

SST datasets from both the CMIP3 and CMIP5 multi-

model databases. Table 2 shows the official CMIP3 and

CMIP5 model names for each modeling center. Some

CMIP5CGCMs are specified asEarth systemmodels (e.g.,

CanESM2,GFDL-ESM2G,HadGEM2-CC,HadGEM2-ES,

and MIROC-ESM; note that all model and institu-

tion acronyms referred to anywhere in the text are de-

fined fully in the footnote material to Table 2), which

respond to specific time-varying concentrations of vari-

ous atmospheric constituents such as greenhouse gases

and other components of the atmosphere, ocean, and sea

ice. These models are coupled to biogeochemical com-

ponents, which account for the exchange of carbon

among the ocean, atmosphere, and terrestrial bio-

sphere carbon reservoirs. Additionally, in some simu-

lations, these models may incorporate components

such as interactive prognostic aerosols, chemical ele-

ments, and dynamic vegetation (Taylor et al. 2012). For

example, CanESM2 is the latest-generation Canadian

CGCM that originated from the Canadian Centre for

Climate Modelling and Analysis (CCCma) CGCM3.1

(T63) model in CMIP3, and it includes an interactive

carbon cycle, an interactive sulfur cycle, and the effect

of a sulfate aerosol on cloud brightness (Gillett et al.

2012). Furthermore, it is recognized that some CMIP5

CGCMs perform simulations with a higher resolution

or a more complete treatment of the atmospheric

chemistry than is done for CMIP3 CGCMs. Hence,

detailed explanations for each CGCM can be found

online (at http://cmip-pcmdi.llnl.gov/cmip5/experiment_

design.html) as well as in various related papers (Taylor

et al. 2009, 2012).

TABLE 1. The observed difference [8C (100 yr)21] in the trends

between the western tropical Pacific (WP; 58N–58S, 1208E–1708W)

and the eastern tropical Pacific (EP; 58N–58S, 1508–908W) from

1950 to 2010.

SST dataset Obs WP 2 EP trend

Hadley SST 0.69

ERSST V3 0.06

Kaplan SST 0.15

ECMWF ORA3 0.80
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3. Results

To illustrate the response of tropical Pacific SST pat-

terns to global warming over the second half of the

twentieth century, specifically highlighting the difference

between CMIP3 and CMIP5, Figs. 1a and 1b display

the ensemble-averaged linear trends simulated by the his-

torical run of 12 CMIP3 and CMIP5CGCMs, respectively,

for the period of 1950–2000.

The simulation of the CMIP3 CGCM (Fig. 1a) exhibits

a maximum SST trend in the central tropical/off-equatorial

Pacific region. The central Pacific Ocean is projected to

experience the greatest amount of warming, whereas

the southeastern Pacific Ocean is expected to warm

less. Interestingly, this expectation is largely consistent

with the observed spatial pattern of SST change over

the beginning of the twenty-first century, which is av-

eraged over 22 CMIP3 CGCMs under a midrange

emission scenario (IPCC Special Report on Emission

Scenarios A1B; see Fig. 1 in Clement et al. 2010).

Moreover, although the overall pattern of linear trends

in the CMIP3 deviates from the observations in some

regions (not shown here), it is consistent that the SST

trend in the western tropical Pacific is larger than that

in the eastern tropical Pacific, indicating that zonal SST

gradient across the tropical Pacific has become strong

during the second half of the twentieth century.

It is striking, then, that the magnitude of the linear

trend of SSTs in the tropical Pacific basin is reduced

significantly in the CMIP5 (Fig. 1b) when comparedwith

the CMIP3 (Fig. 1a). Whereas the linear trend of the

CMIP3 is around 1.08–1.28C in the western and central

tropical Pacific, it is around 0.48–0.68C for the CMIP5.

Furthermore, it is not clear why this reduction occurred,

particularly because the CMIP3 and CMIP5 datasets

were acquired during the same historical period.

TABLE 2. Model institutions and descriptions, as specified in CMIP, used in this study.

Modeling center* Model No. CMIP3 model name** CMIP5 model name**

CCCma 1 CGCM3.1(T63) CanESM2

NCAR 2 CCSM3 CCSM4

CNRM-CERFACS 3 CNRM-CM3 CNRM-CM5

CSIRO-QCCCE 4 CSIRO-Mk3.5 CSIRO-Mk3.6.0

LASG/IAP; LASG-CESS 5 FGOALS-g1.0 FGOALS-g2

NOAA GFDL 6 GFDL-CM2.1 GFDL-ESM2G

MOHC 7 UKMO-HadCM3 HadGEM2-CC

MOHC 8 UKMO-HadGEM1 HadGEM2-ES

INM 9 INM-CM3.0 INM-CM4

IPSL 10 IPSL-CM4 IPSL-CM5A-LR

MIROC 11 MIROC3.2(hires) MIROC-ESM

MRI 12 MRI-CGCM2.3.2a MRI-CGCM3

* Institutional acronyms: CCCma—Canadian Centre for Climate Modelling and Analysis; NCAR—National Center for Atmosheric

Research; CNRM—Météo-France/Centre National de Recherches Météorologiques (CMIP3) and CNRM-CERFACS—Centre

Européen de Recherche et Formation Avancées en Calcul Scientifique (CMIP5); CSIRO—Commonwealth Scientific and Industrial

Research Organisation Advanced Research (CMIP3) and CSIRO-QCCCE—CSIRO in collaboration with Queensland Climate

Change Centre of Excellence (CMIP5); LASG/IAP—State Key Laboratory of Numerical Modeling for Atmospheric Sciences and

Geophysical Fluid Dynamics, of the Institute of Atmospheric Physics (CMIP3); LASG-CESS—LASG/IAP, Chinese Academy of

Sciences and Center for Earth System Science, Tsinghua University (CMIP5); NOAA GFDL— Geophysical Fluid Dynamics Lab-

oratory; MOHC—Met Office Hadley Centre (CMIP5) for Climate Prediction and Research (CMIP3); INM—Institute of Numerical

Mathematics; IPSL—L’Institut Pierre-Simon Laplace; MIROC—Center for Climate System Research of the University of Tokyo,

National Institute for Environmental Studies, and Frontier Research Center for Global Climate Change of the Japan Agency for

Marine-Earth Science and Technology (JAMSTEC) (CMIP3) and JAMSTEC, Atmosphere and Ocean Research Institute of the

University of Tokyo, and National Institute for Environmental Studies (CMIP5); MRI—Meteorological Research Institute.

** Model names: CGCM3.1(T63)—third-generation Coupled Global Climate Model with T-63 spectral resolution; CanESM2—second-

generation Canadian Earth SystemModel; CCSM3/4—Community Climate SystemModel, versions 3 and 4; CM3/5—CoupledGlobal

Climate Model, versions 3 and 5; Mk3.5/3.6.0—Mark 3.5 and 3.6.0; FGOALS-g1.0/2—Flexible Global Ocean-Atmosphere-Land

SystemModel, gridpoint versions 1.0 and 2; CM2.1—ClimateModel, version 2.1; ESM2G—Earth SystemModel using theGeneralized

Ocean Layer Dynamics code base; UKMO-HadCM3—third climate configuration of the Met Office Hadley Centre Unified Model;

UKMO-HadGEM1—MetOfficeHadley Centre Global EnvironmentalModel, version 1; HadGEM2-CC/ES—Hadley CentreGlobal

Environmental Model, version 2, with Carbon Cycle/Earth System configurations (CC has troposphere, land surface and hydrology,

aerosols, ocean and sea-ice, terrestrial carbon cycle, and ocean biogeochemistry; ES has all that plus chemistry); CM3.0/4—Coupled

Model, versions 3 and 4; CM4/5A-LR—Climate Model, version 4 and version 5A (same physics as version 4) in low-resolution con-

figuration; MIROC3.2(hires)/-ESM—Model for Interdisciplinary Research on Climate, version 3.2 with high resolution and Earth

System Model version; CGCM2.3.2a/3—Coupled General Circulation Model, versions 2.3.2a and 3.
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However, it is possible that the CMIP5, which includes

some CGCMs with an Earth system model component,

overestimates the response to natural forcings and aero-

sols. In a previous study (Gillett et al. 2012), for example,

a relatively low and tightly constrained estimate of the

transient climate response and relatively low pro-

jections of twenty-first-century warming under the

representative concentration pathway are simulated

using CMIP5 CanESM2, which employed an Earth sys-

tem model component from CMIP3 CCCma CGCM3.1

(T63). This result prompts the need to examine additional

models and the detailed physical processes within them to

identify the changes from CMIP3 to CMIP5. Ideally,

these studies would also better account for the use of

various Earth system model components.

Figure 1 also indicates that the location of the maxi-

mum SST trend has shifted to the east from CMIP3 to

CMIP5, resulting in a warming trend in the eastern

tropical Pacific that is larger than that in the western

tropical Pacific in CMIP5. The multimodel ensemble

(MME) difference of the trend over the western Pacific

(58N–58S, 1208E–1708W) from that in the eastern Pa-

cific (58N–58S, 1508–908W) is 20.118C (100 yr)21,

whereas that in CMIP3 is 0.078C (100 yr)21. This shift

suggests that the zonal SST gradient across the tropical

Pacific has becomeweak in CMIP5. Note that this value

in CMIP3 becomes weakly positive with recent 30-yr

output [i.e., 0.158C (100 yr)21)], whereas the La Niña–

like trend is robust during these decades in observa-

tions. However, the value is still smaller than that in

CMIP5 [i.e., 0.418C (100 yr)21], implying that the

trend in CMIP3 is closer to the observed one than is

that in CMIP5, even though there are systematic errors

in simulating global warming trends in both CMIP

archives.

One can ask why there is systematic error in simu-

lating La Niña–like trends in CMIP archives. It might be

due to the bias in the climate models in the tropical

Pacific. Recently, An et al. (2012) argued that there are

two competing process to determine the trend over the

FIG. 1. The linear trends of SSTA [8C (100 yr)21] from 1950 to 2000 in (a) the CMIP3 MME and (b) the

CMIP5 MME.
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eastern Pacific (i.e., a cooling effect from evaporative

cooling and a warming effect from vertical thermal ad-

vection), and there is a possibility that the warming ef-

fect is excessively simulated, especially in CMIP5

models. In addition, there is a possibility that the trend

signal over the recent decade is mixed up with the de-

cadal variability over the Pacific (i.e., Pacific decadal

oscillation;Mantua et al. 1997). On the other hand, some

studies pointed out that there is a linkage between the

Atlantic and the Pacific on a decadal time scale and that

the LaNiña–like signal over the tropical Pacific in recent

decades is partly originated from the decadal variability

over the Atlantic (Kucharski et al. 2011). Because the

decadal variability in a twentieth-century run is not in

phase with the observed one because of the lack of an

initialization process, this may be the reason for differ-

ent temperature change between the model and obser-

vations. Further analysis should be performed within

this line of reasoning.

To examine similar structural changes in the SST

trend from CMIP3 to CMIP5 in more detail, Fig. 2 dis-

plays the east–west trend difference (i.e., the western

tropical Pacific minus the eastern tropical Pacific) for

each CGCM, as well as their ensemble means and the

observation. Note that the east–west trend difference in

the observation is based on the four different SST da-

tasets shown in Table 1. If the trend difference is above

(below) zero, it represents a LaNiña–like (ElNiño–like)

structure of the SST trend over the second half of the

twentieth century, indicating that warming in the western

(eastern) tropical Pacific is more dominant than that

in the eastern (western) tropical Pacific. The ensemble

mean, which is denoted in the left-hand side of Fig. 2,

indicates that the patterns of tropical warming over the

second half of the twentieth century have significantly

changed from a La Niña–like structure in CMIP3 to an

El Niño–like structure in CMIP5. Whereas 8 of the 12

patterns represent a La Niña–like structure of the SST

trend in CMIP3, 5 of the 12 do so in CMIP5. Except

for 3 CGCMs [i.e., CNRM-CM3, GFDL-CM2.1, and

MIROC3.2(hires)], the other 9 CGCMs show an east–

west trend difference that has been reduced from CMIP3

to CMIP5. Among them, the sign of the east–west trend

difference has changed in five CGCMs [i.e., the CCCma

CGCM3.1(T63), FGOALS-g1.0, UKMO-HadGEM1,

INM-CM3.0, and MRI-CGCM2.3.2a].

One can expect that such changes may influence the

ENSO properties for both the CMIP3 and CMIP5 be-

cause the background state of the tropical Pacific has

evolved between the two databases. In particular, this

study focuses on the shift in an SST center of action

associated with the ENSO amplitude, which is known to

have changed significantly because of the mean state

change (Yeh et al. 2009). To illustrate this effect, Fig. 3

displays the ratios of SSTA variance in the eastern

tropical Pacific (i.e., the Niño-3 region: 58N–58S, 1508–
908W) to that in the western tropical Pacific (the Niño-4

region: 58N–58S, 1608E–1508W) from CMIP3 to CMIP5.

It also displays their ensemble means and the obser-

vation. Note that an increase in this ratio indicates that

a center of action associated with an ENSO amplitude

has shifted to the east from CMIP3 to CMIP5. This

FIG. 2. The difference of trends over the western Pacific from that over the eastern Pacific

from 1950 to 2000 [8C (100 yr)21]. The positive value indicates that the western Pacific trend is

greater than the eastern Pacific trend (La Niña–like). Note that 21 on the x axis denotes the

ensemble mean from the four different SST datasets in observations and 0 denotes the MME

from the CMIP3 (black bar) and the CMIP5 (red bar), and each number from 1 to 12 denotes

the corresponding climate model shown in Table 2. The gray error bars for MME denote the

90% confidence level using the standard deviation (STD) of ratio values among CMIP models.
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SSTA variance is calculated after removing the linear

trend since it is to measure the interannual variability.

Overall, the ratio of the SSTA variances increases from

CMIP3 to CMIP5 as seen from the comparison of the

ensemble-mean ratios. Furthermore, the increase in

the SSTA variance ratio of the aforementioned five

CGCMs, for which the sign of the east–west trend dif-

ference switched from CMIP3 to CMIP5, is more prom-

inent. That is, the ensemble-mean ratio in the five

CGCMs increases from CMIP3 (1.03) to CMIP5 (1.38).

Changes in the spatial patterns of tropical warming

can induce a change in the ratio of the SSTA variance in

the eastern and western tropical Pacific from CMIP3 to

CMIP5. In other words, a greater amount of warming in

the eastern tropical Pacific relative to the western

tropical Pacific in CMIP5 (i.e., an El Niño–like structure

of the SST trend) can amplify the SSTA variability in the

eastern tropical Pacific through enhanced air–sea cou-

pled processes (Choi et al. 2009). To measure the air–

sea coupling strength over the eastern tropical Pacific,

Fig. 4 displays the ensemble-mean regression coeffi-

cients between the mean SST and the mean precip-

itation over the Niño-3 region for 12 CMIP3 and CMIP5

CGCMs. An increase in this regression coefficient in-

dicates that the atmospheric response to ocean SST

changes has become more sensitive in the eastern

tropical Pacific. Moreover, these coefficients system-

atically increase in CMIP5, suggesting an enhanced

SSTA variance in the eastern tropical Pacific in CMIP5.

Consequently, this study posits that both an El Niño–

like structure of the SST trend and an increase in the

sensitivity of the atmospheric response to SST changes in

the eastern tropical Pacific from CMIP3 to CMIP5 may

contribute to enhancing the ratio of the SSTA variance in

the eastern and western tropical Pacific regions.

4. Summary and discussion

Various observational data sources present discrep-

ancies among their SST trends in the tropical Pacific

throughout the twentieth century (Deser et al. 2010).

Nevertheless, the four SST datasets used in this study

indicate that the linear trend in the western Pacific is

larger than that in the eastern Pacific in all SST datasets,

suggesting that a zonal SST gradient across the tropical

Pacific has become strong over the second half of the

twentieth century (1950–2010). To verify this effect, the

CMIP3 and CMIP5multimodel datasets were utilized to

simulate the tropical Pacific SST trends throughout

a historical run from 1950 to 2000. It was found that the

magnitude of the linear trend of the SST in the tropical

Pacific basin decreased significantly from CMIP3 to

CMIP5, which might be associated with the inclusion of

an Earth system model component in the CMIP5 data-

set. The patterns of tropical warming over the second

half of the twentieth century evolve from a La Niña–like

structure in CMIP3 to an El Niño–like structure in

CMIP5. Such changes influence the ENSO properties in

these two datasets by altering the background state of

the tropical Pacific. In particular, the ratio of the SSTA

variance in the eastern and western tropical Pacific

was found to have increased from CMIP3 to CMIP5,

indicating that a center of action associated with the

ENSO amplitude had shifted to the east for CMIP5.

Consequently, we contend that both an El Niño–like

structure of the SST trend and an increase in the sensi-

tivity of the atmospheric response to SST changes in

the eastern tropical Pacific from CMIP3 to CMIP5

contribute to an enhanced ratio of the SSTA variance in

the eastern and western tropical Pacific regions. Yet, we

do not exclude the possibility that an increase in the

FIG. 3. As in Fig. 2, but for the ratio of the STD of the Niño-3 index to that of the Niño-4 index

from CMIP5 (red bars) and CMIP3 (black bars) models during 1950–2000.
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sensitivity of the atmospheric response to SST changes

in the eastern tropical Pacific could cause a change in the

tropical SST trend pattern from CMIP3 to CMIP5. In

other words, an increase in the coupled air–sea process

in the eastern tropical Pacific may be able to enhance

the ratio of the SSTA variance between the eastern and

western tropical Pacific regions. Then, this enhanced

SSTA variance could induce a change in the tropical

Pacific background state toward an El Niño–like struc-

ture via a nonlinear mechanism (Timmermann 2003;

Rodgers et al. 2004; Yeh and Kirtman 2004).
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