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ABSTRACT

The causes of the change in amplitude of El Niño–Southern Oscillation (ENSO) during the mid-

Holocene were investigated by diagnosing the model simulations that participated in the Paleoclimate

Modelling Intercomparison Project phases 2 and 3. Consistent with paleoclimate records, 20 out of the 28

models reproduced weaker-than-preindustrial ENSO amplitude during the mid-Holocene. Two repre-

sentative models were then selected to explore the underlying mechanisms of air–sea feedback processes. A

mixed layer heat budget diagnosis indicated that the weakened ENSO amplitude was primarily attributed

to the decrease in the Bjerknes thermocline feedback, while the meridional advective feedback also

played a role. During the mid-Holocene, the thermocline response to a unit anomalous zonal wind stress

forcing in the equatorial Pacific weakened in both models because of the increased ENSOmeridional scale.

A further investigation revealed that the greater ENSO meridional width was caused by the strengthening

of the Pacific subtropical cell, which was attributed to the enhanced mean trade wind that resulted from the

intensified Asian and African monsoon rainfall and associated large-scale east–west circulation in response

to the mid-Holocene orbital forcing.

1. Introduction

El Niño–Southern Oscillation (ENSO), which origi-

nates in the tropical Pacific region, is themost prominent

mode of climate variability at interannual time scales in

the Earth climate system (Bjerknes 1969; Rasmusson
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and Carpenter 1982; Philander 1990). ENSO is a cou-

pled ocean–atmosphere mode that involves both oce-

anic dynamical processes (Zebiak and Cane 1987;

Suarez and Schopf 1988; Battisti and Hirst 1989; Jin

1997) and atmospheric responses to sea surface tem-

perature (SST) (Gill 1982; Lindzen and Nigam 1987;

Wang and Li 1993). ENSO has a great impact on

weather and climate not only in the tropics but also in

the extratropics. Understanding the changes in ENSO

behavior is thus of broad scientific and socioeconomic

importance.

How ENSO activity would change in response to

global warming has been extensively studied based on

observational and model data. However, it remains

unclear whether future ENSO amplitude is going to

weaken, strengthen, or remain unchanged (van

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

Merryfield 2006; Philip and van Oldenborgh 2006; Yeh

and Kirtman 2007; Latif andKeenlyside 2009; Park et al.

2009; Collins et al. 2010; DiNezio et al. 2012; Christensen

et al. 2013; Cai et al. 2014; Chen et al. 2015, 2017). Dif-

ferent models also project a wide range of responses

from El Niño–like to La Niña–like changes in the mean

state of the tropical Pacific zonal SST gradients (Collins

2005; Merryfield 2006). These uncertainties thus spur us

to further understand ENSO and the link between its

variability and the background climate state. Studying

ENSO variability under past climate in which a mean

state differs significantly from the present climate

offers a unique opportunity to achieve this goal.

Paleoclimate reconstructions provide the possibility

of examining the theories of ENSO response to global

warming and evaluating climate models used to project

this response. The climate of the mid-Holocene (MH),

approximately 6000 years ago, has received much at-

tention because a large body of evidence suggests a

substantially weaker ENSO at that time (see section 7

for details). To explore the mechanism of ENSO

changes during the MH, several modeling studies have

been performed using coupled atmosphere–ocean sim-

ulations (Bush 1999; Clement et al. 2000; Liu et al. 2000,

2014; Kitoh and Murakami 2002; Otto-Bliesner et al.

2003; Brown et al. 2008a,b; Zheng et al. 2008; Chiang

et al. 2009; Braconnot et al. 2012b; Luan et al. 2012; An

and Choi 2014; Roberts et al. 2014; Emile-Geay et al.

2016). In accord with reconstructed records, these sim-

ulations have consistently indicated that ENSO activity

was reduced during theMH, although the metric used to

measure ENSO amplitude and the magnitude of the

reduction varied greatly across the models. Excluding

the study of Emile-Geay et al. (2016), who proposed that

there was no clear link between orbital forcing and

ENSO amplitude during the Holocene, it has been

widely shown that orbitally induced change in the sea-

sonal cycle of insolation was the root driver of the re-

duction in the MH ENSO variance; however, the

responsible dynamic processes have remained in-

conclusive (Clement et al. 2000; Liu et al. 2000; Otto-

Bliesner et al. 2003; Brown et al. 2008a; Zheng et al.

2008; Chiang et al. 2009).

Previous theoretical and modeling studies have pro-

posed that the change in the background mean state is

an important factor that affects the ENSO characteris-

tics (Li 1997a; Li and Hogan 1999; Fedorov and

Philander 2000; An and Jin 2001; Wang and An 2001,

2002; Chen et al. 2013, 2015; Chung and Li 2013; Xiang

et al. 2013). However, there is little consensus on which

of the mean state changes was essential for the changes

in ENSO during the MH. Some studies attributed the

reduced MH ENSO activity to the enhanced climato-

logical mean trade winds and their changed seasonality

(Clement et al. 2000; Brown et al. 2008a; Zheng et al.

2008). In contrast, some argued that changes in themean

state of the thermocline along the equator associated

with the tropical Pacific zonal SST gradient were the

source of the weakened ENSO variability at that time

(Liu et al. 2000; Otto-Bliesner et al. 2003). More re-

cently, Chiang et al. (2009) proposed that the reduction

in the amplitude of stochastic forcing from the extra-

tropics by teleconnection was the cause of the reduced

ENSO variance during the MH. Additionally, Roberts

et al. (2014) put forward the impact of the stability of

ocean–atmosphere interactions, which demonstrated

the importance of considering the combined effects of a

mean state change on the coupled ocean–atmosphere

system. Therefore, it is a challenge to uncover what part

of the mean state changes was crucial and responsible

for the ENSO amplitude change during theMH in state-

of-the-art climatemodels, which calls for a thorough and

quantitative diagnosis of air–sea coupling processes

and feedbacks that dominate the change in ENSO

amplitude.

Based on the above and motivated by the study of

Chen et al. (2015), this paper presents a diagnostic

analysis of the cause of the ENSO amplitude change

during the MH using coupled climate models under

the protocol of the Paleoclimate Modelling In-

tercomparison Project phase 2 (PMIP2) and phase 3

(PMIP3). The remainder of this paper is organized as

follows. In section 2, we describe the models, data, and

analysis methods, and evaluate the model performance

for tropical climate and ENSO characteristics. Then, in

section 3, two representative models are selected for the

analysis of the mixed layer heat budget to diagnose

the air–sea coupling processes and feedbacks during the

ENSO developing phase. The causes of the changes in
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the two leading budget terms, the Bjerknes thermocline

feedback and meridional advective feedback, are in-

vestigated in sections 4 and 5, respectively. The mech-

anism responsible for the thermocline response

including the role of the mean state is highlighted in

section 6. A comparison between model results and

proxy data is performed in section 7, and conclusions

and a short discussion are finally given in section 8.

2. Data and methods

a. Models and data

Based on data availability, the present study used 28

models under the framework of PMIP2 and PMIP3 for

the MH climate simulations, including 17 PMIP2

atmosphere–ocean or atmosphere–ocean–vegetation

coupled models and 11 PMIP3 state-of-the-art coupled

models with overall higher spatial resolutions than the

previous generation. Basic information about the 28

models is provided in Table 1. The boundary conditions

for the MH experiment include changes in Earth’s

orbital parameters (Berger 1978) and atmospheric

concentrations of greenhouse gases with respect to the

preindustrial (PI) period. In PMIP2 and PMIP3, the

orbital parameters of eccentricity, obliquity, and angu-

lar precession during the MH (PI) were 0.018682

(0.016724), 24.1058 (23.4468), and 0.878 (102.048), re-
spectively. The atmospheric methane concentration

was reduced from the PI level of 760–650 ppb for the

MH. The atmospheric concentration of carbon dioxide

and nitrous oxide was held constant at 280 ppm and

270 ppb, respectively. SSTs were computed by oceanic

general circulation models. The vegetation was simu-

lated with equilibrium or dynamic vegetation models in

atmosphere–ocean–vegetation models but was fixed at

the present state in atmosphere–ocean models. More

details about the models and experiments are provided

by Braconnot et al. (2007) and Taylor et al. (2012) (and

available online at http://pmip3.lsce.ipsl.fr/). Monthly

model output for the last 100 yr (all years) from both PI

and MH experiments were analyzed in this study using

simulations with the length of run longer (shorter) than

100 yr (last column in Table 1). Note that all monthly

anomalies were first obtained by subtracting the annual

TABLE 1. Basic information about the climate models and the MH experiments used in this study. (Acronym expansions are available

online at http://www.ametsoc.org/PubsAcronymList.)

Model Country

Atmospheric resolution

(lon 3 lat, vertical layers)

Oceanic resolution

(lon 3 lat, vertical layers)

Length of

run (yr)

17 coupled models within PMIP2

1 CCSM3.0 United States ;2.88 3 2.88, L18 ;1.1258 3 0.1–0.58, L40 50

2 CSIRO Mk3L-1.0 Australia ;5.68 3 3.28, L18 ;5.68 3 3.28, L21 1000

3 CSIRO Mk3L-1.1 Australia ;5.68 3 3.28, L18 ;2.88 3 1.68, L21 1000

4 ECBILTCLIOVECODE Belgium ;5.68 3 5.68, L3 38 3 38, L20 100

5 ECBILTCLIOVECODE-gvm Belgium ;5.68 3 5.68, L3 38 3 38, L20 100

6 FGOALS-1.0g China ;2.88 3 38–68, L9 18 3 18, L33 100

7 FOAM United States 7.58 3 ;4.48, L18 ;2.88 3 1.48, L24 100

8 FOAM-gvm United States 7.58 3 ;4.48, L18 ;2.88 3 1.48, L24 100

9 GISS ModelE United States 58 3 48, L17 58 3 38–48, L33 50

10 IPSL-CM4-V1-MR France 3.758 3 ;2.58, L19 28 3 18, L31 100

11 MIROC3.2 Japan ;2.88 3 2.88, L20 ;1.48 3 0.6–1.78, L44 100

12 MRI-CGCM2.3.4fa Japan ;2.88 3 2.88, L30 2.58 3 0.58–28, L23 150

13 MRI-CGCM2.3.4fa-gvm Japan ;2.88 3 2.88, L30 2.58 3 0.58–28, L23 100

14 MRI-CGCM2.3.4nfa Japan ;2.88 3 2.88, L30 2.58 3 0.58–28, L23 150

15 MRI-CGCM2.3.4nfa-gvm Japan ;2.88 3 2.88, L30 2.58 3 0.58–28, L23 100

16 UBRIS-HadCM3M2 United Kingdom 3.758 3 2.58, L19 1.258 3 1.258, L20 100

17 UBRIS-HadCM3M2-gvm United Kingdom 3.758 3 2.58, L19 1.258 3 1.258, L20 100

11 coupled models within PMIP3

18 BCC_CSM1.1 China ;2.88 3 2.88, L26 18 3 ;0.0018–18, L40 100

19 CCSM4 United States 1.258 3 ;0.98, L26 1.1258 3 ;0.3–0.58, L60 301

20 CNRM-CM5 France ;1.48 3 1.48, L31 18 3 ;0.01–0.98, L42 200

21 CSIRO Mk3.6.0 Australia 1.8758 3 ;1.98, L18 1.8758 3 ;0.98, L31 100

22 CSIRO Mk3L-1.2 Australia ;5.68 3 3.28, L18 ;2.88 3 1.68, L21 500

23 GISS-E2-R United States 2.58 3 28, L40 1.258 3 18, L32 100

24 HadGEM2-CC United Kingdom 1.8758 3 1.258, L60 18 3 ;0.38–18, L40 35

25 HadGEM2-ES United Kingdom 1.8758 3 1.258, L38 18 3 ;0.38–18, L40 102

26 IPSL-CM5A-LR France 3.758 3 ;1.98, L39 ;28 3 0.01–5.48, L31 500

27 MPI-ESM-P Germany 1.8758 3 ;1.98, L47 ;1.2–1.68 3 0.1–1.28, L40 100

28 MRI-CGCM3 Japan 1.1258 3 ;1.18, L48 18 3 ;0.01–0.58, L51 100
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climatological cycle from the original time series and

were then filtered using a 6–96-month Lanczos band-

pass filter (Duchon 1979) with 121 weights, which

eliminates the influence of any variability occurring on

time scales of 8 yr or longer.

To assess model performance for the PI climate, we

used monthly SSTs from the HadISST1.1 dataset

(Rayner et al. 2003) and the NOAA Extended Re-

constructed Sea Surface Temperature (ERSST), version

4, dataset (Huang et al. 2015) for the period 1900–99

(hereafter referred to as ‘‘observation’’). To detect the

ENSO amplitude and its change at a fine horizontal

resolution, all model and observation data were aggre-

gated to a grid resolution of 18 latitude 3 18 longitude
using bilinear or area-weighted interpolation.

b. Analysis methods

The description of the analysis methods parallels

that of Chen et al. (2015), as follows. The ENSO

amplitude is defined by the standard deviation

(STD) of SST anomaly (SSTA) over the Niño-3 (58S–
58N, 908–1508W) region. A similar result can be ob-

tained when the Niño-3.4 (58S–58N, 1208–1708W)

SSTA is applied (figure not shown). The criterion for

selecting El Niño (La Niña) events is that the Niño-3
SSTA during ND(0)J(11) is greater (less) than one

(minus one) STD. Here, ND(0)J(11) represents the

average from November–December (ND) in the El

Niño or La Niña year (0) to January (J) of the fol-

lowing year (11).

A mixed layer heat budget analysis was conducted to

diagnose the relative role of the dynamic and thermo-

dynamic processes in the SSTA growth during the

ENSO developing phase, which is defined fromApril(0)

to November(0). Following Li et al. (2002) and Su et al.

(2010), and the same as derived from Chen et al. (2015),

the mixed layer temperature tendency equation is

written as

›T 0

›t
52(V � =T)0 1 Q0

net

r
0
C

p
H

1 r

52(V0 � =T1V � =T 0 1V0 � =T 0)1
Q0

net

r
0
C

p
H

1 r
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�
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1 y

›T 0
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�
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Q0
net

r
0
C
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H

1 r , (1)

where T represents the mixed layer temperature,

V5 (u, y, w) is the three-dimensional ocean current,

= 5 (›/›x, ›/›y, ›/›z) denotes a three-dimensional

gradient operator, the prime represents the anomaly

variables, and the overbar denotes the climatologi-

cal annual cycle variables; 2(V � =T)0 is the anoma-

lous temperature advection vertically integrated from

the ocean surface to the bottom of the mixed layer,

which can be decomposed into two linear advection

terms 2(V0 � =T1V � =T 0) and a nonlinear advection

term 2(V0 � =T 0); Qnet represents the sum of the net

downward shortwave radiation, net downward long-

wave radiation, and surface latent and sensible heat

fluxes at the ocean surface; r0 is the density of sea-

water; Cp is the specific heat of water; H represents a

constant mixed layer depth (approximately 50m but

model dependent); and r denotes the residual term. A

positive heat flux represents a heating to the ocean.

The variation of the mixed layer depth in space and

time was not considered here because the simplicity

of a mean constant mixed layer depth shows a rea-

sonable framework for the heat budget, as is displayed

in section 3.

To understand the cause of Bjerknes thermocline

feedback change, we explored the air–sea coupling

processes associated with the thermocline feedback. The

analysis approach here is the same as derived fromChen

et al. (2015), and closely resembles that applied in the

Bjerknes coupled stability index proposed by Jin et al.

(2006). Following Liu et al. (2011), the growth rate

s related to the thermocline feedback term2w›T 0/›z is
written as

s5
w

H
R(t0x,T

0)R(D0, t0x)R(T
0
e,D

0), (2)

wherew represents themean vertical upwelling velocity,

H is the constant oceanic mixed layer depth (approxi-

mately 50m but model dependent), t0x denotes the zonal
wind stress anomaly,T 0 represents the SSTA,D0 denotes
the thermocline depth anomaly represented by the 208C
isothermal depth anomaly, and T 0

e denotes the sub-

surface ocean temperature anomaly represented by the

temperature anomaly at 70m. Equation (2) shows that

in addition to the mean upwelling velocity, the ENSO

growth rate relevant to the thermocline feedback is

determined by three feedback coefficients: R(t0x, T
0),
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representing the zonal wind stress response t0x in the

equatorial Pacific (EP; 58S–58N, 1208E–808W) to a unit

SSTA forcing in the eastern equatorial Pacific (EEP;

Niño-3 region); R(D0, t0x), denoting the ocean thermo-

cline response in the EEP to a unit t0x forcing in the EP;

and R(T 0
e, D

0), representing the ocean subsurface tem-

perature response to a unit thermocline depth anomaly

in the EEP.

Following Merryfield (2006) and Chen et al. (2015), a

meridional width index was applied to calculate the

meridional width of a certain or coupled field (e.g., t0x,
SSTA, or the nonlinear product of two fields) as defined

by the following formula:

W5

ð
xjyj dyð
x dy

, (3)

whereW denotes the width index, x represents a certain

or coupled field, and y is the latitude. The absolute value

of latitude jyj serves as a weight of the field x. Consid-

ering the air–sea coupling between the zonal wind stress

and SST, we calculated the width index using the re-

gressed t0x 3 SSTA field averaged over the equator be-

tween 1208E and 808W for both PI and MH simulations.

c. Model selection

First, we examined the ability of the 28 models from

PMIP2 and PMIP3 in reproducing the climatological

mean SSTs over the tropical Pacific for the PI pe-

riod (see Fig. S1 in the supplemental information). It

was found that most models could reasonably cap-

ture the observed large-scale distribution of the SST

climatology, such as the warm pool region over the

western Pacific and the cold tongue in the equatorial

eastern Pacific. However, the simulated equatorial cold

tongue extended far too westward into the western Pa-

cific, leading to a westward shift and even an erosion of

the warm pool as comparedwith observations, which are

the common biases of current climate models particu-

larly for the non-flux-adjusted (nfa) ones (Latif et al.

2001). Warmer-than-observed SSTs appeared in the

eastern Pacific at approximately 108S, which implies

the classical double-ITCZ bias. Note that although the

spatial resolutions in PMIP3 models are overall higher

than those in PMIP2 models, the above biases generally

existed in the models of both two PMIP stages. We

further investigated the model performance for modern

ENSO characteristics, including its amplitude, fre-

quency, and time evolution. Most models for the PI

simulations reproduced a magnitude of ENSO ampli-

tude similar to that from observations, with the values

from 16 models being within 620% of the observations

and a weaker- (stronger-) than-observed amplitude oc-

curring in seven (five) models (Fig. 1). The spectral

analysis of observations for the period 1900–99 showed

two statistically significant peaks at around 3.6 and 5 yr

(figure not shown). Most models simulated a broadly

correct dominant frequency of approximately 2–5 yr,

although they exhibit too regular events as shown by a

single peak. The observed time evolution of composite

Niño-3 SSTA for warm and cold episodes could be

properly reproduced by the PMIP2 and PMIP3 models,

which generally showed the ENSO developing phase

from April(0) to November(0) and the seasonal phase

lock during December(0)–February(11) (Fig. 2).

FIG. 1. The STD of SSTA over the Niño-3 region (K) derived from observations for the

period 1900–99 and from the 28 PMIP2 and PMIP3models for PI (light gray bar; left y axis) and

MH (dark gray bar; left y axis) and their difference (MH2 PI; blue and red bars; right y axis).

The blue (red) bar indicates the weakened (strengthened) model, with hollow bar representing

ENSO amplitude change not exceeding the 95% confidence level using the Fisher test.
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Next, we explored the response of ENSO amplitude

to the MH forcing in the 28 PMIP2 and PMIP3 models.

Figure 3 shows the geographical distribution of the

MH minus PI (MH 2 PI) changes in the STD of SSTA.

Although there was a large spread in spatial pattern and

magnitude among the models, most [e.g., CCSM3.0,

FGOALS-1.0g, MRI-CGM2.3.4 flux adjusted (fa) with

global vegetation model (gvm) (MRI-CGCM2.3.4fa-gvm),

andMPI-ESM-P] displayed adecrease inENSOamplitude,

whereas others showed an increase [e.g., ECBilt–CLIO–

VECODEESMwithgvm(ECBILTCLIOVECODE-gvm),

University of Bristol (UBRIS)-HadCM3M2-gvm, and

CSIRO Mk3.6.0] or nearly no change. Quantitatively,

relative to the PI period, the MH ENSO amplitude was

weakened (strengthened) by 2%–21% (2%–29%) in

20 (8) models, with 15 (6) of them being significant at the

95% confidence level (Figs. 1 and 3). Note that the

sample of models that simulated a weakening of

the MH ENSO amplitude is not independent. There

are many models in the PMIP2 and PMIP3 archive

that are closely related to each other and share common

components, which also show similar response to the

MH forcing. For example, the two CSIRO, FOAM, and

MRI-CGCM2.3.4nfa models in PMIP2 and the two

HadGEM2models in PMIP3 both simulated a weakened

ENSO amplitude; CCSM3.0 and the two CSIRO models

in PMIP2 and their successors, CCSM4 and CSIRO

Mark 3L, version 1.2 (CSIRO Mk3L-1.2), in PMIP3,

also showed a consistent weakening. However, the

MH change in ENSO frequency was less consistent

FIG. 2. Time evolution of composite Niño-3 SSTA (K) for warm (solid curve) and cold (dashed curve) episodes from observations for

the period 1900–99 and from the 28 PMIP2 and PMIP3 models for the PI (black) and MH (red) simulations. Model names in red denote

the two representative models that were analyzed in detail.

7054 JOURNAL OF CL IMATE VOLUME 30



between models; some showed a tendency to pro-

duce either a lower- or higher-frequency peak of the

Niño-3 SSTA power spectra, and others showed

almost no change in the broadly dominant frequency

(figure not shown). Approximately half of the models

displayed a decrease in the spectral energy. The

composite results for El Niño and La Niña events

(Fig. 2) were generally in agreement with the change

FIG. 3. MH minus PI changes in the STD of SSTA (K) derived from 28 PMIP2 and PMIP3 models. The percentage change averaged

over the Niño-3 region is shown at the top right of each panel, with the value not exceeding the 95% confidence level in parentheses. The

SSTA at eachmodel was derived by subtracting climatological SST followed by a 6–96-month Lanczos bandpass filtering with 121 weights.

Model names in red denote the two representative models that were analyzed in detail.

1 SEPTEMBER 2017 T I AN ET AL . 7055



in ENSO amplitude, although only a fewmodels showed a

prominent reduction of Niño-3 SSTA during the de-

veloping phase (e.g., MIROC3.2, MRI-CGCM2.3.4fa-

gvm, MRI-CGCM2.3.4nfa, and UBRIS-HadCM3M2 in

PMIP2 and MPI-ESM-P in PMIP3).

Because most of the models reproduced weakened

ENSO amplitude during the MH, we selected two rep-

resentative models for detailed investigation, one from

PMIP2 and the other from PMIP3 to shed light on the

PMIP models from different stages. The criteria for

model selection were as follows. First, the magnitude

and spatial pattern of the tropical Pacific annual SST for

the PI period were reasonably reproduced as compared

with observations; second, the simulated ENSO ampli-

tude for the PI period was within 620% of the obser-

vations; third, the weakening of the ENSO amplitude

during the MH was significant at the 95% confidence

level, with an obvious negative center in the equatorial

Pacific; fourth, the power spectra of Niño-3 SSTA for

the period of 2–5 yr were reduced during the MH; and

last and most importantly, the composite Niño-3 SSTA

of El Niño or La Niña events was markedly decreased

from PI to MH during the developing phase. Based on

these criteria, MRI-CGCM2.3.4fa-gvm was chosen as a

representative of PMIP2 models mainly because, first,

the monthly ocean data are available only for this model

in the PMIP2 output, and second, it showed significant

and strongest weakening of ENSO amplitude by 21%

during the MH with respect to PI (Fig. 3). At the same

time, MPI-ESM-P was chosen from PMIP3 mainly due

to its more prominent reduction of composite Niño-3
SSTA from PI to MH during the ENSO developing

phase than other PMIP3 models (Fig. 2), which also

showed significantly weaker-than-PI ENSO amplitude

by 9% during the MH. The subsequent analysis will be

based on the results of these two representative models.

It is worth mentioning that CCSM3.0, CSIRO Mk3L-

1.0, FGOALS-1.0g, and MIROC3.2 in PMIP2 and

GISS-E2-R in PMIP3 showed ENSO behaviors similar

to those of the two representative models, including a

reasonable SST climatology for the PI period, a signifi-

cant weakening of ENSO amplitude during theMH, and

reduced composite Niño-3 SSTA from PI to MH during

the ENSO developing phase (see Fig. S1 and Figs. 1–3).

3. Diagnosis of mixed layer heat budget

To investigate the cause of the weakening of the ENSO

amplitude during the MH, a mixed layer heat budget

analysis was performed to diagnose the mixed layer

temperature anomaly (MLTA) tendency during the de-

veloping phase of the composite ENSO events for MRI-

CGCM2.3.4fa-gvm and MPI-ESM-P. Figure 4 shows the

composite changes in the mixed layer temperature budget

terms from the two models. Each budget term during the

PI andMHwas first obtained for theElNiño, LaNiña, and
El Niño minus La Niña composites. Then, we calculated

the corresponding changes fromPI toMH(MHminus PI).

Note that the changes in estimated (Fig. 4, bar 11) and

actual MLTA tendency (Fig. 4, bar 12) were close or

similar in magnitude in each composite, especially for

MRI-CGCM2.3.4fa-gvm, which implies that the results of

the mixed layer heat budget diagnosis are overall credible.

However, the estimated MLTA budget has a relatively

large error in MPI-ESM-P (Figs. 4d,f), which may arise

from themean state SST cold bias in the equatorial eastern

Pacific for the PI period (Fig. S1). The changes in heat

budget terms for the El Niño composite generally showed

opposite signs to those for the La Niña composite. The

decrease (increase) in theMLTA tendency for theElNiño
(La Niña) composite means a weaker El Niño (La Niña)
event. As a result, the MLTA tendency for the El Niño
minus LaNiña composite decreased, which was responsible

for the weakening of the ENSO amplitude during the MH.

More specifically, the most important terms from Eq. (1)

that contributed to the weakened ENSO for both models

were2w›T 0/›z (term5; Fig. 4, bar 5) and2y›T 0/›y (term8;

Fig. 4, bar 8), which denote the advection of anomalous

temperature by mean upwelling and by mean meridional

current, representing the Bjerknes thermocline feedback

and the meridional advective feedback, respectively. The

contributions of terms 5 and 8 were of similar importance

for MRI-CGCM2.3.4fa-gvm, while term 5 was more im-

portant than term 8 for MPI-ESM-P. For both models, the

zonal advective feedback (2u0›T/›x, term 1; Fig. 4, bar 1)

made a minor positive contribution to the change in the

MLTA tendency due to consistent sign of their changes,

whereas the advection of mean temperature by anomalous

meridional current (2y0›T/›y, term 7; Fig. 4, bar 7) made a

negative contribution due to their opposite changes. The

thermodynamic heat flux feedback [Q0
net/(r0CpH), term 10;

Fig. 4, bar 10] also made a negative contribution, which was

more prominent in MRI-CGCM2.3.4fa-gvm than in MPI-

ESM-P.

Note that the above two most important terms that

contributed to the weakening of ENSO amplitude dur-

ing the MH are the product of the mean and anomalous

states. To determine whether the mean state change or

the perturbation change was the major contributor, we

separated their relative contributions based on the fol-

lowing relationship as in Chen et al. (2015):

d(A0B)5d(A0)B1A0d(B)1 d(A0)d(B) , (4)

where d(�) denotes the change from PI to MH (MH

minus PI), A0 represents the anomalous state or
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perturbation part (2›T 0/›z or 2›T 0/›y), and B repre-

sents the mean state part (w or y). As deduced from

Eq. (4), the change in the product of A0 and B can be

decomposed into three parts: the change in perturbation

d(A0)B, themean state changeA0d(B), and the change in
the residual part d(A0)d(B).
Based on Eq. (4), Fig. 5 shows the composite changes

in relative contributions of the mean state and the per-

turbation to terms 5 and 8 for MRI-CGCM2.3.4fa-gvm

and MPI-ESM-P. For both leading terms in the two

models, the major contributor to the MLTA tendency

change for each composite was the perturbation part

[d(2›T 0/›z) from term 5 and d(2›T 0/›y) from term 8 in

Eq. (1)]. The direct impact of the mean state change

[d(w) from term 5 and d(y) from term 8 in Eq. (1)] on the

mixed layer budget difference wasminor; themean state

affected the ENSO amplitude during the MH mainly

through its impact on the perturbations. Therefore, we

will focus the following analysis on the change in in-

terannual variabilities.

4. Cause of Bjerknes thermocline feedback change

As mentioned above, the first leading budget term

that contributed to the decrease in the MLTA tendency

during the MH was the Bjerknes thermocline feedback.

To understand the dynamics of the weakened ENSO

amplitude, we explored the ENSO growth rate asso-

ciated with the thermocline feedback term 2w›T 0/›z
according to Eq. (2). Because the change in ENSO

perturbation plays a major role, the overall thermocline

feedback strength is thus determined by the product of

the three air–sea coupling coefficients, represented by

R(t0x, T
0)R(D0, t0x)R(T

0
e, D

0).

FIG. 4. Composite MH minus PI difference of mixed layer temperature budget terms from

Eq. (1) (K month21) for (a)–(c) MRI-CGCM2.3.4fa-gvm and (d)–(f) MPI-ESM-P. The change

in each budget term from PI to MHwas first obtained for El Niño, La Niña, and El Niño minus

La Niña composites. Bar 12 represents the change in mixed layer temperature tendency

d(›T 0/›t), and bar 11 is the change in the sum of the first 10 terms from Eq. (1). The changes in

the remaining terms are as follows: d(2u0›T/›x) (bar 1), d(2u›T 0/›x) (bar 2), d(2u0›T 0/›x)
(bar 3), d(2w0›T/›z) (bar 4), d(2w›T 0/›z) (bar 5), d(2w0›T 0/›z) (bar 6), d(2y0›T/›y) (bar 7),
d(2y›T 0/›y) (bar 8), d(2y0›T 0/›y) (bar 9), and d[Q0

net/(r0CpH)] (bar 10). The operator d(�)
denotes the differenceMH2PI. See themixed layer temperature tendency equation in section 2b

for more detail.
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To quantitatively examine the strength of each of the

three feedback coefficients, Fig. 6 shows the monthly

scatter diagrams for both the PI andMH simulations for

MRI-CGCM2.3.4fa-gvm and MPI-ESM-P, in which the

linear slope value calculated by linear regression for

each diagram denotes the air–sea coupling coefficient

and is followed by its error range. The error range of the

linear regression coefficient is calculated following Chen

et al. (2013). Note that the wind stress–SST coupling

coefficient R(t0x, T
0) became stronger in MH than in PI

for MRI-CGCM2.3.4fa-gvm but slightly declined for

MPI-ESM-P (Figs. 6a,d). Such an inconsistent change

cannot explain why the thermocline feedback was

weaker during the MH in both models. In contrast, the

thermocline–wind stress feedback coefficient R(D0, t0x)
became markedly weaker in MH than in PI for both

models (Figs. 6b,e), which indicates an important con-

tribution to the consistently weakened thermocline

feedback. There was little change in the subsurface

temperature–thermocline feedback coefficient R(T 0
e, D

0)
from PI to MH (Figs. 6c,f). Note that all the errors

are small as compared to the corresponding linear re-

gression coefficients for both models, although the er-

ror range for the thermocline–wind stress feedback

coefficient is larger in MPI-ESM-P than in MRI-

CGCM2.3.4fa-gvm.

The strength of each of the three feedback coefficients

and their product in PI andMH are shown in Fig. 7. The

magnitude in the combined effect of the three feedback

coefficients represented by R(t0x, T
0)R(D0, t0x)R(T

0
e, D

0)
was greater in bothPI andMHforMRI-CGCM2.3.4fa-gvm

than for MPI-ESM-P, mainly due to the greater

strengths in R(t0x, T
0) and R(T 0

e, D
0). Although with

different magnitudes, the combined strength was re-

duced from PI to MH for both models, confirming that

the perturbation part of the thermocline feedback was

responsible for the weakened ENSO amplitude during

theMH. The response ofD0 to t0x (Fig. 7, bar 3) exhibited

FIG. 5. Relative contributions of the mean state and the perturbation (K month21) to the

thermocline feedback term (2w›T 0/›z, indicated by 5) and the meridional advective feedback

term (2y›T 0/›y, indicated by 8) for (a)–(c) MRI-CGCM2.3.4fa-gvm and (d)–(f) MPI-ESM-P.

For each composite budget term, the blue bar denotes the total difference d(A0B), the red bar

denotes the contribution by the perturbation d(A0)B, the green bar denotes the contribution by

the mean stateA0d(B), and the purple bar denotes the contribution by the covariant change in

both the perturbation and the mean state d(A0)d(B). The operator d(�) indicates the change

from PI to MH, A0 represents the perturbation part, and B represents the mean state part.
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consistent change with the change in the overall ther-

mocline feedback strength, whereas there was no con-

sistent change in the response of t0x to the SSTA (Fig. 7,

bar 2) or in the response of T 0
e toD0 (Fig. 7, bar 4) during

the MH for the two models, with both two responses

slightly enhanced for MRI-CGCM2.3.4fa-gvm but

weakened for MPI-ESM-P. Taken together, relative to

the PI period, the reduction of the thermocline feedback

during the MH was primarily due to a weaker thermo-

cline response to the zonal wind stress forcing R(D0, t0x).
Figure 8 displays the horizontal distributions of D0

regressed onto t0x averaged in the EP, in which the

FIG. 6. Scatter diagrams of (a),(d) t0x over 58S–58N, 1208E–808W and Niño-3 SSTA (slope: 1023 Nm22 K21),

(b),(e) Niño-3D0 and t0x over 58S–58N, 1208E–808W[slope: m (1022 Nm22)21], and (c),(f) Niño-3T 0
e andNiño-3D0

(slope: 1021 Km21) in PI (black) and MH (red) from (a)–(c) MRI-CGCM2.3.4fa-gvm and (d)–(f) MPI-ESM-P.

The linear slope value and its error range are shown at the bottom-right corner of each panel.
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regression coefficient (change) exceeding the 99%

(95%) confidence level using the Student’s t test (Z test)

is stippled for PI and MH (MH 2 PI). In response to a

positive EP t0x forcing, D
0 in both PI and MH showed a

consistent eastward tilting with significantly positive

anomalies to the east and negative anomalies to the west

for the two models (Figs. 8a,b,d,e), in accordance with

the Sverdrup balance relationship between anomalous

zonal wind stress and thermocline tilting (Neelin 1991;

Jin 1997; Li 1997a). The difference between MH and PI

(Figs. 8c,f) exhibited significantly negativeD0 changes in
the EEP for both models, which indicates a weaker

thermocline response to the anomalous zonal wind

stress and thus weakened ENSO amplitude during

the MH.

5. Cause of meridional advective feedback change

The second leading term that contributed to the de-

crease in the MLTA tendency during the MH was the

meridional advective feedback, 2y›T 0/›y (Fig. 4). As

shown in Fig. 5, the MH change in the advection of

anomalous temperature by mean meridional current in

the two models was primarily caused by the change in

perturbation temperature gradient d(2›T 0/›y), which
relied on the change in SSTA itself and meridional

SSTA structure. Therefore, reduced SSTA amplitude or

increased SSTA meridional scale due to the weakened

thermocline feedback would further weaken the me-

ridional advective feedback because the mean meridi-

onal current in the EEP always points away from the

equator. This indicates that the Bjerknes thermocline

feedback was the major contributor to the weaken-

ing of ENSO amplitude during the MH, whereas the

meridional advective feedback acted as an amplifier to

enlarge the above change.

6. Mechanism responsible for the thermocline
response

Why did the two models both reproduce a weaker-

than-PI thermocline response in the EEP during the

MH? Based on a theoretical Sverdrup balance re-

lationship (Neelin 1991; Jin 1997; Li 1997a), the relation

between D0 and t0x at the equator is as follows:

›D0

›x
5

t0x
r
0
gH

1

, (5)

where D0 and H1 denote anomalous and mean thermo-

cline depth, r0 is the density of seawater, and g is the

reduced gravity.

According to Eq. (5), two factors may influence the

anomalous zonal thermocline gradient at the equator.

One is the mean thermocline depth change and the

other is the strength of t0x at the equator. It was found

that there was little change in the mean thermocline

depth at the equator between PI andMH both for MRI-

CGCM2.3.4fa-gvm andMPI-ESM-P (figure not shown).

This implies that the zonal-mean thermocline depth was

not responsible for the weaker thermocline response

and thus weakened ENSO amplitude during the MH,

which disagrees with the ideas of Liu et al. (2000) and

Otto-Bliesner et al. (2003).

Next, we examined whether there was an obvious

change in the strength of t0x at the equator or in the

meridional structure of t0x during the MH for the two

models. Because ENSO is an air–sea coupled system,

FIG. 7. Estimated strength of the perturbation part in thermocline feedback (bars labeled 1) represented by

R(t0x, T
0)R(D0, t0x)R(T

0
e, D

0) (1022) in PI (blue) andMH (red) in (a)MRI-CGCM2.3.4fa-gvm and (b)MPI-ESM-P.

Bars labeled 2–4 show the zonal wind stress–SST coupling coefficient R(t0x, T
0) (1022 Nm22 K21) represented by

the linear slopes in Figs. 6a,d, the thermocline–zonal wind stress coupling coefficientR(D0, t0x) [m (1022 Nm22)21]

represented by the linear slopes in Figs. 6b,e, and the subsurface temperature–thermocline coupling coefficient

R(T 0
e, D

0) (1022 Km21) represented by the linear slopes in Figs. 6c,f, respectively. The black vertical bar represents

the error range for the linear regression as shown in Fig. 6.
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the changes in the meridional scales of t0x and SSTA are

closely linked to each other. To better reflect the nature

of air–sea coupling, we examined the meridional struc-

ture of a coupled field represented by the product of t0x
and SSTA. This new field was then regressed onto the

time series of the product of the EP t0x index and the

Niño-3 SSTA index in PI and MH, respectively. As

shown in Figs. 9a,b,e,f, the significantly maximum

change in the coupled field shifted slightly south of the

equator, which could drive southward Ekman ocean

current in situ in both models. With respect to the PI

period, the coupled field was in general weakened at the

equator but significantly strengthened off the equator

during the MH (Figs. 9c,g), which led to a minimum of

the meridional profile of the difference averaged over

1208E–808W slightly south (north) of the equator for

MRI-CGCM2.3.4fa-gvm (MPI-ESM-P) (Figs. 9d,h).

This indicates that the meridional structure of the

coupled t0x and SSTA field became wider and flatter

during theMH (Figs. 9d,h), which implies a weakened t0x
and a decrease in the SSTA amplitude at the equator

because of the air–sea coupling and thus a consistent

change in the meridional structure of the two fields.

According to Eq. (5), a weakened t0x at the equator

induced a shallower thermocline response in the EEP.

Quantitatively, we calculated the meridional width of

the coupled field using the formula in Eq. (3), which is

averaged over the equator between 1208E and 808W as

shown in Figs. 9d,h. It was found that the width index of

the zonal-averaged t0x 3 SSTA was increased from 1.728
(2.168) in PI to 1.898 (2.338) in MH in the meridional

domain of 58S–58N and increased from 1.008 (1.198) to
1.828 (2.948) in the domain of 108S–108N for MRI-

CGCM2.3.4fa-gvm (MPI-ESM-P). This implies that

the meridional distribution of the coupled t0x and SSTA

field became less confined to the equator in the two

FIG. 8. Horizontal distributions of D0 (208C isothermal depth anomaly) regressed onto t0x
averaged over 58S–58N, 1208E–808W [m (1022 Nm22)21] in (a),(d) PI and (b),(e) MH and

(c),(f) their difference (MH2PI), for (a)–(c)MRI-CGCM2.3.4fa-gvmand (d)–(f)MPI-ESM-P.

The stippling in (a),(b),(d),(e) indicates the regression coefficient exceeding the 99% confi-

dence level using Student’s t test. The stippling in (c),(f) indicates the changes in the regression

coefficients exceeding the 95% confidence level using a Z test [see details in Chen et al. (2015)].
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models, which contributed to less efficiency in forcing

anomalous thermocline depth response in the EEP

during the MH.

Previous studies have indicated that the climatologi-

cal mean meridional current plays an important role in

determining the ENSO meridional scale (Zhang et al.

2009, 2013; Zhang and Jin 2012). Following Li (1997b)

and Chen et al. (2015), an antisymmetric component of

the mean meridional current relative to the equator,

which is associated with the change in the meridional

scale of the SSTA, may be derived as follows:

V
a
5

V(y)2V(2y)

2
, (6)

where V(y) represents the mean meridional current at

the latitude of y.

Figure 10 displays themeridional–vertical distribution

of the antisymmetric mean meridional current averaged

FIG. 9. Horizontal distributions of the product of t0x and SSTA field regressed onto the product

of t0x averaged over 58S–58N, 1208E–808WandNiño-3 SSTA [1023Nm22K (1023Nm22 K)21] in

PI andMHand their difference (MH2 PI) for (a)–(c)MRI-CGCM2.3.4fa-gvm and (e)–(g)MPI-

ESM-P. The stippling in (a),(b),(e),(f) indicates the regression coefficient exceeding the 99%

confidence level using Student’s t test. The stippling in (c),(g) indicates the changes in the re-

gression coefficients exceeding the 95% confidence level using a Z test [see details in Chen et al.

(2015)]. (d),(h) The meridional profile of the coupled field averaged over 1208E–808W in PI

(blue), MH (red), and their difference (MH 2 PI; black).
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over 1608E–908W, in which the equatorial part of the

Pacific subtropical cell (STC)with poleward surface flow

was clearly exhibited both in PI and MH. Compared

with the PI period, the surface meridional current

became stronger during the MH both for MRI-

CGCM2.3.4fa-gvm and MPI-ESM-P, and the overall

change in magnitude was greater in the latter than in the

former model (Figs. 10c,f). When the mean meridional

current or the Pacific STC was strengthened, the equa-

torial SSTA was more effectively spread away from the

equator, which led to a flatter but wider ENSO width

during the MH.

To further determine what caused the change in the

mean Pacific STC and thus the MLTA tendency during

the ENSO developing phase, Fig. 11 shows the meridi-

onal profile of April–November mean zonal wind stress

averaged over 1208E–808Win PI andMH as well as their

difference. On the one hand, westward wind stress was

enhanced during theMH for bothMRI-CGCM2.3.4fa-gvm

andMPI-ESM-P, especially south of the equator (solid lines

in Fig. 11), which might strengthen the mean poleward

current by Ekman transport. Note that the MH change in

the April–November mean zonal wind stress was mainly

attributed to the change in theboreal summer seasonduring

May–September (dashed lines in Fig. 11). On the other

hand, the convergence of the meridional wind stress (with

northward wind stress in the south but southward wind

stress in the north) was enhanced for MRI-CGCM2.3.4fa-

gvm but slightly weakened for MPI-ESM-P (figure not

shown), which might weaken the surface poleward current

in the former but strengthen it in the latter model. Because

the mean Pacific STC was consistently strengthened during

the MH for the two models (Figs. 10c,f), it is reasonable to

deduce that the zonal wind stress field played a principal

role in controlling the mean meridional current, whereas

the effect of the meridional wind stress field was minor.

A key question is what caused the enhancement of the

mean zonal wind stress during the MH boreal summer.

FIG. 10. Meridional–vertical distributions (averaged over 1608E–908W) of the antisymmetric

(relative to the equator) mean meridional current field (1022 m s21) derived from the (a),(d)

PI and (b),(e) MH simulation and (c),(f) their difference (MH 2 PI) for (a)–(c) MRI-

CGCM2.3.4fa-gvm and (d)–(f) MPI-ESM-P.
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In response to theMH orbital forcing (Berger 1978), the

Northern Hemisphere received more insolation at the

top of the atmosphere from May to September

(Fig. 12e). This led to a large-scale increase (decrease) in

land surface temperatures at the middle and high (low)

latitudes, as well as relatively colder SSTs over most of

the tropical and South Pacific and Indian Ocean in the

two models (Figs. 12a,c). Because of the greater land–

ocean thermal contrast, Asian and North African mon-

soon rainfall was enhanced during the MH boreal

summer (Figs. 12b,d). The associated convective heating

intensified a large-scale thermally direct east–west cir-

culation (Krishnamurti 1971; Chang and Li 2000) that

led to anomalous easterlies over the tropical western

and central Pacific (Figs. 12a,c). Moreover, the strength-

ened Indian monsoon could also induce a Kelvin

wave response to the east. The easterly anomalies to

the east associated with the Kelvin wave response could

further suppress the western North Pacific monsoon

through induced anomalous anticyclonic shear (Wu

et al. 2009), and a negative precipitation anomaly and an

anomalous anticyclone thus appeared over the tropical

western North Pacific (Fig. 12). The significant negative

correlation between the Indian monsoon and western

North Pacific rainfall anomalies was found in previous

studies (e.g., Gu et al. 2010). The enhanced trade winds

in the tropical Pacific discussed above were consistent

with the previous modeling studies by Kitoh and

Murakami (2002) and Tian et al. (2017, manuscript

submitted to J. Climate).

To sum up in the schematic diagram of Fig. 13, the

orbitally induced intensification of Asian and African

monsoon rainfall and associated large-scale east–west

circulation enhanced the trade winds both south and

north of the equator, which further strengthened the

mean Pacific STC and thus increased the ENSO meridi-

onal scale, leading to both a weaker thermocline–zonal

wind stress feedback and meridional advective feedback,

which eventually contributed to the weakening of ENSO

amplitude during the MH. The contribution of the mean

trade wind change to the reduced ENSO amplitude is in

agreement with previous studies (Clement et al. 2000;

Brown et al. 2008a; Zheng et al. 2008), although the re-

sponsible air–sea feedback processes are different.

7. Model–data comparison

The mean state of the MH tropical Pacific SST has

been reconstructed from a variety of paleoclimate re-

cords. In accord with the model results from PMIP2 and

PMIP3 (Figs. 12a,c), some reconstructions showed rel-

ative cooling of SSTs near the Galápagos Islands in the

EEP from magnesium to calcium ratios in planktonic

foraminifera (Koutavas et al. 2002). However, other

FIG. 11. Meridional distributions (averaged over 1208E–808W) of climatological April–

November (solid lines) andMay–September (dashed lines) mean zonal wind stress (1023Nm22)

in PI (blue) and MH (red) simulation and their difference (MH 2 PI; black) derived from

(a) MRI-CGCM2.3.4fa-gvm and (b) MPI-ESM-P.

7064 JOURNAL OF CL IMATE VOLUME 30



evidence indicated that the MH SSTs were warmer or

little changed from the present day in coastal northern

Peru in the eastern Pacific based on mollusk assem-

blages (Sandweiss et al. 1996) and oxygen isotope in

otoliths and planktonic foraminifera (Andrus et al. 2002;

Lea et al. 2006), as well as in the tropical western Pacific

from fossil corals (Gagan et al. 1998) and foraminifers

(Stott et al. 2004). These proxy data are generally

consistent with the simulated warming in MRI-

CGCM2.3.4fa-gvm (Fig. 12a) but inconsistent with

the overall colder SSTs as simulated in MPI-ESM-P

(Fig. 12c), which shows an extent of uncertainty be-

tween climate models.

Records of interannual variability associated with

ENSO include high-resolution natural archives such as

corals and lake sediments (Rodbell et al. 1999; Tudhope

et al. 2001; Moy et al. 2002). In general, the simulated

weaker-than-PI ENSO amplitude during the MH in the

PMIP2 and PMIP3 models has been supported by

multiple reconstructions. Coral records from Papua

New Guinea (Tudhope et al. 2001; McGregor and

Gagan 2004) indicate that ENSO activity was 15%–60%

weaker than at present during the MH. Similarly, in-

ferences of considerably weaker or absent ENSO events

in the early-to-mid-Holocene have also been drawn

from pollen data from Australia (Shulmeister and Lees

1995), fossil mollusk shells and geoarchaeological evi-

dence from Peru (Sandweiss et al. 1996; Carré et al.

2014), and condensed and low-frequency laminated

deposition in lake sediments from Ecuador (Rodbell

et al. 1999; Moy et al. 2002) and the Galápagos Islands
(Riedinger et al. 2002). Many other studies that ana-

lyzed proxy records also supported the suppression of

ENSO activity during the MH (McGlone et al. 1992;

Cole 2001; Rein et al. 2005; Koutavas et al. 2006; Conroy

et al. 2008; Donders et al. 2008; Cobb et al. 2013;

McGregor et al. 2013), and the reconstructed reductions

in the MH ENSO variance were found to vary between

the western, central, and eastern tropical Pacific (Emile-

Geay et al. 2016). As a whole, the overall weakening of

ENSO amplitude during the MH in the model results

from PMIP2 and PMIP3 is consistent with multiproxy

data, although the magnitude of the reduction in simu-

lations (2%–21%; Figs. 1 and 3) was smaller than that in

reconstructions (15%–60%).

8. Conclusions and discussion

In this study, the ENSO amplitude change during the

MH was investigated using 28 coupled models in the

framework of the PMIP2 and PMIP3 simulations. Most

models could capture the main features of the observed

FIG. 12. MHminus PI changes in climatological May–September mean (a),(c) land surface 2-m air temperatures and SSTs (shading; K)

and wind at 850 hPa (vector; m s21) and (b),(d) precipitation (mmday21) for (a),(b) MRI-CGCM2.3.4fa-gvm and (c),(d) MPI-ESM-P.

(e) The meridional profile of MH minus PI changes in May–September mean incoming solar radiation at the top of the atmosphere

(Wm22).
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tropical climate and ENSO characteristics, although

several biases still systematically existed, such as a

westward extension of the equatorial cold tongue, a

double ITCZ, and too regular ENSO events exhibited

by only one dominant frequency. Compared with the PI

period, 20 out of the 28 models reproduced a weakening

of the ENSO amplitude by 2%–21% during the MH.

Two representative models, MRI-CGCM2.3.4fa-gvm

from PMIP2 and MPI-ESM-P from PMIP3, were then

selected to explore the cause of the weakened ENSO

amplitude during that time. A mixed layer heat budget

analysis was performed to diagnose the main contribu-

tors to the composite ENSO amplitude change in the

two models. It was found that the weakening of the MH

ENSO amplitude was primarily attributed to the de-

crease in the Bjerknes thermocline feedback (i.e., the

advection of anomalous temperature by mean upwell-

ing), whereas the meridional advective feedback (i.e.,

the advection of anomalous temperature by mean me-

ridional current) acted as an amplifier to enlarge the

above change.

A separation of the relative contributions from the

mean state and perturbation indicated that the major

contributor to the MH changes in the two leading air–

sea feedback terms was the perturbation part, not the

mean state change. This encouraged us to further in-

vestigate the air–sea interaction processes between the

atmospheric and oceanic anomalies. Quantitative ex-

amination of the strength of the air–sea feedback co-

efficients showed that the MH reduction in the growth

rate associated with the thermocline feedback primarily

came from the anomalous thermocline–zonal wind

FIG. 13. Schematic diagram illustrating major processes responsible for the weakening of ENSO amplitude during

the MH in the two models from PMIP2 and PMIP3.
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stress relationship. Given a unit zonal wind stress

anomaly forcing in the EP, the ocean thermocline re-

sponse in the EEP was consistently weakened in the two

models. According to the Sverdrup balance relationship,

the weaker thermocline response during the MH was

mainly attributed to the change in the ENSOmeridional

scale, not the mean thermocline depth change. The

meridional structure of the air–sea coupled zonal wind

stress and SST anomaly field became less confined to the

equator during the MH, which led to less efficiency in

forcing anomalous thermocline depth response in the

EEP. Further inspection of the mean state change in-

dicates that the wider and flatter ENSO width was

caused by the strengthening of the basic-state surface

poleward current or the Pacific STC near the equator

because of the enhancement of the mean zonal wind

stress in the tropical Pacific by Ekman transport, which

was eventually attributed to the intensified Asian and

African monsoon rainfall and associated large-scale

east–west circulation in response to the orbital forcing

during the MH.

Note that the simulated weaker ENSO amplitude

during the MH in the PMIP2 and PMIP3 models has

been supported by multiple paleoclimate records from

corals, lake sediments, and pollen data. However, the

magnitude of the reduction in the simulations was

generally smaller than in the reconstructions. The dis-

crepancy may partly arise from the difference in the

reference period. The control run for the MH experi-

ment referred to the PI simulation in the PMIP2 and

PMIP3 models, whereas the reconstructed suppression

of ENSO activity during the MH was compared with

the present condition. The simulated biases for the

tropical climate and ENSO characteristics during

the PI period may have also been responsible for the

underestimated MH change in ENSO amplitude in

climate models, possibly because of their insufficient

sensitivity to external forcings, their underestimation

of internal natural variability, and their lack of impor-

tant feedbacks among the components of the climate

system (e.g., Braconnot et al. 2012a; Hargreaves et al.

2013). On the other hand, there was less consistency

between the simulated and reconstructed changes in

the mean state of the tropical SST during theMH at the

site scale, which shows some uncertainties both in

model simulations and in proxy data. Additionally,

available proxy data remain scarce, which calls for

more reconstruction work using multiple proxies and

methods to test model results.

It is worth mentioning that only two models, MRI-

CGCM2.3.4fa-gvm and MPI-ESM-P, were selected

from the 28 model simulations in PMIP2 and PMIP3

to diagnose the cause of the weakening of the ENSO

amplitude during the MH. Although MRI-CGCM2.3.4fa-

gvm is a flux-adjusted model, it is still a good choice

to serve as a representative of PMIP2 models since

the flux-adjusted method has no direct impact on air–

sea feedbacks on interannual time scale. In an in-

direct way, instead, the PI cold bias in the equatorial

eastern Pacific is reduced when the flux-adjusted method

is applied, which can affect the MH change in estimated

MLTA tendency and thus the interannual air–sea cou-

pling to certain extent. ForMPI-ESM-P, an obvious error

existed in the estimated MLTA tendency change for the

ElNiño andElNiñominus LaNiña composites (Figs. 4d,f),

which may primarily arise from the mean SST cold bias

in the equatorial eastern Pacific for the PI period. This PI

cold bias is inherent to current climate models and

stronger for the non-flux-adjusted model MPI-ESM-P

than for the flux-adjustedmodelMRI-CGCM2.3.4fa-gvm

(Fig. S1), which affects theMHchange in themeanmixed

layer temperature in Eq. (1), leading to greater decrease

in estimated (Figs. 4d,f, bar 11) than in actual MLTA

tendency (Figs. 4d,f, bar 12) for the El Niño and El Niño
minus LaNiña composites. This implies that the ability of

the PMIP2 and PMIP3models in reproducing the present

SST climatology over the tropical Pacific, particularly in

the equatorial cold tongue region, may have important

influence on the result of the ENSO change during the

MH. Thus further efforts should be devoted to improve

the model performance on the present-day mean state

SST for the next stage of PMIP. In addition, the dis-

crepancy between the change in estimated and actual

MLTA tendency for both models may also be caused by

other processes as represented by the residual term in

Eq. (1). As mentioned before, there was a large spread

both in spatial pattern and magnitude among the in-

dividual models, with the MH change in the ENSO

amplitude varying from 221% to 29% relative to the

PI period (Figs. 1 and 3). Although the two models are

representative of the majority of models in the sense of

the amplitude change based on the criteria for model

selection, it is desirable to extend the present diag-

nostic methodology to all PMIP2 and PMIP3 models to

shed light on the mechanisms involved in the most

common changes among the models. Moreover, the

specification of a constant mixed layer depth is an ap-

proximation in the current study, and a better way is to

use a temporally and spatially varying mixed layer

depth in the heat budget. Finally, because the back-

ground mean state change plays an important role in

affecting the ENSO amplitude, further analysis is re-

quired to understand which fundamental physical pro-

cesses caused the tropical-mean state changes and which

mean state changes were physically reliable (Zhang and

Li 2014) during the MH.

1 SEPTEMBER 2017 T I AN ET AL . 7067



Acknowledgments. We sincerely thank the three

anonymous reviewers for their insightful and construc-

tive comments. We also thank the climate modeling

groups (listed in Table 1) for making their model output

available and Seiji Yukimoto for providing the monthly

ocean data of MRI-CGCM2.3.4fa-gvm. This research

was jointly supported by the National Natural Science

Foundation of China (Grants 41625018 and 41421004),

the China National 973 project 2015CB453200, NSF

Grant AGS-1565653, and NNSFC Grant 41630423.

REFERENCES

An, S.-I., and F.-F. Jin, 2001: Collective role of thermocline and

zonal advective feedbacks in the ENSO mode. J. Climate,

14, 3421–3432, doi:10.1175/1520-0442(2001)014,3421:

CROTAZ.2.0.CO;2.

——, and J. Choi, 2014: Mid-Holocene tropical Pacific climate

state, annual cycle, and ENSO in PMIP2 and PMIP3. Climate

Dyn., 43, 957–970, doi:10.1007/s00382-013-1880-z.

Andrus, C. F. T., D. E. Crowe, D. H. Sandweiss, E. J. Reitz, and

C. S. Romanek, 2002: Otolith d18O record of mid-Holocene

sea surface temperatures in Peru. Science, 295, 1508–1511,

doi:10.1126/science.1062004.

Battisti, D. S., and A. C. Hirst, 1989: Interannual variability in a

tropical atmosphere–ocean model: Influence of the basic state,

ocean geometry and nonlinearity. J. Atmos. Sci., 46, 1687–1712,

doi:10.1175/1520-0469(1989)046,1687:IVIATA.2.0.CO;2.

Berger, A. L., 1978: Long-term variations of daily insolation and

Quaternary climatic changes. J. Atmos. Sci., 35, 2362–2367,

doi:10.1175/1520-0469(1978)035,2362:LTVODI.2.0.CO;2.

Bjerknes, J., 1969: Atmospheric teleconnections from the equato-

rial Pacific. Mon. Wea. Rev., 97, 163–172, doi:10.1175/

1520-0493(1969)097,0163:ATFTEP.2.3.CO;2.

Braconnot, P., and Coauthors, 2007: Results of PMIP2 coupled

simulations of themid-Holocene andLastGlacialMaximum—

Part 1: Experiments and large-scale features. Climate Past, 3,

261–277, doi:10.5194/cp-3-261-2007.

——, S. P. Harrison, M. Kageyama, P. J. Bartlein, V. Masson-

Delmotte, A. Abe-Ouchi, B. Otto-Bliesner, and Y. Zhao,

2012a: Evaluation of climate models using palaeoclimatic

data. Nat. Climate Change, 2, 417–424, doi:10.1038/

nclimate1456.

——, Y. Luan, S. Brewer, and W. Zheng, 2012b: Impact of Earth’s

orbit and freshwater fluxes on Holocene climate mean sea-

sonal cycle and ENSO characteristics. Climate Dyn., 38, 1081–

1092, doi:10.1007/s00382-011-1029-x.

Brown, J., M. Collins, A. W. Tudhope, and T. Toniazzo, 2008a:

Modellingmid-Holocene tropical climate andENSOvariability:

Towards constraining predictions of future change with palaeo-

data. Climate Dyn., 30, 19–36, doi:10.1007/s00382-007-0270-9.

——, A. Tudhope, M. Collins, and H. McGregor, 2008b: Mid-

Holocene ENSO: Issues in quantitative model-proxy data

comparisons. Paleoceanography, 23, PA3202, doi:10.1029/

2007PA001512.

Bush,A. B., 1999:Assessing the impact ofmid-Holocene insolation

on the atmosphere–ocean system.Geophys. Res. Lett., 26, 99–

102, doi:10.1029/1998GL900261.

Cai, W., and Coauthors, 2014: Increasing frequency of extreme El

Niño events due to greenhousewarming.Nat. Climate Change,

4, 111–116, doi:10.1038/nclimate2100.

Carré, M., J. P. Sachs, S. Purca, A. J. Schauer, P. Braconnot, R. A.

Falcón, M. Julien, and D. Lavallée, 2014: Holocene history of

ENSO variance and asymmetry in the eastern tropical Pacific.

Science, 345, 1045–1048, doi:10.1126/science.1252220.
Chang, C.-P., and T. Li, 2000:A theory for the tropical tropospheric

biennial oscillation. J. Atmos. Sci., 57, 2209–2224, doi:10.1175/

1520-0469(2000)057,2209:ATFTTT.2.0.CO;2.

Chen, L., Y. Yu, and D.-Z. Sun, 2013: Cloud and water vapor

feedbacks to the El Niño warming: Are they still biased in

CMIP5 models? J. Climate, 26, 4947–4961, doi:10.1175/

JCLI-D-12-00575.1.

——, T. Li, and Y. Yu, 2015: Causes of strengthening and weak-

ening of ENSO amplitude under global warming in four

CMIP5 models. J. Climate, 28, 3250–3274, doi:10.1175/

JCLI-D-14-00439.1.

——,——,——, and S. K. Behera, 2017: A possible explanation for

the divergent projection of ENSO amplitude change under

global warming.Climate Dyn., doi:10.1007/s00382-017-3544-x,

in press.

Chiang, J., Y. Fang, and P. Chang, 2009: Pacific climate change and

ENSO activity in the mid-Holocene. J. Climate, 22, 923–939,

doi:10.1175/2008JCLI2644.1.

Christensen, J. H., and Coauthors, 2013: Climate phenomena and

their relevance for future regional climate change. Climate

Change 2013: The Physical Science Basis, T. F. Stocker et al.,

Eds., Cambridge University Press, 1217–1308.

Chung, P.-H., and T. Li, 2013: Interdecadal relationship between

the mean state and El Niño types. J. Climate, 26, 361–379,

doi:10.1175/JCLI-D-12-00106.1.

Clement, A. C., R. Seager, and M. A. Cane, 2000: Suppression

of El Niño during the mid-Holocene by changes in the

Earth’s orbit. Paleoceanography, 15, 731–737, doi:10.1029/

1999PA000466.

Cobb, K. M., N. Westphal, H. R. Sayani, J. T. Watson, E. Di

Lorenzo, H. Cheng, R. L. Edwards, and C. D. Charles, 2013:

Highly variable El Niño–Southern Oscillation throughout the

Holocene. Science, 339, 67–70, doi:10.1126/science.1228246.
Cole, J., 2001: A slow dance for El Niño. Science, 291, 1496–1497,

doi:10.1126/science.1059111.

Collins,M., 2005: El Niño- or LaNiña-like climate change?Climate

Dyn., 24, 89–104, doi:10.1007/s00382-004-0478-x.
——, and Coauthors, 2010: The impact of global warming on the

tropical Pacific Ocean and El Niño. Nat. Geosci., 3, 391–397,

doi:10.1038/ngeo868.

Conroy, J. L., J. T. Overpeck, J. E. Cole, T. M. Shanahan, and

M. Steinitz-Kannan, 2008: Holocene changes in eastern trop-

ical Pacific climate inferred from a Galápagos lake sediment

record. Quat. Sci. Rev., 27, 1166–1180, doi:10.1016/

j.quascirev.2008.02.015.

DiNezio, P. N., B. P. Kirtman, A. C. Clement, S.-K. Lee, G. A.

Vecchi, and A. Wittenberg, 2012: Mean climate controls on the

simulated response of ENSO to increasing greenhouse gases.

J. Climate, 25, 7399–7420, doi:10.1175/JCLI-D-11-00494.1.

Donders, T. H., F. Wagner-Cremer, and H. Visscher, 2008: In-

tegration of proxy data and model scenarios for the mid-

Holocene onset of modern ENSO variability. Quat. Sci. Rev.,

27, 571–579, doi:10.1016/j.quascirev.2007.11.010.
Duchon, C. E., 1979: Lanczos filtering in one and two di-

mensions. J. Appl. Meteor., 18, 1016–1022, doi:10.1175/

1520-0450(1979)018,1016:LFIOAT.2.0.CO;2.

Emile-Geay, J., and Coauthors, 2016: Links between tropical Pa-

cific seasonal, interannual and orbital variability during the

Holocene. Nat. Geosci., 9, 168–173, doi:10.1038/ngeo2608.

7068 JOURNAL OF CL IMATE VOLUME 30

http://dx.doi.org/10.1175/1520-0442(2001)014<3421:CROTAZ>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<3421:CROTAZ>2.0.CO;2
http://dx.doi.org/10.1007/s00382-013-1880-z
http://dx.doi.org/10.1126/science.1062004
http://dx.doi.org/10.1175/1520-0469(1989)046<1687:IVIATA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1978)035<2362:LTVODI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1969)097<0163:ATFTEP>2.3.CO;2
http://dx.doi.org/10.1175/1520-0493(1969)097<0163:ATFTEP>2.3.CO;2
http://dx.doi.org/10.5194/cp-3-261-2007
http://dx.doi.org/10.1038/nclimate1456
http://dx.doi.org/10.1038/nclimate1456
http://dx.doi.org/10.1007/s00382-011-1029-x
http://dx.doi.org/10.1007/s00382-007-0270-9
http://dx.doi.org/10.1029/2007PA001512
http://dx.doi.org/10.1029/2007PA001512
http://dx.doi.org/10.1029/1998GL900261
http://dx.doi.org/10.1038/nclimate2100
http://dx.doi.org/10.1126/science.1252220
http://dx.doi.org/10.1175/1520-0469(2000)057<2209:ATFTTT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2000)057<2209:ATFTTT>2.0.CO;2
http://dx.doi.org/10.1175/JCLI-D-12-00575.1
http://dx.doi.org/10.1175/JCLI-D-12-00575.1
http://dx.doi.org/10.1175/JCLI-D-14-00439.1
http://dx.doi.org/10.1175/JCLI-D-14-00439.1
http://dx.doi.org/10.1007/s00382-017-3544-x
http://dx.doi.org/10.1175/2008JCLI2644.1
http://dx.doi.org/10.1175/JCLI-D-12-00106.1
http://dx.doi.org/10.1029/1999PA000466
http://dx.doi.org/10.1029/1999PA000466
http://dx.doi.org/10.1126/science.1228246
http://dx.doi.org/10.1126/science.1059111
http://dx.doi.org/10.1007/s00382-004-0478-x
http://dx.doi.org/10.1038/ngeo868
http://dx.doi.org/10.1016/j.quascirev.2008.02.015
http://dx.doi.org/10.1016/j.quascirev.2008.02.015
http://dx.doi.org/10.1175/JCLI-D-11-00494.1
http://dx.doi.org/10.1016/j.quascirev.2007.11.010
http://dx.doi.org/10.1175/1520-0450(1979)018<1016:LFIOAT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1979)018<1016:LFIOAT>2.0.CO;2
http://dx.doi.org/10.1038/ngeo2608


Fedorov, A. V., and S. G. Philander, 2000: Is El Niño changing?

Science, 288, 1997–2002, doi:10.1126/science.288.5473.1997.

Gagan, M. K., L. K. Ayliffe, D. Hopley, J. A. Cali, G. E. Mortimer,

J. Chappell, M. T. McCulloch, and M. J. Head, 1998: Tem-

perature and surface-ocean water balance of the mid-

Holocene tropical western Pacific. Science, 279, 1014–1018,

doi:10.1126/science.279.5353.1014.

Gill, A. E., 1982: Atmosphere–Ocean Dynamics. Academic Press,

662 pp.

Gu, D., T. Li, Z. Ji, and B. Zheng, 2010: On the phase relations be-

tween the western North Pacific, Indian, and Australian mon-

soons. J. Climate, 23, 5572–5589, doi:10.1175/2010JCLI2761.1.
Guilyardi, E., 2006: El Niño–mean state–seasonal cycle in-

teractions in a multi-model ensemble. Climate Dyn., 26, 329–

348, doi:10.1007/s00382-005-0084-6.

Hargreaves, J. C., J. D. Annan, R. Ohgaito, A. Paul, and A. Abe-

Ouchi, 2013: Skill and reliability of climate model ensembles

at the last glacial maximum and mid-Holocene. Climate Past,

9, 811–823, doi:10.5194/cp-9-811-2013.
Huang, B., and Coauthors, 2015: Extended reconstructed sea

surface temperature version 4 (ERSST. v4). Part I: Upgrades

and intercomparisons. J. Climate, 28, 911–930, doi:10.1175/

JCLI-D-14-00006.1.

Jin, F.-F., 1997: An equatorial ocean recharge paradigm for ENSO.

Part I: Conceptual model. J. Atmos. Sci., 54, 811–829,

doi:10.1175/1520-0469(1997)054,0811:AEORPF.2.0.CO;2.

——, S. T. Kim, and L. Bejarano, 2006: A coupled-stability index

for ENSO. Geophys. Res. Lett., 33, L23708, doi:10.1029/

2006GL027221.

Kitoh, A., and S. Murakami, 2002: Tropical Pacific climate at the

mid-Holocene and the Last Glacial Maximum simulated by a

coupled ocean–atmosphere general circulation model. Paleo-

ceanography, 17, 1047, doi:10.1029/2001PA000724.

Koutavas, A., J. Lynch-Stieglitz, T. M. Marchitto, and J. P.

Sachs, 2002: El Niño-like pattern in ice age tropical Pacific

sea surface temperature. Science, 297, 226–230, doi:10.1126/

science.1072376.

——, P. B. deMenocal, G. C.Olive, and J. Lynch-Stieglitz, 2006:Mid-

Holocene El Niño–Southern Oscillation (ENSO) attenuation

revealed by individual foraminifera in eastern tropical Pacific

sediments. Geology, 34, 993–996, doi:10.1130/G22810A.1.

Krishnamurti, T. N., 1971: Tropical east–west circulations during the

northern summer. J. Atmos. Sci., 28, 1342–1347, doi:10.1175/

1520-0469(1971)028,1342:TEWCDT.2.0.CO;2.

Latif, M., and N. S. Keenlyside, 2009: El Niño/SouthernOscillation

response to global warming. Proc. Natl. Acad. Sci. USA, 106,

20 578–20 583, doi:10.1073/pnas.0710860105.

——, and Coauthors, 2001: ENSIP: The El Niño simulation in-

tercomparison project.ClimateDyn., 18, 255–276, doi:10.1007/

s003820100174.

Lea, D. W., D. K. Pak, C. L. Belanger, H. J. Spero, M. A. Hall, and

N. J. Shackleton, 2006: Paleoclimate history of Galápagos
surface waters over the last 135,000 yr. Quat. Sci. Rev., 25,

1152–1167, doi:10.1016/j.quascirev.2005.11.010.

Li, T., 1997a: Phase transition of the El Niño–Southern Oscillation: A

stationary SST mode. J. Atmos. Sci., 54, 2872–2887, doi:10.1175/

1520-0469(1997)054,2872:PTOTEN.2.0.CO;2.

——, 1997b: Air–sea interactions of relevance to the ITCZ:

Analysis of coupled instabilities and experiments in a hybrid

coupled GCM. J. Atmos. Sci., 54, 134–147, doi:10.1175/

1520-0469(1997)054,0134:ASIORT.2.0.CO;2.

——, and T. F. Hogan, 1999: The role of the annual-mean climate

on seasonal and interannual variability of the tropical Pacific

in a coupled GCM. J. Climate, 12, 780–792, doi:10.1175/

1520-0442(1999)012,0780:TROTAM.2.0.CO;2.

——, Y. Zhang, E. Lu, and D. Wang, 2002: Relative role of dy-

namic and thermodynamic processes in the development of

the Indian Ocean dipole: An OGCMdiagnosis.Geophys. Res.

Lett., 29, 2110, doi:10.1029/2002GL015789.

Lindzen, R. S., and S. Nigam, 1987: On the role of sea surface

temperature gradients in forcing low-level winds and conver-

gence in the tropics. J. Atmos. Sci., 44, 2418–2436, doi:10.1175/

1520-0469(1987)044,2418:OTROSS.2.0.CO;2.

Liu, L., W. Yu, and T. Li, 2011: Dynamic and thermodynamic

air–sea coupling associated with the Indian Ocean dipole di-

agnosed from 23 WCRP CMIP3 models. J. Climate, 24, 4941–

4958, doi:10.1175/2011JCLI4041.1.

Liu, Z., J. Kutzbach, and L. Wu, 2000: Modeling climate shift of El

Niño variability in the Holocene. Geophys. Res. Lett., 27,

2265–2268, doi:10.1029/2000GL011452.

——, Z. Lu, X. Wen, B. L. Otto-Bliesner, A. Timmermann, and

K. M. Cobb, 2014: Evolution and forcing mechanisms of El

Niño over the past 21,000 years. Nature, 515, 550–553,

doi:10.1038/nature13963.

Luan, Y., P. Braconnot, Y. Yu,W. Zheng, and O. Marti, 2012: Early

andmid-Holocene climate in the tropical Pacific: Seasonal cycle

and interannual variability induced by insolation changes. Cli-

mate Past, 8, 1093–1108, doi:10.5194/cp-8-1093-2012.

McGlone, M. S., A. P. Kershaw, and V. Markgraf, 1992: El Niño/
Southern Oscillation climatic variability in Australasian and

SouthAmerican paleoenvironmental records.ElNiño:Historical

and Paleoclimatic Aspects of the Southern Oscillation, H. F. Diaz

and V. Markgraf, Eds., Cambridge University Press, 435–462.

McGregor, H. V., and M. K. Gagan, 2004: Western Pacific coral

d18O records of anomalousHolocene variability in theElNiño–
Southern Oscillation. Geophys. Res. Lett., 31, L11204,

doi:10.1029/2004GL019972.

——, M. J. Fischer, M. K. Gagan, D. Fink, S. J. Phipps, H. Wong,

and C. D. Woodroffe, 2013: A weak El Niño/Southern Oscil-

lation with delayed seasonal growth around 4,300 years ago.

Nat. Geosci., 6, 949–953, doi:10.1038/ngeo1936.

Merryfield,W. J., 2006: Changes to ENSOunder CO2 doubling in a

multimodel ensemble. J. Climate, 19, 4009–4027, doi:10.1175/

JCLI3834.1.

Moy, C. M., G. O. Seltzer, D. T. Rodbell, and D. M. Anderson,

2002: Variability of El Niño/Southern Oscillation activity at

millennial timescales during the Holocene epoch.Nature, 420,

162–165, doi:10.1038/nature01194.

Neelin, J. D., 1991: The slow sea surface temperaturemode and the

fast-wave limit: Analytic theory for tropical interannual os-

cillations and experiments in a hybrid coupled model.

J.Atmos. Sci., 48, 584–606, doi:10.1175/1520-0469(1991)048,0584:

TSSSTM.2.0.CO;2.

Otto-Bliesner, B. L., E. C. Brady, S. I. Shin, Z. Liu, and C. Shields,

2003:Modeling ElNiño and its tropical teleconnections during
the last glacial–interglacial cycle.Geophys. Res. Lett., 30, 2198,

doi:10.1029/2003GL018553.

Park, W., N. Keenlyside, M. Latif, A. Ströh, R. Redler,

E. Roeckner, andG.Madec, 2009: Tropical Pacific climate and

its response to global warming in the Kiel Climate Model.

J. Climate, 22, 71–92, doi:10.1175/2008JCLI2261.1.

Philander, S. G., 1990: El Niño, La Niña, and the Southern Oscil-

lation. Academic Press, 293 pp.

Philip, S., andG. J. vanOldenborgh, 2006: Shifts in ENSO coupling

processes under global warming. Geophys. Res. Lett., 33,

L11704, doi:10.1029/2006GL026196.

1 SEPTEMBER 2017 T I AN ET AL . 7069

http://dx.doi.org/10.1126/science.288.5473.1997
http://dx.doi.org/10.1126/science.279.5353.1014
http://dx.doi.org/10.1175/2010JCLI2761.1
http://dx.doi.org/10.1007/s00382-005-0084-6
http://dx.doi.org/10.5194/cp-9-811-2013
http://dx.doi.org/10.1175/JCLI-D-14-00006.1
http://dx.doi.org/10.1175/JCLI-D-14-00006.1
http://dx.doi.org/10.1175/1520-0469(1997)054<0811:AEORPF>2.0.CO;2
http://dx.doi.org/10.1029/2006GL027221
http://dx.doi.org/10.1029/2006GL027221
http://dx.doi.org/10.1029/2001PA000724
http://dx.doi.org/10.1126/science.1072376
http://dx.doi.org/10.1126/science.1072376
http://dx.doi.org/10.1130/G22810A.1
http://dx.doi.org/10.1175/1520-0469(1971)028<1342:TEWCDT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1971)028<1342:TEWCDT>2.0.CO;2
http://dx.doi.org/10.1073/pnas.0710860105
http://dx.doi.org/10.1007/s003820100174
http://dx.doi.org/10.1007/s003820100174
http://dx.doi.org/10.1016/j.quascirev.2005.11.010
http://dx.doi.org/10.1175/1520-0469(1997)054<2872:PTOTEN>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1997)054<2872:PTOTEN>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1997)054<0134:ASIORT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1997)054<0134:ASIORT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1999)012<0780:TROTAM>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1999)012<0780:TROTAM>2.0.CO;2
http://dx.doi.org/10.1029/2002GL015789
http://dx.doi.org/10.1175/1520-0469(1987)044<2418:OTROSS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1987)044<2418:OTROSS>2.0.CO;2
http://dx.doi.org/10.1175/2011JCLI4041.1
http://dx.doi.org/10.1029/2000GL011452
http://dx.doi.org/10.1038/nature13963
http://dx.doi.org/10.5194/cp-8-1093-2012
http://dx.doi.org/10.1029/2004GL019972
http://dx.doi.org/10.1038/ngeo1936
http://dx.doi.org/10.1175/JCLI3834.1
http://dx.doi.org/10.1175/JCLI3834.1
http://dx.doi.org/10.1038/nature01194
http://dx.doi.org/10.1175/1520-0469(1991)048<0584:TSSSTM>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1991)048<0584:TSSSTM>2.0.CO;2
http://dx.doi.org/10.1029/2003GL018553
http://dx.doi.org/10.1175/2008JCLI2261.1
http://dx.doi.org/10.1029/2006GL026196


Rasmusson, E. M., and T. H. Carpenter, 1982: Variations in

tropical sea surface temperature and surface wind fields as-

sociated with the Southern Oscillation/El Niño. Mon. Wea.

Rev., 110, 354–384, doi:10.1175/1520-0493(1982)110,0354:

VITSST.2.0.CO;2.

Rayner, N., D. E. Parker, E. Horton, C. Folland, L. Alexander,

D. Rowell, E. Kent, and A. Kaplan, 2003: Global analyses of

sea surface temperature, sea ice, and night marine air tem-

perature since the late nineteenth century. J. Geophys. Res.,

108, 4407, doi:10.1029/2002JD002670.

Rein, B., A. Lückge, L. Reinhardt, F. Sirocko, A. Wolf, and W. C.

Dullo, 2005: El Niño variability off Peru during the last 20,000

years.Paleoceanography, 20, PA4003, doi:10.1029/2004PA001099.

Riedinger,M.A.,M.Steinitz-Kannan,W.M.Last, andM.Brenner, 2002:

A ;6100 14C yr record of El Niño activity from the Galápagos
Islands. J. Paleolimnol., 27, 1–7, doi:10.1023/A:1013514408468.

Roberts, W. H., D. S. Battisti, and A. W. Tudhope, 2014: ENSO in

themid-Holocene according to CSMandHadCM3. J. Climate,

27, 1223–1242, doi:10.1175/JCLI-D-13-00251.1.

Rodbell, D. T., G. O. Seltzer, D.M. Anderson,M. B. Abbott, D. B.

Enfield, and J. H. Newman, 1999: An ;15,000-year record of

El Niño-driven alluviation in southwestern Ecuador. Science,

283, 516–520, doi:10.1126/science.283.5401.516.
Sandweiss, D. H., J. B. Richardson III, E. J. Reitz, H. B. Rollins,

and K. A. Maasch, 1996: Geoarchaeological evidence from

Peru for a 5000 years B.P. onset of El Niño. Science, 273, 1531–
1533, doi:10.1126/science.273.5281.1531.

Shulmeister, J., and B. G. Lees, 1995: Pollen evidence from tropical

Australia for the onset of an ENSO-dominated climate at

c. 4000 BP.Holocene, 5, 10–18, doi:10.1177/095968369500500102.
Stott, L., K. Cannariato, R. Thunell, G. H. Haug, A. Koutavas, and

S. Lund, 2004: Decline of surface temperature and salinity in

the western tropical Pacific Ocean in the Holocene epoch.

Nature, 431, 56–59, doi:10.1038/nature02903.
Su, J., R. Zhang, T. Li, X. Rong, J. Kug, and C.-C. Hong, 2010:

Causes of the El Niño and La Niña amplitude asymmetry in

the equatorial eastern Pacific. J. Climate, 23, 605–617,

doi:10.1175/2009JCLI2894.1.

Suarez, M. J., and P. S. Schopf, 1988: A delayed action oscillator

for ENSO. J. Atmos. Sci., 45, 3283–3287, doi:10.1175/

1520-0469(1988)045,3283:ADAOFE.2.0.CO;2.

Taylor, K. E., R. J. Stouffer, andG.A.Meehl, 2012: An overview of

CMIP5 and the experiment design. Bull. Amer. Meteor. Soc.,

93, 485–498, doi:10.1175/BAMS-D-11-00094.1.

Tudhope, A. W., and Coauthors, 2001: Variability in the El Niño–
Southern Oscillation through a glacial–interglacial cycle. Sci-

ence, 291, 1511–1517, doi:10.1126/science.1057969.

van Oldenborgh, G. J., S. Philip, and M. Collins, 2005: El Niño in a

changing climate: A multi-model study. Ocean Sci., 1, 81–95,

doi:10.5194/os-1-81-2005.

Wang, B., and T. Li, 1993: A simple tropical atmosphere model

of relevance to short-term climate variations. J. Atmos. Sci.,

50, 260–284, doi:10.1175/1520-0469(1993)050,0260:

ASTAMO.2.0.CO;2.

——, and S.-I. An, 2001: Why the properties of El Niño changed

during the late 1970s. Geophys. Res. Lett., 28, 3709–3712,

doi:10.1029/2001GL012862.

——, and ——, 2002: A mechanism for decadal changes of ENSO

behavior: Roles of background wind changes. Climate Dyn.,

18, 475–486, doi:10.1007/s00382-001-0189-5.

Wu, B., T. Zhou, and T. Li, 2009: Seasonally evolving dominant

interannual variability modes of East Asian climate.

J. Climate, 22, 2992–3005, doi:10.1175/2008JCLI2710.1.

Xiang, B., B. Wang, and T. Li, 2013: A new paradigm for the

predominance of standing central Pacific warming after

the late 1990s. Climate Dyn., 41, 327–340, doi:10.1007/

s00382-012-1427-8.

Yeh, S.-W., and B. P. Kirtman, 2007: ENSOamplitude changes due

to climate change projections in different coupled models.

J. Climate, 20, 203–217, doi:10.1175/JCLI4001.1.
Zebiak, S. E., and M. A. Cane, 1987: A model El Niño–Southern

Oscillation. Mon. Wea. Rev., 115, 2262–2278, doi:10.1175/

1520-0493(1987)115,2262:AMENO.2.0.CO;2.

Zelle, H., G. J. van Oldenborgh, G. Burgers, and H. Dijkstra, 2005:

El Niño and greenhouse warming: Results from ensemble

simulations with the NCARCCSM. J. Climate, 18, 4669–4683,

doi:10.1175/JCLI3574.1.

Zhang, L., and T. Li, 2014: A simple analytical model for un-

derstanding the formation of sea surface temperature patterns

under global warming. J. Climate, 27, 8413–8421, doi:10.1175/

JCLI-D-14-00346.1.

Zhang, W., and F.-F. Jin, 2012: Improvements in the CMIP5 sim-

ulations of ENSO–SSTA meridional width. Geophys. Res.

Lett., 39, L23704, doi:10.1029/2012GL053588.

——, J. Li, and F.-F. Jin, 2009: Spatial and temporal features of

ENSO meridional scales. Geophys. Res. Lett., 36, L15605,

doi:10.1029/2009GL038672.

——, F.-F. Jin, J.-X. Zhao, and J. Li, 2013: On the bias in simulated

ENSO SSTAmeridional widths of CMIP3 models. J. Climate,

26, 3173–3186, doi:10.1175/JCLI-D-12-00347.1.

Zheng, W., P. Braconnot, E. Guilyardi, U. Merkel, and Y. Yu,

2008: ENSO at 6ka and 21ka from ocean–atmosphere coupled

model simulations. Climate Dyn., 30, 745–762, doi:10.1007/

s00382-007-0320-3.

7070 JOURNAL OF CL IMATE VOLUME 30

http://dx.doi.org/10.1175/1520-0493(1982)110<0354:VITSST>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1982)110<0354:VITSST>2.0.CO;2
http://dx.doi.org/10.1029/2002JD002670
http://dx.doi.org/10.1029/2004PA001099
http://dx.doi.org/10.1023/A:1013514408468
http://dx.doi.org/10.1175/JCLI-D-13-00251.1
http://dx.doi.org/10.1126/science.283.5401.516
http://dx.doi.org/10.1126/science.273.5281.1531
http://dx.doi.org/10.1177/095968369500500102
http://dx.doi.org/10.1038/nature02903
http://dx.doi.org/10.1175/2009JCLI2894.1
http://dx.doi.org/10.1175/1520-0469(1988)045<3283:ADAOFE>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1988)045<3283:ADAOFE>2.0.CO;2
http://dx.doi.org/10.1175/BAMS-D-11-00094.1
http://dx.doi.org/10.1126/science.1057969
http://dx.doi.org/10.5194/os-1-81-2005
http://dx.doi.org/10.1175/1520-0469(1993)050<0260:ASTAMO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1993)050<0260:ASTAMO>2.0.CO;2
http://dx.doi.org/10.1029/2001GL012862
http://dx.doi.org/10.1007/s00382-001-0189-5
http://dx.doi.org/10.1175/2008JCLI2710.1
http://dx.doi.org/10.1007/s00382-012-1427-8
http://dx.doi.org/10.1007/s00382-012-1427-8
http://dx.doi.org/10.1175/JCLI4001.1
http://dx.doi.org/10.1175/1520-0493(1987)115<2262:AMENO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1987)115<2262:AMENO>2.0.CO;2
http://dx.doi.org/10.1175/JCLI3574.1
http://dx.doi.org/10.1175/JCLI-D-14-00346.1
http://dx.doi.org/10.1175/JCLI-D-14-00346.1
http://dx.doi.org/10.1029/2012GL053588
http://dx.doi.org/10.1029/2009GL038672
http://dx.doi.org/10.1175/JCLI-D-12-00347.1
http://dx.doi.org/10.1007/s00382-007-0320-3
http://dx.doi.org/10.1007/s00382-007-0320-3

