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ABSTRACT

The causes of the change in amplitude of El Nifilo-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 ENSO meridional 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
&? Supplemental information related to this paper is avail-

able at the Journals Online website: http://dx.doi.org/10.1175/ El Nino-Southern Oscillation (ENSO), which origi-
JCLI-D-16-0899.51. nates in the tropical Pacific region, is the most prominent
mode of climate variability at interannual time scales in
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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 and Keenlyside 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 Nifio-like to La Nifia—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 the MH, 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
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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 the mean
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 the MH in state-
of-the-art climate models, 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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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.)

Atmospheric resolution Oceanic resolution Length of
Model Country (lon X lat, vertical layers) (lon X lat, vertical layers) run (yr)
17 coupled models within PMIP2
1 CCSM3.0 United States ~2.8° % 2.8°, L18 ~1.125° X 0.1-0.5°, L40 50
2 CSIRO MK3L-1.0 Australia ~5.6° X 3.2°, L18 ~5.6° X 3.2°,L21 1000
3 CSIRO Mk3L-1.1 Australia ~5.6° X 3.2°, L18 ~2.8° X 1.6°, L21 1000
4  ECBILTCLIOVECODE Belgium ~5.6° X 5.6°, L3 3° X 3°,L20 100
5  ECBILTCLIOVECODE-gvm  Belgium ~5.6° X 5.6°, L3 3° % 3°, 120 100
6  FGOALS-1.0g China ~2.8° X 3°-6°, L9 1° % 1°, L33 100
7 FOAM United States 7.5° X ~4.4°, L18 ~2.8° X 1.4° 124 100
8§ FOAM-gvm United States 7.5° X ~4.4°, 118 ~2.8° X 1.4° 124 100
9  GISS ModelE United States 5° X 4°, 117 5° X 3°-4°, .33 50
10  IPSL-CM4-V1-MR France 3.75° X ~2.5°,L19 2° X 1°, L31 100
11~ MIROC3.2 Japan ~2.8° % 2.8°, L.20 ~1.4° X 0.6-1.7°, L44 100
12 MRI-CGCM2.3.4fa Japan ~2.8° X 2.8° L30 2.5° X 0.5°-2°, L.23 150
13 MRI-CGCM2.3.4fa-gvm Japan ~2.8° X 2.8° L30 2.5° X 0.5°-2°, L23 100
14  MRI-CGCM2.3.4nfa Japan ~2.8° X 2.8° L30 2.5° X 0.5°-2°, L.23 150
15 MRI-CGCM2.3.4nfa-gvm Japan ~2.8° X 2.8° L30 2.5° X 0.5°-2°, L23 100
16 ~ UBRIS-HadCM3M2 United Kingdom 3.75° x 2.5°,L19 1.25° X 1.25°, L.20 100
17 UBRIS-HadCM3M2-gvm United Kingdom 3.75° X 2.5°,L19 1.25° X 1.25°, L.20 100
11 coupled models within PMIP3
18  BCC_CSM1.1 China ~2.8° % 2.8°, L.26 1° X ~0.001°-1°, L40 100
19  CCSM4 United States 1.25° X ~0.9°, L26 1.125° X ~0.3-0.5°, L60 301
20 CNRM-CM5 France ~1.4° X 1.4°, L31 1° X ~0.01-0.9°, L42 200
21  CSIRO Mk3.6.0 Australia 1.875° X ~1.9°, L18 1.875° X ~0.9°, L31 100
22 CSIRO MK3L-1.2 Australia ~5.6° X 3.2°, L18 ~2.8° X 1.6°, L21 500
23 GISS-E2-R United States 2.5° X 2°, 140 1.25° x 1°,1L32 100
24 HadGEM2-CC United Kingdom 1.875° X 1.25°, L60 1° X ~0.3°-1°, L40 35
25  HadGEM2-ES United Kingdom 1.875° X 1.25°, 38 1° X ~0.3°-1°, L40 102
26 IPSL-CM5A-LR France 3.75° X ~1.9°, 139 ~2° X 0.01-5.4°, L31 500
27  MPI-ESM-P Germany 1.875° X ~1.9°, L47 ~1.2-1.6° X 0.1-1.2°, L40 100
28  MRI-CGCM3 Japan 1.125° X ~1.1°, L48 1° X ~0.01-0.5°, L51 100

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), 24.105° (23.446°), and 0.87° (102.04°), 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.Isce.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
100yr (last column in Table 1). Note that all monthly
anomalies were first obtained by subtracting the annual
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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 1° latitude X 1° 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
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where T represents the mixed layer temperature,
V = (u, v, w) is the three-dimensional ocean current,
V = (d/dx, /9y, d/9z) denotes a three-dimensional
gradient operator, the prime represents the anomaly
variables, and the overbar denotes the climatologi-
cal annual cycle variables; —(V - VT)' 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 —(V'-VT +V-VT’) and a nonlinear advection
term —(V' - VT"); Q. 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; py is the density of sea-
water; C, is the specific heat of water; H represents a
constant mixed layer depth (approximately 50 m 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.
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amplitude is defined by the standard deviation
(STD) of SST anomaly (SSTA) over the Nifio-3 (5°S—
5°N, 90°-150°W) region. A similar result can be ob-
tained when the Nifo-3.4 (5°S-5°N, 120°-170°W)
SSTA is applied (figure not shown). The criterion for
selecting El Nifio (La Nifna) events is that the Nifio-3
SSTA during ND(0)J(+1) is greater (less) than one
(minus one) STD. Here, ND(0)J(+1) represents the
average from November-December (ND) in the El
Nifio or La Nifia year (0) to January (J) of the fol-
lowing year (+1).

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 from April(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

1)

0T 0T T’
w—|—|v—+t7v +
0z ay ay

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 from Chen
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
o related to the thermocline feedback term —waT"/dz is
written as

aT/ /
v— | + net 4 .
dy ) poC,H

o= %R(T;, T)R(D',7)R(T.,D'), @)
where W represents the mean vertical upwelling velocity,
H is the constant oceanic mixed layer depth (approxi-
mately 50 m but model dependent), 7/, denotes the zonal
wind stress anomaly, 7" represents the SSTA, D’ denotes
the thermocline depth anomaly represented by the 20°C
isothermal depth anomaly, and 7, denotes the sub-
surface ocean temperature anomaly represented by the
temperature anomaly at 70 m. 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(7,, T"),
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FIG. 1. The STD of SSTA over the Nifio-3 region (K) derived from observations for the
period 1900-99 and from the 28 PMIP2 and PMIP3 models for PI (light gray bar; left y axis) and
MH (dark gray bar; left y axis) and their difference (MH — 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.

representing the zonal wind stress response 7/, in the
equatorial Pacific (EP; 5°S-5°N, 120°E-80°W) to a unit
SSTA forcing in the eastern equatorial Pacific (EEP;
Nifio-3 region); R(D’, 7.), denoting the ocean thermo-
cline response in the EEP to a unit 7/, forcing in the EP;
and R(T., D’), 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., 7,
SSTA, or the nonlinear product of two fields) as defined
by the following formula:

jxly\dy

dey

where W denotes the width index, x represents a certain
or coupled field, and y is the latitude. The absolute value
of latitude |y| 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 7., X SSTA field averaged over the equator be-
tween 120°E and 80°W for both PI and MH simulations.

w ©)

¢. 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 compared with 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 10°S, 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 +20% 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 Syr
(figure not shown). Most models simulated a broadly
correct dominant frequency of approximately 2-5Syr,
although they exhibit too regular events as shown by a
single peak. The observed time evolution of composite
Nifio-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(+1) (Fig. 2).
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FIG. 2. Time evolution of composite Nifio-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.

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 — 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-CGM2.34 flux adjusted (fa) with
global vegetation model (gvm) (MRI-CGCM2.3 4fa-gvm),
and MPI-ESM-P] displayed a decrease in ENSO amplitude,
whereas others showed an increase [e.g., ECBilt-CLIO-
VECODE ESM with gvm (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
HadGEM?2 models 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
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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 Nifio-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 each model 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.

between models; some showed a tendency to pro-
duce either a lower- or higher-frequency peak of the
Nifio-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 Nifio and La Nifia events
(Fig. 2) were generally in agreement with the change



7056

in ENSO amplitude, although only a few models showed a
prominent reduction of Nifio-3 SSTA during the de-
veloping phase (e.g.,, MIROC3.2, MRI-CGCM2.3.4fa-
gvm, MRI-CGCM2.3.4nfa, and UBRIS-HadCM3M?2 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 =20% 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 Nifio-3 SSTA for
the period of 2-5yr were reduced during the MH; and
last and most importantly, the composite Nifio-3 SSTA
of El Nifio or La Nifia 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 Nifio-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 MKk3L-
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 the MH, and
reduced composite Nifio-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
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composite changes in the mixed layer temperature budget
terms from the two models. Each budget term during the
PI and MH was first obtained for the El Nifio, La Nifia, and
El Nifio minus La Nifia composites. Then, we calculated
the corresponding changes from PI to MH (MH minus 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 the mean state SST cold bias in the equatorial eastern
Pacific for the PI period (Fig. S1). The changes in heat
budget terms for the El Nifio composite generally showed
opposite signs to those for the La Nifia composite. The
decrease (increase) in the MLTA tendency for the El Nifio
(La Nina) composite means a weaker El Nifo (La Nifa)
event. As a result, the MLTA tendency for the El Nifio
minus La Nifia 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
were —wdT'/dz (term 5; Fig. 4, bar 5) and —vdT'/dy (term §;
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 (—u/9T/dx, 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 (—v/97/dy, term 7; Fig. 4, bar 7) made a
negative contribution due to their opposite changes. The
thermodynamic heat flux feedback [Q!, . /(p,C, H), 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(A'B) =d(A")B + A'd(B) + d(A"d(B),  (4)

where d(-) denotes the change from PI to MH (MH
minus PI), A’ represents the anomalous state or
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FIG. 4. Composite MH minus PI difference of mixed layer temperature budget terms from
Eq. (1) (K month ™) for (a)-(c) MRI-CGCM2.3.4fa-gvm and (d)—(f) MPI-ESM-P. The change
in each budget term from PI to MH was first obtained for El Nifio, La Nifia, and El Nifio minus
La Nina composites. Bar 12 represents the change in mixed layer temperature tendency
d(9T'/at), 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(—u/9T/dx) (bar 1), d(—udT'/9x) (bar 2), d(—u'dT'/ox)
(bar 3), d(—w'3T/dz) (bar 4), d(—wdT'/3z) (bar 5), d(—w'aT'/9z) (bar 6), d(—v'9T/dy) (bar 7),
d(—vdT'/9y) (bar 8), d(—v'9T’'/ay) (bar 9), and d[Q,/(p,C,H)] (bar 10). The operator d(-)
denotes the difference MH — PI. See the mixed layer temperature tendency equation in section 2b

for more detail.

perturbation part (—87"/dz or —a7T'/dy), and B repre-
sents the mean state part (W or v). As deduced from
Eq. (4), the change in the product of A’ and B can be
decomposed into three parts: the change in perturbation
d(A")B, the mean state change A’d(B), and the change in
the residual part d(A')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(—=0T'/9z) from term 5 and d(—aT"/9y) from term 8 in
Eq. (1)]. The direct impact of the mean state change
[d(W) from term 5 and d(v) from term 8 in Eq. (1)] on the
mixed layer budget difference was minor; the mean 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 —wa7"/dz
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(t,, TR(D', 7)R(T., D').
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FIG. 5. Relative contributions of the mean state and the perturbation (K month ') to the
thermocline feedback term (—wa7"/dz, indicated by 5) and the meridional advective feedback
term (—vdT"/dy, 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(A’B), the red bar
denotes the contribution by the perturbation d(A’)B, the green bar denotes the contribution by
the mean state A’d(B), and the purple bar denotes the contribution by the covariant change in
both the perturbation and the mean state d(A’)d(B). The operator d(-) indicates the change
from PI to MH, A’ represents the perturbation part, and B represents the mean state part.

To quantitatively examine the strength of each of the
three feedback coefficients, Fig. 6 shows the monthly
scatter diagrams for both the PI and MH 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(7., T") 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(D’, 1)
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(7", D’)
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 PT and MH are shown in Fig. 7. The
magnitude in the combined effect of the three feedback
coefficients represented by R(7,, T")R(D’, 7..)R(T.,, D’)
was greater in both PI and MH for MRI-CGCM?2.3.4fa-gvm
than for MPI-ESM-P, mainly due to the greater
strengths in R(7,, T") and R(T,, D'). 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
the MH. The response of D' to 7/, (Fig. 7, bar 3) exhibited
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FIG. 6. Scatter diagrams of (a),(d) 7, over 5°S—5°N, 120°E-80°W and Nifio-3 SSTA (slope: 10> Nm™2K™),
(b),(e) Nifio-3 D' and 7. over 5°S-5°N, 120°E-80°W [slope: m (10~2N m~%)"'], and (c),(f) Nifio-3 7/ and Nifio-3 D’
(slope: 10 ' Km™ ') 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.

consistent change with the change in the overall ther-
mocline feedback strength, whereas there was no con-
sistent change in the response of 7/, to the SSTA (Fig. 7,
bar 2) or in the response of 7" to D’ (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(D’, 7).

Figure 8 displays the horizontal distributions of D’
regressed onto 7, averaged in the EP, in which the
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FIG. 7. Estimated strength of the perturbation part in thermocline feedback (bars labeled 1) represented by
R(7., T)R(D', 7.)R(T., D') (10~2) in PI (blue) and MH (red) in (a) MRI-CGCM2.3.4fa-gvm and (b) MPI-ESM-P.
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represented by the linear slopes in Figs. 6b,e, and the subsurface temperature—thermocline coupling coefficient
R(T., D') (107K m™") represented by the linear slopes in Figs. 6¢,f, respectively. The black vertical bar represents
the error range for the linear regression as shown in Fig. 6.

regression coefficient (change) exceeding the 99%
(95%) confidence level using the Student’s ¢ test (Z test)
is stippled for PI and MH (MH — PI). In response to a
positive EP 7. forcing, D’ 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 negative D’ 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, —vdT’/dy (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(—a7’/dy), 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 D’ and 7, at the equator is as follows:

oD’ T
— = s (5)
ax  p,gH,

where D’ and H,; denote anomalous and mean thermo-
cline depth, pg 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 7/ at the equator. It was found
that there was little change in the mean thermocline
depth at the equator between PI and MH both for MRI-
CGCM2.3.4fa-gvm and MPI-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 7/ at the equator or in the
meridional structure of 7/, during the MH for the two
models. Because ENSO is an air-sea coupled system,
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coefficients exceeding the 95% confidence level using a Z test [see details in Chen et al. (2015)].

the changes in the meridional scales of 7, 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 7/,
and SSTA. This new field was then regressed onto the
time series of the product of the EP 7/ index and the
Nifo-3 SSTA index in PI and MH, respectively. As
shown in Figs. 9ab,ef, 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. 9¢c,g), which led to a minimum of
the meridional profile of the difference averaged over
120°E-80°W 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 7, and SSTA field became wider and flatter
during the MH (Figs. 9d,h), which implies a weakened 7/,
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 7/ 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 120°E and 80°W as
shown in Figs. 9d,h. It was found that the width index of
the zonal-averaged 7, X SSTA was increased from 1.72°
(2.16°) in PI to 1.89° (2.33°) in MH in the meridional
domain of 5°S-5°N and increased from 1.00° (1.19°) to
1.82° (2.94°) in the domain of 10°S-10°N for MRI-
CGCM2.3.4fa-gvm (MPI-ESM-P). This implies that
the meridional distribution of the coupled 7, and SSTA
field became less confined to the equator in the two
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FIG. 9. Horizontal distributions of the product of 7, and SSTA field regressed onto the product
of 7/, averaged over 5°S-5°N, 120°E-80°W and Nifio-3SSTA [10 *Nm 2K (10 > Nm 2K) '] in
PI and MH and their difference (MH — PI) for (a)-(c) MRI-CGCM2.3.4fa-gvm and (¢)—(g) MPI-
ESM-P. The stippling in (a),(b),(e),(f) indicates the regression coefficient exceeding the 99%
confidence level using Student’s ¢ 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 120°E-80°W in PI

(blue), MH (red), and their difference (MH — PIL; black).

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 VOV

\ > (©)

where V(y) represents the mean meridional current at
the latitude of y.

Figure 10 displays the meridional-vertical distribution
of the antisymmetric mean meridional current averaged
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(relative to the equator) mean meridional current field (10 2ms ') derived from the (a),(d)
PI and (b),(e) MH simulation and (c),(f) their difference (MH — PI) for (a)-(c) MRI-

CGCM2.3.4fa-gvm and (d)-(f) MPI-ESM-P.

over 160°E-90°W, 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 120°E-80°W in PI and MH as well as their
difference. On the one hand, westward wind stress was
enhanced during the MH for both MRI-CGCM2.3.4fa-gvm

and MPI-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 the boreal summer season during
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.
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In response to the MH orbital forcing (Berger 1978), the
Northern Hemisphere received more insolation at the
top of the atmosphere from May to September
(Fig. 12¢). 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 Galdpagos Islands in the
EEP from magnesium to calcium ratios in planktonic
foraminifera (Koutavas et al. 2002). However, other
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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. 12¢), 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 Galdpagos 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
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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.

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
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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 ENSO meridional
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 the MH 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
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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. For MPI-ESM-P, an obvious error
existed in the estimated MLTA tendency change for the
El Nifio and El Nifio minus La Nifa 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-adjusted model MRI-CGCM2.3.4fa-gvm
(Fig. S1), which affects the MH change in the mean mixed
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 Nifio and El Nifio
minus La Nifia composites. This implies that the ability of
the PMIP2 and PMIP3 models 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 —21% 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.
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