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represented below certain levels; instead, a surface warm-
ing can emerge in 2011, with weak SST variability. The 
results of the current study indicate that the intensity of 
interannual wind forcing is equally important to SST evolu-
tion during 2010–11 compared with that of the thermocline 
effect. To correctly predict the observed La Niña conditions 
in the fall of 2011, the ICM needs to adequately represent 
the intensity of both the wind forcing and the thermocline 
effects.

Keywords The 2010–2012 La Niña event · Wind 
forcing · Thermocline effect · Coupled model

1 Introduction

The El Niño-Southern Oscillation (ENSO) is a natural cli-
mate phenomenon centered in the tropical Pacific, which 
influences climate variability and predictability worldwide. 
In the past three decades, extensive ENSO studies have 
made remarkable progress (e.g., see the TOGA special 
issue of JGR-Oceans, 1998; McPhaden et al. 2006). For 
example, various feedback processes have been identified 
that can be responsible for ENSO cycles in the tropical 
Pacific. As understood, ENSO originates from air-sea inter-
actions in the tropical Pacific (Bjerknes 1969), involving a 
positive feedback loop among the SST, wind and the ther-
mocline in the tropical Pacific (the so-called thermocline 
feedback; e.g., Jin and An 1999). The loop of the positive 
thermocline feedback includes two elements, one related 
to the anomalous temperature of water entrained into the 
mixed layer (Te), which affects the SST and is affected by 
the thermocline (referred as the thermocline effect); another 
element is associated with wind forcing, which affects the 
ocean and is affected by the SST. In addition, to interpret 

Abstract An intermediate coupled model (ICM) yields 
a successful real-time prediction of the sea surface tem-
perature (SST) evolution in the tropical Pacific during 
the 2010–12 La Niña event, whereas many other coupled 
models fail. It was previously identified that the thermo-
cline effect on the SST (including vertical advection and 
mixing), as represented by water temperature entrained 
into the mixed layer (Te) and its relationship with the ther-
mocline fluctuation, is an important factor that affects the 
second-year cooling in mid-late 2011. Because atmos-
pheric wind forcing is also important to ENSO processes, 
its role is investigated in this study within the context of 
real-time prediction of the 2010–12 La Niña event using 
the ICM in which wind stress anomalies are calculated 
using an empirical model as a response to SST anomalies. 
An easterly wind anomaly is observed to persist over the 
western-central Pacific during 2010–11, which acts to sus-
tain a horse shoe-like Te pattern connecting large negative 
subsurface thermal anomalies in the central-eastern regions 
off and on the equator. Sensitivity experiments are con-
ducted using the ICM to demonstrate how its SST predic-
tions are directly affected by the intensity of wind forcing. 
The second-year cooling in 2011 is not predicted to occur 
in the ICM if the easterly wind anomaly intensity is weakly 
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the ENSO’s cyclic nature, negative feedback processes 
have also been proposed. They include a delayed oscilla-
tor paradigm associated with the effects of wave reflections 
from the western boundaries of the tropical Pacific (Schopf 
and Suarez 1988; Battisti and Hirst 1989), the charge/dis-
charge processes due to Sverdrup transport (Jin 1997), the 
western Pacific wind-forced Kelvin wave effects (Weisberg 
and Wang 1997; Wang et al. 1999), and the anomalous 
zonal advection processes (Picaut et al. 1997). As shown in 
the unified oscillator (Wang 2001; Wang and Picaut 2004), 
these negative feedbacks may work together for terminat-
ing El Niño, with their relative importance varying with 
time. Additionally, local processes in the central-eastern 
equatorial Pacific are important to SST variability, includ-
ing thermal influences from off-equatorial regions (Gu and 
Philander 1997; Zhang et al. 2008).

Furthermore, after Cane et al. (1986) and Zebiak and 
Cane (1987), various coupled ocean–atmosphere models 
have been developed to improve real-time ENSO predic-
tions (e.g., Barnett et al. 1993; Chen et al. 1995; Ji et al. 
1996; Latif et al. 1998; Kirtman et al. 2002; Zhang et al. 
2003; Luo et al. 2005; Saha et al. 2006; Zheng et al. 2006; 
Wang et al. 2010; Stockdale et al. 2011; Zhu et al. 2012, 
2014). In particular, reasonable predictions can now be 
made 6 months and longer in advance (e.g., Barnston et al. 
2012; see the summary of model ENSO forecasts at the 
International Research Institute for Climate and Society 
(IRI) website: http://iri.columbia.edu/climate/ENSO/cur-
rentinfo/update.html). Presently, more than 20 models with 
different degrees of complexity have been routinely used to 
make real-time forecasts of the SST in the equatorial Pacific 
(Barnston et al. 2012; see the details at the IRI website).

During 2010–12, the tropical Pacific experienced a pro-
longed La Niña condition, with a second-year sea surface 
cooling event that occurred in the fall of 2011 (e.g., Hu 
et al. 2014; Zhang et al. 2013;  Feng et al. 2015). How-
ever, many coupled models fail to forecast the Niño 3.4 
SST cooling when initialized from early-mid 2011 (see the 
details at the IRI website). Very few coupled models make 
a good prediction of the 2010–11 cold SST conditions in 
the tropical Pacific; see the IRI web site and the summary 
online at http://www.nws.noaa.gov/ost/climate/STIP/r+d/
board_op4.html. This difficulty represents a great challenge 
to the ENSO research and prediction communities, indicat-
ing a clear need to understand why so many coupled mod-
els fail to forecast the second-year cooling at a lead time 
of 6 months or so and to find a way to effectively improve 
real-time ENSO predictions. This double-dip cooling event 
during 2010–12 provides an opportunity to address these 
important related issues.

Various factors are involved in the second-year cool-
ing phenomenon in 2011 (e.g., Hu et al. 2014; Zhang et al. 
2013), including processes in the atmosphere and ocean, at 

the sea surface and subsurface depths, and on and off the 
equator. As the thermocline feedback involves interactions 
among the SST, wind and the thermocline, the intensities of 
wind forcing and thermocline effect (as indicated in Te) are 
both important to SST variability in the tropical Pacific. On 
interannual time scales, Te is a primary factor affecting SST 
evolution in the equatorial Pacific; surface wind is a major 
forcing factor to the thermocline in the equatorial Pacific, 
thus being an important source for Te variability. So, these 
two elements (wind and Te) are closely related with each 
other in terms of their effects on SST evolution as repre-
sented in the positive thermocline feedback loop.

We developed an intermediate coupled model (ICM) 
for ENSO-related modeling, with a focus on the role of the 
thermocline effect (Zhang et al. 2003, 2005a, b). The ICM 
is an anomaly model consisting of an intermediate ocean 
model (IOM) and an empirical wind stress model. One cru-
cial component of the ICM is the way in which the sub-
surface entrainment temperature in the surface mixed layer 
(Te) is explicitly parameterized in terms of the thermocline 
variability [as represented by sea level (SL)]. An optimized 
procedure is developed to depict Te using inverse modeling 
from an SST anomaly equation and its empirical relation-
ship with SL variability (Zhang et al. 2005a). Additionally, 
interannual anomalies of wind stress (τ) are represented 
as a response to those of SST. Correspondingly, interan-
nual anomalies of Te and τ are determined by their statis-
tical models, written respectively as Te = αTe·F1(SL) and 
τinter = ατ·F2(SST), in which F1 and F2 are the relationships 
between Te and SL and between τ and SST derived using 
statistical methods from historical data; ατ and αTe are two 
parameters introduced to represent their intensities (they 
are tunable and can be prescribed as a constant in coupled 
simulations). Note that this ICM has been routinely used 
for real-time ENSO prediction since 2003 (see details at 
http://iri.columbia.edu/climate/ENSO/currentinfo/update.
html). In particular, this model is one of the coupled mod-
els that make a good prediction of cold SST conditions in 
the tropical Pacific during 2010–12 (Zhang et al. 2013). 
Thus, the ICM offers an opportunity to reveal the roles of 
the wind forcing and thermocline effect in the second-year 
cooling in 2011 by proper tuning of ατ and αTe.

In a previous study (Zhang et al. 2013), we used the ICM 
to demonstrate the role played by the thermocline effect in 
the second-year cooling in 2011. We find that the explicit Te 
parameterization based on the relation with sea level (SL) 
in the ICM enhances the ability to forecast the 2010–11 La 
Niña events. In particular, it is shown that the magnitude 
of negative Te anomalies persisting in the central-eastern 
equatorial Pacific is an important factor affecting the sec-
ond-year cooling in 2011. Another noticeable feature asso-
ciated with the SST evolution during 2010–12 is the per-
sistence of easterly wind anomalies in the western-central 

http://iri.columbia.edu/climate/ENSO/currentinfo/update.html
http://iri.columbia.edu/climate/ENSO/currentinfo/update.html
http://www.nws.noaa.gov/ost/climate/STIP/r%2bd/board_op4.html
http://www.nws.noaa.gov/ost/climate/STIP/r%2bd/board_op4.html
http://iri.columbia.edu/climate/ENSO/currentinfo/update.html
http://iri.columbia.edu/climate/ENSO/currentinfo/update.html
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equatorial Pacific. As indicated within the positive thermo-
cline feedback loop, the intensity of interannual wind forc-
ing is also important to ENSO processes.

In this study, we investigate the role played by wind 
forcing in the second-year cooling in 2011 using the ICM 
(Zhang et al. 2003, 2005a, b, 2013). The intensity of wind 
forcing in the ICM can be conveniently changed by tuning 
ατ so that its effects on SST predictions can be quantified 
for the 2010–12 years. Furthermore, as the wind stress and 
Te are participating in the same thermocline feedback loop, 
they can have similar modulating effects on the SST cool-
ing in 2011, but they have not been revealed in a coherent 
way. By comparing the role of atmospheric wind forcing 
with that of subsurface thermal forcing in the SST evolu-
tion during 2010–12, the relative effects of the two ele-
ments can be illustrated from a prediction point of view. 
It will be seen below that subsurface thermal effect and 
surface wind forcing act to play an equivalent role in the 
second-year cooling in 2011.

This paper is organized as follows. Section 2 describes 
the model and its prediction procedures. Section 3 provides 
a brief description of the evolution observed in 2010–12, 
followed by the ICM-based simulation and prediction in 
Sect. 4. Section 5 addresses the role of wind forcing in the 
second-year cooling in 2011, followed by a comparative 
analysis for the role of the thermocline effect in Sect. 6. A 
discussion and conclusion are given in Sect. 7.

2  The ICM and its real‑time prediction 
procedures

The roles of the thermocline and wind forcing effects in the 
second-year cooling in 2011 are examined using an inter-
mediate coupled model (ICM) consisting of an intermediate 
ocean model (IOM) and a statistical wind stress model of 
the tropical Pacific. The details can be found in Zhang et al. 
(2003, 2005a, b). Its dynamic ocean component is an inter-
mediate complexity model developed by Keenlyside and 
Kleeman (2002) that was based on the previous baroclinic 
modal decomposition method in the vertical (McCreary 
1981). Different from the commonly used Zebiak–Cane 
model (1987), this relatively newly developed ICM takes 
into account the spatially varying stratification and the real-
istic vertical structure of the upper ocean (e.g., ten vertical 
modes are included). In addition, nonlinear effects are par-
tially considered in the momentum equation determining 
the zonal and meridional currents. As a result, this dynamic 
ocean model yields realistic simulations of mean equatorial 
circulation and its variability in the tropical Pacific.

An SST anomaly model is incorporated into this ocean 
dynamical model to represent thermodynamic processes 
of the surface mixed layer. Another distinguished feature 

added to this ocean model is an empirical parameterization 
for the temperature of subsurface water entrained into the 
mixed layer (Te), written as Te = αTe·F1(SL), in which SL is 
sea level anomalies; F1 represents the relationships between 
interannual variations in Te and SL which is determined 
using an EOF technique from historical data (Zhang et al. 
2005b); αTe is a scalar parameter introduced to represent 
the Te effect intensity. In practice, Te can be derived in a 
way that subsurface thermal effects on SST are optimized 
with a given SST anomaly equation (Zhang et al. 2005a). A 
novel approach is developed to optimize Te by performing 
inverse modeling of an SST anomaly equation. As demon-
strated by Zhang et al. (2005a), the ocean model can real-
istically simulate interannual SST variability in the tropical 
equatorial Pacific because the improved Te calculation ade-
quately represents the subsurface effect on SST variability 
due to the vertical processes in the equatorial Pacific.

Furthermore, an ICM is formed for the tropical Pacific 
by coupling the ocean model to a simple statistical model 
for interannual wind stress anomalies (τinter), written as 
τinter = ατ ·F2(SST), in which F2 is the relationships derived 
using a singular value decomposition (SVD) method from 
historical data, and ατ is a parameter introduced to repre-
sent the intensity of wind response to SST anomalies.

Interannual anomalies in the tropical Pacific are produced 
by the ICM with its components exchanging the anomaly 
fields within the coupled system (Fig. 1). At each time step, 
the dynamical ocean model calculates anomaly fields of oce-
anic currents and pressure fields, including SL anomalies, 
anomalous currents over the surface mixed layer and vertical 
velocity at the base of the mixed layer. Then, SST anoma-
lies are calculated using its anomaly equation. Using the τ 
model, the produced SST anomaly is used to calculate wind 
stress anomalies, which are used to force the ocean dynami-
cal model. Information is exchanged once daily between the 
atmosphere (τ) and the ocean (SST), and the Te anomaly and 
SL anomaly. The ICM is initiated with an imposed westerly 
wind anomaly for eight months. The evolution of anomalous 
conditions thereafter is determined solely by the coupled 
ocean–atmosphere interactions in the system.

In this coupled system, the two dominant forcing fields 
(τ for the ocean and Te for the SST) are both determined 
using statistical methods. Two scalar parameters are intro-
duced to represent the intensity of wind forcing and ther-
mocline effect (ατ and αTe). Experiments indicate that the 
ICM with ατ = 1.0 and αTe = 1.0 can well depict ENSO 
cycles having an approximately 4-year oscillation period; 
this case is referred to as a standard run (Zhang et al. 
2005b). The ICM with varying values of ατ and αTe gives 
rise to a weakened or amplified interannual variability with 
oscillation periods of 4 years nearly unchanged. In addi-
tion, Zhang and Gao (2015) illustrated a new mechanism 
for the onset of El Niño events as appeared in the ICM.
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As the ICM can realistically depict the spatial structure 
and time evolution of interannual SST variability, it provides 
the basis for real-time SST predictions in the tropical Pacific. 
Real-time predictions using the ICM are made as follows 
(Fig. 1). A simple procedure is taken in which the observed 
interannual SST anomalies are the only field used in the pre-
diction initialization (Zhang et al. 2013). In real-time predic-
tion practice, experiments are usually conducted around the 
middle of each month, when monthly mean SST fields from 
the previous month and weekly mean SST fields from the 
first week of the current month are available from NOAA’s 
Environment Modeling Center (EMC; Reynolds et al. 2002), 
which can be obtained online at the IRI data library. Taking 
a prediction made on 1 January 2011 as an example, a linear 
interpolation method is adopted to form a temporal succes-
sion of daily SST fields from the observed monthly SST data 
historically from 1980 through December 2010 and from the 
weekly SST data in early January 2011; then, the τinter field is 
derived using its empirical model as a response to the observed 
SST anomalies. The derived τinter fields historically up to early 
January 2011 are taken to force the ocean model to produce an 
initial ocean state for the first day of each month (i.e., 1 Janu-
ary 2011), from which predictions are made using the ICM. 
Note that the ICM is an anomaly model in which interannual 

SST anomalies are directly produced; there is no correc-
tion or adjustment made to the ICM-produced SST anomaly 
fields. Since 2003, this ICM has been routinely used to pre-
dict SST conditions in the tropical Pacific for lead times out to 
12 months; real-time forecasts are routinely released online at 
the IRI ENSO web site. As the amplitude of the calculated Te 
and τ anomalies (tunable by using ατ and αTe) is important to 
ENSO evolution, sensitivity experiments with different values 
of ατ and αTe are conducted to examine the effects of wind and 
thermocline forcings on the second-year cooling in 2011.

3  Observed evolution during 2010–12

Various observed and reanalysis data are used to validate 
model simulations and predictions, including SST fields 
from Reynolds and Smith (1994) and wind stress from the 
NCEP/NCAR reanalysis (Kalnay et al. 1996). Oceanic tem-
perature and salinity data are from the gridded Argo prod-
ucts provided by the International Pacific Research Center 
(IPRC)/Asia–Pacific Data-Research Center (APDRC), 
which include monthly and long-term climatological mean 
fields spatially averaged onto 1° grids. Monthly mixed layer 
depth (MLD) and Te data are also available directly from the 

Wind stress

Ocean model

Obs. SSTA
τ model

SSTA, currents, pressure fields

Predic�on Ini�aliza�on

Fig. 1  A schematic diagram showing the real-time prediction proce-
dure to initialize the ICM consisting of an ocean dynamical model, an 
SST anomaly model, an empirical model to calculate interannual Te 
anomalies from SL, and a statistical atmospheric model to calculate 
interannual wind stress anomalies (τinter) from SST. Here, observed 
interannual SST anomalies are the only field which is considered in 
the coupled prediction. Taking a prediction made on 1 January 2011 
as an example, a temporal succession of daily SST fields is formed 

using a linear interpolation from observed monthly SST data histori-
cally from 1980 through December 2010 and from weekly SST data 
in early January 2011. The τinter field is then derived using its empiri-
cal model from the SST anomalies. The derived τinter field historically 
up to early January 2011 is used to force the ocean model to generate 
an initial ocean state for 1 January 2011, from which a prediction is 
made forward using the ICM
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IPRC/APDRC Argo products. Gridded sea level anomalies 
are from the Ssalto/Duacs multimission altimeter products 
distributed by Aviso with support from Cnes, which are 
available online at http://www.aviso.oceanobs.com/duacs/.

Figures 2 and 3 display examples for observed SST anom-
alies and reanalyzed wind stress anomalies from the NCEP/
NCAR. A moderate to strong La Niña episode prevailed in 
2010 (also see the Tropical Atmosphere Ocean (TAO) real-
time data online at http://www.pmel.noaa.gov/tao/). During 
April-July 2011, neutral SST conditions appeared in the 
eastern equatorial Pacific and the La Niña seemed to be end-
ing in the spring of 2011. However, weak La Niña conditions 
re-emerged in early August 2011 and grew to weak/moderate 
strength during November 2011. A striking feature observed 
here was the appearance of the second-year surface cooling 
in the boreal fall of 2011. In the atmosphere, pronounced 
easterly wind anomalies were observed to persist over the 
central equatorial basin in 2010–12 (Figs. 2b, 3). As such, 
the La Niña conditions were observed to sustain in the cen-
tral-eastern equatorial Pacific during 2011–12.

In the subsurface ocean, La Niña-induced thermal 
anomalies prevailed in the equatorial Pacific during 2010–
12. For example, Zhang et al. (2013) examined the struc-
ture of subsurface thermal conditions (as represented in 
Te), which was characterized by a horseshoe-like Te pat-
tern during 2010–12. In the central-eastern equatorial 
Pacific, negative Te anomalies prevailed during 2010–11. 

In the western tropical region, positive subsurface thermal 
anomalies accumulated during 2010 and early 2011. The 
positive heat content anomalies in the west were observed 
to extend eastward along the equator in early 2011, acting 
to weaken the cold SST anomalies in the east during the 
spring of 2011, with a tendency to reverse the La Niña con-
ditions. Indeed, a nearly neutral SST condition emerged in 
the eastern equatorial Pacific in mid 2011. However, dur-
ing this period, large negative Te anomalies persisted in the 
central-eastern equatorial basin, which acted to prevent the 
eastern equatorial Pacific from transitioning into a warm 
SST state that can be attributed to the eastward propaga-
tion of the positive heat content anomalies from the west-
ern regions. In addition, the large persistent negative sub-
surface thermal anomalies on the equator were seen to 
have their connections to subsurface thermal variability 
off the equator. Thus, the persistent negative Te anomalies 
in the central equatorial Pacific play an important role in 
sustaining SST cooling during summer-fall 2011 (Fig. 3d, 
e). The related cold SST anomalies were accompanied by 
easterly wind anomalies (Fig. 3d, e). These SST and wind 
anomalies were seen to amplify through ocean–atmos-
phere coupling, leading to the second-year cooling. As 
a result, a weak La Niña condition re-emerged over the 
tropical Pacific in the fall of 2011. These features can be 
clearly seen from the tropical atmosphere–ocean (TAO) 
observations online at http://www.pmel.noaa.gov/tao/.

Fig. 2  Zonal-time sec-
tions along the equator for a 
observed SST anomalies and 
b the NCEP/NCAR reanalysis 
zonal wind stress. The contour 
interval is 0.5 °C for SST and 
is 0.1 dyn cm−2 for zonal wind 
stress

http://www.aviso.oceanobs.com/duacs/
http://www.pmel.noaa.gov/tao/
http://www.pmel.noaa.gov/tao/


602 C. Gao, R.-H. Zhang

1 3

4  The ICM‑based simulation and prediction

As part of an initialization procedure, observed SST anom-
alies are taken to derive wind stress anomalies, which in 
turn are used to force the ocean component of the ICM to 
obtain ocean state from which predictions are made. In this 
section, outputs from the ocean-only simulations forced by 
the derived wind anomalies are analyzed to describe pro-
cesses affecting the second-year cooling of the 2010–12 La 
Niño condition. Then, the ICM is used to make real-time 
predictions to illustrate its performance. These results are 
presented below.

4.1  Processes affecting the second‑year cooling in 2010: 
The forced ocean experiments

Interannual anomalies of wind stress derived from the τinter 
model and those of SST, SL and Te simulated from the 
ocean-only experiment are shown in Figs. 4, 5. It is seen 
that the ocean component of the ICM can well simulate 
these interannual anomalies. As observed, the model cap-
tures well the La Niña conditions in 2010–12 (Fig. 4a). For 

example, after the La Niña in 2010, negative SST anoma-
lies in the east began to weaken from early 2011, and the 
La Niña conditions decayed gradually and transitioned to 
a slightly above-normal SST condition in mid 2011. Then, 
cold conditions reappeared in mid 2011 through ocean–
atmosphere coupling, leading to the second-year cooling in 
the fall of 2011. 

Further, coherent relationships among these anomalies 
(SL, Te, SST and winds) produced in the model can be used 
to illustrate processes leading to the surface cooling in the 
summer and fall of 2011. For example, starting from late 
2010, when the La Niña condition prevailed in the east-
ern basin, the development into the second-year cooling in 
2011 involved multiple processes. On the oceanic side, SL 
anomalies (an indicator of the thermocline variability) were 
positive in the west during 2010 and were seen to extend 
eastward along the equator (Fig. 5b), exerting an influ-
ence on Te and SST in the east during 2011 (Zhang et al. 
2013). The arrival of the positive SL anomaly to the east 
in April-June 2011 acted to weaken cold SST anomalies in 
the east (Fig. 4a). Regionally in the central-eastern equa-
torial Pacific, however, a pronounced negative Te anomaly 

Fig. 3  Horizontal distributions of observed SST anomalies (con-
tours) and the NCEP/NCAR reanalysis wind stress anomalies (vec-
tors) for a Jan. 2011, b Mar. 2011, c May 2011, d Jul. 2011, e Sep. 

2011 and f Nov. 2011. The contour interval is 0.5 °C for SST and is 
dyn cm−2 for wind stress
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persisted in 2010–2011 (Fig. 5), tending to maintain a cold 
SST condition in the east. On the atmospheric side, east-
erly wind anomalies persisted over the western and cen-
tral Pacific (Fig. 4b), acting to elevate the thermocline and 
to sustain the negative Te anomalies in the central-eastern 
equatorial Pacific.

To illustrate the space–time evolution in more details, 
Fig. 6 shows snapshots of related anomaly fields at differ-
ent periods during the second-year cooling event. These 
maps start with the La Niña conditions in Jan. 2011, pro-
ceeded to a near-neutral condition in June 2011 (as indi-
cated by the SST signal), and continued to a second-year 
cooling condition in Oct. 2011. Together with Figs. 4 and 
5, the spatial structure and phase relationships among 
anomalies of SL, Te, SST and surface winds can be more 
clearly illustrated off and on the equator during the evolv-
ing periods.

For instance, during the La Niña event in 2010, there 
was a buildup of warm waters in the western Pacific Ocean 
due to stronger-than-normal trade winds in the central 
basin, with the SL in the west increasing steadily. The sub-
sequent evolution into the second-year cooling in 2011 was 
affected by several factors. Looking at subsurface anoma-
lies (as represented by SL), propagating SL signals were 
evident around the basin (Figs. 5b, 6), remotely influenc-
ing Te and SST (Figs. 4a, 5a). Off the equator, for example, 
large negative SL anomalies in the east, produced by La 
Niña condition in 2010, propagated westward in the tropi-
cal North Pacific. This off-equatorial negative SL anomaly 
was seen to extend onto the equator near the date line in 
2011, sustaining the negative Te anomalies (Fig. 6).

On the equator, a positive SL anomaly propagated east-
ward in early 2011 (Figs. 5b, 6). Its arrival to the east in 
the middle of 2011 induced a warm SST condition in the 

Fig. 4  Zonal-time sections of 
anomaly fields along the equa-
tor simulated from the ICM for 
a SST and b zonal wind stress. 
The contour interval is 0.5 °C 
for SST and is 0.1 dyn cm−2 for 
zonal wind stress
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east, but the effect on the SST was not to be sufficiently 
strong to sustain it. The persistent negative Te anomalies 
in the central-eastern regions acted to sustain the cold SST 
anomalies, which were accompanied by easterly wind 
anomalies in the west. The related anomalies of SST and 
surface winds were seen to amplify through their coupling 
(Fig. 4). A systematic cold SST anomaly was seen in the 
east in August 2011. By the fall of 2011, there were notice-
able signs of the development of cold conditions at the sea 
surface. The second-year cooling remerged in the tropical 
Pacific in late 2011.

Based on these analyses, a schematic diagram is given 
in Fig. 7 showing factors responsible for the second-year 
SST cooling in the equatorial Pacific. Several processes 
tended to affect SST conditions in 2011. In the atmosphere, 
easterly wind anomalies were present near and west of the 
date line during 2010–11. These anomalies acted to elevate 
the thermocline, giving rise to negative Te anomalies in the 
central-eastern equatorial Pacific. One pronounced fea-
ture in Te was a horse shoe-like pattern in the equatorial 
Pacific during 2010–11, with its negative anomaly center 

located in the central equatorial Pacific. Following the La 
Niña event in 2010 (Fig. 3a), there was a downwelling sig-
nal off the equator in the western Pacific that propagated 
westward to the western boundary in late 2010 (as Rossby 
waves; Fig. 6). In early 2011, large positive SL anomalies 
were present in the western boundary regions (Fig. 6b), 
where a positive SL anomaly originated as a reflected sig-
nal (Fig. 5b) and propagated eastward on the equator dur-
ing early 2011 (as equatorial Kelvin waves; Fig. 5b). Its 
arrival to the east in middle 2011 acted to weaken the cold 
SST anomalies there. Indeed, there appeared a nearly neu-
tral SST condition in the east in mid 2011 (Fig. 4a). How-
ever, large negative Te anomalies still persisted in the cen-
tral-eastern equatorial Pacific during 2010–11, tending to 
sustain cold SST condition in the east. Additionally, during 
and after the La Niña event in 2010, negative SL anomalies 
propagated westward off the equator; their extension into 
the central equatorial region acted to reinforce the negative 
Te anomalies in the central basin. Additionally, the negative 
subsurface thermal anomalies off the equator penetrated 
into the central-eastern equatorial Pacific, further fostering 

Fig. 5  Zonal-time sections of 
anomaly fields along the equa-
tor simulated from the ICM 
for a Te and b SL. The contour 
interval is 0.5 °C for Te and 
3 cm for SL
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Fig. 6  Horizontal distributions of SL (the left panels) and Te (the right panels) anomalies simulated using the ocean component of the ICM for 
a, f Jan. 2011, b, g Mar. 2011, c, h May 2011, d, i Jul. 2011 and e, j Oct. 2011. The contour interval is 3 cm for SL and 0.5 °C for Te
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the negative Te anomalies on the equator. Thus, several pro-
cesses collectively acted to sustain the negative Te anoma-
lies in the central equatorial region during 2010, which 
were essential for the reappearance of the cold SST condi-
tion in July–August 2011.

Evidently, two competing processes were at work in 
determining the SST condition in the eastern equatorial 
Pacific in 2011: a warming effect from the western tropical 
Pacific and a cooling effect locally associated with the nega-
tive Te anomalies. The latter was further associated with east-
erly wind forcing. The fate of the SST condition was thus 
determined by the effect which is dominant. Since SSTs 
became cold in 2011, the warming effect from the west was 
not strong enough to reverse the cooling condition associ-
ated with the 2010 La Niña event in the east, but the nega-
tive Te anomaly effect appeared to play a dominant role in 

sustaining the cold SST condition in 2011. In mid and late 
2011, a SST cooling re-emerged in the east, accompanied by 
easterly wind anomalies over the western regions (Fig. 4).

Note that there were westerly wind anomalies in the 
far western Pacific during the spring of 2011 (Fig. 3a, b), 
which can force oceanic Kelvin waves. As such, the warm-
ing effect coming from the westerly wind-forced Kelvin 
waves from the west can potentially change the sign of the 
SST anomaly in the central and eastern Pacific (Weisberg 
and Wang 1997; Wang et al. 1999). However, the amplitude 
of the westerly wind anomalies on the equator in the west-
ern Pacific was small and the corresponding westerly wind-
forced Kelvin waves may be weak. As such, the wind-
forced Kelvin waves were not strong enough to terminate 
the cooling conditions in the central and eastern Pacific, 
and thus the second-year cooling sustained in 2011.

Numerous previous studies also examined the pro-
longed La Niña events, which was frequently occurred in 
the past (Okumura and Deser 2010; Hu et al. 2014; Lee 
et al. 2014; DiNezio and Deser 2014). For example, Lee 
et al. (2014) summarized that ENSO events can be catego-
rized as the transition and resurgence ones and the second-
year cooling in 2011 was considered as the resurgence of 
the 2010 La Niña. DiNezio and Deser (2014) argued that 
the thermocline effect was key for the return of La Niña, 
and that the 2010–12 La Niña event belonged to a con-
tinued La Niña case. Our results are consistent with these 
previous studies.

4.2  Prediction using the ICM

Figure 8 presents examples for the predicted Niño 3.4 SST 
anomalies during 2011–12 from various coupled models 
(Barnston et al. 2012). Observations indicated a prolonged 
La Niña condition in the tropical Pacific during the period 
2010–12, with the second-year cooling in mid-late 2011 
that followed a major peak cooling in October 2010. The 
real-time SST predictions exhibited a large spread among 
different models. Strikingly, many models failed to depict 
the second-year cooling in the fall of 2011 when forecasted 
from initial conditions on 1 June 2011.

As previously examined (Zhang et al. 2013), the so-
called ESSIC ICM (the ICM used at the Earth System Sci-
ence Interdisciplinary Center (ESSIC), University of Mary-
land; Barnston et al. 2012) can realistically forecast the 
SST evolution observed during 2010–11. For example, the 
predicted SST anomalies from the ICM followed the corre-
sponding observations very closely (Fig. 8). The observed 
SST evolution exhibited two turning points, one in June 
2011 from warming to cooling, and the other in January 
2012 from cooling to warming. In early 2011, the La Niña 
condition was decaying, and SSTs became near normal in 
mid-July; a return of La Niña conditions was seen in the 

Fig. 7  A schematic diagram showing processes affecting cold SST 
conditions in the central-eastern equatorial Pacific during 2011. In 
the central equatorial Pacific, large negative Te anomalies were seen 
to persist throughout 2010–11, with a horse shoe-like pattern con-
necting subsurface thermal variability off and on the equator. A few 
processes tended to sustain this Te pattern. On the atmospheric side, 
easterly wind anomalies were present near and west of the date line 
during 2010–11, which acted to elevate the thermocline, giving rise 
to negative Te anomalies in the central domain. On the oceanic side, 
negative subsurface thermal anomalies off the equator were seen to 
emerge onto the equator in the central basin, fostering the negative Te 
anomalies on the equator. Additionally, during and after the La Niña 
event in 2010, negative SL anomalies were seen to propagate west-
ward off the equator from the eastern boundary regions; their exten-
sion into the central equatorial Pacific acted to reinforce the negative 
Te anomalies in the central basin. In the western equatorial Pacific, 
a positive subsurface thermal anomaly persisted during 2010–11 and 
was seen to propagate eastward along the equator in spring 2011; its 
arrival to the east in mid-2011 acted to weaken the cold conditions 
in the eastern equatorial Pacific. Thus, the fate of SST condition in 
the east is determined by the two counteracting effects: warming from 
the western Pacific and cooling locally associated with the negative Te 
anomalies in the central-eastern equatorial Pacific
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fall of 2011, and these conditions persisted into early 2012, 
when SST evolution underwent another transition to warm-
ing in the tropical Pacific.

Figures 9, 10, 11 and 12 present the detailed space–time 
distributions of various anomalies predicted from the ICM 
with ατ = 1.0 and αTe = 1.0; the corresponding observa-
tions can be seen in Figs. 2 and 3 and can also be found at 
the CPC’s monthly ocean briefing web site which provides 
real-time diagnostic and prediction discussions. As ana-
lyzed from observations and the ocean-only forced simula-
tion above, the ICM can realistically predict the onset and 
development of the second-year cooling even from initial 
conditions on 1 January 2011. For instance, the appearance 
of the cold SST anomalies in 2011 was captured well by the 
ICM. As examined above, the cold SST anomalies in the 
central-eastern region were affected by several processes in 
the ocean, which were represented well in the ICM-based 
prediction. For example, during the year 2010 when a La 
Niña condition was underway in the tropical Pacific, posi-
tive heat content anomalies, which were accumulated in 
the western Pacific, tended to propagate eastward along 
the equator in early 2011, acting to have a remote warm-
ing effect on SST in the east. At the same time, negative 
subsurface anomalies (as indicated by Te) persisted locally 
over the central-eastern equatorial Pacific, with their con-
nection to thermal anomalies off the equator. Addition-
ally, an easterly wind anomaly was seen to persist in the 

western-central equatorial Pacific, which acted to maintain 
the negative Te anomaly pattern.

The coupled ocean–atmosphere system in the tropical 
Pacific can evolve into a warming or a cooling condition 
in year 2011, depending on the relative dominance of these 
two competing processes: the warming effect remotely 
from the west (that was associated with the positive heat 
content anomalies which were produced during the La Niña 
in 2010) and the cooling effect locally associated with the 
large negative Te anomalies (that persisted over the central-
eastern equatorial Pacific). If the former dominated the lat-
ter, a warm condition could develop in the fall of 2011; oth-
erwise, a cold condition can persist and prevailed. The fact 
that the SSTs in the east became cooling in mid-late 2011 
indicated that the latter (the cooling effect locally associ-
ated with the persistent negative Te anomalies) played a 
dominant role in sustaining cold conditions in 2011. At the 
same time, the persistent easterly wind anomalies acted to 
maintain the negative Te anomaly pattern. Within the con-
text of the positive thermocline feedback loop, the inten-
sities of the persisting easterly wind anomalies and nega-
tive Te anomalies were related to each other. Their effects 
on the second-year cooling in 2011 will be quantified using 
the ICM-based prediction experiments in the subsequent 
sections.

5  The roles of interannual wind forcing

The wind field is an active element in the thermocline feed-
back loop, playing an important role in the ENSO evolu-
tion. As observed, an easterly wind anomaly persisted 
over the western-eastern regions during 2010–11, and this 
anomaly acted to maintain the negative Te anomaly pattern. 
Comparisons with the observations indicated that the ICM 
can depict the easterly wind anomaly pattern well (but its 
magnitude was somehow underestimated). In this section, 
the ICM is used to examine the role played by the easterly 
wind forcing in the second-year cooling in 2011.

5.1  The easterly wind anomaly and its effects

In the SST equation, the SST tendency is affected by vari-
ous processes, including horizontal advection associated 
with anomalous currents and vertical mixing/entrainment 
associated with anomalous Te field (Zhang and Gao 2015). 
Locally, easterly wind anomalies in the western tropical 
Pacific directly force anomalous currents, which induce a 
cooling SST tendency through horizontal advection. Addi-
tionally, easterly anomalies act to elevate the thermocline, 
which produces negative Te anomalies in the central region, 
further enhancing a cooling SST tendency in the central 
and eastern equatorial Pacific.

Fig. 8  The Niño 3.4 SST anomalies (averaged over the region (5°S–
5°N; 170°W–120°W)) during 2010–12, observed (black dotted line) 
and predicted (colored lines) from different models. Each colored 
line indicates the trajectory of a 5-month forecast made from differ-
ent initial conditions; results from the ESSIC ICM are highlighted 
with the red dotted lines. Note that this figure is directly taken from 
the IRI website at: http://iri.columbia.edu/climate/ENSO/currentinfo/
SST_table.html

http://iri.columbia.edu/climate/ENSO/currentinfo/SST_table.html
http://iri.columbia.edu/climate/ENSO/currentinfo/SST_table.html
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The persistence of the easterly wind anomaly and 
related effects (e.g., in sustaining negative Te anomalies) 
favored the production of a cooling SST tendency over 
the central-eastern equatorial Pacific in 2011. At the same 
time, a warming effect from the western Pacific tended 
to produce a warming SST tendency. Indeed, during 
May–July 2011, the SST in the eastern equatorial Pacific 
became slightly warm, but the easterly wind anomaly, 
though weakened, still persisted in the west-central 
basin, accompanied by large negative Te anomalies there. 

The appearance of cold SST anomalies in the east in mid 
2011 indicated an important role played by the easterly 
wind anomalies in concert with the large negative Te 
anomalies.

Thus, the SST evolution into a cooling condition in 
2011 can be sensitive to the magnitude of the easterly wind 
anomalies. It can be envisioned that the easterly wind forc-
ing in the ICM needs to have sufficient intensity to maintain 
the large negative Te anomalies in the equatorial Pacific and 
thus sustain a cooling SST tendency. It followed that if the 

Fig. 9  Horizontal distributions of monthly mean SST anomalies with 
the overlaid wind stress anomalies (vectors), predicted using the ICM 
with ατ = 1.0 and αTe = 1.0, which is initialized from 1 January 2011 

for a Jan. 2011, b Mar. 2011, c May 2011, d Jul. 2011, e Sep. 2011 
and f Nov. 2011. The contour interval is 0.5 °C for SST, and is dyn 
cm−2 for wind stress
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Fig. 10  The same as in Fig. 6 but for SL and Te anomalies predicted using the ICM
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(a) (b) (c)

Fig. 11  Zonal-time sections of anomaly fields along the equator for a SST, b zonal wind stress and c Te, which are predicted using the ICM ini-
tialized from 1 January 2011. The contour interval is 0.5 °C for SST and Te and is 0.1 dyn cm−2 for zonal wind stress

Fig. 12  Time series of 
anomalies for SST (°C), zonal 
wind stress (dyn cm−2 on the 
right axis) and Te at the Niño4 
site (averaged over the region 
(5°S–5°N; 160°E–150°W);  °C 
on the left axis) for year 2011, 
which are predicted using the 
ICM from initial conditions on 
1 January 2011
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amplitudes of the easterly wind anomaly and the negative 
Te anomalies were not adequately represented in a coupled 
model, the predicted SST tendency could be in a wrong 
direction (e.g., instead becoming a warming in the fall of 
2011 as seen in many coupled model forecasts in Fig. 8). 
For example, if the easterly wind forcing was underesti-
mated, so might be its effects on the ocean temperature; 
the resultant weakened negative Te anomalies likely led to 
the weakness or nonexistence of the second-year cooling 
in 2011. These arguments are tested as described below by 
prediction experiments using the ICM, in which the east-
erly wind forcing intensity can be tuned by ατ.

5.2  Sensitivity experiments

The intensity of the sustained easterly wind anomaly in the 
ICM is controlled by the introduced parameter, ατ; its effects 
on SST evolution and prediction in 2011 can be examined 
by varying ατ values. Figures 9 and 10 present examples 
for the horizontal distributions of some anomaly fields pre-
dicted using the ICM with ατ = 1.0 and αTe = 1.0, which 
is initialized from 1 January 2011. Figure 13 illustrates the 
sensitivity of SST predictions to ατ, which again shows that 
the predictions of the second-year cooling event in 2011 is 
strikingly successful using the ICM, even made from initial 
conditions in early 2011. As seen, the changes in ατ have 
direct effects on the phase transition and the amplitude of 
the SST anomalies predicted. The larger the ατ, the stronger 
the wind forcing represented, and the larger the amplitude 
of the predicted SST anomalies. In particular, when the 
easterly wind intensity is increased to a certain level, a sec-
ond-year cooling emerges, which is sustained for a longer 

period and is stronger in mid-late 2011. Additionally, an 
increase in ατ is seen to have a modulating effect on the 
phase shift from warm conditions to cold conditions as well. 
In contrast, when ατ is reduced, the wind forcing intensity 
is weakly represented; the resultant easterly wind response 
becomes weak over the western-central equatorial Pacific, 
leading to effects on the ocean that are also weak. In par-
ticular, if the wind forcing intensity is represented weakly 
below certain levels (say ατ < 0.5), the second-year cooling 
cannot occur in 2011; instead, a surface warming emerges, 
with weak SST variability. Thus, adequately depicting the 
second-year cooling in the ICM requires that the easterly 
wind forcing intensity be adequately represented up to a 
certain level. These modeling experiments indicate that 
the persistent easterly wind forcing is an important factor 
affecting the second-year cooling in 2011.

6  The thermocline effect and its equivalent roles 
with wind forcing

Another important element in the positive thermocline 
feedback loop is the role played by the thermal forcing 
associated with Te during ENSO evolution. Previously, the 
role played by the thermocline effect (as explicitly repre-
sented by the relationship between interannual anomalies 
of SL and Te) in the second-year cooling was demonstrated 
(Zhang et al. 2013). In this section, sensitivity experiments 
are conducted to compare the relative effects of subsurface 
thermal and wind forcings on predictions of the SST evolu-
tion during 2010–11.

6.1  The thermocline effect and related sensitivity 
experiments

Previous observations indicated a close relationship 
between subsurface water entrainment into the mixed layer 
(Te) and upper-ocean thermal conditions, with the variation 
of upper-ocean heat content leading Niño3.4 SST anoma-
lies by 1–3 seasons (e.g., Meinen and McPhaden 2000; Hu 
et al. 2014). In the ICM, Te is statistically related to SL, 
with the lead-lag relation being realized in the Te param-
eterization based on historical data. As we trace the SST 
evolution in the ICM prediction, Te is critically important 
to the second-year cooling in 2011 (Zhang et al. 2013). In 
particular, large negative Te anomalies persisted in the cen-
tral equatorial domain, which acted to sustain the cold SST 
anomaly in the east during July–August 2011. As examined 
above, there was a warming effect on the SST resulting 
from the eastward propagation of the positive heat content 
along the equator, which was accumulated in the western 
region during 2010. Furthermore, the eastward propaga-
tion of positive heat content anomalies along the equator 

Fig. 13  The Niño 3.4 SST anomalies during the years 2011–12, 
observed (the black line with plus symbol) and predicted using the 
ICM from initial conditions on 1 January 2011. Each line indicates 
the predicted trajectory of a 24-month forecast made with αTe = 1.0 
and different values of ατ ranging from ατ = 0.5 to ατ = 1.1, respec-
tively
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can be inhibited by the persistent negative Te anomalies in 
the central region during 2010–11 (Fig. 7). Thus, the fate 
of SST variability in the eastern equatorial Pacific in mid 
2011 appeared to be determined by these processes in a 
competing way. As demonstrated by Zhang et al. (2013), 
the intensity of the negative Te anomalies persisted in the 
central basin is an important factor affecting the second-
year cooling in 2011. If its magnitude is reduced somehow, 
its cooling effect on SST can be weakened and the second-
year cooling could not occur in 2011.

Figure 14 exhibits the sensitivity of the Niño 3.4 SST 
anomalies predicted using the ICM to the intensity of the 
thermocline effect as represented by varying values of 
αTe. It is seen that reducing the intensity of the negative Te 
anomalies in response to thermocline fluctuation (as indi-
cated in SL) acts to damp the development of cold SST 
anomalies in 2011. In particular, the cooling in 2011 would 
not occur if the thermocline effect intensity is weakly rep-
resented below certain levels. In such a case, the warm-
ing effect associated with the eastward propagation of the 
positive heat content along the equator could dominate 
over the reduced cooling effect associated with the negative 
Te anomalies. When the warming effect is strong enough 
to overcome the cooling effect locally associated with the 
negative Te anomalies, the cold SST condition in the east 
could be reversed and a warm SST condition could occur in 
2011. In contrast, if the negative Te anomalies can maintain 
its intensity to a certain level, the cooling effect can over-
whelm the warming effect. The fact that the SST became 
cooling in 2011 indicated that the persistent negative Te 
anomalies in the central- eastern Pacific exerted a dominant 

influence relative to the warming effect from the western 
tropical Pacific. As the cold SST anomalies emerged in the 
east, the easterly wind anomalies can be reasonably con-
sidered as a corresponding response. These SST and wind 
anomalies formed coupled interactions within the tropical 
Pacific, leading to the double-dip evolution of SST in 2011.

6.2  The equivalent roles of the Te and wind forcing 
effects

The above analyses indicate that the sustained negative Te 
anomaly pattern and easterly wind forcing both play an 
important role in the SST cooling in 2011. In fact, they are 
related to each other as these two elements participate in 
the same thermocline feedback loop. As a result, the mag-
nitude of the negative Te anomalies is directly related to the 
intensity of the easterly wind forcing, with the latter acting 
to sustain the former. Thus, the roles played by wind and 
Te fields can be equivalent in terms of their effects on the 
SST prediction. These arguments can be tested using ICM-
based experiments.

By comparing Figs. 13 and 14, it is evident that the 
effect on the SST prediction induced by changing the 
intensity of wind forcing (tuning ατ) is equivalent to that 
induced by changing the intensity of the Te anomalies (tun-
ing αTe). The predicted SST evolution is more or less the 
same because the effect due to a decreased intensity of one 
forcing tends to be compensated by an increased intensity 
of the other. These prediction experiments indicate that the 
intensity of the negative Te anomalies and easterly wind 
anomalies can be equally important to the second-year 
cooling. Figures 15 and 16 further illustrate the horizontal 
distributions of monthly mean SST and wind stress anoma-
lies, predicted using the ICM with ατ = 1.2/αTe = 0.8 and 
ατ = 0.8/αTe = 1.2, respectively. The predicted structure 
and amplitude of cold SST anomalies in the two experi-
ments are very similar to each other. Taking Figs. 13 and 
14 together, it is clearly demonstrated that the thermocline 
effect (as represented by the relationship between Te and 
SL) and wind forcing play an equivalent role in the second-
year cooling during the 2010–12 La Niña event.

These results can be useful to explain why a coupled 
model may fail to predict the second-year cooling in 2011. 
As analyzed above, various processes are involved and 
compete in their effects on the SST evolution in the east-
ern equatorial Pacific in 2011 (Fig. 7), mainly including the 
warming effect resulting from the eastward propagation of 
the positive heat content along the equator, and the cooling 
effect locally associated with persistent negative Te anom-
alies which are associated with the easterly wind anoma-
lies. As the fate of SST is determined by the subtle balance 
among the effects of these processes, they need to be repre-
sented adequately in coupled models. As illustrated using 

Fig. 14  The Niño 3.4 SST anomalies during the years 2011–12, 
observed (the black line with plus symbol) and predicted using the 
ICM from initial conditions on 1 January 2011. Each line indicates 
the predicted trajectory of a 24-month forecast made with ατ = 1.0 
and different values of αTe ranging from αTe = 0.5 to αTe = 1.1, 
respectively
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the ICM, the effects of wind and thermal fields on the SST 
prediction are sensitive to the ways in whiich they are rep-
resented. Since the SSTs in the eastern equatorial Pacific 
became cooling in August 2011, the warming effect was 
not sufficiently strong to reverse the cold condition that was 
associated with the negative Te anomalies. It follows that if 
the amplitude of the easterly wind anomalies and negative 
Te anomalies were underestimated, the predicted SST ten-
dency can be in a wrong direction.

7  Conclusion and discussion

Observations showed the “double dip” evolution of SST in 
2011 that followed the La Niña event in 2010. Great chal-
lenges exist in making accurate real-time SST predictions 

for the year 2011 from initial conditions in early and mid-
dle 2011 because so many coupled ocean–atmosphere 
models fail to capture the second-year cooling in 2011. 
There is an urgent need to understand the processes leading 
to the cooling and to improve real-time ENSO forecasts.

Persistent anomaly conditions in the tropical Pacific 
involve the positive thermocline feedback through interac-
tions among the SST, surface winds and thermocline. Dur-
ing 2010–12, the tropical Pacific experienced a prolonged 
cold condition. Following the La Niña event that peaked in 
Oct. 2010, several factors affected the SST condition in the 
eastern equatorial Pacific in 2011. For example, a warm-
ing effect was associated with the eastward propagation of 
the positive heat content anomalies from the west to east 
on the equator in early 2011. Its arrival to the east in mid 
2011 tended to produce a warming effect on SST. Indeed, a 

Fig. 15  The same as in Fig. 9 but predicted using the ICM with ατ = 1.2 and αTe = 0.8
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nearly normal SST condition emerged in the eastern equa-
torial Pacific in mid 2011. However, there existed a cool-
ing effect that was associated with negative Te anomalies 
in the central-eastern equatorial Pacific, characterized by 
the horseshoe-like Te pattern. Additionally, persistent east-
erly wind anomaly in the central-eastern equatorial Pacific 
was in favor of a SST cooling in the east. As such, these 
competing processes collectively determined the SST con-
dition in the eastern equatorial Pacific, with their net effects 
(either cooling or warming), depending on which was more 
dominant over the other. The fact that SSTs became cool 
in 2011 suggested the dominant role played by the persis-
tent negative Te anomalies and easterly wind anomalies in 
the equatorial Pacific. Several factors were responsible for 
the persistent negative Te anomaly pattern as displayed in 
Fig. 7. For example, one striking feature on the atmospheric 
side was the persistence of easterly wind anomalies in the 
western-central equatorial Pacific, making a contribution 

to sustaining negative Te anomalies in the central-eastern 
equatorial Pacific. As the thermocline effect and wind forc-
ing participated in the same feedback loop, they can play a 
similar role in determining the SST evolution. These quali-
tative arguments are tested by ICM-based numerical exper-
iments in the prediction context of the second-year cooling 
in 2011. In our previous modeling study, we demonstrated 
that the ICM can predict the correct SST evolution dur-
ing 2010–12, including the two transitional points, one in 
June 2011 from warming to cooling, and another in Janu-
ary 2012 from cooling to warming. Furthermore, the ICM 
is used to demonstrate a critically important role played by 
subsurface Te effects in the second-year cooling in 2011.

In this paper, we illustrate the roles played by atmos-
pheric wind forcing in the second-year cooling in 2011. 
In the ICM we use, the atmospheric model was a simple 
statistical one relating interannual wind variability to SST 
anomalies. One observed feature during 2010–11 is the 

Fig. 16  The same as in Fig. 15 but predicted using the ICM with ατ = 0.8 and αTe = 1.2
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sustained easterly wind anomalies over the central equa-
torial Pacific. The easterly wind anomaly, which persisted 
over the western-central Pacific during 2010–11, acted to 
sustain the horseshoe-like Te pattern connecting large nega-
tive subsurface thermal anomalies off and on the equator. 
Additionally, the easterly wind anomalies induced current 
anomalies locally. As the easterly wind anomalies par-
ticipated to maintain the cold anomaly of entrained waters 
into the mixed layer, wind forcing can play a role in the 
development of the cold SST anomalies in 2011. Sensitiv-
ity experiments are conducted to demonstrate the extent to 
which the second-year cooling forecasts were affected by 
the intensity of the easterly wind anomaly. The strength of 
the easterly wind anomaly in the western-central Pacific is 
shown to be important for the correct prediction of the cold 
SST anomalies in 2011. Furthermore, as two elements of 
the positive thermocline feedback loop, wind forcing and 
thermocline effect are both important. Prediction experi-
ments are compared to quantify the relative roles of the two 
elements in the realistic prediction of the second-year cool-
ing in the fall of 2011. It is illustrated that the Te effect and 
the easterly wind forcing is equally important to the SST 
evolution during 2010–11.

This modeling study presents a clear picture of how 
the second-year cooling can emerge in the tropical Pacific 
climate system. Following 2010, a positive heat content 
anomaly exhibited eastward propagation along the equa-
tor from the western Pacific region; its arrival to the east 
acted to produce a warming effect on SST. Locally, nega-
tive Te anomalies prevailed in the central-eastern equatorial 
Pacific, acting to sustain cold SST conditions in the east. 
The fact that SSTs in the east became cooling in the tropi-
cal Pacific in August 2011 indicated that the warming effect 
from the west was not sufficiently strong to overcome 
the cooling effect locally associated with the negative Te 
anomalies and easterly wind anomalies. The net effect was 
a cooling in the eastern equatorial Pacific. Thus, capturing 
the cooling in 2011 requires a balanced representation of 
warming effect remotely from the western Pacific and the 
cooling effect locally associated with the negative Te anom-
alies and easterly wind anomalies in the central equatorial 
Pacific. Using the ICM, it is demonstrated that the intensi-
ties of the wind forcing and thermocline effect need to be 
represented up to a certain level to predict the second-year 
SST cooling in mid-late 2011. These results provide an 
improved predictive understanding for the equivalent roles 
played by wind and Te forcings in the SST prediction.

These analyses clearly suggest that the evolution into 
the second-year cooling from year 2010–2011 is different 
from what is inferred from the current theories of ENSO. 
For example, the so-called delayed oscillator paradigm has 
been proposed to explain ENSO cycles within the tropi-
cal Pacific climate system, serving as a negative feedback 

for ENSO. The phase reversal in this scenario is realized 
by a downwelling equatorial Rossby wave that is gener-
ated midbasin at the peak of La Niña events and propagates 
westward off the equator towards the western boundary, 
then reflects and returns on the equator as an eastward-
propagating equatorial Kelvin wave. Its arrival to the east 
acts to reverse the cold phase. We can apply this ENSO the-
ory to the second-year cooling in 2011. Following the La 
Niña event in 2010, there was a signal propagating along 
the equator from the western Pacific towards the east, rep-
resenting a warming effect on SST in the east. Its arrival to 
the east would reverse the cold SST condition and produce 
a warm condition as expected from the delayed oscillator 
theory. Indeed, a nearly normal SST condition emerged in 
mid 2011 for a short while. The cold condition then contin-
ued in summer 2011 and intensified in fall of 2011. At this 
time, there is no cooling signal propagating from the west-
ern boundary (and thus the cooling in the east cannot be 
explained from this). So, local processes must play a role 
in the cooling in the eastern-central equatorial Pacific. One 
emphasis from this study is the role played by the negative 
Te anomaly pattern in the equatorial Pacific. As analyzed 
and tested using the ICM, the cooling is attributed to the 
persistence of large negative Te anomalies in the eastern-
central equatorial Pacific. Furthermore, it is evident that 
several processes contribute to sustaining the negative 
Te anomalies, including off-equatorial influences and the 
persisted easterly wind anomalies in the equatorial Pacific 
(Fig. 7).

This is only a case study based on a simplified model 
with obvious limitations. The results can be model and/or 
case dependent. Further prediction experiments are under-
way to extend this case study. For example, it is planned 
to make predictions for other historical cases with La Niña 
events having second-year cooling to better characterize the 
SST evolution as observed in 2011 (e.g., Hu et al. 2014). 
Additionally, specific questions need to be addressed. For 
instance, can the processes analyzed for the 2011 case also 
be applicable to other historical periods with a second-year 
cooling? Given the skill of this ICM relative to other cou-
pled models, what are the specific “missing mechanisms” 
characteristic of others that fail to predict the second-year 
cooling? Are the mechanisms identified from this ICM also 
working in other coupled models? In addition, the ICM 
tends to have a cold bias in its SST simulations (e.g., Zhang 
et al. 2005b). Does this affect the sensitivity results pre-
sented in this paper and in Zhang et al. (2013)? More analy-
ses and modeling experiments will be presented elsewhere.
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