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ABSTRACT

A hybrid coupled model (HCM) is constructed for El Niño–Southern Oscillation (ENSO)-related modeling studies over
almost the entire Pacific basin. An ocean general circulation model is coupled to a statistical atmospheric model for interan-
nual wind stress anomalies to represent their dominant coupling with sea surface temperatures. In addition, various relevant
forcing and feedback processes exist in the region and can affect ENSO in a significant way; their effects are simply rep-
resented using historical data and are incorporated into the HCM, including stochastic forcing of atmospheric winds, and
feedbacks associated with freshwater flux, ocean biology-induced heating (OBH), and tropical instability waves (TIWs). In
addition to its computational efficiency, the advantages ofmaking use of such an HCM enable these related forcing and feed-
back processes to be represented individually or collectively, allowing their modulating effects on ENSO to be examined in a
clean and clear way. In this paper, examples are given to illustrate the ability of the HCM to depict the mean ocean state, the
circulation pathways connecting the subtropics and tropics in the western Pacific, and interannual variability associated with
ENSO. As satellite data are taken to parameterize processesthat are not explicitly represented in the HCM, this work also
demonstrates an innovative method of using remotely senseddata for climate modeling. Further model applications related
with ENSO modulations by extratropical influences and by various forcings and feedbacks will be presented in Part II of this
study.
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1. Introduction

The coupled ocean–atmosphere system in the Pacific
plays a very important role in global climate variability and
change. The ENSO is the largest interannual signal origi-
nating from the ocean–atmosphere coupling within the trop-
ical Pacific (e.g., Bjerknes, 1969; Zebiak and Cane, 1987),
which affects weather and climate worldwide. In the sub-
tropical and midlatitude regions, the subtropical gyre andthe
Kuroshio system are the important ocean circulation systems
that directly affect regional and basin-scale climate variability
over the Northern Hemisphere. Additionally, the tropics and
extratropics exhibit clear interactions over the Pacific sector,
which give rise to ENSO variability and the existence of low-
frequency climate modes, including the Pacific decadal oscil-
lation (PDO).

While great progress has been made in understanding
the coupled ocean–atmosphere system over the Pacific, the
mechanisms involved in the modulations of ENSO remain
poorly understood. For example, as has been demonstrated
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(Gu and Philander, 1997; Kleeman et al., 1999), ENSO can
be modulated by extratropical processes through the changes
in the subtropical cell of the ocean (e.g., McCreary and Lu,
1994); an interactively coupled loop has been identified that
involves interactions between the atmosphere and ocean, and
between the tropics and extratropics over the Pacific basin
(e.g., Zhang et al., 1998; Fedorov and Philander, 2000; Wang
and An, 2001). In addition, ENSO can also be modulated
by a variety of forcing and feedback processes in the region,
including stochastic forcing (SF) of wind, freshwater flux
(FWF), ocean biology-induced heating (OBH), tropical in-
stability waves (TIWs), and so on. As all these effects are
intermingled with one another, it is difficult to understand
how ENSO is affected by these processes individually and
collectively.

Numerical models are powerful tools to describe and un-
derstand these processes and their complicated interplay in-
volving different dynamical regimes. In the past, various cou-
pled atmosphere–ocean models with varying levels of com-
plexity have been developed and can be used to investigate
the interactions between the tropics and subtropics, and be-
tween different forcing and feedback processes. For example,
fully coupled general circulation models (CGCMs) are avail-
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able for use to represent the interplay between processes af-
fecting the properties of ENSO. However, CGCMs are highly
complex and complicated tools, with all components being
interactively related with each other, making it difficult to re-
veal the effects of a specific process on ENSO. Additionally,
fully coupled GCMs are computationally very expensive to
run.

Here, we introduce a hybrid coupled model (HCM) devel-
oped for ENSO-related modeling studies, in which an ocean
general circulation model (OGCM) is coupled with a simple
atmospheric model for interannual wind stress(τ) variability
derived from a singular value decomposition (SVD) analysis.
The OGCM used in this work is the Gent–Cane OGCM (Gent
and Cane, 1989), a layer model with an explicitly embedded
bulk mixed layer model. As an effort to extend our previ-
ous tropics-only coupled ocean–atmosphere model (Zhang et
al., 2006), the HCM developed in this work covers almost
the entire Pacific basin, allowing for representations of ocean
processes in the tropics and subtropics, and their interactions.

There are clear advantages of developing such an HCM
for ENSO-related modeling studies. As a dominant interan-
nual signal in the region, ENSO produces SST anomalies,
which induce atmospheric wind responses that are quick and
almost simultaneous in the tropical Pacific, leading to coher-
ent relationships between interannual variations in SST and
winds during ENSO cycles. Therefore, their statistical rela-
tionship from historical data can be used to construct a feed-
back model to simply capture wind anomalies as a response
to SST variability. Therefore, such an HCM can offer an
extremely efficient modeling tool for the ocean–atmosphere
system in the Pacific, allowing a large number of experi-
ments to be performed feasibly and affordably. Yet, as will
be demonstrated in this paper in this paper, the HCM con-
structed over the Pacific basin can depict reasonably well the
coupled ocean–atmosphere interactions, and in particularcan
give rise to a realistic simulation of interannual variability as-
sociated with ENSO. As the model covers almost the entire
Pacific domain, extratropical processes and their interactions
with the tropics are naturally represented in the ocean and
atmosphere. Hence, the HCM can be adopted to investigate
modulations of ENSO that arise from extratropical effects,
which are not possible in tropics-only HCMs (e.g., Zhang et
al., 2006).

In additional to extratropical processes that can exert an
influence on ENSO, a variety of forcing and feedback pro-
cesses exist in the Pacific. For example, ENSO also acts to
produce large and coherent interannual anomalies of FWF
and OBH, which can feed back onto ENSO (e.g., Zhang and
Busalacchi, 2009a; Zhang et al., 2009, 2012). Similar to
the treatment of winds, interannual variability of FWF and
OBH can be represented as a response to ENSO-related SST
anomalies; their corresponding feedback models can also be
constructed from historical data and incorporated into the
HCM. In particular, various parameterization schemes previ-
ously developed in our tropical model can be directly applied
to the Pacific-domain model. For instance, although an ocean
biology component is not explicitly included in the ocean

physical system of the model, its interannual feedback ef-
fect on ENSO can still be represented using an empirical pa-
rameterization scheme constructed from satellite ocean color
data (Zhang et al., 2011). Also, TIW processes have been
demonstrated to be important to the heat budget and SST in
the eastern tropical Pacific, but their effects are still miss-
ing in coarse-resolution climate models. At present, high-
resolution satellite data are available and can be used to depict
TIW-induced wind feedback (Zhang and Busalacchi, 2008,
2009b); an empirical model constructed from daily satellite
data of SST and wind can be adopted and incorporated into
the HCM to represent TIW-induced wind effects. Another
important factor that has been demonstrated to be able to sig-
nificantly modulate ENSO is SF of atmospheric winds (Kirt-
man and Schopf, 1998), which is missing in the HCM. Hence,
a simple model has also been constructed to represent this
wind forcing component (Zhang et al., 2008) and incorpo-
rated into the HCM to represent its effect on ENSO.

Taking all these together into an HCM framework, we of-
fer a computationally efficient modeling tool that can be used
to represent and understand the coupled ocean–atmosphere
system for almost the entire Pacific basin, including the inter-
actions between the subtropics and tropics. Several processes
important to ENSO modulations are taken into account in-
dividually and collectively. Additionally, satellite data are
used to represent feedback effects for climate modeling. For
instance, a novel method is demonstrated for using satellite
ocean color data to parameterize OBH in a physical ocean
model, and how high-resolution satellite data can be used to
represent TIW-scale wind feedback within a large-scale mod-
eling context. Various applications are expected using this
modeling framework. In this paper, examples are given to
illustrate the ability of the HCM to depict the mean ocean
state and interannual variability associated with ENSO. Fur-
ther applications related to ENSO modulations by various
forcings and feedbacks will be presented in Part II of this
study.

The remainder of the paper is organized as follows. Sec-
tion 2 describes the models and some observational data used.
The performance of the HCM is examined using its 50-year
simulation for mean climatological oceanic fields in section
3, and for interannual variability in section 4. Concluding
remarks are given in section 5.

2. Data and models

Based on our previous modeling efforts within the trop-
ical Pacific, an HCM is constructed over almost the entire
Pacific domain to represent the coupled ocean–atmosphere
system. Figure 1 is a schematic diagram of the HCM, which
consists of an OGCM and a simplified representation of the
atmosphere (including three forcing fields to the ocean: wind
stress (τ), freshwater flux, and heat flux). The total wind
stress (τ) can be written asτ = τclim + τinter + τTIW + τSF,
whereτclim is the climatological part,τinter is the interannual
part, τSF is the stochastic forcing part, andτTIW is the TIW
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part; τclim is prescribed from observations and other wind
components are parameterized in a statistical way (see details
below).

The total FWF, represented by precipitation (P) mi-
nus evaporation (E), (P–E), is also separated into its
climatological part [(P–E)clim] and interannual anomaly
part (FWFinter), written as FWF=(P–E)clim + FWFinter =
(P–E)clim +(P–E)inter; the climatological field,(P–E)clim, is
prescribed in the FWF calculation. The heat flux (HF) is in-
teractively determined using an advective atmospheric mixed
layer (AML) model (Seager et al., 1995); various climatolog-
ical fields are specified in the heat flux calculation (Seager et
al., 1995).

Furthermore, some related forcing and feedback pro-
cesses are also included in the HCM to account for their ef-
fects on ENSO. For example, ocean biology-induced heat-
ing (OBH) is included in the physical ocean model; its effect
on the penetrative radiation is simply represented by the at-
tenuation depth of solar radiation in the upper ocean(Hp).
Similarly, the totalHp field is separated into its climatolog-
ical part(Hp) and interannual anomaly part (H ′

p), written as
Hp = Hp +H ′

p. TheHp part is derived from remotely sensed

ocean color data, andH ′

p is estimated using its empirical
model representing a response to change in the physical sys-
tem. In this simplified hybrid coupled modeling system, cli-
matological fields (τclim, SSTclim, (P–E)clim, andHp) are all
prescribed as seasonally varying from observations; interan-
nual anomaly fields (τinter, (P–E)inter and H ′

p) are diagnos-
tically determined from their corresponding empirical sub-
models relating to interannual SST variability. Additionally,
τTIW is estimated using its empirical model constructed from
high-resolution satellite data;τSF is estimated empirically as
well. All these are briefly described in this section below.

2.1. Datasets

Various observational and model-based data are used
to construct empirical models for perturbation fields (τinter,
(P–E)inter and H ′

p), as well as to validate model simula-
tions. Long-term climatological fields are prescribed in the
HCM, including monthly-mean wind stresses(τclim) from
the National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR) reanaly-
sis (Kalnay et al., 1996), precipitation from Xie and Arkin
(1995), solar radiation from the Earth Radiation Budget

Fig. 1. Schematic diagram illustrating the hybrid coupled model (HCM), consisting of an
OGCM and a simplified representation of the atmosphere, whose three forcing fields of the
ocean include wind stress (τ), freshwater flux (FWF) and heat flux (HF). The total wind
stress (τ) is separated into its climatological part (τclim), interannual anomaly part (τinter),
stochastic forcing part (τSF), and tropical instability wave (TIW) part (τTIW), written as
τ = τclim + τinter + τSF+ τTIW . The total FWF, represented by precipitation minus evapora-
tion, P–E, is also separated into its climatological part [(P–E)clim] and its interannual anomaly
part [FWFinter or (P–E)inter], written as FWF= (P–E)clim +(P–E)inter, which acts to have di-
rect effects on sea surface salinity (SSS) and buoyancy flux(QB). The HF is calculated using
an advective atmospheric mixed layer (AML) model developedby Seager et al. (1995). In addi-
tion, the ocean–atmosphere system is affected by ocean biology-induced heating (OBH), whose
effects on ocean physics are simply represented by the attenuation depth of solar radiation in the
upper ocean(Hp); similarly, the totalHp field is separated into its climatological part(Hp) and
interannual anomaly part(H ′

p), written asHp = Hp + H ′

p, which acts to affect the penetrative
solar radiation flux out of the base of the mixed layer(Qpen).
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Experiment (ERBE), and cloudiness from the International
Satellite Cloud Climatology Project (ISCCP).Hp is estimated
using multi-year climatological ocean color data averaged
over the period of September 1997 to April 2007 (McClain
et al., 1998).

Interannual anomaly fields used to construct empirical
models include those of observed SST from Reynolds et al.
(2002), and wind stress andP–E obtained from an ensemble
mean of a 24-member ECHAM 4.5a AGCM (Roeckner et al.,
1996) simulation over the period 1950–99, which is forced by
observed SST fields. Using the ensemble mean data for wind
stress andP–E represents an attempt to enhance SST-forced
signals by reducing atmospheric noise.

In addition, satellite data are used to represent various
specific processes that are important to ENSO. For example,
chlorophyll (Chl) in the ocean can affect the penetration of
solar radiation in the upper ocean, but it is difficult to ob-
tain basin-wide in situ measurements. Today, ocean color
data are available from satellites and can be used to depict
its interannual variability associated with ocean biology. As
in our previous modeling studies (Zhang et al., 2009, 2011),
this feedback is parameterized using remotely sensed ocean
color data (McClain et al., 1998). Also, high-resolution satel-
lite wind vector data are available and can be used to repre-
sent TIW-scale wind feedback (Zhang and Busalacchi, 2008,
2009b). Daily SST fields are from the Tropical Rainfall Mea-
suring Mission (TRMM) satellite’s microwave imager (TMI;
Wentz et al., 2000), and surface winds are from QuikSCAT
during the period 2000–07.

2.2. Hybrid coupled ocean–atmosphere model

As classified to be an HCM (Fig. 1), our model’s ocean
component is a comprehensive OGCM, while the interan-
nual wind component is a simple statistical model. This is
based on the fact that ENSO is a dominant driving force of
the coupled ocean–atmosphere system in the Pacific, acting
to produce large-scale interannual SST anomalies, which in
turn induce quick surface wind responses. The coherent rela-
tionships between interannual variations in SSTs and winds
are used to construct an empirical model. Additionally, some
related feedback processes are incorporated in the HCM to
represent their possible effects on ENSO.

2.2.1. OGCM

The ocean model used is based on the primitive equation
model with the reduced gravity approximation developed by
Gent and Cane (1989). In the vertical direction, the ocean
model includes a mixed layer and a number of layers below
specified on a sigma coordinate (thus referred to as a layer
model). The depth of the mixed layer (top layer) and thick-
ness of the last sigma layer (bottom layer) are determined
prognostically, while the thickness of the remaining layers
are calculated in such a way that the ratio of each sigma layer
to the total depth is held to its prescribed value. In addi-
tion, several related efforts made in the past have improved

this ocean model significantly. For example, a hybrid ver-
tical mixing scheme was developed and embedded into the
ocean model (Chen et al., 1994); the OGCM is coupled to
an advective AML model to estimate sea surface heat fluxes
(Murtugudde et al., 1996); and salinity effects have been in-
cluded in the model with freshwater flux treated as a natu-
ral boundary condition (Murtugudde and Busalacchi, 1998).
Also, the effects of penetrative radiation in the upper ocean
have been taken into account; remotely sensed ocean color
data are adopted to prescribe seasonally varying climatolog-
ical attenuation depths (Murtugudde et al., 2002; Ballabrera-
Poy et al., 2007).

The OGCM covers the Pacific domain from 40◦S to 60◦N
and from 124◦E to 76◦W; its zonal resolution is uniform (1◦),
and its meridional resolution is stretched in latitude [0.31◦

within 5◦S–5◦N, 0.5◦ in the off-equatorial (5◦–15◦) regions,
and 1◦ poleward of 30◦]. In the vertical direction, the OGCM
has 31 layers, with the first layer treated as a bulk mixed
layer. Sponge layers are introduced near the OGCM south-
ern boundaries (poleward of 35◦S); that is, a Newtonian term
is included in the temperature and salinity equations, acting
to relax the model temperature and salinity fields to obser-
vational data specified using the World Database (Levitus et
al., 2005). The OGCM is initiated from the Levitus tem-
perature and salinity fields and is integrated for more than
50 years using prescribed atmospheric climatological forc-
ing fields (OGCM spinup), including wind stress from the
NCEP–NCAR reanalysis products averaged over the period
1950–2000. Note that a 50-year ocean spinup is quite short
and may be insufficient to achieve a quasiequilibrium state
for starting climate simulations. However, the model used is
a reduced gravity model designed to describe ocean circula-
tion in the upper ocean (upper 2000 m or so); the shortness
of the OGCM spinup period does not matter for the purpose
of this specific research (i.e., ENSO simulation).

2.2.2. Empirical model for interannual wind stress vari-
ability

The atmosphericτ model adopted in this work is a sta-
tistical one, specifically relating its interannual variability to
SST anomalies, written asτinter = αinterFinter(SSTinter), where
SSTinter represents interannual SST anomalies,Finter repre-
sents the relationships between interannual variations inτ
and SST, andαinter is a scalar parameter introduced to rep-
resent the strength of interannual wind forcing of the ocean.

The Finter function is estimated using an SVD analysis
of the covariance matrix that is calculated from time series
of monthly-mean SSTinter and τinter fields (e.g., Barnett et
al., 1993; Chang et al., 2001). In this work, a combined
SVD analysis is performed based on the covariance among
anomalies of SST, zonal and meridional wind stress com-
ponents (Zhang et al., 2003, 2006). Due to computational
limitations, the SVD analysis is performed on a horizontal
resolution of 2◦ zonally, and stretched spacing meridionally
from 0.5◦ within 10◦ of the equator to 3◦ poleward (note

aThe ECHAM4.5 AGCM is a model developed by the Max Planck Institute for Meteorology (MPI) and the European Center for Medium-Range Weather
Forecasts; see details in Roeckner et al. (1996).
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that the horizontal resolution for SSTinter and τinter analy-
ses is different from that of the OGCM). In time, the SVD
analysis is performed using historical SSTinter andτinter data
over the 1963–96 period (34 years). With these specifica-
tions, the dimensions of the matrix for the SVD analyses are
83×128×408 (zonal and meridional grid points over the en-
tire Pacific ocean, and 34-year temporal sampling from 1963
to 1996).

Figure 2 illustrates the spatial patterns of the first SVD
mode derived for SST and wind stress in the Pacific basin.
Here, the SVD analysis is performed on all time series data
during 1963–96 (i.e., irrespective of seasons) to obtain singu-
lar vectors, singular values, and the corresponding time coef-
ficients. The first five singular values are about 239, 55, 32,
21 and 16, with the squared covariance fraction being about
91%, 5%, 2%, 1% and 0.4%, respectively.

The temporal expansion coefficients (figures not shown)

clearly indicate that the first mode describes interannual vari-
ability associated with ENSO events. The corresponding spa-
tial patterns of SST and wind (Figs. 2a and b) indicate that
their large amplitude is located in the tropical Pacific; thepri-
mary coupled mode is composed of a wind variability center
over the western-central Pacific that covaries with anomalous
SST in the eastern and central equatorial Pacific. For exam-
ple, during El Niño, large warm SST anomalies in the east-
ern equatorial Pacific (Fig. 2a) are accompanied by westerly
wind anomalies over the central equatorial Pacific around the
date line (Fig. 2b). The second mode (figures not shown)
also shows a coherent relationship between these fields, with
the spatial patterns representing transition stages of ENSO
evolution. Note that the second SVD mode has its largest
amplitude located in the extratropics.

Based on this SVD analysis, an empiricalτinter model can
be constructed to relate interannual variations in wind stress

Fig. 2. The spatial patterns of the first SVD mode derived for (a) SST,(b) wind
stress (vectors), and (c)P–E. The SVD analyses are performed during the pe-
riod 1963–96. The contour interval is 0.2 in (a) and (c); the arrow in (b) indi-
cates 2 dyn cm−2 (1 dyn= 10−5 N) for theτ magnitude.



306 A COUPLED OCEAN–ATMOSPHERE MODEL FOR THE PACIFIC VOLUME 32

to those in SST, representing a dominant wind–SST coupling
in the Pacific. As demonstrated by Barnett et al. (1993), inter-
annual wind responses to a given SST anomaly are sensitively
dependent on seasons during ENSO evolution. This seasonal-
ity needs to be taken into account when constructing theτinter

model. To this end, the SVD analyses are performed sepa-
rately for each calendar month, thus yielding 12 seasonally
varying sub-models (e.g., Zhang and Zebiak, 2002; Zhang
and Busalacchi, 2005). Thus, given an SST anomaly, the in-
terannual wind response can be calculated according to the
constructedτinter model. In the consideration of the sequence
of the singular values (figure not shown) and the reconstruc-
tion testing of theτinter fields from SST anomalies, the first
five leading SVD modes are retained in the empiricalτinter

model for having its reasonable amplitude.

2.3. Representing forcing and feedback processes in the
HCM

While interannual wind forcing is a major factor deter-
mining ENSO dynamics, other forcing and feedback pro-
cesses also exist in the Pacific and can modulate ENSO in
a substantial way (Fig. 1), including FWF, OBH, and TIW-
scale wind feedback. Additionally, wind forcing is stochastic
in nature; as demonstrated by previous studies, SF of atmo-
spheric winds can affect ENSO in a significant way (Kirtman
and Schopf, 1998; Zhang et al., 2008). In our previous trop-
ical Pacific modeling studies, statistical modeling tools were
developed to represent these forcings and feedbacks; in this
study, they are directly applied to the Pacific HCM, as de-
scribed below.

2.3.1. Stochastic forcing model for wind stress

Wind stress anomalies that force the ocean model con-
sist of an interannually varying signal part and a noise part.
The former is estimated using the SVD-based empiricalτinter

model (see section 2.2.2) as a response to interannual SST
variations (i.e., an SST forced signal). The latter (the SF part)
is of stochastic nature (i.e., not explicitly related with an ex-
ternal forcing). This SF wind forcing part has been demon-
strated to have significant effects on ENSO (e.g., Zhang et
al., 2008), and thus needs to be represented in the HCM. De-
tails of the construction of the SF wind part can be found in
Zhang et al. (2008) and will be presented in Part II of this
study.

2.3.2. Freshwater flux forcing: precipitation minus evapo-
ration

Observational and modeling studies indicate that the in-
terannual variability ofP–E and SST are coherently related
with each other over the tropical Pacific, with a dominant SST
control of P–E. In particular, interannual variations inP–E
closely follow those in SST during ENSO evolution. This
provides a physical basis for constructing a statistical feed-
back model for interannual FWF responses to interannual
SST anomalies.

To depict statistically optimized empirical modes of their
co-variability, an SVD technique is also adopted for inter-

annual anomaly fields of observed SST andP–E estimated
from the ECHAM4.5 AGCM ensemble simulations. First,
monthly-mean data are normalized in terms of their spatially
averaged standard deviation to form the covariance matrix.
Then, an SVD analysis is conducted on all time series data
irrespective of season over the 1963–96 period (a total of 34
years of data). The first five singular values are about 3023,
712, 429, 343 and 242, with squared covariance fractions of
about 89%, 5%, 2%, 1% and 0.6%, respectively.

Figure 2c shows the spatial patterns of the first SVD mode
for FWF. The corresponding temporal expansion coefficients
(figures not shown) indicate that the first mode describes in-
terannual FWF variability associated with ENSO events. The
spatial pattern (Fig. 2c) illustrates that the primary coupled
mode of the variability is composed of a large FWF anomaly
center in the central equatorial Pacific that co-varies with
anomalous SST in the eastern and central equatorial Pacific
(Fig. 2a). The second mode (figures not shown) also shows
coherent relationship between FWF and SST both in time and
space.

Based on this SVD analysis, an empirical FWF model
is constructed using their derived spatial eigenvectors ofthe
SVD modes (e.g., Zhang and Busalacchi, 2009b), written as
FWFinter = αFWFFFWF(SSTinter), whereFFWF represents the
relationships between interannual variations in FWF and SST
determined from the SVD analyses. The FWFinter model is
constructed with the same period and horizontal resolutionas
in the τinter model; the first five leading SVD modes are re-
tained for having reasonable amplitude in the FWFinter sim-
ulation. Thus, a given interannual anomaly of SST can be
converted into an anomaly of FWF for use in the HCM.

It turns out that the FWFinter model can successfully cap-
ture large-scale interannual FWF variability associated with
ENSO evolution. For instance, as shown in Fig. 2c, the spa-
tial patterns display interannual FWF anomalies at the ma-
ture phase of ENSO events. During El Niño, a warm SST
anomaly induces an increase both inP andE, butP increases
significantly over a broad region in the central basin. As a
result, El Niño is accompanied by a positive FWF anomaly
over the intertropical convergence zone (ITCZ) in the cen-
tral and eastern tropical Pacific (i.e., anomalous FWF into the
ocean due to the dominance ofP overE). During La Niña,
an opposite pattern is seen, with a cold SST anomaly being
accompanied by a negative FWF anomaly (i.e., a net loss of
freshwater from the ocean).

2.3.3. Tropical-instability-wave-induced wind feedback

TIWs are intraseasonal, small-scale phenomena that are
prominently seen over the central-eastern tropical Pacific. As
has long been recognized (e.g., Bryden and Brady, 1989),
they are an important component in the tropical Pacific cli-
mate system, having an influence on heat and momentum
transport at the equator in the ocean (e.g., Kessler et al.,
1998; Jochum et al., 2005). Recent high-resolution satel-
lite data indicate that TIWs are accompanied by large wind
perturbations, giving rise to a wind feedback onto the ocean
and coupled air–sea interactions at TIW scales (e.g., Chel-
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ton et al., 2001). Due to TIW roles in the climate system of
the tropical Pacific, it is important to represent TIW-induced
surface wind feedback effects on ENSO. However, this pro-
cess is obviously missing in the HCM since its atmospheric
component is a statistical one with a low horizontal resolu-
tion designed to capture large-scale wind stress variability. In
our previous studies (Zhang and Busalacchi, 2008, 2009b),
high-resolution satellite data were used to develop an empir-
ical model for TIW-induced wind stress perturbations(τTIW)
to capture TIW-induced small-scale processes in the large-
scale HCM; in this work, this method is directly applied to
the Pacific-domain HCM.

To extract TIW-scale SST and wind stress signals
(SSTTIW and τTIW), a spatial high-pass filter is applied
to their daily data (removing the slow-varying background
mean fields by subtracting a 12◦ zonal moving average
from the original data). Then, a standard SVD analysis is
applied to the resultant SSTTIW and τTIW fields to deter-
mine their statistically optimized empirical modes, from
which an empirical model is constructed forτTIW , written
as τTIW = αTIWFTIW(SSTTIW), whereFTIW represents the
SVD-determined empirical relationships between SSTTIW

andτTIW , andαTIW is a scalar parameter introduced to rep-
resent TIW wind feedback intensity. Thus, given an SSTTIW

field, τTIW can be determined accordingly. The SVD analy-
sis is performed on data over the 2000–07 period and at the
OGCM grid (1◦×0.5◦) in the central-eastern tropical Pacific
(from 15◦S to 15◦N and from 180◦ to 76◦W); see details in
Zhang and Busalacchi (2009b).

Note that theτinter component is determined at a coarse
horizontal resolution using theτinter model, and thus TIWs
are not explicitly resolved in the large-scale coupled ocean–
atmosphere context. Nevertheless, theτTIW component can
be estimated at a relatively high resolution using theτTIW–
SSTTIW relationship. That is, this regionalτTIW model can
be embedded into the HCM to capture the TIW wind forcing
effect on the ocean, allowing for the representation of TIW-
induced wind feedback on ENSO variability within a large-
scale coupled ocean–atmosphere modeling context. Inter-
actions among processes with varying spatiotemporal scales
can be represented, including ocean–atmosphere couplingsat
TIW scales and ENSO scales.

2.3.4. Ocean biology-induced heating effects

In addition to physical processes, it has been demon-
strated that ocean biology can modulate the heat budget in
the upper ocean (Lewis et al., 1990). In particular, recent
observational analyses and modeling studies have revealed
significant effects of ocean biology on the mean climate and
its low-frequency variability in the tropical Pacific. How-
ever, the HCM does not explicitly include a marine ecosys-
tem component, and the related bio–climate coupling is not
taken into account. Today, ocean color data from satellites
are available and can be used to characterize basin-scale vari-
ability patterns of ocean biology and quantify its relation-
ships with physical parameters. For example, the effect of
ocean biology-induced heating can be simply represented by

the penetration depth of solar radiation in the upper ocean
(Hp).

As a dominant source for ocean biology variability,
ENSO induces largeHp anomalies over the tropical Pacific,
whose spatiotemporal evolution exhibits a good relationship
with SST. So, interannual anomalies ofHp can be treated as
a response to those of SST in association with ENSO. Sim-
ilar to τ and FWF, the totalHp field can be separated into
its climatological part (seasonally varying) and interannual
anomaly part. The former is prescribed by using multi-year
ocean color data over the period of September 1997 to April
2007 (McClain et al., 1998); the latter can be determined us-
ing an empirical model to represent its interannual response
to changes in SST (Zhang et al., 2011).

Similar to τinter and (P–E)inter, an empiricalHp model
can be constructed, written asH ′

p = αHpFHp (SSTinter), in
which FHp represents the SVD-based statistical relationships
between interannual variations inHp and SST, andαHp is a
rescaling parameter that is introduced to represent the ampli-
tude of interannualHp variability. As indicated in the SVD
analysis performed by Zhang et al. (2011), the first five SVD
modes contain about 65% of the covariance between interan-
nualHp and SST variations. To capture its amplitude using
the SVD-basedHp model,αHp = 2 needs to be taken when
the first five modes are retained (Zhang et al., 2011). Thus,
given an SST anomaly, theHp response can be determined
from its empirical model. TheHp model is also embedded
into the HCM to represent its penetration effects on solar ra-
diation in the upper ocean. As such, interannualHp anomalies
are parameterized, with the related ocean biology-induced
climate feedback being captured in the HCM.

2.4. The coupled system and model experiment designs

The coupling among these components (Fig. 1) is imple-
mented as follows. At each time step, the OGCM calculates
SST fields, whose interannual anomalies are obtained rela-
tive to its uncoupled climatology (SSTclim, which is predeter-
mined from the OGCM-only run forced by observed clima-
tological atmospheric fields). The resultant interannual SST
anomaly field is then used to calculate interannual anomalies
of τ, FWF andHp using their corresponding empirical mod-
els. These interannual anomalies are then added onto their
prescribed climatological fields for use in the HCM. Also,
TIW-scale wind and SF wind parts can be included in the
HCM.

The OGCM is initiated from the World Ocean Atlas
(WOA01) temperature and salinity fields (Levitus et al.,
2005), and is integrated for more than 50 years using cli-
matological atmospheric forcing fields. Based on this ocean
spinup, the HCM is then initiated with an imposed west-
erly wind anomaly for eight months. Evolution of anoma-
lous conditions thereafter is determined solely by coupled
ocean–atmosphere interactions within the system. As exam-
ined previously by Barnett et al. (1993), coupled behaviors
sensitively depend on the so-called relative coupling coeffi-
cient (αinter); i.e., the wind stress anomalies from theτinter

model can be further scaled by this parameter. Several tun-
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ing experiments are performed with different values ofαinter

to examine ways the coupled interannual variability can be
sustained in the HCM. It is found that takingαinter = 1.3
can produce a sustainable interannual variability in the HCM.
Similarly, the other scalar parameters (αFWF, αTIW , andαHp)
are also examined to represent the related feedbacks with a
reasonable intensity; see details in Zhang et al. (2006, 2009)
and Zhang and Busalacchi (2009b). In this paper, a reference
run is performed using the HCM in which only large-scale
SSTinter–τinter coupling and the FWF effect are taken into ac-
count, while other forcing and feedback processes are not
taken into account (i. e.,αinter = 1.3, αFWF = 1.0, αSF = 0.0,
αTIW = 0.0, andαHp = 0.0). The related forcing and feed-
back effects (i.e., SF, TIW and OBH) will be analyzed in the
Part II of this study.

3. Simulated long-term climatology in the
ocean

A 50-year reference run is performed to illustrate the per-
formance of the HCM. The outputs are used to demonstrate
its ability to simulate the annual mean, seasonal variations,
and interannual variability. In this section, the resultant mean
climatological fields are presented below.

3.1. Annual-mean ocean state

Figures 3 and 4 illustrate examples of some selected
annual-mean fields simulated from the reference run. The
horizontal distribution of annual-mean SST fields bear a
strong resemble to the corresponding observed one (Fig. 3),
with the warm pool in the west and the cold tongue in the east.

Fig. 3.Horizontal distributions of annual-mean SST fields for (a) the HCM sim-
ulation and (b) observation from NOAA Optimum Interpolation SST V2 data
(climatological fields are averaged over the period 1971–2000). The contour
interval is 1◦C.
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Fig. 4.Horizontal distributions of annual-mean fields simulated from the HCM
for (a) sea level, and (b) mixed layer depth. The contour interval is 0.1 m in (a),
and 5 m in (b).

Detailed comparisons between the HCM simulation (Fig. 3a)
and observation (Fig. 3b) also reveal some discrepancies, in-
cluding the simulated SST being considerably too cold in
the far eastern equatorial Pacific and along the western coast
of South America. The sea level (SL) exhibits well-defined
trough and ridge structures in the tropical Pacific, and gyre
patterns in the subtropical and subpolar regions of the North
Pacific (Fig. 4a). The mixed layer depth (MLD) simulated
from the HCM (Fig. 4b) is in good agreement with the cor-
responding observed one (e.g., Monterey and Levitus, 1997).
Note that the MLD is treated as a prognostic variable in the
model, which is explicitly computed using a bulk mixed-layer
model (Chen et al., 1994).

More examples of vertical distributions of the simulated
equatorial currents and thermal fields are displayed in Figs.
5 and 6. The HCM realistically captures the current system
and temperature structure in the tropical Pacific, including
the North Equatorial Current (NEC), the South Equatorial
Current (SEC), the North Equatorial Countercurrent (NECC),
and the Equatorial Undercurrent (EUC). Also, as seen in Fig.
6a, the HCM depicts a strong meridional boundary flow in
the western North Pacific, with its maximum location along
129◦E at 8◦N; this boundary flow is referred to as the low-

latitude western boundary current (LLWBC), which plays an
important role in the water and property exchanges from the
subtropics to the tropics. However, it is clear that its ampli-
tude is underestimated significantly.

3.2. Mean ocean circulation pathways in the western Pa-
cific

As has been demonstrated (e.g., McCreary and Lu, 1994;
Gu and Philander, 1997; Rothstein et al., 1998), the tropi-
cal Pacific Ocean features complicated circulation pathways
connecting the extratropics to the tropics, including the sub-
tropical cells (STCs) and LLWBCs. Figure 7 illustrates the
structure of mean circulation pathways in the western trop-
ical Pacific as represented by SL and mixed-layer currents
simulated from the HCM. There is a clear path that makes
a connection for waters from the subtropics to the equatorial
regions over the western tropical Pacific; some subtropical
waters of the North Pacific flow southward through the LL-
WBC and eastward along the NECC, making direct routes to
the equator in the interior regions (e.g., Rothstein et al.,1998;
Zhang et al., 1999, 2001). Therefore, the LLWBC and NECC
pathways indicate a conveyer belt of water exchange between
the subtropics and tropics in the western North Pacific. At the
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equator, waters in the west are transported eastward along the
EUC pathway into the eastern Pacific (Figs. 5a and 6b). As
the thermocline shoals along the equator from the west to the
east (Fig. 5a), thermal conditions at subsurface depths in the
west can directly influence SSTs in the eastern equatorial Pa-
cific. It is conceivable that thermal conditions in the subtrop-
ical subduction regions can affect SST in the eastern equato-
rial Pacific through the STCs, a mechanism for connections
between variations in the subtropics and tropics.

3.3. Seasonal variation

Figures 8 and 9 display examples of the simulated an-
nual cycles of SST, MLD and surface zonal currents along
the equator. Clearly, the simulated seasonal variation is in
good agreement with corresponding observations. For ex-
ample, large seasonal SST fluctuations are apparent in the
eastern equatorial Pacific: a warming occurs during spring
and a cooling takes place during fall (Fig. 8). Note, how-
ever, that the HCM simulation also exhibits some obvious
biases compared with corresponding observations. For in-
stance, the simulated seasonal cycle is underestimated with

incorrect phase in the eastern equatorial Pacific. While the
observed warming occurs in March and cooling in Septem-
ber, the simulated warming and cooling take place in April
and August, respectively. These model biases could be re-
lated to the fact that TIWs and other forcing/feedback effects
are not adequately represented in the reference HCM run; the
effects involved will be examined in part II of this work.

The seasonal cycle of the MLD (Fig. 9a) is similar to
the observed (e.g., Monterey and Levitus, 1997), including
the shoaling in spring and deepening in fall over the eastern
equatorial Pacific. One notable feature that is captured well in
the HCM is the springtime reverse of the SEC in the central-
eastern equatorial Pacific (Fig. 9b), which is clearly related
to the seasonal SST warming (Fig. 8b). Figure 10 presents
one more example of detailed vertical distributions of zonal
currents and temperature fields and their seasonal variations.
Some well-known features simulated well in the HCM in-
clude the seasonal variations in the EUC amplitude and its
core depth (Fig. 10a), the reversal of the SEC and the sur-
facing of the EUC in spring (Fig. 9a), and the corresponding
spring-time surface warming (Fig. 10b), respectively. The

Fig. 5. Simulated annual-mean zonal currents for (a) zonal–vertical section along the
equator and (b) meridional–vertical section along 140◦W, with annual-mean tempera-
ture fields superimposed. The contour interval is 10 cm s−1 for zonal currents and 1◦C
for temperature.
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Fig. 6. Annual-mean fields simulated from the HCM for meridional–depth sections of (a) meridional
velocity along 129◦E and of (b) zonal velocity along 160◦E. The contour interval is 4 cm s−1 in (a) and
5 cm s−1 in (b).

Fig. 7. Simulated annual-mean fields for sea level (contours) and mixed-layer
currents (vectors) in the western Pacific. The contour interval is 0.1 m, with the
given arrow (current scale) being 30 cm s−1.
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Fig. 8.SST seasonal cycle (left panels) and annual variation (relative to its annual mean; right panels) along the
equator for the (a, b) HCM simulation and (c, d) observation.The contour interval is 0.5◦C in (a, c) and 0.3◦C
in (b, d).

HCM simulation can be well compared with the correspond-
ing observation as presented in Zhang and Zebiak (2002).

4. Simulated interannual variability
Figure 11 displays examples of interannual variability

simulated from the reference run. As has been extensively
studied, interannual variability in the tropical Pacific isdom-
inated by ENSO events, which are determined by the cou-
pling among SST, winds and the thermocline (e.g., Bjerknes,
1969). Encouragingly, the HCM can realistically capture in-
terannual oscillations associated with El Niño and La Niña
events. The overall time scales of simulated interannual vari-
ability, the spatiotemporal evolution and coherent phase rela-

tionships among various atmospheric and oceanic anomalies
are consistent with observations, which have been described
before (e.g., Zhang and Levitus, 1997; Zhang and Rothstein,
1998).

For example, the total SST fields (Fig. 11a) clearly dis-
play large zonal displacements of the warm pool in the west
and cold tongue in the east during ENSO cycles. During El
Niño, the cold tongue shrinks in the east, with warm waters in
the west extending eastward along the equator (e.g., the 26◦C
isotherm of SST is seen to extend to east of 120◦W). Dur-
ing La Niña, the warm pool retreats to the west, whereas the
cold tongue in the east develops strongly and expands west-
ward along the equator, with the 25◦C isotherm of SST being
located west of 150◦W. Interannual variations in SST and sur-
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Fig. 9. Seasonal cycles along the equator for (a) MLD and (b) surfacezonal currents simulated in the
HCM. The contour interval is 5 m in (a) and 10 cm s−1 in (b).

face wind do not exhibit obvious propagation at the equator;
they are almost in phase in time, with a zonal shift in space.
The largest SST anomalies occur in the central and eastern
equatorial Pacific (Fig. 11b), while the largest wind variabil-
ity is located near the date line (Fig. 11c).

Coherent relationships between these anomaly fields can
be more clearly seen in their horizontal patterns (figures not
shown). During El Niño, for example, warm SST anomalies
are located in the eastern equatorial Pacific, accompanied by
westerly wind anomalies to the west in the tropical Pacific
and a cyclonic circulation around the Aleutian Low region
in the North Pacific (i.e., the Aleutian Low is intensified in
response to warm SST anomalies in the tropics). During La
Niña, an opposite pattern is seen, with cold SST anomalies
being associated with easterly wind anomalies in the tropics
and an anticyclonic circulation around the Aleutian Low re-
gion (i.e., the Aleutian Low is weakened in response to cold
SST anomalies in the tropics). At the transitional stage from
El Niño to La Niña, no significant anomalies are seen in the
surface fields of SST and wind, but large thermal anoma-
lies are seen at subsurface depths. The commonly adopted
Niño3.4 index is used to quantify the dominant time scales of
interannual variability. A wavelet analysis suggests thatinter-
annual oscillations in the HCM indicate two peaks at about 2
years and 4 years; the corresponding observation indicatesa
dominance of about 4.8 years. Interannual SST variability is
further quantified in Fig. 12. The amplitude and structure are
captured well in the tropical Pacific. For example, the stan-

dard deviations of the Niño1+2, Niño3, Niño3+4, and Niño4
SST anomalies are 0.63, 1.04, 1.22 and 0.89, respectively.
Some model biases are also evident. For example, the max-
imum SST anomalies tend to occur around 120◦W–180◦E,
which is too far west than observed, and the Niño1+2 SST
anomalies are much weaker than observed. Also, the refer-
ence HCM simulation cannot capture the so-called eastern
Pacific (EP) and central Pacific (CP) El Niño events.

5. Concluding remarks

ENSO is the largest interannual signal arising from air–
sea interactions in the tropical Pacific. It has been examined
extensively using tropical ocean–atmosphere models in the
Pacific. Since ENSO can also be modulated by extratropical
processes, it is necessary to take into account the modulating
effects coming from the subtropics and midlatitudes. In this
work, a hybrid coupled ocean–atmosphere model (HCM) is
developed for almost the entire Pacific basin; its atmospheric
component is taken to be a statistical one. Such a configu-
ration can be justified by the fact that interannual variability
in the region is dominated by ENSO, acting to generate large
SST anomalies, which induce atmospheric responses that are
quick and coherent at large scales. Therefore, the related sur-
face wind variability can be treated as a feedback process,
with the relationships between interannual variations in SST
and surface wind being established from historical data. Ac-
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Fig. 10.Seasonal cycles of (a) zonal currents and (b) temperature fields at (140◦W, 0◦)
simulated from the HCM. The contour interval is 10 cm s−1 in (a) and 0.5◦C in (b).

cording to its classification as an HCM, such a model is eco-
nomical in terms of computation, and yet can capture domi-
nant SST–wind coupling over the Pacific basin, allowing in-
teractions between processes in the tropics and subtropicsto
be adequately represented.

In addition, ENSO is affected by a variety of processes
in the Pacific, including various forcings and feedbacks. For
example, ENSO acts to produce perturbations in ocean biol-
ogy, which can feed back to ENSO. As the simulated ENSO
properties are sensitively dependent on the ways these pro-
cesses are represented, their effects need to be adequatelyin-
cluded in models. Based on our previous tropical modeling
efforts, some important forcing and feedback processes af-

fecting ENSO in the region can be adequately represented in
the Pacific HCM, including SF, FWF, TIW, and OBH.

As expected, this simplified model tool is computation-
ally efficient to run, and physically realistic enough to rep-
resent major components of the climate system over the Pa-
cific basin. In particular, within this hybrid modeling context,
forcing and feedback processes can be turned on or off, al-
lowing their effects (individual or collective) on ENSO to be
examined in a clean way. In addition, the related feedback
intensities can be represented by parameters that are tunable,
allowing their effects to be quantified. A variety of applica-
tions are anticipated for ENSO-related modeling studies. In
this paper, very preliminary results from a reference run are
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Fig. 11. Longitude–time sections along the equator for (a) SST, and interannual anomalies of (b) SST and (c) zonal
wind stress simulated from the HCM. The contour interval is 1◦C in (a), 0.5◦C in (b), and 0.1 dyn cm−2 in (c).

used to demonstrate the HCM’s performance, showing that
it can reproduce quite well the mean ocean state, seasonal
cycle and interannual variability associated with ENSO. For
example, the Pacific-domain model depicts the well-defined
mean water pathways from the subtropics to the tropics in the
western Pacific through the LLWBC and NECC, and from
the west to the east at the equator through the EUC pathways,
respectively. As such, thermal conditions in the subtropical
subduction regions can affect SST in the eastern equatorial
Pacific.

In addition, a novel way of making use of satellite data is
demonstrated in this paper. Note that some processes are still

difficult to be adequately represented in current climate mod-
els. For example, ENSO can be modulated by ocean biology-
induced heating, but this effect cannot be represented in
physical models without a comprehensive marine ecosystem
model. As satellite ocean color data are now available, and
can capture interannual ocean biology variability associated
with ENSO, they are used to parameterize these processes for
climate modeling studies. As detailed in Zhang et al. (2011),
the relationships between ocean biology fields (e.g., the pen-
etration depth,Hp) and physical states (e. g., sea surface tem-
perature) can be derived from satellite data, and be used to
construct an empirical parameterization that is incorporated
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Fig. 12.Horizontal distribution of the standard deviation for interannual SST variability
simulated from the reference run. The contour interval is 0.2◦C.

in a climate model to represent ocean biology-induced heat-
ing effects. Also, TIWs are small-scale intraseasonal signals
that are difficult to represent in large-scale climate models.
However, high-resolution SST and surface wind data from
satellites can be used to parameterize TIW wind feedback,
which is included in the HCM. As such, vastly different pro-
cesses at spatiotemporal scales can be integrated within a hy-
brid modeling context; multiscale interactions between TIW
and ENSO can be examined. As demonstrated in this work,
these approaches can be directly applied to any fully coupled
model to adequately represent the related forcing and feed-
back processes.

The coupled ocean–atmosphere model developed for the
entire Pacific in this work is classified as a hybrid model,
which has disadvantages as other HCMs do (e.g., Zhu et al.,
2011). For example, the HCM is designed to couple a basin-
scale OGCM to a statistical atmospheric model, which pro-
vides the ocean with three forcing fields (wind stress, fresh-
water flux and heat flux). The forcings are constructed to
consist of the climatological fields and, where appropriate,
interannual anomaly fields; the former are prescribed from
observed data and the latter are represented as functions of
their corresponding interannual SST anomalies (which are
also determined using statistical analysis methods from ob-
served historical data). Thus, the model is designed, more or
less, to “nudge” the ocean climate towards the observed one,
and thus the HCM essentially represents an anomaly coupling
between the atmosphere and ocean. As a result, the model
simulations can be dependent on the ways the climatolog-
ical fields are prescribed and/or statistical anomaly models
are constructed (including time period and datasets used).In
addition, interannual anomalies are represented as a feedback

model without detailed processes in the atmosphere. In par-
ticular, the stochastic nature of atmospheric processes has not
been taken into account adequately.

Some discrepancies are evident in the reference run. For
example, the simulated ENSO events are far too regular,
dominated by two-year oscillation. These discrepancies are
partially related with the fact that some forcing and feed-
back processes are lacking in the reference HCM simula-
tion. Further improvements are clearly needed and expected
when these feedback processes are adequately included in the
HCM. Indeed, preliminary testing indicates that stochastic
forcing of wind can exert a significant influence on ENSO;
when it is included in the HCM, the simulated ENSO events
become irregular, yielding a more comparable result with ob-
servations. In Part II of this study, various factors affecting
ENSO properties will be examined individually or collec-
tively. The HCM with adequately represented forcing and
feedback effects will be used to decipher relationships be-
tween forcing/feedback processes and ENSO modulations,
multi-process interactions on various spatiotemporal scales,
and interplay between processes involving the tropics and
subtropics and midlatitudes, respectively.
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