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ABSTRACT

An empirical model for the temperature of subsurface water entrained into the ocean mixed layer (Te)
is presented and evaluated to improve sea surface temperature anomaly (SSTA) simulations in an inter-
mediate ocean model (IOM) of the tropical Pacific. An inverse modeling approach is adopted to estimate
Te from an SSTA equation using observed SST and simulated upper-ocean currents. A relationship between
Te and sea surface height (SSH) anomalies is then obtained by utilizing a singular value decomposition
(SVD) of their covariance. This empirical scheme is able to better parameterize Te anomalies than other
local schemes and quite realistically depicts interannual variability of Te, including a nonlocal phase lag
relation of Te variations relative to SSH anomalies over the central equatorial Pacific. An improved Te

parameterization naturally leads to better depiction of the subsurface effect on SST variability by the mean
upwelling of subsurface temperature anomalies. As a result, SSTA simulations are significantly improved
in the equatorial Pacific; a comparison with other schemes indicates that systematic errors of the simulated
SSTAs are significantly small—apparently due to the optimized empirical Te parameterization. Cross vali-
dation and comparisons with other model simulations are made to illustrate the robustness and effectiveness
of the scheme. In particular it is demonstrated that the empirical Te model constructed from one historical
period can be successfully used to improve SSTA simulations in another.

1. Introduction

Sea surface temperature (SST) over the tropical Pa-
cific is one of the most important determinants of sea-

sonal-to-interannual climate worldwide (e.g., McCreary
and Anderson 1991; Neelin et al. 1992; Kleeman et al.
1996). In past decades, various models have been de-
veloped in an attempt to better describe and simulate
SST variability of the region and its essential physics,
but significant intermodel differences and some system-
atic model biases exist (e.g., Latif et al. 2001).

One of the most common uncertainties in SST mod-
eling is the parameterization of entrainment and verti-
cal mixing associated with subsurface temperature
fields that affect SST variability significantly on inter-
annual scales. Substantial progress has been made in
parameterizing these processes for use in ocean models.

* Current affiliation: Earth System Science Interdisciplinary
Center, University of Maryland, College Park, College Park,
Maryland.

Corresponding author address: Rong-Hua Zhang, ESSIC, Com-
puter and Space Science Bldg., No. 224, University of Maryland,
College Park, College Park, MD 20742.
E-mail: rzhang@essic.umd.edu

350 J O U R N A L O F C L I M A T E VOLUME 18

© 2005 American Meteorological Society

JCLI3271



Previously, numerous studies have focused on the de-
termination of entrainment velocity across the base of
the mixed layer (e.g., Chen et al. 1994; Wallcraft et al.
2003) and/or the coefficient of vertical diffusivity (e.g.,
Large et al. 1997; Large and Gent 1999; Canuto et al.
2001) for better simulation of upper-ocean temperature
and current variability. Nevertheless, SST anomaly
(SSTA) simulations in the region still remain a problem
area for climate studies, with relatively large systematic
errors in various models; errors in the coupling between
entrainment temperature and SST variability continue
to plague coupled models from the intermediate class
to ocean general circulation models (OGCMs). Fur-
thermore, the skill of SSTA simulation and prediction
in the equatorial Pacific is strongly model dependent
and widely divergent across various coupled prediction
systems (e.g., Barnett et al. 1993; Chen et al. 1995, 2000,
2004; Ji et al. 1998; Stockdale et al. 1998; Latif et al.
1998; Barnston et al. 1999). Uncertainties in the param-
eterization of entrainment and vertical mixing continue
to lower SSTA simulation and prediction skill in most
state-of-the-art ocean models (Stockdale et al. 1998;
Latif et al. 2001). Thus there is a substantial potential
for improvement in SSTA simulation and prediction in
the tropical Pacific Ocean.

In this work, we propose an alternative way to im-
prove SSTA simulations through an optimized param-
eterization of subsurface effects (vertical advection,
mixing, and entrainment) on the SSTA budget. Unlike
previous parameterization schemes that improved the
estimates of the entrainment velocity and/or the coef-
ficient of vertical diffusivity coefficient, we focus on the
temperature of subsurface water entrained into the
mixed layer (Te), which can significantly affect SST
variability through entrainment and vertical mixing. In-
deed, determination of entrainment temperature at the
base of the mixed layer is a great challenge for mixed
layer modelers since the details of the temperature and
density structure below the mixed layer and the mixed
layer–thermocline interactions are not well known due
to a lack of high-resolution observations in this region
(e.g., Wang and McPhaden 2000). Furthermore, Te is
not well observed; in fact, it is not precisely defined
owing to the fact that a boundary between the mixed
layer and the thermocline cannot be unambiguously de-
termined in observations and in level ocean models.

Here, we develop an empirical procedure to estimate
Te in terms of other ocean dynamical variables. First,
we adopt an inverse modeling approach to estimate Te

using an SSTA equation, observed SST, and simulated
mean and anomaly currents. As such, for a given SSTA
equation, the inverted Te anomalies, by balancing vari-
ous terms in the heat budget of the mixed layer, yield an
optimized estimate of Te for use in simulating SSTAs.
Then, the relationship between Te anomalies and sea
surface height (SSH) anomalies (directly available from
a dynamical ocean model) is obtained by using a sin-

gular value decomposition (SVD) of their covariance.
The approach taken here is not to improve ocean mod-
els in terms of their realistic representation of the de-
tailed temperature structure below the mixed layer
down to the thermocline but simply to capture the em-
pirical relation between the thermocline movement and
the entrainment temperature that is important to inter-
annual SST variability in the equatorial Pacific Ocean.
This approach is tested in a new intermediate ocean
model (IOM) recently developed by Keenlyside and
Kleeman (2002, hereafter KK).

The dynamical ocean model is an extension of the
McCreary (1981) baroclinic modal model and includes
spatially varying stratification and partial nonlinear ef-
fects. As a result, the model can well simulate the ob-
served mean current structure over the tropical Pacific
Ocean, including the equatorial undercurrent (EUC),
and the seasonal variations of surface equatorial cur-
rents (Keenlyside and Kleeman 2002). In particular, the
model realistically captures the phase and amplitude of
the seasonal cycle of zonal currents, as well as the west-
ward propagation of seasonal maxima in the eastern
basin. Furthermore, a SST anomaly model is coupled to
the dynamical component. Among other processes, the
SST variability in the model is driven by ocean hori-
zontal advection and vertical advection associated with
(prescribed) mean and (simulated) anomalous currents.
One crucial component with such an IOM is the deter-
mination of Te (e.g., Zebiak and Cane 1987, hereafter
ZC87; Perigaud and DeWitte 1996; Kang and Kug
2000; DeWitte et al. 2002). Since a subsurface tempera-
ture field is not available from the IOM, it has to be
parameterized in terms of other ocean dynamic quan-
tities, as in ZC87. In the original KK model, a local
relation between Te and the 20°C isotherm depth was
developed from modeled and observed data to deter-
mine Te from SSH anomalies, serving as an interface
between the SST and dynamical model components
(Keenlyside 2001). The model was found to simulate
well the interannual SST variability, particularly in the
eastern equatorial Pacific.

In addition to a large computational advantage over
comprehensive OGCMs, this new IOM shares some
similar advantages with other IOMs (e.g., ZC87). One
is the anomaly formulation for SST in which only per-
turbation fields are calculated explicitly, and the mean
seasonal climatology is prescribed directly from obser-
vations (such as SST and vertical temperature gradi-
ent). This offers a potential advantage in reducing
model biases associated with the mean ocean state. As
demonstrated in ZC87, Kleeman (1993), and Keenly-
side (2001), mixed layer entrainment effects within this
anomaly framework can be parameterized reasonably
well in terms of the thermocline depth anomalies. In
particular, the performance of this IOM can be further
improved significantly by adopting an empirical Te pa-
rameterization scheme, which is detailed in this paper.
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The paper is organized as follows. Section 2 briefly
describes the model and some observational data used
in this work. Section 3 examines the performance of
SSTA simulations in the tropical Pacific. A new empiri-
cal parameterization of Te is presented in section 4.
Section 5 demonstrates its effect on SSTA simulations,
and section 6 deals with some validation experiments of
the proposed Te parameterization scheme. The paper is
concluded in section 7.

2. Model descriptions and observational data

a. An intermediate ocean model (IOM)

Since IOMs remain competitive with more complex
models and offer great promise for further advancing
seasonal-to-interannual climate studies associated with
El Niño, they are widely used in SSTA simulations and
predictions (e.g., ZC87; Chen et al. 1995, 2000, 2004;
Kleeman 1993; Perigaud and DeWitte 1996; Kang and
Kug 2000; DeWitte et al. 2002). However, traditional
IOMs (e.g., Busalacchi and O’Brien 1980; ZC87) in-
clude only a few baroclinic modes (often one) and ne-
glect nonlinearity in the momentum equations, which
can result in poor simulations of SST variability in the
central Pacific where zonal advection is an important
term in the heat budget (e.g., Ji et al. 1998). Increasing
the number of baroclinic modes in these models im-
proves the vertical structure of equatorial currents sig-
nificantly (McCreary 1981). However, surface currents
become unrealistically strong since nonlinear terms are
neglected.

With these considerations, Keenlyside and Kleeman
(2002) have recently developed a new IOM for the
tropical ocean. The linear dynamics of the model follow
the modal formulation of McCreary (1981) but with the
further extension to having a horizontally varying back-
ground stratification. A nonlinear correction associated
with vertical advection of zonal momentum is incorpo-
rated. A standard configuration is chosen whereby 10
baroclinic modes are retained, plus two surface layers
that are governed by Ekman dynamics, simulating the
combined effects of the higher baroclinic modes from
11 to 30. The nonlinear component is applied (diagnos-
tically) only within the two surface layers, forced by the
linear part through nonlinear advection terms. The lin-
ear and nonlinear components produce dynamical
ocean variables, including horizontal currents over the
surface mixed layer, the vertical velocity at the base of
the mixed layer (entrainment velocity), and ocean pres-
sure fields. With these improvements, the model is able
to realistically simulate the mean upper-ocean equato-
rial circulation and its variability (Keenlyside 2001;
Keenlyside and Kleeman 2002).

The governing equation determining the evolution of
interannual SST variability in the surface mixed layer
can be written as (Keenlyside 2001)
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Here T � and T �e are anomalies of SST and the tempera-
ture of the subsurface water entrained into the mixed
layer, H is the depth of the mixed layer, H2 is a constant
(125 m), M(x) is the Heaviside step function, and other
variables are conventional. As expressed, the local rate
of SST change (tendency) is controlled by horizontal
advection, entrainment [the M(x) terms], anomalous
heat flux, horizontal diffusion, and vertical mixing, re-
spectively. The surface heat flux is parameterized as
being negatively proportional to the local SSTA (	T �)
with the thermal damping coefficient 	 � (100 day)�1

estimated from data analyses (e.g., ZC87; Barnett et al.
1991). Note that Te is associated with two vertical pro-
cesses: entrainment across the base of the mixed layer
and mixing between the surface mixed layer and sub-
surface layer. The function M(x) accounts for the fact
that SSTAs are affected by vertical advection only
when subsurface water is entrained into the mixed
layer, but SSTAs can always be influenced by subsur-
face temperature variability through vertical mixing
(the last term).

This SSTA model is embedded into the dynamical
ocean model. In order to close the equation, Te needs to
be determined from other ocean variables. Since the
thermocline fluctuations in response to winds are a pri-
mary source of interannual variability of temperature
throughout the upper ocean in the equatorial Pacific, Te

in IOMs has been estimated in terms of thermocline
depth anomalies for SSTA simulations (e.g., ZC87). In
the KK model (Keenlyside 2001), a statistical local re-
lationship between Te and SSH anomalies has been de-
veloped to parameterize Te.

The ocean model domain extends from 33.5°S to
33.5°N, 124° to 30°E in the tropical Pacific and Atlantic
basins with a realistic representation of continents.
(Only results from the Pacific basin are presented in
this paper.) The model has a 2° zonal grid spacing and
a meridional grid stretching from 0.5° within 10° of the
equator to 3° at the meridional northern and southern
boundaries. Obviously, the model has a coarse resolu-
tion, and the mesoscale eddies cannot be resolved in
the model. A 5500-m flat-bottomed ocean is assumed
since we are interested in large-scale processes that are
important to SST variability in the tropical Pacific
Ocean. The linear component has 33 levels at the stan-
dard ocean levels defined by Levitus (1982) with 8 lev-
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els in the upper 125 m. The two layers used to simulate
nonlinear effects and high-order baroclinic modes span
the upper 125 m and are divided by a surface mixed
layer whose depth is prescribed in terms of a stability
criterion from the Levitus (1982) annual mean tem-
perature and salinity data. The SSTA model has the
same grid as the dynamical ocean model. At each time
step (4800 s), the dynamical component calculates up-
per-ocean current and pressure anomaly fields; the cor-
responding Te anomalies are estimated from a SSH
anomaly field. Together with prescribed climatologies
of mean currents from the model and thermal fields
from observations, they are all passed to the SSTA
model to calculate its space–time evolution. Further de-
tails of the model configuration and parameters can be
found in Keenlyside (2001) and Keenlyside and Klee-
man (2002).

b. An ocean general circulation model (OGCM)

As a reference for assessing the performance of
SSTA simulations and the Te parameterization, we also
use the National Oceanic and Atmospheric Adminis-
tration/Geophysical Fluid Dynamics Laboratory’s
(NOAA/GFDL) Modular Ocean Model (MOM3; Pac-
anowski and Griffies 1998), a comprehensive OGCM
that provides three-dimensional temperature fields.
Some newer features in the model include the imple-
mentation of a nonlocal K-profile parameterization
(KPP) scheme for vertical mixing (Large et al. 1997;
Large and Gent 1999). This advanced scheme allows
better representation of interactions between subsur-
face and sea surface. In particular, the new MOM ver-
sion with the KPP scheme allows the determination of
the mixed layer depth, at which temperature variations
can be correspondingly estimated. We have coupled
this OGCM to an advective atmospheric boundary
layer model (Seager et al. 1995) to estimate sea surface
heat fluxes, allowing a realistic representation of the
feedbacks between SST and the heat flux (e.g., Seager
et al. 1995; Murtugudde et al. 1996; Zhang and Zebiak
2002). In addition, shortwave radiation is assumed to
penetrate the upper layer with an e-folding depth of 12
m (Pacanowski and Griffies 1998). The OGCM domain
covers the tropical Pacific basin from 30°S to 30°N,
124°E to 80°W, with horizontal resolution of 1° latitude
by 1° longitude (but 0.33° latitude between 10°S and
10°N). It has 40 vertical levels with a constant 10-m
resolution in the upper 210 m; the model incorporates
realistic continents and bottom topography. Details of
the model configuration and parameters can be found
online (http://www.gfdl.gov/
mjh/IRI-ARCS), and in
Zhang et al. (2001) and Zhang and Zebiak (2002). The
OGCM, initiated from the Levitus (1982) temperature
and salinity fields, is integrated for 10 yr with climato-
logical forcing fields, by which time it has achieved a
near-equilibrium seasonal cycle, providing an initial
condition for interannual experiments.

c. Observational data

Various observational data are used for constructing
empirical relationships between anomaly fields as well
as for verifying model simulations. Observed SST data
are from Reynolds et al. (2002). Figure 1 shows the
observed SSTAs along the equator from 1963 through
1996. Large SSTAs can be seen in the central and east-
ern equatorial Pacific. Monthly wind stress data are
from the National Centers for Environmental Predic-
tion–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis (Kalnay et al. 1996), and
other atmospheric forcing fields necessary for the
OGCM in the calculation of heat flux components
through the atmospheric boundary model are also from
the same NCEP–NCAR reanalysis products, including
surface zonal wind velocity, meridional wind velocity,
wind speed, cloud cover, sea surface air temperature
and humidity, and solar radiation. Although the
NCEP–NCAR reanalysis products have large biases,
the complete datasets provide consistent atmospheric
data necessary to calculate all forcing fields for the
model. In addition, The Florida State University (FSU)
wind data (Goldenberg and O’Brien 1981; Bourassa et
al. 2001) are also used for some sensitivity experiments.

3. The KK model simulation in the tropical Pacific

Keenlyside (2001) has conducted extensive experi-
ments with the new IOM, including simulations of cur-
rent variations in the equatorial Pacific (Keenlyside and
Kleeman 2002). In this section results from experiments
with the IOM and the GFDL OGCM on simulating
tropical Pacific SSTAs are presented. In both experi-
ments, ocean models are forced by the same winds
(NCEP–NCAR reanalysis).

For the KK model, we first carry out a mean run
forced by seasonally varying NCEP–NCAR climato-
logical winds from 1962 to 1999 to get mean currents;
then we perform an interannual run. Since the model
has been designed to also run in anomaly mode, inter-
annual wind anomalies are directly used to produce
anomalous ocean currents and pressure fields. Due to
an obvious linear trend in the NCEP–NCAR reanalysis
product, the wind anomalies from 1962 to 1999 have
been detrended before being used to force the IOM.
Using the original Te parameterization scheme imple-
mented in the model (the KK scheme hereafter), Te

anomalies can be estimated in terms of SSH anomalies.
For the OGCM, total wind stress fields and other at-
mospheric forcing data are used to force the model
during the period January 1948–April 2000 (Zhang et
al. 2001). Monthly anomalies are then obtained relative
to the corresponding model climatology that is derived
from January 1948 to December 1999. Detailed com-
parisons among these models are beyond the scope of
this paper.

Miller et al. (1993) made a detailed comparison of
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SSTA simulations from various ocean models for the
period 1970–1985. Model performance was evaluated in
terms of anomaly correlation and root-mean-square
(rms) error between modeled and observed SST
anomalies (i.e., interannual anomalies are calculated
relative to mean seasonal climatology). To allow a di-
rect comparison of our results with Miller et al. (1993),
we follow their analysis procedure: the same analysis
period 1975–85 is adopted and a 5-month running mean
of SSTAs is carried out before calculating correlation
and rms error.

Figure 2 illustrates the simulated SSTAs along the
equator from the standard KK model, as described in
Keenlyside (2001). Interannual variability of SST is
well reproduced over the eastern equatorial Pacific but
is significantly underestimated in the central equatorial
basin. The correlation and rms error between the simu-
lated and observed SSTAs are shown in Fig. 3 for the
period 1970–85. The simulated SST variability is very
good east of 150°W, better than that of the OGCMs
(e.g., Miller et al. 1993; Barnett et al. 1993). However, a

problem exists in the central basin around the date line,
where there are large errors in the SSTA simulation
(Fig. 3b).

Compared with the OGCM simulations (see Miller et
al. 1993), the spatial structure of SST variability in the
KK model is quite different. The OGCMs tend to have
the largest SST variability over the central equatorial
Pacific, but relatively weak variability in the eastern
basin. The IOM is the opposite: the simulated anoma-
lies tend to be largest over the eastern equatorial Pa-
cific, but weak in the central basin (Fig. 2). These dif-
ferences are typical of IOMs and OGCMs (e.g., Barnett
et al. 1993), which reflect in effect a different degree of
interactions between subsurface thermal field and SST
in the two types of models. Since the KK model simu-
lates the equatorial circulation as well as OGCMs
(Keenlyside and Kleeman 2002), its deficiencies in un-
derestimating SST variability over the central Pacific
suggest that the Te parameterization may not be optimal.

To understand the nature of the problem, we show in
Figs. 4a and 4b the longitude–time sections along the

FIG. 1. Observed SST anomalies along the equator during the period 1963–96. Monthly
mean data are from Reynolds et al. (2002). The contour interval is 0.5°C.
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equator of the simulated SSH anomalies and param-
eterized Te anomalies from the original KK model. As
a reference, we show in Fig. 4c the Te estimation from
the OGCM; here, Te is defined as the temperature at
the base of the mixed layer whose depth, varying in
space and time, is estimated by the k-profile parameter-
ization (KPP) scheme (Large and Gent 1999).

The Te anomaly fields estimated from the two models
are strikingly different, in spatial structure, amplitude,
duration, and in the phase relationship between the
variations in Te and SSH [or equivalently sea level (SL)
in the OGCM]. Some problems with the KK model are
clearly evident in the Te fields (Fig. 4b) that are param-
eterized from SSH anomalies (Fig. 4a), as compared
with those from the OGCM simulation (Fig. 4c). While
the OGCM’s Te anomalies are large both in the eastern
and central basins, those of the KK model are concen-
trated predominantly in the east (largely east of
150°W), with the simulated amplitude being signifi-
cantly lower in the central basin near the date line
(less than 1

3
of the OGCM’s).

We can take the evolution of the 1982–83 El Niño
event as an example. Figure 5 shows one snapshot in
January 1983 of SSH and Te anomalies from the KK
model and Te anomalies from the OGCM, presenting
the spatial structure at the mature stage of the event.
The development of the 1982–83 El Niño is character-
ized by an eastward propagation of positive SSH
anomalies along the equator (Fig. 4a). As the positive
SSH signal propagates eastward along the equator
across the date line, positive Te anomalies can be seen
to emerge simultaneously in the central and eastern
basins (east of 180°). In the KK model simulation, the
parameterized positive Te anomalies are located too far
eastward; large anomalies can only be seen east of
150°W. Those in the central region (and the corre-
sponding SSTAs, as shown in Fig. 2) are extremely
weak. Furthermore, variations in Te follow those in
SSH too tightly (Figs. 4a and 4b): once SSH anomalies
become negative in the central basin (Fig. 5a), Te

anomalies become negative immediately (Fig. 5b). This
is evidently different from the OGCM simulations.

FIG. 2. Simulated SST anomalies along the equator during the period 1963–79 (left column)
and 1980–96 (right column) from the KK model. The contour interval is 0.5°C.
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The problem in the phase relationship between Te

and SSH variations over the central equatorial Pacific is
further illustrated in the time series at equator, 170°W
during the period 1981–89 for simulated and param-

eterized SSH and Te anomalies from the KK model,
and anomalies of SL and Te from the OGCM, respec-
tively (Fig. 6). Again, we take the 1982–83 El Niño
evolution as an example. The SSH and SL in the equa-
torial band increase steadily over 2 yr proceeding the
warm event and rapidly decrease during the event. The
thermodynamic response during the decay phase of the
warm event, as manifested in Te, is very different in the
two model simulations. The Te anomalies from the KK
model are not only weak, but are short lived over the
central basin (Fig. 6a). Variations in Te almost exactly
track SSH variations in the region: once the SSH
anomalies have become negative, Te anomalies imme-
diately become negative. In the OGCM simulations
(Fig. 6b), the situation is different. Not only is the am-
plitude of Te variations over the central equatorial Pa-
cific larger, but there is a clear phase lag between Te

and SL (Fig. 6b). These differences mean that at the
mature stage of the 1982–83 El Niño, although SSH
anomalies become negative in the central basin (around
160°W), large positive Te anomalies still persist for
more than 3 months in the OGCM [about 1°C in Janu-
ary 1983 near the date line on the equator (Fig. 5c),
while in the KK model the Te anomalies are negative
(about �0.5°C in January 1983 (Fig. 5b)]. This indicates

FIG. 3. Anomaly correlation and rms error between simulated
and observed SST anomalies during the period 1970–85 from the
KK ocean model. The time series at each point have been smoothed
by a 5-month running mean filter. The contour interval is 0.1.

FIG. 4. Anomalies along the equator during period 1980–96 of (a) simulated SSH and (b) parameterized Te from the
KK scheme, and (c) estimated Te from the NOAA/GFDL OGCM, respectively. The contour interval is 0.2 m2 s�2 in (a),
and 0.5°C in (b) and (c).
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