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ABSTRACT

The eastern tropical Pacific Ocean is important climatically because of its influence on the El Niño–
Southern Oscillation (ENSO) cycle and the American monsoon. Accurate prediction of these phenomena
requires a better understanding of the background climatological conditions on which seasonal-to-
interannual time-scale anomalies develop in the region. This study addresses the processes responsible for
the seasonal cycle of sea surface temperature (SST) in the eastern tropical Pacific using 3 yr (April
2000–March 2003) of moored buoy and satellite data between 8°S and 12°N along 95°W. Results indicate
that at all latitudes, surface heat fluxes are important in the mixed layer temperature balance. At 8°S, in a
region of relatively deep mean thermocline and mixed layer, local storage of heat crossing the air–sea
interface accounts for much of the seasonal cycle in SST. In the equatorial cold tongue and the intertropical
convergence zone, where mean upwelling leads to relatively thin mixed layers, vertical turbulent mixing
with the upper thermocline is a major contributor to SST change. Lateral temperature advection by
seasonally varying large-scale currents is most significant near the equator but is generally of secondary
importance. There is a hemispheric asymmetry in seasonal SST variations, with larger amplitudes in the
Southern Hemisphere than in the Northern Hemisphere. This asymmetry is mainly due to forcing from the
southerly component of the trade winds, which shifts the axis of equatorial upwelling south of the equator
while creating an oceanic convergence zone to the north that limits the northward spread of cold upwelled
water. In general, results support the Mitchell and Wallace hypothesis about the importance of southerly
winds and ocean–atmosphere feedbacks in establishing seasonally varying climatological conditions in the
eastern tropical Pacific.

1. Introduction

The eastern tropical Pacific is a key region for un-
derstanding climate variability on seasonal-to-inter-
annual time scales. Variability in this region affects the
climate of western North and South America and,
through atmospheric teleconnections associated with
the El Niño–Southern Oscillation (ENSO) cycle, the
climate of the globe. Also, strong ocean–atmosphere–
land interactions produce a significant hemispheric
asymmetry in the climatology of the region that affects

the seasonal evolution of convection and rainfall
(Mitchell and Wallace 1992; Xie 1996; Philander et al.
1996). Three clearly identifiable regimes are evident in
a relatively narrow band of latitudes spanning the equa-
tor. These are the arid stratus deck region over the cool
waters of the southeastern Pacific; the equatorial cold
tongue where ocean circulation strongly constrains sea
surface temperature (SST) through upwelling dynam-
ics; and the intertropical convergence zone (ITCZ),
which is a region of deep convection and heavy rainfall
found over the warm water pool to the north of the
equator.

Research over the past 40 years has established a
basic qualitative understanding of the physical pro-
cesses important for generating observed variability in
the region (Kessler 2006). However, quantitatively we
are limited by a lack of adequate data to define relevant
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phenomena and to diagnose observed fluctuations in
the mixed layer heat balance, which governs SST.
These limitations manifest themselves in an inability to
formulate coupled ocean–atmosphere models of the cli-
mate system capable of realistically simulating ob-
served variability. In particular, most coupled models
exhibit some combination of systematic errors that in-
volve cold biases in equatorial cold tongue SSTs, warm
biases in the stratus deck region, and/or unrealistic
double ITCZs straddling the equator (Mechoso et al.
1995; Davey et al. 2002; Large and Danabasoglu 2006;
Xie et al. 2007; Lin 2007).

In this paper we will describe the seasonal cycle and
its meridional structure along 95°W between 8°S and
12°N using moored time series from the Tropical At-
mosphere Ocean (TAO) array (McPhaden et al. 1998),
enhanced for the Eastern Pacific Investigation of Cli-
mate (EPIC) (Cronin et al. 2002). Based on this de-
scription, we will then diagnose the upper-ocean heat
balance to better understand oceanic and atmospheric
processes affecting the seasonal cycle of SST. This work
builds on and extends previous empirical studies of the
mixed layer heat balance on seasonal time scales in the
region, most notably those of Swenson and Hansen
(1999) and Wang and McPhaden (1999). These studies
described the relative importance of surface heat
fluxes, upwelling, turbulent vertical mixing, horizontal
advection, and horizontal eddy transports in the mixed
layer heat balance of the eastern Pacific. However, the
Swenson and Hansen analysis was for a large area av-
erage between 4°N and 4°S, 98° and 130°W; Wang and
McPhaden considered only balances on the equator at
four mooring locations between 110°W and 165°E.
More recently, Wijesekera et al. (2005) considered the
mixed layer heat balance at 10°N, 95°W during the
EPIC Processes in the Coupled Ocean–Atmosphere
System 2001 (EPIC2001) field experiment. They found
that most terms in the heat balance contributed to
changes in SST, but their study was for one month only
in September 2001.

Our analysis also complements model studies of the
seasonal cycle in the tropical Pacific such as the forced
ocean simulations of Chen et al. (1994) and Kessler et
al. (1998) and the regional coupled ocean–atmosphere
study of de Szoeke et al. (2007). Model studies provide
detailed information on physical processes in an inter-
nally consistent dynamical framework and they also al-
low for examination of factors governing the mixed
layer heat balance at much higher spatial resolution.
However, model results are sensitive to the specifica-
tion of parameterized physics, imposed boundary con-
ditions, and forcing fields. Hence, they can offer only
qualitative guidance on processes controlling the mixed

layer heat balance in the eastern Pacific. Against this
backdrop, analysis of the EPIC time series affords a
valuable and unique opportunity to examine the merid-
ional structure of the seasonal heat balance using high-
quality synoptic datasets in the eastern Pacific where
hemispheric asymmetries are pronounced.

The remainder of this paper is organized as follows.
Section 2 describes the datasets used in this study. Sec-
tion 3 describes mean, seasonal, and interannual varia-
tions in the region as background for a discussion of the
surface mixed layer temperature balance in section 4.
Section 5 provides an interpretation of the mixed layer
temperature balance residuals, focusing on three dis-
tinct regions: the equatorial cold tongue, the region un-
der the influence of the ITCZ, and the southern ex-
treme of the section at 8°S. The paper concludes with a
summary and discussion of the most important results.

2. Data

Our analysis relies primarily on data along 95°W
from the TAO array, which was enhanced for the EPIC
field program from 1999 to 2003. The overall objective
of EPIC was to improve our understanding of processes
affecting SST and coupled ocean–atmosphere bound-
ary layer interactions in the eastern tropical Pacific.
Enhancements to TAO along 95°W included additional
Autonomous Temperature Line Acquisition System
(ATLAS) moorings (Milburn et al. 1996) at 3.5°, 10°,
and 12°N (Fig. 1), plus increased instrumentation on
each of the ten 95°W moorings for measurement of
air–sea fluxes and ocean mixed layer processes. Surface
meteorological measurements include winds, relative
humidity, air temperature, shortwave radiation, down-
welling longwave radiation, rain rate, and atmospheric
pressure (Cronin et al. 2006b). All meteorological mea-
surements were made at heights of 3–4 m above the
surface. Ocean temperatures were measured at the sur-
face and 12 subsurface depths (5, 10, 20, 40, 60, 80, 100,
120, 140, 180, 300, and 500 m). SST was measured at a
depth of 1 m, so it is a bulk estimate that does not
include skin temperature effects or the effects of shal-
low temperature gradients on calm, sunny days (Fairall
et al. 1996). Conductivity (for determining salinity) was
measured at the surface (1 m) and six subsurface depths
(5, 10, 20, 40, 80, and 120 m). Horizontal velocity was
measured at 10-m depth in the surface mixed layer by
SonTek Argonaut current meters. Currents were also
measured at 40-m depth between 5°N and 5°S.

Data were transmitted to shore via Service Argos as
daily averages. Data were also internally recorded ev-
ery 10 min, with the exception of barometric pressure
(recorded at 1-h intervals), currents (at 20-min inter-
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vals), and rain rate and radiation (at 1- and 2-min in-
tervals, respectively). Details of sampling schemes, in-
strumentation, sensor accuracies, and mooring configu-
rations can be found at http://www.pmel.noaa.gov/tao/
epic.

There is a wide range of variability on intraseasonal,
seasonal, and interannual time scales along 95°W, as
illustrated by daily time series at 3.5°N (Fig. 2) during
the 3-yr EPIC enhanced monitoring period (1 April
2000–31 March 2003). The data gaps in these time se-
ries provide an indication of data return, which was
mainly limited by fishing vandalism in the region and,
for some sensors like the current meters, instrumental
problems. Another indication of data return is the num-
ber of months with more than 15 daily average values
over the 3-yr period (Fig. 3). The overall data return
based on daily averaged data was 79% (Table 1), with
velocity measurements at the low end (40%) and SST
at the high end (90%).

We also use satellite-based estimates of SST, surface
wind velocity and stress, and surface currents for the
period 2000–03. SST is obtained from the Tropical
Rainfall Measuring Mission (TRMM) Microwave Im-
ager (TMI) on a 0.25° latitude ! 0.25° longitude daily
grid (http://www.ssmi.com/tmi/). We prefer this product
to the Reynolds et al. (2002) blended satellite/in situ
SST analysis for our purposes since clouds like those
found in the eastern tropical Pacific ITCZ do not affect

TMI microwave retrievals as they do the infrared sat-
ellite retrievals used by Reynolds et al. Surface wind
stress, processed to weekly averages on a 0.5° ! 0.5°
grid, is derived from the SeaWinds scatterometer on-
board the Quick Scatterometer (QuikSCAT) satellite
(http://www.ifremer.fr/cersat). Both QuikSCAT winds
and TMI SSTs were regridded to 1° ! 1° resolution for
further analysis. For 3-day averages, root-mean-square
(rms) differences between TAO and QuikSCAT wind
speeds are "0.7 m s#1, and rms differences between
TAO and TMI SSTs are "0.4°C (Chelton et al. 2001).
Averaging in space and time reduces these errors
further, so the satellite data can be used interchange-
ably with the mooring data in our heat balance analy-
sis.

We also make use of the Ocean Surface Current
Analyses Real Time (OSCAR), which is representative
of flow in the mixed layer at 15-m depth and is available
on a 1° ! 1° grid (Bonjean and Lagerloef 2002). This
velocity product is derived from satellite altimetry mea-
surements of ocean surface height, surface winds, and a
model of ocean currents based on frictional and geo-
strophic dynamics in a stratified ocean. OSCAR cur-
rents are available at 5-day intervals, although they
have an effective resolution of 10 days because of the
10-day sampling of the satellite altimeter data. In this
study, we use a version of the OSCAR currents
smoothed over 2° of latitude and 10° of longitude.

FIG. 1. Schematic of the TAO array with EPIC enhancements along 95°W superimposed on
mean TMI SSTs and QuikSCAT wind stress for April 2000–March 2003. See text for a
discussion of mooring sensors.
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OSCAR zonal velocities are generally more reliable
than meridional velocities near the equator (Bonjean
and Lagerloef 2002). Monthly mean differences be-
tween TAO and OSCAR currents are !5–10 cm s"1.

3. Description of the mean, seasonal, and
interannual variations

a. Annual means

Mean conditions in the eastern Pacific over the 3-yr
period April 2000–March 2003 show a significant hemi-
spheric contrast in the ocean and atmosphere (Fig. 4).
The southeast trade winds have a strong southerly com-
ponent extending north of the equator where they con-
verge with the northeast trade winds between 5° and
8°N. SST is lower and atmospheric pressure is higher in
the Southern Hemisphere, while rainfall is highest in
the ITCZ north of the equator. The SST minimum in
the cold tongue is shifted upwind (i.e., south) of the
equator (see also Figs. 5 and 6) and is associated with a
clear tendency for meridional velocity divergence, con-

sistent with Ekman current dynamics in response to
cross-equatorial winds, as first described by Cromwell
(1953). The velocity at 10-m depth also shows the clas-
sic meridional structure of currents in the eastern Pa-
cific, namely, the westward flowing South Equatorial
Current (SEC) between 8°S and 4°N, the North Equa-
torial Current (NEC) between 8° and 12°N, and the
eastward North Equatorial Countercurrent (NECC)
centered at 5°N. The data also show the highest SEC
speeds at 2°N, consistent with ship drift and drifter cli-
matologies (Reverdin et al. 1994).

The mean subsurface temperature structure (Fig. 5)
shows isotherms immediately below the surface bowing
upward in the region of meridional divergence between
0° and 2°S, indicative of mean upwelling (Fig. 5). There
is also depression of the thermocline near 4°N, just
poleward of the sharp SST front. In addition, there is
ridging of isotherms near 8°N associated with the
NECC and a slight weakening of the vertical gradient
near the equator between 60 and 100 m associated with
the presence of the eastward flowing Equatorial Un-
dercurrent (EUC). Salinity exhibits a surface minimum

FIG. 2. Daily moored buoy time series at 3.5°N, 95°W.
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in the vicinity of the ITCZ, where rain rates are highest,
and a subsurface maximum in the Southern Hemi-
sphere, associated with the equatorward penetration of
the Southern Subtropical Mode Waters. Density is con-
trolled mainly by temperature except near the salinity
minimum below the ITCZ. Relative to longitudes far-
ther to the west, the hydrographic structure along 95°W
is very shallow because of the zonal tilt of the ther-
mocline and pycnocline in response to mean easterly
trade wind forcing (Johnson et al. 2002; Zhang and
McPhaden 2006).

We define mixed layer depth (MLD) as the depth at
which temperature is 0.5°C below SST using daily av-
eraged data. The mean MLD ranges between 15 and
40 m along 95°W and generally follows the depth of the
mean thermocline (Fig. 5). The MLD is shallowest in

the upwelling zone near the equator and near 8°N in
the vicinity of the NECC ridge; it is deepest on average
near 4°N and 8°S. An alternative definition of MLD in
terms of a 0.125 kg m!3 density increase from the sur-
face yields results that typically differ on average by
!5 m, except between 3.5° and 5°N in the ITCZ where
an "10-m-thick barrier layer is found (Fig. 5). At most
latitudes the two definitions are essentially identical,
given uncertainties in our MLD calculations (see ap-
pendix), while under the ITCZ our conclusions would
not fundamentally change using a definition based on
density. Moreover, barrier layers are generally thin in
the eastern Pacific except during major El Niños (Ando
and McPhaden 1997; Cronin and Kessler 2002). Thus,
we prefer a definition of MLD based on temperature
since more data are available for temperature than for
temperature and salinity combined, which results in
fewer data gaps for MLD time series defined by tem-
perature rather than by density.

b. Seasonal and interannual variations

Variability about the mean exhibits a well-defined
seasonal cycle. For sea surface temperature, each of the
three years shows development of the equatorial cold
tongue in boreal summer and fall with warming in the
late boreal winter and spring (Fig. 6a). South of the
equator, the seasonality is similar, though delayed rela-
tive to the equator by about 1–2 months. To the north,
the warm season shifts toward May–August and the
cool season toward November–January. Variations ex-
hibit a strong hemispheric asymmetry in amplitude,
with largest standard deviations ("2°–3°C) in the up-
welling zone near to and south of the equator, and
smallest standard deviations north of the equator.

Compared to seasonal variations in SST near the
equator, interannual variability along 95°W during this
period is relatively weak (cf. Figs. 6b and 6c). The larg-
est temperature anomalies of "1°–1.5°C in late 2002
are associated with a moderate intensity El Niño

TABLE 1. Data return (%) by variable along 95°W for April
2000–March 2003. T(z), S(z), and V(z) represent temperature,
salinity, and velocity, respectively, below 1-m depth.

TAO/EPIC data return, April 2000–March 2003

Air temperature 85.8 Wind 70.1
Relative humidity 82.6 SST 89.5
Surface salinity 77.1 T(z) 84.8
Shortwave radiation 81.4 S(z) 76.1
Longwave radiation 80.7 U(z) 40.3
Rain 74.4
Barometric pressure 84.8

Average 79.4

FIG. 3. Data return by month for selected time series along
95°W. A value is indicated if at least 15 days of data are available
within a given month.
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(McPhaden 2004), and 0.5°C cool anomalies in 2000–01
are associated with weak La Niña conditions. Thus, the
mean seasonal cycle formed from these three years of
data is a reasonable representation of the seasonal cycle
computed over longer records—as, for example, from
the 25-yr (1982–2006) Reynolds et al. (2002) SST analy-
sis (cf. Figs. 7a and 7b). Using TMI instead of TAO SST
data for April 2000–March 2003 reveals the same basic
features evident in TAO and Reynolds SSTs, but TMI
defines the southward shift of the near-equatorial mini-
mum SST more sharply owing to higher spatial resolu-
tion of this satellite product (cf. Figs. 7a–c). We will
thus use TMI SSTs to compute spatial gradients of SST
to estimate horizontal advection in the following sec-
tion, but TAO temperatures for computations involv-
ing local heat content variations.

Variations in mixed layer depth, like SST, have a
well-defined seasonal cycle, although the relationship
of MLD to SST is very different on seasonal versus
interannual time scales (Fig. 8). On interannual time
scales, an unusually deep mixed layer is associated with
warm SST, while an unusually shallow mixed layer is
associated with cold SST. Both are highly correlated

with thermocline depth as inferred from variations in
the depth of the 20°C isotherm (cf. Figs. 6c and 8c,d).
These relationships reflect the dominance of remote
forcing on eastern Pacific subsurface thermal structure
and SST associated with El Niño and La Niña (Zhang
and McPhaden 2006). In contrast, the relationship of
MLD and thermocline depth to SST is more compli-
cated for the mean seasonal cycle. For example, there is
a tendency for MLD and thermocline depth to be an-
ticorrelated with SST at some latitudes (e.g., 4°N and
8°S) where a deep mixed layer and thermocline are
associated with cold rather than warm SSTs (see also
Hayes et al. 1991). This complicated relationship be-
tween subsurface thermal structure and SST suggests
that local ocean–atmosphere interactions, which are
particularly effective at changing SST in regions of a
shallow mean thermocline, are likely to be important in
controlling the mixed layer temperature balance on
seasonal time scales in the eastern tropical Pacific (Xie
1994; Li and Philander 1996; Fedorov and Philander
2000).

Surface currents in the tropical Pacific are character-
ized by alternating zonal flows in the NEC, NECC, and

FIG. 4. Mean surface winds, 10-m currents, SST, rainfall, and barometric pressure between
8°S and 12°N along 95°W from TAO mooring data for 1 Apr 2000 to 31 Mar 2003. Shading
indicates one standard error for the mean based on sampling errors that result from interan-
nual variations in the data. Data were insufficient to compute a standard error for the near-
zero velocity at 12°N.
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SEC (Fig. 4). TAO velocity data at a depth of 10 m in
the mixed layer capture aspects of the seasonality of the
currents in portions of the record that are not too gappy
(Fig. 9a), revealing, for example, the tendency for a
reduction in the NECC in boreal spring and a stronger
SEC in boreal summer. There is also a boreal spring-
time reversal of the SEC on the equator, in agreement
with previous studies of the circulation in the tropical
Pacific (e.g., Halpern 1987; Taft and Kessler 1991;
Reverdin et al. 1994; Yu and McPhaden 1999). This
reversal extends farther south than north between 2°N–
2°S. There is evidence of intensified meridional diver-
gence near the equator in late boreal spring (Fig. 10a),
coincident with rapidly cooling temperatures in the
equatorial cold tongue that one would expect to be
related to equatorial upwelling (Fig. 7). These circula-

tion features and their variations are also observed in
the more complete 15-m depth OSCAR velocities
(Figs. 9b and 10b). The mean and standard deviation of
differences between TAO and OSCAR are typically
!5–10 cm s"1 and sometimes larger (Figs. 9c and 10c),
most likely due to a combination of sampling errors,
OSCAR analysis errors, and TAO instrumental errors.
The 5-m difference in nominal depths of the two veloc-
ity estimates probably accounts for only a small fraction
of the observed differences since vertical shears in the
mixed layer are in general relatively weak (see below).

4. Mixed layer heat balance analysis

a. Mixed layer temperature balance diagnostic
equation

In this section, we will examine the mixed layer tem-
perature balance so as to understand the processes af-
fecting SST. Mixed layer temperature (T) should be
nearly identical to SST if temperature is vertically uni-
form in the surface mixed layer. As a measure of this
uniformity, we compared SST to T averaged over a
space and timevarying mixed layer of thickness h for
the 3-yr period April 2000–March 2003. SST was 0.1°C
warmer on average than T, with a rms difference be-
tween the two of !0.1°–0.2°C and a correlation of
#0.95 across 12°N–8°S. Taking time derivatives of T
and SST further eliminates the systematic 0.1°C differ-
ence between the two, so they can be considered
equivalent without loss of generality in the mixed layer
temperature balance equation, given by

!T
!t

$ "v · !T "
H"Twe

h
%

q0 % q"h

#cph
" F. &1'

This expression is based on the formalism described in
McPhaden (1982) and Moisan and Niiler (1998), where
the density of seawater (( $ 1022.4 kg m"3) and heat
capacity (cp $ 3940 J kg"1 °C"1) are constant. All sur-
face flux terms are treated as positive when they rep-
resent gains to the mixed layer.

The temperature tendency term is represented by Tt.
Horizontal heat advection (v · !T) can be decomposed
into zonal (uTx) and meridional ()Ty) components, as-
suming that both temperature and velocity are verti-
cally homogenous in the mixed layer. Consistent with
this assumption, the shear between 10 and 40 m
from the TAO velocity data between 5°N and 5°S
is generally weak: in most cases u and ) at 40 m are in
the same direction and of similar magnitude to the cur-
rents at 10 m. Where shears are substantial between 10
and 40 m (0° and 2°S), the mixed layer is much shal-
lower than 40 m (Figs. 5 and 8), so flow at 10–15-m

FIG. 5. Mean temperature, salinity, and density structure in the
upper 120 m from TAO mooring data, April 2000–March 2003.
The mean mixed layer depth, defined as the depth at which tem-
perature drops below SST by 0.5°C, is overplotted as a solid white
line in each graph. The dashed white line on the density plot is
mixed layer depth, defined as the depth at which density increases
by 0.125 kg m"3 from the surface. The two definitions are essen-
tially identical, except between 3.5° and 5°N where a !10-m-thick
barrier layer is evident. Mixed layer depths were calculated first
from daily data, then averaged to long-term means.
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FIG. 7. Mean seasonal cycle of SST (in °C) repeated for 2 yr from (a) TAO data, (b) the Reynolds et al. (2002)
analysis, and (c) TMI data. TAO and TMI seasonal cycles are based on 3 yr of data from April 2000 to March 2003;
the Reynolds seasonal cycle is based on 25 yr of data from 1982 to 2006. The right-hand side shows annual means
and std devs.

FIG. 6. TAO SST (in °C) along 95°W for (a) monthly means from April 2000 to March 2003, (b) the mean
seasonal cycle repeated for 3 yr, and (c) interannual anomalies based on the differences between (a) and (b).
Right-hand side shows annual means and std devs.
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depth is still a reasonable representation of mixed layer
currents. Thus, we neglect the covariance of departures
in horizontal velocity and temperature from their ver-
tical-averaged values in (1). These terms are generally
thought to be of secondary importance in the equatorial
Pacific (Cronin and McPhaden 1997; Swenson and
Hansen 1999).

We utilize both TAO and OSCAR currents in the
heat balance calculation, but favor OSCAR for presen-
tation of results because OSCAR (i) qualitatively
agrees with the mooring data in general, (ii) has no
major gaps that complicate the analysis, and (iii) does
not lead to fundamentally different results compared
to using TAO data. In addition, OSCAR allows for
computation of the two-dimensional horizontal di-
vergence field because velocities extend not only la-
titudinally along 95°W but also east and west as
well.

The net surface heat flux across the air–sea interface
(q0) is composed of the net shortwave solar radiation
(qsw), net longwave radiation (qlw), latent heat flux
(qlat), and sensible heat flux (qsen). Here q!h "
!0.45qsw exp(!#h) is the heat loss by shortwave radia-
tion that penetrates through the mixed layer with an
extinction coefficient of #!1 " 25 m (Paulson and Simp-
son 1977; Hayes et al. 1991). The combination of q0 $
q!h, represents the net surface heat flux absorbed by
the mixed layer, which for simplicity we will refer to as
the “adjusted net surface heat flux” (qadj). The penetra-
tive component of radiation is estimated from daily
data using observed mixed layer depths and incoming
shortwave radiation. The q0 computation was described
in Cronin et al. (2006b). Briefly, turbulent surface heat
fluxes were computed using the Tropical Ocean and
Global Atmosphere Coupled Ocean–Atmosphere Re-
sponse Experiment (TOGA COARE) v3.0 bulk formu-

FIG. 8. Mixed layer depth from TAO data along 95°W for (a) monthly means from April 2000 to March 2003,
(b) the mean seasonal cycle of mixed layer depth repeated for 3 yr, and (c) interannual anomalies based on the
difference between (a) and (b). (d) Interannual anomalies in thermocline depth as indicated by the 20°C isotherm
depth. In general, 20°C depth variations and MLD variations track each other closely on both mean seasonal and
interannual time scales. The right-hand side shows annual means and std devs. Units are meters.
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FIG. 10. Same as Fig. 9, but for monthly mean meridional currents.

FIG. 9. Monthly mean zonal currents (in cm s!1) along 95°W from April 2000 to March 2003 from (a) 10-m TAO
velocities, (b) OSCAR analyses calibrated against drifting buoy velocities at 15 m, and (c) TAO minus OSCAR.
Right-hand side shows annual means and std devs.
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lae (Fairall et al. 2003). Hourly data were used when
available to allow for estimates of cool skin and warm
layer effects; otherwise, daily averaged data were used
to compute these fluxes. Likewise, shortwave and long-
wave radiative fluxes were estimated using daily or,
when available, hourly data. Shortwave irradiance was
adjusted using a constant albedo of 5.5%, and directly
measured downwelling longwave radiation was ad-
justed for upwelling longwave radiation from the sea
surface using observed SSTs.

Turbulent entrainment of cold thermocline water
into the mixed layer is represented by Hwe!T/h, where
we is entrainment velocity, !T is the difference between
the temperature of entrained water and the mixed layer
temperature, and H is the Heaviside step function ("1
for we # 0 and 0 for we $ 0). This formulation implies
that entrainment can lead to mixed layer cooling, but
not to warming. Other methods of defining we are pos-
sible, some of which relax the constraint on zero de-
trainment warming. These different methods lead to
quantitatively different results depending on the as-
sumptions on which they are based (Kim et al. 2006),
but they qualitatively agree in terms of magnitude and
phasing. The term F represents vertical turbulent dif-
fusive flux out the base of the mixed layer.

We can readily estimate the temperature tendency,
horizontal advection, and adjusted net surface heat flux
from EPIC and other datasets. The entrainment and
diffusive vertical flux terms cannot be directly esti-
mated from our measurements without invoking model
assumptions, so we will infer these from the residual of
(1). The residual, however, also contains instrumental,
computational, and sampling errors as well as the ef-
fects of other neglected physical processes. Thus, we
must exercise caution when interpreting the residual,
focusing only on the most robust aspects of its variabil-
ity.

All terms in (1) are averaged to monthly means for
each of the 36 months over the period April 2000–
March 2003. From these monthly values, we estimated
a mean seasonal cycle. Error estimates for the various
terms are described in the appendix.

b. Surface heat flux

The largest components of the surface flux are short-
wave radiation and latent heat flux (Fig. 11), as found in
previous studies of the tropical Pacific (e.g., Wang and
McPhaden 1999, 2001; Cronin et al. 2006b). Clear-sky
irradiance near the equator is dominated by a semian-
nual variation, but seasonality in cloudiness results in a
dominant one cycle per year (cpy) variation in surface
shortwave radiation (Fig. 11b). As shown by Cronin et
al. (2006a), seasonal variations in cloud forcing are

larger than the clear-sky variations at and north of 2°S.
Conversely, south of 2°S low clouds result in weaker
cloud forcing; thus clear-sky variations dominate. Con-
sequently, in the equatorial cold tongue, shortwave ra-
diation is maximum in late boreal winter and spring
when SST is warm and skies are relatively clear, while
solar radiation is minimum in boreal summer when
SSTs are cool and low clouds are prevalent (Kessler et
al. 1998). Just north of the equator, elevated cloudiness
during June–November over the SST frontal zone re-
duces insolation there (de Szoeke et al. 2005). At 8°S,
where a 1-cpy solar cycle in clear-sky solar radiation is
more evident, shortwave radiation has an austral sum-
mer maximum and austral winter minimum. Shortwave
radiation between 8° and 12°N reflects meridional mi-
gration of high cloudiness in the ITCZ, which is closest
to the equator in boreal spring and shifts northward in
boreal summer and fall (Fig. 11a).

Latent heat flux (Fig. 11c) is suppressed over the
equatorial cold tongue relative to neighboring latitudes
because of the combination of relatively cold SSTs in
boreal summer and weak wind speeds in boreal winter
and spring (Fig. 11a). Conversely, latent heat fluxes are
highest in magnitude just to the north of the equator
from June to November due to advection of relatively
cold dry air masses from the south passing over the SST
frontal region. Destabilization of the air column in this
frontal region also leads to local increases in wind speed
(Fig. 11a) that enhance evaporation as southerly mo-
mentum is mixed down to the surface from aloft (Wal-
lace et al. 1989; Chelton et al. 2001). At 8°S, the in-
creased evaporative cooling in austral winter is coinci-
dent with an increase in the intensity of the southeast
trade winds.

There is a net surface heat flux into the ocean on
average at all latitudes, although the ocean loses heat
over the frontal region between 2°–3.5°N from July to
November because of elevated latent heat fluxes and
reduced insolation (Fig. 11d). This frontal region there-
fore experiences a minimum average net heat gain (30
W m%2) and high seasonal variability. Annual average
net oceanic heat gain, on the other hand, is found just
south of the equator at 2°S (150 W m%2) in the equa-
torial cold tongue where evaporative flux is inhibited
and insolation is greatest. The mean latitudinal gradient
in net surface heat flux between extrema at these
nearby latitudes is an impressive 120 W m%2, similar in
magnitude to changes observed from EPIC aircraft
measurements during boreal summer 2001 (de Szoeke
et al. 2005).

The penetrative component of radiation is strongly
modulated by the mixed layer depth. Radiative losses
exceed 80 W m%2 near the equator in February–April
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when the mixed layer is shallow. Conversely, minimum
penetration (magnitude of less than 20 W m!2) occurs
when the mixed layer depth is relatively deep, for ex-
ample, near 4°N and 8°S during the latter half of the
year. Cooling due to sensible heat flux from precipita-
tion is most evident in the ITCZ where monthly means
are typically !1 W m!2 and never greater than 2 W
m!2; it has therefore been neglected.

c. One-dimensional (local) heat balance

As a first step, we assume a local one-dimensional
heat balance by neglecting horizontal advection (Fig.
12). The net adjusted surface heat flux, converted to a
temperature tendency (i.e., q"adj # qadj/$cph), displays
many of the same features as the net surface heat flux
(Fig. 12a). The pattern of the temperature tendency
term Tt is, however, very different than that of q"adj.
Thus, the residual of the two terms (i.e., q"res # Tt !
q"adj) looks much like the negative of q"adj except at the

southern extreme of the section near 8°S where the
amplitude and phase of Tt and q"adj are similar in mag-
nitude (Fig. 13a). In other words, although variations in
net adjusted surface heat flux warm and cool the sur-
face layer, at most locations other processes must be
important in affecting mixed layer temperature. The
imbalance between the two terms is largest near the
equator in boreal spring and between 8°–10°N in boreal
summer. The next section examines whether horizontal
advection can account for these imbalances.

d. Three-dimensional balance

In this section, we extend the one-dimensional analy-
sis to explicitly account for horizontal advection. SST
gradients are computed from TMI satellite estimates
using centered differences spanning %1° in latitude and
%2° in longitude. In an attempt to preserve nonlinearity
associated with tropical instability waves (TIWs), ad-
vection was computed from the 5-day OSCAR data and

FIG. 11. Mean seasonal cycle, repeated for 2 yr along 95°W, of (a) wind stress from QuickSCAT superimposed
on TMI SST, (b) shortwave radiation, (c) latent heat flux, and (d) net surface heat flux. The net surface heat flux
takes into account both sensible and longwave radiation (not shown). The white line in (a) indicates the position
of the ITCZ where the meridional component of the wind stress goes to zero. The right-hand side shows annual
means and std devs, which in (a) are for SST only. Positive (negative) flux values indicate ocean heat gain (loss).
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5-day averaged TMI data, then averaged to monthly
values. Mean seasonal cycles were calculated from
these monthly values. We did the same computations
with TAO velocity data. Neither calculation fully cap-

tures the eddy temperature fluxes associated with
TIWs, however. The OSCAR calculation falls short be-
cause, as noted above, the effective resolution of the
velocity analysis is 10 days, which reduces much of the

FIG. 13. Mean seasonal cycle, repeated for two years along 95°W, of residuals (q!res) for the (a) one-dimensional
and (b) three-dimensional mixed layer temperature balance. Dashed lines in right-hand side panels indicate one
standard error for means and variations. Units are °C day"1.

FIG. 12. Mean seasonal cycle, repeated for 2 yr along 95°W, of (a) temperature equivalent of adjusted net surface
heat flux (q!adj), (b) mixed layer temperature tendency, (c) zonal advection, and (d) meridional advection. Advec-
tion is defined as "v · !T so that warming tendencies are positive and cooling tendencies negative. Dashed lines
in right-hand side panels indicate one standard error for means and variations. Units are °C day"1. Note the
different contour intervals and scales in (a) vs (b)–(d).
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20–30-day TIW energy. The TAO calculation underes-
timates eddy fluxes because the gappy velocity records
miss periods of energetic TIWs. This shortcoming in the
calculation of advection affects our interpretation of
the heat balance, as will be discussed later.

Zonal and meridional advection show highly struc-
tured variability in latitude (Fig. 12). Between 0° and
4°S, the seasonal cycle of zonal advection (Fig. 12c) is
related to the boreal springtime reversal of the SEC
and its westward intensification in summer, both acting
on a negative SST gradient (i.e., SST decreasing to the
east, as evident in Fig. 1). The phasing of zonal advec-
tion between 5° and 8°S is similar to that near the equa-
tor, but of smaller amplitude. Just north of the equator
where the mean SST gradient is positive on average
(Fig. 1), westward flow in the SEC generally leads to
warming. Between 8° and 10°N, seasonal intensification
of both the westward flowing NEC and a negative zonal
SST gradient produces maximum cooling by zonal ad-
vection in the early part of the calendar year.

The most distinctive feature in the meridional direc-
tion is the cooling that results between 3°N and 5°S
from seasonally varying divergent currents straddling
the equator (Figs. 10b and 12d). Cooling is stronger
north of the equator than south because of the strong
meridional SST gradient in the frontal region north of
the cold tongue. However, the relatively sharp conver-
gence of meridional flow at the northern flank of the
cold tongue (Figs. 10a,b) limits the spread of the cold
upwelled water to a narrower range of latitudes in the
Northern vis à vis Southern Hemisphere.

In general, variations in horizontal advection are
comparable to, or smaller than, those for the tempera-
ture tendency and the surface heat flux terms. Hence,
the residual computed for the three-dimensional bal-
ance with horizontal advection (i.e., q!res " Tt # v · !T $
qadj/%cph) (Fig. 13b) looks very similar to that computed
for the local balance (Fig. 13a). The most significant
differences between the two are found just north of the
equator where the magnitude and duration of the posi-
tive residual expands.

5. Interpretation of residuals

The residual of the three-dimensional temperature
balance (Fig. 13b) reflects physical processes not explic-
itly accounted for as well as computational, instrumen-
tal, and sampling error. At those latitudes where the
residual rises significantly above the estimated noise
level, we can interpret the residual in terms of missing
physics. Previous heat balance studies in the tropical
Pacific have shown that turbulent mixing extracts heat
from the mixed layer, particularly in regions where the

mean mixed layer is thin with limited capacity to store
heat (Chang 1993). Along 95°W, the largest negative
residuals, which indicate a missing sink of heat, occur
near the equator and along 8°–12°N where the mean
mixed layer is less than 20 m thick (cf. Figs. 5, 8, and
13b). Moreover, there is considerable turbulence gen-
eration by shear between the EUC and SEC in the
upwelling zone near the equator (Wang and McPhaden
1999 and references therein). Hence, a logical place to
start is by assuming that some of the observed residuals
are the result of these missing vertical turbulent mixing
processes.

The maximum implied cooling rate, interpreted in
terms of vertical turbulent processes, is $0.33°C day$1

in April on the equator. This residual is equivalent to
&150 W m$2, which is comparable to that found at 0°,
110°W (also in April), using similar methods, by Wang
and McPhaden (1999). The maximum residual occurs
when the mixed layer is seasonally shallowest, which
facilitates greater turbulent vertical heat exchange with
the thermocline. A second region of large inferred cool-
ing (about 0.1°–0.15°C day$1) is found at 8°–12°N in
boreal summer and fall, again when the mixed layer is
seasonally shallow (Fig. 8b). This cooling represents a
heat loss of &70–100 W m$2 from the surface layer.

Our analysis methodology does not allow us to sepa-
rate turbulent entrainment from vertical diffusion, but
we can set upper bounds on entrainment rates and ver-
tical diffusivity by assuming one or the other is domi-
nant. Thus, interpreting the residual as entirely due to
entrainment, we can estimate entrainment velocity
from the residual as we " $hq!res /'T, where for 'T we
use the temperature difference between the mixed
layer and 20 m below (McPhaden 1982; Hayes et al.
1991). Alternatively, interpreting the residual as en-
tirely due to vertical diffusion, we can estimate diffu-
sivity as K " $hq!res /Tz, where Tz is the vertical gradi-
ent immediately below the mixed layer. If we use the
vertical temperature gradient averaged over 20 m be-
low the mixed layer, then K would scale as 20 mx we

(i.e., 1 ( 10$3 cm s$1 for we would be equivalent to 2
cm2 s$1 for K). In either case, variations in time and
space will by definition resemble those of the residual.

With this ambiguity between mixing processes in
mind, we focus most of the discussion on entrainment
velocity, selectively referring to eddy diffusivity at ap-
propriate times. We further concentrate our analysis on
three distinct regions climatologically, namely the cold
tongue region between 5°N and 5°S, the region to the
north of that where seasonality associated with merid-
ional migration of the ITCZ is large (8°–12°N), and the
southern extreme of the section (8°S) in the region of
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relatively steady southeast trade winds and deep mixed
layers.

a. Cold tongue region (5°N–5°S)

The seasonal evolution of entrainment velocity along
95°W shows that it is maximum at about 1.2 ! 10"3

cm s"1 in late boreal spring (May–June) on the equator
(Fig. 14a). This is a time when equatorial SST is de-
creasing most rapidly as the cold tongue forms, even
though surface heat fluxes are heating the ocean at a
rate of O(100 W m"2) (Fig. 11d). It is also a time when
meridional surface divergence in the mixed layer is
strongest (Fig. 10). A consistent interpretation of these
relationships is that turbulent processes are responsible
for mixing cold upwelled water into the surface layer at
this time. As the meridional winds intensify in June and
July, the region of maximum entrainment and mini-
mum SST both shift upwind and become centered near
2°S. This upwind shift is consistent with simple dynami-
cal ideas about how Ekman divergence and upwelling
respond to meridional wind forcing near the equator
(Cromwell 1953; Cane 1979; Philander and Pacanowski
1981; de Szoeke et al. 2007). The annual mean vertical
velocity, computed from mean OSCAR currents as w #
h[ux $ %y], exhibits the expected hemispheric asymme-
try with positive (upwelling) tendencies predominating
south of 2°N and negative (downwelling) tendencies
north of 2°N (right-hand side of Fig. 14a). Moreover, in
the mean cold tongue region between 0° and 2°S, both
w (computed from OSCAR) and we (estimated from
the residual of the heat balance) are the same order of
magnitude.

It is noteworthy that, although the winds remain
steady from the south across the equator during August
through November, the entrainment velocity estimated
from the residual of the heat balance diminishes at the
equator and 2°S. One would not expect this to happen
if the residual were representative primarily of vertical
turbulent entrainment and mixing. Moreover, weak
negative values of we are evident on the equator in
August to October and north of the equator during
May to January when the SST front is strongly devel-
oped (Fig. 14b). Negative values of entrainment veloc-
ity, which imply detrainment heating, are not physically
meaningful given our definition of this process. Simi-
larly, negative values in Fig. 14a, interpreted as diffu-
sivity, indicate physically unrealistic negative values of
K. These negative values could be the result of analysis
error. However, the peculiar spatial and temporal pat-
tern of the negative residuals in Fig. 13b suggests an-
other more physically plausible interpretation, namely,
that they represent a missing source of heating due to
the poor representation of TIWs in our estimates of
advection. An interpretation of the residual only in
terms of vertical turbulent processes is thus incomplete.

TIWs are generally most energetic in the latter half
of the year with large amplitudes on the equator and in
the SST frontal region north of the equator (Hansen
and Paul 1984; Halpern et al. 1988; McPhaden 1996;
Swenson and Hansen 1999; Chelton et al. 2001; de
Szoeke et al. 2007). Moreover, individual TAO time
series of % and T from 95°W clearly show the signature
of 20–30-day period TIWs during 2000–03. There is
little evidence, though, of near-equatorial warming as-

FIG. 14. Mean seasonal cycle, repeated for 2 yr along 95°W, of (a) three-dimensional temperature balance
residual expressed as entrainment velocity we (in 10"3 cm s"1) and (b) wind stress from QuickSCAT
superimposed on TMI SST (repeat of Fig. 11a for reference). Mean entrainment velocity is shown in the
right-hand side of (a), superimposed with the mean of upwelling velocity computed from OSCAR currents
(black dashed line). Vertical diffusivity K resembles we very closely in structure, with a scaling of 1 ! 10"3

cm s"1 for we equivalent to 2 cm2 s"1 for K.
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sociated with TIWs in our !Ty computation because
TIW variance is too small in the OSCAR current analy-
sis. A comparison of !Ty computed using monthly ! and
Ty data and monthly-averaged !Ty using 5-day ! and
5-day Ty data shows very little difference near the equa-
tor. TAO data have better temporal resolution but are
too gappy in space and time to enable meaningful com-
putations of lateral heat fluxes associated with TIWs.

The missing heat source, equivalent to about 0.05°–
0.1°C day"1 at 2°N during June–August (Fig. 13c), is
similar in magnitude to the TIW heating rate found
along 95°W in de Szoeke et al. (2007) and in other
model studies summarized therein. Maximum values on
the equator are smaller and, at about 0.02°C day"1, are
only about one-third the estimate derived for TIW
heating at 0°, 110°W in Wang and McPhaden (1999).
This zonal contrast suggests that TIW heating is weaker
at 95°W than at 110°W, consistent with the de Szoeke et
al. (2007) model study and the observed increase in
TIW spectral energy levels west of 95°W (Halpern et al.
1988).

The maximum inferred TIW heating at 2°N, inte-
grated over a 25-m-thick mixed layer is about 120 W
m"2. This value is about twice that found by Swenson
and Hansen (1999) for the late boreal summer-to-fall
seasonal maximum in the eastern equatorial Pacific
based on an analysis of drifter and expendable
bathythermograph data. However, they considered the
heat balance averaged over a relatively large area
(4°N–4°S, 98°–130°W) encompassing regions of both
high and low TIW variability.

Invoking a TIW contribution to the temperature bal-
ance residual also helps to reconcile the differences in
sign between w and we in the region 0°–5°N (Fig. 14a).
The two in principle are related through the expression
we # Dh/dt $ w. For mean conditions, we # w $ uhx $
!hy. The mean structure !hy, which we expect to be
larger than uhx from scaling arguments and which we
can estimate directly, is generally much smaller than w
along 95°W. Thus, this expression effectively reduces to
we % w, an equivalence that approximately holds be-
tween 0° and 5°S in the upwelling zone of the south-
ward-displaced cold tongue. We would most likely ex-
pect mean detrainment to occur near 4°–5°N where
downwelling from converging meridional currents
(Johnson 2001) depresses the mixed layer and ther-
mocline (Fig. 5). The implied detrainment in our mean
temperature balance, however, is shifted 2° equator-
ward to the SST frontal zone. Thus, the apparent dis-
crepancy between w and we can be reconciled by inter-
preting negative we in Fig. 14a as TIW heating. Simi-
larly, a TIW contribution to the temperature balance
residual also helps to explain the apparent de-

crease in we between 0° and 2°S during August–
November even though the southerly component of the
trades remains strong. Heating from TIWs during this
time would counteract cooling from entrainment such
that the sum of the two processes would be smaller than
the individual magnitudes of either.

b. ITCZ (8°–12°N)

Variations in the heat balance in the region 8°–12°N
are very different than those on the equator because of
the influence of the ITCZ. Here we use 8°N to illustrate
how this balance evolves seasonally and how the re-
sidual cooling relates to dynamic and thermodynamic
forcing in this region. Surface heat flux forcing is high-
est in the early part of the calendar year, causing SST to
rise to a boreal spring maximum (Figs. 15a,c). As the
region 8°–12°N warms, the equatorial band cools, and
the southerly component of the trades intensifies. Con-
sequently, the ITCZ migrates northward in tandem
with the warmest SSTs (e.g., Fig. 11a). As the ITCZ
passes over 8°N in boreal spring (Fig. 15d), high cloudi-
ness reduces insolation so that temperature in the thin
surface mixed layer begins to cool (Figs. 15a–c). At the
same time, the Ekman pumping velocity, wEk # "&"1

curl (!/f ), where ! is the vector wind stress and f is the
Coriolis parameter, switches from downwelling to up-
welling favorable as determined by QuikSCAT wind
stresses (Figs. 15d,e). The thermocline is very close to
the surface at this location because of doming associ-
ated with the eastward flowing NECC (Fig. 5). Thus,
the development of positive Ekman pumping velocities
in boreal summer facilitates entrainment of cold ther-
mocline water into the thin surface mixed layer (Fig.
15f), which also promotes SST cooling.

A secondary seasonal maximum in surface heat flux
subsequently develops in boreal summer (Fig. 15c) be-
cause latent heat fluxes are reduced in magnitude as
SST cools and because insolation increases as the band
of cloudiness in the ITCZ migrates farther north (Fig.
11a). This boreal summer heat flux maximum and re-
lated surface mixed layer heating limit the cooling ef-
fects of Ekman pumping and entrainment. SSTs thus
temporarily plateau before decreasing further. Mean-
while, near-equatorial and southern latitude SSTs begin
to warm up in boreal fall, and the ITCZ migrates south-
ward. Zonal advection by the NEC tends to cool SST in
boreal winter and spring and to warm in boreal fall, but
advection is generally a secondary contributor to the
heat balance at these latitudes (Figs. 12c,d). Horizontal
heat fluxes associated with eddies generated by gap
winds in Central America may also contribute to the
seasonal cycle of SST in this region (Wijesekera et al.
2005; Willet et al. 2006).
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c. Steady southeast trade wind regime (8°S)

The two largest terms in the mixed layer temperature
balance at 8°S, 95°W are the temperature tendency and
the adjusted net surface heat flux with mean seasonal
standard deviations of 0.035°C and 0.026°C day!1, re-
spectively. The advection terms are an order of magni-
tude smaller (seasonal standard deviations of 0.008°C
day!1 in the zonal direction and 0.002°C day!1 in the
meridional direction) and not statistically significant.
The residual (standard deviation of 0.018°C day!1) is
smaller here than at any other latitude and only mar-
ginally significant. The largest residuals are in March–
April at a time of high surface heat flux and relatively
weak winds (Fig. 16). It seems unlikely, therefore, that
turbulent entrainment is the process responsible for this
heat sink since the sources of turbulence generation are
not phased properly with the residual. Moreover, the
mixed layer is deeper at 8°S than at any other location
along 95°W, which would tend to weaken entrainment
and its effects on SST. It is more probable that the small
residual at this location either is not physically signifi-
cant or is the result of some other process. One possible
mechanism is mesoscale eddy transport of water origi-

nating in the coastal upwelling zone to the east, a pro-
cess that contributes to seasonal cooling in the stratus
deck region farther to the south off the coast of Peru
and Chile (Colbo and Weller 2007). In any case, the
balance at this location is close to one-dimensional
most of the time with Tt " qadj/#cph.

6. Summary and discussion

We have used a unique 3-yr dataset collected as part
of the EPIC field program to describe seasonal varia-
tions in the surface mixed layer temperature balance in
the eastern tropical Pacific. Most variability in the re-
gion is characterized by a dominant annual cycle de-
spite predominant semiannual forcing in clear-sky ra-
diation. The coupled ocean–atmosphere–land interac-
tions that give rise to the dominant annual periodicity
are also responsible for a strong hemispheric asymme-
try in mean climatological conditions. Thus, the mean
seasonal cycle of SST and the factors that give rise to it
have a different character depending on latitude in the
eastern tropical Pacific.

Surface heat fluxes are an important component of

FIG. 15. The mean seasonal cycle at 8°N, 95°W of (a) SST, (b) mixed layer depth, (c) net
surface heat flux q0 (solid line) and the adjusted net surface heat flux q$adj % qadj/#cph (dashed
line), (d) QuikSCAT wind stress, (e) Ekman pumping velocity, and (f) temperature balance
residual. Dashed line in (f) shows the 90% confidence limit of the null hypothesis that the
residual is statistically no different from zero. The right axis (with inverted scale) in (f) shows
the residual scaled by the annual mean of !h/&T, which provides a measure of entrainment
velocity. Ekman pumping velocity has been calculated using centered differences on a '1°
latitude ( '5° longitude grid using QuikSCAT wind stress. Time series have been smoothed
with a 1–2–1 monthly filter.
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the mixed layer temperature balance, and on average
the ocean gains heat at all latitudes in the region. How-
ever, the ocean loses heat from June to November in
the SST frontal zone north of the equator, making it a
region of minimum annual-mean surface heat flux and
maximum seasonal variability of surface heat flux. Con-
versely, maximum mean heat gain by the ocean occurs
just south of the equator (2°S) in the upwelling region
of the equatorial cold tongue.

Large-scale mean zonal trade wind forcing causes the
thermocline to tilt down toward the west and to shoal in
the east. Mixed layers are therefore relatively thin in
the eastern tropical Pacific and have less capacity to
store heat than in regions where the thermocline is
deeper. Thin mixed layers also enhance the penetrative
component of shortwave radiation and are conducive to
vertical turbulent exchange with the thermocline. Near
the equator, local trade winds cause Ekman divergence
and upwelling that facilitate entrainment of cold water
into the mixed layer. The southerly component of the
trades along 95°W moves the center of the upwelling
and entrainment upwind into the Southern Hemisphere
near 2°S, while the easterly component of the trades
drives a southward Ekman drift in the Southern Hemi-
sphere that spreads the cold upwelled water farther
southward. Conversely, the southerly component of the
trades produces a strongly convergent flow poleward of
2°N, restricting the spread of cold upwelled waters into
the Northern Hemisphere. Thus, the mean axis of the
cold tongue shifts south of the equator, and seasonal

variations in the cold tongue SST are more pronounced
south of the equator than north along 95°W.

Surface heat fluxes are largest early in the calendar
year between 8° and 12°N, when they lead to a boreal
spring maximum in SST. Coincident with these maxi-
mum springtime temperatures, the equator begins to
cool in association with an intensification of the south-
erly component of the trade winds. The ITCZ shifts
northward from its boreal winter location near 4°N in
concert with these intensified southerly winds and lati-
tudinal SST contrasts, increasing cloudiness and reduc-
ing surface heat flux as it passes overhead. Ekman
pumping associated with the ITCZ also facilitates the
entrainment of cold thermocline water into the mixed
layer, particularly in the vicinity of the NECC ridge
where the thermocline is very shallow. These processes
lower SSTs from their boreal spring maxima between 8°
and 12°N, favoring a southward shift of the ITCZ later
in the year as the equatorial band begins to warm.

Horizontal advection tends to be strongest in the vi-
cinity of the equatorial cold tongue where horizontal
SST gradients are large and where the SEC and diverg-
ing meridional Ekman flows are pronounced. The ad-
vection of heat by seasonally varying currents, however,
is generally of secondary importance compared to sur-
face heat fluxes and vertical turbulent processes. At
8°S, in particular, horizontal advection was insignifi-
cant; there the temperature balance involved primarily
the storage of surface heat flux in the mixed layer.

A major limitation of our study was the inability to

FIG. 16. Same as Fig. 15, but for 8°S, 95°W.
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accurately estimate the effects of tropical instability
waves and other ocean mesoscale eddy processes on the
mixed layer temperature balance. TIW fluctuations are
evident in individual time series, and our temperature
balance analysis suggests their importance, particularly
in the SST frontal region north of the equator; however,
limited availability of direct velocity measurements and
relatively coarse temporal resolution of the OSCAR
currents prevented us from quantifying the influence of
eddy advection on SST. Moreover, substantial differ-
ences between OSCAR and TAO currents imply sig-
nificant uncertainties in our direct estimates of seasonal
advective effects.

Our results support the Mitchell and Wallace (1992)
hypothesis about the importance of the increase in the
northward surface winds, which they attribute as a re-
sponse to the onset of the Northern Hemisphere sum-
mer monsoon, in reestablishing the Pacific equatorial
cold tongue during boreal summer. Our results are also
consistent with their assertions about the role of posi-
tive feedbacks between the ocean and the atmosphere
involving winds, SST, and convective clouds in the
ITCZ in regulating climatological conditions in the re-
gion. We have, in addition, provided a more detailed
oceanographic perspective to their hypothesis by elabo-
rating on the processes that give rise to the mean sea-
sonal cycle of SST. These results may be of value in
constraining models of the seasonal cycle in this com-
plicated yet climatically important region of the World
Ocean.
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APPENDIX

Error Estimates for Temperature Balance Analysis
We estimated uncertainties for various terms in the

temperature balance individually and in combination

(for the residual) by propagating errors using methods
described in Emery and Thompson (1997). We as-
sumed an error of 10 W m!2 for the net surface heat
flux (based on Cronin et al. 2006b), 10 cm s!1 for zonal
velocity (based on Fig. 9c), 5 cm s!1 for meridional ve-
locity (based on Fig. 10c), a 25% relative error in mixed
layer depth (based on the 5–20 m vertical resolution of
temperature sensors), and a 0.1°C error in TMI SSTs
for horizontal gradient calculations on monthly time
scales. To estimate uncertainty in the temperature ten-
dency term, we used the rms difference between "SST/
"t and the mixed layer tendency "T/"t. As discussed in
section 4a, the two should be roughly equivalent under
the assumption of a nearly uniform mixed layer tem-
perature. Errors for the primary variables (i.e., velocity,
mixed layer depth, etc.) and for individual terms are
assumed to be independent and Gaussian distributed.

Time series of individual monthly errors were com-
puted for each term at all latitudes. From these values,
the standard error for the monthly mean seasonal cycle
was calculated by first computing the rms error for each
month across years, then dividing by #N where N $ 1
to 3 depending on the number of years available (as-
suming each year is independent). The resultant 12
monthly standard errors for each term of the tempera-
ture balance were averaged in time to provide a simple
characterization of uncertainties. To estimate standard
errors for long-term means, we assumed that the four
seasons of the mean seasonal cycle are independent.
This assumption leads to an error for long-term means
that is half that for the variability. The standard errors
we computed by these methods are plotted in Figs. 12
and 13.
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