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ABSTRACT

Processes controlling the interannual variation of mixed layer temperature (MLT) averaged over the
Nifio-3 domain (5°N-5°S, 150°-90°W) are studied using an ocean data assimilation product that covers the
period of 1993-2003. The overall balance is such that surface heat flux opposes the MLT change but
horizontal advection and subsurface processes assist the change. Advective tendencies are estimated here
as the temperature fluxes through the domain’s boundaries, with the boundary temperature referenced to
the domain-averaged temperature to remove the dependence on temperature scale. This allows the authors
to characterize external advective processes that warm or cool the water within the domain as a whole. The
zonal advective tendency is caused primarily by large-scale advection of warm-pool water through the
western boundary of the domain. The meridional advective tendency is contributed to mostly by Ekman
current advecting large-scale temperature anomalies through the southern boundary of the domain. Unlike
many previous studies, the subsurface processes that consist of vertical mixing and entrainment are explic-
itly evaluated. In particular, a rigorous method to estimate entrainment allows an exact budget closure. The
vertical mixing across the mixed layer (ML) base has a contribution in phase with the MLT change. The
entrainment tendency due to the temporal change in ML depth is negligible compared to other subsurface
processes. The entrainment tendency by vertical advection across the ML base is dominated by large-scale
changes in upwelling and the temperature of upwelling water. Tropical instability waves (TIWs) result in
smaller-scale vertical advection that warms the domain during La Nifia cooling events. However, such a
warming tendency is overwhelmed by the cooling tendency associated with the large-scale upwelling by a
factor of 2. In summary, all the balance terms are important in the MLT budget except the entrainment due
to lateral induction and temporal variation in ML depth. All three advective tendencies are primarily caused
by large-scale and low-frequency processes, and they assist the Nifio-3 MLT change.

When the advective tendencies are evaluated by spatially averaging the conventional local advection of
temperature, the apparent effects of currents with spatial scales smaller than the domain (such as TIWs)
become very important as they redistribute heat within the Niflo-3 domain. As a result, for example, the
averaged zonal advective tendency counteracts rather than assists the Nifio-3 MLT change. However, such
internal redistribution of heat does not represent external processes that control the domain-averaged MLT.
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Mechanisms Controlling the Interannual Variation of Mixed Layer Temperature

1. Introduction

El Nifio-Southern Oscillation (ENSO) is a major
mode of interannual climate variability in the tropical
Pacific that has worldwide climatic and socioeconomic
impact. El Nifio and La Nifia are the oceanic compo-
nents of ENSO. Numerous studies of El Nifio/La Nifa
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events have been conducted using observations (e.g.,
Picaut et al. 1997, McPhaden 2004), theories (e.g.,
Schopf and Suarez 1988; Jin 1997), and numerical mod-
els (e.g., Zebiak and Cane 1987). The oceanic mixed
layer (ML) plays a critical role in the evolution of these
events (Zebiak and Cane 1987). The mechanism of the
mixed layer temperature (MLT) variation is very com-
plicated, even for the seasonal cycle (Kessler et al.
1998). The present study examines processes governing
the interannual variation of MLT in the eastern equa-
torial Pacific.

The interannual MLT balance at several Tropical At-
mosphere-Ocean (TAO) mooring locations has been
examined by, for example, Schiller et al. (2000) and
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Wang and McPhaden (2001, hereafter WMO1). These
studies concern local heat budgets at a few equatorial
mooring locations as opposed to a balance over the
larger equatorial domain pertinent to ENSO. The
anomalous warming associated with El Nifio/La Nifia
events typically spans thousands of kilometers zonally
and hundreds of kilometers meridionally on both sides
of the equator. Because of smaller-scale processes such
as tropical instability waves (TIWs), it is by no means
clear if the local MLT balance is representative of the
balance for large-scale heat content (or averaged tem-
perature) of the eastern equatorial Pacific.

In the context of the local versus large-scale balance,
Lee et al. (2004) showed that the spatial average of
local zonal advection of temperature within the Nifio-3
(5°S-5°N, 150°-90°W) region reflects internal redistri-
bution of heat by TIWs rather than external processes
that affect the heat content of the region. Conse-
quently, spatial averaging of local zonal advection of
temperature results in an anomalous cooling (warming)
tendency during the warming (cooling) phase of the
1997-99 El Nino (La Nifna). This anticorrelation be-
tween zonal advective tendency and temperature
change does not describe the large-scale physics that
the interannual warming is associated with the eastward
movement of warm-pool water (Wyrtki 1975; Picaut et
al. 1997). To discern external effects from internal re-
distribution, Lee et al. referenced temperature fluxes
across domain boundaries to the spatially averaged
temperature of that domain. As such, for instance, an
inflow that is warmer than the average temperature of
a region would increase the region’s average tempera-
ture regardless of how heat is redistributed within the
domain. Zonal advection evaluated by such a formula-
tion results in a warming tendency for the Nifo-3 re-
gion associated with El Nifio events, which is consistent
with conventional expectation (Wyrtki 1975; Picaut et
al. 1997).

In the meridional direction, the eddies in the eastern
equatorial Pacific redistribute heat between equatorial
and off-equatorial regions (e.g., Hansen and Paul 1984;
Wang and McPhaden 1999). The eddy activities are
strongest around 2°-3°N (e.g., Halpern et al. 1988) but
are weak along the Nifio-3 meridional boundaries. Con-
sequently the eddy’s contribution to meridional advec-
tion is mostly to redistribute heat within the Nifio-3
domain. The eddy redistribution is one of three impor-
tant balance terms in the nonseasonal MLT balance
(Vialard et al. 2001). Yet, its significance as an external
factor controlling the Nifo-3 MLT as a whole is not
obvious.

The vertical advective tendency in MLT budget is
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one of the most poorly understood components of the
budget, mainly because its evaluation is difficult [e.g., in
observations as noted by Qiu (2002) or in a z-
coordinate model (Vialard and Delecluse 1998)]. Con-
sequently, it has often been inferred as a residual of the
MLT balance (WMO1; Vialard et al. 2001). Yet the re-
sidual also contains errors associated with inaccuracies
in estimating other terms as pointed out by WMOL1.
Furthermore, budget analysis is complicated by the dif-
ficulty in separating the vertical advection from other
subsurface processes such as vertical diffusion. Without
such separation an assessment of large-scale versus
eddy processes among other issues becomes very diffi-
cult. Here we use a new discrete equation for the en-
trainment heat advection (Kim et al. 2006), which al-
lows the closure of MLT budget using output from a
z-coordinate model. The rigorous and explicit evalua-
tion of the entrainment heat advection greatly facili-
tates the analysis of the MLT balance (e.g., Kim et al.
2004). Thus, the rigorous evaluation will be utilized in
this study to elucidate the role of the vertical advection
in the MLT balance.

To summarize, in this paper we study the processes
controlling the Nifio-3 MLT in the Nifio-3 region by
directly evaluating zonal, meridional, and vertical ad-
vective contributions for the mixed layer. We adopt two
newly developed methods to facilitate the study,
namely the evaluation of the external advection of heat
(Lee et al. 2004) and a scheme to formally close the
MLT budget (Kim et al. 2006). Our analysis is per-
formed for the period of 1993-2003 that encompasses
three El Nifio/La Nifa events (1994-95, 1997-99, and
2002-03). By analyzing the three events we examine
how advective tendencies generally contribute to the
MLT balance.

This paper is organized as follows. In section 2, we
will describe the numerical model output used in this
study and evaluate the model fields. Section 3 presents
the large-scale balance controlling the averaged MLT
of the entire Nifio-3 region. In section 4 we address
limitations of spatial averages of local advective ten-
dencies to understand processes controlling the Nifio-
3-averaged MLT. Section 5 summarizes the findings.

2. General circulation model (GCM) products

The analysis fields and temperature budget output
used for this investigation are obtained from a data
assimilation product called Estimating the Circulation
and Climate of the Ocean (ECCO; more information
available online at http://www.ecco-group.org). The
model used is the parallel version of the primitive equa-
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tion Massachusetts Institute of Technology (MIT)
ocean GCM (Marshall et al. 1997). The spatial domain
is nearly global (80°S-80°N). Horizontal grid spacing is
1° globally except within 20° of the equator, in which
meridional grid spacing is gradually reduced to 0.3°
within 10° of the equator. There are 46 vertical levels
with layer thickness of 10 m in the upper 150 m and 21
layers above 300 m. The model employs two advanced
mixing schemes: the K-profile parameterization (KPP)
vertical mixing (Large et al. 1994) and the Gent-
McWilliams (GM) isopycnal mixing (Gent and McWil-
liams 1990). The model is forced by the National Cen-
ters for Environmental Prediction (NCEP) reanalysis
products (12-hourly wind stress, daily heat and fresh-
water air-sea fluxes) with the time means replaced by
those of the Comprehensive Ocean—Atmosphere Data
Set fluxes (da Silva et al. 1994). In addition to this im-
posed heat flux, model sea surface temperature (SST) is
relaxed to NCEP’s SST analysis with a time scale of 1-2
months using the formulation of Barnier et al. (1995).
The model was first spun up for 10 yr from rest using
climatological temperature and salinity (Boyer and
Levitus 1998) forced by seasonal climatological forcings
averaged from 1980 to 1997. Additional descriptions of
the model and comparison with various observational
data are provided by Lee et al. (2002). An approximate
Kalman filter and smoother (Fukumori 2002) are used
to assimilate anomalies of sea level and of subsurface
temperature obtained from the Ocean Topography Ex-
periment (TOPEX)/Poseidon (T/P) altimeter and the
Global Telecommunication System (GTS; D. Beh-
ringer 2002, personal communication), respectively.
The assimilation procedure corrects the temporal vari-
ability of the prior NCEP wind forcing through inver-
sion by the smoother, but does not correct the time-
mean wind or, consequently, the model’s time-mean
state. An earlier version of this system can be found in
Fukumori et al. (1999). The modification of the wind
forcing, although small in many regions, is effective in
bringing the model closer to the data that are being
assimilated. A detailed description of the principle of
the Kalman filter and smoother approach can be found
in Fukumori (2006). The resultant analysis fields are
consistent with the physics of the GCM such that the
property budgets (heat, salt, and momentum) are
closed. A previous example of applying this product to
study MLT balance is provided by Kim et al. (2004) for
the north-central Pacific.

To assess the fidelity of the assimilation product, we
first evaluate the mixed layer depth. Then we examine
the model’s temperature and velocities at the equator,
along with the simulated properties at the Nifio-3
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boundaries. The properties at the boundaries are im-
portant to the characterization of external processes
controlling the Nifio-3 MLT.

The ML is determined diagnostically from the GCM
output fields such that the density at the ML depth is
larger than that at 5 m (i.e., the model’s surface level)
by 0.125 kg m 2. The density offset corresponds to a
0.5-K temperature difference between sea surface and
ML base at 35 psu and 20°C, which is a commonly used
criterion for the ML in the Tropics (e.g., Hayes et al.
1991; WMO1). The isothermal layer depths derived
from expendable bathythermograph (XBT) observa-
tions and the model compare reasonably well with each
other (Fig. 1a), demonstrating the fidelity of the model
estimates. On average, the model’s isothermal layer is
too shallow by 6 m. This may be due to the mixing
coefficient in the model being too small. The smaller
range of temporal variability may also be due to an
underestimate in the variability in wind discussed later.
In this area, unlike regions to the west (Lukas and Lind-
strom 1991), a barrier layer is not so common and iso-
thermal layer depth and ML depth are almost identical
(Fig. 1a). The most noticeable change in the ML depth
is the shoaling during the La Niia in 1998 (Fig. 1b).

Figures 2-5 compare the estimated temperatures and
velocities between simulation and observation at the
TAO mooring locations at 5°N, 0°, and 5°S latitude and
at 140° and 110°W longitude. The velocity comparison
is performed only at the equator where current meters
are available. Hereafter, “simulation” or “model” re-
fers to the data assimilation product, not to be confused
with the model simulation prior to data assimilation.
The data and the model fields are averaged over 10
days and are sampled at depths around 10 and 45 m, the
depths that are mostly within the ML except at 0°,
110°W, where the ML depth is 22 = 8 m (time mean
and standard deviation). The model fields are interpo-
lated horizontally and vertically to collocate with the
data. Temperature and velocity are both reasonably
well simulated at all TAO mooring locations. The
warming and cooling in 1997 and 1998 as well as the
eastward current anomalies in spring and winter 1997
and the westward anomaly in spring 1998, both associ-
ated with the El Nifio and La Nifia, respectively, are
reasonably captured by the simulation. However, as
noted above, the assimilation does not correct time-
mean model biases. At the equator, the temperature
within the ML (10 and 45 m at 140°W, 10 m at 110°W)
has an average cold bias of 1.3 K. The cold bias is
common in ocean numerical models but its detailed
causes are not well understood (Jochum et al. 2005).
Zonal velocity at 110°W, 45-m depth has a bias of 44
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Fi1G. 1. (a) Comparison of the model isothermal layer depth (ILD, thick gray) over the Nifo-3 area with XBT
ILD (thin black) at the locations where XBTs are available. The model’s mixed layer depth (MLD) is shown in
black dots. The ILD (MLD) is determined such that the temperature (density) at the layer base is lower (larger)
than the 5-m value by 0.5 K (0.1250). (b) Domain-mean MLD from the model with even spatial sampling. All the
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FI1G. 2. Comparison of model temperatures (solid line) and observations at TAO locations (dots) at 140°W in the
Nifo-3 area. Temperatures at (top) 0°, (middle) 5°N, and (bottom) 5°S are compared. To sample within an ML,
the comparison is performed at TAO nominal depths at (left) 10-20 and (right) 40-45 m. The simulated and

observed time series are averaged over 10 days.
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The model’s corresponding wind estimates are com-
pared with observations in Fig. 6. Both zonal and me-
ridional components are reasonably estimated, but the
zonal component is somewhat more accurately esti-
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F1G. 3. Same as in Fig. 2, but for 110°W in the Nifio-3 area.

mated than the meridional winds. This difference re-
flects the accuracy of the NCEP reanalysis on the one
hand and the sensitivity of the assimilation on the re-
spective wind components on the other. Zonal wind
anomalies affect large-scale sea level and temperature
anomalies more than do meridional wind anomalies.
The temporal variabilities of temperature and veloc-
ity are comparable to observations, but in general the
latter is not as accurately simulated as the former rela-
tive to their respective variabilities. This difference is
partly due to the shorter spatial correlation distance of
velocity fluctuations compared to temperature variabil-
ity on the one hand and the relatively coarse spatial
resolution of the present model on the other. In par-
ticular, equatorial meridional velocities are dominated
by high-frequency signals associated with TIWs (Figs.
4c,d and 5c.,d; e.g., Halpern et al. 1988). The periods of
the year when TIWs are active (boreal fall and winter)
are well simulated, but the particular high-frequency
fluctuations are generally incoherent with observations,
reflecting the unstable nature of TIWs. Moreover, the
model underestimates the magnitude of meridional ve-
locity fluctuation by about 50%. According to Jochum
et al. (2005), ¥4° horizontal resolution is sufficient for
simulating TIWs while 1°, as in our model’s zonal reso-
lution, is not. The magnitude of the meridional velocity

is sensitive also to the viscosity (Cox 1980), and the
mixing could be another reason for the weak simulated
TIWs.

The model’s discrepancies with observations do not
seem to influence the fidelity of the estimated MLT
budget at the equator. In particular, the pointwise MLT
balance at the equator inferred from the model fields is
consistent with the observational analysis of WMO01
(appendix A). The relative agreement between the
model states and observations and the consistency of
the pointwise budget provides confidence in analyzing
the present model estimate to study the MLT balance
over the Nifio-3 region.

Finally, the advective tendency that controls the
Nifno-3-averaged MLT is determined by temperature
and velocity at Nifio-3 boundaries, as we will show in
section 3. No current meter measurement is available at
the TAO mooring locations along the Nifio-3 bound-
aries, so assessing the accuracy of the model’s total cur-
rent is difficult. Yet a significant portion of meridional
flow across 5°N and 5°S within the ML is Ekman trans-
port. Above 50-m depth along these boundaries Ekman
currents account for more than two-thirds of meridi-
onal transport in terms of time-mean and interannual
variability [Fig. 9 of Bryden and Brady (1985) and Fig.
4 of Meinen et al. (2001), respectively]. Then a com-
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F1G. 4. Comparison of model velocities (blue) and observations at TAO locations (red for current meter records
and green for ADCP records) at 0°, 140°W at two depth levels: (a), (b) zonal velocities and (c), (d) meridional
velocities. The simulated and observed time series are averaged over a 10-day interval. The time span for ADCP
records at 10 m is not long thus the data are not plotted.

parison of zonal wind along 5°N and 5°S would be use-
ful for assessing the model’s meridional velocity. Figure
7 shows that model’s zonal winds at these latitudes
agree well with the measurements obtained from the
European Remote Sensing satellite scatterometers.
The corresponding temperatures from the model at 5°N
and 5°S, 140° and 110°W also show good agreement
with observations both in phase and magnitude (Figs. 2
and 3). These agreements in velocity and temperature

further strengthen our confidence in the model’s me-
ridional temperature flux across the northern and
southern boundaries of the Nifio-3 region.

3. Processes controlling the Niio-3
domain-averaged MLT

The equation describing the balance of the spatially
averaged MLT change can be given as (Kim et al.
2006)



3828

JOURNAL OF CLIMATE

VOLUME 20

At HO\NON

cm/s

vvvvvvvvvv

T
J / \ f ‘Uu“ M“ ‘('W'HAF‘V\ A

\\m,\*»,s kil

lllllllllllllll

v b I J‘ |l
QA I} ik I\ | I
\Mu\\ | ‘ .‘Hi “XU\ ‘

1996

1998

2000 2002

F1G. 5. Same as in Fig. 4, but for 0°, 110°W.

16q

pC 0z

> +(V.(kV.T))._¢

—{u, (T — T,)}yp + subsurface

+ (ML mixing), (la)
1 oh
subsurface = <E AT 5> = {u (T = T)}nduet
- {W(T - Tr)} + <Vz(KVzT)>z=—h’ (1b)
AT =(T)-T_,, (Ic)

where the angle brackets represent the volume-
weighted average over the Nifio-3 ML and the braces
indicate an integral over ML boundary surfaces after
dividing by ML volume. Variables 7, h, p, and k are
temperature, ML depth, density, and vertical diffusiv-
ity, respectively; q is the penetrative solar flux, and C,
is the specific heat of seawater. Also, u, and w are the
velocities normal to ML boundaries in horizontal and
vertical directions, respectively; V. = d/dz, and AT is the
temperature difference between ML water and en-
trained water. The subscript r denotes a reference. Spe-
cifically, 7, = (T) and is the volume-averaged MLT
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series are averaged over a 30-day interval.

over the Niflo-3 region at time ¢ that permits assessing
advective contributions from independent directions
(Lee et al. 2004). The subscripts ML and induct denote,
respectively, the advective tendencies across lateral
boundaries within the ML and between the ML and the
thermocline (lateral induction).

The components of the rhs of Eq. (1a) define the
tendencies by surface heat flux, advection by horizontal
currents, subsurface processes, and ML mixing, respec-
tively. The subsurface processes are divided into en-
trainment heat advection and vertical mixing [Eq. (1b)].
The entrainment heat advection consists of temporal

ML depth variation (AToh/ot), lateral induction, and
vertical advection (— {w(T — T,)}). The vertical mixing,
(V.(kV,T)), may be expanded as [[[«kV.T(z = 0) —
kV.T(z = —h)] dx dy/V with V denoting the ML vol-
ume. The first term is the surface boundary condition
and is the sum of outgoing longwave, sensible, and la-
tent heat fluxes [(V_(kV.T))._o]. The second term is the
vertical mixing at the ML base [V_(kV.T)).—_,]. The
last term in Eq. (1a), ML mixing, refers to the effect of
mixing that is other than the vertical mixing across the
ML base. This effect includes the contribution by the
GM mixing (more or less horizontal in nature) and the



3830

0, mean O\O’wg W” W—-30W at 4.5N
/\\ T T T

M g

(]
;’f
~0.06} /

g SN0 NI T BN I SN SIS SIS I

(b) mean along 150W—90W at 5S

con sony o T e
M [ﬁ |
0.0 \
; 4;\/\ ‘
£ \ [ ,
—~ —0.06f \5“*\/

My o f W\
—0.081

e b by NI 1 P EEI  S

1994 1996 1998 2000

FIG. 7. Comparison of the simulated zonal wind stress (thin
black) with respect to ERS scatterometer wind stress (thick gray)
along the (a) northern and (b) southern boundaries of the Nifio-3
domain. The simulated and ERS winds are averaged over a 30-
day interval.

so-called nonlocal transport associated with the KPP
vertical mixing.

The formulation of our MLT budget analysis [as de-
scribed in Eq. (1)] has two improvements when com-
pared to previous analyses of the Nifio-3 MLT balance
based on z-coordinate model output (e.g., Vialard et al.
2001). First, our formulation is characterized by the clo-
sure of the budget, made possible by a direct evaluation
of the entrainment component (A79k/dt). Kim et al.
(2006) achieved the closure through rigorous determi-
nation of AT by using a discrete form based on the
numerical model’s temperature evolution and by in-
cluding an apparent warming tendency during ML
shoaling to account for the small gradient in the vertical
temperature profile within the ML (i.e., detrainment).
The second improvement is the use of a modified
boundary flux formulation proposed by Lee et al.
(2004) to evaluate the advective processes that affect
the Nifio-3 MLT. The advective term as shown in Eq.
(1a), {u (T — T,)} + W(T — T,)}, is equal to {u, T} +
{wT} because {u, T,} + {wT,} vanishes due to nondiver-
gence, {u,} + {w} = 0. Therefore, the modified bound-
ary flux form {u (T — T,)} + {w(T — T,)} is identical to
the conventional boundary flux form {u, T} + {wT}
when integrated over the entire boundary surfaces of
the Nifio-3 ML domain. For a partial boundary such as
the west face of the Nino-3 domain, the conventional
temperature flux through it is not meaningful because
of the dependence on the definition of zero tempera-
ture. With the modified boundary flux form, the bound-
ary temperature is referenced to the domain-averaged
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temperature, 7,, and thus the dependence on the defi-
nition of zero temperature is removed. Only water ad-
vected across the boundary with different temperature
from T, affects the volume mean temperature. There-
fore the modified boundary flux form allows analysis of
temperature advection through individual boundary
surfaces of a domain.

The individual tendencies are evaluated and saved as
30-day integrals during model integration, except the
quadratic terms involving domain mean temperature
T,. Since domain mean temperature is dependent on
specific volumes, terms {u, 7,} and {wT,} are evaluated
offline based on 10-day-averaged velocity and tempera-
ture time series archived during the simulation. Since 7',
slowly varies in time, discrepancies arising from ignor-
ing shorter time-scale correlation between the veloci-
ties and 7, are small as evidenced in comparisons with
states saved as 1-day averages (not shown). Since our
interest is interannual balance, we compiled mean sea-
sonal cycles of tendencies during the 1993-2003 period
and removed the mean from the tendencies (see appen-
dix B for the details of the seasonal budget). The re-
sultant quantities are referred to as nonseasonal ten-
dencies.

MLT balance is often presented in tendency space
(i.e., tendency as a function of time; e.g., WMO1). The
tendencies usually have high-frequency signals that
complicate interpretation. For this reason, WMO01 used
a 5-month low-pass filter for the tendencies in order to
highlight low-frequency signals. Moreover, to capture
the effect of a particular tendency during a certain
event or period, one has to visually integrate the ten-
dency in time. To alleviate these complications, we
present MLT balance by integrating each tendency
term in time starting from January of 1993, the begin-
ning of the study period (Fig. 8). The curves in Fig. 8 are
then in temperature space (K) instead of tendency
space (K s™!). The slope of a curve now represents the
tendency. The change in temperature space over a cer-
tain period gives an indication of how important a par-
ticular tendency is during that period. The low-
frequency signals are more evident in temperature
space than in tendency space. The magnitude of each
MLT balance component in temperature space is also
tabulated in Table 1 for the 1997-98 El Nifio/La Nifia
event.

Surface heat flux cools the ocean during the three El
Nifios (late 1994, 1997-98, and 2002, Fig. 8a). The op-
posite happens during the La Nifia events. This damp-
ing effect of surface heat flux is consistent with the
finding of WMOL1. They attributed the anomalous cool-
ing effect by surface heat flux during El Nifio events to
the reduced shortwave radiation into the ocean associ-
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FiG. 8. Nonseasonal MLT balance over the Nino-3 area: (a)
overall balance, (b) advective processes within a ML, and (c)
subsurface processes. Each curve is a time integral of the compo-
nent of the nonseasonal MLT tendency, defined in Eq. (1). The
advective tendencies are computed using the modified boundary
flux form. See Eq. (1) for notations. The tendencies are computed
hourly, averaged over 30 days, and smoothed with three-point (90
days) running mean.

ated with increasing cloudiness and greater latent heat
loss due to higher SST, and vice versa for La Nifa
events. The GM mixing, which includes horizontal mix-
ing, and the KPP nonlocal mixing are relatively small
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(Fig. 8a and Table 1; these two terms are shown to-
gether as ML mixing).

The warming and cooling by zonal advection during
the El Nifios and La Niiias (Fig. 8b), respectively, agree
with conventional understanding, that is, eastward in-
trusion of warm-pool water during an El Nifo and
westward retreat during a La Nifia (Wyrtki 1975; Picaut
et al. 1997). The zonal advection contributes about a
3-K warming during the 1997-98 El Nifio to the MLT
balance (Table 1). Its magnitude is comparable to the
total MLT change during the event. Thus, the zonal
advection is one of the important factors of the Nifio-3
MLT changes. The meridional advective tendency is
also in phase with the MLT tendency, the details of
which will be discussed later in this section.

We now discuss subsurface processes (Fig. 8c).
Vertical advective tendency through the ML base,
w_,(T_,, — T,), has the same phase as the MLT varia-
tions. Analyzing the 1997-99 El Nifio/La Nifia, both
interannual changes in upwelling rate (w_,) and tem-
perature difference across the ML base (7_,, — T,) con-
tribute to the vertical advective tendency. During the
El Nifio, the upwelling weakens in response to waning
trade wind, and depressed thermocline raises the tem-
perature of upwelling thermocline water (7"_,) more
than the rise of the domain mean temperature (7,) (not
shown). The opposite happens during the La Ninas.
Vertical mixing produces warming tendency during
the EI Nifios, and vice versa during the La Nifias. As
the thermocline deepens in the cold tongue region
during the EI Nifos, the vertical temperature gradient
decreases, and the vertical mixing at the ML base,
—kdT/dz|,— _,/h, produces an anomalous warming.
Generally the vertical mixing tendency has the same
phase as the MLT tendency (Fig. 8c).

Entrainment tendency caused by the variation of ML
depth, AToh/ot/h, contributes to slight warming during

TABLE 1. The time integral of Niflo-3 MLT tendency components for the 1997-99 El Nifio/La Nifia (also shown in Fig. 8). Units are K.

Warming period Cooling period
Tendency component (Jan 1997-Dec 1997) (Jan 1998-Dec 1999)
MLT 4.20 -591
Surface heat flux —5.16 5.48
KPP + GM mixing —0.54 0.94
Horizontal advection across domain boundaries within a mixed layer 323 —2.98
Zonal 2.74 —1.37
Meridional 0.49 —1.61
Subsurface processes 6.67 —9.35
ATohlot/h -0.13 0.14
Lateral induction (zonal) 0.37 —0.47
Lateral induction (meridional) 0.70 —0.84
Vertical advection 2.53 —2.72
Vertical mixing 3.20 —5.46
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the 1998 La Nifia but is negligible relative to other sub-
surface tendencies (Table 1). This warming may be un-
derstood with the plots of AT, oh/dt, and AToh/ot/h, pre-
sented in Fig. 4 of Kim et al. (2006), where they used
the same assimilation product as in this paper. In spring
1998, the ML shoals from about 45- to 25-m depth,
shedding off slightly colder water in the deeper part of
the original ML. Thus, the shedding results in a higher
MLT (i.e., an apparent warming effect). This warming
effect is enhanced by AT being more positive than nor-
mal in spring 1998 (Fig. 4 of Kim et al. 2006). A similar
warming is found in springs of 1995 and 2003, but its
magnitude is very small (Fig. 8c). Entrainment by lat-
eral induction is not a major term in the MLT balance
(Table 1). It is not straightforward to interpret the vari-
ability of the lateral induction tendency because of the
complicated geometry of the lateral interfaces that are
defined by horizontal variations in mixed layer depth.

In general, advective tendencies are contributed by
large-scale, low-frequency variations as well as high-
frequency fluctuations in the flow and/or temperature
fields. In the study region, TIWs that have a dominant
20-day period are a major source of the high-frequency
variability. To distinguish the relative contribution of
large-scale, low-frequency variability from that of
TIWs, we compare the advective tendencies computed
from temperature and velocity fields at every time step
of the model (hourly) with those estimated from 30-
day-averaged temperature and velocity. The 30-day av-
erage effectively filters out TIWs. Figure 9 presents
such a comparison for zonal, meridional, and vertical
advection, respectively. Large-scale processes dominate
the zonal advective tendency (Fig. 9a), shown by the
very close match between hourly and 30-day evalua-
tions. The importance of large-scale variability is shown
most clearly for the 1997-99 El Nifio/La Nifia event.
Most of the zonal advective tendency is contributed by
the flux through the western boundary, indicating the
large-scale zonal movement of the warm-pool water in
response to the variation of the trade wind. The same
mechanism applies to the 1994-95 and 2002-03 events
but with smaller magnitudes.

The meridional advective tendency is also associated
primarily with large-scale fluctuations in temperature
and velocity (Fig. 9b), again judging from the relative
insensitivity of the tendency to the 30-day averaging.
The tendency is contributed mostly by the flux through
the southern boundary. Furthermore, the advection of
nonseasonal temperature anomalies by seasonal cur-
rents is dominant [v(7, — 7,) during the 1997-99 El
Nifo/La Nifa, Fig. 10, where subscript s denotes values
at the southern boundary]. The following provides ad-
ditional explanation. The v, is southward, consisting
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F1G. 9. The time integral of nonseasonal advective tendencies
through five boundaries of the Nifio-3 domain: (a) zonal, (b) me-
ridional, and (c) vertical. The tendencies are evaluated at two
temporal resolutions: hourly (solid) and 30 daily (dashed). All the
tendencies are smoothed using the three-point running mean (90
days). For improved presentation, the contributions through the
two boundaries in (a), (b) are plotted with an offset value. The
level dotted lines indicate the zero reference.

mainly of Ekman currents driven by the trade wind.
During the El Nifio, the Nifio-3-averaged MLT (7))
rises more than the temperature along the southern
boundary (77), therefore (7, — T,) is negative. Conse-
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F1G. 10. Decomposition of the nonseasonal meridional advec-
tive tendency through the south boundary, shown as dashes in Fig.
9b and in this figure, into ones by the mean seasonal (overbar) and
the nonseasonal anomaly (prime) components of temperature (7")
and velocity (v). The time integral and three-point running mean
are applied to the tendencies. The subscript r denotes a domain-
mean reference. The vand T fields are 30-day averages. The thin
solid line is not strictly zero because of the division by the time-
varying Nifo-3 volume.
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quently there is a warming contribution by v(7; — 7))
during a El Nifo, and vice versa during the La Nifa.
Both v, and (7, — T,) are governed by large-scale dy-
namics, as is the consequent meridional advective ten-
dency. The tendencies by the anomaly current in Fig.
10, v(T, — T,) and v/(T. — T.), tend to cancel each
other, suggesting that they are probably artifacts of the
decomposition. The warming tendency by v,(7; — T7) is
somewhat counterintuitive because in this La Nifia pe-
riod both v} and (7, — T)) are generally negative. Yet
closer examination shows that (7, — 7)) in the far-
western region along 5°S turns out to be positive, lead-
ing to the warming effect. The tendency through the
northern boundary does not seem to have a consistent
pattern in time. The slopes of the hourly and 30-daily
curves of the north boundary tendency are similar most
of the time. This similarity indicates that, overall speak-
ing, TIWs do not play a major role in the meridional
advection through the northern boundary either.

Compared to the zonal and meridional advection, the
vertical advective tendency is affected by TIWs more
significantly (Fig. 9c). For example, the cooling by the
vertical advection during the 1998-99 La Nifa corre-
sponds to the MLT decrease of about 3 K (solid curve;
Table 1). When the TIWs are filtered out from tem-
perature and velocity through the 30-day average, the
MLT decreases by about 7 K (dashed curve). In other
words, the 7-K cooling by large-scale, low-frequency
upwelling is counteracted by a 4-K warming due to the
TIWs. Therefore, the magnitude of TIW-induced ver-
tical advective heating is approximately half of that due
to large-scale cooling. TIW-induced warming effects
through vertical advection are not unique to the tropi-
cal Pacific Ocean. In a modeling study of the tropical
Atlantic, Jochum et al. (2004, their Fig. 15) also found
a time-mean warming tendency due to TIW-induced
vertical eddy flux at the depth of 20 m.

The time frame of this study covers three El Nifio/La
Nifia events: 1994-95, 1997-99, and 2002-03. The bal-
ance mechanism appears very similar among these
three warming—cooling events (Fig. 8). The overall bal-
ance is such that surface heat flux opposes the MLT
change while horizontal advection and subsurface pro-
cesses assist the MLT change. Only the magnitude of
each term is different from one El Nifio/La Nifia event
to another.

4. Comparison with spatially averaged local
temperature advection

Here we present the balance of the volume-averaged
MLT changes using a conventional formulation for ad-
vective contributions, that is, by spatially averaging lo-
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cal advection of temperature (the product of local ve-
locity and spatial gradient of temperature). The pur-
pose is to compare the balance mechanism with that
inferred from the modified boundary flux approach
presented in section 3. The conventional formulation is
expressed as (e.g., Vialard et al. 2001)

@_<1aq

@i - p_c,,&> (VAR — () -V, T)

+ subsurface + (ML mixing)
1

subsurface = < 7

oh
AT§> — WV, T) +(V_(kV.T)).__,,
@
where V;; = (9/0x, d/dy) and the other symbols are the
same as in Eq. (1). The difference from the modified
boundary flux form in Eq. (1) is that the advective ten-
dency is a spatial average of the advection of local tem-
perature gradient. Hereafter, Eq. (2) is referred to as a
local advection form. When integrated over an entire
volume of a domain, the local advection form produces
an identical total advection to that given by the modi-
fied boundary flux form (Lee et al. 2004). However, the
individual directional advective tendency differs be-
tween the two forms, as compared below. The contri-
butions by all other components of the MLT balance
(Fig. 11) are the same as those described for the modi-
fied boundary flux form (Fig. 8). All the tendencies are
evaluated at hourly 