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Abstract.

We use a primitive equation isopycnal model of the Pacific Ocean to simulate and
diagnose the anomalous heat balance on El Nifio-Southern Oscillation, ENSO,
timescales associated with heat storage changes observed in the expendable
bathytermograph (XBT) data set. We focus on the analysis of the total (diabatic
plus adiabatic) and diabatic anomalous heat balances in six areas of the tropical and
subtropical North Pacific Ocean in the upper 400 m. The diabatic (i.e., from the
model conservation temperature equation) and adiabatic (i.e., from the model mass
conservation equation) anomalous heat balances add up to the total anomalous heat
balance. We computed the adiabatic/diabatic ratios to infer the relative importance
of both contributions in different areas and found that they are smaller than 2.0
in only two regions (western equatorial and central North Pacific). The larger
ratios (>2) were found along the corridor where adiabatic anomalies propagate
westward in the form of Rossby waves and at the eastern equatorial Pacific. For
those areas where the adiabatic/diabatic ratio is higher than about 2 the total
anomalous heat balance is dominantly between the temporal change of heat and the
three-dimensional divergence of the heat flux. At the central North Pacific area the
total anomalous heat balance is between the temporal changes in anomalous heat,
the surface heat flux and the vertical advection of heat. Different ENSO events are
not always controlled by the same physical processes in the different areas. In many
cases these differences are associated with the relative importance of adiabatic to
diabatic processes. For instance, the western equatorial Pacific is controlled in
general by diabatic processes, while the eastern equatorial Pacific is dominated by
adiabatic physics most of the time.

The classic picture of the upper ocean heat balance
was developed by Gill and Niiler [1973] who showed
that the large-scale balance is controlled by surface heat
fluxes that drive the climatological seasonal changes in
heat storage. This view was observationally substanti-
ated by Yan et al. [1995], who showed that heat storage
rate matches the net surface heat flux very well for 5°

1. Introduction

Upper ocean heat content (or storage) is a measure
of the ocean’s potential heat transfer to the overlying
atmosphere and is thus an important climate variable.
Although sea surface temperature (SST) directly inter-
acts with the atmosphere through surface heat fluxes,
variations in the temperature of the underlying fluid can

eventually become manifest in SST through advection
and mixing. However, the balance of physical processes
that control the large-scale behavior of upper ocean heat
content are still uncertain, in both a climatological and
anomalous sense in most regions of the ocean. These
physical processes include horizontal and vertical heat
advection, ocean-atmosphere heat transfers and turbu-
lent diffusion.
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by 5° averages, though less well for 2° by 2° averages.

In regions with strong currents, the Gill-Niiler bal-
ance is likely to fail. Using hydrographic data, Bry-
den et al. [1991] estimate the meridional oceanic heat
transported by oceanic velocity through 24°N. However,
they point out the amount of heat transported by the
North Pacific Ocean (NPO) is controversial given the
wide range of values (and methods) reported by differ-
ent authors. For instance, at subtropical latitudes in the
NPO, Bryden et al. tabulate various estimates of heat
transport that range between 1.14 x 10*®* W northward
and 1.17 x 10'® W southward.

Anomalous states of the midlatitude upper ocean
heat content are even more uncertain. Studies of the
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processes driving midlatitude SST anomalies [Cayan,
1992] would suggest that surface heat flux anomalies
are likely to predominantly control upper ocean heat
content. However, variability of the thermocline be-
low the mixed-layer associated with large-scale ocean
waves [e.g., Jacobs et al., 1994; Miller et al., 1997], at-
mospheric wind stress forcing [e.g., Liu, 1993; Miller et
al., 1998], coupled modes of variability [e.g., Latif and
Barnett, 1994; Robertson, 1996] or other processes could
significantly influence the integrated heat content.

The tropical heat budget has been studied in detail
by many authors [e.g., Philander, 1990]. Most of the
anomalous tropical ocean heat budget studies executed
so far have used numerical models. Barnett et al. [1991]
use a primitive equation numerical model applied to the
tropics and find that advection dominates the oceanic
SST heat balance, meridional advection being the most
important in all regions except right on the equator.
This term was largely dominated by Ekman dynam-
ics. Miller et al. [1993] extended the Barnett et al
[1991] study to include two other Ocean General Circu-
lation Models (OGCMs) and found that the anomalous
SST heat budgets were different for each of the three
GCMs. Harrison et al. [1989] conclude from a study of
the Geophysical Fluid Dynamics Laboratory (GFDL)
model simulation of the 1982-1983 ENSO event that
zonal advection is likely dominant in the central ocean,
but further east meridional advection may play a role
also. Philander and Hurlin [1988] consider a heat bud-
get of the entire tropical strip in the Pacific during the
El Nifio-Southern Oscillation (ENSO) 1982-1983 event
and conclude that poleward advection and latent heat
cause the region to lose heat.

Upper ocean temperature observations over the NPO
are now dense enough to provide araw quantitative esti-
mate of heat content variability. However, the effects of
advection are difficult to glean from the data alone since
both direct and indirect velocity observations are inad-
equate in the NPO. It is therefore natural to attempt
to supplement upper ocean temperature data and heat
flux data with temperature and velocity fields hindcast
by using an OGCM.

We here study the anomalous heat content variabil-
ity in the Pacific Ocean observations together with a
Pacific Ocean GCM hindcast in order to identify the
mechanisms of variability. The model has previously
been used by Miller et al. [1994a,b] to study the dom-
inant oceanic processes involved in the 1976-1977 cli-
mate shift of the Pacific Ocean SST field and by Cayan
et al. [1995] to study seasonal anomalies of SST pat-
terns and processes. In this study we have improved
both the forcing strategy for the model, which now re-
sults in more realistic monthly mean forcing, and the
method of archiving the data, which yields precise eval-
uations of monthly mean heat content and the processes
that control it.

We describe the model heat balance only in those ar-
eas where model and observed heat storages show a rea-

AUAD ET AL.: HEAT STORAGES AND HEAT BUDGETS IN THE PACIFIC, 1

sonable correspondence in phase and amplitude. This
is, of course, a necessary but not sufficient condition to
validate the model heat balance. However, given the
lack of a dense enough data set of observations we can
do no better. In addition, we believe that the chances
of getting the right heat storage from a wrong heat bal-
ance are very slim since we are computing regional aver-
ages in (dynamically) different regions across the Pacific
Ocean. The good agreement between model and obser-
vations shown by Auad et al. [this issue] (hereinafter
referred to as Part 2) for interdecadal timescales also
points in the direction that the right heat balance is
being simulated by the model.

Additional model-observation comparisons (to those
shown in this paper) seem to indicate that the right
heat storage was obtained from the right heat balance
equation. For instance, the spatial structure and ampli-
tudes of a 7-year time average of the surface horizontal
heat advection term obtained from surface drifters in
the tropical Pacific showed [Tropical Ocean Global At-
mosphere (TOGA) Numerical Ezperimentation Group,
1995] good agreement with that one computed here
from OPYC (model) data. Good agreement is also
found with results obtained from previous modeling
studies [e.g., Barnett et al. 1991, Miller et al., 1994a,b].
Because a predominant time scale emerged (ENSO), we
have bandpassed the fields to highlight the balances as-
sociated with this time scale in selected key regions.
The interdecadal timescale is discussed in Part 2.

Our goal is to provide a first detailed qualitative and
quantitative description of the anomalous heat balance
in the upper 400 m of the NPO. Knowledge of the
oceanic heat balance in a given region is crucial for
the success of predictability studies, for the develop-
ment of simplified models, and, most important for its
diagnostic implications in climate changes and ocean-
atmosphere interactions.

Section 2 briefly describes the ocean model and its
forcing functions. Section 3 describes the temperature
observations, while section 4 outlines the methods used
to bandpass the time series and compute heat storages.
In section 5 we present the results by first comparing the
model and observed heat storages in the upper 400 m of
the Pacific Ocean for interannual or ENSO timescales
and then by showing the model heat balance for those
areas where model and observed heat storages show a
good correspondence. Sections 6 and 7 are left for dis-
cussion and summary.

2. The Model

The primitive equation ocean model, known as OPYC,
was developed by Oberhuber[1993] and applied by Miller
et al. [1994b] to study monthly mean through decadal-
scale variations over the Pacific Basin (64°N to 76°S;
120°E to 60°W). The model is constructed from eight
isopycnal layers (constant potential density but variable
thickness, temperature and salinity) that are fully cou-
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pled to a bulk surface mixed-layer model. The resolu-
tion is relatively coarse; 4 ° in the midlatitude open
ocean, though with (a) 0.5 ° north-south resolution
at and near the equator and (b) 1.6 ° near the east-
ern/western equatorial boundaries, so only large-scale
patterns can be considered with confidence. The sur-
face forcing consists of a monthly mean seasonal cy-
cle climatology of wind stress (Comprehensive Ocean-
Atmosphere Data Set, COADS, and Florida State Uni-
versity, FSU, winds), total surface heat flux (COADS)
and turbulent kinetic energy input to the mixed-layer
(obtained from COADS and FSU winds), to which
are respectively added the specified monthly anoma-
lies from 1970-1988 derived from COADS observations.
COADS winds were used outside the +20 ° tropical
band, while FSU winds were used inside it. COADS
and FSU winds were smoothly blended in a 5° band at
+20°. In the low-latitudes, between 20°S and 20°N, the
anomalous heat fluxes are poorly known (and generally
serve as a damping mechanism along the equator) so a
Newtonian damping parameterization is used, whereby
the SST anomalies are damped back to model clima-
tology with 1 to 4 month timescales [see Barnett et al.,
1991, for a map of the coupling coefficient]. There is
no SST feedback to the anomalous forcing so that the
model is not constrained to reproduce the observed tem-
perature variations. A thorough discussion of the model
framework and forcing strategy is provided by Muller et
al. [1994a,b] and Cayan et al. [1995].

The forcing strategy was modified from that of Miller
et al. [1994b], in that we applied the technique of Kill-
worth [1996] to properly allow linear interpolation of
weighted monthly mean forcing anomalies (added to
the seasonal cycle forcing). Miller et al. [1994b] did
simple linear interpolation of the monthly mean forc-
ing, which yields monthly mean model forcing typically
weaker than the true monthly mean observed forcing.
Killworth [1996)] proposed increasing the input monthly
mean forcing fields to allow linear interpolation yet
cause the model to properly experience monthly mean
forcing from the observations.

The complete model heat budget terms (see section
5.3) were saved as monthly means in each layer of the
model. Postprocessing involved summing up the proper
number of model layers to determine the heat budget
in the upper 400 m of the water column. The heat
budget balanced to within 1%. Further postprocessing
(filtering and other procedures.) is discussed in later
sections.

3. The Observations
3.1. The Temperature Data Set

The temperature data set consists of all available
XBT, conductivity-temperature-depth (CTD) and me-
chanical bathytermograph (MBT) observations over the
period 1955-1992 assembled and quality controlled by
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the SIO Joint Environmental Data Analysis Center
(JEDAQ) (http://jedac.ucsd.edu)]. Processing of the
raw hydrographic data to obtain anomalous tempera-
tures at several standard depths from the surface to
400 m is described by Whaite [1995]. Since we wish
to directly compare the data with a 1970-1988 simu-
lation, we only use data from the 1970-88 time period
which is also the best sampled time interval. A monthly
mean climatology was computed for the period 1970-
1988, and monthly temperature anomalies were defined
with respect to that climatology. Temperature anoma-
lies are then available at a series of standard levels to
400 m depth on a 5° longitude by 2° latitude grid. The
original data set was obtained from ships of opportu-
nity and the data were later optimally interpolated, in
space and time, to the grid mentioned above.

3.2. Errors

In planning for the World Ocean Circulation Exper-
iment, WOCE, errors in heat budget components aver-
aged over large portions of the global ocean were esti-
mated to be approximately 10 W m~2, exceeding the
expected interannual signals of 5 W m=2. White [1995]
discusses in detail the issue of interpolation errors and
their minimization. Different types of errors affect our
estimates of the heat storage fields. Sampling errors, in
both space and time, are the main source of error that
affect the observed field. The numerical model is sub-
Ject to sampling errors as well since the atmospheric
forcing functions (wind stresses and heat fluxes) are
only estimates of the true forcing. Using model and
data together, we estimate regional errors for interan-
nual heat budget components in this study to be about

2-3 W m~2. We discuss this important topic in section
5.

3.3. Methods

Model and observed heat storage were computed by
integrating local heat storages in the upper 400 m of
the Pacific Ocean,

0m

2

z2=—400 m

H(z,y,1) = po Cp T(z,y,2,t) Az (1)

where H is heat storage (in joules per square meter),
x, ¥, and z are the east, north and vertical coordinates
respectively, ¢ is time, po=1025 kg m~3 is the refer-
ence density and C,=4180 J kg ~! °C~! is the constant
heat capacity. 7' and Az are the local temperature and
depth interval respectively associated with that tem-
perature (for the model Az is a function of space and
time). Observed temperatures are the results of linear
interpolation, while model temperatures are the results
of layered (quasi-Lagrangian) calculations (with only a
fraction of the layer that intersects 400 m included in
the evaluation of heat content). Once H is obtained for
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both model and observations, the monthly mean clima-
tological annual cycle is removed and the resulting time
series is band passed in the frequency band of interest.

The 400 m level was chosen as the base level for heat
storage for several reasons, the main reason being that
the JEDAC temperature observations (mainly XBTs)
used in this paper generally extend to no more than
400 m. However, in addition, integrating down to 400 m
(1) helps to measure the amount of heat exchanged be-
tween the upper and deep oceans, (2) includes contribu-
tions coming from heat fluxes due to turbulent mixing
processes characteristic of the mixed-layer’s base and
heat fluxes associated with isopycnal oscillations, and
(3) allows us to compare our results with those of White
[1995], who studied the temporal and spatial structure
of heat storages integrated in the upper 400 m of the
North Pacific Ocean.

The ENSO timescale was chosen since it is the most
energetic frequency band (except for the annual cy-
cle) of any of the variables studied herein. The cho-
sen cutoffs of the interannual frequency band were 2.5
and 8 years, based on observed and modeled spectra
that exhibit valleys at or near those two periods. The
interannual timescale is well resolved in time by the
monthly sampling rate of the model forcing functions.
The band-passing procedure was carried out by using
the Kaylor filter [Kaylor 1977], which has a variable
cutoff frequency (selected by the user). The filter does
not introduce any phase shift in the data and has a re-
markably steep cutoff slope. We tested the skill of our
filter by computing the cross-spectral analysis between
some time series after and before filtering them in the
2.5 to 8 year band. In this band the phase and am-
plitude of the transfer function were always very close
to 0 (smaller than 10°) and 1 (between 1.1 and 0.9),
respectively, and the coherence was close to 1 (higher
than 0.9).

The basic procedure followed in this paper is as fol-
lows. First, we compare model heat storages with those
computed from observations. Second, for those areas
where we obtain a reasonable model-observation com-
parison we describe the model heat balance.

4. Results

4.1. Modeled and Observed Volume-Integrated
Heat Storages

Heat storage anomalies were computed for the pe-
riod 1970-1988 in the upper 400 m of the Pacific Ocean
from both model and observed data. Time series of
area-averaged unfiltered heat storage anomalies for the
regions north of 24°N and north of the equator showed
high model-data correlations (0.83 and 0.72, respec-
tively) with the variance dominated by both ENSO
and decadal timescales. The correlations imply that
the amount of heat being pumped into or extracted
from these volumes, either horizontally or vertically,
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produces similar changes in the total heat content of
the volume for both model and observations. Our 2.5
to 8 year band-passing technique is used to quantify
skill in the dominant ENSO frequency band. The anal-
ysis of decadal timescales, periods longer than 8 years,
is presented in Part 2. Basinwide averages have no in-
formation regarding the horizontal distribution of heat
storage over the domain under study. In the next sec-
tion, pointwise analyses of heat storage are presented
along with analyses for specific areas, or “boxes”, typ-
ically 10° by 20° in size and 400 m deep, where the
model-data correlation is high.

4.2. Modeled and Observed Local Band-Passed
Heat Storages

The heat storage data sets were treated by first re-
moving the monthly mean climatology and then band
passing in the frequency bands of interest. Basic sta-
tistical analyses were carried out for the time series of
each grid point on the respective grids for the model
and observed data. The comparisons and analysis will
be mainly concentrated in the NPO because of its
more dense XBT-CTD sampling than that in the South
Pacific. To include the whole equatorial band, our
maps (see below) are constructed from the 20°S par-
allel northward.

Plate 1 shows heat storage fields of the upper 400
m for the ENSO timescale from July 1981 to July 1984
(6-month intervals), which included the large 1982-1983
ENSO event. Model and observed heat storage anoma-
lies show a remarkable agreement in both tropical and
extratropical regions. The main discrepancy between
the model and observed fields is observable along the
coast of Central and North America, where the coastally
trapped poleward propagating signals in the model are
weaker and somewhat slower than those in the obser-
vations. This finding is very likely due to the coarse
horizontal resolution of the model. The observation and
model (Plate 1) seem to suggest a poleward penetration
to the extratropics through coastally trapped Kelvin-
like wave signals along the eastern boundary. Wind
stress curl-model heat storage correlations are not sig-
nificant (not shown) and indicate that local wind stress
curl forcing is not an important local driving agent
along the eastern boundary. However, our wind data
are smoothed to synoptic scale and do not include the
small-scale winds typical of the coastal ocean. Miller et
al. [1997] find that the modeled interior ocean response
is a combination of the static thermocline response to
a large-scale pattern of Ekman pumping plus a train
of westward traveling Rossby waves, which account for
the greater part of the ENSO-scale propagating ther-
mocline fluctuations. In addition, they found that a
remotely forced component is prominent near the east-
ern boundary, but this only contributes weakly in the
model open ocean. The model-observation comparison
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Plate 1. Model and observed heat storage anomalies for El Nifio Southern Oscillation (ENSO)
timescale (2.5-8 years).

for other years in the time span 1970-1988 exhibit a the strong 1982-1983 El Nino event can be seen in
similar degree of visual correlation. July 1981 (Plate 1) when large positive anomalies are

The heat storage in the upper 400 m of the tropi- mainly concentrated on the western equatorial Pacific
cal and low-latitude Pacific exhibits a behavior in good Ocean. These anomalies move eastward along the equa-
agreement with previous descriptions [e.g., Philander, torial band and, after reaching the coast of South Amer-
1990] of the ENSO phenomenon. The early stages of ica, propagate poleward along the coasts of North and
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South America (though not as efficiently in the model).
Then, westward propagating Rossby waves (July 1983),
seen as northeast-southwest elongated positive anoma-
lies, start to develop and carry positive anomalies to the
western part of the subtropical North Pacific Ocean.

The heat storage anomalies in the upper 400 m of the
midlatitude NPO are largely controlled by the lower half
of the volume (i.e., 200 m to 400 m, which is generally
below the winter mixed-layer). In other words, thermo-
cline fluctuations contribute the greatest variations to
upper ocean heat content. This finding suggests that
the agreement found in the model-observation compar-
isons is not simply controlled by model diabatic surface
boundary conditions as specified from observations, but
rather to a reasonable simulation of the dynamical con-
tribution to interior heat fluxes. (The reader can make
a comparison of heat storage in the upper 400 m versus
temperatures at different levels by going to the URL
address given above.) Below we will explore this dy-
namical effect of the isopycnal fluctuations on the heat
content, as well as the thermodynamic effects on the
heat balance.

Correlation coefficients between model and observed
heat storages (Figure 1) were computed for ENSO time
scales. The 90% confidence levels were computed ac-
cording to Davis [1976] and are, on a spatial average, 0.5
for the ENSO timescale. Areas of highest correlations
(light areas) are patchy over the basin but organized
by the types of responses known to occur. The areas
of maximum correlation are those where the ENSO sig-
nal is known to be strongest, the equatorial strip, the
northeast Pacific, and the low-latitude western bound-
ary regions. At some locations such as the western mid-
latitude regions, the low-correlation areas can be inter-
preted as areas where both the ENSO signals are so
weak (in model and observations) that they get lost in
the background noise. Other sources of low correlation
between model and observations were mentioned above
(e.g., model resolution and unresolved physics and sam-
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pling errors (in space and time) in the observed field and
forcing functions)

On the basis of the pointwise correlation maps, six
different areas were chosen to study heat storage bal-
ances. These areas were not only selected because of the
high observations-model correlations for heat storage
but also because of their strategic location with what
is known about the path followed by ENSO signals in
the NPO. Areas 1 and 2 are located at the western
and eastern ends of the equatorial waveguide. Area
3 is in the corridor along which thermocline Rossby
waves are known to propagate westward. Area 4 is lo-
cated in the center of the NPO subtropical gyre where
isopycnals reach their maximum depths. Areas 5 and 6
(central North Pacific and California Current system)
are located where maximum ENSO SST amplitudes are
known to take place in the North Pacific Ocean [e.g.,
Pan and Oort, 1983; Alezander, 1992].

4.3. The Heat Balance in the North Pacific
Ocean

4.3.1. Introduction. On the basis of the correla-
tion analysis of the previous subsection we selected six
different areas where the agreement between model and
observations is favorable. Figure 2 shows the six areas
to be studied below. In these vegions we will compare
the model and observed heat storages and break down
the heat budget of the model. For each area the model
and observed heat storages were band-passed in the 2.5
to 8 year band (ENSO timescale).

Changes in heat storage,

OH
o (2)

have contributions from diabatic and adiabatic pro-
cesses, where h is the depth interval or layer thickness.
The first ones are due to changes in temperature only
(second term). The second ones are due to changes in

= (pho + T—-)Cp

MODEL-OBSERVATIONS HEAT STORAGE CORRELATIONS

I120°E 160°E 160°W 120°W 80'W
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Figure 1. Correlation coefficients between model and observations of heat storage in the upper
400 m for ENSO timescales. Only the 0.5, 0.7, and 0.9 contours are drawn. The spatially averaged

90% confidence level is 0.5.
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mass only (last term) and are sometimes called ”ther-
mocline heave.” For a fixed volume, as in our case, the
net effect of the latter term is through a flux of wa-
ter, having a fixed temperature, through the base of
the volume, i.e., the 400-m level. In this paper we de-
scribe the time and spatial fluctuations in heat budget
components that result from both effects together and
those caused only by diabatic processes. From (2) the
adiabatic contribution is the difference between the to-
tal heat change minus the diabatic contribution. From
now on we will refer to the three terms in (2) as the
total, diabatic, and adiabatic heat balances from left to
right, respectively.

The model heat equation is represented for each layer

by,

OH
- = div + VT4 + Q + Hpis

where for each term we use units of watts per square me-
ter, @ is the surface heat flux, VT4qq is the total vertical
transport crossing the 400-m level due to both vertical
heat transport associated with the three-dimensional di-
vergence of the heat flux vector (i.e., wpC,T, where w
is the vertical velocity) and to cross-isopycnal mixing,
div is the horizontal divergence of the heat flux, and
Hpiz is the horizontal mixing. Note that the words
”vertical” and ”horizontal” actually mean cross- and
along-isopycnal, respectively, in the model.

In the model the second term in (2) is represented by

or
pth W

= advy + advy + Vpig

+ Q + Hmia:y (4)

where T is temperature, adv, and advy are the zonal
and meridional components of the horizontal advection
of heat, respectively, and V,,;, Is the cross isopycnal
mixing. The heat and temperature equation terms
corresponding to each isopycnal layer are accordingly
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band-passed, and (1), (3) and (4) are integrated in the
upper 400 m and for the areas shown in Figure 1.

As we mentioned above, the 400 m depth was chosen
because is the deepest level reached by the observations
maintained at the JEDAC and also because it is well
beyond the reach of the turbulent effects that charac-
terize the base of the mixed-layer. Choosing a fixed
reference level, instead of a given isopycnal, is desirable
if one wants to study contributions to the heat equa-
tion from propagating signals or, more generally, from
any motion associated with isopycnal oscillations. We
allow these motions to affect (3) since we are interested
in providing a complete description of the heat balance
that includes all contributions from vertical (oceanic)
heat fluxes and also to compare with the 400 m integra-
tion done of White [1995]. To determine how important
the contribution from isopycnal oscillations is to (2), we
also computed the heat balance (3) integrated down to
layer 4 of OPYC which has bottom depths ranging from
200 to 500 m, depending on the geographical location.
The comparison for each box between both vertical inte-
grations gave nearly identical results, because the main
contribution to heat budget components come from the
four upper layers of the model. This fact implies that
we are trapping, in our vertical integrals, the strongest
part of the signal in question.

4.3.2. Description of the total heat balance.
Figure 3 shows the average box temperatures (the av-
erage temperature obtained by using all temperature
values that fall inside the selected boxes of Figure 2)
from both model and observations for areas 1-6. Typi-
cal periods of 3-4 y are seen from simple visual inspec-
tion of these time series. This is not an artifact of the
band-passing technique, as the same periodicity is visu-
ally observed from nonfiltered temperature anomalies
(not shown) for all areas. Maximum variability, i.e.,
maximum standard deviations, takes place, for both
model and observed box temperatures, at both equa-
torial regions, areas 1 (0.21 °C for the observations)
and 2 (0.23 °C), while for the remaining areas these

ANALYZED AREAS

20°s M
120E

T

’ .
I140°E  160°E  180°

v 1 N 1 1
160°W  140°W 120°'W  100°'W  80°W

] .

60°W

Figure 2. Selected areas where temperatures and heat budget components are averaged
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values are smaller than 0.12°C. Poor heat storage com-
parisons were obtained for the Kuroshio region, since
the model horizontal resolution fails to accurately re-
solve the western boundary current, and for the Gulf
of Alaska, where motions such as coastally trapped
waves and the Alaskan current have spatial scales much
smaller than the horizontal grid size.

From these figures it is possible to track down in-
dividual events knowing the main propagation path of
the ENSO temperature anomalies [e.g., Philander 1990],
which can also be appreciated from our Plate 1. For in-
stance, in area 4 (Figure 3) (western subtropical Pacific)
and in mid-1984, both model and observations show an
absolute maxima of about 0.4°C for the 1970-1988 pe-
riod. It takes about 20 months for this signal to reach
area 1 (western equatorial Pacific). From there it takes
another 4-5 months (6 months is the travel time esti-
mated from model SST data by Barnett et al. [1991])
to reach the coast of South America, area 2, and an ex-
tra 2-3 months to get to the California Current system
region (area 6). The travel time of the positive anoma-
lies from east to west (lower panels in Plate 1) across

a - Area 1 (Western Eq

HEAT BUDGETS IN THE PACIFIC, 1

the subtropical NPO is about 12 months. Below we will
relate these anomalies to westward propagating Rossby
waves and .find out that along their path, heat content
time fluctuations are dominantly caused by isopycnal
heave. Thus the overall cycle takes about 3.3 years to be
completed, which is the periodicity observed from the
time series in Figure 3. Similar descriptions, in terms
of the travel times just mentioned above, are valid for
other events present in the time series of Figure 3. The
time series corresponding to the terms of the heat bud-
get (3) are shown in Figure 4 for areas 1-6. Even though
our areas are very different from those defined by White
[1995], the model heat storages and time change of heat
storage show amplitudes and timescales that visually
agree with those reported by White.

From historical observations it is known that areas 1
and 2 (western and eastern equatorial regions, respec-
tively) are characterized, in general, by strong wave ac-
tivity, which mainly propagates in the zonal direction.
On interannual scales they are characterized by large
variations in their heat content in relation to the extra-
tropical areas discussed below.
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Figure 3. Model and observed average box temperatures for ENSO timescales in the upper 400
m. Correlation coefficients (zero lag) between both time series are shown at top.
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b - Area 2 (Eastern Equatorial)
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Figure 4. Spatially averaged time series of the OPYC total and diabatic heat budget components
(as in (3) and (4), respectively) for area (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6. In the top panel
dH/dt is represented by a solid line and is the total time change of heat shown both in (2) and
(3). The dashed line is the diabatic contribution to dH/dt. The surface heat flux and horizontal
mixing terms are the same for both equations. In the div diagram the solid line represents
the total divergence of the heat flux (as in (2)), respectively, and the dashed and dotted lines
represent the zonal and meridional advection contributions to that divergence. The solid line in
VTa400 is the vertical transport of heat at 400 m coming from both the vertical heat transport due
to the oscillations of the isopycnals (wpC,T) and cross-isopycnal mixing. The dashed line is the
contribution from cross-isopycnal mixing to VTyoo. Positive and negative values imply warming

and cooling respectively.

Figure 4a shows the heat balance for area 1. The
solid lines refer to the total heat balance implied by
the first term in (2). The dashed lines are the dia-
batic contribution implied by the second term in (2).
This latter balance is examined in detail in the next
subsection. All terms shown in (3) make comparable
contributions to the total heat budget with horizontal
mixing being the smaller contributor. The time change
of heat is in phase with the divergence term div, while
the surface heat flux is in opposite phase with the ver-
tical heat transport VTyqo. Different events in the time
series show very similar heat balances. Figure 4b shows
the heat balance for area 2 (eastern equatorial). The
heat budget shown in (3) can be simplified to

H
-0— = div + VT400

5 (5)

where the last two terms, for a given time, add up to
account for the variability of the time change of heat
(top panel). Again, as in area 1, different events show
similar heat balances.

One major difference in the heat budget of these two
equatorial areas is the weaker role of @ in the eastern-
most area. Since @ is proportional to anomalous SST
by approximately a factor of 10 Wm™2°C~! in both
regions [Barnett et al., 1991], the model SST anoma-
lies are somewhat smaller in area 2 than in area 1. Yet
the advective and mixing effects are markedly larger in
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region 2, where both the mixed-layer and thermocline
depth tend to be shallower.

Area 3 was selected because it is located on the cor-
ridor along which warm anomalies propagate westward
in the form of Rossby waves (see Plate 1) for ENSO
timescales. It is located on the zonal axis of the NPO
subtropical gyre and some 30° eastward of its center.
As for area 2, the heat balance in area 3 can be also re-
duced to (5). However, it should be noted that since @
only represents a damping mechanism for SST here (as
a result of poor observations), the diabatic effects are
likely to be underestimated in importance. On the other
hand, this area is where the largest heat budget com-
ponent amplitudes are found, suggesting the dominance
of adiabatic processes nonetheless. Different events in
the time series of 0 H /8t are made up from the joint
contributions coming from the horizontal divergence of
the heat flux and the vertical heat transport.

Area 4 (western North Pacific) is located in the center
of the NPO subtropical gyre, where maximum isopycnal
depths are historically observed. This area is charac-
terized by active Ekman pumping. Figure 4d shows the
heat balance corresponding to area 4. Like area 3, area
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4 is also dominated by adiabatic processes, and its main
balance can be reduced to (5). In both areas 3 and 4,
div and VTy are in phase with § H/dt. Since vertical
mixing is small at 400 m, this balance states that three-
dimensional divergence of the heat flux is the dominant
mechanism responsible for changing the heat content in
these areas. Thus warming events are associated with
a deepening of the isotherms and vice versa (with the
caveat that heat flux forcing is not included in the model
in this region because of sparse observations).

Area 5 (central North Pacific) is located on the north-
ern flank of the North Pacific subtropical gyre, and its
heat balance is shown in Figure 4e. Diabatic processes
contribute substantially to the time changes of heat,
while the total vertical transport of heat at 400 m is
dominated by contributions resulting from the oscilla-
tions of the isopycnals. All heat budget components
make important contributions to the local heat change,
OH/0t. The heat balance of this area can be somewhat
simplified to one between the local change of heat, the
net surface heat flux, and the vertical transport of heat
at 400 m, which here is almost entirely due to isopycnal
oscillations. This is true not only because the horizon-



AUAD ET AL.: HEAT STORAGES AND HEAT BUDGETS IN THE PACIFIC, 1

e - Area 5 (Central North)

dH/dt (W/m*™2)
o
T

\
-10 Y
5’“\10
£ oA\ A AN \_/__
=3
T -10

—_
o

DIV (W/m**2)
o

§
—
o

o o
>,

3

Vi

g

N
<
T

T

[N

7

7
3
.7

AP

1985

1970 1975 1980

YEAR

1990

Figure 4.

tal divergence of the heat flux and the horizontal mixing
are smaller (weak gradients), but because these last two
terms tend, in general, to cancel each other. Warming
episodes (positive peaks in the top panel of Figure 4e)
are thus caused by vertical heat transfers, both through
the ocean surface and through the 400 m level (down-
welling). The signs of these three time series reverse for
cooling episodes. .

Area 6 occupies the eastern edge of the NPO sub-
tropical gyre, i.e., the California Current system region.
The heat balance of area 6 (Figure 4f) can also be sim-
plified to (5). The first 8 years of the dH/Jt time se-
ries show dominance of diabatic processes while adia-
batic processes are dominant from about 1978 to 1988,
mostly because of an increase in the vertical transport
of heat associated with the oscillations of the isopycnals
at the 400-m level. Different warming (cooling) events
are all caused by the three-dimensional divergence (con-
vergence) of the heat flux.

The maps of Figure 5 show the different heat equation
(3) terms at 4-month intervals starting in May 1982.
The very gross feature to note is that on a local basis
the heat balance can be simplified to one between the
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time change of heat and the three-dimensional diver-
gence of the heat flux. In May 1982 the eastern half
of the tropical Pacific is warming up (positive values,
i.e., solid contours), while the western half is cooling off
as the positive anomalies travel eastward (compare also
with Plate 1). The warming along the eastern boundary
moves poleward (September 1982 and January 1983)
and is associated with heat flux divergence and vertical
processes of waves and wind curl forcing [Miller et al.,
1997]. In the mature stages of this ENSO event (Jan-
uary 1983) the western subtropical Pacific is warming
after the arrival from the east of heat flux divergence
effects from westward propagating Rossby waves. At
almost all locations a positive (negative) dH/0¢ is ac-
companied by downwelling (upwelling) and a divergence
(convergence) of the heat flux.

In the next subsection we study the diabatic contri-
butions to heat storage changes (second term in (2)).
These contributions are interesting in themselves since
they are the ones that can directly respond to the exter-
nal (observed) forcing Q. In contrast, the adiabatic con-
tributions [last term in (2) and inferred as the difference
between the solid and dashed curves in the top panels
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Figure 5. Time sequence of the spatial structure of the total heat budget components for ENSO
timescales. The contour interval is 10 W m™2, being the maximum and minimum contours +40

and -40 W m™2.

The reader should be careful in looking at this figure, since it is tempting

to draw conclusions about the heat balance for any area, and not all areas showed a good
agreement between model and observations. Plate 1 and Figures 2 and 4 show model-observation
comparisons that indicate what areas are reliable for drawing any conclusion about the heat
balance in the North Pacific. At any rate, and as we mentioned in the text, some of the low
correlations estimated between model and observations (e.g., 5° north of the equator and east of
the dateline) are probably due to low spatial (and temporal) sampling [see White, 1995].

of Figure 4] respond to the wind stress curl and inertial
effects through the vorticity equation. Before proceed-
ing with the description of the temperature balance we
quantify the relative importance of the adiabatic to the
diabatic contribution. These ratios are shown in Fig-
ure 6. Areas that are occupied by the southwestward
extending positive anomalies most visible from the two
bottom panels of Plate 1 and very likely associated with
westward propagating thermocline Rossby waves have
the largest ratios, probably as a result of to the large

excursions experienced by the isopycnals as thermocline
Rossby waves propagate westward on ENSO timescales.
Moreover, areas having ratios higher than 2 show a to-
tal heat balance that can be simplified to one between
the time change of heat and the three-dimensional di-
vergence of heat, and this is linked to the Rossby wave
activity mentioned above.

4.3.3. Description of the diabatic contribu-
tions to the total heat balance. In this subsection
we will describe the temperature equation (the diabatic
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Figure 6. Ratios between the adiabatic and the diabatic contributions (last two terms in (2))
to total heat change, i.e., TAh/hRAT. These ratios were obtained from the standard deviations
of the time series shown in of Figure 4. Also shown is the dominant heat balance corresponding
to each area. Note that the ratios higher than 2 have implicit a balance between the 8 H/dt and
the three-dimensional divergence of the heat flux

contribution to the total heat budget) only for those Area 2 (eastern equatorial) also shows a longer but
areas where Figure 6 shows ratios lower than 4, i.e., weaker warming period for the 1986-1987 ENSO event
where the total heat balance has an important con- compared to the 1982-1983 event. For this area the
tribution from diabatic processes. Figures 4a and 4b  warming period seems to be mainly driven by down-
show the diabatic heat balance for areas 1 and 2. The welling. The 1986-1987 event seems also to be different
balance shown in (4) can be only slightly simplified by  in comparison with the 1972-1973 and 1982-1983 events
excluding the horizontal mixing term. Unlike the extra- in that is the only event showing a minor warming con-
tropical areas, all terms make important contributions tribution from the zonal flow and little influence of the
to the total heat budget of these two equatorial areas meridional flow. Area 2 has important contributions
(consistent with SST budget results discussed by Miller  from vertical mixing processes to the temperature bud-
et al. [1993] for an earlier version of OPYC). For both  get, which, unlike area 1, are more or less in phase with
areas the zonal and meridional components of the heat  the times of maximum external warming. Barnett et
advection term (phC,V.VT, where V is the velocity al [1991] also report active vertical mixing processes in
vector) make important contributions to the total diver-  the eastern equatorial Pacific when the warm anomalies
gence of the heat flux vector (div). In area 1, the zonal reach the coast of South America.

and meridional contributions to the heat advection term Areas 5 and 6 are similar in that their diabatic heat
have comparable amplitudes and the same sign. Area 2  balances (Figures 5e and 5f) can be mainly reduced to
also shows zonal and meridional advection having com-
parable amplitudes but with opposite signs. This find-

ing is likely due to area 2 being mainly remotely driven Ba_T = advy + Q@+ Hpmiz (6)
by waves while local wind forcing is more prominent in ¢
area 1. For both areas, cross-isopycnal mixing makes a Miller et al. [1994a] find that SST anomalies in area

significant contribution to the total vertical heat trans- 5 are predominantly controlled by surface heat flux forc-
port (row labeled VTyq0). For both areas, Vi, is 180° ing and vertical mixing with a weaker contribution by
out of phase with respect to wpCpT and implies that horizontal advection. In area 6, Miller et al. [1994a]
the mixing mechanism tends to smooth vertical gradi- found that surface heat fluxes alone are the dominant
ents created by the vertical transport due to the rising driver of SST. The diabatic heat content, in contrast, in
and falling isopycnals. both the central and eastern Pacific regions is controlled

In the western equatorial Pacific (area 1), differ- by surface heat fluxes and north-south advection, with
ent events are controlled by similar physics. However, vertical mixing playing a minor role. Both areas are
note that the strong ENSO event of 1986-1987 has a  damped moderately by horizontal mixing, which is al-
much longer duration (top panel of Figure 4a) than the most in quadrature with the warming-cooling time se-
stronger 1982-1983 ENSO. This longer, though weaker, ries (top panel). Meridional advection in area 5 is larger
warming period in 1986-1987 seems to be the result than both zonal advection and the total divergence of
of the combined action of different processes acting at  the horizontal heat flux. Thus, an important contribu-
once, since there is not one single term that balances tion to the div term is being made by the horizontal
by itself the time change of diabatic heat (second term  divergence of the mass flux (i.e., difference between the
in (2)). solid line and the sum of the dashed and dotted lines).
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In area 6 (California Current) the horizontal divergence
of the heat flux is largely dominated by the meridional
advection of heat. For both areas 5 and 6 the cross
isopycnal mixing makes a minor contribution to the to-
tal vertical heat transport (which is mainly affected by
vertical advection). All interannual events in both ar-
eas show similar heat balances. For all areas the typical
time period of the heat budget components ranges be-
tween 3.0 and 3.8 years, and there is strong variability
during times when ENSO events are not active in the
tropics.

A time sequence of the spatial structure of heat bud-
get components for the 1982-1983 event is shown in Fig-
ure 7. In May 1982 (early stages) and in the tropical
strip, &+ 10°, zonal advection dominates the heat bal-
ance. The midlatitudes are mainly dominated by @, the
surface heat flux that cools off the central NPO [e.g.,
Alezander, 1992] and warms up the Kuroshio area. Ver-
tical mixing is important in the eastern tropical Pacific.
In September 1982, tropical areas, Q and V,,;, show
both an increased cooling which seem to be compen-
sated by an increased warming by meridional advection.
The midlatitudes are still controlled by the surface heat
flux. Note that as the ENSO event progresses in time,
the meridional advection and the vertical mixing terms
become more important in the tropics and in midlati-
tudes (January 1983). This latter is partly in agreement
with the findings of Battist: [1988], who uses a coupled
atmosphere-ocean model and finds meridional advec-
tion playing an important role in SST evolution in the
eastern portion of the equatorial Pacific, and of Barnett
et al. [1991], who find vertical heat transport processes
to be important in the eastern tropical Pacific. How-
ever, now the damping effect (through @) is maximum
at the tropics because of the large positive SST anoma-
lies present there. In January 1983, maximum heating
takes place at the far eastern tropical Pacific, and this
is balanced mainly by vertical transport of heat. In the
central equatorial region the diabatic heat balance is
complicated in the sense that all terms but horizontal
mixing have large amplitudes. The midlatitudes are still
being cooled off by the surface heat flux and meridional
advection and warmed up by a mild horizontal mixing.

5. Discussion

Observed ENSO timescale heat content variations are
well matched to our simulated heat content variations
for many regions of the Pacific. We therefore studied
these heat content variations in key regions of a sim-
ulation of the Pacific Ocean. The total heat balance
revealed the smaller role played by the surface heat flux
@ as compared to the diabatic heat balance. Thus, the
overall fluctuations in heat storage of the upper 400 m
in the NPO are mostly controlled by the divergence of
the three-dimensional heat flux. The only area where
@ has a key role in determining the amount of total
heat in the upper 400 m is the central NPO (area 5),
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where the vertical advection of heat is the other main
contributor (rather than total divergence of the heat
flux). We conclude that one of the reasons we obtain
such a good comparison between observed and modeled
heat storages in the central NPO (area 5), even though
the model coarse grid is far from resolving the Kuroshio
system located to the west of area 5, is that zonal advec-
tion plays a minor role there. @) is somewhat important
in the equatorial area, but there its role is to damp and
not to force the heat anomalies.

A substantial difference was found between the di-
abatic heat balance in tropical and extratropical re-
gions for ENSO timescales. In the extratropical re-
gions (our areas 5 and 6) the main balance can be re-
duced to one between the time change of diabatic heat,
the external heat flux forcing, the meridional advec-
tion of heat, and horizontal mixing. At these latitudes
the surface heat flux @ and the meridional advection
contributions are of crucial importance in understand-
ing the oceanic-atmospheric connection. The model re-
sponse is dominated by meridional current fluctuations
advecting the mean north-south temperature gradient,
rather than mean advection of temperature anomalies.
The relatively smaller amplitude of the zonal advec-
tion term in the extratropical areas is due to the ab-
sence of strong east-west temperature gradients (when
anomalous currents contribute to the balance) and the
absence of strongly subducting temperature anomalies
(when mean advection contributes) in comparison with
the observations [Deser et al, 1996]. The relatively
smaller amplitude of the vertical heat flux at 400 m
(with respect to the tropical areas) is probably due both
to a decreased response of the vertical heat flux to a
decreased zonal advection and to the fact that at mid-
latitudes isopycnal oscillations take place at shallower
depths than they do at the tropics (both above the 400
m level).

In the tropical regions (our areas 1 and 2) all diabatic
heat budget components show comparable amounts of
variance. In this respect, Barnett et al. [1991] use
SST data from two different numerical models and point
out that ENSO events in the ocean result from a com-
plex interplay between several processes such as remote
propagation of waves and local ocean response. The
meridional heat transport for ENSO timescales in the
central and western equatorial Pacific has a key role in
closing the diabatic heat budget in the upper 400 m
and when it is averaged over areas roughly 10° by 20°.
However, maps showing the diabatic heat budget com-
ponent’s fields suggest that the size of the meridional
advection term is smaller than its zonal counterpart.
This finding is in agreement with some authors [e.g.,
Philander and Hurlin 1988], who do a top-to-bottom
integration for the 1982-1983 El Nifio, but in disagree-
ment with others [e.g., Gill 1983, who does an analysis
of SST for the 1972-1973 El Nino]. Thus the relative
sizes between the zonal and meridional advection terms
for area 2 (seen from Figure 4b in dashed lines) can de-
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Figure 7. Time sequence of the spatial structure of the temperature equation components (i.e.,
the diabatic contribution to the total heat budget) for ENSO timescales. The contour interval is
5 W m~?, being the maximum and minimum contours +20 and -20 W m~2. The reader should
be careful in looking at this figure, since it is tempting to draw conclusions about the heat balance
for any area and not all areas showed a good agreement between model and observations. Figures
2, 4 and 6 show model-observation comparisons that indicate what areas are reliable for drawing
any conclusion about the heat balance in the North Pacific. At any rate, and as we mentioned in
the text, some of the low correlations estimated between model and observations (e.g. 5° north
of the equator and east of the dateline) are probably due to low spatial (and temporal) sampling
[see White, 1995].
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pend on the regional averaging. It is also possible that
the above discrepancy with the work of Gill is only due
to the fact that this study and in the one by Philander
and Hurlin, vertical integrals of the heat content are
considered, as opposed to the SST analysis of Gill.

The anomalous heat budget was not sensitive to
changes in the bottom limit of our vertical integration
of the heat budget components, i.e., heat storages and
heat budget components were computed down to 400 m
and down to the fourth isopycnal, which depth varies
varies between 200 m (high latitudes) and 500 m (cen-
ter of the subtropical gyre) and almost identical results
were obtained. The reason for this similarity is that the
main part of the signals are concentrated in the upper
200 to 300 m of the water column.

Typical amplitudes of the anomalous time rate of
change of upper ocean heat storage averaged in each
box for model estimates (top panels in Figure 4) are ap-
proximately £10 W m~2. This variability is balanced
in OPYC with similar amplitudes of anomalous air-sea
fluxes and heat transport divergences averaged over the
boxes (remaining panels in Figure 4). This finding in-
dicates that relative errors in anomalous time rates of
change in heat storage, air-sea heat fluxes, and horizon-
tal heat transport divergences of + 2-3 W m~2 were
achieved in our attempt to close regional heat budgets.
White and Tai [1995] demonstrated that the broadscale
XBT data set, in the absence of synthesis with TOPEX
altimetric sea level height data sets, has the ability
to measure monthly grid point estimates of anomalous
time rates of change of upper ocean heat storage to
within approximately 10 W m~2. The smaller rela-
tive accuracy in Figure 4 can be explained by consid-
ering spatial and temporal averaging over N indepen-
dent estimates of grid point heat storage estimates. A
value for N of 16 derives from two independent esti-
mates in both zonal and meridional dimensions over the
10° latitude by 20° longitude boxes (i.e., with decor-
relation space scales of 5° latitude and 20° longitude
from White [1995]) and four independent estimates in
yearly-time averages required to detect interannual vari-
ability (i.e., with decorrelation timescales of 3 months
from White [1995]). Therefore, since standard errors of
box-averages on interannual timescales decrease as the
inverse of the square root of the number of independent
estimates [Young, 1962], then grid point errors of £10
W m~2 reduce to box averages errors of 2-3 W m™2,
as observed. Moreover, this level of accuracy seems to
have been achieved in the flux-driven model by anoma-
lous air-sea heat fluxes and horizontal heat transport
divergences, suggesting that they have been estimated
with grid point errors of +£10 W m~2.

6. Summary

Model ENSO timescale heat storage variations of the
upper 400 m of the North Pacific Ocean showed good
agreement when compared to heat storage observations.

AUADET AL.: HEAT STORAGES AND HEAT BUDGETS IN THE PACIFIC, 1

The model results are also in general good agreement
with previous descriptions of the anomalous circula-
tion and thermal structure of the North Pacific Ocean.
ENSO timescale heat storage and heat budget variabil-
ity (3-4 year typical period) had maximum amplitudes
in the +20° equatorial band.

Heat storage variations consist of two parts, a dia-
batic contribution being forced by the surface heat flux
@ (the temperature equation in our model) and an adi-
abatic contribution being controlled by inertial effects
(the beta effect) and the wind stress curl. This latter
contribution is the temperature-weighted model mass
conservation equation. Adiabatic/diabatic ratios (the
ratio of the last term to the second term in (2)) were
computed for all six areas. The maximum ratios are
achieved at those locations where it is believed that the
Rossby wave activity is stronger. These waves propa-
gate in the form of thermocline oscillations, and that is
probably why we see the highest ratios along their path.
Areas where these ratios are higher than, say, 2.2, have
their total heat balance dominated by the time change
of heat and the three-dimensional divergence of the heat
flux.

With respect to the total heat budget the central
NPO is dominated by the surface heat flux and the ver-
tical heat transport through the 400-m level. At the
western equatorial region, two separate balances seem
to emerge: one is between the time change of heat and
the horizontal divergence of the heat flux, and the other
one is between the vertical heat transport and the sur-
face heat flux that at this location has a damping role.
A visual inspection of the spatial and temporal struc-
ture of the heat equation terms on several basin scale
maps revealed that the dominant heat balance on a grid
point (i.e., no spatial average) basis is between the time
change of heat and the three-dimensional divergence of
the heat flux for most locations.

On the other hand, the diabatic heat budget at mid-
latitudes in the North Pacific is significantly influenced
by meridional advection, so that a three-term approxi-
mate balance holds: local change, surface heat flux forc-
ing, and meridional advection. The main conclusions
about different heat budget components arising from
this study are as follows:

In agreement with the analysis of SST tendency by
Barnett et al. [1991] and Battist: [1988], the vertical
advection term, at 400 m here, is of vital importance
to close the total heat balance in the eastern equato-
rial Pacific. The presence of an eastern boundary forces
arriving heat anomalies to either reflect, sink, and/or
propagate poleward. It is still an open question how
this heat is distributed once it sinks below the 400 m
level and whether it has an important net contribution
to the heat storage of the eastern equatorial ocean below
400 m. For ENSO timescales and along the equatorial
strip the meridional advection term is of comparable
amplitude to the zonal advection term on a regional
average but of a bit smaller amplitude when compared
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on a local (grid point-to-grid point) basis in the central
and western parts. As a result of its coarse horizon-
tal resolution, OPYC underestimates the amplitude of
the meridional advection and the time change of heat
terms at the eastern boundary of the Pacific Ocean.
With the exception of areas 3 and 4 (central and West-
ern subtropical), the four remaining selected areas show
important and sometimes dominant contributions from
horizontal advection to the total divergence of the hor-
izontal heat flux. This is probably related to the fact
that areas 3 and 4 have an intense isopycnal activity
associated to the three-dimensional divergence of the
mass flux.

In midlatitudes the net surface heat flux field has a
key role in determining the field of the time change of
heat storage in the upper 400 m of the North Pacific.

Only at the two equatorial areas analyzed here (west-
ern and eastern) does cross-isopycnal mixing have am-
plitudes comparable with those of vertical advection
while at the remaining areas (extratropical), vertical
advection dominates the total vertical heat transport
(i.e., advection plus mixing).

It was shown in this study that different ENSO events
are not always governed by the same physical processes,
at least from the perspective given by the analysis of the
heat budget in the upper 400 m of the North Pacific.
The way in which heat is exchanged and transported in
the North Pacific varies, in some cases, among differ-
ent ENSO events. For instance, the model time series
revealed that different ENSO events have different con-
tributions from adiabatic and diabatic processes. Area
1 (western equatorial) has a dominant, or at least a
very important, contribution to its heat budget from
diabatic physics. Horizontal advection of heat plays a
major role in this area. The opposite happens at the
eastern equatorial region (area 2). For the 1972, 1976
and 1979 tropical warming events, diabatic processes
dominated area 1, while adiabatic processes dominated
area 2. Both contributions were comparable during the
1980s in both areas. Adiabatic processes dominated, on
the other hand, the western subtropical Pacific (areas
3 an 4) during the 1970s and 1980s, areas where the
Rossby wave activity is more intense and where con-
tributions to the total budget from horizontal advec-
tion are negligible. The central north Pacific (area 5)
was dominated by diabatic processes in the 1972 and
1986 ENSO episodes and diabatic and adiabatic pro-
cesses were of comparable size in the 1976, 1979 and
1982 ENSOs. The California coastal region (area 6)
was dominated by diabatic processes during the 1972
and 1976 ENSO events and by adiabatic fluxes during

the 1982 and 1986 events. During these last two events
meridional and vertical heat advection were dominant

processes in the diabatic heat budget. The 1979 warm-
ing event was a transition with comparable contribu-
tions from both type of fluxes.

In summary, remarkable comparisons between model
and observed heat storage have been presented in spite
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of the coarse horizontal and vertical resolution of the
ocean model. Given the spatial complexity of most of
the heat equation terms observed at all locations in the
North Pacific, we suggest that a more detailed analysis
of the observations, this model hindcast and the out-
put of coupled GCMs, be undertaken. This will more
concretely verify what features are of ocean origin and
what features are directly forced by the atmosphere.
Obviously, there is much room for improving the model
and obtaining more precise estimates of the large-scale
processes found in this research. A necessary first step
aimed to improve the performance of OPYC is the use
of a much finer horizontal grid, which will be capable of
resolving western boundary currents, coastally trapped
waves and ultimately mesoscale variability. This use,
combined with denser and better observations, espe-
cially surface heat fluxes in the tropics, will hopefully
lead to smaller differences between model and observa-
tions and hence to a better understanding of the ocean
interior dynamics and its interaction with the overlying
atmospheric system.
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