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ABSTRACT

Meridional heat transport in the North Pacific Ocean in a seasonally forced high-resolution global ocean
general circulation model is compared to observations. At 24°N, annual mean heat transport in the model of
0.37 X 10" W is half the most recent direct cstimate of 0.76 + 0.3 X 10'* W from hydrographic data. The
model value is low because the madel ocean loses too little heat in the region of the Kuroshio Current Extension,
The water ventilated in this region returns southward across 24°N at depth between 200 m and 500 m ap-
proximately 2°-4°C too warm. If the model surface temperature were relaxed to a temperature adjusted for
the influence of persistent atmospheric cooling in this region, rather than relaxed to climatological sea surface
temperature, the mode! heat transport would improve.

Assumptions inherent in estimating meridional heat transport from hydrographic sections are tested by ex-~
amining the model. Rather than the abyssal circulation being steady, the model’s deep western boundary currents
vary seasonally to balance the seasonal cycle of Ekman transport, producing a larger seasonal variation in heat

transport than is generally supposed for direct heat flux calculations. But the variability is such that there is no -

net-contribution to the mean heat transport through a seasonal correlation between winds and surface temperature.
The use of surface temperature observed during a single hydrographic section can seasonally bias an estimate
of the wind-driven component of the heat transport, so a modification is proposed to the procedure by which
compensation is made for seasonal variability in direct heat transport calculations. The most recent direct
estimate was based on g springtime section, for which the model heat transport would be underestimated by
about 0.05 X 10 W, '

Interannual timescale correlations in the transport and temperature of the Kuroshio Current contribute a
net southward transport of some 0.07 X 10'* W. The role of simulated mesoscale eddies is minor.

Given the comparable order of the southward interannual heat transport and the northward seasonal bias,
this present study does not suggest any significant revision to the latest direct heat transport estimate for 24°N
in the Pacific.

Other features of the model general circulation are noted, including a Kuroshio Current transport that is
stronger than observed and the persistence of a branch of the Kuroshio that does not separate at 35°N but
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continues close to the coast forming unrealistically deep mixed layers through intense surface cooling.

1. Introduction

A major component of present climate research, es-
pecially within the World Ocean Circulation Experi«
ment (WOCE) community, concerns the development
of ocean circulation models for climate simulation and

.prediction and the comparison of these models with
observations. The purpose of model-data comparisons
is not solely to determine whether a model has per-
formed well or poorly or to identify which features of
a particular model need most urgent improvement.
They also provide a test of the validity of the assump-
tions that underlie the calculation of, for example,
oceanic meridional heat transport from hydrographic
and other observable ocean properties, and can there-
fore assist in improving the interpretation of observa-
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tions. Furthermore, models readily provide informa-
tion on the seasonal cycle of the oceanic heat budget,
which is often difficult to obtain directly because of
limitations on observational resources.

The comparison presented here focuses on meridi-
onal heat transport at latitude 24°N in the Pacific
Ocean. The heat and mass transport simulated by a
high-resolution global ocean model (Semtner and
Chervin 1992 )are compared to a high-resolution trans-
pacific hydrographic survey (Bryden et al. 1991 ) of the
type being conducted globally as part of WOCE.

The Pacific 24°N section was chosen for particular
attention for the following reasons. The oceanic con-
tribution to global meridional heat transport is large
at this latitude, and it is therefore critical that models
perform well here in order to achieve realistic simu-
lations of the global climate. Compared to the North
Atlantic Ocean, Pacific heat transport is relatively
poorly known, This is due to the vast size of the ocean
and the consequent low density of ship observations
from which estimates of the heat budget might be
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computed from air-sea fluxes. The expanse of the Pa-
cific has also conspired against the commitment of re-
sources to more than a handful of zonal hydrographic
sections.

The North Pacific also differs fundamentally from
the Atlantic in its principal mode of heat transport.
Atlantic heat transport is dominated by the exchange
of northward flowing surface and thermocline waters
and the southward export of cold North Atlantic Deep
Water. No deep water is formed in the North Pacific,
so the abyssal circulation does not contribute signifi-
cantly to the mean heat transport (Bryden 1993). Be-
cause of this feature, it was anticipated that an ocean
model driven with mean seasonal winds and surface
fluxes, and having good resolution of the upper ther-
mocline and surface waters, should provide a reason-
able simulation suitable for examining the North Pa-
cific heat budget. A model with resolution sufficient to
allow the formation of mesoscale eddies would enable
the examination of their role in the heat budget. For
these reasons, the model of Semtner and Chervin
(1992) was chosen for the present study.

2. Pacific Ocean heat transport observations

Observations of the annual mean meridional heat
transport in the North Pacific were summarized by
Talley (1984). Indirect estimates, obtained by inte-
grating from north to south the air-sea heat flux given
by meteorological bulk formulae applied to surface ob-
servations, showed widely varying results. Talley
(1984) concluded that systematic errors in the bulk
parameterizations were too large to give a confident
estimate of the total heat transport at any latitude in
the Pacific. Even the sign of this transport was in doubt
when systematic errors of order +10 W m™2 in each
component of the air-sea flux (which would integrate
to 0.5 X 10 W over the North Pacific) were ac-
knowledged. At 24°N, Talley’s (1984 ) analysis of ship
observations gave a northward transport of just 0.002
petawatts (1 PW = 10'* W). This is considerably lower
than another indirect estimate of 0.74 PW by Esbensen
and Kushnir (1981). Talley also reviewed estimates of
oceanic transport based on the residual difference be-
tween net radiation at the top of the atmosphere and
atmospheric heat transport (Hastenrath 1980), and a
direct estimate using hydrographic data at 35°N by
Bryan (1962). In Fig. 1 we show the data reviewed by
Talley and add the results from studies conducted since
her review was published. These include an indirect
estimate computed from Oberhuber’s (1988) analysis
of the COADS (Comprehensive Ocean-Atmosphere
Data Set) data, the residual oceanic transport inferred
by Trenberth and Solomon (1994) from the earth’s
radiation budget and atmospheric transport in a fore-
cast model, and a direct estimate from hydrographic
data at 24°N by Bryden et al. (1991), hereafter referred
to as BRC. These recent studies give meridional heat
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FIG. 1. Annual mean meridional heat transport in the North Pacific
Ocean. Talley (1984) (light dashed line), Esbensen and Kushnir (1981)
(light dotted line), and Oberhuber (1988) (heavy dashed line) indirect
estimates from air—sea flux data. Hastenrath (1980) (light solid line)
and Trenberth and Solomon (1994) (heavy solid line) residual of
radiation budget and atmospheric transport. Bryan (1962), Bryden
etal. (1991) (BRC), and McBean (1991) direct hydrographic estimates.
Meridional integral of Semtner and Chervin (1992) model surface
heat flux (solid line with circles).

transport estimates at 24°N of, respectively, 0.79 + 0.3
PW,0.96 = 0.18 PW, and 0.76 = 0.3 PW. (Oberhuber
did not give error estimates, so the value quoted here
is based on Talley’s estimate of typical errors in indirect
methods.) Also shown is a direct estimate by McBean
(1991) of 1.0 £ 0.5 PW at 35°N.

a. Direct estimation of heat transport

The great advantage of direct estimates when ex-
amining results from an ocean model is that they pro-
vide not only an estimate of the total meridional heat
transport, but how this transport is distributed as a
function of temperature, and the relative contributions
of different dynamic processes.

Direct estimates of ocean heat transport are made
by integrating across a vertical section the product of
mass transport and heat content. This may be written

F= ff pc,vidxdz, (1)

where v is the velocity normal to the section, 6 the
potential temperature, and p and ¢, are the density and
specific heat of seawater. To make their calculation,
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BRC used geostrophic velocities computed from the
24°N section hydrography plus an Ekman component
calculated using annual mean winds from the clima-
tology of Hellerman and Rosenstein ( 1983). Mass must
be conserved across the section for the estimate to be
independent of the temperature scale, so BRC assumed
there was no transport through the Bering Strait. The
effect on the heat transport calculation of assumptions
made in referencing the geostrophic velocities and in-
corporating the annual mean wind-driven component
are examined later.

In their analysis, BRC follow the approach of Hall
and Bryden (1982) and split the heat transport into
three components: the western boundary current (Ku-
roshio Current), the Ekman transport, and a midocean
geostrophic flow:

F= pc,,(ffk vibxdxdz + fL vedpdxdz

+vaGHdedz). (2)

(The product pc, = 4.06 X 10 I m™ °C~' may be
taken outside the integration because it is constant
within the order of accuracy of the calculations.) Di-
viding each term above by the respective volume flux,
V = [ [ vdxdz, gives a transport-weighted mean tem-

" perature 0 for that component of the circulation, so
that the total heat flux may be written

F = pc,(V®x + Vils + VOs). (3)

Noting that the net volume transport is zero, (3) may
be written

F = pc,[Vi(Ox — 06) + Ve(0r — 66)].  (4)
This emphasizes that the heat transport occurs due to
northward transport of water at one temperature being
returned southward at another. By this procedure, BRC
calculate a total heat transport of 0.76 PW distributed
almost equally between the Kuroshio (0.39 PW) and
Ekman (0.37 PW) components. This decomposition
into components, and the distribution of heat transport
with temperature class and depth are compared to the
model heat transport in the next section.

Further information on how mass and heat trans-
ports are distributed in the midocean geostrophic com-
ponent are available from the study of Roemmich and
McCallister (1989). Using four meridional and three
zonal hydrographic sections (including 24°N) and
other data, they computed an inversion of the North
Pacific mean circulation by applying conservation
constraints to the mass budget in several density layers.
In the next section we also examine the distribution
with longitude of the model mass transport across
24°N, and the North Pacific abyssal circulation, in light
of Roemmich and McCallister’s (1989) results.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 25

3. Model heat transport
a. Model description

The global ocean general circulation model results
examined here are from the study of Semtner and
Chervin (1992). The model has a horizontal resolution
of 0.5° lat X 0.5° long and 20 vertical levels. It was
driven with monthly winds from the climatology of
Hellerman and Rosenstein (1983) and surface fluxes
parameterized by relaxing model surface salinity (S)
and temperature to observed seasonal surface values
(Levitus 1982) with a 30-day timescale relaxation coef-
ficient (equivalent to 40 W m~2 °C™! for the model’s
25-m thick surface layer). Deep S and # (below 710-
m depth) were relaxed weakly (3-year timescale) to
annual mean observed values, as were .S and @ at all
depths within 10° of latitude of the northern and
southern boundaries.

The results we analyze here are monthly ensemble
means for the last 5 years of 10-year integration with

‘seasonally varying forcing; that is, monthly means for -

5 years were computed and the five realizations of each
month averaged to form each ensemble. The initial
condition for the seasonal run was the model state after
22.5 years of integration with climatological annual
mean forcing. The history of the model run is described
in detail by Semtner and Chervin (1992).

In formulating the model geometry, the bathymetry
was smoothed and some coastline details altered. In
the North Pacific, the model western boundary follows
the continental shelf break from Taiwan to Japan, and
the Kuril Islands to Kamchatka, thereby removing the
East China, Japan, and Okhotsk Seas. Some effects of
these simplifications are discussed later. The Bering
Strait is closed so that the net meridional mass transport
in the North Pacific is zero.

The model’s global heat budget was examined by
McCann et al. (1994) who tested that the model had
achieved thermodynamic equilibrium by comparing
two 3-year periods of the seasonal forcing run. For the
Pacific at 15°N they found temperature transports in
the layers above 710-m depth differed by less than 1%
between years 5-7 and years 8-10 (see McCann’s et
al. Figs. 6 and 7). On the basis of these results, we
conclude that the North Pacific heat budget may be
considered stationary over the 5-year averaging period
considered here.

b. Net heat transport: Annual mean results

The annual mean heat transport across 24°N in the
model is 0.37 PW. This is half the BRC estimate of
0.76 = 0.3 PW. We will show that this discrepancy
results primarily from insufficient air-sea heat loss from
the model ocean in the Kuroshio Current Extension.
However, the model estimate includes time variability,
and this accounts for part of the difference.
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TABLE 1. Contributions to model annual mean heat transport
(10" W) on different timescales.

Steady Interannual Monthly Eddy
Total circulation variation variation variation
Gy @y ey et )
0.371 0.459 —0.0707 —0.0028 —-0.0147

Denoting the monthly ensemble model statistics by
angle brackets, and the annual mean of these by an
overbar, the annual mean model temperature flux is
(v8). This is made up of contributions on several
timescales. The temperature flux due to the 5-year
mean velocity advecting the 5-year mean temperature
is (v) (#). Denoting the departure of the instanta-
neous solution from each monthly mean by a prime,
the term <v’0’> represents the temperature flux due
to mesoscale eddy fluctuations occurring on a timescale
of less than 30 days. Similarly, denoting the departure
of the monthly ensembles from the 5-year mean by an
asterisk, the correlation between monthly variation in
v and 6 contributes (v)*{#)* to the net temperature

flux, and a further term (v)"{ )" represents inter-
annual correlations. This decomposition of the heat
transport is shown in Table 1.

The assumption in the Hall and Bryden (1982)
method that velocity and temperature estimated from
the hydrographic section are representative of the an-
nual mean suggests that BRC’s estimate is most ap-
propriately compared to (v {6, which for the model
15 0.46 PW, just within the error bounds of BRC’s value.
Mesoscale eddy variability contributes less than 3% to
the total heat transport. Though monthly variations in
v and # are large, they are not correlated in such a way
as to produce a significant contribution to the mean
heat budget. Monthly variation is discussed in more
detail in the section on annual variability.

Interannual correlations produce a southward heat
transport of 0.0707 PW, which is of order 20% of the
total but in the opposite direction. This contribution
arises entirely from variations in the core of the Ku-
roshio Current between 100-m and 500-m depth. Time
series and power spectra of transport and temperature
in the model (Semtner and Chervin 1992, their Figs.
20 and 22) show the Kuroshio transport is one of the
features that exhibits the largest interannual variation.
A southward heat transport implies increased Kuroshio
transport anomalies are correlated with cool temper-
ature anomalies. However, this term is calculated from
a model average taken over only 5 years and therefore
may not constitute a robust estimate of model inter-
annual variability.

Notwithstanding the significant underestimation of
the net heat transport, there are several useful results
to be deduced by examining the model heat transport
components in the same manner as BRC.
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¢. Components of the heat transport

The BRC section departs from 24°N latitude at the
eastern boundary, the Hawaii Ridge, and the western
boundary where it crosses the Kuroshio Current in the
Okinawa Trough. In the model analysis we follow 24°N
for the entire section, and therefore consider the Ku-
roshio Current where it is adjacent to the Taiwan coast.

BRC used velocities computed from hydrography
assuming geostrophy, plus an ageostrophic wind-driven
component. We treat the velocities computed by the
model, after subtraction of the Ekman component, as
“geostrophic,” although they potentially include other
ageostrophic processes. The role of reference level as-
sumptions on BRC’s results is discussed later.

1) WESTERN BOUNDARY CURRENT

At 24°N the model Kuroshio flows northward be-
tween Taiwan and 126°E transporting 51.2 Sv (Sv
= 10° m® s7') in the annual mean at an average tem-
perature of 18.48°C. This temperature is practically
identical to BRC’s estimate ( Table 2). A strong recir-
culation returns 12 Sv southward between 126° and
132°E for a total northward transport of 40 Sv. This
transport is comparable to estimates of 52.4 Sv for the
Kuroshio and 18.1 Sv for the recirculation (total 33.0
Sv) from repeated hydrographic sections along 137°E
(Qiu and Joyce 1992), and Roemmich and Mc-
Callister’s (1989) total 43.8 Sv (Table 3) across 24°N
west of 137°E. In keeping with BRC’s approach, we
include the recirculation with the midocean geostrophic
component rather than the Kuroshio component and
contrast the model 51.2 Sv with BRC’s Okinawa
Trough transport of 28.3 Sv. Why should these values
differ by so much? Since the combined model transport
of the Kuroshio and its recirculation are within the
range of observations, the model recirculation must be
too vigorous. This is possible because smoothing of the
model bathymetry set the Tokara Strait sill depth to
710 m, rather than 550 m or shallower, and eliminated

TABLE 2. Net heat transport across 24°N in the Pacific.

Bryden et al. (1991) Model
Transport Temperature Transport Temperature
(Sv) (W®)] (8v) O
Ekman 12.0 22.56 12.7 24.91
Kuroshio 283 18.46 51.2 18.48
Midocean —40.3 15.11 —63.9 18.34
Temperature Heat Temperature Heat
difference transport difference transport
(°C) (PW) (°0) (PW)
Ekman 7.45 0.37 6.57 0.34
Kuroshio 3.35 0.39 0.14 0.03
Total 0.76 0.37
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TABLE 3. Geostrophic transport across 24°N in selected longitude
ranges. Results from Roemmich and McCallister’s (1989) inversion
of North Pacific circulation are for their “model 1A.”

Transport (Sv)

Roemmich and

Longitude range Model McCallister
West boundary-Ryukyu Island ~ 51.2 39.4 30.7 438
Ryukyu Island-137°E - —11.8 ’ 13.1 )
137°E-Izu Ridge ~1.8 12,6
Izu Ridge-152°E 32 196 Y9 534
152°E-175°W —18.6 ’ 25.4 .
175°W-Hawaii -2.5 —1L5
Hawaii-152°W =69 _ -16.5]
152°W-east boundary —25.7] 325 —14.4} 309
Total (balanced by Ekman) 12.7 -10.6

the Ryukyu Islands altogether, thereby reducing to-
pographic drag. Bingham and Talley’s (1991 ) analysis
of the BRC data shows the Okinawa Trough transport
includes southward flow immediately west of Okinawa
(their Fig. 1). Had BRC reported the strictly northward
transport of the Kuroshio their value would therefore
be somewhat greater. Thus, while the comparison of
model and observed Kuroshio mass transport is at first
disappointing, it does not indicate any major short-
coming of the simulation, and only “colors” somewhat
the interpretation of the relative contribution of the
western boundary component.

2) EKMAN LAYER

The model mixed layer dynamics are simple: Wind
stress is applied as a body force to the surfacemost level
of the model (0-25-m depth) producing a slablike Ek-
man layer. Accordingly, we take the Ekman compo-
nent temperature to be the model # at 12.5-m depth.
BRC assume the Ekman velocity decreases linearly
from the surface to 50 m and weight observed # dif-
ferently to compute @z. The two approaches do not
differ significantly; if the temperature profile were lin-
ear, BRC’s average temperature would coincide with
the observed at 16.5-m depth.

The model mean Ekman transport across 24°N is
12.7 Sv at an average temperature of 24.91°C, com-
pared to BRC’s 12.0 Sv at 22.56°C. The model and
BRC use the same winds and similar Ekman dynamics,
so agreement in the mass transport is expected with
minor differences occurring because we consider a
strictly 24°N path, and the monthly wind climatology
was spline interpolated to three-daily values to force
the model.

The difference in O occurs because of seasonal vari-
ability. The 24°N section was occupied during April
and May. BRC make partial allowance for this by using
annual mean winds to compute Vg, but make no al-
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lowance for variability in Ekman layer temperature.
Along 24°N, observed sea surface temperature (SST)
in April-May is typically 1°C cooler than in the annual
mean (Fig. 2). This difference is reflected in the model
April-May transport-weighted temperature (0;) being
1.3°C cooler at 23.6°C. BRC use their observed ¢ be-
cause they require an Ekman layer 6, not just SST. If
the observed @ were increased about 1°C to give a
value more representative of the annual mean, this
would increase BRC’s heat flux for this component
from 0.37 to 0.42 PW.,

We also note that during other months SST is even
further removed from the annual mean (Fig. 2). Using
0 observed in a single hydrographic section without
regard for seasonal variability could lead to substantial
errors in the Ekman component of any direct heat
transport calculation.

3) MIDOCEAN GEOSTROPHIC FLOW

The combined Ekman and Kuroshio components
are balanced in the model by a southward midocean
flow of 63.9 Sv at an average temperature of 18.3°C,
well above BRC’s value of 15.11°C. Of this, 32.5 Sv
returns south between North America and the Hawaii
Ridge (compared to 21.6 Sv according to BRC); 17.8
Sv returns south between the Hawaii and I1zu-Ogasa-
wara Ridges (cf. 27.4 Sv); and 13.6 Sv southward be-
tween the Izu-Ogasawara Ridge and the Ryukyu Is-
lands (cf. 8.8 Sv northward). The return flow is stronger
than observed throughout the section, but particularly
so in the west where it swamps an observed northward
transport, further implicating an overly vigorous re-
circulation.
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FIG. 2. Sea surface temperature along 24°N. April-May and annual
mean model values (solid lines). Observed values from COADS data
(Oberhuber 1988) during April-May and in the annual mean (dashed
lines) and the warmest (Sep) and coolest (Feb) months (dotted lines).






