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ABSTRACT

A horizontally two-dimensional mixed-layer model is used to study the upper-ocean heat balance in the
Kuroshio Extension region (30°~40°N, 141°-175°E). Horizontal dependency is emphasized because, in addition
to vertical entrainment and surface thermal forcing, horizontal advection and eddy diffusion make substantial
contributions to changes in the upper-ocean thermal structure in this region. By forcing the model using the
wind and heat flux data from ECMWEF and the absolute sea surface height data deduced from the Geosat ERM,
the mixed-layer depth (/,,) and temperature (T,) changes in the Kuroshio Extension are hindcast for a 2.5-
year period (November 1986-~April 1989). Both phase and amplitude of the modeled T, and ,, variations
agreed well with the climatology. The horizontal thermal patterns also agreed favorably with the available in
situ SST observations, but this agreement depended crucially on the inclusion of horizontal advections.

Although the annually averaged net heat flux from the atmosphere to the ocean (Q,.) is negative over the
Kuroshio Extension region, the effect of the surface thermal forcing, when integrated annually, is to increase
T, because the large, negative Q,, in winter is redistributed in a much deeper mixed layer than it is in summer
when Qe > 0. This warming effect is counterbalanced by the vertical turbulent entrainment through the base
of the mixed layer (35% when annually integrated), the Ekman divergence ( 16%), the geostrophic divergence
(12%), and the horizontal eddy diffusion (35%). Though small when averaged in space and time, the temperature
advection by the surface flows makes a substantial contribution to the local heat balances. While it warms the
upstream region of the Kuroshio Extension (west of 150°E), the current advection tends to cool the upper
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ocean over the vast downstream region due to the presence of the recirculation gyre.

1. Introduction

A knowledge of the heat and momentum exchange
across the air-sea interface is crucial to our under-
standing of global climate change and the coupling be-
tween atmosphere and ocean. The heat exchange in
particular depends on physical variables such as sea
surface temperature (SST) and heat content of the up-
per ocean. Previous studies by Isemer and Hasse
(1987), Hsiung (1985), and Talley (1984) among
others showed that the ocean, when averaged annually,
loses a significant portion of heat to the atmosphere in
regions where western boundary currents, such as the
Gulf Stream and the Kuroshio, separate from the
coasts. Although such a heat loss per se is not surprising,
considering the tremendous heat fluxes carried north-
ward by these currents from low latitudes, the roles the
boundary currents play in determining the upper-ocean
thermal structure and in influencing the adjacent ocean
circulation are not well understood.
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A useful approach to studying the upper ocean has
been to focus on the physics of the relatively well-mixed
surface layer (the mixed layer). Kraus and Turner’s
(1967) pioneering work formulated the turbulent ki-
netic energy balance in the mixed layer and related the
vertical turbulent mixing to atmospheric wind and
buoyancy forcing. Since then many studies have con-
tributed to the modification and further development
of mixed-layer dynamics by including, for example,
shortwave radiation penetration, effect of salt flux, and
parameterizations of shear effects across the mixed-
layer interface (Denman 1973; Niiler 1975; Niiler and
Kraus 1977; Garwood 1977; Davis et al. 1981). Using
one-dimensional upper-ocean models, several inves-
tigators have further compared the mixed-layer theory
with in situ ocean observations and have achieved rea-
sonable success in simulating fluctuations of the upper-
ocean thermal structures on a time scale longer than
a few days (e.g., Denman and Miyake 1973; Thompson
1976; Davis et al. 1981; Martin 1985). For fluctuations
shorter than this time scale, however, Price et al. (1986)
showed that it is necessary to fully resolve the vertical
shear (or the Froude number dependency) of the upper
ocean.

In most of the past studies, emphasis has been placed
on one-dimensional models that neglect the influence
of advection due to Ekman and geostrophic flows. Al-
though the importance of the horizontal advection in
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the upper-ocean heat budget was recognized, lack of
contemporaneous surface velocity observations has
limited those studies either to focusing on the advection
due to the Ekman transport alone (Paduan and de
Szoeke 1986), or to using climatology to evaluate the
surface geostrophic flows (McPhaden 1982; Stevenson
and Niiler 1983; Bryden and Brady 1985; Enfield
1986). In the western boundary current extension re-
gion, we expect that both the Ekman and geostrophic
flows and their fluctuations will make substantial con-
tributions to the upper-ocean thermal structures.
With the completion of the U.S. Navy’s Geosat Exact
Repeat Mission (ERM) for a three-year period from
November 1986 to November 1989, the altimetrically
measured sea surface height data provided us a new
means to estimate the surface geostrophic velocity field.
For the boundary current extension regions, the alti-
metric data can be particularly useful because of the
large signal /noise ratio. One problem in extracting the
surface velocities from the altimetric measurement is
that the mean surface height information is lost in order
to remove the unknown earth’s geoid. This limits the
altimetric measurement to providing only the residual
component of the surface height (i.e., the height de-
viations from the temporal mean). To overcome this
shortcoming, Kelly and Gille (1990) recently devel-
oped a simple kinematic model that allows one to re-
cover the mean surface height profile of a boundary
current using the residual height data. The kinematic
model exploits the distinct slope characteristics between
the mean and the instantaneous height profiles of the
boundary current and reconstructs the mean height
profile along a satellite subtrack through successive fit-
ting of the observed and modeled height profiles. This
model was recently further extended by Qiu et al.
(1991) to estimate the mean surface height field in a
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two-dimensional space through an inverse approach
that combines the ascending and descending subtrack
data. Applying the method to the Kuroshio Extension
region, Qiu et al. showed that the estimated mean sur-
face height field (Fig. 1) agrees well with the surface
dynamic height derived from the climatological hy-
drographic data. Based on this mean surface height
field and using an objective analysis method, they ob-
tained the absolute surface height field of the Kuroshio
Extension for the first 2.5 years of the Geosat ERM
and discussed the energetics, eddy propagation, and
annual /interannual fluctuations in the Kuroshio Ex-
tension.

In the present study, this surface height dataset is
used to infer the surface geostrophic flows of the Ku-
roshio Extension. Using a horizontally two-dimen-
sional upper-ocean model that hindcasts the mixed-
layer temperature and depth, we seek to clarify the
roles played by the current advection in determining
the upper-ocean heat balance. Notice that both hori-
zontal and vertical heat advection can be important to
the ocean circulation adjacent to the boundary current
extensions. For example, the heat flux transferred
southward is influential in the intensity of the recir-
culation gyres (e.g., Masuzawa 1972; Worthington
1976), and the vertical heat transfer through the base
of the mixed layer is an important quantity for the
formation of the subtropical mode waters (e.g., Talley
and Raymer 1982; Hanawa 1987; Bingham 1992).
Understanding the upper-ocean heat balance, thus, can
also shed light on the ocean circulation variability ad-
jacent to the Kuroshio Extension.

In the next section, an upper-ocean model including
horizontal advection and eddy fluxes is formulated.
Section 3 describes the model implementation and the
observational data used in the model calculations. In
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FiG. 1. Mean sea surface height field in the Kuroshio Extension derived from the 2.5-year
Geosat altimetry data. Units for the height contours are meters. Thin dotted lines denote ascending
and descending tracks of the Geosat that are used in mapping the absolute surface height field
(see Qiu et al. 1991). The solid square denotes the model basin for numerical calculations and
the dashed line across the inflow Kuroshio indicates the repeat section of CTD and XBT obser-
vations.
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section 4, the model performance is discussed through
comparisons with available in situ observations and
climatological data. The role of the Kuroshio Extension
is considered in section 5, and section 6 summarizes
the results from the present study.

2. Formulation of the model

Temperature variations in the upper ocean where
horizontal velocities exist can be expressed by

oT oT 0 —— 1 dq

- NT+w— A4,V T+ =T =——=,

ot tuVItw 0z h azw poc 0z
(1)

where u = (u, v) are the horizontal velocity compo-
nents, w is the vertical velocity component, 4 is the
horizontal eddy diffusivity, V = (9/dx, d/dy) is the
horizontal gradient operator, and dw’T’/9z is the ver-
tical divergence of the turbulent heat flux. The rhs of
Eq. (1) represents the local heat source due to the ab-
sorption of the shortwave radiation, wherein pp and ¢
are the reference density and specific heat of seawater,
g is the downward radiative flux given by

q(z) = q(0)[R exp(z/v:) + (1 — R) exp(z/72)],
(2)

where g(0) is the shortwave radiative flux at the sea
surface, R is a separation constant, and v, and v, are
the attenuation length scales (see Paulson and Simpson
1977).

Many previous studies have considered the upper-
ocean mixed-layer dynamics (see Introduction ); with-
out going into the details, we will briefly derive the
model equations below with emphasis on the horizontal
advection and subgrid-scale eddy fluxes. First, we define
the mixed-layer depth to be the upper-ocean layer
whose depth-averaged temperature is [ °C higher than
the water temperature just below ( 7,), namely,

| 0
AT =T, m T, d= T

T(z)dz — T, = 1°C
A J—h

(3)
(hereafter, subscripts m and d denote quantities in and
immediately below the mixed layer, respectively). A
similar definition for the mixed-layer depth has been
used by Lamb (1984 ) for the Atlantic Ocean. Assuming
the mixed layer is bounded below by a thin entrainment
boundary layer (which has a thickness & < A,,) and
integrating Eq. (1) from z = —h,,, — § to the sea surface,
we obtain the following equation governing the mixed-
layer temperature T,:
9T,

/- o + Up VT, — AphyV?T,, + WT'(0)

oh

m 1 —g(—
+ AT(?+V°U,,,) = 2140 — g(=hn)]. (@)

In deriving (4), we have neglected terms of order of §
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and used the fact that the vertical turbulent mixing is
negligible below the entrainment boundary layer and
that the fluid velocity normal to the mixed-layer in-
terface is continuous, namely, wy + us*Vh = w,
+ u,,* VA (deRuijter 1983). In Eq. (4), w'T'(0) rep-
resents the turbulent heat flux at the ocean surface,
which is equal to the heat transfer due to longwave
radiation and sensible and latent heat fluxes. In the
following, a more convenient quantity, Qne = ¢(0)
~ pocw'T'(0) (the net heat flux from the atmosphere
to the ocean), will be used in place of w'T'(0). In Eq.
(4), Upn= [_, undz is the horizontal mass trans-

port vector due to geostrophic and Ekman flows in the
mixed layer:

1 on  agh? dT,, 7~
m=—=|—gh,— + — 4+ —
v f( Emax T T2 Tax | pe
1 on  agh? 0T, T'v)
Un==|~8hm—t+———7—+—|, (5
f( & dy 2 oy Po

where fis the Coriolis parameter, 7 is the sea surface
height, « is the thermal expansion coefficient (= 2.5
X 107 °C™), and (7%, %) are the (x, y) components
of the wind stress. The second term on the rhs of (5)
expresses the current shear effect associated with the
horizontal temperature gradient in the mixed layer.

To close the model dynamics, an energy equation
is necessary; it can be derived by multiplying Eq. (1)
by ag(z — zp) and by integrating it from z = —h,, — 6
to z = 0, where z, is the reference level for the potential
energy (see Davis et al. 1981). When including hori-
zontal advection and eddy diffusion, the energy equa-
tion, after again neglecting the vertical turbulent flux
below the entrainment layer and the terms of 4 order
and setting zg = —Ah,,/2, becomes

oh,,
% aghmAT(—E +V.U, - A,,Vzh,,,)

agh,,
2p0C

o 0
+ P f—h,,. q(z)dz. (6)

+ agfoh Wdz == [Qnet + q(_hm)]

Notice that the buoyancy flux term ag [°, WT'dz
gives the conversion rate between the turbulent kinetic
energy ( TKE) and potential energy. Based on the TKE
budget, Davis et al. (1981) showed that this term can
be parameterized by

0
—og f w'T dz
_hm

agh,
= moui + msS_ me 4g (IQnet, - Qnet)- (7)
PoC

In Eq. (7), the first two terms on the rhs denote the
energy sources of wind stirring (where u, = (|7|/
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po)'/? is the frictional velocity) and shear production
(S=—[°, pu'w -3xidz). The third term denotes the
energy dissipation under cooling conditions. Because
S is not available from observations, we are unable to
estimate the shear production term. For m; = 0, the
measurements of Davis et al. suggested that the appro-
priate value of my, is between 0.4 and 0.5. In the fol-
lowing calculations, we take m, = 0.5; effects of choos-
ing different m, values will be discussed in section 6.
The convective efficiency coefficient . is taken to be
0.83, which was determined by Deardorff et al. (1969)
from laboratory experiments.

To relate the preceding equations to the one-dimen-
sional mixed-layer theory, it is helpful to introduce the
entrainment velocity w, and rewrite the equations as
follows:

S + VU, = 4;V*hy, + W,

ot (8)

. oT,,
/- E’ +U, VT, = Ahhmvam

1
+ e (Qoe = 4a) = AT(We + 4xV?hy),  (9)
0 g

0
1 agh,ATw, = mous + &g_f q(z)dz
2 P0C Iy

o Am
- ;g (Qnet + Qd) - me 28 (lQnetl - Qnet)- (10)
PoC dpoc

When the surface meteorological and sea surface height
data are prescribed, Egs. (8)-(10) form a closed dy-
namic system for T, and 4,,. Notice that when the
mixed layer is in the shoaling phase, w, = 0, and the
mixed-layer depth change due to the vertical turbulent
mixing is such that 4,, detrains instantly to the Monin-
Obukhov depth:

0
h, = [moui + ng q(z)dz]/ﬂ; (Qner + qu)
POC J—hy 2poc

(11)

(cf. Kraus and Turner 1967). This depth is a result of
Eq. (10), expressing the TKE balance between the ef-
fects of wind stirring and stabilization due to surface
warming.

3. Model input and implementation

The upper-ocean model detailed in the previous sec-
tion is applied to the Kuroshio Extension to study the
upper-ocean heat balance in this typical western
boundary current extension region. The model covers
the area from 30° to 40°N and from 141° to 175°E
(see Fig. 1). In this section, we describe the meteoro-
logical and sea surface height data used in the model
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calculations. This is followed by descriptions of the
implementation of the numerical model, including
specification of the model’s initial and boundary con-
ditions.

a. Sea surface height ﬁeld

The sea surface height data derived from the first
2.5-year Geosat ERM (15 November 198630 April
1989) are used in this study to infer the geostrophic
flows in the surface Kuroshio Extension. The details
of determining the absolute surface height (i.e., the
mean plus the residual component) from the Geosat
altimetric measurements are expounded in Qiu et al.
(1991). Here, we will simply point out that the mean
surface height field, which is not readily available from
the altimetric measurements, was determined by first
estimating the mean surface height profiles along as-
cending and descending subtracks using the kinematic
method of Kelly and Gille (1990) and then by com-
bining these profiles through a least-squares fitting, This
mean surface height was then added to the objectively
mapped residual height data and interpolated to the
model grid with a one-day time interval. For the ob-
jective mapping, we used the covariance function of
the form:

2Ax\2  (2Ap\?  [2Ar\?
- =) —-1—=11, 12
ool (%) - (&) -(%)] o
where Ax, Ay, and At are distances from grid points
to observation points in the x, y, and ¢ axes and the
influence radii R, = 145 km, R, = 83 km, and R, = 30

days were determined from the original residual height
data of Geosat.

b. Surface wind-stress field

The surface wind data, necessary to compute the
Ekman transport as well as the surface wind stirring
effect, are the twice-daily 1000-mb wind vectors ana-
lyzed by the European Centre for Medium-Range
Weather Forecasts (ECMWF) and are provided to us
from the National Center for Atmospheric Research
(NCAR). The wind vectors, at a horizontal resolution
of 2.5° X 2.5°, are first converted to the surface wind
stress vectors using the bulk aerodynamic formulas
proposed by Trenberth et al. (1990). To ensure that
the geostrophic transport determined from the alti-
metric data and the Ekman transport from the wind-
stress data in Eq. (5) have similar temporal scales, we
low-pass filtered the wind-stress data by using the same
Gaussian filter, exp[ —(2At/R,)?], given in (12). The
low-pass filtered wind-stress data were then interpolated
linearly to the model grid and subsampled daily. Figure
2 shows the time series of the wind stress amplitude
| 7| averaged in the model basin and its spatial pattern
averaged in 1987 and 1988.
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FIG. 2. (a) Time series of the low-pass filtered ECMWF surface
wind-stress magnitude averaged in the model basin for the period of
the Geosat ERM. (b) Horizontal pattern of the ECMWF surface
wind stress averaged in 1987 and 1988 (units in N m~2).

¢. Surface heat flux field

Like the wind data, we used the surface heat flux
data, namely, the shortwave radiation, the longwave
radiation, the sensible heat, and the latent heat data
from ECMWF (see Barnier and Simonot 1990). The
heat flux data, also provided by NCAR, are 6-h accu-
mulated values sampled at 0600-1200 UTC and 1800-
2400 UTC and have a horizontal resolution of 1.125°
X 1.125°. While the twice-daily flux data of the long-
wave radiation, sensible heat, and latent heat can be
readily averaged to form the daily means, the shortwave
radiation value g(0) has to be treated specially due to
its strong diurnal dependence. To obtain the daily mean
g(0) from the 6-h accumulated ECMWF data, we used
the following procedures.

Theoretically, the shortwave solar radiation can be
computed using estimates of clear-sky radiation and a
correction factor for cloud cover:

4(0) = [4 sinaa®™ + 2 4 sina(0.91 ~ a**)]C (13)

(see List 1984 ), where sina = cosf cos¢ cost + sinf
sing, A is the solar constant (=1395 W m™2), ¢ is the
latitude of the model grid, 8 is the declination of the
sun, £ is the hour angle of the sun, a is the atmospheric
transmission coefficient (=0.7), and C is the cloud
coverage in %. Using Eq. (13), we computed the clear-
sky radiation values and inferred the cloud cover C by
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comparing them with the two 6-h accumulated g(0)
data from ECMWEF. Using the C value averaged from
the two estimates, the daily mean shortwave radiation
was calculated by integrating Eq. (13). After obtaining
the daily mean values of the four heat flux components,
we again low-pass filtered them to remove fluctuations
with time scales shorter than a few weeks. Figure 3a
shows the time series of g(0) and Oy (the sum of the
four components) averaged in the model basin for the
2.5-year Geosat period. The spatial pattern of the Oy,
averaged in 1987 and 1988 is shown in Fig. 3b; both
the pattern and the magnitude agree well with the
former estimation by Hsiung (1985). In computing
the downward radiative flux of Eq. (2), we used R
=0.77, v, = 1.5 m, and vy, = 14 m, which correspond
to Type II surface water in the classification of Jerlov
(1968).

d. Implementation of the numerical model

Given the daily sea surface height, wind stress, and
heat flux data, the mixed-layer temperature and depth
in the model basin are solved numerically on a stag-
gered grid system according to Egs. (8)-(11). The grid
spacing is 1° in longitude and 0.5° in latitude. These
scales are determined primarily by the resolution of
the observations. In the numerical calculation, 7 is de-
fined on the corners of a grid box, U,, and V,, on the
lateral sides, and all other variables at the center of the
grid box. The time stepping is 1/4 day, which is con-
strained by the CFL condition in the advective Ku-
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FiG. 3. (a) Time series of the net surface heat flux O, and the
shortwave radiative flux g(0) averaged in the model basin for the
period of the Geosat ERM. (b) Horizontal pattern of the net surface
heat flux averaged in 1987 and 1988 (units are W m™2),






