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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






