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[1] Subsurface fronts in the subtropical North Pacific were investigated by constructing a
high-resolution temperature climatology. Three distinct subtropical fronts (STFs) are
identified, which are the southern, northern and eastern STFs according to their relative
geographical locations. The southern STF extends along 19�–21�N west of the dateline,
while the northern and eastern STFs appear along 21�–24�N and 26�N in the western and
central subtropical gyre, respectively. Our analysis showed that each of these STFs is
associated with large negative meridional potential vorticity (PV) gradient in the
thermocline below the front. The northern STF is located on the southern edge of the
Kuroshio recirculation, where the negative PV gradient occurs within a narrow density
range and is maintained by the low PV core of the subtropical mode water (STMW). On the
other hand, the negative PV gradient at the eastern and southern STFs spans over a wide
density range. The eastern STF forms near the center axis of the subtropical gyre, north of
which the upper and lower portions of the central mode water (CMW) converge, forming a
thick low PV pool that maintains the negative PV gradient on the front. Similarly, at the
southern STF, the negative PV gradient is due to a low PV pool to the north, with the
southernmost portion of the STMW stacked above the upper CMW advected from the
central subtropical gyre. It is concluded that the mode waters are essential for the North
Pacific STFs.
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1. Introduction

[2] In the central to southwestern subtropical gyre of the
North Pacific there is a shallow eastward current named
the Subtropical Countercurrent (STCC) in opposition to
the broad westward flow depicted by the classical Sverdrup
theory at these latitudes. The STCC accompanies a subsur-
face temperature and density front called the subsurface
subtropical front (STF). The STCC and the STF appear
persistent throughout the year and are robust features of the
subtropical gyre [Uda and Hasunuma, 1969; White et al.,
1978].
[3] Early studies suggested that the STCC is a wind-

driven flow attributable to a small trough of wind stress curl
[Yoshida and Kidokoro, 1967a, 1967b] or results from
frontogenesis by the meridional Ekman convergence [Roden,
1975; Welander, 1981; Cushman-Roisin, 1981]. Takeuchi
[1984] used an ocean general circulation model forced by
surface wind stress and heat flux, and demonstrated that

neither of these mechanisms was essential for the formation
of the STCC. The quest for understanding subsurface front-
ogenesis under broad gyre-scale wind-forcing continues until
this day.
[4] The effect of surface heat flux combined with wind

stress was examined by Cushman-Roisin [1984] using a
simple analytical model. He indicated that, if the vertical
density structure can be expressed as a function of surface
density and latitude, a thermally-driven geostrophic flow
converges and generates a midgyre front similar to the STF.
He suggested the convergence of geostrophic current as a
possible mechanism for the STF formation, though his model
depends on rather artificial eastern boundary ventilation. A
theoretical model excluding the eastern boundary ventilation
was first proposed by Dewer [1992] and then expanded by
Kubokawa [1995, 1997]. These authors stressed on the
importance of nonlinear stationary Rossby waves. Using a
two-level model for a subtropical gyre, driven by Ekman
pumping and meridional differential heating, Kubokawa
[1997] found that, if the northwestern corner of the subtrop-
ical gyre has a small north-south gradient of surface density
and weak vertical shear, a stationary Rossby wave can occur
and produce a STCC-like countercurrent. Such a countercur-
rent appears along the boundary between vertically homo-
geneous fluid to the north and strongly stratified fluid to the
south.
[5] Recently Kubokawa and Inui [1999] proposed another

mechanism based on an idealized ocean general circulation
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model simulation, in which the STCC appears along the
southern edge of vertically thick layers of low potential
vorticity (PV) water in the thermocline. In their model the
low PV water originates in the northwestern part of subtrop-
ical gyre, subducted at the intersection of the outcrop line and
a mixed layer depth front that is a narrow transition zone
separating shallow and deep mixed layers. Subducted from
different locations along the mixed layer depth front, the low-
PV water on different isopycnals is advected southward by
the subtropical gyre, eventually stacked up vertically and
forming a thick low-PV pool. This thick low-PV pool
requires the isopycnals in the upper thermocline to rise,
leading to an eastward countercurrent on the southern edge
of the low-PV pool. This mechanism was further developed
by Kubokawa [1999] with a multilayer ventilated thermo-
cline model coupled with the surface mixed layer.
[6] Many observational studies identified multiple STFs

rather than a single broad front based on hydrographic data
[Hasunuma and Yoshida, 1978;White and Hasunuma, 1982;
White and Walker, 1985]. Similar multiple STFs have also
been detected from satellite observations of sea surface
temperature [Belkin et al., 1998] and sea surface height data
that combine satellite and acoustic Doppler current profiler
measurements [Ichikawa et al., 2004]. Figure 1 shows the
temperature section along 155�E from the World Ocean
Circulation Experiment (WOCE) Hydrographic Program
(WHP), which clearly displays two thermal fronts associated
with a northward shoaling of the upper main thermocline.
The fronts, marked by downward arrows in Figure 1, reach a
depth of about 250 m in the latitudinal bands of 17�–20�N
and 22–25�N, respectively. This multifrontal structure was
confirmed recently by Aoki et al. [2002] (hereafter abbrevi-
ated as ASH) and Kobashi and Kawamura [2002]. ASH
analyzed several hydrographic sections in the western and
central subtropical gyre, and described the spatial structure of
the two subsurface fronts: the northern front extends along
24�N from the most westernmost section along 130�E to the
179�E WHP section, while the southern front runs
along18�N parallel to the northern front up to 179�E and
then suddenly jumps north to 24.5�N at the 165�W WHP

section. Constructing a long-term mean temperature clima-
tology from historical and recent hydrographic data, Kobashi
and Kawamura [2002] also found two subsurface fronts of
spatial distributions similar to those of ASH, with important
differences. In Kobashi and Kawamura [2002], the northern
front extends typically along 24�N from 130�E to 160�W
beyond the eastern edge of ASH’s northern front. The
southern front starts from 18�N, 130�E and continues almost
zonally to a region just west of the Hawaiian Islands, with no
noticeable northward shift to the east of the dateline.
[7] ASH considered these two fronts as STFs and named

them the northern and southern STFs, whereas Kobashi and
Kawamura [2002] regarded the northern front as an STF
and the southern front as a front associated with the Hawaiian
Lee Countercurrent (HLCC). The HLCC is an eastward
current west of Hawaii forced by island-induced wind curls
[Xie et al., 2001]. General circulation models simulated an
HLCC that extends from Hawaii all the way to the vicinity of
the Asian coast [Xie et al., 2001; Sakamoto et al., 2004],
similar to the southern front of Kobashi and Kawamura
[2002]. Surface drifter observations, however, depicted the
HLCC as rather confined in its westward extension up to the
dateline [Qiu et al., 1997; Yu et al., 2003].
[8] Observational studies often related STFs to the distri-

bution of mode waters.Uda and Hasunuma [1969] and Suga
et al. [1989] pointed out that the position of STF corresponds
to the southern edge of the Subtropical Mode Water
(STMW), a vertically homogeneous water mass of the
thermocline in the northwestern subtropical gyre [Masuzawa,
1969]. ASH confirmed the relationship between the northern
STF and STMW, and found that their southern front is located
along the southern edge of low PV waters that span a wide
density range that includes both the STMW and the Central
Mode Water (CMW [Nakamura, 1996; Suga et al., 1997]).
ASH suggested that the collocation of the STF and southern
edge of low-PV water supports the mechanisms of
Kubokawa [1997] and Kubokawa and Inui [1999], both
casting mode waters in central role for STF and STCC
formation.
[9] The present study examines the detailed horizontal

distribution and vertical structure of the STFs and how these
fronts are related to PV and mode-water distribution in the
thermocline. We will construct a high-resolution tempera-
ture climatology using all available observations up to 2001.
Compared with commonly used climatologies such as the
World Ocean Atlas [Levitus and Boyer, 1994; Levitus et al.,
1994], our climatology is designed to have a high enough
resolution to resolve narrow STFs. By using this high-
resolution, three-dimensional climatology, our analysis
extends the ASH study, which relied on several repeat
hydrographic sections and snapshot WOCE transects.
Long-term averaging suppresses mesoscale eddies that are
dominant in the western North Pacific [Qiu, 1999; Kobashi
and Kawamura, 2001], making it easier to identify the mean
structure of the STFs. In addition, the use of the three-
dimensional data set allows us to trace STFs continuously
in space. Indeed, our analysis reveals a new third STF in the
central subtropical gyre distinct from either the northern or
southern fronts of ASH.
[10] The rest of the paper is organized as follows. Section 2

describes the data and procedure used to construct the
climatology. Section 3 maps the spatial distribution of the

Figure 1. Temperature section along 155�E, taken by the
R/V Ryofu Maru in a WOCE cruise during June 1991.
Downward arrows indicate the positions of STFs. The
location of observation is denoted by inverted triangles.
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STFs. Section 4 investigates the thermocline structure asso-
ciated with the STFs in relation to the PV distribution. We
show that the PV structure is quite different among the STFs
and explain the difference in terms of the distribution and
circulation of mode waters. Section 5 is a summary and
discusses the implications of this study.

2. Data and Processing

[11] An annual-mean temperature climatology was con-
structed in the North Pacific subtropical gyre. Temperature
data allows us to examine the STFs, because the density
structure of the upper subtropical ocean is controlled mostly
by temperature. We made the climatology following Kobashi
and Kawamura [2002], with an extensive update in data.
Most of the data used in this study comes from standard depth
profiles compiled in the World Ocean Database 2001
[Conkright et al., 2002a]. The distribution of the data points
is displayed in Figure 2a, showing a good coverage over the
entire subtropical gyre with a relative paucity in regions away
from coasts and major shipping lanes.
[12] The data was supplemented by two other archives.

One is the data taken by Japanese fisheries training vessels
during 1988–1995, obtained from the Far Seas Collection
compiled by the National Research Institute of Far Seas
Fisheries (NRIFSF) in Shimizu, Japan. The other comes
from hydrographic surveys conducted from 1969 to 1993
by the Far Eastern Regional Hydrometeorological Research
Institute (FERHRI) in Vladivostok, Russia. This was

provided by the Asia-Pacific Data Research Center
(APDRC) of the International Pacific Research Center
(IPRC), University of Hawaii. Inclusion of these two
archives greatly increases the number of stations
(Figure 2b), by 5–15% in an area north of 20�N and west
of 170�E where the STFs and the STMW are distributed.
Most of the additional profiles were archived at standard
depths, while the rest were linearly interpolated onto the
standard depths. All the data were combined into one file and
then went through a quality check at each depth. Observa-
tions that differ from the average in a 5� � 5� area by more
than three standard deviations are removed.
[13] The temperature climatology was constructed on a

0.5� latitude by 2.5� longitude grid, at standard depths from
the surface down to 1000 m. The grid interval is so chosen as
to resolve meridionally narrow bands of the STFs while
keeping enough number of observations to suppress ener-
getic mesoscale eddies in the STF region. We first computed
monthly mean each year by using a median filter with a
search radius of 1� in latitude and 3.5� in longitude, and then
calculated themonthly mean climatology. This procedure can
reduce seasonal and year-to-year biases in the distribution of
observations. The monthly mean fields were then smoothed
by aGaussian filter with an e-folding scale of 0.65� in latitude
and 1.45� in longitude. This filter smoothes out features with
wavelength less than approximately 350 km in themeridional
direction and 700 km in the zonal direction. These filter
parameters are the same as those used by Kobashi and
Kawamura [2002]. Then, a salinity profile was assigned at

Figure 2. Distribution of temperature data used in this study, from (a) the World Ocean Database 2001
and (b) other sources from the Far Eastern Regional Hydrometeorolgical Research Institute (FERHRI)
and the National Research Institute of Far Seas Fisheries (NRIFSF).
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