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ABSTRACT
High-resolution hydrographic observations were conducted in September 2002 to describe the detailed
structure of frontal waves along the Kuroshio Extension. Frontal waves were observed both in the upper
and intermediate layers, which corresponded to the depths of North Pacific Subtropical Mode Water and
North Pacific Intermediate Water, respectively. The frontal wave in the upper layer preceded the intermediate-depth frontal wave by about 1/4 wavelength. The vertical phase lag created situations in which the
low-salinity Oyashio water in the intermediate layer was superimposed below the upper-layer high-salinity
Kuroshio water, thus forming a vertical salinity minimum. The frontal waves with a wavelength of about 200
km and a phase speed of 0.2–0.3 m s⫺1 propagating in the downstream direction were consistent with those
from satellite images. Vertical velocity fields were estimated with the quasigeostrophic omega equation.
Downwelling around the trough (from the crest to trough) of the intermediate-depth (upper layer) frontal
wave and upwelling around the crest (from the trough to the crest) were similar to the features observed
in the Gulf Stream meanders. The phase difference between the upper and intermediate layers suggested
that the frontal waves were baroclinically unstable waves.

1. Introduction
The Kuroshio Extension is an eastward jet that forms
after the Kuroshio separates from the east coast of Japan near the Boso Peninsula. Warm and saline water is
transported by the Kuroshio and the Kuroshio Extension (Fujimura and Nagata 1992; Yasuda et al. 1996;
Hiroe et al. 2002). The Oyashio, which is the western
boundary current of the subarctic gyre in the North
Pacific Ocean, transports cold and low-salinity Oyashio
water with low potential vorticity characteristics (Yasuda 1997; Shimizu et al. 2001; Yasuda et al. 2002; Hiroe
et al. 2002; Masujima et al. 2003). Since these two waters that have different potential temperature and sa-
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linity meet along the Kuroshio Extension, a strong
front of water properties is formed along the Kuroshio
Extension.
It is known that North Pacific Intermediate Water
(NPIW) exists in almost the entire subtropical gyre of
the North Pacific. It is formed around the Kuroshio
Extension and in the region between the Kuroshio Extension and the Subarctic Front, known as the mixed
water region (Hasunuma 1978; Talley 1993; Talley et al.
1995; Yasuda et al. 1996; Yasuda 1997; Talley 1997;
Miyao and Ishikawa 2003; Iwao et al. 2003; Masujima et
al. 2003), where vigorous mixing occurs between
Oyashio and Kuroshio waters. The Kuroshio Extension
region is one of the main formation sites of NPIW (Yasuda et al. 1996; Talley 1997; Hiroe et al. 2002), and the
Oyashio and Kuroshio waters are rapidly mixed and the
prototype of a new NPIW is formed by 150°E (Masujima et al. 2003). Isopycnal mixing by mesoscale eddies has been proposed as an important process for

DOI: 10.1175/JPO3026.1
© 2007 American Meteorological Society
Unauthenticated | Downloaded 01/09/23 09:10 AM UTC

JPO3026

MARCH 2007

KOUKETSU ET AL.

NPIW formation along the Kuroshio Extension, particularly between 140° and 150°E (Yasuda et al. 1996;
Okuda et al. 2001).
Intrusions of low-salinity Oyashio water into the
Kuroshio Extension and the formation of a salinity
minimum of less than 34.0 psu are frequently observed
at intermediate depths of 400–600 dbar around the
Kuroshio Extension (Yasuda et al. 1996; Maximenko et
al. 1997; Okuda et al. 2001). Kouketsu et al. (2005)
investigated the formation process of the salinity minimum below the Kuroshio Extension main stream using
high-resolution towed-CTD observations. They found
that low-salinity water intrusions were associated with
intermediate-depth frontal waves with an apparent
wavelength of about 100 km along the Kuroshio Extension. Since the amplitude of the frontal waves in the
intermediate layer around an isopycnal surface of 26.8
 was larger than in the upper layer around an isopycnal surface of 25.5 , low-salinity Oyashio water was
observed below high-salinity Kuroshio water as the salinity minimum near the trough of the intermediatedepth frontal waves. The frontal wave amplitude grew
in the downstream direction, where wave breaking and
eddy shedding were observed, suggesting that this intermediate-depth frontal wave could contribute to
isopycnal mixing along the Kuroshio Extension. The
horizontal resolution along the ship track in the crossstream direction was about 5 km. However, the horizontal resolution of 30–70 km in the along-stream direction was not enough to resolve the frontal wave
structure. The structure of the frontal wave was thus
inconclusive, also because the wave propagation was
ignored.
Frontal waves (meanders) or frontal eddies are observed along various oceanic currents and fronts. For
example, frontal waves in the Kuroshio in the East
China Sea, of 100–300-km wavelengths propagating
with a phase speed of 0.20–0.22 m s⫺1 in the downstream direction, were found by James et al. (1999),
using inverted echo sounders. Along the Gulf Stream
(75°–45°W), growing meanders with a phase speed of
about 0.05–0.15 m s⫺1 in the downstream direction have
been reported. The wavelength of the most energetic
meanders was estimated to be 427 km (Lee and Cornillon 1996).
These frontal waves may accompany vertical motions. It is known that the upwelling associated with
frontal waves in the Gulf Stream lifts nutrient-rich subsurface water to shallower depths and enhances biological productivity (Lee et al. 1981). In addition, it is reported that isopycnal floats move horizontally from the
southern (northern) to the northern (southern) side of
the main stream and vertically migrate upward (down-
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ward) from the trough (crest) to crest (trough) of the
Gulf Stream meanders (Bower and Rossby 1989; Song
et al. 1995; Song and Rossby 1997). The upward (downward) motion of the float corresponds to horizontal
divergence (convergence) from the meander troughs to
crests (Bower 1989). However, the dynamics of the vertical migration associated with the lateral motion has
not been fully understood because of the lack of threedimensional observation around the floats.
Along the Kuroshio Extension, surface frontal waves
with wavelengths of 10–200 km and phase speeds of
0.05–0.45 m s⫺1 were reported to propagate in the
downstream direction, based on satellite infrared images (Mizuno 1985; Hirai 1985). It was suggested that
the frontal waves along the Kuroshio Extension may
accompany vertical motions; however, vertical motions
had not been observed. Furthermore, the relation between the surface frontal waves and the intermediatedepth frontal waves was not clear.
In this study, we try to elucidate the three-dimensional structure of the frontal waves accompanied by
the low-salinity intrusion along the Kuroshio Extension
using intensive Lowered Acoustic Doppler Current
Profiler (LADCP), CTD, and satellite infrared observations (described in section 2). The study was carried
out in a region of 100 km ⫻ 100 km around a frontal
wave over a period of 6 days with about 17-km horizontal resolution. Three-dimensional thermohaline and
velocity fields were obtained using objective mapping.
The phase speed of the frontal wave was estimated with
the quasigeostrophic tendency equation, and the fields
were rearranged with a relocation method (Pascual et
al. 2004) taking into consideration the phase speed (section 3). The frontal wave structure with the low-salinity
water intrusion was described from the fields (section
4). Furthermore, vertical velocity associated with the
frontal wave was estimated with the quasigeostrophic
omega equation (Hoskins et al. 1978) (section 5). The
cross-frontal exchange and the associated vertical motion are then discussed (section 6).

2. Data
To clarify the detailed structure of frontal waves
along the Kuroshio Extension, intensive hydrographic
and current observations were carried out from 25 August to 9 September 2002 on the R/V Soyo Maru of the
National Research Institute of Fisheries Science (chief
scientist: Y. Hiroe).
Temperature, salinity, and pressure were measured
with an SBE911plus 24-Hz CTD sensor. Velocity was
measured with a Teledyne RD Instruments (RDI) 300kHz LADCP. The conductivity data from SBE911plus
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3. Relocation of observation stations

FIG. 1. Location of observation stations on the cruise of R/V
Soyo Maru from 28 Aug to 11 Sep 2002.

In this section, we describe the method to obtain a
synoptic field and show the result.
Because of the propagation of the frontal waves, we
relocate the observation stations to obtain the synoptic
field. The relocation method is described in Pascual et
al. (2004). In the method, the phase speed of the waves
is estimated by solving the quasigeostrophic geopotential tendency equation (Holton 1992), and the observation stations are relocated using the phase speed. In this
section, we summarize the method and show the results. First, in order to solve the equation, threedimensional gridded fields of hydrographic and absolute velocity are obtained with an objective mapping
and nondivergent reference velocity estimation (section
3a). Second, the geopotential tendency is estimated using the gridded data (section 3b). Third, the phase
speed of the frontal waves is estimated, and the observation stations are relocated based on the phase speed
(section 3c). Last, we show the synoptic field obtained
through this relocation method and validate it using
concurrent satellite images (sections 3d and 3e).

a. Gridded data obtained by an objective mapping
CTD were calibrated with water samples measured
with an autosal salinometer. The water sample salinities
showed repeatability within 0.003 psu. The linear regression between the water sample and CTD conductivity was very stable and the overall residual RMS salinity errors were within 0.005 psu. The velocity data
were originally obtained temporally every second and
vertically every 10 m with the RDI-LADCP. The data
were processed with the pressure data from CTD and
the position data from the differential global positioning system (DGPS), using the routine provided by E.
Firing’s group at the University of Hawaii at Manoa.
This routine was modified by K. Katsumata to use the
pressure data from CTD (Katsumata et al. 2001).
The 69 observation stations are shown in Fig. 1. For
the analysis, we used 51 casts in the area across the
Kuroshio Extension (35°–36.5°N, 143.5°–145°E). Observations in this area, with a horizontal resolution of
about 17 km, were carried out from the easternmost
meridional section at 145°E on 3 September to the upstream section at 143.3°E on 8 September. Frontal
waves were present in the area, as shown later (section
3d). It took about 6 days to complete the intensive
observation pattern around the Kuroshio Extension.
To describe the synoptic structure of the waves, the
propagation of the frontal waves should be considered,
since the horizontal scale was strongly influenced by the
wave propagation.

To solve the geopotential tendency equation, we prepare three-dimensional gridded data of density and absolute geostrophic velocity. The hydrographic properties and LADCP velocities are objectively mapped (Le
Traon 1990) at each isobaric surface, with a Gaussian
covariance function with a correlation length of 50 km,
which was estimated with a least squares fit. The mapping method is the same as in Kouketsu et al. (2005),
where detailed procedures are described.
Geostrophic velocity relative to a level of no motion
at 1500 dbar is estimated from the gridded density field.
The reference velocity (v1500) at 1500 dbar is then estimated by averaging the difference between the geostrophic and LADCP velocities at pressures between
600 and 1500 dbar. This first guess still contains ageostrophic components and does not satisfy the nondivergence requirement for geostrophic velocity fields. Since
the divergence generates erroneous vertical velocities
and geopotential tendency in solving the geopotential
tendency equations, we find the nondivergent reference
velocity solution (vref) that minimizes the norm of the
difference between vref and v1500 is
 · vref ⫽ 0

Minimize:

冕

| v1500 ⫺ vref | dS,

共1兲

S

where S is the area at the reference level. This minimum norm solution is calculated with Linear Algebra
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Package (LAPACK), a collection of routines solving
the most common problems in numerical linear algebra. We then obtain adjusted geostrophic velocity fields
with the estimated reference velocity (vref).

b. Estimation of geopotential tendency
Geopotential tendency fields from the threedimensional gridded fields are used to estimate phase
speeds of the frontal waves. The quasigeostrophic tendency equation is

冋

ⵜ2 ⫹

⭸
⭸z

647

KOUKETSU ET AL.

冉 冊册
f2 ⭸
N 2 ⭸z

 ⫽ ⫺fug · g
⫹

f 2g ⭸
o ⭸z

冉

1
N2

冊

ug ·  ,

共2兲

where g is the gravitational acceleration,  ⫽ ⌿/t (⌿
is the geopotential) is the geopotential tendency, o is
the constant reference density, N is the buoyancy frequency (Brunt–Väisälä frequency),  is the density, and
f is the Coriolis parameter. To solve the elliptic quasigeostrophic tendency equation, we use the successive
over-relaxation method (SOR). The boundary conditions are  ⫽ 0 at the bottom, h · n ⫽ 0 at the lateral
boundaries, and w ⫽ 0 at the sea surface, where h ⬅
(/x, /y), and n is a unit vector normal to the lateral
boundary. To be consistent with the condition of w ⫽ 0,
the boundary condition is
⭸ g
⫽ u ·  .
⭸z  g h

共3兲

The boundary conditions are the same as in Pascual
et al. (2004). The bottom and lateral boundaries are
placed sufficiently far away from the observation region, to avoid the strong impact of the boundary conditions.

c. Phase speed estimation and relocation of stations
We obtain the frontal wave phase speeds from the
geopotential tendency fields. The wave system is assumed to be moving with the phase speed [c ⫽ (cx, cy)].
Since the Lagrangian derivative of the geopotential can
be defined on the rest frame as well as on the moving
frame, the geopotential tendency  is represented by
the combination of geopotential tendency on the moving frame (⌿/t)|c and the wave propagation (as in
Pascual et al. (2004)):

⫽

冏

⭸⌿
⫺ c · ⌿.
⭸t c

共4兲

It is noted that (⌿/t)|c also represents the growth of
the frontal waves. The phase speed is estimated by a

least squares fit so that the magnitude of (⌿/t)|c is
minimized, assuming that the contribution of the
propagation to the geopotential tendency is much
greater than that of the growth.
Using the phase speed, new locations (Xi, Yi) of CTD
stations are determined by the following:
Xi ⫽ xi ⫺ cx共ti ⫺ t1兲 and

Yi ⫽ yi ⫺ cy共ti ⫺ t1兲.

Here, (xi, yi) and ti are the location and time at the ith
station.
Once the CTD stations are relocated, the threedimensional gridded fields are again obtained through
the objective mapping. Phase speed is then reestimated
using the relocated field (in sections 3a–c). These processes are repeated until the change of the phase speed
between the new and last estimations is less than 10%
of the phase speed magnitude.

d. Results of the relocation method
Four iterations were needed until the change of the
estimated phase speed was small (less than 0.02 m s⫺1).
The estimated phase speed is 0.29 m s⫺1 (cx ⫽ 0.25
m s⫺1, cy ⫽ ⫺0.15 m s⫺1) in the downstream direction.
Then the three-dimensional instantaneous fields were
obtained.
Vertical cross sections of potential density, salinity,
and potential vorticity (PV) along line 5 (Fig. 1) are
shown in Fig. 2. Low-salinity water below the saline
water (200 m depth south of 35.75°N) is along the 26.8
 surface south of 35.75°N. Such intrusions of lowsalinity Oyashio water form new NPIW along the Kuroshio Extension were reported in the previous studies
(Yasuda et al. 1996; Maximenko et al. 1997; Okuda et
al. 2001).
Two isopycnal surfaces are chosen for the analysis,
considering the vertical structure around the Kuroshio
Extension. The isopycnal surface of 25.5  represents
the upper layer of the Kuroshio Extension. At 25.5 ,
low-PV North Pacific Subtropical Mode Water
(NPSTMW) with a temperature of 16°–19°C and salinity of 34.6–34.9 psu is observed on the southern side of
the main stream (Fig. 2). The isopycnal surface of 26.8
 represents the intermediate layer, in which the lowsalinity water intrusion into the main stream from the
northern side is often observed (Fig. 2).
Maps of potential temperature, salinity, and PV obtained from the relocation method at 25.5 and 26.8 
are shown in Figs. 3 and 4, respectively. A strong front
in all properties extends southeastward from the northwestern corner along the Kuroshio Extension. The
property front at 26.8  is roughly 20 km south of that
at 25.5 . On both isopycnal surfaces, salinity and po-
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FIG. 2. Vertical cross sections of (a) potential density, (b) salinity, and (c) PV defined as PV ⫽ ⫺(1/o)f/z, along line 5 (Fig.
1). In (b), shaded regions denote low-salinity water; light and dark
gray regions are less than 34.2 and 33.8 psu, respectively. In (c),
shaded regions denote a PV range from 1 ⫻ 10⫺10 to 2 ⫻ 10⫺10
m⫺1 s⫺1. Contour intervals are (a) 0.2 kg m⫺3, (b) 0.2 psu, and (c)
0.5 ⫻ 10⫺10 m⫺1 s⫺1. Contours higher than 5 ⫻ 10⫺10 m⫺1 s⫺1 are
not shown in (c).

tential temperature are higher on the southern side of
the fronts. In contrast, gradients of PV across the front
are of opposite sign between the two isopycnal surfaces
(Figs. 3 and 4). The low-PV water at 25.5  on the
southern side of the front is the NPSTMW (see Fig. 2).
The low-PV water at 26.8  on the northern side of the
front is Oyashio water.
Frontal waves are observed along the front on both

FIG. 3. Isopycnal property distributions in the upper layer along
the isopycnal surface of 25.5 : (a) potential temperature, (b)
salinity, and (c) PV defined as ⫺(1/o)( f ⫹ )/z. In (b), the
dashed line represents the location of the observation line 5 (Fig.
1). Thick dashed curves represent the intermediate PV front defined here as 1.8 ⫻ 10⫺10 m⫺1 s⫺1 PV contour at 26.8  (see
Fig. 4c). Shaded regions denote relatively warm (⬎15.2°C),
saline (⬎34.2 psu), and low-PV (⬍1.5 ⫻ 10⫺9 m⫺1 s⫺1) Kuroshio
water. Contour intervals are (a) 0.2°C, (b) 0.1 psu, and (c) 3 ⫻
10⫺10 m⫺1 s⫺1.
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isopycnals. The location of the frontal wave in the PV
field (crest at x ⫽ 80 km, y ⫽ ⫺20 km, trough at x ⫽
⫺30 km, y ⫽ ⫺20 km) is slightly upstream of that in the
salinity and temperature fields (crest at x ⫽ 110 km,
y ⫽ ⫺10 km, trough at x ⫽ ⫺10 km, y ⫽ ⫺10 km). The
difference in location is, however, of the same order as
the station spacing along the main stream (⬃30 km).
The frontal wave at the 25.5  was not very clear in
the previous, lower-resolution observation of Kouketsu
et al. (2005). The high horizontal resolution of the
present study makes it possible to find this upper-layer
frontal wave. The wave crest is located at x ⫽ ⫺80 km,
and the wave trough is located at x ⫽ 20 km. The wavelength is thus about 200 km.
In Fig. 5, property distributions at the 26.8  surface
without the relocation method are shown. In the salinity and potential temperature distributions (Figs. 5a,b),
the wave crest is located at 35.7°N, 144.7°E and the
trough at 35.7°N, 144.2°E. The wavelength is thus about
100 km without the relocation, whereas it is 200 km
with the relocation. This difference is caused by the
opposite directions of eastward wave propagation and
westward ship observation.
The apparent wavelength of about 100 km without
relocation is similar to that reported by Kouketsu et al.
(2005) without the relocation, in which the survey also
proceeded from east to west.
The situation in which wave propagation and ship
observation is common in the two observations is in the
present study and in Kouketsu et al. (2005). It is suggested that the actual wavelength was also 200 km in
Kouketsu et al. (2005).
In summary, the frontal waves propagated in the
downstream direction with a phase speed of about 0.2–
0.3 m s⫺1 and a wavelength of 200 km

e. Surface frontal wave propagation detected from
satellite SST data

FIG. 4. Same as in Fig. 3, but for the 26.8  isopycnal surface
representing the intermediate layer. Thick dashed curves represent the upper-layer PV front denoted here as 1.4 ⫻ 10⫺9 m⫺1 s⫺1
PV contour at 25.5  (see Fig. 3c). Shaded regions denote with
relatively cold (⬍6°C), low-salinity (⬍34.1 psu), and low-PV
(⬍1.8 ⫻ 10⫺10 m⫺1 s⫺1) Oyashio water. Contour intervals are (a)
0.2°C, (b) 0.05 psu, and (c) 1 ⫻ 10⫺11 m⫺1 s⫺1.

Visibility of the upper-layer frontal waves at 25.5 
(Fig. 3) suggests that we might detect the frontal wave
with surface observations. We now detect the frontal
waves from the satellite SST images and compare their
characteristics with the waves obtained from the relocation method.
We use National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution
Radiometer (AVHRR) infrared images received at National Research Institute of Fisheries Science in order
to look at the sea surface frontal waves along the Kuroshio Extension. The infrared images were composited
for 1 day. Although the daily composite infrared images
were obtained every day during the period of 1–11 September 2002, most of the infrared images during the
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hydrographic observation were not clear because of
clouds. Therefore we use the two images: one on 1
September and the other on 11 September 2002.
Surface frontal waves along the Kuroshio Extension
propagated in the downstream direction as shown in
the satellite SST data (Fig. 6). The frontal wave crest of
the SST frontal wave along the Kuroshio Extension was
located at 141.5°E on 1 September (Fig. 6a). The wave
crest moved 200 km downstream, to 143.5°E, on 11
September (Fig. 6b). The downstream propagating
speed is estimated to be about 0.2 m s⫺1. We can see
two wave crests along the SST front in the satellite
image on 11 September 2002 (Fig. 6b). The distance
between these two crests is about 200 km. The wavelength and phase speed of this surface frontal wave
detected in the satellite SST images are thus 200 km
and 0.2 m s⫺1, respectively. These are almost the same
as estimated from the in situ hydrographic observations
and the relocation method.
These wave properties are also similar to those reported previously for the Kuroshio Extension from satellite infrared images (Mizuno 1985; Hirai 1985). Mizuno (1985) reported that surface frontal waves with a
wavelength of about 200 km were observed 48 times
over 2 yr. In 16 of these cases, the frontal waves propagated with phase speeds greater than 0.1 m s⫺1. Thus,
ours is perhaps the first comprehensible set of in situ
observations of a very common feature of the Kuroshio
Extension.

4. Structure of low-salinity water intrusions

FIG. 5. Isopycnal potential temperature and salinity distributions at 26.8  without the relocation. Shaded regions denote
relatively cold (⬍6°C), and low-salinity (⬍34.0 psu) Oyashio water. Contour intervals are (a) 0.25°C and (b) 0.05 psu.

To describe the relation between the frontal wave
structure and low-salinity water intrusion, we compare
the intermediate-depth frontal wave (Fig. 4) with the
upper-layer one (Fig. 3).
The amplitude of the frontal wave is smaller at 25.5
 (⬃10 km) than at 26.8  (⬃40 km). Since the mean
velocity of the Kuroshio Extension is generally larger in
the upper layer than in the lower layer and since the
property front is more intensive in the upper layer than
in the lower layer (cf. contour intervals in Figs. 3 and 4),
wave amplitudes must be smaller in the upper layer
than in the lower layer for the same amplitude of vorticity perturbation.
The phase of the frontal waves is found to be different between the upper (25.5 ) and intermediate (26.8
) isopycnal surfaces comparing between Figs. 3 and 4
(see Fig. 4c where the thick dashed curve represents the
upper-layer PV frontal wave). The upper-layer PV
frontal wave (crest at x ⫽ ⫺80 km and trough at x ⫽ 20
km) is located downstream of the intermediate-depth
wave (trough at x ⫽ ⫺30 km and crest x ⫽ 80 km). The
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FIG. 6. SST distribution from infrared satellite images: (a) 1 Sep 2002, before the hydrographic observation and (b) 11 Sep 2002, after
the hydrographic observation. Shaded regions denote the area with SST higher than 26.5°C. Thick curve of 26.5°C isotherm denotes
the SST front of the Kuroshio Extension. The analysis region with the hydrographic data is shown as the dashed rectangle. The location
of the crest of the surface frontal waves along the SST front is denoted by the black inverted triangles. The contour interval is 0.5°C.
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low-PV region at 25.5  (trough of the wave) is located
about 50 km downstream of the upper-layer low-PV
region at 25.5  (crest of the wave).
This phase difference of about 50 km corresponds to
1/4 wavelength of 200 km. Around x ⫽ ⫺40 km, y ⫽ 0
km (the intersection of y ⫽ 0 km and the dashed line
representing line 5 in Figs. 3b and 4b), low-PV and
high-salinity Kuroshio water at 25.5  sits above lowPV and low-salinity Oyashio water at 26.8  (Figs. 3
and 4). We thus observe the vertical salinity minimum
in the region from the crest to the trough of the upperlayer frontal wave, corresponding to the trough of the
intermediate-layer frontal wave.
To show the phase difference clearly, the isopycnal
PV deviation cross section is shown in Fig. 7b. The PV
deviation from the isopycnal mean for one wavelength
of the PV frontal wave (see the rectangular box in Fig.
7a) is calculated and then normalized by the standard
deviation of PV at each isopycnal surface.
In Fig. 7a, the negative deviations are located at the
30-km alongfront distance, and the positive anomaly is
located at 120 km at 25.5 . At 26.8 , the negative
and positive deviations are located at 70 and 180 km,
respectively. The local maximum and minimum of PV
deviations at 26.8  precede the PV peaks at 25.5  by
40–60 km, roughly corresponding to 1/4 wavelength.
The phase lag structure in the PV deviation is not clear
below 26.8 . However, since the salinity values in the
layer below 26.8  are nearly constant on both sides of
the Kuroshio Extension, the salinity minimum is observed around 26.8  without regard to the phase in
the deeper layer.

5. Vertical velocity

共6兲

FIG. 7. (a) Distribution of normalized PV deviation in the downstream direction at each isopycnal surface. Shaded regions denote
negative PV deviation. The contour interval is 0.5, and dashed
lines denote isopycnal surface at 25.5 and 26.8 . (b) Areas (denoted by thick rectangle box) calculating the PV deviation superposed over PV distribution at 26.8 . The direction of long side
of the rectangle is determined by fitting the curve of the upperlayer PV front with a method of least squares. The isopycnal mean
PV values are estimated in the rectangular box corresponding to
one wavelength of the frontal wave.

The equation is solved using the SOR, the same as
for the geopotential tendency equation (section 3b).
Boundary conditions are simply set as w ⫽ 0 at the
surface and bottom, and hw · n ⫽ 0 at the lateral
boundaries. Rudnick (1996) used the same kind of bottom and lateral boundary conditions for the application
of the omega equation to ocean observations at the
Azores front.
Vertical velocity fields are estimated with the three-

dimensional instantaneous fields (Fig. 8). The vertical
velocities are downward at around x ⫽ ⫺20 km, y ⫽ 10
km and upward at around x ⫽ 60 km, y ⫽ 20 km. The
maximum value of about 40 m day⫺1 is estimated
around the thermocline at a depth of about 400 dbar
(Fig. 8a). Downwelling (upwelling) occurs in the area
from the crest (trough) to the trough (crest) of the upper-layer frontal waves. The horizontal pattern of the

We estimate vertical velocity fields from the simultaneous fields using the so-called omega equation
(Hoskins et al. 1978):
ⵜ2共N 2w兲 ⫹ f 2

⭸2w
⭸z2

⫽ 2 · Q and

Q ⫽ 共Qx, Qy兲 ⫽

冉

共5兲

冊

g ⭸ug
⭸ug
· ,
·  .
o ⭸x
⭸y

Unauthenticated | Downloaded 01/09/23 09:10 AM UTC

MARCH 2007

653

KOUKETSU ET AL.

FIG. 8. Vertical velocity (m day⫺1) estimated with the omega equation at (a) 400 and (b) 800 dbar. The shaded
regions denote downwelling. The thick solid and thick dashed curves represent the frontal waves at 25.5 and 26.8
, respectively.

vertical velocity does not depend on depth, though the
magnitude decreases with depth (Fig. 8).
The horizontal pattern of the vertical velocity agrees
with the vertical motion of the floats in Gulf Stream
(RAFOS float motion is illustrated in Fig. 9). It is suggested that particle motions associated with the frontal
waves along the Kuroshio Extension and the meanders
in the Gulf Stream might be interpreted by the same
mechanism.
To discuss the dynamics that contributes to the vertical velocity fields, we use another form of the omega
equation:
ⵜ2共N 2w兲 ⫹ f 2

⭸2w
⭸z

2

⫽f

⭸
g
共u · 兲 ⫹ ⵜ2共ug · 兲.
⭸z g


共7兲

Using this form, vertical velocity fields are decomposed into the components of relatively vorticity advection (Fig. 10a) and density advection (Fig. 10b).
In the region from the crest (having negative relative
vorticity) to the trough (positive relative vorticity) of
the upper-layer frontal waves, downwelling is caused by

the vertical shear of the relative vorticity advection,
because the vorticity advection is positive and its magnitude becomes smaller with the depth. On the other
hand, the positive horizontal density advection tends to
cause upwelling from the crest to the trough (Fig. 10b),
because warm water around the crest is advected to the
trough with cold water by the main stream. Since the
contribution of the density advection is smaller than
that of the vertical shear of the vorticity advection,
downwelling is estimated in the region from the crest to
the trough of the upper-layer frontal wave.
The vertical velocity associated with meanders has
been investigated mainly in the Gulf Stream with inverted echo sounders (e.g., Lindstrom et al. 1997;
Howden 2000). In Lindstrom et al. (1997), the vertical
extrema of the vertical velocity were estimated to be
about 2 mm s⫺1 (over 170 m day⫺1) in the Gulf Stream
meanders. Such strong vertical velocities were observed
with the slowly propagating and rapidly developing meanders, while weak vertical velocities were observed
with rapidly propagating meanders. Furthermore, the
horizontal advection of density produced the dominant
component of vertical velocity in the strong vertical
velocity case.
The estimated vertical velocity in the present study is
weaker than that in the Gulf Stream meanders. The
frontal waves in this dataset are rapidly propagating in
the downstream direction and not developing fast. The
horizontal advection effect is not dominant for vertical
velocity. The frontal waves observed in the present
study might correspond to the rapidly propagating case
in the Gulf Stream.

6. Summary and discussion
FIG. 9. Typical RAFOS float motion in the Gulf Stream
meander. This figure is adopted from Bower (1989).

Three-dimensional structure of the frontal wave in
the Kuroshio Extension was determined from an exten-
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FIG. 10. Vertical velocities at 400 dbar due to (a) the vertical shear of the relative vorticity advection (wvor) and
(b) the horizontal density advection (w). The shaded regions denote downwelling. The thick solid and thick
dashed curves represent the frontal waves at 25.5 and 26.8 , respectively.

sive survey of CTD stations over the course of about 6
days. We compared the phase speed and the wavelength estimated from the hydrographic observations
with those from satellite SST images, and described the
salinity minimum formation associated with the frontal
wave and associated intrusions of Oyashio low-salinity
water. During the observational period, a frontal wave
with a wavelength of about 200 km propagated in the
downstream direction with a phase speed of 0.2–0.3
m s⫺1. The structure of the frontal wave is summarized
and illustrated in Fig. 11.
Sea surface frontal waves similar to those in the
present study were reported previously (Mizuno 1985;
Hirai 1985). We suggest, based on our observations,
that these sea surface frontal waves are accompanied by

intermediate-depth frontal waves, in which the frontal
wave in the upper layer precedes the intermediatedepth frontal wave by about 1/4 wavelength. Intermediate-depth intrusion of low-salinity Oyashio water and
the salinity minimum are therefore formed in the region where high-salinity Kuroshio water in the upper
layer superimposes over low-salinity Oyashio water in
the intermediate layer. The vertical velocity (up to 40 m
day⫺1) estimated with the Omega equation is downward (upward) in the trough (crest) of the intermediate-depth frontal wave and from the crest to the trough
of the upper-layer frontal wave.
The horizontal pattern of the vertical velocity field
revealed in the present study resembles a isopycnal
RAFOS float behavior in the Gulf Stream (Bower and

FIG. 11. Schematic view of the three-dimensional structure of the frontal wave along the
Kuroshio Extension.
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Rossby 1989; Song et al. 1995; Song and Rossby 1997).
The floats migrate upward (downward) in the region
from the trough (crest) to the crest (trough) of the Gulf
Stream meander (Bower and Rossby 1989). This feature agrees well with the vertical velocity inferred from
the omega equation in the present study: upwelling
(downwelling) in the region from the trough (crest) to
the crest (trough) of the surface frontal waves.
On the other hand, the cross-frontal structure of the
Kuroshio Extension is different from the Gulf Stream.
The low-PV and low-salinity Oyashio water is distributed on the northern side of the Kuroshio Extension in
the intermediate layer around 26.8  and 300–600-m
depth (Fig. 4c). The amplitude of the frontal waves
along the Kuroshio Extension is large at the intermediate depth, and the low-salinity Oyashio water intrusions are remarkable. These features have not been
observed along the Gulf Stream. The existence of the
low-PV Oyashio water might contribute to the features.
The cross-stream gradient of PV in the intermediate
layer is opposite to that in the upper-layer where lowPV Subtropical Mode Water is located on the southern
side of the Kuroshio Extension. The vertical velocity
fields in the present study are caused by the large vertical shear of the relative vorticity advection (Fig. 10).
In the Gulf Stream, the horizontal density advection by
the ageostrophic velocity is important for the strong
vertical velocity (Howden 2000). Furthermore, the vertical velocity in the present study is weaker than in the
Gulf Stream (Lindstrom et al. 1997). These differences
might be due to the different cross-stream stratification
structures in the Kuroshio Extension and in the Gulf
Stream.
The phase pattern of PV shows that the low-PV deviation in the intermediate layer preceded that in the
upper layer by about 1/4 wavelength. This suggests that
the frontal waves are generated by the baroclinic instability (e.g., Pedlosky 1987) due to the coupling of upper-layer and intermediate-layer frontal waves under
the opposite cross-stream PV gradient. The unstable
growth of the frontal waves might cause wave breaking
and eddy shedding in the intermediate layer and then
enhance mixing between the Kuroshio and Oyashio waters (i.e., contribute to the formation of NPIW).
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