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A method to extract geostrophic current in the daily mean HF radar data in the
Kuroshio upstream region is established by comparison with geostrophic velocity
determined from the along-track altimetry data. The estimated Ekman current in the
HF velocity is 1.2% (1.5%) and 48° (38°)-clockwise rotated with respect to the daily
mean wind in (outside) the Kuroshio. Furthermore, additional temporal smoothing is

the Kuroshio.

1. Introduction

Studies on variations of the ocean currents have pro-
gressed drastically thanks to the use of satellite altimetry.
In the upstream region of the Kuroshio, for example,
westward-propagating cyclonic (or anticyclonic)
mesoscale eddies are found to merge with the Kuroshio
east of Taiwan, subsequently inducing the decrease (or
increase) of the surface volume transport in the Tokara
Strait approximately 30 days later (Ichikawa, 2001). How-
ever, since maps of the sea surface height anomaly
(SSHA) field are generally interpolated using along-track
altimetry data for a period longer than 10 days (cycle of
TOPEX/POSEIDON), such rapidly moving phenomena
as meanders of the Kuroshio cannot be resolved well with
these maps alone (Ichikawa et al., 1995). Moreover, tem-

* Corresponding author. E-mail: ichikawa@riam.kyushu-u.ac.jp

Copyright©The Oceanographic Society of Japan/TERRAPUB/Springer

found necessary to remove residual ageostrophic currents such as the inertial oscilla- Kuroshio,

: . . . - Ekman current,
tion. After removal of the ageostrophic components, the HF geostrophic velocity agrees geostrophic
well with that from the altimetry data with rms difference 0.14 (0.12) m/s in (outside) velocity

- inertial oscillation.

poral anomaly does not adequately describe variations of
the Kuroshio having a strong mean component (Ichikawa
and Imawaki, 1994).

Since July 2001, sea surface currents in the upstream
region of the Kuroshio have been monitored by the high-
frequency ocean radar (hereafter HF radar) system de-
veloped by the National Institute of Information and Com-
munications Technology (NICT), Japan. HF radar meas-
ures the sea surface velocity component in the direction
toward the radar, using the Doppler frequency shift of
the radiowave backscattered by ocean surface wind waves
within an observation cell (footprint) of the radar; the
vector velocity is determined by combining observed ra-
dial velocity components of two (or more) radars (Sato et
al., 2005). After comparison with vector velocity mea-
sured by a current meter at a fixed point, it was confirmed
that the HF radar system developed by NICT measures
surface velocity accurately (Matsuoka et al., 2003; Sato
et al.,2004). Since the HF radar data have higher resolu-
tion in space and time than the satellite altimetry and they
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Fig. 1. 3.5-year mean HF vector velocity in the upstream of the Kuroshio (a); study area is indicated by a dashed square in a wider
map of the Kuroshio at the top left corner. Black (or gray) vectors indicate the 3.5-year mean velocity of speed larger (smaller)
than 0.5 m/s. Reference velocity of 0.5 m/s and scale of 50 km are plotted at the top right corner of the panel. Star marks show
positions of the HF radars on Yonaguni and Ishigaki Islands. Oblique line indicates the subsatellite track used in this study.
The velocity component normal to this subsatellite track is extracted along the track and plotted against the latitude (b);
southeastward is defined as positive. Dotted line at 25.47°N indicates a boundary of the Kuroshio area where speed of the

vector velocity in (a) exceeds 0.5 m/s.

are not confined to temporal anomaly, the HF radar sys-
tem is considered more suitable to observe rapidly propa-
gating disturbances of the Kuroshio in a limited observa-
tion area. Furthermore, combined use of the HF radar data
with satellite altimetry or ship hydrographic data in a
wider area could provide a more comprehensive descrip-
tion of variations of the Kuroshio due to its interaction
with mesoscale eddies.

However, the sea surface velocity obtained with the
HF radar (hereafter HF velocity) contains not only a
geostrophic current component but also ageostrophic com-
ponents, such as tidal, wind-driven Ekman currents and
others. These ageostrophic currents are absent from the
geostrophic data obtained with altimetry or hydrographic
observations and make comparison difficult. The tidal
component can be removed from time series of the HF
velocity by harmonic analysis, but the Ekman component
driven by local wind needs to be estimated using wind
data. These estimates would be specific to HF observa-
tions since Ekman current depends strongly on the depth
of measurements. In addition, the spatial and temporal
characteristics of the estimated HF geostrophic velocity
data need to be verified against independent data such as
altimetry or hydrography.
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The purpose of this study is therefore to develop a
method for estimating the geostrophic velocity compo-
nent of the HF velocity. We also discuss spatial and tem-
poral scales of the estimated geostrophic velocity in the
Kuroshio and in the open ocean, where dominant features
have different scales. To achieve these goals, the HF ve-
locity is compared with the reference geostrophic veloc-
ity, the velocity component normal to the subsatellite track
calculated from the along-track altimetry data. This ve-
locity component determined from the along-track
altimetry data has been reported to agree with in situ sur-
face velocity observations when it is spatially smoothed
over the internal radius of deformation (Kashima et al.,
2003; Ito et al., 2004). Note that the vector velocity cal-
culated from the gridded SSHA field would not be ad-
equate for the reference velocity due to smoothing in both
space and time (Willebrand et al., 1990; Ichikawa et al.,
1995, 2004; Yu et al., 1995), although comparisons with
vector HF velocity are possible throughout the study area.
HF radar and altimeters data used in this study are de-
scribed in Section 2, together with wind data used to es-
timate the wind-driven Ekman current component. HF
velocity and the reference geostrophic velocity obtained
from the altimetry data are first compared in Section 3,



and then a method to estimate the Ekman current compo-
nent of the HF velocity is presented in Section 4. After
removal of the Ekman current component, velocities of
both the altimeter and HF radar are compared in Section
5, together with discussions.

2. Data

Each HF radar, placed on Ishigaki and Yonaguni Is-
lands (Fig. 1(a)), measures the radial surface velocity
component at 7-km and 0.5-hour intervals (Matsuoka et
al., 2003; Sato et al., 2004). We use 3.5 years of gridded
vector velocity data from July 2001 to January 2005,
which are produced by NICT on a 7-km grid every 0.5
hours from those radial velocities (http://www2.nict.go.jp/
y/y222/okinawa/EN/). In order to compare them with the
geostrophic velocity calculated from the altimetry SSHA,
we calculate the HF velocity anomaly as a deviation from
the 3.5-year mean velocity (Fig. 1(a)); outlier data five
standard deviations away from the mean were removed.
In the mean velocity field (Fig. 1(a)), the Kuroshio is
clearly recognized in the west, northwest and north of
the study area as a band of strong northeastward velocity.
In this paper we define the “Kuroshio area” as the area
with mean velocity greater than 0.5 m/s, and the “open
ocean area” is the rest of the domain.

In order to remove tidal components in the HF ve-
locity, 11 tidal constituents (M2, S2, N2, K2, K1, O1, P1,
Q1, Mf, Sa and Ssa) are first estimated by harmonic analy-
sis at each grid point. Except for the non-astrometrical
constituents Sa and Ssa, which are dominated by varia-
tions of ocean currents, the nine constituents that account
for approximately 4.5% of the variance of the HF veloc-
ity were extracted (Yanagi et al., 1997). The one-day mean
velocity is then calculated from the 0.5-hour velocity to
reduce high-frequency variations; outliers over three
standard deviations are excluded, and grid points are
omitted if there are fewer than 24 samples in a day.

We use the SSHA data along the subsatellite track
shown in Fig. 1(a), observed approximately every 10 days
by TOPEX/POSEIDON and Jason-1 altimeters. The al-
timeter products were produced by SSALTO/DUACS and
are distributed by AVISO with support from CNES
(AVISO, 2004) as delayed-time data, in which corrections
such as tides and air pressure have been applied with
higher accuracy. The SSHA relative to the same 3.5-year
mean is obtained at points along the subsatellite track with
7-km interval. The geostrophic velocity anomaly, v,
normal to the subsatellite track is calculated from the slope
of the SSHA between adjacent points, which is defined
as positive in the southeastward direction. Since the
altimetry geostrophic velocity anomaly, v, is known to
agree well with in situ geostrophic velocity when it is
smoothed over the internal radius of deformation
(Kashima et al., 2003; Ito et al., 2004), the SSHA is spa-

tially smoothed with a 42-km running mean along the
subsatellite track in the Kuroshio area and with a 56-km
one in the open ocean area (Emery et al., 1984; Chelton
et al., 1998).

For comparison with the altimetry geostrophic ve-
locity, v,y,, the gridded one-day mean HF velocity anomaly
is interpolated onto the same points of the along-track
SSHA data, and the HF velocity anomaly component, Vg,
normal to the subsatellite track is determined. Note that
this HF velocity anomaly, V}, consists of the geostrophic
current component, v;, and the ageostrophic current com-
ponent, u; Ve = vy + u. The geostrophic velocity, vy,
observed with the HF radar could be different from the
altimetry geostrophic velocity, v,,, due to difference of
the measurements (e.g. accuracy and spatiotemporal
scales); hereafter, we denote the difference of two
geostrophic velocities as “measurement difference”, &,
namely € = v — v,;,. For convenience of further discus-
sions, the 3.5-year mean velocity component normal to
the subsatellite track similarly extracted at the same lo-
cations is shown in Fig. 1(b). In Fig. 1(b), the stronger
flow of the Kuroshio is present to the north of 25.47°N.

The wind data for the estimation of the Ekman cur-
rent component used in Section 4 is obtained from
CERSAT, at IFREMER, Plouzané, France (CERSAT,
2002), which is daily mean vector wind on a 0.5-degree
grid. The temporal wind anomaly, W, relative to the mean
of the same 3.5 years is then determined.

3. Comparison of HF Velocity V,; with Altimetry

Geostrophic Velocity v,

Along the subsatellite track, the temporal anomaly
of the HF velocity, V}, normal to the track is first com-
pared with the geostrophic velocity anomaly, v,,, calcu-
lated from the altimetry data to examine the influence of
the ageostrophic velocity component, u, of V,; and the
measurement difference, € for example, Fig. 2 shows
profiles of V,;and v,;, on 30 May 2003. In Fig. 2, both the
one-day mean HF velocity anomaly, V,; (solid line), and
the geostrophic velocity anomaly, v, calculated from the
SSHA spatially smoothed over 56 km (dashed line) are
found to be positive (or negative) to the north (or south)
of 25.4°N. By combining with the 3.5-year mean veloc-
ity shown in Fig. 1(b), the northern positives in Fig. 2
indicate that the velocity component of the Kuroshio nor-
mal to the track reached 0.90 m/s around 25.7°N on that
day. Meanwhile, the significant negatives in Fig. 2 corre-
spond to a countercurrent south of 25.1°N with a
northwestward component since the mean velocity there
in Fig. 1(b) is less than the absolute value of the negative
anomaly Vi, in Fig. 2.

Amplitudes of Vi, and v, variations are, however,
different, especially in the open ocean area. In general,
the amplitude of the v, variation depends on the spatial
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Fig. 2. One-day mean HF velocity anomaly component V,
(solid line) and the geostrophic velocity anomaly compo-
nent v, (dashed line) determined from the altimetry data
with 56-km smoothing on 30 May, 2003. Temporally
smoothed V,; over five days (solid gray line) and spatially
smoothed v,;, over 98 km (dashed gray line) are also plot-
ted. Dotted line at 25.47°N indicates a boundary of the
Kuroshio area and the open ocean area used in this paper.

smoothing scales (Ichikawa et al., 2004). For example, if
we smooth the SSHA over 98 km along the track (dashed
gray line), the amplitude of the southern negative curve
of the v, decreases by losing such small-scale structures
as the sharp change at 25.3°N. It should also be noted
that no spatial smoothing has been applied to V,; in Fig.
2, suggesting the presence of either intrinsic spatial
smoothing of the HF radar observations which causes the
measurement difference, &, or large-scale ageostrophic
velocity component u.

Similarly, some ageostrophic currents « included in
Vi with a small time scale, are expected to be reduced if
we smooth V,; in time, although some temporally-vary-
ing, quasi-geostrophic current v, may also be lost. If we
average Vi, for instance, over five days around 30 May
2003 (solid gray line), both positive and negative peaks
at 25.7°N and 25.1°N appeared in the one-day mean V;
are shifted northward to 25.8°N and 25.2°N. In this case,
the five-day mean V,; north of 25.2°N is rather similar to
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the 98-km smoothed geostrophic velocity, v,.

Such comparisons are made for many combinations
of various temporal smoothing scales of V,; and various
spatial smoothing scales of v ;. In these comparisons, the
root-mean-square (rms) difference between V;and v, is
calculated for all observation points along the subsatellite
track during 3.5 years, both in the Kuroshio area and in
the open ocean area (Fig. 3); the sampling number for the
rms difference is about 800 in the Kuroshio area and about
1200 in the open ocean area. In Fig. 3, the rms difference
between V; and v, tends to decrease with increasing
spatial or temporal smoothing scales, resulting in the
minimum that appears in the upper-right corner of each
panel. In general, however, root sum of variances of V;
and v, itself tends to be smaller with increasing spatial
or temporal smoothing scales (Fig. 4). In order to remove
this effect from the rms difference in Fig. 3 we define
normalized difference as the rms difference divided by
the corresponding root sum of variances of Vi, and v,
shown in Fig. 4.

Unlike Fig. 3, the normalized difference in Fig. 5
does not change monotonously when increasing the spa-
tial and temporal smoothing scales. In the Kuroshio area
(Fig. 5(a)), an oblique area of smaller normalized differ-
ence exists from the lower-left side to the upper-right side.
The normalized difference for a given temporal smooth-
ing scale of V first decreases as the spatial smoothing
scale of v, increases, but then starts to increase after the
spatial smoothing scale exceeds a certain scale. Since the
normalized difference would increase when v, is over-
smoothed or under-smoothed with respect to the spatial
scale of the given Vi, the spatial smoothing scale of v,
that results in the smallest normalized difference is con-
sidered to indicate the spatial scale of the given V,itself.

Similarly, the normalized difference for a given spa-
tial smoothing scale of v,;, shows both a first decrease
and a subsequent increase as the temporal smoothing scale
of V,; increases. Since the Kuroshio is known to have
great temporal variability, the increase would be induced
by the measurement difference, &, as a loss of the tempo-
rally-varying, quasi-geostrophic current component vy
due to over-smoothing of V,; in time. Analogously, the
decrease would be caused by temporal under-smoothing
of Vi, In this case, the under-smoothing may be origi-
nated by two causes respectively related to € and u; the
smoothing scale of V; in time is either shorter than the
temporal scale of the given v,,, or too short to average
out some short-term ageostrophic currents of u in V.

The latter cause would be obviously recognized in
the open ocean area (Fig. 5(b)). For the one-day mean V;
in Fig. 5(b), the normalized difference is especially larger
than any other temporal smoothing scales, whatever the
spatial smoothing scale of v, is. This suggests that some
short-term ageostrophic currents u such as inertial oscil-
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Fig. 3. Rms difference between HF velocity V,; and geostrophic velocity v, in the Kuroshio area (a) and in the open ocean area
(b). Geostrophic velocity v, is smoothed over various (42, 56, 70, 84, 98, 112, 126 and 140 km) spatial scales along the
subsatellite track (horizontal axis), while HF velocity V,; is averaged over various (1, 3, 5, 7 and 9 days) temporal scales
(vertical axis). Contour and shading intervals are 0.01 and 0.02 m/s, respectively, accounting for significant differences of y*-
test at 95% confidence level in the open ocean and Kuroshio areas, respectively.
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Fig. 4. Root sum of variances of the HF velocity V;; and the geostrophic velocity v,; in the Kuroshio area (a) and in the open
ocean area (b). Axes, contour and shading intervals are as Fig. 3, except for values of the intervals (0.02 and 0.03 m/s,
respectively).
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Fig. 5. As Fig. 3 but showing normalized difference. Shading interval is 0.1, accounting for significant differences shown in Figs.

3 and 4. Contour interval is set to 0.02 for convenience.

lation and Ekman current driven by short-term wind vari-
ation remain in the one-day mean V,; Note that these
ageostrophic currents u would be less significant com-
pared to the strong geostrophic current in the Kuroshio
area, so that they would result in smaller values if nor-
malized by the root sum of variances shown in Fig. 4.
Actually, the rms differences for the one-day mean V;
are nearly the same (approximately 0.17 m/s) in both ar-
eas (Figs. 3(a) and (b)).

For temporal smoothing scales longer than three
days, the normalized difference represents the sum of the
measurement difference, & and such longer-term
ageostrophic currents u as the Ekman current induced by
winds with temporal scales longer than three days. The
decrease of the normalized difference there in the open
ocean area becomes as gradual as the increase, which
would suggest that these changes are mainly produced
by variation of the measurement difference, €, due to
temporal smoothing of v,;. An oblique area of smaller
normalized difference also exists in Fig. 5(b), as seen in
the Kuroshio area (Fig. 5(a)); the presence of the oblique
area of smaller € is reasonable since the spatial scale of
geostrophic currents generally tends to be larger when
the temporal scale increases. The width of the oblique
area in the Kuroshio area, however, is noticeably narrower
than that in the open ocean area. This would be caused by
difference of sensitivity to over-smoothing or under-
smoothing of v, in each area. In the Kuroshio area, where
distinct velocity structures with relatively small spatial
scales exist, a large difference in € would be produced if
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the velocity field, v, is over-smoothed or under-
smoothed compared to the given spatial scale of vy;.
The minimum normalized difference in the Kuroshio
area (or the open ocean area) occurs when v, is smoothed
over 70 km (or 112 km) and V; is smoothed over three
(or five) days, although these minimum values are not
significantly different from the surroundings in Fig. 5.

4. Estimating Wind-Driven Ekman Current u, in the

HF Velocity V,,

The wind-driven Ekman current would not be aver-
aged out by temporal smoothing since the forcing winds
include a longer time-scale variation component. There-
fore, we estimate the Ekman component in the HF veloc-
ity as the ageostrophic component, u, that linearly corre-
sponds to the wind vector, W; hereafter, we distinguish
the Ekman current component, u,,, from the other
ageostrophic currents, uy; namely, u = u,, + u,.

The one-day mean Ekman current component nor-
mal to the subsatellite track, u,, is expressed by using the
one-day mean wind vector, W = [W_, Wp] as:

uy, =0-W,-cos@—ca-W,sinb,

where W, and W are the wind components normal and
parallel to the subsatellite track, respectively, and o and
6 are the unknown speed factor and rotation angle of the
Ekman current with respect to the wind vector, respec-
tively. Note that both wind vector, W, and estimated u,,
are defined as the anomaly from the 3.5-year mean, the
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Fig. 6. As Fig. 5 but with the Ekman current component (u,,) removed from the HF velocity, V.

same as Vy; and v,;.. These unknown parameters are to be
determined by the least squares method, which minimizes
the sum of squared differences between u,, and the
ageostrophic currents, u, in the one-day mean Vg i.e.,
Y(u — u,,)*. The ageostrophic component, u, is defined as
the one-day mean V,; minus the geostrophic velocity, vy,
observed with the HF radar. The latter v,; would be equiva-
lent to the altimetry geostrophic velocity, v, that is
smoothed properly in space so as to make the measure-
ment difference, &, negligible, but the spatial scale of v,
itself is not well understood. Therefore we use v, with
various spatial smoothing scales to calculate § = Y(V,; —
Va — Uy,)?, then best fit parameters of o and 6 are esti-
mated independently in each area.

Estimated parameters ¢ and 6 that minimize S for
each smoothing scale of v, are applied to the one-day
mean wind vector, W, in each area, and estimated Ekman
current component, u,,, is extracted from the one-day mean
Ve to produce (Vip — uy,) = (v + u,). In the Kuroshio
area, the normalized difference between the estimated
one-day mean (v, + u,) and v, becomes smallest when
the 56-km smoothed v, is used; for this case, the esti-
mated speed factor, ¢, and rotation angle, 6, of the Ekman
current, u,,, are 1.2% and 48° clockwise with respect to
the one-day mean wind vector. Meanwhile, in the open
ocean area, the smallest difference occurs when the 56-
km smoothed v, is used; the parameters are 1.5% and
38°.

Estimations of the Ekman current from wind vector
have been reported in previous studies. For example, us-
ing 6-hour-interval HF velocity data during the passage
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of a typhoon, Matsuoka et al. (2003) estimated that the
wind speed factor ranges from 3.4 to 4.2% and the rota-
tion angle from 35° to 39°. Meanwhile, the parameters
estimated from altimetry geostrophic velocity and two-
day averaged surface drifter data correspond to 0.8% and
54° at 25°N (Cornuelle et al., 2002; Niiler et al., 2003).
The parameters obtained in this study for the one-day
mean Ekman current is consistently situated between these
two estimates. Quantitative comparisons are difficult,
though, because the corresponding depths of these esti-
mates are different; the Ekman current for drifter data is
at about 15 m depth where drogues of drifters are located,
whereas the depth represented in the HF velocity is con-
sidered to be about 1.3 m for this HF radar system
(Matsuoka et al., 2003). More detailed studies would be
necessary for further discussion, taking account of the
vertical structure of the Ekman current (e.g. Wu, 1980;
Donelan et al., 1993; Craig and Banner, 1994; Craig,
1996; Teague et al., 2001; Yoshikawa et al., 2007).

5.  Summary and Discussions of the HF Geostrophic

Velocity vy,

Using the best-fit parameters for u,, estimated in the
previous section, normalized differences between (V,; —
u,,) and v,;, are determined for many combinations of vari-
ous temporal smoothing scales of the former and various
spatial smoothing scales of the latter (Fig. 6). Not only
for the one-day mean (V; — u,,) but also for the tempo-
rally longer smoothed (V}; — u,,), all values become
smaller than corresponding ones in Fig. 5. Such reduc-
tions would be induced by removal of u,, caused by wind
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variations with longer periods, such as seasonal wind
variations. The improvement is especially noticable in the
open ocean area where the Ekman current is less negligi-
ble with respect to the geostrophic velocity.

However, in the open ocean area, the extremely large
normalized difference for the one-day mean (V,; — u,,)
still remains, even after removal of u,,. This tendency is
also confirmed, even if we spatially smooth the gridded
one-day mean vector HF velocity before (Vi — u,,) is ex-
tracted along the subsatellite track, suggesting that the
cause of the difference in the one-day mean (Vi — u,,)
has a large spatial scale. One possible reason for this re-
sidual difference is that the simple assumption is not ad-
equate to estimate the daily Ekman current, u,, linearly
from the daily wind vector alone; a more complicated
formula might be necessary, although the accuracy of the
data used in the present paper would limit further exten-
sion. A more probable explanation is that the other
ageostrophic component, i, remains in the one-day mean
(Vs — u,,), the temporal scale of which is longer than one
day but shorter than three days. Since the inertial period
at this latitude is 28 hours, the inertial oscillation, which
has a large spatial scale, would not be averaged out in the
24-hour mean. It is therefore concluded that the daily
mean Ekman-corrected HF velocity, (Vy;— u,,), should be
further smoothed in time to obtain HF geostrophic veloc-
ity, v, by excluding the residual ageostrophic compo-
nents, u,, such as the inertial oscillation, especially in the

(@)

open ocean area where vy is not sufficiently large to ne-
glect u,.

The minimum normalized difference in Fig. 6 is for
the 70-km smoothed v, and the three-day mean (V; —
u,,) in the Kuroshio area, and for the 98-km smoothed v,
and the five-day mean (V; — u,,) in the open ocean area.
Although the minimum values are not significantly dif-
ferent from the surroundings, it should be noted that the
spatial smoothing scale of v, for the minimum normal-
ized difference in the open ocean area decreases after re-
moval of u,, (Figs. 5(b) and 6(b)). This would be consist-
ent, since the Ekman current, u,, in V,; is considered to
have a larger atmospheric horizontal scale.

Figure 7 shows scatter diagrams for the altimetry
geostrophic velocity, v, versus the HF velocity, (V,; —
u,) = (vy + u,), for those minimum normalized differ-
ences. The minimum normalized difference corresponds
to the rms difference of 0.14 m/s in the Kuroshio area
and 0.12 m/s in the open ocean area. Assuming that the
ageostrophic currents component, u,, is negligible in these
cases, these rms differences are considered to be induced
by the measurement difference, € = v,y — v, Since the
spatial and temporal scales of v,; and v, are regarded as
fitting each other for these cases, the measurement dif-
ference, €, would be mainly derived from the accuracy of
observations of the HF velocity, vy, and the altimetry
geostrophic velocity, v,;,. For the HF velocity, accuracy
of a single measurement is estimated to be 0.15 m/s by

(b)

1.0 : ' 1.0 L !
Slope =1.2 Slope =1.1
Intercept = 0.00 ‘ Intercept = 0.00
C.C.=0.70 . v C.C.=0.61
rms diff. = 0.14 4 rms diff. = 0.12 .
0.5 | number = 825 T 2./ - 0.5 9 number = 1256 T B
£
3
=0.0 : 0.0 f
&
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-1.0 . -1.0 ¥ .
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Fig. 7. Scatter plot of the 70-km smoothed v,;, versus the three-day smoothed (V,; — u,,), producing the minimum normalized
difference in the Kuroshio area (a), and that for the 98-km smoothed v, versus the five-day smoothed (V,; — u,,) in the open
ocean area (b). Linear regression is shown by solid lines, where dashed lines indicate (V}; — u,,) = v,;,- Slope and intercept of
the linear regression, correlation coefficient, rms difference and the number of data used are also shown in each panel.
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Fig. 8. Correlation coefficient in the open ocean area between the geostrophic velocity v,;, and the HF velocity V,; before removal
of the Ekman current (a), and (V; — u,,) after the removal (b). Horizontal and vertical axes are as Fig. 3(b). Shading interval
is 0.05, accounting for significant difference by Fisher’s z-test at 95% confidence level (Press et al., 1992). Contour interval

is set as one-half of the shading interval.

comparison with in situ surface velocity observations at
a moored buoy (Sato et al., 2004), although this could be
overestimated for the temporally-smoothed velocity. For
the geostrophic velocity determined from the along-track
altimetry data, the accuracy has been reported to be 0.16
m/s in the Kuroshio south of Shikoku (Uchida et al., 1998)
and 9.1 x 1072 m/s in the open ocean (Ito et al., 2004).
This suggests that the estimated HF geostrophic velocity,
vy Would have at least similar accuracy to that of the
altimetry geostrophic velocity, v,,.

It is not only in the normalized difference shown in
Figs. 5 and 6 that the improvement after removal of the
Ekman current, u,, is confirmed, but also in the correla-
tion coefficient increases (Fig. 8). In addition, it should
be noted that the distribution patterns of the correlation
coefficient shown in Fig. 8(a) are much closer to that of
the normalized difference (Fig. 5(b)) than that of the rms
difference (Fig. 3(b)), which reasonably supports the use
of the normalized difference instead of the rms differ-
ence. Both in the Kuroshio (figures not shown) and open
ocean areas, the spatial and temporal smoothing scales
for the maximum correlation are confirmed to agree with
those for the minimum normalized difference, except for
the case comparing V,; and v, in the open ocean area
(Figs. 5(b) and 8(a)). The maximum correlation in Fig.
8(a) occurs when v, is smoothed over 140 km and V/;is
averaged over seven days, but the maximum value is not
significantly different from the surroundings. Actually,

Estimating the Geostrophic Velocity Obtained by HF Radar Observations in the Upstream Area of the Kuroshio

when the slope of the linear regression between v,;, and
V\¢ 18 accounted for, together with Fig. 8(a), the smooth-
ing scales for the best comparison produce the same re-
sult as those for the minimum normalized difference in
Fig. 5(b).

In this study we have demonstrated that the HF
geostrophic velocity v,; would be obtained with at least
similar accuracy to the geostrophic velocity, v, deter-
mined by satellite altimetry. Although the comparisons
in this paper are limited to the subsatellite track and the
component normal to it, the HF radar system can provide
a mapped vector velocity within the radar range. By us-
ing the mapped HF geostrophic velocity after proper cor-
rection for ageostrophic currents described in this paper,
rapidly moving phenomena such as the interaction be-
tween the Kuroshio and mesoscale eddies are remarkably
well described, which will be reported in another paper
(Ichikawa et al., 2007).
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