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Abstract. Surface velocities determined from trajectory of a drifting buoy
during March through November, 1987 are compared with surface geostrophic velocities
determined from sea surface dynamic topography (SSDT) obtained from altimetry
data with the aid of long-term hydrographic observations. In general, these velocities
show similar temporal variations in both zonal and meridional components, except in a
period when obvious error is found in the altimetric SSDT field. When the buoy was
trapped by several meso-scale eddies, the comparison is especially good. Systematic
discrepancy is found, however, when the buoy was in the Kuroshio region, because of
using both temporally and spatially smoothed mean SSDT estimated from hydrographic
observations; instead, surface geostrophic velocities determined from the altimetric

SSDT referred to the improved geoid model result in better comparison.



1. Introduction

Satellite altimetry has been recognized as one of the most promising methods to
observe variations of the velocity field in a wide area. It observes sea surface height
over almost all the world oceans with reasonably high spatial resolution at short time
intervals. The sea surface height is converted to the sea surface dynamic topography
(hereinafter abbreviated as SSDT) by subtracting the geoid height; the SSDT is directly
related to the oceanic surface pressure, and therefore the surface geostrophic velocity
can be determined from it. In practice, however, only the temporal fluctuation part of
the SSDT can be accurately determined since the available geoid model is not accurate
enough to obtain the absolute SSDT.

In order to overcome this problem, two strategies to determine absolute SSDT
are recently undertaken. One is to approximate the temporal mean SSDT lost in the
analysis and to determine the approximated absolute SSDT by combining it with the
fluctuation SSDT obtained from altimetry data. The mean SSDT can be estimated
from the fluctuation SSDT alone in limited local areas of the western boundary current
region (Tai, 1990; Qiu et al., 1991), or is simply approximated by geopotential anomalies
determined from hydrographic observations (Willebrand et al., 1990; Stammer et al.,
1991; Ichikawa and Imawaki, 1992). The approximated absolute SSDT (hereinafter
composite SSDT) is known to describe variations of oceanic conditions very well (e.g.
Ichikawa and Imawaki, 1994). The other strategy to obtain the absolute SSDT is to
improve geoid models. Apart from increasing observations of gravity field (Rapp and
Wang, 1994; Paik et al., 1988), geoid models can be improved by the combined use of
altimetry data with gravity observations (Fukuda, 1990) or hydrographic observations
(Glenn et al., 1991; Imawaki et al., 1991). If the geoid model is improved well, the
absolute SSDT can be directly determined from altimetry data.

Temporal variations of the SSDT have been qualitatively evaluated by tide gauge

records (e.g. Cheney et al., 1989; Shibata and Kitamura, 1990) and by geopotential



anomalies determined from 4n situ hydrographic observations (e.g. Carton et al., 1993;
Imawaki et al., 1995). However, these comparisons of temporal variations are limited in
space since the time series of sea truth observations are required. Moreover, quantitative
evaluations of the composite or absolute SSDT are not well studied. In addition, we
need to verify the altimetry-derived surface velocity since the ultimate purpose of the
use of altimetry data is determination of the surface velocity rather than SSDT itself.
In order to determine the velocity vector, an extra procedure is required to convert
along-track altimetry SSDT observations into a two-dimensional map of SSDT, and
hence the accuracy of the altimetry-derived velocity would be decreased from that of
SSDT itself. Only a few studies have been done for verification of the altimetry-derived
velocity field (Willebrand et al., 1990; Ebuchi and Hanawa, 1995).

In the present paper, we compare surface geostrophic velocities determined from the
composite SSDT during the first year of Geosat Exact Repeat Mission (ERM) (Ichikawa
and Imawaki, 1994) with surface velocities determined from trajectory of a drifting buoy
in the area south of Japan. We also compare geostrophic velocities determined from the
absolute SSDT using an improved geoid model (Ichikawa and Imawaki, 1995). The data
and data-processing methods used in the the present analysis are explained in Section
2, while the results are described in Section 3 and discussed in Section 4. Finally in

Section 5, concluding remarks are summarized.

2. Data and Method

We used Geosat altimetry data for the area southeast of Japan (20°— 45°N, 120°—
150°E) during the first year of the ERM (from November 8, 1986 to November 17, 1987).
Geosat altimetry data were distributed as the Geophysical Data Record by the National
Oceanic and Atmospheric Administration (NOAA) (Cheney et al., 1987). From the
data, we produced time series of the absolute SSDT and the composite SSDT as follows;

details of the methods are described in separated papers (Ichikawa and Imawaki, 1994;



1995). We applied the optimal interpolation in order to remove both the orbit error and
noises in the data as well as to produce synoptic maps of the one-year mean elevation
field and the 17-day averaged temporal fluctuation part of the SSDT around the mean
(hereinafter abbreviated as the fluctuation SSDT), together with their estimated errors.
The time series of the fluctuation SSDT field has been quantitatively verified by tide
gauge records in the study area. The one-year mean elevation field is referred to the
improved geoid model (Imawaki et al., 1991) which is found to be accurate only in
the local area south of Japan. Therefore the absolute SSDT is determined only in
this local area by combining the fluctuation SSDT and the above-mentioned mean
elevation field. On the other hand, the composite SSDT is everywhere determined by
combining the fluctuation SSDT with the climatological mean SSDT. The climatological
mean SSDT is determined from climatological mean geopotential anomalies at the sea
surface relative to the 1000-dbar isobaric surface (on a 1°x 1° grid). The anomalies
were originally estimated from all the hydrographic data compiled since 1907 by the
Japan Oceanographic Data Center, and smoothed over approximately 100 km in order
to equalize the reliability of the data. The composite SSDT is determined at a grid
0.5°x 0.5° for each 17-day cycle. Qualitatively, it has been evaluated by other in situ
hydrographic observations and satellite infrared images.

The drifting buoy (# 1744) used in the present analysis was tracked by Argos
system in the region south of Japan from 8 March (yearday 67) to 25 November (yearday
330), 1987. A drag with 1 m width and 4 m length was jointed to a float (0.9 m height)
with a rope of 10 m length, so that its movement represents surface velocity at a depth
of approximately 13 m. Since locations of the drifting buoy were irregularly sampled in
time by NOAA satellites, observed meridional and zonal locations were regularized with
two-hour interval by the spline interpolation; however, we did not interpolate locations
when the observations were gapped for more than two days. Then 48-hour running

mean of zonal and meridional locations was taken in order to remove the inertial and



tidal currents. Daily positions after those procedures are shown in Fig. 1.

At a position r; for a day t;, surface velocity v®“¥(r;,t;) is calculated as follows;
vbuoy(ri,ti) = (rH.% - ri—%)/(ti+l - ti_

On the other hand, geostrophic velocity v;°™P(r;) at the position r; can be determined
from the composite SSDT field of the corresponding 17-day cycle p to which the date
t; belongs. Note that the latter velocity v;°™? is 17-day averaged geostrophic velocity
at the position r;, whereas the former is quasi-instantaneous daily-averaged surface
velocity v at the position r; and the day ¢;. In order to make v®“*¥ consistent with
the altimetry-derived velocity, we smoothed the time series of buoy-derived velocity
v?uo; the smoothed velocity v2“¥(r;) for a position r; and a cycle p to which time ¢;

belongs to is determined by
N
) = 17 Lewp (= (%)’ (1) Fylt) vh s )
]:

vy = ;exp (= (r: — x)° /L?) Fp(t;)

where IV is the number of observations, x; the horizontal position vector for j-th
observation, L the decorrelation scale, and F,(t;) the step function (0 or 1) which is

1 only when ¢; belongs to the cycle p. Here we choose L as 50 km since the spatial
resolution of the composite SSDT field is 0.5°. This smoothing would remove small
scale phenomena both in space and time; some part of non-geostrophic velocities such
as Ekman drift is expected to be removed by this operation. Hereinafter, we abbreviate
the drifter-derived velocity Vg“"y as vy, and the velocity v;"mp determined from the
composite SSDT as v,; similarly, the velocity determined from the absolute SSDT is

denoted as v,.



3. Results

Surface velocities v, at positions of the drifting buoy (Fig. 1) are determined from
its trajectory. Surface geostrophic velocities v, at the same positions are determined
from the composite SSDT field. These two time series are plotted in Fig. 2; the statistics
of the comparison between v, and v, are summarized in Table 1. As shown in the
figure, these two velocities generally show similar temporal variations in both zonal and
meridional components; correlation coefficients of 0.56 as zonal component and 0.48 as
meridional component for 239 comparisons are significant for t-test of 99.9% confidence
level.
The magnitude of difference of these velocities |v, — v,| is plotted in Fig. 3 together
with the magnitude of the drifter-derived surface velocity |v,| and the estimated error
of the altimetry-derived surface geostrophic velocity, which is determined from the
estimated error of the fluctuation SSDT. In the figure, a systematic large velocity
difference |v, — v,| is found in the period of yeardays 250-280 when the magnitude of
the velocity difference is much larger than the magnitude of the drifter-derived velocity
|vp| itself. Another large velocity difference |v;, — v,| is found in the period of yeardays
76-80 when the drifting buoy was located in the Kuroshio region (Fig. 1). Apart from
these periods, the velocity difference does not exceed 0.3 m/s in general.
Especially in the period of yeardays 120-210, the agreement between v, and v, is
excellent (Fig. 2); correlation coefficients of zonal and meridional components are 0.70
and 0.82, respectively, and velocity difference is 0.1 m/s (Table 1). Therefore, during
this period, we can expect to interpret the movement of the drifting buoy in the velocity
field determined from the time series of the composite SSDT. Figure 4 shows synoptic
maps of the composite SSDT together with the trajectory of drifting buoy. The drifting
buoy was captured by a cyclonic eddy (indicated by “A” in the figure) centered at
27.5°N, 139°E on yearday 122 (panel (a)), and rotated around its center until about
yearday 160 (panels (b)—(c)) while the center of the cyclonic eddy “A” moved westward.



Then the buoy seems to have been captured into the anticyclonic eddy to the east of the
drifting buoy (indicated by “W”) which was approaching to the buoy. After rotating
the center of “W”, the buoy seems to have been separated from “W” in a period of
yeardays 175-180 at approximately 28°N, 141°E, and was trapped into a large cyclonic
eddy “B” which approached to the buoy from the east (panel (d)—(f)). These results
indicate that the movement of the drifter is simply explained by propagation of the
coherent flow pattern. When meso-scale eddies are coherently propagated, a buoy tends
to be trapped in an approaching eddy and to be separated from an eddy going away.
As a result of these successive captures by several eddies, the buoy moves eastward
although no significant temporal mean current is present. Whether a drifting buoy
trapped in an eddy continues its rotation around the eddy or is separated from the
eddy would depend on the ratio of the time of propagation of the eddy for the length
of its diameter Tp.,, = 2R/c, to the time of rotation around the eddy T,,; = 2rR/U,
or Tyrop/Trot = U/mcy,, where R is the radius of the eddy, U the magnitude of velocity
associated with the eddy, and ¢, the magnitude of phase speed of the eddy. In the
present case, the ratio is less than the unity (0.9) since U is about 0.2 m/s and ¢, is
about 0.07 m/s. This ratio smaller than the unity is somewhat consistent with the
low Rossby number U/BL? (~0.1) in this region, suggesting weaker advection in the
vorticity balance.

The large velocity difference found in the period of yeardays 76-80 is considered to
be originated from the small magnitude of velocities v, determined from the composite
SSDT (Fig. 2). In order to obtain the composite SSDT, the temporal fluctuation SSDT
determined from the altimetry data is combined with the approximated one-year mean
SSDT which is lost in the analysis of the altimetry data. In the present paper, the
climatological mean SSDT estimated from hydrographic observations is used as the
approximation of the one-year mean SSDT (Ichikawa and Imawaki, 1994); therefore the

climatological mean geostrophic velocity used in the composite SSDT would be too small



compared with the one-year mean velocity of the Kuroshio. In addition to the difference
of temporal averaging period, the former is decreased by low spatial resolution (1°x 1°)
and spatial smoothing (approximately 100 km) of the climatological mean SSDT field.
On the other hand, the geostrophic velocity v, determined from the absolute SSDT can
be obtained in this region south of Japan. Figure 5 shows the comparison of surface
velocities determined from the drifting buoy trajectory v, those from the composite
SSDT v, and those from the absolute SSDT v, for the period of yeardays 67-90. As
clearly seen in the figure, amplitude of variation of the surface geostrophic velocities
v, determined from the absolute SSDT is twice or three times larger than that of the
geostrophic velocities v, determined from the composite SSDT. The former velocities
v, are much closer to the drifter-derived surface velocities vp; the tilts (a) of the
regression lines for comparison between v, and v., 0.10 and 0.41 (zonal and meridional
components, respectively), are improved as 0.49 and 0.80 for comparison between v,
and v,. Note also that the magnitude of velocities calculated from horizontal gradients
of SSDT assuming geostrophy tends to be decrease where the drifter rotates clockwise,
since the Coriolis force would balance not only with the pressure gradient force but also
with the centrifugal force. If we take the radius of the curvature of the flow as 250 km
(Fig. 1) and the magnitude of the velocities as 1 m/s (Fig. 5), the estimated geostrophic
velocities would be about 95 % of the actual velocity (Liu and Rossby, 1993).

With the aid of the absolute SSDT, the separation of the drifting buoy from the
Kuroshio is interpreted in the velocity field (Fig. 6). In the period of yeardays 66-82
(panel (a)), the absolute SSDT indicates that the drifting buoy was advected at the
southern edge of the Kuroshio, although the absolute SSDT in the region 27°N-31°N
and 133°E-135°E is contaminated by the error in the improved geoid model centered
at 28°N, 133°E (Ichikawa and Imawaki, 1995). In the next period of yeardays 83-99
(panel (b)), the drifting buoy continued to flow at the southern edge of the Kuroshio
at the first half of the period. But when the drifting buoy reached to the southern
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apex of the Kuroshio meander, it seems to have been captured into the western side of
a cyclonic eddy centered at 28.5°N, 137.5°E, which approached to the Kuroshio large

meander from the east; the ring was centered at 28°N, 138.5°E in the previous 17-day
cycle (panel (a)). These results correspond to the class C warm outbreak discussed by

Cornillon et al. (1986)

4. Discussion

The significant disagreement during yeardays 250-280 is originated from the large
(0.6 m/s) meridional component of the altimetry-derived geostrophic velocity v. (Fig.
2(b)), which seems to be too high for this region. The high velocity v, is considered
to be caused by an error in the fluctuation SSDT; note that the velocity difference is
of the same magnitude of the estimated error in Fig 3. Since the altimetry data on
most of descending orbits are missing during this period, small scale structures can not
be smoothed out correctly because of insufficient altimetry data, as is indicated in the
slightly larger estimated error than that of the first half of the year (Fig. 3). On the
other hand, Fig. 3 indicates that the magnitude of the velocity observed by the drifting
buoy is remarkably low; rms magnitude is 0.10 m/s in the period of yeardays 250-280.
This weak velocity indicates that no significant variations existed in the SSDT field in
this region. In other words, the ratio of the oceanic signal to the noise in the altimetry
observations (S/N ratio) would be considerably low in this area. When the S/N ratio
is lower than the provided one in the optimal interpolation used in the present analysis
of the altimetry data, the estimated fluctuation SSDT field tends to include noises in
the observations. We provided a uniform S/N ratio over the study area in the optimal
interpolation since the estimated fluctuation SSDT field is not significantly sensitive to
the choice of S/N ratio (Ichikawa and Imawaki, 1995), but the choice would be crucial
for the velocity field calculated from the SSDT field since the spatial scale of the noises

is small. More verifications of the fluctuation SSDT field in this region are necessary by
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other observations together with several estimations of the fluctuation SSDT fields of
different S/N ratio provided in the optimal interpolation.

Temporal resolution of 17-day of the composite SSDT is not fine enough to trace the
drifting buoy in the altimetry-derived velocity field, since propagation of the coherent
meso-scale patterns seems to be important. In order to increase temporal resolution
without decreasing the spatial resolution, altimetry data sets from multiple satellites
are necessary (Ichikawa and Imawaki, 1995). In addition, reconstruction of coherent
structures through the decomposition of composite empirical orthogonal function
analysis may be applied to “interpolate” temporal gap of 17 days.

In the region south of 23.5°N, the trajectory of the drifting buoy tends to loop (Fig.
1), indicating that the buoy was rotated over an eddy before leaving it and entering into
another. This tendency would suggest that the local velocity associated with the eddy is
much larger than the propagation speed of the eddy in this region. Eastward background
current at 20-25°N indicated in the climatological mean geopotential anomalies may
contribute to decrease westward propagation speed. However, more comparisons with
trajectories of other drifting buoys are necessary to describe characteristics in each area
to statistically remove possible effects of non-geostrophic currents in the buoy-derived

velocity; results of comparisons with other drifting buoys will be reported in a separated

paper.

5. Summary

From March through November, 1987, surface velocities at positions of a drifting
buoy are determined from its trajectory, and are used to evaluate surface geostrophic
velocities determined at the same positions from the composite SSDT field. These
velocities show generally similar temporal variations in both zonal and meridional
components; their correlation coefficients are 0.56 and 0.48, respectively.

Systematic discrepancy between these two velocities are found in a period of
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yeardays 250-280. The discrepancy is caused by the error in the fluctuation SSDT field.
Insufficiency of the altimetry data and the discrepancy of the S/N ratio assumed in the
optimal interpolation may be the reasons of the error.

Another systematic discrepancy is found when the buoy was in the Kuroshio region
south of Japan. In the region, the magnitude of surface geostrophic velocities determined
from the composite SSDT is significantly smaller than that of the buoy-derived surface
velocities, which is caused by substitution of spatially and temporally smoothed
climatological mean SSDT for the one-year mean SSDT. Instead, the comparison to the
drifter-derived velocities is much better for surface geostrophic velocities determined
from the absolute SSDT referred to the geoid model improved by the combined use of
Seasat altimetry data and contemporary in situ hydrographic observations; trends of
regression lines for zonal and meridional components are 0.49 and 0.80, respectively.

Apart from these two periods, the difference between drifter-derived velocities
and geostrophic velocities determined from the composite SSDT does not exceed
0.3 m/s in general. When the drifting buoy was trapped by several meso-scale eddies,
the comparison is especially good. The movement of the buoy during such period is
explained by the propagation of coherent flow structures; the drifter rotated around the
center of an eddy, and then was captured into another eddy approaching to the buoy.
As a result, the buoy moved eastward although no significant temporal mean current

was present. This result is consistent with the low local Rossby number in this region.
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Fig. 1. Daily positions of a drifting buoy released south of Kyushu (marked by a cross) on
yearday 67, 1987, and lost at 22.4°N, 144.2°E (marked by a star) on yearday 330, 1987; position

data are missing during yeardays 205-209 around 25°N, 142°E.

Fig. 2. Time series of surface velocities determined from drifting buoy trajectory v; (solid
line), and from the composite SSDT v, (broken line) for zonal component (a) and meridional

component (b).

Fig. 3. Time series of the magnitude of velocity difference |vy —v,| (solid line). The magnitude
of the buoy-derived velocity v; is also plotted by a thick dotted line, while the estimated error

of the altimetry-derived geostrophic velocity v, is shown by a thin dotted line.

Fig. 4. Synoptic maps of the composite SSDT during yearday 118 (a) to 219 (f) superimposed
on daily positions of the drifting buoy. The observation period (yeardays) of each panel is
indicated at the top. Beginning and ending positions of the drifting buoy trajectory in each
period are indicated by a cross and a star, respectively. Contour interval is 0.05 m and shading
interval is 0.1 m; the lower composite SSDT is shaded more heavily. Contours and shading
are omitted at points where the estimated error of the fluctuation SSDT exceeds 0.16 m.
Arrowheads indicate the direction of geostrophic velocities, and letters “A”, “B” and “W”

are drawn for the convenience of discussion.

Fig. 5. Time series of surface velocities determined from the drifting buoy trajectory v, (solid
line), from the composite SSDT v, (broken line), and from the absolute SSDT v, (dotted line)
for zonal component (a) and meridional component (b) during the period of yeardays 67-90;

the drifting buoy was in the Kuroshio region in this period.

Fig. 6. Same as Fig. 4 except for the period from yeardays 66 (a) to 99 (b) and for 0.1 m
contour interval. Inside the dotted line, contemporary hydrographic observation data were used

in the geoid model improvement.



18

Table 1. Statistics of the comparison of surface velocities determined from the composite

SSDT v, and those from the drifting buoy trajectory v,. They include the number of data (n)

used in this comparison, root-mean-squared difference (VD), correlation coefficient (r), tilt (a)

and bias (b) of regression line; v, = axvy + b; the unit of VD and b is m/s. Comparison is

made for zonal (u-) and meridional (v-) components individually.

n VD r o b
Total (67-321)
u-comp. 239 0.14 0.56 0.52 0.01
V-Ccomp. 239 0.20 048 1.20 0.08
Subtotal (67-90)
u-comp. 21 0.25 0.22 0.10 0.16
v-comp. 21 0.27 094 041 -0.09
Subtotal (120-210)
u-comp. 8 0.08 0.70 0.89 -0.01
v-comp. 8 0.09 082 0.74 -0.01




d0GT HG¥ 1 dH0V 1T AGET H0ET
NO¢ —

NG2

NO€

NGE a—



1 — | _ ! _ | L _ { _
T — T — T — T T — T _
i o (@) o o o o o o
_ _ _
( 8/m)
! [ | | I l L ! l
= -~ = -
. _— " i
_ EE— — ]
~— o o o (@) o o
_ _
(s /ux)

150 200 250 300

1100

150 200 250 300

100

Yearday

Yearday



AepJaes L
00€ 0S¢ 00¢ 0G1 00T

M
''\n,

8 0

01

(s/m)



118-134

30N

25N

b) 135-151

30N

25N

L I

c) 152—-168

30N

25N

- 140E

145E

d) 169-185 !

T

e) 186-202

) 203-219

140E



(m/s)
(m/s)

Yearday



35N

30N

130E 135E 140E

30N

130E 135E 140E



