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Abstract

We used satellite altimetry data to investigate the Kuroshio Current because of the higher resolution and wider
range of observations. In previous studies, satellite absolute geostrophic velocities were used to study the spatio-
temporal variability of the sea surface velocity field along the current, and extraction methods were employed to
detect the Kuroshio axes and paths. However, sea surface absolute geostrophic velocity estimated from absolute
dynamic topography should be regarded as the geostrophic component of the actual surface velocity, which
cannot represent a sea surface current accurately. In this study, mathematical verification between the climatic
absolute geostrophic and bin-averaged drifting buoy velocity was established and then adopted to correct the
satellite absolute geostrophic velocities. There were some differences in the characteristics between satellite
geostrophic and drifting buoy velocities. As a result, the corrected satellite absolute geostrophic velocities were
used to detect the Kuroshio axis and path based on a principal-component detection scheme. The results showed
that the detection of the Kuroshio axes and paths from corrected absolute geostrophic velocities performed better
than those from satellite absolute geostrophic velocities and surface current estimations. The corrected satellite
absolute geostrophic velocity may therefore contribute to more precise day-to-day detection of the Kuroshio
Current axis and path.
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1  Introduction
The Kuroshio Current (KC) is the western boundary current

in the wind-driven subtropical North Pacific Ocean gyre, and it
transports huge amounts of heat and nutrients poleward (Qiu,
2001). Variations in the KC position often have a profound effect
on hydrography, fishing industries and climate of countries in the
northwestern Pacific region (Teague et al., 2003; Matsuno et al.,
2009); therefore, the positions of the KC axis and path have been
regularly monitored and include a huge amount of observational
data (Ambe et al., 2004). Various remote sensing instruments,
such as the altimeter, are designed to collect the sea surface
height (SSH). Satellite altimetry has enabled us to obtain uni-
form sea surface topography over a wide area with high resolu-
tion. Assuming geostrophy, sea surface velocity can be obtained
from the slope of the sea surface topography, which has been
used to derive information about the KC such as axis and path.

In previous studies that used satellite altimetry data, spatio-
temporal variability along the KC has been discussed. Imawaki et
al. (1996) detected the fluctuations of the KC axis south of Japan

using sea surface dynamic topography from TOPEX/POSEIDON
altimeter data from 1992–1993. Liu and Gan (2012) investigated
spatial and temporal surface variability of the axis, width, along
and cross-stream transports of the entire KC in the East China
Sea using 16-year (1993–2008) surface geostrophic currents de-
rived from satellite altimetry data. However, the sea surface geo-
strophic velocity estimated from SSH can be regarded as the geo-
strophic component of the actual surface velocity (Lagerloef et
al., 1999; Arbic et al., 2012), which cannot represent the sea sur-
face current accurately. There is an obvious deviation between
the KC axes extracted from satellite altimetry and drifting buoy
data using the extraction method of Ambe et al. (2004) (Fig. 1).

Additionally, the surface velocities have been estimated by
combining in situ drifting buoy velocities with velocity anom-
alies derived from altimeter sea level anomaly data (Uchida and
Imawaki, 2003). The instantaneous velocities agree well with in
situ surface velocities; however, the temporal resolution was 10
days because of a lack of drifting buoy observations. In this study,
the absolute geostrophic velocity (AGV) was corrected and was  
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found to be closer to actual surface velocities. This method is
more direct, accurate and simpler. The temporal resolution was
one day, the same as the satellite altimetry data distributed by the
Copernicus Marine Environment Monitoring Service (CMEMS).

An extraction scheme for detecting the KC axis and path
based on principal-component analysis is described in great de-
tail. Mathematical verification, which is used to correct the satel-
lite altimetry data, of the geostrophic and actual surface velocity
was established using a linear numerical fitting algorithm. Based
on the altimetry data corrected by this determined relationship,
the KC axes and paths were extracted more accurately.

2  Data

2.1  Surface geostrophic velocity
A 25 a (1993–2017) time series of merged AGV data was used

in this study. The data are now distributed by CMEMS and de-
rived from the Ssalto multi-mission ground segment/data unific-
ation and altimeter combination system (Ssalto/Duacs) pro-
cessing that integrated data from all altimeter missions (HY-2A,
Saral/AltiKa, Cryosat-2, OSTM/Jason-2, Jason-1, Topex/Pos-
eidon, Envisat, GFO and ERS-1&2) (CNES, 2016). The AGV was
calculated from the absolute dynamic topography, which is the
sum of the sea level anomaly and the mean dynamic topography,
using the 9-point stencil width method (Arbic et al., 2012). In this
study, the AGV data were corrected based on the drifting buoy
velocity fields, then used to detect the KC axes and paths.

2.2  Argos drifting buoys
The trajectory data are provided by Argos, which is a satellite-

based system that collects, processes and disseminates environ-
mental data from fixed and mobile platforms worldwide. A total

of 4 710 Argos drifters, of which the drogue is generally placed at
a depth of 15 m, in the study area of 15°–40 °N, 116°–153°E (Fig. 1)
and from 1979 to 2016 are used. The observations mainly include
position, velocity and temperature with a 6 h interval, and the ob-
servation deviation of the velocity caused by positioning errors is
less than or equal to 5 cm/s approximately (Ishikawa et al., 1997),
therefore, the surface current derived from these drifter data can
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Fig. 1.   The study region with bathymetry. Climatic information of the Kuroshio Current is derived from the yearly averaged results
from 1993–2017 merged with absolute geostrophic (blue line) and 38 a (1979–2016) Argos drifting buoy (red line) velocities. The mean
error (ME) and root mean square error (RMSE) between these two lines were calculated. Two representative points (green stars),
located at 28.75°N, 127.25°E (Point A) and 33.75°N,139.25°E (Point B), were chosen to show the fitting functions at the coefficient grids.
The scatter diagrams are shown in Fig. 4.

 

Fig. 2.     Distribution diagram of the data and coefficient grids.
The red points denote the centers of the data grids and the black
crosses indicate the coefficient grid centers represented as black
solid lines.
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be considered authentic.
After implementing quality control and removing the abnor-

mal points, the velocity records are first segregated into geo-
graphic bins of (1/4)° × (1/4)° (Hu et al., 2008). The bin that only
contain less than or equal to three records will be regarded as in-
valid one and deleted. For each of the valid bins, which contains
more than three records, the velocity in the center of the bin is in-
terpolated from all of the records in this bin using the inverse dis-
tance weighted (IDW) algorithm, of which the expression can be
represented as

ẑ(x, y) =
n∑

i=

/di
n∑

i=

/di

· z(xi, yi), (1)

ẑ (x, y) z (xi, yi)
di

where  denotes the interpolated value in the center, 
represents the ith record,  is the distance from the position of
the ith record to the center of the bin. When the inverse distance
weighted algorithm is applied, it ensures that the shorter the dis-
tance from the center, the greater the weight. As a reference, the
bin-averaged drifting buoy velocities (DBV) are regarded as the
true value to validate other velocities because they are calculated
from in situ observations.

2.3  Surface current estimation
According to the analyses of Lagerloef et al. (1999) and Hui

and Xu (2016), the surface current estimate (SCE) was calculated
in this study. The SCE from 1993 to 2017 was calculated as the
sum of the geostrophic velocities from SSH, Ekman velocity from
wind stress and the Stokes drift estimated from the surface wave
data (Hui and Xu, 2016):

U = Ug + Ue + Uw, (2)

Ug =

(
−g

f
∂ξ
∂y

,−g
f
∂ξ
∂x

)

Ue = Beiθ
(
τx + iτy

)
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Uw = − kjUs ()

(k) − j
· ejz + jUs ()

(k) − j
· ekz

Us (z) =
πH

s

gT
e

π

gT
z · k⃗

k⃗ k =
π

gT
j = (+ i) /

d =
√

AZ/f AZ = .× −
(
u
 + v

)

where U denotes the SCE.  is the geo-

strophic velocity and the same as that mentioned in Section 2.1
in which f=2Ωsinφ is the Coriolis parameter, Ω is the rotation an-
gular velocity of the Earth and φ is the angle of latitude, g is the
gravitational acceleration and ξ is the SSH.  is
the Ekman current calculated from the classical Ekman model
(Wu and Liu, 2008), where  is the amplitude
coefficient in the northwestern Pacific Ocean, θ=55° is the turn-
ing angle relative to the wind direction in the northern hemi-

sphere.   i s  the  wave-

modified term that denotes the wave-induced Coriolis-Stokes
forcing and calculated based on the equation given by Philipps

(1977), where  is the Stokes drift velocity at

the sea surface, Hs is the significant wave height, T is the mean

wave period,  is the unit wavenumber vector, , d

when  and  is the vertic-
al eddy viscosity, u10 and v10 are zonal and meridional wind
speed components at 10 m above the sea surface. In this study,
the European Centre for Medium-Range Weather Forecasts
(ECMWF) interim surface wave and wind data of 1993–2017 were
used to estimate the Ekman velocities and Stokes drift, then the
surface velocities in the same time intervals were calculated as
the sum of these components. The details of deriving and calcu-

lating processes of the Ekman velocity and Stokes drift were in-
troduced in Lagerloef et al. (1999) and Hui and Xu (2016), re-
spectively.

2.4  Ocean current time series data
A time series of the day-to-day current maps from 1–31 Janu-

ary 2016 were used to examine the accuracy of the detection res-
ults of KC paths based on AGVs and corrected AGVs. The maps
were provided by the Hydrographic and Oceanographic Depart-
ment of Japan based on in-situ observations. Geographic inform-
ation data processing software, such as ArcGIS, were used to ob-
tain day-to-day KC paths from GIS data (shape files) of the
streamlines.

3  Algorithm description

3.1  Seasonal, semi-yearly and yearly averaged algorithm
The seasonal, semi-yearly and yearly climate data of velocit-

ies, calculated as averages of the records in all of the years, in-
cluded satellite AGV, bin-averaged DBV and SCE. Thus, these cli-
matology results can be seen as the averaged statistical time win-
dows including four seasons, two semi-years (winter was from
October to March and summer was from April to September) and
one year. It is worth noting that the data records from the Argos
drifter are very scarce and actually not enough to cover the entire
study area from 1993 to 2016. The climatology averages exhibit a
mean spatial distribution of the KC if the time interval is very
long. Therefore, there is little difference in the seasonal, semi-
yearly and yearly climatology results between the 25 a AGV
(1993–2017) and the 37 a DBV (1979–2016).

3.2  Mathematical verification
The spatial resolution of the altimetry data and the prepro-

cessed bin-averaged results was the same, so this ensured that
the grid points of these two types of data were at the same loca-
tions. To obtain the corrected AGV, the numerical fitting method
builds a relationship between the climate satellite AGV and bin-
averaged DBV based on the least square method (LSM). The LSM
is a procedure to determine the best fit line to data, which often
means that the sum of the distance from all of the points to this
line is the least value. The relationship is represented as:

Vdb = k× Vsg + b, (3)

where Vdb and Vsg denote the drifting buoy and satellite geo-
strophic velocities, respectively, and k and b represent the fitting
coefficients. To minimize the square of the error term and obtain
the best k and b, the expression is:

E =

N∑
n=

(
Vdb n − k · Vsg n − b

)
. (4)

Differential calculus was used to take the partial derivative of
Eq. (2) with respect to k and set it equal to zero; the same was
done with respect to b. The system of equations with two un-
knowns, k and b, was solved, and the solutions shown as:

k =

N∑
n=

(Vdb n − V̄db)
(
Vsg n − V̄sg

)
N∑

n=

(Vdb n − V̄db)


, (5)
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b = V̄db −

N∑
n=

(Vdb n − V̄db)
(
Vsg n − V̄sg

)
N∑

n=

(Vdb n − V̄db)


· V̄sg, (6)

V̄db =

N∑
n=

(

N

· Vdb n

)
V̄sg =

N∑
n=

(

N

· Vsg n

)
where  and  denote

the mean values.
To obtain a relatively accurate relationship, the geostrophic

components and actual surface velocities in the local small area
do not vary greatly, but the number of grid points used needs to
be sufficient. Therefore, all of the grid points in the study area
were further segregated into bins of (1/2)° × (1/2)° called coeffi-
cient grids (Fig. 2). In other words, each of these grids contains
four original grid points, in which a unique linear fitting function
was obtained using the LSM. For each of the coefficient grids, the
climatology results in three different statistical time windows in-
cluding two semi-years and one year were used to establish the
relationship. The seasonal climatology results were not used be-
cause of the higher number of invalid grids, but these results
were used for validation (see Section 4). This implies that there
are, at most, 12 DBV data records in a coefficient grid, but these
DBV data are missing for the invalid original grids. There are few
invalid grids for yearly and semi-yearly data, so there are 10 or
more DBV data records in most of the coefficient grids. However,
because the measuring accuracy of the drifting buoys is relatively
low when the values of the measurements are small, the DBV
data records cannot be used for a fitting function if the absolute
value is less than 0.2 m/s. Additionally, if the number of DBV data
records are less than or equal to three, the data are too few to es-
tablish a linear fitting relationship because the accuracy cannot
be satisfied. In other words, the fitting functions in these coeffi-
cient grids are missing, corresponding to the blank regions in Fig. 5.

Based on the fitting functions, the satellite AGVs can be cor-
rected as:

Vag i,j = kI,J × Vsg i,j + bI,J, (7)

where Vag i,j and Vsg i, j denote the corrected and original satellite
AGV, respectively, at grid point (i, j) and kI,J and bI,J are the slope
and intercept of the linear fitting function, respectively, at the
corresponding (I, J) coefficient point.

3.3  Extraction of Kuroshio Current axes and paths
The positions of the KC axes were estimated by tracking the

locally strongest part of the sea surface velocity in the subsidiary
lines. The detection method was established according to Ambe
et al. (2004) and the selection of several parameters was specific.
Figure 3 depicts the calculation of the KC axis and path. Along
each of the subsidiary lines, the local maximum velocity (V0) cor-
responds to the KC axis, and the velocities often decrease gradu-
ally from the axis to two sides. In this study, the length of a subsi-
diary line was 140 km. The velocities were interpolated to the
points of the subsidiary lines, and the interval between two adja-
cent points was 7 km. A subsidiary line moves downstream along
the local maximum velocity (V0) to the next location and is adjus-
ted to be perpendicular to the direction of the new V0. The dis-
tance the subsidiary line moves downstream was 10 km. The KC
paths were determined by shore-side and sea-side boundaries (P
and Q in Fig. 3), in which the velocities (Vu and Vd) became less
than the cut-off velocity for the first time of travel from the axis to

two sides along the subsidiary line. The cut-off velocities were
20% of V0 with consideration of one-sidedness when they were
constants.

4  Algorithm implementation and validation
The DBV was derived from successive locations of drifters at

15 m, which was the in-situ observation. However, the AGV
noted the geostrophic velocity at the sea surface. So there was a
slight discrepancy between DBV and AGV. In this study, we fo-
cused on data extraction for KC axes and paths, and the small
depth difference between DBV and AGV was ignored.

4.1  Mathematical verification
The yearly and semi-yearly climate data from satellite AGV

and bin-averaged DBV were used to establish the mathematical
verification. Figure 4 presents the linear fitting functions in two
bins with centers located at 28.75°N,127.25°E (Point A) and
33.75°N, 139.25°E (Point B). Point A is located in a straight part of
the Kuroshio region southwest of the East China Sea, and Point B
is located south of Honshu Island with the KC path characterized
by alternating large and small meanders (Qiu, 2001; Miyazawa et
al., 2008). The fitting function at Point A is obviously closer to a
linear relationship because the velocities are more stable com-
pared with Point B (Fig. 4).

The spatial distribution of the slope k and intercept b of the
linear fitting relationship with horizontal resolution of (1/2)° ×
(1/2)° in the whole study area is shown in Fig. 5. In the open
ocean located to the south of the KC, the central and northern
parts of the East China Sea, the Yellow Sea and the Sea of Japan,
the linear fitting functions almost could not be obtained (Fig. 5)
because the absolute value of DBV was less than 0.2 m/s. How-
ever, these regions are all out of the KC paths and not a major
concern in this study, so it was acceptable to ignore these re-
gions. In addition, the linear fitting functions for the meridional
component v are missing in the KC regions south of Japan and
some areas of the Kuroshio Extension Area because the KC in
these regions flows mainly from west to east, so the absolute
value of v was often less than 0.2 m/s (Figs 5c–d).

In all of the regions where the fitting functions are missing,
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Fig. 3.   Schematic of the axis, shore-side and sea-side boundar-
ies,  subsidiary  line,  maximum  velocity  at  the  axis  (V0)  and
boundary velocities (Vu and Vd).
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the AGVs were not corrected, so the relationship should be re-
garded as k=1 and b=0. The spatial distribution of k and b corres-
ponds to the regions in which the difference between the satel-
lite AGV and bin-averaged DBV was large (Figs 6a and d). Fur-
thermore, the k and b southwest of the East China Sea are closer
to 1 and 0, respectively, than in other KC regions. It is worth not-
ing that in the Kuroshio regions some other factors, such as dif-
ferent bottom topography, coastline geometry, surface wind pat-
terns and sea waves (Lagerloef et al., 1999; Qiu, 2001), may play
an important role in the detection of the KC axis and path. The
verification between the AGV and bin-averaged DBV proposed in
this study may suggest other factors, and further support and cal-
ibration from theoretical studies and field observations is needed
to make the corrected AGVs more accurate.

4.2  Validation of the Kuroshio axes and paths detection
The seasonally averaged results of the AGVs (Usg), SCEs (Use)

and corrected AGVs (Uag) are compared with the bin-averaged
DBVs (Udb) in summer and winter (Fig. 6). The Udb was regarded
as observations. The difference in the KC regions for these three
classes of surface velocity was relatively larger than in the open

ocean south of the KC and the Sea of Japan. In summer, the Usg

and Use were 0.3–0.6 m/s slower than the Udb southwest of Ky-
ushu Island, south of Honshu Island (~135°–140°E), and the east-
ern regions of Japan (~142°–145°E) and 0.1–0.4 m/s faster in the
KC regions between ~133°E and 138°E and ~145°E and 150°E
(Figs 6a–c). The differences of Usg–Udb and Use–Udb were relat-
ively small (±0.1 m/s) east of Taiwan and in the southwestern
East China Sea.

The mean error (ME) and root mean square error (RMSE)
were calculated to assess the difference quantitatively. The ME is
the arithmetic mean of the error values and the RMSE is the
square root of the mean of squared errors. In summer, the ME for
Uag was the smallest, but the RMSE for Uag was larger than Usg,
which implies that the fluctuation in differences between Usg and
Udb was smaller than Uag. On the whole, the MEs and RMSEs for
Usg, Use and Uag were very similar.

Similar to summer, the spatial distribution of differences in
winter was analyzed (Figs 6d–f). The Usg and Use were 0.4–0.6 m/s
faster than the Udb in the KC region between ~130°E and 132°E,
and 0.3–0.6 m/s slower south of Honshu Island between ~135°E
and 140°E. The difference between Uag and Udb was obviously
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Fig. 4.   Scatter diagrams of the satellite geostrophic velocities versus drifting buoy velocities, including zonal component U (left
panels) and meridional component V (right panels); the red solid lines indicate the linear relationship between the two results. As a
reference, the black dashed lines denote standard lines corresponding to y=x.  In the top left  portions of each panel,  the linear
relationship equation is shown along with the longitude and latitude corresponding to the center of the (1/2)° × (1/2)° coefficient grids.

18 Zhuang Zhanpeng et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 1, P. 14–24  



a

Fitting slope-u

b

Fitting intercept-u

c

Fitting slope-v

d

Fitting intercept-v

45°
N

35°

40°

30°

25°

20°

120° 130° 140° 150° 160°E

45°
N

35°

40°

30°

25°

20°

120° 130° 140° 150° 160°E

45°
N

35°

40°

30°

25°

20°

120° 130° 140° 150° 160°E

45°
N

35°

40°

30°

25°

20°

120° 130° 140° 150° 160°E

-3

-2

-1

0

1

2

3

4

5

-2.0

-1.5

-1.0

-0.5

0

0.5

1.0

1.5

2.0

-3

-2

-1

0

1

2

3

4

5

-2.0

-1.5

-1.0

-0.5

0

0.5

1.0

1.5

2.0

 

Fig. 5.   Spatial distribution of the Kuroshio Current velocities linear relationship, including the slope (a, c) and intercept (b, d), of the
fitting lines. a and b denote the zonal components of the velocities while b and d indicate the meridional components. The blank
regions (white areas) represent areas where the mathematical relationship could not be established.
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Fig. 6.   Difference of the surface velocity fields (m/s) calculated by subtracting the satellite geostrophic (Usg) and corrected satellite
geostrophic (Uag) velocities and surface current estimates (Use) from the bin-averaged drifting buoy velocities (Udb). The mean error
(ME, m/s) and root mean square error (RMSE, m/s) are shown. The top and bottom panels correspond to the summer and winter
seasonal averaged results, respectively. The blank regions (white areas) correspond to the invalid grids of the Udb fields.
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smaller than Usg and Use in these regions. In the KC region east of
Japan (~144°–150°E), the difference between Uag and Udb was –0.3 m/s
to 0.2 m/s, which was also smaller than Usg and Use. Therefore,
the ME and RMSE for Uag in winter were somewhat smaller than
Usg and Use.

There was not a noticeable improvement in corrected AGVs
with the proposed mathematical verification because Uag was not
closer to Udb compared with Usg and Use (Fig. 6). Therefore, the
KC axes and paths detected from Usg, Use and Uag were com-
pared directly to assess the effect of verification. The KC axes and
paths detected from Udb were still regarded as the reference.

The KC axes and paths for Uag are closer to Udb compared
with Usg and Use in the southwestern and southern regions off
Kyushu Island and the Kuroshio Extension Area (Figs 7 and 8).
The ME, RMSE and correlation coefficients (CCs) were calcu-

lated to show the difference quantitatively. The CCs ranged from
–1 to 1, where 1 indicates the strongest agreement and –1 the
strongest disagreement. The MEs and RMSEs of the KC axes and
paths between Uag and Udb were the smallest, and the CCs were
closer to 1 than the other two types of surface velocity fields (Fig. 9).
The extraction accuracy based on Uag, therefore, was remarkably
improved compared with Usg and Use. There is no obvious im-
provement to detect the KC axis and path for Use because those
detected from Usg and Use almost coincided (Figs 7 and 8), and
the MEs, RMSEs and CCs for Usg and Use were almost equal (Fig. 9).
This implies that the proposed mathematical verification is able
to detect more accurate KC axes and paths when it is used to cor-
rect the seasonal climatology data of satellite AGVs.

The MEs, RMSEs and CCs of the detected KC axes were best
in summer and worst in autumn, while the KC path parameters
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Fig. 7.   Distribution of the seasonal averaged locations of the Kuroshio Current axes in (a) summer and (b) winter based on four
different surface velocity fields, including satellite absolute geostrophic velocities (AGVs, blue line with solid symbols), surface current
estimates (magenta line with cross symbols), corrected satellite AGVs (red line with triangle symbols) and the bin-averaged drifting
buoy velocities (DBVs, black line with diamond symbols).
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were best in autumn and worst in winter (Fig. 9). This may be be-
cause the KC axis and path detected from a Udb-based extraction
method becomes less well-organized, especially in the Kuroshio
Extension Area. Furthermore, seasonal differences may be re-
lated to variability in the surface current fields (Hu et al., 2008). In
the east and northeast regions off Taiwan, the KC is relatively
stable in summer, but an intrusion onto the shelf is very obvious
in autumn. In southwestern regions of Kyushu, the northward in-
trusion or breaching of KC surface water occurs mainly in spring,
autumn and winter (it is not clear in summer). Therefore, the in-
stability of the surface current field may also affect the path and
axis detected from AGVs and then parameters such as MEs,
RMSEs and CCs. In future work, some new in situ observations of
the surface velocities are needed because there are still some er-

rors between the bin-averaged DBVs and the actual flow velocit-
ies, and the parameters of the extraction method will be further
optimized based on more experiments, observations and analysis.

4.3  Validation of the daily Kuroshio path
The day-to-day detection of the KC paths based on AGVs and

corrected AGVs were compared daily reported data. The GIS data
of the streamlines (Uja) from the daily marine current maps in
January 2016 were chosen and regarded as a reference. The day-
to-day detection from the SCEs must be ignored because the de-
tection of KC paths is usually influenced by meso-scale motion
that enters the Sea of Japan or the open ocean located south of
the KC.

From Fig. 10 one can see that There is an obvious difference
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Fig. 8.   Distribution of the seasonal averaged locations of the Kuroshio Current paths in summer (a) and winter (b) based on four
different surface velocity fields, including satellite absolute geostrophic velocities (AGVs, blue line with solid symbols), surface current
estimates (magenta line with cross symbols), corrected satellite AGVs (red line with triangle symbols) and the bin-averaged drifting
buoy velocities (DBVs, black line with diamond symbols).
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between the KC paths detected from Usg and Uja, and those from
Uag and Uja east of Taiwan (~122°–124°E), south of Honshu Is-
land (~139–142°E) and east of Japan between 145°E and 150°E. In
the regions east of Taiwan, the KC paths detected from Usg and
Uag were wider than Uja because the velocity front in the KC
boundary is not distinct and the KC paths may be estimated at
more outside positions. Compared with Usg, the KC paths detec-
ted from Uag are closer to Uja in the Kuroshio Extension Area, but
in other regions there is no obvious improvement. Therefore,
some indexes including MEs, RMSEs and CCs are calculated to
comparing these results further.

Fig. 11 shows the comparisons of MEs, RMSEs and CCs
between Usg and Uja and between Uag and Uja in all of January re-
corded in daily current maps. The three indices are almost the
same in half of the days, and those for Uag are slightly better than
Usg in most of the remaining days. Therefore, the day-to-day de-
tection of the KC paths is somewhat improved by the proposed
mathematical verification. The MEs, RMSEs and CCs of the de-
tected KC paths were worse from 4–5 January, 14–15 January and
18–20 January (Fig. 11). This may reflect the obvious difference
between the KC paths from Usg and Uag and those from Uja be-
cause of the formation of the KC large meander southeast of
Honshu Island and in the Kuroshio Extension Area. In future
work, principal-component detection will be further optimized
and contribute to more precise day-to-day detection of the KC
axis and path.

5  Conclusions
Based on satellite AGV, the KC axes and paths were detected

using some extraction methods in many previous studies.
However, the sea surface geostrophic velocity estimated from
SSH can be regarded as the geostrophic component of the actual
surface velocity, which cannot represent the sea surface current
accurately in the practical application. With the help of the linear

numerical fitting algorithm, a mathematical verification between
AGV and bin-averaged DBV was established and then used to
correct the satellite altimetry data. The spatial distribution of the
slope and intercept of the linear fitting relationship in the study
area were analyzed. The regions with larger slope or intercept
may indicate some other factors that could play an important
role in affecting the detection of the KC axis and path. The sea-
sonal climatology averaged results of the AGVs, SCEs and correc-
ted AGVs were compared with the bin-averaged DBVs in sum-
mer and winter. The results showed that both of the surface velo-
city fields and the detected KC axes and paths for corrected AGVs
performed the best compared with AGVs and SCEs. Furthermore,
the day-to-day detection results of the KC paths based on AGVs
and corrected AGVs were compared with daily current maps.
Compared with AGVs, the day-to-day detection of the KC paths
from corrected AGVs was improved. These corrected satellite
AGVs may contribute to more precise day-to-day forecast of the
KC axis and path.
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Fig. 9.   The mean errors (MEs, left panels), root mean square errors (RMSEs, middle panels) and correlation coefficients (CCs, right
panels) of the detected KC axes (first row) and paths (second row) were calculated between Usg and Udb (red lines), Uag and Udb (blue
lines), and Use and Udb (black lines) corresponding to four seasonal averaged results, including spring (Spr.), summer (Sum.), autumn
(Aut.) and winter (Win.).
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Fig. 10.   Distribution of the Kuroshio Current paths on 4 January 2018 (a) and 20 January 2018 (b) based on satellite AGVs (blue line
with square symbols), corrected satellite AGVs (red line with triangle symbols) and daily current maps (black line with diamond
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Fig. 11.   The mean errors (MEs, left panels), root mean square errors (RMSEs, middle panels) and correlation coefficients (CCs, right
panels) of the Kuroshio Current path locations. These indices calculated between Usg and Uja (red lines) and Uag and Uja (blue lines) in
January 2018. All the days of January which is recorded in quick report maps from HOD are selected.
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