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Abstract: The Affiliated Surveys of the Kuroshio off Cape Ashizuri (ASUKA) Group conducted
intensive observation of the Kuroshio off Shikoku over a two-year period (1993-1995), by
current-meter moorings and frequently repeated hydrographic surveys, with the primary objec-
tive of estimating volume transport. This review paper describes the observational program and
summarizes the major findings obtained from the ASUKA dataset and its combination with sat-
ellite altimetry data. A very strong vertical velocity shear was observed in the upper Kuroshio
during the nearshore path, whereas a very weak shear was observed in the upper coastal coun-
tercurrent during the offshore path. Geostrophic balance was confirmed to hold well in inter-
mediate and deep layers, as indicated by excellent agreement in vertical difference between geo-
strophic and measured velocities. From eight full-depth geostrophic velocity sections referred to
velocities measured at mid-depths, the average volume transport of the Kuroshio was estimated
at 60 Sv (1 Sv = 10°m®s™!) and that of the throughflow Kuroshio, excluding the contribution of
a local offshore anticyclonic eddy, was estimated at 44 Sv. A strong linear relationship was found
between net transport integrated from the coast and sea-surface dynamic topography difference
from the coast. Using this relationship, satellite altimetry data enabled us to derive proxy time
series of transport for the past three decades, yielding means of 61 Sv for the Kuroshio and 35
Sv for the throughflow Kuroshio. The mean transport of the throughflow Kuroshio during large
meander periods was nearly identical to that during non-large meander periods. Beneath the
Kuroshio, a pair of stable deep westward and eastward flows, intensifying toward the bottom,
was observed over the Nankai Trough.
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The moderate climate of the Earth is main-
tained through meridional heat transport by
both the oceans and the atmosphere (e.g., Bry-
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and WunscH, 1996). In the North Atlantic, the
deep meridional overturning circulation plays a
fundamental role in net heat transport (e.g.,
MAcDONALD and BARINGER, 2013). Conversely, in
the North Pacific, net meridional heat transport
is primarily caused by upper-layer circulation,
making the wind-driven horizontal circulation
important (e.g., BRYDEN et al,, 1991; MACDONALD
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and BARINGER, 2013). Accordingly, the western-
boundary current of the wind-driven subtropical
gyre of the North Pacific, i.e.,, the Kuroshio, plays
a vital role by transporting warm water north-
ward, thereby compensating for the southward
transport of cooler water in the ocean interior.
Until the early 1990s, velocity of the Kuroshio
had not been measured accurately due to techni-
cal difficulties of velocity measurements within a
strong current. Most information about velocity
and volume transport relied on geostrophic cal-
culations based on the assumption of no motion
at a chosen deep reference level. The resulting
volume transport is referred to as geostrophic
transport (GT). When geostrophic velocity and
transport are referred to measured or inferred
velocities at the reference level, they are termed
absolute geostrophic velocity (AGV) and abso-
lute geostrophic transport (AGT), respectively.
The following are pioneering studies on cur-
rent measurements of the Kuroshio near Japan.
WoRrTHINGTON and Kawar (1972) conducted di-
rect current measurements in the deep layer in
1965 by tracking neutrally-buoyant floats and es-
timated AGTs of the Kuroshio for the first time.
They reported AGTs of 84 Sv (1 Sy = 10° m®
s~ 1) south of Shikoku and 88 Sv southeast of
Cape Inubo. Tarr (1978) deployed current-
meters (CMs) near the bottom for the first time
in 1971 and estimated AGTs of 70 Sv east of
Kyushu, 57 Sv south of Shikoku, and 77 Sv south
of Honshu. TAKEMATSU et al. (1986) used moor-
ed CMs to measure surface-layer velocities of
the Kuroshio south of Kyushu from 1979 to 1983.
Their results showed that the Kuroshio was con-
fined to the upper 600 m layer, on average, at
this location, suggesting that a reference level of
no motion in geostrophic calculations should be
selected with caution. KANEKO et al. (1992)
measured velocity across the Kuroshio south of
Shikoku and Honshu down to 400 m depth using

an acoustic Doppler current profiler (ADCP)
towed from a ship (towed-ADCP). Their obser-
vation revealed a subsurface velocity core of the
Kuroshio and a subsurface countercurrent.

Volume transport of the Kuroshio has been es-
timated from hydrographic surveys conducted
south of Japan (e.g., SUGIMOTO et al, 2010; NAGA-
NO et al, 2013; LoNG et al, 2018) and in the To-
kara Strait (e.g., Guo et al, 2012; WEI et al, 2013;
Liu et al, 2019). For hydrographic sections that
form a closed volume, velocities at reference lev-
els can be inferred using the inverse method de-
veloped by Wunscu (1978), which has been ap-
plied to the Kuroshio region to estimate AGTs
(e.g., NAKANO et al, 1994; KANEKO et al, 2001;
Zuu et al, 2006; Nacano et al, 2010; Guo et al,
2013). A detailed review of Kuroshio-related
studies was given by Anpo et al. (2021).

The large international program, the World
Ocean Circulation Experiment (WOCE), began
an eight-year observational campaign in 1990. Its
primary objective was to observe the three-
dimensional structure of the global ocean to pro-
vide a basis for improving ocean models, and by
extension, to improve the reliability of climate
models (GrassL, 2001). The Kuroshio south of
Japan was identified as an important observatio-
nal target, and its associated current measure-
ment array was designated PCM5 (SIEDLER et al,,
2001). The array was intended to be combined
with a trans-Pacific hydrographic survey along
30°N (WOCE Hydrographic Program P2) to es-
timate the net meridional heat transport at mid-
latitudes in the North Pacific.

The altimetry satellite TOPEX/Poseidon be-
gan measuring sea-surface height in September
1992, with the objective of improving under-
standing of global ocean circulation (Fu et al,
1994). Satellite remote-sensing was a key con-
tributor to the success of WOCE (SIEDLER et al,,
2001). Altimetric measurements have since been
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continued along the same subsatellite track by
its successor Jason-1 and others (e.g., ESCUDIER
et al, 2017).

The PCM5 observation by means of CM moor-
ings and frequently repeated hydrographic sur-
veys were conducted from 1993 to 1995 by the
Affiliated Surveys of the Kuroshio off Cape Ashi-
zuri (ASUKA) Group, being hereafter referred
to as the ASUKA intensive observation (Fig. 1).
The primary objective of this observation was to
estimate the AGT of the Kuroshio as accurately
as possible (IMAWAKI et al, 1997). Its observa-
tion line was aligned with subsatellite track num-
ber 112 of TOPEX/Poseidon, which passes over
Cape Ashizuri (see Fig. 1 in UcHipa and IMAWA-
K1, 2008), thereby facilitating the integration of
in sittu and altimetry data. As a result, the ASU-
KA intensive observation was the largest-scale
measurement program of the Kuroshio south of
Japan. Also the ASUKA program was consid-
ered to be the most comprehensive effort of
western-boundary current observation during
the WOCE period, providing a multiyear trans-
port record through a combination of iz situ cur-
rent measurements, geostrophy, and satellite
altimetry (CLARKE et al, 2001). During the in-
tensive observation period, the Kuroshio took
the non-large meander path as classified by Ka-
waBE (1995), as indicated by IMAWAKI et al
(2023), which is hereafter abbreviated as IM23.

As shown in the inset of Fig. 1, the Kuroshio
enters the Shikoku Basin from the East China
Sea through the Tokara Strait and merges with
the Ryukyu Current to the east of the Strait. In
the Shikoku Basin, the Kuroshio usually flows
along the southern coast of Japan, accompanied
by the local anticyclonic stationary eddy on its
offshore side (HasuNumA and Yosuipa, 1978),
which is known as the Warm Eddy off Shikoku.
The transport of the eastward-flowing,
nearshore-side half of the Warm Eddy is neces-

sarily included in transport of the Kuroshio as
the whole eastward flow, which is hereafter re-
ferred to as the Kuroshio. The westward-
flowing, offshore-side half is referred to as the
Kuroshio recirculation and must be accounted
for when estimating the net transport of the
Kuroshio as throughflow, which is hereafter re-
ferred to as the throughflow Kuroshio. The
throughflow transport is defined as the trans-
port of the Kuroshio minus the transport of the
Kuroshio recirculation.

Major findings from the ASUKA program
have been published in various journals. This re-
view provides a comprehensive summary of
those results as well as a detailed description of
the ASUKA field observation. The structure of
rest of the paper is as follows. Section 2 de-
scribes the ASUKA intensive observation and
satellite altimetry data used. Section 3 presents
the primary outputs of the intensive observation,
including descriptions of the flow field and esti-
mates of volume transport. Section 4 shows ob-
servations and studies following the intensive
phase. Section 5 introduces the time series of vol-
ume transport derived from the combined ASU-
KA and altimetry data. Sections 6 and 7 present
the discussion and summary, respectively.

2. Intensive observation and altimetry data
Figure 1 shows the ASUKA observation line,
consisting of hydrographic stations and mooring
stations in the Kuroshio and Kuroshio recircula-
tion regions off Shikoku, Japan. The line is orient-
ed approximately perpendicular to the typical
path of the Kuroshio off Cape Ashizuri, where
the current path is most stable within the Shiko-
ku Basin (TarT, 1972). In the Kuroshio region
(north of 30° N), the spacing of coordinated com-
mon hydrographic stations was either 20 or 31
km, while mooring stations were spaced at inter-
vals ranging from 20 to 92 km. On the continen-
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Fig. 1 The ASUKA (Affiliated Surveys of the Kuroshio off Cape Ashizuri) observation line (155° True),
crossing the Kuroshio off Shikoku, Japan. Coordinated common hydrographic stations (AS1-AS26; yellow
dots and circles) and mooring stations (CM2-CM10; orange and maroon circles) are shown on a map of
bottom topography based on AMANTE and Eakins (2009). Two maroon circles (CM2 and CM4) show
mooring stations equipped with an upward-looking ADCP (acoustic Doppler current profiler). Ten yellow
circles show IES (inverted echo sounder) stations. The location of Cape Ashizuri is shown by CA in Shiko-
ku. The small-scale inset shows the ASUKA line relative to the schematic flow pattern of the Kuroshio and
the Warm Eddy off Shikoku. Adapted from ImawAKI et al. (2023)

tal slope, mooring stations were positioned half- the Kuroshio recirculation in transport esti-
way between hydrographic stations. To prevent mates, the observation line was extended south-
entanglement between conductivity-tempera- ward to 25° N.

ture-depth recorder (CTD) cables and mooring Figure 2 shows the vertical distribution of
lines, mooring stations were offset by about 7 km moored instruments. Aanderaa CMs (primarily
upstream of hydrographic stations. To include model RCM-5) were deployed at nominal depths
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Fig. 2 Locations and nominal depth

s of deployed instruments, including CMs

(current-meters), upward-looking ADCPs and IESs. Tick marks at the top de-

note locations of coordinated

common hydrographic stations (CTD;

AS1-AS26). The shaded area represents ocean bottom. From IMAWAKT et al.

(1997).

of 700, 1500, and 3000 m, and near the bottom.
The CMs measured temperature as well as cur-
rent speed and direction. Two CMs were de-
ployed at the 700 m level, as this depth was con-
sidered the most important for providing
velocities at the reference level. CMs were also
deployed on the continental slope to detect near-
bottom flows. Upward-looking ADCPs (moored-
ADCPs) were installed at the tops of mooring
lines at Stations CM2 and CM4 to capture the
strong current of the upper-layer Kuroshio,
which could not be measured by standard moor-
ed CMs. Inverted echo sounders (IESs) were
deployed on the bottom such that each CM sta-
tion was positioned halfway between adjacent
IES stations, to infer upper-layer fields of tem-
perature and AGV continuously, thereby supple-
menting the sporadic hydrographic surveys.
The ASUKA intensive observation was initiat-
ed in October 1993 with the deployment of nine

moorings equipped with 33 CMs (UMATANI et al.,
2001; Kasumma et al, 2003) and two moored-
ADCPs (TakrucH! et al, 2002), and ten IESs
(Book et al, 2002a; 2002b). Mooring lines were
deployed by the buoy-first, anchor-last method.
In September 1994, the nine moorings were re-
covered and redeployed with the same configu-
rations. The final recovery of all moorings and
IESs was conducted in November 1995, marking
the end of the intensive observation. All of the
instruments were successfully recovered, with
the exception of four CMs from the second-year
deployment at Station CM8 and the IES at Sta-
tion IES5.

Actual instrument depths differed from their
designed ones, mostly because moorings were
deployed at depths different from planned ones
unavoidably, especially at stations on the conti-
nental slope, and partly because mooring lines
were titled in the strong current. To monitor in-
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strument depths, pressure was measured by
CMs at the nominal depth of 700 m. For example,
their mean depths at Stations CM2 through CM7
were estimated at 530-690 m.

During the intensive observation period, the
ASUKA Group conducted hydrographic surveys
along the observation line using CTDs, expenda-
ble CTDs, and expendable bathy-thermographs
(XBTs) as frequently as possible (UcHIDA et al.,
2008). In total, 42 hydrographic sections were
obtained for the upper 1000 m in the Kuroshio
region. Eight of them were full-depth CTD sec-
tions (IM23). In addition, velocity measure-
ments using a towed-ADCP were carried out 12
times along the ASUKA line (Zuu et al, 2001).

This ASUKA intensive observation was con-
ducted by a collaborative group of a large num-
ber of scientists from Japan and the United
States of America (IMAWAKI et al,, 2001; Book et
al, 2002a). This large-scale observation was not
organized under a single project but was made
possible through the coordinated efforts of many
scientists from universities, research institutes,
and agencies. The scale and success of the obser-
vation likely reflect the common deep interest of
many Japanese physical oceanographers in the
Kuroshio.

Altimetric sea-level anomalies along the TO-
PEX/Poseidon subsatellite track were used to
derive proxy time series of Kuroshio volume
transport (IMAWAKI et al, 2001; UcHipa, 2025).
Gridded dynamic topography
(SSDT) data derived from satellite altimetry
were used to examine horizontal flow patterns of

sea-surface

the Kuroshio and its recirculation (IM23; IMA-
wAKI et al, 2025). These altimetry data were
produced by the SSALTO Multimission Ground
Segment/Data Unification and Altimeter Combi-
nation System (AVISO, 2016), and provided by
the Archiving, Validation, and Interpretation of
Satellite Oceanographic Data (France) and the

Copernicus Marine Service Information (Euro-
pean Union). Additionally, sea-level data from
the tide gauge at Cape Ashizuri (see Fig. 1 for
location), maintained by the Japan Meteorologi-
cal Agency, were used as a reference for the alti-
metric sea-level profile along the ASUKA line
(IMAWAKI et al, 2001; UcHIDA, 2025).

3. Results from intensive observation
Representative examples of vertical sections
of potential temperature, salinity, and AGV in
the Kuroshio and Kuroshio recirculation regions
are shown in Fig. 3. The velocity component per-
pendicular to the ASUKA line, oriented toward
65° True, is hereafter referred to simply as veloc-
ity. Mean vertical sections of potential tempera-
ture and salinity, based on 154 sections collected
from 1992 to 2008, were provided by UcHIDA et
al. (2008). These sections reveal following fea-
tures. The 10° C isotherm, which indicates the
center of the main thermocline, deepens from ap-
proximately 300 m near the coast to 650 m off-
shore (at 30-31° N). The main body of the Kur-
oshio is located near the coast, as indicated by
the pronounced inclination of the main thermo-
cline and AGV values exceeding 10 cm s~ L. The
core of the North Pacific Intermediate Water,
which is characterized by a vertical salinity mini-
mum, deepens from approximately 500 m near
the coast to 800 m offshore (at 31° N). The core
of the North Pacific Subtropical Mode Water,
which is characterized by a vertical salinity max-
imum, is located at around 150 m on the offshore
side of the Kuroshio. The instantaneous AGV
section (Fig. 3 (c)) shows complex eastward
and westward flows associated with active meso-
scale eddies in the Kuroshio recirculation region.
The validity of geostrophic balance in the Kur-
oshio and Kuroshio recirculation regions was ex-
amined using repeated hydrography data and
moored CM data at nominal depths of 700, 1500,
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Fig. 3 Vertical sections along the ASUKA line in September 1994 of (a) potential temperature, (b) salinity,
and (c) AGV (absolute geostrophic velocity; component toward 65° True); southern parts (25-28°N) are
not shown. Triangles at the top denote locations of hydrographic stations; the yellowish green triangle
marks the inferred offshore edge of the Kuroshio, and the light blue triangle marks the inferred southern
end of the Kuroshio recirculation. In (c), dots denote locations of moored CMs; larger blue ones indicate
CMs providing velocities at reference levels or on the continental slope. Courtesy of Hiroshi UCHIDA.
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Fig. 4 Scatter plot of vertical differences of estimat-
ed geostrophic velocity (AVg) versus measured
velocity (A Vo) between nominal depths of 700
and 1500 m. Cases were classified as “normal”
when the current direction at 700 m depth was
approximately perpendicular to the ASUKA line,
and as “oblique” when it was approximately par-
allel; the sorting criterion was 45°. The solid line
denotes the regression line through the origin for
18 normal cases; dashed lines denote the root-
mean-square difference from the regression line.
The almost hidden dotted line denotes the one-to-
one relation. Adapted from Kasuiva et al. (2003).

and 3000 m (KasumMa et al, 2003). For these
depth intervals, vertical differences of geostro-
phic velocity were compared with corresponding
differences of measured velocity. Figure 4 shows
the results for the intermediate layer (between
nominal depths of 700 and 1500 m), where verti-
cal differences ranged from —20 to 40 cm s~ L
The agreement was excellent for 18 comparisons
of flows approximately perpendicular to the
ASUKA line, with an almost one-to-one corre-
spondence between the two values; the slope of
regression line was 0.99, the correlation coeffi-
cient (CC) was 0.98, and the root-mean-square

difference from the regression line was 2.8 cm
s~ ! which was close to the estimated measure-
ment error of 21 cm s~ L. For the deep layer
(between nominal depths of 1500 and 3000 m),
ten comparisons yielded corresponding values of
0.82,0.93, 1.2 cm s~ %, and 2.0 cm s~ %, These re-
sults indicated that geostrophic balance holds
very well in both the intermediate and deep lay-
ers. The best agreement was obtained when
measured velocities were averaged over several
days. In contrast, geostrophic balance may break
down in the upper-layer near the coast, particu-
larly when strong vertical velocity shear is in-
duced abruptly. This condition is shown in the
next subsection.

The accuracy of SSDT from the altimetry sat-
ellite TOPEX/Poseidon was examined using
AGV data during 1993-1994 (ImawAakI and UCHL
DA, 1995). In physical oceanography, only anoma-
lies from an unknown mean SSDT are useful in
satellite altimetry data. This unknown mean was
estimated by minimizing the difference between
altimetric SSDT and iz situ SSDT obtained si-
multaneously. The in situ SSDT was derived by
horizontally integrating the sea-surface AGV, re-
ferred to the nearshore-most station (AS1), un-
der the assumption of geostrophy. The AGV was
referred to velocity measured at the 700 m level.
Ten estimates of the unknown mean SSDT were
averaged to obtain the final estimate. The result-
ing total SSDT profiles along the ASUKA line
north of 30° N showed good agreement with the
in situ SSDT profiles, having an average root-
mean-square difference of 4.6 cm.

3.1 Flow field of the Kuroshio

The following features of the flow field of the
Kuroshio were identified using four different
types of datasets: current vectors at nominal
depths of 700, 1500, and 3000 m measured by
moored CMs at nine stations (UMATANI et al,
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Fig. 5 Horizontal distributions of one-year mean current vectors measured at the nominal depth
of 700 m. (a) First deployment (1993-1994), and (b) second deployment (1994-1995). From

UMATANI et al. (2001).

2001); velocities from approximately 300 to 500
m depth measured by moored-ADCPs at two
stations (TAKEUCHI et al, 2002); 12 velocity sec-
tions along the ASUKA line, from the sea-
surface to 400 m depth, measured by the towed-
ADCP (Zuu et al, 2001); and eight full-depth
AGYV sections along the ASUKA line (IM23).
Horizontal distributions of one-year mean cur-
rent vectors obtained from CMs at the 700 m
level are shown in Fig. 5. The strongest part of
the Kuroshio, hereafter referred to as the Kur-
oshio axis, was located at Station CM4 during
the first deployment and at Station CM5 during
the second deployment, both around 32° N, with
speed of 30 and 28 cm s, respectively. Current
vectors near the Kuroshio axis were oriented
nearly perpendicular to the ASUKA line, con-
firming that the line was, on average, aligned
normal to the Kuroshio flow. A tendency toward
convergence was observed on the offshore side

of the Kuroshio at this depth. Vertical sections of
annual-mean velocity derived from moored CMs
indicated that the 10 cm s~ ! contour associated
with the Kuroshio extended down to 1000 m
depth.

Time series of daily current vectors at the 700
m level at all stations are shown in Fig. 6 (a).
These vectors exhibited marked fluctuations,
which were nearly in phase at Stations CM3
through CMB6. Daily current vectors at the 1500
m level were similar to those at the 700 m level,
but weaker. At the 3000 m level, currents were
generally very weak and showed no apparent
correlation with those at the 700 m level, except
at Station CM6, as discussed in Subsection 3.3.

During the intensive observation period, the
Kuroshio took two distinct paths (i.e., a near-
shore path and an offshore path), both of which
are classified as the non-large meander path.
Current vectors at 650 m depth were estimated
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Fig. 6 Stick diagrams of daily current vectors measured during 1993-1995. The upward direction corre-
sponds to 65° True, ie., perpendicular to the ASUKA line. (a) Vectors at the nominal depth of 700 m at all
the nine stations. (b) Vectors at 120 m above the bottom (4680 m depth) at Station CM6. From UMATANI et
al. (2001).
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by interpolating current vectors measured at
nominal depths of 700 and 1500 m, where possi-
ble. A time-latitude plot of current speed at the
650 m depth showed that the Kuroshio took the
offshore path on three occasions during the two-
year period: May-June 1994, February-March
1995, and May-June 1995.

During the nearshore path, horizontally maxi-
mum velocities of the surface-layer (averaged
over 0-250 m depth) observed by the towed-
ADCP ranged from 80 to 150 cm s~ . The Kur-
oshio axis was located at approximately 32° 20'N
on average, as shown in Fig. 3 (a) of ZHU et al.
(2001). Vertically maximum velocities near the
Kuroshio axis were observed at subsurface (100~
200 m depth). The moored-ADCP at Station
CM2 (32° 28'N) near the coast recorded very
strong velocities at 300 m depth intermittently,
reaching 130-150 cm s~ (Fig. 6 of TAKEUCHI et
al,, 2002). These strong flows were accompanied
by an extremely strong vertical velocity shear
between 300 and 400 m depth, reaching 1.5 X
1072 s~ L. This is likely the strongest vertical ve-
locity sheer ever directly measured in the Kur-
oshio. At the 650 m depth, daily velocities were
up to 60 cm s, and the Kuroshio axis was locat-
ed at around 32° 05N on average (Fig. 6 (b) of
UMATANI et al, 2001). Both in the surface-layer
and at the 650 m depth, the horizontal velocity
shear was markedly stronger on the nearshore
side than on the offshore side.

During the offshore path, horizontally maxi-
mum velocities of the surface-layer observed by
towed-ADCP were approximately 100 cm s !,
and the Kuroshio axis was located at 31° 20'N on
average (Fig. 3 (a) of Zuu et al, 2001). At the
650 m depth, daily velocities were up to 50 cm
s~ ! and the Kuroshio axis was located at ap-
proximately 31° 15’N (Fig. 6 (b) of UMATANI et
al,, 2001). At this depth, horizontal velocity shear
was stronger on the nearshore side than on the

offshore side, whereas in the surface-layer the
velocity field was nearly symmetric with respect
to the Kuroshio axis. The offshore path was
characterized by remarkable countercurrents
near the coast, which were the nearshore-side
half of coastal cyclonic eddies associated with
small meanders of the Kuroshio that originated
southeast of Kyushu and propagated northeast-
ward along the coast. The countercurrents, as
observed by the two moored-ADCPs, were near-
ly barotropic and exhibited a very weak vertical
velocity shear of 0.04 X 10”2 ¢! on average be-
tween 300 and 500 m depth (Fig. 8 of TAKEUCHI
et al, 2002). The currents extended from the
sea-surface to at least 700 m (Fig. 6 (a)), having
a typical width of approximately 50 km and a
mean velocity of approximately 20 cm s~ ! (Fig.
2 of Zuu et al, 2001). Based on these values, their
transport was roughly estimated at 3 Sv. These
features of coastal countercurrents were also
shown by time-depth diagrams of proxy AGV at
Stations CM2, CM3, and CM4, derived from IES
and moored CM data (KAKINOKI et al,, 2008a).

In the Kuroshio recirculation region (Stations
CMS8 and CM9), fluctuations of daily current vec-
tors at the 700 m level were considerably larger
than their means (Fig. 6 (a)), implying that the
recirculation was overwhelmed by active, propa-
gating mesoscale eddies.

Velocities measured by the towed-ADCP (Fig.
2 of Zuu et al, 2001) are compared with those
measured by moored-ADCPs (Figs. 4 and 6 of
TAKEUCHI et al, 2002). A total of 18 comparisons
are made: 12 at 300 m depth at Station CM2 and
six at 380-390 m depth at Station CM4. The com-
pared velocities range from — 30 to 110 cm s~ L.
In all but one case, the difference between the
measurement types is less than 20 cm s~ % the
exception is a 30 cm s~ ! difference at 300 m
depth at Station CM2, when the flow field
changed rapidly. As a whole, they agree well
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with each other, with a very high CC of 0.96, al-
though towed-ADCP velocities are slightly lower
than moored-ADCP velocities, with a mean dif-
ference of 7 cm s~ L.

Eight full-depth AGV sections were obtained
from hydrographic surveys, referred to veloci-
ties measured at the 700 m level over the conti-
nental slope and at the 1500 m level in the off-
shore region, as shown in Fig. 3 (c). All AGV
sections are shown in Fig. S1 in the supplemen-
tary material of IM23. These sections indicated
that the main body of the Kuroshio (defined as
regions with AGV > 10 em s~ ') was mostly
confined to the upper 1000 m. Maximum veloci-
ties were observed in the upper 200 m north of
32° N, ranging from 60 to 150 cm s~ ' The Kur-
oshio recirculation was relatively weak and fre-
quently dominated by propagating mesoscale ed-
dies.

From the AGV sections, the offshore edge of
the Kuroshio was inferred on the basis of the
sign of AGT in the upper 1000 m between pairs
of hydrographic stations. The inferred offshore
edges corresponded closely with local maxima in
SSDT along the ASUKA line (Fig.S2 in the sup-
plementary material of IM23). On average, the
offshore edge was located at 30° 50'N. In con-
trast, the southern end of the Kuroshio recircula-
tion was not able to be determined using a simi-
lar method due to the influence of mesoscale
eddies (Fig. S2 of IM23). Instead, it was inferred
somewhat subjectively, with the aid of SSDT
maps. The inferred southern end was located at
29° 20N on average.

The estimated AGVs (Fig. S1 of IM23) are
compared with velocities in the upper-layer (ap-
proximately 300-500 m depth) measured by
moored-ADCPs (Fig. 6 of TAKEUCHI et al., 2002).
The compared velocities range from 0 to 140 cm
s~1. At Station CM4 and below 400 m depth at
Station CM2, the estimated velocities agree well

with measured velocities within = 10 cm s~

except for several cases at Station CM4, where
discrepancies reach 20-30 cm s~ . A markedly
different situation is found in the layer shallower
than 400 m depth at Station CM2, located closer
to the coast. Here, measured velocities are gener-
ally higher than estimated values by approxi-
mately 20 cm s~ L In particular, for the Septem-
ber 1994 section (Fig. 3 (c)), the difference

1 at 300 m depth, associated

1

reaches 80 cm s~
with sharp velocity increase from 10 cm s ° at
400 m depth to 140 cm s~ ! at 300 m depth, corre-
sponding to a strong vertical velocity shear of 1.3
x 1072 s~ ! as measured by the moored-ADCP.
These differences are likely due in part to the
time required for both the density field and geo-
strophic velocity to adjust to abrupt changes in
strong vertical velocity shear. Additionally, they
may result from methodological differences; the
AGVs represent averages over the distance be-
tween two hydrographic stations separated by
20 km, whereas the moored-ADCP velocities are
point values at the middle of those stations. The
estimated AGVs are generally consistent with
upper-layer velocities measured by the towed-
ADCP, although a direct comparison is not possi-
ble due to differences in observation dates.

The wvertical section of the Eulerian-mean
AGV (Fig. 7) was constructed from the eight
AGYV sections, providing a two-year mean, full-
depth AGV section of the Kuroshio, for the first
time, based on directly measured properties.
This mean section represents the Kuroshio pri-
marily during its nearshore path, except for one
section at the beginning of the first offshore path
period (May 1994), which exhibited only a weak
countercurrent below 200 m depth near the
coast. The main body of the Kuroshio was con-
fined to the upper 1000 m, and the entire Kur-
oshio was virtually confined to the upper 1500 m.
This mean flow is hereafter referred to as the
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Depth (km)

30 29 28
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Fig. 7 Vertical section of the Eulerian-mean AGV (in cm s~ ') along the
ASUKA line during 1994-1995. North of the dotted line at 30° N, eight AGV
sections were averaged; south of this line, four sections were averaged. Tri-
angles at the top denote locations of coordinated common hydrographic sta-
tions; the yellowish green triangle marks the inferred offshore edge of the
mean Kuroshio, and the light blue triangle marks the inferred southern end
of the mean Kuroshio recirculation. Dots denote mean locations of moored
CMs providing velocities at reference levels or on the continental slope.

From IMawAKI et al. (2023).

mean Kuroshio. The maximum velocity (> 80
em s~ 1) was located at the sea-surface near the
coast. Both vertical and horizontal velocity
shears were stronger on the nearshore side than
on the offshore side. The Kuroshio axis exhibited

an offshore shift with increasing depth. These
two features (i.e. velocity shear and offshore
shift) are generally characteristic of mid-latitude
western-boundary currents along the coast, as
observed in the Kuroshio (e.g, KAwABE, 1985;
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Fig. 8 Temporal series of total AGTs (absolute ge-
ostrophic transports; in Sv) of the Kuroshio (sol-
id circles) and the throughflow Kuroshio (open
circles) across the ASUKA section during
1994-1995. Adapted from IMAWAKI et al. (2023).

KANEKO et al, 1992; Jouns et al., 2001), the Flori-
da Current/Gulf Stream in the North Atlantic (e.
g, HaLxiv and RossBy, 1985; LEaman et al., 1989;
Jouns et al, 1995), and the Agulhas Current in
the Indian Ocean (e.g, BRYDEN et al, 2005; BEAL
et al., 2006; 2015).

Book et al. (2002a) derived a Eulerian-mean
proxy AGV section along the ASUKA line for a
five-month period (November 1993-April 1994)
using IES and moored CM data, by applying the
gravest empirical mode (GEM) method. The
resulting flow field was essentially similar to the
above-mentioned mean field in the upper 2000 m;
the maximum velocity (> 90 cm s~ ') was lo-
cated at the sea-surface near the coast, and the
main body of the Kuroshio was mostly confined
to the upper 1000 m. However, the deep flow
structure near the continental slope, such as the
deep westward flow described in Subsection 3.3,
was not able to be described by their GEM
method. They identified three smaller-scale me-
anders during the two-year observation period,
in addition to three above-mentioned meanders,
suggesting a four-month periodicity of Kuroshio
meanders off Shikoku. This periodicity was fur-

ther investigated by Kasuma et al. (2009), who
interpreted them as modulated periodic mean-
ders having 110- or 150-day periods during
1993-2001. These variations were attributed to
arrival of mesoscale eddies propagating west-
ward from the ocean interior along 27-32° N lati-
tudes.

3.2 Transport of the Kuroshio

Transport of the Kuroshio and the through-
flow Kuroshio across the ASUKA section was es-
timated using multiple approaches (Table 1).
From the eight full-depth AGV sections, the fol-
lowing transport values were estimated by
IM23. The total AGT of the Kuroshio was esti-
mated by integrating the positive AGV from the
coast to the offshore edge of the Kuroshio, and
from the sea-surface down to a maximum of 2000
dbar. This upper limit was imposed because con-
tamination with deep eastward flows different
from the Kuroshio, such as the eastward flow
over the Nankai Trough (see the next subsec-
tion), should be minimized, and also because the
Kuroshio was virtually confined to the upper
2000 m, as shown below. The total AGTs derived
from the eight AGV sections provided a tempo-
ral series of Kuroshio transport estimates at rela-
tively short intervals over a two-year period
(solid circles in Fig. 8). These estimates varied
substantially from 47 to 71 Sv, likely reflecting
fluctuations induced by propagating mesoscale
eddies as well as fluctuations of the throughflow
Kuroshio and Warm Eddy off Shikoku. The
mean AGT was estimated at 60 = 9 Sv (mean
= standard deviation).

On the other hand, the total AGT of the mean
Kuroshio (Fig. 7) was estimated at 47 Sv, corre-
sponding to only 79% of the mean AGT of the in-
stantaneous Kuroshio. This discrepancy arises
because, in some cases, the instantaneous Kur-
oshio extended beyond the offshore edge of the
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mean Kuroshio, while in other cases, the instan-
taneous Kuroshio recirculation intruded into the
region of the mean Kuroshio.

Vertical profiles of AGT per unit depth for the
Kuroshio showed that the transport was pre-
dominantly located in the upper 1000 m (Fig. 4
of IM23). AGTs within this upper 1000 m varied
from 44 to 68 Sv, with a mean of 56 £ 8 Sv.
These values represented 90-97% of the total
AGT, with a mean of 93 = 3%. For the mean
Kuroshio, transport was even more concentrated
in the upper 1000 m, which accounted for 97% of
the total transport. The profiles also showed that
AGTs between 1500 and 2000 m depth were
negligibly small, confirming that the transport
was virtually confined to the upper 2000 m. The
trivially small transport in the deep layer is like-
ly attributable to the bottom topography around
the Kuroshio. The Tokara Strait is shallower
than 690 m (NAKAMURA, 2017), and the portion
of the Izu-Ogasawara Ridge over which the Kur-
oshio usually flows is shallower than approxi-
mately 1500 m (Ortsuka, 1985), although the
Ryukyu Current region is relatively deep.

The AGT of the Kuroshio recirculation (posi-
tive denotes westward) was estimated for the
upper 2000 m using a similar approach, with the
exception that net AGT between hydrographic
stations was integrated, instead of positive AGV.
This modification was necessary because of the
complex velocity field due to overlapping meso-
scale eddies. Estimated AGTs of the recircula-
tion varied from 3 to 20 Sv, with a mean of 14 *
7 Sv. The AGTs of the throughflow Kuroshio
were then estimated by subtracting the AGTs of
the Kuroshio recirculation from the AGTs of the
Kuroshio. Estimated AGTs varied from 30 to 50
Sv, with a mean of 44 = 7 Sv (open circles in Fig.
8).

For comparison, ordinary GTs of the Kuroshio,
referred to 2000 dbar, were similarly estimated

from the full-depth sections. The deviations from
the corresponding AGTs were relatively small,
with a mean of 2 = 4 Sv. Positive deviations oc-
curred when the upper boundary of the deep
westward flow over the Nankai Trough (see the
next subsection) was shallower than 2000 m.
These results suggested that GT referred to and
calculated above 2000 dbar can be used for moni-
toring transport in cases where velocities at the
reference level are not available (IM23).

Book et al. (2002a) derived a proxy time ser-
ies of daily AGT of the Kuroshio from IES and
moored CM data for the two-year observation
period, by applying the GEM method and inte-
grating velocity over the contiguous region of
eastward AGV encompassing the Kuroshio. The
resulting proxy AGTSs ranged from 25 to 139 Sv,
with a mean of 65 + 20 Sv, which is slightly larg-
er than the mean AGT of the Kuroshio (60 Sv)
estimated from the eight full-depth CTD sections
by IM23 (Table 1).

IMAWAKI et al. (2001) estimated the AGT of
the Kuroshio in the upper 1000 m for 25 selected
high-quality hydrographic sections from 1993 to
1995, referred to velocities measured at the 700
m level. Their analysis utilized plentiful XBT da-
ta in addition to CTD data. Although the XBTs
provided only temperature profiles down to ap-
proximately 800 m depth, geostrophic velocities
down to 1000 m depth were calculated using
very tight temperature-salinity relationships and
skillful extrapolation of steric height (UcHiDA
and IMawAakr, 2008). Note that most of Kuroshio
transport (93% on average) is located in the up-
per 1000 m, as shown above. The AGT was esti-
mated as the net transport between the coast
and offshore edge of the Kuroshio.

Estimated AGTs ranged from 27 to 85 Sv,
with a mean of 54 *= 13 Sv, which is slightly
smaller than the mean AGT (56 Sv) in the up-
per 1000 m estimated from the eight full-depth
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sections discussed above. A scatter plot of AGTs
in the upper 1000 m versus SSDT differences
across the Kuroshio (Fig. 9 (a)) revealed a
strong linear relationship, with a CC of 0.90 and
small standard deviation of 5.6 Sv about the re-
gression line (IMAWAKI et al, 2001). This strong
correlation can be explained by examining verti-
cal profiles of transport per unit depth (Fig. 9
(b)). Although the original profiles exhibited
considerable variability, normalization by the
sea-surface transport yielded nearly identical
shapes across different observations. This result
indicated that the total transport was approxi-
mately proportional to the sea-surface transport,
which is proportional to the SSDT difference
across the Kuroshio, under the assumption of ge-
ostrophy. This linear relationship had previously
been identified for the Kuroshio south of Japan
(NrTaNs, 1975) and the Florida Current (e.g.,
MAUL et al, 1985), as discussed in more detail in
the Appendix. This empirical relationship pro-
vided a practical method for long-term monitor-
ing of volume transport using satellite altimetry
data. The resulting time series of Kuroshio trans-
port is shown in Section 5.

One of the main aims of the WOCE was to es-
timate oceanic heat transport (SIEDLER et al,
2001). To evaluate heat transport at mid-
latitudes in the North Pacific,c AGV and hydro-
graphic data from the Kuroshio region, obtained
during the ASUKA intensive observation, were
combined with data from the WOCE Hydro-
graphic Program P2 section along 30° N (Bry-
pEN and Imawaki, 2001). This trans-Pacific hy-
drographic section was carried out in 1993-1994
by three Japanese vessels: the survey vessel
Shoyo, the fisheries research vessel Kaiyo-maru,
and the training vessel Bosei-maru (e.g., YOU et
al, 2003). The westernmost part of the P2 sec-
tion, occupied in January 1994, was connected to
the full-depth Kuroshio section occupied nearly
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Fig. 9 AGT of the Kuroshio in the upper 1000 m
during 1993-1995. (a) Scatter plot of AGTs (in
Sv) versus SSDT (sea-surface dynamic topogra-
phy) differences (in m) across the Kuroshio. The
solid line denotes the regression line. (b) Vertical
profiles of AGT per unit depth, normalized by the
sea-surface AGT. The mean profile (thick line)
and its standard deviation (dotted lines) are
shown as well as 25 instantaneous profiles (thin
lines). From IMAWAKI et al. (2001).
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simultaneously, instead of the mean Kuroshio
section. This decision was made because a very
strong cyclonic mesoscale eddy was located pre-
cisely at the junction point, and hence its influ-
ence on the two sections should cancel out as
much as possible. The estimated net northward
heat transport across 30° N was 0.62 x 10 W,
corresponding to approximately 40% of the glob-
al oceanic northward heat transport (1.6 * 0.4
x 10" W) at 24°N, as estimated by MACDONALD
and BARINGER (2013). Connecting a one-time
transoceanic section with a western-boundary
current section remains a complex methodologi-

cal challenge.

3.3 Flows under the Kuroshio

The time series of daily current vectors at the
700 m level at Station CM2 (Fig. 6 (a)) exhibit-
ed an anomalous pattern, distinctly different
from the typical Kuroshio flow (UMATANI et al,
2001). Specifically, the vectors were directed pri-
marily to the southwest, with occasional north-
east, and fluctuated in an almost unidirectional
manner. The two-year mean velocity vector was
oriented west-southwest, with a magnitude of 7
em s~ ! (Fig. 5). This flow was clearly influ-
enced by the bottom topography, because the
CM was moored only 130 m above the bottom at
a depth of 820 m and the observed flow direction
corresponded closely with contours of the bot-
tom topography. Note that this flow was located
beneath the strong upper-layer currents of the
Kuroshio. Flow speed increased when the Kur-
oshio took the offshore path and thus coastal
countercurrents were present in the upper-layer
(Fig. 6 (a)). The two-year mean velocities meas-
ured by CMs near the bottom at Stations CM3
and CM4 were —7 and —11 cm s~ !, respective-
ly (Kakmokr et al, 2008a). This steady, topo-
graphically controlled countercurrent extended
along the continental slope down to a depth of

2000 m beneath the Kuroshio (Fig. 2 of UMATA-
NI et al., 2001).

The record from the CM near the bottom at
Station CM6 (Fig. 6 (b)), moored at the base of
the continental slope, also exhibited atypical be-
havior (UMATANI et al, 2001), with the flow pat-
tern differing markedly from that of the Kurosh-
io at 700 m depth at the same station (see Fig. 6
(a)). The current was directed consistently to-
ward the west-southwest, parallel to contours of
the bottom topography, and fluctuated only in

! and

speed. The maximum speed was 30 cm s
the speed of a 1.6-year mean vector was 15 cm
s~ 1 At 3000 m depth at the same station, the
flow pattern was similar but weaker; the speed
of a one-year mean vector was 8 cm s~ . In con-
trast, the flow at 1500 m depth was weak and did
not resemble the near-bottom flow. In summary,
this bottom-intensifying flow weakened with de-
creasing depth and dissipated between 1500 and
3000 m depth.

This west-southwestward flow was clearly
identified in the full-depth AGV sections (IM23)
and in the mean AGV section (Fig. 7), where
westward flow was observed along the lower
continental slope, from approximately 2000 m
depth to the bottom at about 4500 m depth, be-
tween 32° and 31° 30'N. Its velocity exceeded 10
cm s ! and intensified with depth. On the off-
shore side, a distinct eastward flow was ob-
served from approximately 2000 m depth down
to the bottom between 31° 30" and 31° N. The
flow also intensified with depth. This pair of
deep westward and eastward flows was suggest-
ed to constitute a localized, anticlockwise, abys-
sal circulation dynamically trapped by the Nan-
kai Trough (see Fig. 1 for location). Part of the
westward flow was consistent with the basin-
wide abyssal circulation in the Shikoku Basin
previously suggested by Fukasawa et al. (1987;
1995). The CC of transport between the west-
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ward and eastward flows was —0.50, which was
fairly high given that the westward flow ap-
peared to contribute to the basin-wide circula-
tion other than the localized circulation over the
Trough. The AGT of the main portion of the
deep westward flow over the Trough was esti-
mated at —10 *= 3 Sv, on average, and that of
the eastward flow at 8 = 4 Sv (IM23). These
deep flows were likely independent of the Kur-
oshio locally, as indicated by low CCs of trans-
port between these flows and the Kuroshio.

4. After the intensive observation

Two IESs at Stations IES1 (32° 35'N) and IES7
(31° N) were maintained continuously following
the ASUKA intensive observation. Proxy GT
(referred to and calculated above 1000 dbar) be-
tween these two stations was estimated using
the GEM method (KAKINOKI et al, 2008b). The
proxy GTs derived from IES data showed excel-
lent agreement with iz situ GTs between the
same stations. Station IES7 was located near the
average offshore edge of the Kuroshio (30° 50'N),
and thus estimated transports roughly repre-
sented Kuroshio transport. The estimated GTs
ranged from 18 to 77 Sv, with a five-year mean of
45 = 10 Sv. This value is approximately 20%
smaller than the mean AGT of the Kuroshio in
the upper 1000 m (54-56 Sv) during the inten-
sive observation period (Table 1). The discrep-
ancy is primarily attributable to the relatively
shallow reference level of 1000 dbar used in the
proxy GT calculation, which results in a loss of
18% of AGT on average (Fig.9 (b)).

Hydrographic surveys along the ASUKA line
continued through 2010, conducted by the Japan
Meteorological Agency, several universities, the
Fisheries Agency, the former Maritime Safety
Agency, and the Japan Agency for Marine-
Earth Science and Technology. The Japan Mete-
orological Agency, in particular, carried out sur-

veys three to six times each year during the
period 1993-2009. In addition, the northern part
was occupied by the research vessel Melville in
2004 as a revisit of the WOCE Hydrographic
Program P2. As a result, a total of 163 hydro-
graphic sections were obtained, yielding an ex-
cellent mean section of geostrophic velocity as
shown in the next section. The metadata for sur-
veys conducted through May 2008 are summar-
ized by UcHIDA et al. (2008).

Using the hydrographic data collected along
the ASUKA line, subsequent studies were car-
ried out as follows, although most are not consid-
ered as part of the ASUKA program. ZHU et al.
(2006) compared the AGT of the Kuroshio south
of Japan with those of the Kuroshio in the East
China Sea and the Ryukyu Current. Guo et al.
(2013) investigated nutrient transport by the
Kuroshio from the East China Sea to the region
south of Japan. Qru and CHEN (2021) described a
cyclonic trigger meander and the Warm Eddy
off Shikoku as key processes contributing to the
occurrence of the large meander. NAGANO et al.
(2010) compared AGTs of the Kuroshio and the
throughflow Kuroshio between large meander
and non-large meander states. In addition to
these hydrographic surveys, six pressure-
recording IESs (PIESs) were deployed along the
ASUKA line during 2004-2006 to investigate bot-
tom pressure change associated with the large
meander (NAGANO et al, 2018). These PIES data
were also used to derive a proxy time series of
GT for the throughflow Kuroshio by combining
satellite altimetry data (Nacano et al, 2013).
Furthermore, UcHipa and Imawaxkr (2008) ex-
amined the sea-level trend south of Japan from
1992 to 2006 using these hydrographic data in
combination with satellite altimetry data.

5. Time series of transport
Using the linear relationship between the
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AGT of the Kuroshio and the SSDT difference
across the Kuroshio, as described in Subsection
3.2, a proxy time series of Kuroshio transport
was derived from TOPEX/Poseidon altimetry
data as follows (IMAWAKI et al, 2001). The un-
known mean SSDT for the period 1993-1995 was
estimated by subtracting the altimetric anomaly
from the iz situ SSDT obtained simultaneously.
The in situ SSDT was calculated by integrating
sea-surface AGVs, referred to the tide gauge da-
ta. The AGVs were referred to velocities meas-
ured at the 700 m level.

Using the altimetrically derived total SSDT to-
gether with the previously established linear re-
lationship, a proxy time series of AGT for the
Kuroshio in the upper 1000 m was derived for
seven years (1992-1999) at ten-day intervals.
The altimetrically derived transports showed ex-
cellent agreement with iz situ AGT estimates of
the Kuroshio. The seven-year mean AGT of the
Kuroshio was estimated at 57 += 11 Sv, slightly
larger than the two-year mean in situ AGT
(54-56 Sv) in the upper 1000 m during the in-
tensive observation period (Table 1). A proxy
time series of AGT for the Kuroshio recircula-
tion was also derived using a similar method, but
the southern end of the recirculation was fixed
at 26° N, which was close to its climatological-
mean position (HasuNuma and YosHIDA, 1978).
By subtracting the AGT of the Kuroshio recircu-
lation from the AGT of the Kuroshio, the AGT of
the throughflow Kuroshio was estimated at 42 +
9 Sv, on average. This value was slightly smaller
than the two-year mean i situ AGT of 44 Sv
(Table 1).

As an extension of IMawakr et al. (2001),
three-decade-long proxy time series of GT for
the Kuroshio and the throughflow Kuroshio
were derived as follows. Vertical sections of
mean potential temperature and salinity were
obtained from 145 hydrographic surveys along

the ASUKA line for 1992-2006 (UcHipA and Im-
AWAKI, 2008). Based on these mean sections, a
geostrophic velocity section referred to 1800
dbar was calculated (Ucnipa, 2025). Here, the
reference level of 1800 dbar was selected to uti-
lize hydrographic sections slightly shallower
than the 2000 dbar recommended by IM23. Sub-
sequently, net GTs above 1800 dbar were esti-
mated between the nearshore-most hydrograph-
ic station (AS1) and other stations, and com-
pared with SSDT differences between the
corresponding stations. As shown in Fig. 10, the
comparison for stations in the offshore-side Kur-
oshio and Kuroshio recirculation regions re-
vealed an extremely strong linear relationship,
with a CC of 0.99 (UcHipa, 2025). This beautiful
association resulted from eliminating effect of
mesoscale eddies almost perfectly by averaging
a great number of hydrographic sections. While
vertical profiles of transport in Fig. 9 show that
the vertically integrated transport is proportion-
al to the sea-surface transport for the whole Kur-
oshio, the regression line in Fig. 10 furthermore
indicates that the integrated transport is propor-
tional to the sea-surface transport for each pair
of hydrographic stations with a constant ratio,
even for negative transport. It suggests that the
offshore-side Kuroshio and its recirculation have
a common vertical velocity structure with oppo-
site directions, which is natural because those
two make up the Warm Eddy off Shikoku.

Using this linear relationship and altimetrical-
ly derived total SSDT (Fig. 11 (b)) estimated by
the same method described above, time series of
stream function for net GTs integrated from the
coast to offshore locations along the ASUKA line
were generated. The time series spanned the
most recent three decades with ten-day intervals
(UcHipA, 2025).

From these time series, a proxy time series of
GT for the Kuroshio (red dots and line in Fig. 11
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Fig. 10 Net volume transport and SSDT difference along the ASUKA line, estimated from the mean geostro-
phic velocity section (referred to 1800 dbar) averaged over the period 1992-2006. (a) Scatter plot of net
volume transports (in Sv) versus SSDT differences (in m), both between the nearshore-most hydro-
graphic station (AS1) and other stations along the ASUKA line. Solid and open circles show values at sta-
tions in the offshore-side Kuroshio region (AS6-AS11) and in the Kuroshio recirculation and further off-
shore regions, respectively. Crosses show values at four stations in the nearshore-side Kuroshio region
(AS2-AS5). The solid line denotes the regression line fitted to data points shown by the solid and open cir-
cles, applicable only to the offshore regions; the four nearshore stations were excluded because water depth
was shallow and hence the relationship was different. The correlation coefficient was 0.99. (b) Profile of the
SSDT difference along the ASUKA line. Adapted from UcHipa (2025).
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(a)) was derived (IMAwAKI et al, 2025). The
estimated GTs corresponded well with i situ
AGTs during the intensive observation period.
The mean GT during 1992-1999 was estimated
at 54 Sv, which was slightly smaller than the
mean altimetrically derived AGT (57 Sv) in the
upper 1000 m for the same period (Table 1).
The 31-year mean transport of the Kuroshio (for
1993-2023) was estimated at 61 = 16 Sv. Fluctu-
ations of Kuroshio transport were primarily as-
sociated with the Warm Eddy off Shikoku and
did not significantly reflect fluctuations of the
western-boundary transport expected to com-
pensate for interior Sverdrup transport over a
flat bottom (WBST), which was estimated by
integrating wind-stress curl over the North Pa-
cific subtropical gyre.

A proxy time series of GT for the throughflow
Kuroshio (blue dots and line in Fig. 11 (a)) was
also derived using a similar method (IMAWAKT et
al, 2025). In this case, the southern end of the
Kuroshio recirculation was fixed at 27° 30N,
which was close to its mean position inferred
from the average SSDT profile along the ASU-
KA line for 1993-2023. However, agreement with
in situ AGT estimates during the intensive ob-
servation period was limited. The discrepancy
was likely due to both contamination from meso-
scale eddies and incomplete coverage of the Kur-
oshio recirculation in some sections in IM23. The
mean altimetrically derived GT of the through-
flow Kuroshio for 1992-1999 was estimated at 36
Sv, which was smaller than the mean altimetri-
cally derived AGT (42 Sv) in the upper 1000 m
for the same period (Table 1). The 31-year mean
of annual-mean transport of the throughflow
Kuroshio was estimated at 35 = 5 Sv. This is
considerably smaller than the corresponding
mean of WBST of 45 = 4 Sv. On an interannual
scale, fluctuations of throughflow transport were
found to correspond with those of WBST, with a

lag of approximately five years. Interestingly,
the mean throughflow transport during large
meander periods was nearly identical to that
during non-large meander periods.

6. Discussion

The ASUKA intensive observation provided,
for the first time, temporal series of full-depth
AGYV sections and total AGTs of the Kuroshio off
Shikoku at two- to four-month intervals over a
two-year period, based on a dense CM mooring
array and repeated hydrographic surveys. The
estimated AGTs were similar to the AGT in
1971 of 57 Sv referred to moored CM data (TAFT,
1978), but smaller than that in 1965 of 84 Sv re-
ferred to neutrally-buoyant float data (Wor-
THINGTON and Kawar, 1972).

The Kuroshio east of Taiwan, marking the en-
trance to the East China Sea, was observed dur-
ing the WOCE (1994-1996) using a moored-
instrument array (designated the WOCE PCM1
array), which included CMs, ADCPs, and CTDs.
The 20-month mean volume transport of the
Kuroshio was estimated at 22 = 3 Sv (JoHNS et
al, 2001; Lee et al, 2001). Subsequently, the
transport of the Kuroshio through the Tokara
Strait was estimated at 26 = 3 Sv on average for
the period 2003-2012, based on ferry-mounted
ADCP data (Lv et al, 2019). These findings in-
dicate that the transport of the
through the East China Sea is approximately

Kuroshio

half of the transport of the throughflow Kuroshio
off Shikoku estimated from the ASUKA data.
The difference between these two transport esti-
mates is primarily attributed to the contribution
of the Ryukyu Current (Fig. 1), which flows
northeastward along the Ryukyu Islands and
merges with the Kuroshio exiting the East China
Sea (east of the Tokara Strait), as described by
IcnikawA et al. (2004), Ziu et al. (2006), ANDRES
et al. (2008), TuoppIL et al. (2016), and ZHAO et
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al. (2020).

As part of the WOCE program, the Kuroshio
southeast of near Cape Inubo (east of the Izu-
Ogasawara Ridge) was observed in 1993 during
a hydrographic survey along the 149° E meridian
(designated the WOCE Hydrographic Program
P10). The total AGT of the Kuroshio was esti-
mated at 143 Sv, referred to one-time lowered-
ADCP data (WyrFELS et al, 1998). This excep-
tionally large transport was mostly due to a
strong local recirculation south of the Kuroshio
(CHEN et al., 2007). The transport of the through-
flow Kuroshio was estimated at approximately
50 Sv by Quu (2002), which was comparable to
some larger-end estimates obtained during the
ASUKA intensive observation period.

The mean annual variation of Kuroshio trans-
port, estimated from IES data for the period
1994-1997, showed an almost sinusoidal seasonal
cycle with a maximum in September and a mini-
mum in March, and a relatively small amplitude
of 8 Sv (KAKINOKI et al, 2008b). In contrast, the
mean annual cycles of transport for both the
Kuroshio and the throughflow Kuroshio, estimat-
ed from the three-decade-long time series, exhib-
ited two maxima and two minima, with peaks in
July and ranges of 8-9 Sv (IMAWAKI et al., 2025);
it should be noted that the estimated annual cy-
cles are to some extent contaminated by possible
seasonality of the used empirical relationship be-
tween transport and SSDT difference. Converse-
ly, the WBST showed a simple seasonal cycle,
with a maximum in December/January and a
minimum in September/October, and a much
larger amplitude of 47 Sv (IMAWAKI et al,, 2025).

The attenuation of the annual cycle of ob-
served transport relative to WBST was attribut-
ed to the influence of the Izu-Ogasawara Ridge,
which acts as a barrier to the westward-
propagating seasonal barotropic signals from the
ocean interior, converting them into baroclinic

signals (e.g., IsoBE and IMawak1, 2001). Regard-
ing the observed delay of the western-boundary
transport, a summer maximum transport was re-
produced in an idealized two-layer planetary ge-
ostrophic model incorporating variable bottom
topography and forced by sea-surface heat flux
as well as wind-stress (Sakamoro, 2005). The
summer maximum was also shown in the upper-
layer transport induced by seasonal wind varia-
tion over the Kuroshio in the East China Sea
(Zuanc et al, 2021), suggesting that local proc-
esses may contribute considerably to the season-
al cycle. Further studies are needed to fully un-
derstand the seasonal variability of Kuroshio and
throughflow Kuroshio transport.

Transport of the throughflow Kuroshio is typi-
cally estimated indirectly by subtracting the
transport of the Kuroshio recirculation from the
transport of the Kuroshio. Direct estimation is
possible if the throughflow Kuroshio and the
Warm Eddy off Shikoku can be clearly separat-
ed. To distinguish these two components, the use
of potential vorticity of the North Pacific Sub-
tropical Mode Water (KANEKO et al, 2001) and
water-type analysis based on spiciness (FLA-
MENT, 2002; NAGANO et al., 2009; 2010) has been
suggested. Note that these approaches require
densely spaced hydrographic stations in the
Kuroshio region and a well-defined boundary, be-
cause the boundary is located in the middle of
large transport. An alternative method for direct
estimation is construction of net transport from
the coastline, as reported by IMAWAKI et al
(2025).

The Gulf Stream between the Florida Strait
and Cape Hatteras is the counterpart to the Kur-
oshio south of Japan (WORTHINGTON and KAWAL
1972). Hemerich and Topp (2020) summarized
volume transport of the Gulf Stream in the up-
per 1000 m, primarily based on autonomous un-
derwater glider data obtained during 2004-2020.
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The mean transport in the central portion of that
region was estimated at 38-44 Sv, which is small-
er than the Kuroshio transport (54-56 Sv) in the
upper 1000 m during the ASUKA intensive ob-
servation period. The vertical profile and magni-
tude of transport per unit depth are broadly sim-
ilar to those of the Kuroshio (Fig. 4 of IM23). In
both flows, transport decreases monotonically
from the sea-surface to 800 m depth. One noted
difference is a slight increase in Gulf Stream
transport between 800 to 1000 m depth. General
features of the western-boundary currents in the
five major oceans were briefly reviewed by IMA-
WAKI et al. (2013).

Numerous studies have examined the relation-
ship between volume transport and the SSDT
difference across major ocean currents world-
wide, as outlined in detail in the Appendix. Most
of these studies have demonstrated that the line-
ar relationship holds, making it possible to derive
proxy time series of transport from satellite
altimetry data. For example, the linear relation-
ship has been identified for the Kuroshio at the
Tokara Strait (Liu et al, 2021), in the East Chi-
na Sea (ANDRES et al., 2008), and east of Taiwan
(Yanc et al, 2001), as well as south of Japan
(NrTAN 1975; IMAWAKI et al, 2001). Similar rela-
tionships have also been observed in other mid-
latitude western-boundary currents, including
the Oyashio in the northwestern North Pacific
(Ito et al, 2004), the Gulf Stream southeast of
Cape Cod (BREARLEY, 2010), the Brazil Current
in the South Atlantic (GoEs et al., 2019), and the
Agulhas Current (BeAL and ELiror, 2016).

In contrast to most western-boundary cur-
rents, the East Australian Current in the South
Pacific is characterized by relatively active mes-
oscale variability, and the linear relationship has
not been confirmed (e.g., Ripgway et al, 2008;
ZILBERMAN et al, 2018). For the Antarctic Cir-
cumpolar Current across the 140° E meridian,

RiNTOUL et al. (2002) reported a very tight rela-
tionship between net GT integrated from the
southern end to a given latitude and the SSDT
at that latitude. In contrast, for that Current in
the Drake Passage, variability of narrow frontal
jets required the use of a look-up table for the
vertical profile of velocity as a function of lati-
tude and sea-surface velocity, to derive a time
series of transport (KOENIG et al, 2014). In the
case of the Indonesian Throughflow, flows were
different above and below 150 m depth, and a
time-lagged partial regression model was re-
quired to estimate transport (SPRINTALL and
REVELARD, 2014).

With respect to the deep westward flow over
the Nankai Trough, a southwestward flow on
the lower continental slope was first identified in
1965, with an estimated transport of —6 Sv
(WorTHINGTON and Kawar 1972). A similar
southwestward flow having a transport of —4
Sv was observed on the slope in 1971 (TAFT,
1978). Fukasawa et al. (1987) reported a very
steady west-southwestward flow, exactly aligned
with contours of the local bottom topography,
based on moored CM data obtained over the
slope in 1984-1985. The ASUKA data further
confirmed the presence of a west-southwest-
ward flow over the slope, with a speed of 1.6-
year vectorial-mean of 15 cm s~ ! (UMATANI et al,,
2001) and an associated mean transport of —10
Sv (IM23). These deep west-southwestward
flows likely form part of the basin-wide anti-
clockwise abyssal circulation in the Shikoku Ba-
sin, originally suggested by Fukasawa et al
(1987; 1995).

The ASUKA data also revealed an eastward
offshore side of this

southwestward flow, similarly intensifying to-

flow on the west-
ward the bottom. This pair of opposing abyssal
flows was interpreted as a manifestation of a lo-
cal anticlockwise abyssal circulation trapped dy-
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namically by the Nankai Trough (IM23). A sim-
ilar pair of deep counterflows had been observed
over the Izu-Ogasawara Trench, consisting of a
southward flow on the western slope and north-

ward flow on the eastern slope (Fujio et al,
2000).

7. Summary

The ASUKA Group conducted intensive ob-
servation of the Kuroshio and its recirculation off
Shikoku in 1993-1995, primarily to estimate vol-
ume transport of the Kuroshio and the through-
flow Kuroshio. During this period, the Kuroshio
took the non-large meander path. The observa-
tion was performed by moored and towed in-
struments, as well as frequently repeated hydro-
graphic surveys. The observation line was
oriented almost perpendicular to the typical path
of the Kuroshio off Cape Ashizuri and aligned
with the subsatellite track of the TOPEX/Posei-
don altimeter. Over the two-year observation pe-
riod, nine moorings equipped with 33 CMs and
two ADCPs, and ten IESs were deployed. A total
of 42 hydrographic sections were obtained for
the upper 1000 m in the Kuroshio region, includ-
ing eight full-depth CTD sections. In addition,
towed-ADCP measurements were conducted on
12 occasions. The following is a summary of the
major findings obtained from the ASUKA data-
set and its combination with satellite altimetry
data.

The Kuroshio took either a nearshore or off-
shore path during the observation period. Dur-
ing the nearshore path, a very strong vertical ve-
locity shear, reaching 15 x 1072 s7', was
observed in the upper-layer of the Kuroshio near
the coast. In contrast, during the offshore path, a
very weak velocity shear of 004 X 1072 s~ ! was
observed in the upper-layer of the coastal coun-
tercurrent.

Geostrophic balance was confirmed to hold

very well in both the intermediate layer (700-
1500 m depth) and the deep layer (1500-3000 m
depth), based on direct comparisons of vertical
difference between geostrophic velocity and
measured velocity. The strongest statistical
agreement was obtained when measured veloci-
ties were averaged over several days.

Eight full-depth sections of AGV, referred to
velocities measured at mid-depths, were ob-
tained from CM moorings and hydrographic sur-
veys. The total AGT of the Kuroshio was esti-
mated by integrating eastward AGV from the
coast to its offshore edge, and from the sea-
surface to 2000 dbar at deepest. These AGT esti-
mates, obtained at relatively short intervals over
the two years, varied from 47 to 71 Sv, with a
mean of 60 Sv. Vertical profiles of AGT per unit
depth revealed that the majority of transport
was concentrated in the upper 1000 m. There
AGTs varied from 44 to 68 Sv, with a mean of 56
Sv, corresponding to 93% of the mean total AGT.

The Eulerian-mean AGV section was derived
from the series of eight full-depth AGV sections.
This represented the first two-year mean, full-
depth AGV section of the Kuroshio based on di-
rectly measured properties. The main body of
the mean Kuroshio was confined to the upper
1000 m, and the entire flow was virtually con-
fined to the upper 1500 m. Both vertical and hori-
zontal velocity shear were stronger on the near-
shore side than on the offshore side. The
Kuroshio axis at a given depth shifted offshore
with increasing depth. The AGT of the Eulerian-
mean Kuroshio was estimated at 47 Sv, corre-
sponding to 79% of the mean AGT of the instan-
taneous Kuroshio.

AGTs of the Kuroshio recirculation were esti-
mated using a similar method. They varied from
3 to 20 Sv, with a mean of 14 Sv. AGTs of the
throughflow Kuroshio were estimated by sub-
tracting the recirculation transports from the
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Kuroshio transports. They varied from 30 to 50
Sv, with a mean of 44 Sv.

For comparison, conventional GTs of the Kur-
oshio, referred to and calculated above 2000
dbar, were also estimated from the full-depth
CTD sections. Deviations from the correspond-
ing AGTs were relatively small. Therefore, GT
referred to and calculated above 2000 dbar was
recommended for monitoring transport of the
Kuroshio when velocities at reference levels are
not available.

AGTs of the Kuroshio in the upper 1000 m
were strongly correlated with SSDT differences
across the Kuroshio. This linear empirical rela-
tionship provided a practical basis for long-term
monitoring of volume transport using satellite
altimetry data. Indeed, using this relationship
and TOPEX/Poseidon altimetry data, a proxy
time series of AGT for the Kuroshio was derived
for the period 1992-1999. Further, an extremely
strong linear relationship was identified between
net GTs integrated from the coast to hydro-
graphic stations in the offshore-side Kuroshio
and Kuroshio recirculation regions, and SSDT
differences over the same horizontal ranges.
Based on this linear regression and altimetric
SSDT data, a proxy time series of GT for the
Kuroshio was derived for three decades (1992-
2024) at ten-day intervals. The mean transport
was estimated at 61 Sv. Fluctuations of Kuroshio
transport were primarily caused by the Warm
Eddy off Shikoku and did not significantly reflect
fluctuations of WBST.

A similar approach was used to derive a proxy
time series of GT for the throughflow Kuroshio
for the three decades. The mean transport was
estimated at 35 Sv, which was considerably
smaller than the climatological-mean WBST (45
Sv). On interannual timescales, throughflow
transport closely reflected WBST variability,
with a lag of approximately five years. The mean

throughflow transport was nearly identical dur-
ing large meander and non-large meander peri-
ods.

Numerous studies have examined the relation-
ship between volume transport and SSDT differ-
ence for major ocean currents worldwide. For
most mid-latitude western-boundary currents,
the linear relationship holds and can be used to
derive a proxy time series of volume transport
from satellite altimetry data.

Beneath the Kuroshio, a pair of stable west-
ward and eastward flows, both intensifying to-
ward the bottom, was observed over the Nankai
Trough. This pair of opposing flows suggested
the presence of a localized, anticlockwise, abyssal
circulation dynamically trapped by the Trough.
A portion of the westward flow also appeared to
contribute to the basin-wide abyssal circulation
in the Shikoku Basin. The AGT of the principal
westward flow was estimated at —10 Sv, on
average, and that of the eastward flow at 8 Sv.

Appendix: Relationships between volume trans-
port and SSDT

The following are selected studies examining
the relationship between volume transport and
SSDT for various currents worldwide, excluding
the Kuroshio off Shikoku. In most cases, the iden-
tified relationships were used to derive proxy
time series of volume transport from satellite
altimetry data. These studies are summarized in
Table Al

In the Oyashio region of the northwestern
North Pacific, a strong linear relationship was
observed with a CC of 0.93, based on 12 compari-
sons between GTs (referred to 3000 dbar) and
SSDT differences across the same horizontal
ranges. The GTs were derived from CTD sec-
tions southeast of Hokkaido, aligned with a TO-
PEX/Poseidon subsatellite track, while the
SSDT differences were estimated from satellite
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altimetry data (ITo et al, 2004). They derived a
nine-year-long proxy time series. KURODA et al.
(2017) derived linear regressions between GTs
estimated from CTD sections southeast of Hok-
kaido and SSDT differences estimated from grid-
ded altimetry data. They examined horizontal
structure of transport in detail.

For the Kuroshio off Enshu-nada (south of
Honshu), a linear relationship was identified be-
tween GT (referred to 1000 dbar) and sea-
surface GT, both estimated from hydrographic
surveys using reversing bottles and a mechani-
cal bathythermograph, together with velocity
measurements using a geomagnetic electro-
kinetograph (Nitani, 1975). For the Kuroshio
passing through the Tokara Strait, linear rela-
tionships between volume transport estimated
from ferry-mounted ADCP data and SSDT dif-
ference derived from tide gauge records were
confirmed separately for the northern and south-
ern parts of the Strait (Liu et al, 2021). They
produced a 15-year-long proxy time series. For
the Kuroshio in the East China Sea, ANDRES et al.
(2008) confirmed a linear relationship between
proxy AGT estimated from a current- and
pressure-recording IES (CPIES) array, and
SSDT difference estimated from altimetry data
at two locations along a TOPEX/Poseidon subsa-
tellite track. Their study yielded a 12-year-long
proxy time series.

For the Ryukyu Current southeast of Okina-
wa, a linear relationship was confirmed between
proxy GT (referred to 2000 dbar) derived from
a PIES array and SSDT difference estimated
from altimetry data at a point of subsatellite
track and tide gauge data (Zuu et al, 2004). A
nine-year-long proxy time series of GT was de-
rived.

For the Kuroshio east of Taiwan, three studies
were carried out by using Kuroshio transport
data obtained by Jonns et al. (2001) and LEE et

al. (2001), as described in Section 6. A linear re-
lationship was observed between the Kuroshio
transport and SSDT difference across the East
Taiwan Channel; to estimate the SSDT differ-
ence, tide gauge data at three stations located
west of the Channel were examined (YANG et al,,
2001). Yan and Sun (2015) identified a pair of
end-points on subsatellite tracks (for estimating
SSDT difference) that provided the best corre-
lation between the transport and altimetric
SSDT difference. They derived a 20-year-long
proxy time series. SHEN et al. (2014) proposed a
frequency-dependent transfer function from
SSDT difference to transport, as an alternative
more realistic than a simple linear relationship,
incorporating altimetry data, a numerical model,
and the Kuroshio transport data.

For the flow at the western boundary of the
northern South China Sea, a linear relationship
was confirmed between proxy GT estimated
from a PIES array along the Jason-1/2 subsatel-
lite track, and SSDT difference estimated from
altimetry data (ZHU et al, 2015). They yielded a
22-year-long proxy time series.

For the Indonesian Throughflow, where flows
differed above and below 150 m depth, SPRIN-
TALL and REVELARD (2014) developed a linear,
time-lagged partial regression model between
transports estimated from both moored-ADCPs
and CMs, and SSDT anomalies in various re-
gions estimated from gridded altimetry data, for
three years. They derived an 18-year-long proxy
time series.

The East Australian Current in the South Pa-
cific exhibited high variability due to relatively
strong mesoscale eddy activity, and a simple lin-
ear relationship was not confirmed. RIDGWAY et
al. (2008) constructed a 13-year-long time series
of net GT between Sydney and Wellington using
a combination of XBT, CTD, and altimetry data.
They suggested that new, relatively inexpensive
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technologies, such as deepwater gliders, would
be required for future AGT estimates, because
large-scale field programs were unlikely to be
undertaken. ZILBERMAN et al. (2018) proposed a
more sophisticated method for estimating time
series of AGT, by combining repeated high-
density XBT transects, Argo float data (temper-
ature, salinity, and trajectory), altimetry data,
and historical hydrography data.

For the Atlantic inflow through the Faroe-
Shetland Channel in the northern North Atlantic,
very strong linear relationships were identified,
with an average CC of 0.98 for eight sites, be-
tween vertically averaged velocity and sea-
surface velocity, both estimated from a moored-
ADCP array positioned along a TOPEX/Pos-
eidon subsatellite track during 1998-2011 (BERrX
et al, 2013). They derived a 19-year-long proxy
time series from altimetry data.

For the Gulf Stream southeast of the Cape
Cod, BRearRLEY (2010) observed a strong CC of
0.96 for nine comparisons between AGT in the
upper 1000 m and SSDT difference. Both quanti-
ties were estimated from CTD sections with
lowered-ADCP along a Jason-1 subsatellite track
during 2003-2008. They derived a seven-year-
long proxy time series from altimetry data.

In the case of the Florida Current, a strong lin-
ear relationship (CC of 0.97) was found for 29
comparisons between transport estimated from
both an electromagnetic cable and moored CMs,
and sea-level difference across the current esti-
mated from pressure gauge data (MAUL et al,
1985). VoLkov et al. (2020) confirmed this linear
relationship using transport estimated from a de-
commissioned submarine cable and SSDT differ-
ence estimated from altimetry data at two
segments of a subsatellite track. They derived a
28-year-long proxy time series.

For the Yucatan Channel flow from the Carib-
bean Sea to the Gulf of Mexico, a linear relation-

ship was confirmed between transport estimated
from both moored-ADCP and CM array data for
five years, and SSDT difference estimated from
gridded altimetry data at two locations (ATHIE
et al, 2015). They constructed a 20-year-long
proxy time series.

In numerical models for the Atlantic Ocean,
HirscHr et al. (2009) found a significant correla-
tion between meridional volume transport in the
upper 1100 m and zonal SSDT difference, provid-
ed that transport in the western-boundary cur-
rent region and that in the eastern part of the
basin were considered separately.

For the Brazil Current at 22° S in the South
Atlantic, Gogs et al. (2019) confirmed a linear
relationship between GT estimated from repeat-
ed high-density XBT transects and SSDT differ-
ence estimated from gridded altimetry data.
They derived a 13-year-long proxy time series.

For the Benguela Current in the eastern South
Atlantic, west of South Africa, GArzoLl et al
(1997) found a significant correlation between
SSDT anomalies estimated from along-track
altimetry data and proxy sea-surface dynamic
height derived from IES data, from which GT in
the upper 1000 m can be estimated by using an
empirically determined constant. They derived a
three-year-long proxy time series.

For the Agulhas Current, VAN SEBILLE et al.
(2010) confirmed a linear relationship between
transport and SSDT difference, using a regional
numerical model, prior to large-scale observatio-
nal efforts. Subsequently, BeaL et al. (2015) de-
ployed a moored-instrument array, heavily
equipped with CMs, ADCPs, and CPIESs, along
a Jason-1/2 subsatellite track during 2010-2013,
to obtain time series of volume transport. Based
on those field data, BEaL and ELiror (2016) de-
veloped linear regression models between trans-
port per unit distance and sea-surface slope.
They constructed a 22-year-long proxy time ser-
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ies from altimetry data.

For the Antarctic Circumpolar Current at 140°
E, Rintour et al. (2002) found an exceptionally
strong one-to-one relationship between GT (re-
ferred to 2500 dbar) integrated northward from
the southern end to a given latitude, and SSDT
at that latitude. Both quantities were estimated
from six repeated CTD sections conducted dur-
ing the 1990s. They derived a six-year-long
proxy time series from gridded altimetry data.
For that Current in the Drake Passage, where
temporal and spatial variability of narrow fronts
were important, KOENIG et al. (2014) construct-
ed a look-up table for vertical velocity profiles as
functions of latitude and sea-surface velocity,
based on data from a three-year moored-CM ar-
ray positioned along a Jason-1 subsatellite track.
They derived a 20-year-long proxy time series of
full-depth volume transport from altimetry data.

Acknowledgements

As a coordinator of the ASUKA (Affiliated
Surveys of the Kuroshio off Cape Ashizuri)
Group, the author expresses his profound grati-
tude to all the scientists, technicians, captains
and crew members, supporting staff, and stu-
dents who contributed to the ASUKA observa-
tion in their various ways. Without their efforts,
the ASUKA observation would not have been
successful. Especially, the author is indebted to
core members Hiroshi IcCHIKAWA, Masao FUKASA-
wA, Hiroshi UcHiDA, and Shin-ichiro UMATANI for
their contributions to making the plan, imple-
menting it, and producing the results. He also
thanks two anonymous reviewers for their val-
uable comments based on very careful reading
of the manuscript. The ASUKA intensive obser-
vation was financially supported by the former
Ministry of Education, Science, Sports and Cul-
ture (Japan), the Office of Naval Research
(United States of America), and other funding

sources. This study is a contribution to the
WOCE (World Ocean Circulation Experiment).
Metadata for the current-meter data obtained
during the ASUKA intensive observation, in-
cluding stick diagrams of daily current vectors,
are available at: https://www.riam.kyushu-u.ac.
jp/oed/asuka/cm/index. html, and data them-
selves are available at: https://www.cmrecords.
net/cmdac/stranger/pcmb5/pemb. html. The hy-
drographic data obtained by the ASUKA Group
are available at: https://www.riam.kyushu-u.ac.
jp/oed/asuka/ahdc/index.html. The data for
proxy time series of geostrophic transport for
the Kuroshio and the throughflow Kuroshio
across the ASUKA section for 1992-2024 are
provided in Online Resource 2 of IMAWAKI et al.
(2025).

References

AMANTE, C. and BW. Eakins (2009): ETOPO1 1 Arc-
Minute Global Relief Model: Procedures, Data
Sources and Analysis, NOAA Technical Memo-
randum NESDIS NGDC-24. National Geophysical
Data Center, NOAA. https://doi.org/10.7289/V5
C8276M

Anpo, K., X. Liv, C. ViLLaNoy et al. (2021): Half-
century of scientific advancements since the Co-
operative Study of the Kuroshio and Adjacent
Regions (CSK) programme — Need for a new
Kuroshio research. Prog. Oceanogr., 193, 102513.
https://doi.org/10.1016/j.pocean.2021.102513

ANDRES, M., J.-H. PArRk, M. WimBUsH, X.-H. Zuu, K.-I1.
Cuane and H. Icmikawa (2008): Study of the
Kuroshio/Ryukyu Current system based on sat-
ellite-altimeter and iz situ measurements. J. Oce-
anogr., 64, 937-950. https://doi.org/10.1007/s1087
2-008-0077-2

Atwnis, G, J. SHEINBAUM, R. LEBEN, J. OcHoaA, M.R.
SHANNON and J. CANDELA (2015): Interannual
variability in the Yucatan Channel flow. Geo-
phys. Res. Lett., 42, 1496-1503. https://doi.org/10.
1002/2014GL062674

AVISO (2016): SSALTO/DUACS User Handbook:



ASUKA: Observing the Kuroshio 89

MSLA and (M) ADT Near-Real Time and De-
layed Time Products. http://www.aviso. altime
try.fr/fileadmin/documents/data/tools/hdbk_du
acs.pdf

Bear, LM., T.K. CHERESKIN, Y.D. LENN and S. ELIPOT
(2006): The sources and mixing characteristics
of the Agulhas Current. J. Phys. Oceanogr., 36,
2060-2074. https://doi.org/10.1175/JP02964.1

BeaL, L.M. and S. Eriror (2016): Broadening not
strengthening of the Agulhas Current since the
early 1990s. Nature, 540, 570-573. https://doi.org
/10.1038/nature19853

BeaL, LM, S. ELirot, A. Houk and G.M. LEBER (2015):
Capturing the transport variability of a western
boundary jet: Results from the Agulhas Current
Time-Series Experiment (ACT). J. Phys. Oce-
anogr., 45, 1302-1324. https://doi.org/10.1175/]
PO-D-14-0119.1

BERrx, B., B. HANSEN, S. @stErRAUS, K.M. LARSEN, T.
SuErRwWIN and K. JocnumseN (2013): Combining in
situ measurements and altimetry to estimate
volume, heat and salt transport variability
through the Faroe-Shetland Channel. Ocean Sci-
ence, 9, 639-654. https://doi.org/10.5194/0s-9-639-
2013

Book, J.W., M. WivBUSsH, S. Imawakt, H. IcHIkAwA, H.
Uchmpa and H. Kmosmira (2002a): Kuroshio
temporal and spatial variations south of Japan
determined from inverted echo sounder meas-
urements. J. Geophys. Res., 107, 3121. https://doi.
org/10.1029,/2001]JC000795

Book, J., et al. (2002b): Correction to “Kuroshio tem-
poral and spatial variations south of Japan deter-
mined from inverted echo sounder measure-
ments” by J. Book et al. J. Geophys. Res., 107,
3234. https://doi.org/10.1029/2002]C001678

BREARLEY, J.A. (2010): Upper ocean transport varia-
bility in the subtropical North Atlantic. Universi-
ty of Southampton, School of Ocean and Earth
Science, Doctoral Thesis, 303 pp. https://eprints.
soton.ac.uk/191959/

BrypeN, H.L., L.M. BeaL and L.M. Duncan (2005):
Structure and transport of the Agulhas Current
and its temporal variability. J. Oceanogr., 61,
479-492. https://doi.org/10.1007/s10872-005-0057-

8

BrypEN, HL. and M.M. HaLL (1980): Heat transport
by currents across 25° N latitude in the Atlantic
Ocean. Science, 207, 884-886. https://doi.org/10.1
126/science.207.4433.884

BrypEN, H.L. and S. Imawakr (2001): Ocean heat
transport. /z Ocean Circulation and Climate: Ob-
serving and Modelling the Global Ocean. SIE-
DLER, G. J. CuurcH and J. GouLp (eds.), Aca-
demic Press, San Diego, International Geophy-
sics Series, Volume 77, p. 455-474.

BrypeN, HL, D.H. RoemMicH and J.A. CHurcH (1991):
Ocean heat transport across 24° N in the Pacific.
Deep-Sea Res., 38, 297-324. https://doi.org/10.101
6/0198-0149(91)90070-V

CHEN, S., B. Qiu and P. Hacker (2007): Profiling float
measurements of the recirculation gyre south of
the Kuroshio Extension in May to November
2004. ]J. Geophys. Res., 112, C05023. https://doi.or
2/10.1029/2006]C004005

CLARKE, A., J. CuurcH and J. GouLp (2001): Ocean
processes and climate phenomena. /# Ocean Cir-
culation and Climate: Observing and Modelling
the Global Ocean. SIEDLER, G., J. CHURCH and ].
GouLp (eds.), Academic Press, San Diego, Inter-
national Geophysics Series, Volume 77, p. 11-30.

ESCUDIER, P., A. COUHERT, F. MERCIER et al. (2017):
Satellite radar altimetry: Principle, accuracy, and
precision. [n Satellite Altimetry over Oceans
and Land Surfaces. STAMMER, D. and A. CAzE-
NAVE (eds.), CRC Press, London, p. 1-69.

FrLaMmenT, P. (2002): A state variable for characteriz-
ing water masses and their diffusive stability:
Spiciness. Prog. Oceanogr., 54, 493-501. https://d
oi.org/10.1016/S50079-6611 (02) 00065-4

Fu, L-L., E.J. CHRISTENSEN, C.A. YAMARONE Jr., M. LE-
FEBVRE, Y. MENARD, M. DORRER and P. ESCUDIER
(1994): TOPEX/POSEIDON mission overview.
J. Geophys. Res., 99, 24,369-24,381. https://doiorg
/10.1029/94]C01761

Fujo, S., D. YanaciMoTo and K. Tamra (2000): Deep
current structure above the Izu-Ogasawara
Trench. J. Geophys. Res., 105, 6377-6386. https://
doi.org/10.1029,/1999]C900324

Fukasawa, M., T. TEramoT0 and K. Tara (1987):



90 La mer 63, 2025

Abyssal current along the northern periphery of
Shikoku Basin. J. Oceanogr. Soc. Japan, 42, 459-
472. https://doi.org/10.1007/BF02110196

Fukasawa, M., T. TEramoTO and K. Tamra (1995):
Hydrographic structure in association with deep
boundary current in the north of the Shikoku
Basin. J. Oceanogr., 51, 187-205. https://doi.org/1
0.1007/BF02236524

GARrzoLL, S.L., G.J. GoNi, A.J. MArR1aNo and D.B. OLsoN
(1997): Monitoring the upper southeastern At-
lantic transports using altimeter data. ]J. Mar.
Res., 55, 453-481. https://elischolar.library.yale.ed
u/journal_of_marine_research/2231

GoEs, M., M. CiraNo, M. M. MATA and S. MAJUMDER
(2019): Long-term monitoring of the Brazil Cur-
rent transport at 22° S from XBT and altimetry
data: Seasonal, interannual, and extreme varia-
bility. J. Geophys. Res. Oceans, 124, 3645-3663.
https://doi.org/10.1029/2018]C014809

GrassL, H. (2001): Climate and oceans. Iz Ocean Cir-
culation and Climate: Observing and Modelling
the Global Ocean. SIEDLER, G., ]J. CHURCH and ].
GouLp (eds.), Academic Press, San Diego, Inter-
national Geophysics Series, Volume 77, p. 3-9.

Guo, X.Y., X-H. Znu, Y. LonG and D.J. Huang (2013):
Spatial variations in the Kuroshio nutrient trans-
port from the East China Sea to south of Japan.
Biogeosciences, 10, 6403-6417. https://doi.org/10.
5194/bg-10-6403-2013

Guo, X, X.-H. Znu, Q.-S. Wu and D. Huanc (2012):
The Kuroshio nutrient stream and its temporal
variation in the East China Sea. ]J. Geophys. Res.,
117, C01026. https://doi.org/10.1029/2011JC0072
92

HarkiN, D. and T. Rossy (1985): The structure and
transport of the Gulf Stream at 73° W. J. Phys.
Oceanogr., 15, 1439-1452. https://doi.org/10.1175
/1520-0485(1985) 015<1439:TSATOT>2.0.CO;2

HasunuMma, K. and K. YosHma (1978): Splitting of the
subtropical gyre in the western North Pacific. J.
Oceanogr. Soc. Japan, 34, 160-172. https://doi.org
/10.1007/BF02108654

HemEerICH, J. and R.E. Topp (2020): Along-stream
evolution of Gulf Stream volume transport. J.
Phys. Oceanogr., 50, 2251-2270. https://doi.org/1

0.1175/JP0O-D-19-0303.1

Hirschy, J.J-M., P.D. KiLLworTH, J.R. BLUNDELL and D.
CROMWELL (2009): Sea surface height signals as
indicators for oceanic meridional mass trans-
ports. J. Phys. Oceanogr., 39, 581-601. https://doi.
org/10.1175/2008]P03923.1

Icnikawa, H., H. NaKAMURA, A. NisuINA and M. Hica-
sur (2004): Variability of northeastward current
southeast of northern Ryukyu Islands. J. Ocean-
ogr., 60, 351-363. https://doi.org/10.1023/B:JOCE.
0000038341.27622.73

IMAWAKL S, A.S. BowER, L. BEAL and B. Qu (2013):
Western boundary currents. /n Ocean Circula-
tion and Climate: A 21st Century Perspective.
SIEDLER, G., S.M. GRIFFIES, J. GouLDb and J. A.
CuurcH (eds.), Academic Press, London, Inter-
national Geophysics Series, Volume 103, p. 305-
338.

IMawAKL S. and H. Ucuipa (1995): Detecting sea lev-
el profiles across the Kuroshio by a satellite
altimeter. Annuals of the Disaster Prevention
Research Institute, Kyoto University, 38B-2, 655-
662 (in Japanese with English abstract). http://
hdlhandle.net/2433/72595

Imawaki, S, H. UcHipa, H. IcHIKAWA, M. FUKASAWA,
S. UmaTANI and ASUKA Group (1997): Time
series of the Kuroshio transport derived from
field observations and altimetry data. Intl.
WOCE Newsletter, 25, 15-18.

Imawakr, S, H. UcHipa, H. Icmikawa, M. FUKASAWA,
S. UmATANI and the ASUKA Group (2001): Sat-
ellite altimeter monitoring the Kuroshio trans-
port south of Japan. Geophys. Res. Lett., 28, 17-
20. https://doi.org/10.1029/2000GL011796

Imawaky, S, H. UcHipa, H. IcHikAwA, M. FUKASAWA,
S. UmATANI and H. Yoriraka (2023): Volume
transport of the Kuroshio south of Japan esti-
mated from repeated full-depth hydrographic
surveys and current measurements. J. Ocean-
ogr., 79, 157-183. https://doi.org/10.1007/s10872-
022-00672-3

Imawakr, S, H. UcHipa, Y.-X. Q1a0 and H. NAKAMURA
(2025): Kuroshio volume transport over the past
3 decades estimated from combined satellite
altimetry and hydrography data. J. Oceanogr.,



ASUKA: Observing the Kuroshio 91

81, 351-359. https://doi.org/10.1007/s10872-025-0
0756-w

IsoBE, A. and S. IMawAKI (2001): Annual variation of
the Kuroshio transport in a two-layer numerical
model with a ridge. J. Phys. Oceanogr., 32, 994-
1009. https://doi.org/10.1175/1520-0485 (2002) 03
2<0994:AVOTKT>2.0.CO;2

Ito, S, K. UeHARA, T. Mivao, H. MIYAKE, I YASUDA,
T. WATANABE and Y. Suivizu (2004): Character-
istics of SSH anomaly based on TOPEX/POSEI-
DON altimetry and iz situ measured velocity
and transport of Oyashio on OICE. J. Oceanogr.,
60, 425-437. https://doi.org/10.1023/B:JOCE.0000
038059.54334.6b

Jonns, W.E, T.N. LEE, D. Zuang, R. Zantorp, C.-T. L1v
and Y. YanG (2001): The Kuroshio east of Tai-
wan: Moored transport observations from the
WOCE PCM-1 array. J. Phys. Oceanogr., 31, 1031-
1053.  https://doi.org/10.1175/1520-0485(2001)
031<1031:TKEOTM>2.0.CO;2

Jonns, W.E, T.]. Suay, J.M. BantE and D.R. WATTS
(1995): Gulf Stream structure, transport, and re-
circulation near 68° W. J. Geophys. Res., 100, 817-
838. https://doi.org/10.1029/94]C02497

Kakmvoxkr, K., S. Imawaki, K. IcHIKAWA, S. UMATANI
and M. Kasamva (2008a): Variations of velocity
and transport associated with coastal cyclonic
eddies off Shikoku, Japan estimated from moor-
ed current meter and IES data. Reports of Re-
search Institute for Applied Mechanics, Kyushu
University, No.135, 53-59 (in Japanese with Eng-
lish abstract). https://doiorg/10.15017/14184

Kakmwokr, K., S. Imawakr, H. UcHipa, H. NAKAMURA,
K. IcHikawa, S. UMATANI, A. NIsHINA, H. IcHIKA-
wa and M. WimBusH (2008b): Variations of Kur-
oshio geostrophic transport south of Japan esti-
mated from long-term IES observations. J. Oce-
anogr., 64, 373-384. https://doi.org/10.1007/s1087
2-008-0030-4

Kaneko, A, S. Mizuno, W. KoTERAYAMA and R.L.
Gorpon (1992): Cross-stream velocity —struc-
tures and their downstream variation of the
Kuroshio around Japan. Deep-Sea Res., 39, 1583-
1594. https://doi.org/10.1016/0198-0149 (92) 9004
9-Y

KANEKO, I, Y. TakaTsukl and H. Kamrva (2001):
Circulation of intermediate and deep waters in
the Philippine Sea. ]. Oceanogr., 57, 397-420.
https://doi.org/10.1023/A:1021565031846

KasHiva, M, S. Imawakt, S. UMATANI H. UcHIDA, Y.
HasHiBg, H. Icuikawa and M. Fukasawa (2003):
Geostrophy in the intermediate and deep layers
of the Kuroshio and its recirculation regions
south of Japan. J. Oceanogr., 59, 291-301. https://
doi.org/10.1023/A:1025559709293

Kasamvia, M, S. Ito, K. IcHikawa, S. IMAwAKT, S. Uma-
TaNT, H. Ucama and T. SEtou (2009): Quasiperi-
odic small meanders of the Kuroshio off Cape
Ashizuri and their inter-annual modulation
caused by quasiperiodic arrivals of mesoscale
eddies. J. Oceanogr., 65, 73- 80. https://doi.org/1
0.1007/s10872-009-0007-y

KawaBg, M. (1985): Sea level variations at the Izu
Islands and typical stable paths of the Kuroshio.
J. Oceanogr. Soc. Japan, 41, 307-326. https://doi.
org/10.1007/BF02109238

KawaBe, M. (1995): Variations of current path, ve-
locity, and volume transport of the Kuroshio in
relation with the large meander. J. Phys. Ocean-
ogr., 25, 3103-3117. https://doi.org/10.1175/1520-
0485(1995) 025<3103:VOCPV A>2.0.CO;2

KogniG, Z., C. ProvosT, R. FERRARI, N. SENNECHAEL
and M.-H. Rio (2014): Volume transport of the
Antarctic Circumpolar Current: Production and
validation of a 20 year long time series obtained
from in situ and satellite observations. J. Geo-
phys. Res. Oceans, 119, 5407-5433. https://doi.org
/10.1002/2014]C009966

Kuropa, H, T. Wacawa, S. Kakenr, Y. Shivizu, A.
Kusaka, T. Okunishi, D. Hasecawa and S. Ito
(2017): Long-term mean and seasonal variation
of altimetry-derived Oyashio transport across
the A-line off the southeastern coast of Hokkai-
do, Japan. Deep-Sea Res. I, 121, 95-109. https://
doi.org/10.1016/j.dsr.2016.12.006

LeaMaN, K.D., E. Jouns and T. Rossey (1989): The
average distribution of volume transport and po-
tential vorticity with temperature at three sec-
tions across the Gulf Stream. J. Phys. Oceanogr.,
19, 36-51. https://doi.org/10.1175/1520-0485 (198



92 La mer 63, 2025

9)019<0036:TADOVT>2.0.CO;2

Leg, T.N, W.E. Jonns, C.T. Liu, D. ZHANG, R. ZANTOPP
and Y. YanG (2001): Mean transport and sea-
sonal cycle of the Kuroshio east of Taiwan with
comparison to the Florida Current. J. Geophys.
Res., 106, 22,143-22,158. https://doi.org/10.1029/2
000JC000535

Liu, Z-]., H. NAKAMURA, X.-H. ZHU, A. NIsHINA, X. GUO
and M. Doxg (2019): Tempo-spatial variations of
the Kuroshio current in the Tokara Strait based
on long-term ferryboat ADCP data. J. Geophys.
Res., 124, 6030-6049. https://doi.org/10.1029/2018
JC014771

L, Z.-], X.-H. Znu, H. NAKAMURA, A. NIsHINA, M.
WAaNG and H. ZuenG (2021): Comprehensive ob-
servational features for the Kuroshio transport
decreasing trend during a recent global warm-
ing hiatus. Geophys. Res. Lett., 48, e2021GL09416
9. https://doi.org/10.1029/2021GL094169

LoNG, Y., X.-H. Zuu, X. Guo and H. Huanc (2018):
Temporal variation of Kuroshio nutrient stream
south of Japan. J. Geophys. Res., 123, 7896-7913.
https://doi.org/10.1029/2017]JC013635

MACDONALD, A M. and M.O. BARINGER (2013): Ocean
heat transport. /n Ocean Circulation and Cli-
mate: A 21st Century Perspective. SIEDLER, G.,
S.M. GRIFFIES, J. GouLD and J.A. CHurcH (eds.),
Academic Press, London, International Geophy-
sics Series, Volume 103, p. 759-785.

MACDONALD, A.M. and C. Wunscu (1996): An esti-
mate of global ocean circulation and heat fluxes.
Nature, 382, 436-439. https://doi.org/10.1038/382
43620

MauL, G.A, F. Cuew, M. BusuNELL and D.A. MAYER
(1985): Sea level variation as an indicator of
Florida Current volume transport: Comparisons
with direct measurements. Science, 227, 304-307.
https://doi.org/10.1126/science.227.4684.304

Nacano, A, T. Hasecawa, H. Matsumoto and K.
ArryosHr (2018): Bottom pressure change asso-
ciated with the 2004-2005 large meander of the
Kuroshio south of Japan. Ocean Dynamics, 68,
847-865. https://doi.org/10.1007/s10236-018-1169-
1

Nacano, A, K. Ichikawa, H. IcHikawa, M. Konpa

and K. Murakamr (2009): Synoptic flow struc-
tures in the confluence region of the Kuroshio
and the Ryukyu Current. J. Geophys. Res., 114,
C06007. https://doi.org/10.1029/2008]C005213

Nacano, A, K. Icaikawa, H. IcHikAwa, M. KonpA
and K. Murakawmr (2013): Volume transports
proceeding to the Kuroshio Extension region
and recirculating in the Shikoku Basin. J. Ocean-
ogr., 69, 285-293. https://doi.org/10.1007/s10872-
013-01739

NaGaNo, A, K. IcHikAwA, H. IcHiIkKAWA, H. TomriTa, H.
TokINAGA and M. Konpa (2010): Stable volume
and heat transports of the North Pacific subtrop-
ical gyre revealed by identifying the Kuroshio in
synoptic hydrography south of Japan. J. Geo-
phys. Res., 115, C09002. https://doi.org/10.1029/2
009JC005747

Nakamura, H. (2017): Kuroshio path and volume
transport variations from Luzon Island to the
eastern coast of Kyushu. Oceanography in Ja-
pan, 26, 113-147 (in Japanese with English ab-
stract). https://kaiyo-gakkai.jp/jos/uminokenky
u/vol26/26-4/26-4-nakamura.pdf

NakaNo, T., I KaNeko and Y. TakaTsuki (1994):
The Kuroshio structure and transport estimated
by the inverse method. J. Phys. Oceanogr., 24,
609-618. https://doi.org/10.1175/1520-0485 (1994)
024<0609: TKSATE>2.0.CO;2

Nrrant, H. (1975): Variation of the Kuroshio south of
Japan. J. Oceanogr. Soc. Japan, 31, 154-173. https:
//doi.org/10.1007/BF02107107

OTsuka, K. (1985): Characteristics of the Kuroshio in
the vicinity of the Izu Ridge. J. Oceanogr. Soc.
Japan, 41, 441-451. https://doi.org/10.1007/BF02
109038

Qru, B. (2002): The Kuroshio Extension system: Its
large-scale variability and role in the midlatitude
ocean-atmosphere interaction. J. Oceanogr., 58,
57-75. https://doi.org/10.1023/A:1015824717293

Quu, B. and S. CHEN (2021): Revisit of the occurrence
of the Kuroshio large meander south of Japan. J.
Phys. Oceanogr., 51, 3679-3694. https://doi.org/1
0.1175/JP0O-D-21-0167.1

Ripeway, KR, R.C. CoLEMAN, R.J. BAILEY and P. Sut-
TON (2008): Decadal variability of East Austral-



ASUKA: Observing the Kuroshio 93

ian Current transport inferred from repeated
high-density XBT transects, a CTD survey and
satellite altimetry. J. Geophys. Res., 113, C08039.
https://doi.org/10.1029/2007] C004664

Rivrour, SR, S. Sokorov and J. Caurca (2002): A 6
year record of baroclinic transport variability of
the Antarctic Circumpolar Current at 140° E de-
rived from expendable bathythermograph and
altimeter measurements. J. Geophys. Res., 107
(C10), 3155. https://doi.org/10.1029/2001JC0007
87

Sakamoto, T. (2005): Effect of air-sea heat ex-
change on seasonal transport variation of the
Kuroshio. J. Mar. Res., 63, 579-600. https: //eli-
scholar.library.yale.edu/cgi/viewcontent.cgi? ar-
ticle=1091&context=journal_of_marine_research

SHEN, M.-L., Y.-H. TSENG, S. JaN, C.-C. YounG and M.-
D. Cuiou (2014): Long-term variability of the
Kuroshio transport east of Taiwan and the cli-
mate it conveys. Prog. Oceanogr., 121, 60-73.
https://doi.org/10.1016/j.pocean.2013.10.009

SIEDLER, G., J. CHurcH and J. Gourp (eds.) (2001):
Ocean Circulation and Climate: Observing and
Modelling the Global Ocean. Academic Press,
San Diego, International Geophysics Series, Vol-
ume 77, 715 pp.

SPRINTALL, J. and A. REVELARD (2014): The Indonesi-
an throughflow response to Indo-Pacific climate
variability. J. Geophys. Res., 119, 1161-1175.
https://doi.org/10.1002/2013]C009533

SuciMoTo, S., K. Hanawa, K. Narikrvo, M. FUJIMORI
and T. Suca (2010): Temporal variations of the
net Kuroshio transport and its relation to atmos-
pheric variations. J. Oceanogr., 66, 611-619. https:
//doi.org/10.1007/s10872-010-0050-8

TAFT, B.A. (1972): Characteristics of the flow of the
Kuroshio south of Japan. 7z Kuroshio: Its Physi-
cal Aspects. STomMEL, H. and K. Yosama (eds.),
Univ. Tokyo Press, p. 165-216.

TarT, B.A. (1978): Structure of Kuroshio south of
Japan. J. Mar. Res,, 36, 77-117. https://elischolar.l
ibrary.yale.edu/journal_of_marine_research/142
4

Taxkematsu, M., K. KAwaTATE, W. KOoTERAYAMA, T.
SunArA and H. Mrtsuyasu (1986): Moored in-

strument observations in the Kuroshio south of
Kyushu. J. Oceanogr. Soc. Japan, 42, 201-211.
https://doi.org/10.1007/BF02109354

Taxeuchr, M., S. Imawakt, S. UmMATANI K. YAMADA,
H. UcHipa and M. Fukasawa (2002): Velocity
structures of the Kuroshio and coastal cyclonic
eddies off Shikoku, Japan observed by moored
ADCPs. Reports of Research Institute for Ap-
plied Mechanics, Kyushu University, No.123, 29-
38 (in Japanese with English abstract). https://
doi.org/10.15017/6769081

TALLEY, L.D. (1984): Meridional heat transport in the
Pacific Ocean. J. Phys. Oceanogr. 14, 231-241.
https://doi.org/10.1175/1520-0485 (1984) 014<023
ILMHTITP>2.0.CO;2

TuorriL, P.G., E.]J. METzGER, H.E. HURLBURT, O.M.
SMEDSTAD and H. Icaikawa (2016): The current
system east of the Ryukyu Islands as revealed
by a global ocean reanalysis. Prog. Oceanogr.,
141, 239-258. https://doi.org/10.1016/j.pocean.201
5.12.013

UcHipa, H. (2025): The Kuroshio transport time ser-
ies estimated from satellite altimeter data. JAM-
STEC. https://doi.org/10.17596,/0004021

UcHpA, H. and S. Imawakr (2008): Estimation of the
sea level trend south of Japan by combining sat-
ellite altimeter data with in situ hydrographic
data. J. Geophys. Res., 113, C09035. https://doi.or
2/10.1029/2008]C004796

UcHma, H, S. Imawakr, H. Icuikawa and the ASUKA
Groupr (2008): ASUKA Hydrographic Data Col-
lection. Reports of Research Institute for Ap-
plied Mechanics, Kyushu University, No.135, 21-
31. https://doi.org/10.15017/14180

UMATANL S, M. Kasumva, S. Imawaki, H. IcHikaAwa
and M. Fukasawa (2001): Structures and varia-
bility of the Kuroshio off Shikoku, Japan re-
vealed by direct current measurements. Reports
of Research Institute for Applied Mechanics,
Kyushu University, No.121, 87-94 (in Japanese
with English abstract). https://doi.org/10.15017
/6768408

VAN SEBILLE, E., L.M. BEAL and A. Biastocu (2010):
Sea surface slope as a proxy for Agulhas Cur-
rent strength. Geophys. Res. Lett., 37, L09610.



94 La mer 63, 2025

https://doi.org/10.1029/2010GL042847

VoLkov, D.L, R. DomiNGUES, C.S. MEINEN, R. GARCIA,
M. BARINGER, G. GonI and R.H. Smrra (2020): In-
ferring Florida Current volume transport from
satellite altimetry. J. Geophys. Res., 125,
€2020]JC016763. https://doi.org/10.1029/2020JC0O
16763

WEL Y., D. HuanG and X.-H. Zuu (2013): Interannual
to decadal variability of the Kuroshio Current in
the East China Sea from 1955 to 2010 as indicat-
ed by in-situ hydrographic data. J. Oceanogr., 69,
571-589. https://doi.org/10.1007/s10872-013-0193-
5

Wi FrFELS, S.E, M.M. HaLL, T. JoycEg, D.J. Torges, P.
Hacker and E. Firing (1998): Multiple deep
gyres of the western North Pacificc A WOCE
section along 149° E. J. Geophys. Res., 103, 12,985-
13,009. https://doi.org/10.1029/98]C01016

WoRrTHINGTON, L.V. and H. Kawar (1972): Compari-
son between deep sections across the Kuroshio
and the Florida Current and Gulf Stream. In
Kuroshio: Its Physical Aspects. SToMMEL, H. and
K. Yosuma (eds.), Univ. Tokyo Press, p. 371-385.

Wunsch, C. (1978): The North Atlantic general cir-
culation west of 50° W determined by inverse
methods. Rev. Geophys., 16, 583-620. https://doi.
org/10.1029/RG016i004p00583

Yan, X. and C. Sun (2015): An altimetric transport
index for Kuroshio inflow northeast of Taiwan
Island. Science China Earth Sciences, 58, 697-
706. https://doi.org/10.1007/s11430-014-5024-z

Yang, Y., C-T. Liu, T.N. Leg, W. Jouns, H.-W. L1 and
M. Koa (2001): Sea surface slope as an estima-
tor of the Kuroshio volume transport east of Tai-
wan. Geophys. Res. Lett., 28, 2461-2464. https://
doi.org/10.1029/2000GL011709

You, Y., N. SUGINOHARA, M. FUKASAWA, H. YORITAKA,
K. Mizuno, Y. Kasuino and D. Hartoyo (2003):
Transport of North Pacific Intermediate Water
across Japanese WOCE sections. ]J. Geophys.
Res., 108, 3196. https://doi.org/10.1029,/2002JC00
1662

ZHANG, Z.-L., H. NaAkaMUurRA and X.-H. Znu (2021):
Seasonal velocity variations over the entire Kur-
oshio path part II: Dynamical interpretation for

the current speed variation. J. Oceanogr., 77,
745-761. https://doi.org/10.1007/s10872-021-0060
3-8
Zuao, R, H. Nakamura, X.-H. Zuu, J.-H. Parg, A.
NisHiNg, C. ZuaNG, H. Na, C. Jeon, Z.-N. Zuu and
H.S. Mixv (2020): Tempo-spatial variations of the
Ryukyu Current southeast of Miyakojima Island
determined from mooring observations. Science
Rep., 10, 6656. https://doi.org/10.1038/s41598-02
0-63836-5
Zuu, X.-H., H. Icaikawa, K. IcHikawA and K. TAKEU-
cur (2004): Volume transport variability south-
east of Okinawa Island estimated from satellite
altimeter data. J. Oceanogr., 60, 953-962. https://
doi.org/10.1007/s10872-005-0004-8
Zuu, X-H., A. Kaneko, T. Sarro and N. Gonpa (2001):
Kuroshio stream path variation and its associat-
ed velocity structures south of Shikoku, Japan.
Geophys. Res. Lett., 28, 4615-4618. https: //doi.
org/10.1029/2001GL013730
Zuu, X-H., J-H. Park and I Kaneko (2006): Velocity
structures and transports of the Kuroshio and
the Ryukyu Current during fall of 2000 estimat-
ed by an inverse technique. J. Oceanogr., 62, 587-
596. https://doi.org/10.1007/s10872-006-0078-y
Znu, X-H., R. Znao, X. Guo, Y. Long, Y.-L. Ma and X.
Fan (2015): A long-term volume transport time
series estimated by combining in situ observa-
tion and satellite altimeter data in the northern
South China Sea. J. Oceanogr., 71, 663-673. https:
//doi.org/10.1007/s10872-015-0305-5
ZILBERMAN, N.V. D.H. RoEmwmiIcH, S.T. GILLE and ].
Gson (2018): Estimating the velocity and
transport of western boundary current systems:
A case study of the East Australian Current
near Brisbane. J. Atmos. Oceanic Technol, 35,
1313-1329. https://doi.org/10.1175/JTECH-D-17-0
153.1
Received: March 14, 2025
Accepted: June 27, 2025



La mer 63 :95-121, 2025, https://doi.org/10.32211/lamer.63.3-4_95

Société franco-japonaise d’Océanographie, Tokyo

Spatiotemporal variability and ENSO modulation of subsurface

anticyclonic eddies (Puddies) in the Peru-Chile eastern
boundary upwelling system

Gandy Maria RosaLes QUINTANAY, Takeyoshi Nagar?, and Luis Alfredo IcocHEA SALASY

Abstract: In eastern boundary upwelling systems (EBUSs), eddies are crucial for offshore
transport of biogeochemical tracers and their vertical exchanges. We investigate the spatial and
temporal variability of subsurface-intensified anticyclonic eddies (Puddies) in the Peruvian
EBUS using high-resolution reanalysis and observations. Results show that subsurface intensi-
fied anticyclonic eddies dominate the subsurface layer, accounting for 54% of the total number of
subsurface eddies. They exhibit a marked seasonal cycle, peaking in austral autumn closely
aligned with eddy kinetic energy and Peru-Chile Undercurrent (PCUC) variability. The num-
ber of subsurface intensified anticyclonic eddies increases during El Nifio events (1997-1998,
2015-2016), and moderately warm years (2008, 2012 and 2014), coinciding with a deepening of
the o g= 26-isopycnal near the coast, as the equatorial warm pool propagates poleward as the
coastal trapped waves. This propagating deepening of the isopycnal intensifies the PCUC and
fosters greater subsurface eddy generation. Several methods were used to estimate the phase
speed of the propagation. For the reanalysis data, the poleward phase speeds of the first baro-
clinic mode internal Kelvin wave obtained by solving the vertical modal equation range from 0.8

! with higher values in higher latitude, that are consistent very well with the direct

tol7ms—
estimation of the propagation speeds using the first order polynomial fit to the peaks of isopyc-
nal displacement. Using the coherence spectral analysis, the mean propagation speed of 40-85-m
bandpassed o ¢ observation data between Chicama and Callao was estimated to be 0.87 m s 1,
consistent with those estimated using reanalysis. These findings underscore how large-scale cli-
mate variability, through coastal-trapped-Kelvin waves propagation and subsequent PCUC in-

tensification, significantly modulates the subsurface eddy activity in the Peruvian EBUS.
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1. Introduction

The Peru-Chile Undercurrent (PCUC) is a
subsurface poleward flowing current that runs
along the coasts of Peru and Chile. Previous
studies reported that the PCUC is sourced pri-
marily by the southern branch of the Equatorial
Undercurrent (EUC) (Lukas and FIRING, 1984;
TOGGWEILER et al.,, 1991; ROSALES QUINTANA et al,,
2021). The influence of the EUC is intensified es-
pecially when warm events or El Niflos occur
(ROSALES QUINTANA et al, 2021). Under neutral
El Nifio southern oscillation (ENSO) conditions,
the EUC's contribution to the PCUC is minimal.
Instead, the primary and secondary Equatorial
Countercurrents at around 8°S and 10°S appear
to play a more substantial role (MONTES et al.,
2010).

Several studies pointed out that the PCUC,
when flowing over abrupt topographic features,
initiates the formation of subsurface eddies
(CONTRERAS et al, 2019; THOMSEN et al, 2016).
When the PCUC generates potential vorticity
(PV) with a sign opposite to the background
values at the sloping bottom boundary, submeso-
scale instabilities, such as centrifugal and sym-
metric instabilities, can be triggered, leading to
intense microscale turbulence. This turbulent
mixing adjusts PV to a neutral value, often re-
sulting in subsurface eddies characterized by
lenses of near-zero PV water that detaches from
the slope as anticyclones. These subsurface anti-
cyclones and cyclones tend to be highly coherent
and initially form at small submesoscale, com-
monly referred to as submesoscale coherent vor-
tices (SCVs) (MOLEMAKER et al., 2015; THOMSEN
et al, 2016). SCVs, often being nutrient-rich and
dominated by anticyclones in the subsurface lay-
ers, frequently coalesce into larger mesoscale
subsurface eddies (MOLEMAKER et al, 2015).
Identified in several eastern boundary upwelling
systems (EBUS), these subsurface anticyclonic

eddies are commonly named after the undercur-
rents that generate them, such as Cuddies (Cali-
fornia Undercurrent Eddies) and Puddies (Peru-
Chile Undercurrent Eddies). Furthermore, sur-
face eddies within EBUS are known to play a
role in transporting nutrients offshore and dark
subsurface layers, leading to a reduction in pri-
mary production (GRUBER et al, 2011). They
have been found to significantly influence the
heat budget, likely providing feedback to the
tropical Pacific climate system by influencing sea
surface temperatures, thus affecting large-scale
winds over timescale consistent with ENSO
(Tontazzo, 2010; CoLas et al, 2012; TAKAHASHI
and DEWITTE, 2016). A study by CONEJERO et al.
(2020) demonstrated that the interannual varia-
bility in the kinetic energy of surface eddy is
mainly associated with strong Eastern Pacific El
Nifio events, which intensify mesoscale activity
off Peru, while Central Pacific El Ninos showed
minimal influence. Although subsurface eddies
have widely been recognized within EBUS, their
main characteristics and interannual variation,
especially under extreme events such as El Nifio
still have received much less attention compared
to their surface counterparts (CHAIGNEAU et al,
2008; CHELTON et al., 2011; ESPINOZA-MORRIBERON
et al,, 2019).

ComBEs et al. (2015) employed a ROMS model
at 1/12° resolution to study eddies and Puddies,
revealing a strong correlation between intrather-
mocline eddies (ITEs), or Puddies, and the EN-
SO equatorial signal. Their study found an in-
verse relationship between PCUC transport and
the volume of coastal waters transported by
Puddies with fewer Puddies forming during El
Nino. However, this counterintuitive mechanism
linking decreased Puddy formation with intensi-
fied PCUC transport during El Nifo still remains
elusive. In contrast, CONEJERO et al. (2020) re-
ported that the subsurface EKE at 200 m depth



Modulation of subsurface eddies off Peru 97

30-Nov-1997 o = 26

-5 —1 350
% PERU |
5 26-isopycnal depth 1 300
" Chicama
-9 - 250
-10
% -1 200 _
-Z:E, -12 E
3 43 150
-14
-15 100
-16
-17 50
-18
- 0

9
-84 -83 -82 -81 -80 -79 -78 -77
Longitude

-76 -75 -74 -73 -72 -71 -70

Fig. 1 Map of the Peruvian coast, showing Chicama (7.8°S - 79.7°W) and Callao (12
°S-77.3°W) observational stations location, and the 450 m isobath along the coast-

line. Background shows a snapshot of op= 26 isopycnal depth for Nov 30th, 1997.

Shading indicates deepening of the isopycnals from shallow (black) to deeper

layers (white).

increases from northern Peru to central Chile
during Eastern Pacific El Nifio events (see Fig.
S9 in CONEJERO et al. 2020), similar to ESPINOZA-
MORRIBERON et al. (2017) that found an increase
in the surface EKE off the Peruvian coast during
El Nino. While heightened PCUC transport and
increased subsurface EKE during El Nifio imply
an uptick in subsurface eddy activity, the precise
nature of this subsurface eddy modulation in re-
sponse to ENSO remains uncertain. In this
study, we used high-resolution reanalysis data
and observations to investigate subsurface eddy
characteristics and behaviour.

Our objectives are to (1) elucidate the spatio-
temporal variability of subsurface eddy activities
in response to ENSO, and (2) explore the un-

derlying mechanisms driving these variations.
2. Data
2.1. Observation data

We used temperature and salinity data ob-
tained from the Peruvian Sea Institute
(IMARPE) (https://repositorio.imarpe.gob.pe),
covering the period from 2015 to 2020. Observa-
tions were conducted at two fixed stations along
the Peruvian coastline at Chicama station (7.8°S -
79.7°W) and Callao (12°S - 77.3°W), as shown in
Fig. 1. Data were recorded at 1-meter intervals
from the surface down to a depth of 100 meters.
Sampling occurred at least twice a month with a
maximum of 15 observations per month.
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2.2. Reanalysis data

We used the 1/12° resolution GLORYS12V1
reanalysis dataset from the Copernicus Marine
Environment Monitoring Service (CMEMS) (ht
tps://data.marine.copernicus.eu/products). This
product (product ID: cmems_mod_glo_phy_my_
0.083deg P1D-m) provides daily data from Janu-
ary 1993 to December 2019, including zonal ()
and meridional () velocity components, tem-
perature, and salinity at depths from the surface
to 5728 m, and sea surface height data (LELLOU-
CHE et al., 2018). The dataset is based on the Nu-
cleus for European Modelling of the Ocean
(NEMO) model version 3.1 and incorporates da-
ta assimilation from in-situ and satellite observa-
tions, making it suitable for mesoscale ocean dy-
namics studies.

In this study, our focus is on the southern Pe-
ruvian coastal region (within 10°S-18.5°S and
70°W-84°W). However, we also explore the
northern region (north of 10°S) for computing
the phase speed of the coastal trapped waves.
GLORYS12V1 data set reproduces well the ob-
servational data off Peru. We compared the tem-
perature section at Chicama and Callao (Fig. 2),
from where it can be seen almost the same pat-
terns for the isopycnals of 255 and 26 (solid and
dotted lines respectively), and intensity. For in-
stance, during the first trimester of 2016 at Chi-
cama, the isopycnal of 25.5 deepened significant-
ly in both reanalysis and observations, to later
became shallower at the end of 2016. Similarly,
during early 2017, observational temperature in-
creased, reaching values close to 28C and 21T
at Chicama and Callao, respectively, that was
well represented by reanalysis data in both sta-
tions. To statistically validate the reliability of
the reanalysis data in representing well the ob-
servation, we used the annual and seasonal Tay-
lor diagrams comparing density profiles from

Chicama and Callao stations (Fig. 2). Annual re-
analysis data shows very good agreement with
the IMARPE observations (reaiiao= 0.97 , Tehicama
= 0.99), with slightly higher variance than IM-
ARPE (normalized standard deviation = 1.25)
for both stations. Seasonal comparison showed
the highest correlation during austral winter
season at Callao station, and summer and au-
tumn at Chicama station.

Furthermore, we define the surface layer as
the layer within the upper 50 meters, while the
subsurface layer is defined as the layer within
isopycnals of 0y = 26-26.5 kg m 3, this is to cap-
ture the subsurface eddies originated from the
poleward Peru Chile Undercurrent which can be
identified off Peru within the isopycnals of 25.
5-26.5 (ROSALES-QUINTANA et al. 2021), and to
avoid influence from the surface. The locations of
the observational and reanalysis data in this
study are represented in a map in Fig. 1.

3. Methodology
3.1. Eddy kinetic energy

The eddy kinetic energy was computed sepa-
rately for the surface and subsurface layers us-
ing Eq. (1).

EKEZ%(u/H—v/Z), M

where #” and v” are fluctuating zonal and meri-
dional velocity, respectively, calculated by sub-
tracting the mean velocities throughout the re-
cord from instantaneous velocities. To accurately
map the spatial pattern of subsurface EKE that
is caused only by subsurface intensified eddies,
we compute the subsurface EKE only when that
exceeds the surface averaged EKE (hereafter as
the “subsurface-intensified EKE"). This allows us
to avoid averaging surface intensified EKE
caused by surface eddies that penetrate deep in-
to the subsurface layer. On the other hand, sur-
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face EKE is averaged within the top 50 m re-
gardless of whether it is higher or lower than
the subsurface layer, that is, surface EKE could
also be affected by subsurface intensified eddies.
To capture seasonal variations, EKE was aver-
aged for austral summer (December to Febru-
ary), autumn (March to May), winter (June to
August) and spring (September to November)
over the period from 1993 to 2019. To investigate
interannual variability, the monthly mean EKE
was calculated over the same period.

3.2. Eddy identification and tracking

For eddy identification, we utilize the Okubo-
Weiss (OW) parameter, defined as Eq. (2)
which distinguishes rotating flows (OW<0)
from the deformation regime (OW>0) (OkuBo,
1970; WErss, 1991), following a method similar to
Nacar et al. (2015), previously applied for the
California EBUS.

0v 0u

ou \’
(@) * O0x Oy

where # and v are the zonal and meridional

OW =4 . (2)

velocities, and x and y are the zonal and meri-
dional coordinates. The eddy detection criteria
involved searching for closed OW contours at —
2 x 107" (s72). Cyclonic and anticyclonic ed-
dies were distinguished according to the average
vertical component of relative vorticity ¢ within
the detected eddy as in Eq. (3),
0v Ou

¢ =%z oy (3)

In the Southern Hemisphere, cyclonic eddies
have ¢<0, indicating clockwise rotation, whereas
anticyclonic eddies have &>0. Surface eddy de-
tection used OW values averaged over the top
50 m, while subsurface eddy detection used OW
values within 0y = 26-26.5 kg m >, Surface ed-
dies were identified only when the absolute OW
value averaged in the surface layer within an ed-
dy is higher than that in the subsurface layer,

while subsurface eddies are required to have
both higher absolute OW values and relative
vorticity within the subsurface density layer
than that of the surface layer. The upper limit of
the equivalent eddy radius, computed from the
area within the eddy, is 200 km to extract meso-
scale eddies. Also, to ensure that the detected
features are true eddies and not filament-like
structures, we employed a criterion for the as-
pect ratio (0.95-1.2). The eddies were then
tracked by comparing the areas of the eddy
shared between two consecutive time steps, re-
taining only those that lasted longer than 10
days. As mentioned in the Introduction, Puddies
are originated from the PCUC. However, the ed-
dy detection and tracking employed in the pres-
ent study are not perfect to search the eddy ori-
gin. In some cases, detection fails due to the
temporal evolutions of the eddies that prevent
the continuous tracking, making it difficult to
trace back the eddy origin. Furthermore, as the
reanalysis is assimilated with the observation da-
ta, that do not necessarily capture the entire his-
tory of the subsurface eddies, the search for the
origin of the subsurface eddy would be not feasi-
ble. On the other hand, our analyses for the sub-
surface layer are conducted within the density
range 0p= 26-26.5 kg m >, which does not out-
crop except very near the coast, excluding the
possibility of the subsurface eddies caused by
subduction processes. Accordingly, although our
eddy detection and tracking have these limita-
tions, we consider all the detected and tracked

subsurface anticyclones as Puddies.

For each tracked eddy, the eddy non-linearity
parameter is defined as the ratio of the swirl ve-
locity U to the eddy propagation velocity ¢, U’c,
which is obtained as averaged value based on
our eddy tracking results for each layer (the
same ¢ = 0.034 m s~ ! is found for each layer).
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Where U/c > 1 suggests that the feature is non-
linear and maintains its coherent structure dur-
ing their propagation (FLIERL, 1981) and capa-
ble of trapping matters inside and travelling
with them.

3.3. Phase speed estimation
3.3.1. Vertical mode and speed of internal Kel-
vin wave for reanalysis data
To investigate the phase speed (C,) of the in-
ternal Kelvin wave, linearized equations for
along shore momentum, vertical momentum,
density conservation, and continuity are com-
bined into one equation for the vertical velocity.
2 2
%(22@>+<%+N2) 0w _o, (4)
where N?= —g(d,g/dz)/po is the square of

buoyancy frequency, g is the gravitational accel-
eration, with o (z) as the laterally averaged
density and o, as the constant density. Here, we
assume flat bottom and coast as a vertical wall,
no cross-shore velocity, considering the Boussi-
nesq approximation. Assuming a following wave
solution for vertical velocity w of variable separa-
tion type, w=W (z2) sin (kx—wt), where k is
along-shore wavenumer, w is the frequency, and
t is the time in Eq. (4), the vertical mode equa-
tion for the internal Kelvin wave induced verti-
cal velocity can be obtained in the Sturm-
Liouville system (Eq. (5)).
2 2 2
el +<7N - >W=0 (5)

Cp
Daily buoyancy frequency square N? along

450 m isobath as a function of depth, latitude and
time is computed only during El Nifio events.
Then, the obtained buoyancy frequency is used
to solve (Eq. (5)) for each water column nu-
merically with arbitrary % as an input parameter
and the boundary conditions for W (z) = 0 at the
surface z = 0 and the bottom z = 450 m. The ob-
tained eigenvalues, A; provide wave frequencies

square w? for each mode i. Therefore, wave
phase speeds C, for each mode 7 can be obtained
by JAi /k. The eigenfunction represents a verti-
cal structure of the vertical velocity.
3.3.2. Estimation using cross correlations for
reanalysis data

To assess the meridional propagation charac-
teristics, we estimated C, along the 450 m iso-
bath off the coast of Peru using the oy= 26 iso-
pycnal depth fluctuations from 1993 to 2019.
Specially, we focused on anomalous vertical dis-
placements of the op= 26 isopycnal during El Ni-
no conditions across latitudes between 5°S to 19
°S, spaced approximately 2° apart. Before com-
puting C,, we first isolate time periods corre-
sponding to El Nifio events, then we remove the
seasonal cycle and long-term trends by subtract-
ing the monthly climatology and detrending the
signal. A Butterworth bandpass filter (4" order,
20-120 days passband) was applied to retain in-
traseasonal variability commonly associated with
coastal trapped waves. After the preprocessing,
we then compute a normalized cross-correla-
tions between the filtered time series at a refer-
ence latitude (14°S) and all other selected lati-
tudes. For each latitude pair, the lag correspond-
ing to the maximum cross-correlation was identi-
fied and extracted. The spatial lag was comput-
ed based on the meridional distances between
latitudes (assuming a spherical earth approxi-
mation). A linear regression was then performed
between the lag in days (6¢) and the spatial dis-
tance (8x), where the slope (7 = 6¢t/6x) repre-
sents the time delay per unit distance. The C p
was then computed as the reciprocal of this
slope as, C p= 1/7 , and converted to meter per
second.
3.3.3. Estimation using the 1°° order polyno-

mial fitting for reanalysis data

Since the reanalysis can provide data along

the coast at every grid point, the speed of the
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Fig.3 Eddy kinetic energy (EKE) [m?s~ 2] spatial distribution averaged over the surface (0 to 50 m depth)
and subsurface (0y = 26-26.5 kg m~3) layers for the period 1993-2019. The subsurface EKE values were
included in the average only when they exceeded the surface EKE.

propagating signal can be estimated more direct-
ly than observation data at a few locations.
Therefore, C, was estimated by analysing along-
shore transects of the op= 26 isopycnal depth
anomalies derivate from reanalysis data during
El Nino events. For each selected event, time-
distance diagrams were constructed by plotting
0p= 26 isopycnal depth fluctuations as a function
of distance along the Peruvian coastline and
time, enabling the visualization of propagating
internal signals. The peak detection was per-
formed for the isopycnal depth. Peak points con-
nected clearly that implied propagating signal,
were manually extracted from the time-distance
diagrams. Subsequently, a first-degree polyno-
mial fit was applied to each segment of the se-
lected peaks. The slope of the fitted line provid-
ed an estimate of the C, To capture spatial
variability of C,, the obtained C, was bin-aver-
aged as a function of latitude.
3.3.4. Estimation using coherence analysis for
observational data set

For observational data in Chicama (7.8°S) and
Callao (12°S) (IMARPE), we selected the peri-
od that has continuous approximately weekly da-
ta from 2015 through 2020 in 40-85 m depth,
avoiding influences from the surface. To isolate

propagating waves signals as previously applied
to reanalysis data, we use a fourth-order Butter-
worth banpass filter to each time series, with a
filter designed to retain variabilities within the
period of 20-120 days to investigate coastal trap-
ped Kelvin waves (Camayo and Camros, 2006;
DEWITTE et al, 2012; BELMADANTI et al, 2012; PoLr
et al, 2022). The phase lag, 06 was extracted in
the frequency ranges where coherence square is
higher than 0.15, which then used to compute
time lags, 8¢ by 06/ (Z2rw). The phase speed C,
can be obtained by dzx/dt, where dz is the great-
circle distance between Chicama (7.8°S) and
Callao (12°S).

4. Results
4.1. Eddy Kinetic Energy

Surface EKE exhibits large values within 200-
300 km of the coast, with slightly elevated levels
north of 12°S and very high values south of 14°S
along the Peruvian coast, consistent with previ-
ous studies (Comges et al, 2015) (Fig. 3). In
contrast, subsurface EKE shows a distinct spa-
tial distribution, with higher values (= 0.02 m?
s~ 2) concentrated in the southern part of the

2

study area, and up to 0.025 m? s~ 2 restricted to

the nearshore coastal area, between 14°S and 18



Modulation of subsurface eddies off Peru 103

-10 0.02
EKE ’
12l Subsurface 002
3 SUMMER (DJF) 0.015
3-14 A
= “E
L] 001 =
- -16
0.005
-18
. . o
-84 -82 -80 -78 -76 -74 -72 -70
Longitude
-10
EKE 0.025
12 Subsurface 0.02
% WINTER (JA) 0.015 <
3 -14 “w
= 0o E

-16,

-18

-80 -78 -76 -74 -72 -70
Longitude

-84 -82

Latitude

Latitude

EKE 0.025

Subsurface

o 4' AUTUM (MAM) 0.015 &
001 &
-16
0.005
_18A
! . o
-84 -82 -80 -78 -76 -74 -72 -70
Longitude
-10
EKE 0.025
120 Subsurface 0.02
SPRING (SON) 0.015 <
-14 n
001 &
-16
0.005
-18

-84 -82 -80 -78 -76 -74 -72 -70

Longitude

Fig. 4 Seasonal variability of the eddy kinetic energy (EKE) [m? s 2] averaged for the sub-
surface layer (within oy = 26-26.5 kg m™°) from 1993 to 2019. The subsurface EKE was
averaged only when the EKE values were larger than that in the surface layer.

°S. This suggests that subsurface eddies are gen-
erated primarily in the southern region, com-
pared to the surface eddies that can develop
along the entire coastline. At the subsurface,
high seasonal variability was found in the aver-
aged EKE off the south coast of Peru. High EKE
values are seen mainly during austral autumn,
winter and spring with values higher than 0.02
m? s~ 2 that are concentrated south of 14°S (be-
ing winter the highest peak), while during aus-
tral summer, EKE showed its lowest values in
the same region (Fig. 4). These changes in EKE
seem to be synchronized with the seasonal varia-
bility of the PCUC, which intensifies from au-
tumn to the beginning of winter. FLORES et al.
(2013) used the 15T isotherm depth as an indi-
cator of the PCUC and its variability off Peru.
They showed that when the PCUC intensifies,
the 15C isotherm deepens up to 250 m during
the austral autumn. In contrast, during the aus-
tral spring, the PCUC weakens, resulting in a

shallower 15C isotherm. Such behaviour is simi-
lar to that observed in the equatorial Pacific,
where the EUC strength is tightly linked to the
thermocline depth variability (KESSLER et al,
1995). Our eddy detection and tracking results
(in section 3.2) align well with the EKE enhance-
ment during the austral autumn and winter sea-
sons, showing an increase in the number of de-
tected subsurface eddies, particularly subsurface
anticyclones, Puddies. This implies a strong link
between the seasonal variability of the PCUC
and the formations of the subsurface eddy.

4.2. Eddies detected off Peru

To better understand how the subsurface ed-
dies modulate interannually and how they can
be linked to EKE wvariations, we analysed 27
years of reanalysis data and used eddy detection
and tracking techniques. Consistent with the
findings of CoMmBES et al. (2015), our results show
that surface intensified cyclones (56%) are more
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Fig. 5 Abundance of surface and subsurface detected and tracked eddies that lived longer than 10 days for

(a) surface cyclones, (b) surface anticyclones, (c) subsurface cyclones and (d) subsurface anticyclones. For

counting eddies, we consider the eddy that lasted longer than 10 days from the time it is born and followed

it until it dies. We represent the cumulative count of daily eddy appearance for 27 years, within a grid cell
of 0.25° X 0.25°. The eddies found offshore are most likely originated from the nearshore within the PCUC.

abundant than anticyclones (44%) in the sur-
face layer. In contrast, subsurface anticyclones
dominate the subsurface layer, accounting for
54% of all eddies (Fig. 5). The differences in the
spatial distributions detected eddies between
those in the surface layers (Fig. 5 a-b) and the
subsurface layers (Fig. 5 c-d) are evident. In the
surface layer, cyclones are distributed in the
wide region from nearshore to the offshore up to
1,200 km from the coast especially in the south-
ern region (16-18°S), while anticyclones are
mostly concentrated within 100 -600 km from the
coast. In the subsurface layer, cyclones are re-
stricted to nearshore, predominantly south of 16°

S, while anticyclonic eddies exhibited localized
hotspots along the coast at 12°S - 14°S and south
of 16°S. In addition to spatial distributions, sub-
surface-intensified eddies show distinct temporal
patterns. Fig. 6 shows monthly statistics, reveal-
ing that subsurface anticyclonic eddies, Puddies,
are more prevalent in austral autumn (April to
May) with its highest peak in April (with
around 150 Puddies), followed by a second peak
during austral winter (July, with 135 Puddies,
Fig. 6a). Subsurface cyclones follow a similar
trend with peak occurrences in May and June.
Both anticyclonic and cyclonic eddies shown a
marked decline in activity during the austral
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Fig. 6 Eddy statistics for detected and tracked eddies that lived longer than 10 days for (a) seasonality, (b)
lifetime, (c) nonlinearity, (d) probability density function and (e) cumulative density function for radii.

spring, reaching their lowest abundance in Octo-
ber and November, respectively. Although the
subsurface EKE shows its highest peak during
winter season (Fig. 4), these subsurface eddy

activities, intensified in autumn is consistent

with the enhanced EKE in autumn, suggesting
that subsurface eddy activities are highly consis-
tent with the seasonal variability of PCUC (VEg-
GARA et al, 2016). Moreover, the numbers of sub-
surface cyclones and anticyclones increase
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Table 1.

Non-linearity parameter defined as the ratio of the swirl ve-

locity U to the theoretical propagation velocity (¢ = 0.034 m

s of the eddy. Where U/c>1 suggests nonlinearity, main-

taining its coherent structure during their propagation.

Eddy type U/c Abundance %
Surface Cyclones 34 56
Surface Anticyclones 36 44
Subsurface Cyclones 31 46
Subsurface Anticyclones 33 54

during November and December, respectively.
In contrast, surface-intensified eddies showed
their highest abundance mostly during austral
autumn to spring (April-October).

Another notable contrast between subsurface
cyclones and anticyclones is that the latter tends
to have longer lifespans (Fig. 6b); some subsur-
face anticyclonic eddies persist for up to 245
days, while cyclones have a maximum duration
of 110 days. Most subsurface eddies have radii
between 25 and 30 km (Fig. 6d) with anticy-
clones tending to be larger than cyclones; 66% of
anticyclones have radii below 35 km, while it is
as high as 83% for cyclones (Fig. 6e). Moreover,
we found that both surface and subsurface ed-
dies exhibited high non-linearity (Fig. 6¢c), al-
lowing them to trap and transport matter. Our
results showed that surface-intensified cyclones
(U/c = 3.4) and anticyclones (U/c = 3.6) have
on average higher non-linearity than subsurface
eddies, which showed U/c = 3.1 for cyclones and
U/c = 3.3 for anticyclones. The mean non-
linearity for subsurface eddies (U/c = 3.2) is
found to be statistically different with a 5% sig-
nificance level from that for the surface one (U/c
= 3.5), indicating that subsurface eddies are
slightly leakier than surface eddies (See Table
1.

4.3. o0y~ 26 isopycnal depth variability

To examine how differently El Nifio events in-
fluence the subsurface eddy abundance off Peru,
we utilize the op= 26 isopycnal depth variability
as a proxy for changes in the upper limit of the
PCUC. The o0p= 26 isopycnal depth tends to
deepen during warm events, with greater south-
ward penetration along the coast. ENSO events
are commonly defined by the averaged sea sur-
face temperature anomaly (SST) along the
Equatorial Pacific at the Ninos areas such as Ni-
fio 3.4 (5° N-5°S, 170°W-120°W) and Nifio 1 + 2
(0°-10°S, 90°W-80°W). The latter region is partic-
ularly relevant for the South American coast.
The two bottom panels of Fig. 7 show the SST
anomaly for Nifo3.4 and Nifio 1 + 2 from 1993 to
2019, highlighting the El Nino events defined by
the threshold of = 0.5, following the definition of
Oceanic El Nifio index (ONI) and Coastal El Ni-
fio index (ICEN). A recent work by BER-
TRAND et al. (2020) has further categorized
ENSO phases beyond the canonical El Nino 3.4
definition, considering the intensity of rainfall/
dry conditions, and zonal location of the warm
pool, which has been used in this study to define
El Nifo type.

During extreme (Ex) El Nifio events, such as
those of 1997-1998 and 2015-2016, SST anoma-
lies in Nifio 1 + 2 rose to about + 4C, while Nifio
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Fig. 7 Monthly averaged oy= 26 isopycnal depth [m] for the 100 km distance from the coast, from reanal-
ysis data is shown in the top panel. Shaded areas indicate ENSO phases as follow; Extreme El Nifio (Ex),
Eastern Pacific El Nifio (EP), Central Pacific El Nifio (CP), Coastal El Nifio (Co), Strong La Nifia (Sx),
and moderately warm periods (W). Threshold of £ 0.5 is indicated with red and blue for both (middle)
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3.4 anomalies reached = + 2.5 C, corresponding
to a markedly increased number of subsurface
anticyclonic eddies (Puddies), as described later
in section 4.5. The isopycnal depth also deepened
significantly across latitudes, reaching up to 25
m of its amplitude during 1997-1998 (Fig. 7). Al-
though both events are classified as extreme,

they differed somewhat. The 1997-1998 event
produced a uniform deepening of the op= 26 iso-
pycnal from 5°S to 19°S, while the 2015-2016
event caused a more prolonged and pronounced
deepening primarily in the northern latitudes (5
°S to 12°S). This distinction may be partly attrib-
uted to the anomalously warm conditions pre-
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ceding the 2015-2016 event (the Central Pacific
El Nifio 2014-2015) and to long-term back-
ground warming (SANTOSO et al, 2017).

During two eastern Pacific (EP) El Nifios (e.g.
2002-2003, 2006-2007), moderate isopycnal deep-
ening compared to extreme events are seen,
with Nifio 3.4 and Nifo 1 + 2 anomalies generally
ranging between + 0.5C and + 2C. Comparing
these events, the op= 26 isopycnal depth showed
more pronounced deepening during 2002-2003,
with a meridional extension up to 14°S (> 10 m
of isopycnal deepening), while the 2006-2007
event showed a more localized deepening con-
centrated in the northernmost region (reaching
only up to 10°S). Central Pacific El Nifios (CP),
such as 2004-2005, 2009-2010 and 2014-2015, pri-
marily affect the central equatorial Pacific and
inducing weaker and more localized changes in
isopycnal depth along the Peruvian coast. Previ-
ous studies pointed out that CP events are less
related to the thermocline variations and that
their variability might be more influenced by at-
mospheric forcing (Kao and Yu, 2009; SANTOSO
et al, 2017). On the other hand, Ex and EP
events are associated with basin-wide thermo-
cline and wind variations. The op= 26 isopycnal
in Fig 7 showed a very weak deepening during
CP 2004-2005 and 2014-2015 with values be-
tween 5-13 m, that is different from CP 2009-
2010 with deeper variability (up to 20 m of iso-
pycnal deepening) limited to the northernmost
region. Coastal El Nifio (Co) events, exemplified
by the 2017 event, caused a very short in time
and highly localized isopycnal deepening of ~15
m near the northern Peruvian coast (5°S to 8°S).
These events, unique to the Peruvian upwelling
system, are driven by regional atmospheric and
oceanic processes rather than basin-wide condi-
tions, with impacts confined to the nearshore re-
gions (Ramirez and Briones, 2017). We also de-

fined moderately warm (W) periods (ie., 2008-
2009 2012-2013, early 2014) marked by positive
SST anomalies in Nifio 1 + 2 (Fig. 7), although
they never fully developed into classical El Nifo
conditions (Su et al, 2014), nor classified as El
Nifio events, these warm periods still appear to
influence the isopycnal depth and likely contrib-
ute to increased subsurface eddy formation.
Strong La Nifia (Sx) events (1999-2000, 2007-
2008, 2010-2011) lead to significant shoaling of
the isopycnal (Fig. 7) and are associated with
enhanced upwelling, cooler subsurface waters,
and increased productivity along the coast. Dur-
ing these extremely cold periods, we observed a
corresponding negative trend in subsurface ed-
dy formation as described in section 4.5.

4.4. Interannual variability of EKE

We previously demonstrated that changes in
the depth of the op= 26 isopycnal are synchron-
ized with the onset of warm events. We now ex-
plore whether this relationship also appears in
the eddy kinetic energy (EKE). The average
EKE within the first 100 km from the coast (Fig.
8) showed pronounced meridional variability,
with elevated values observed primarily in two
latitudinal bands: from 5°S to 11°S, and from 14°S
to 18°S, in both the surface and subsurface lay-
ers. Over time, changes in EKE correspond well
to the deepening of the op= 26 isopycnal. At the
surface, EKE notably intensifies during the two
extreme El Nifio events (Ex) 1997-1998 and
2015-2016. In Ex 1997-1998, enhanced EKE was
widespread throughout the entire meridional
range, while in Ex 2015-2016 the increases were
pronounced over time but concentrated in the
region north of 11°S. On the other hand, EP
events showed moderate EKE confined to the
northernmost region (2006-2007) or spread sep-
arately within the northernmost and southern-
most regions (2002-2003). But for the subsur-
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face layer, EP events exhibit much less EKE of
0.03 - 0.04 m? s~ 2 than that in the surface layer.
Even if the EKE increases, it is rather patchy
and limited to the southernmost region, south of
14°S. EKE during Central Pacific El Nifios (CP)
were mainly enhanced in the surface layer and
restricted to the northernmost region, while CP

events did not show a clear enhanced EKE in
the subsurface layer. We define moderately
warm periods (W) in which temperature rang-
es * 0.5C, such as 2008-2009, 2012 and 2014,
that were also characterized by elevated EKE
restricted mostly to the northernmost region at
the surface layer, and to the southernmost re-
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gion at the subsurface layer (south of 14°S),
expect for 2014 that showed continuous enhance-
ment in EKE along the entire region from 5°S to
19°S. The 2017 Coastal El Nifo (Co), showed
similarly enhanced EKE in the surface and sub-
surface layers, which was, however, not as
strong as the other warm events (ie. Ex, EP and
W events) and limited to the region between 5°S
to 8°S for both layers. On the other hand, strong
La Nifla (Sx) events were marked by very low
subsurface EKE, deviating from the patterns ob-
served in the surface layer where EKE did not
completely vanish. The EKE variations during
strong La Nifla (Sx) events are consistent with a
negative trend in the number of subsurface ed-
dies detected during the same events (as descri-
bed in section 4.5).

These results imply that the formation of sub-
surface eddies is more vigorous during most
types of the El Nifo, and they are highly weak-
ened during La Nina events, suggesting that
ENSO-related variability is likely to exert a
strong influence on subsurface eddy activities off
Peru.

4.5. Interannual variability of the eddies de-
tected off Peru

We have shown that the op = 26 isopycnal
depth and subsurface EKE increased during
warm events. Here, we examine whether this
was reflected in the number of eddies detected
in the subsurface layer and compare that to the
surface counterpart (Fig 9). The surface and
subsurface eddies detected and tracked off Peru
exhibited substantial interannual variations that
would be influenced by ENSO events. During Ex
1997-1998 and 2015-2016, numbers of tracked
subsurface anticyclonic eddies, Puddies, showed
marked increases with up to 6 eddies generated
per month (Fig. 9b), while, for the latter Ex

event, the number of subsurface cyclones were
also increased as much as subsurface anticy-
clones. In the surface layer, the number of anti-
cyclones were always lower than cyclones (Fig
9a). During EP 2002-2003 and 2006-2007 events,
the number of subsurface eddies especially sub-
surface anticyclones showed a decreasing ten-
dency, leading to more abundant subsurface cy-
clonic eddies than subsurface anticyclonic ed-
dies. Differently, during CP events, the number
of subsurface anticyclones was always higher
than cyclones, except for CP 2009-2010 where
the number of subsurface anticyclones showed a
peak but with decreasing tendency. On the other
hand, in the surface layer, cyclones surpassed
anticyclones during all CP events. During Co
2017 event, subsurface eddies, both cyclones and
anticyclones showed peaks of up to 7 eddies for a
month, that are different from the surface ed-
dies. Moderate warm periods (W) persistently
showed elevated number of subsurface eddies,
with the highest peak in 2008-2009 event in both
layers. In the surface layer, W events exhibited
higher number of eddies during 2008-2009 and
2014-2015 (Fig. 9a). During strong La Nifia (Sx)
events (1999-2000, 2007-2008, 2010-2011), the
number of subsurface eddies exhibited a de-
creasing tendency compared to the previous
year especially for subsurface anticyclones.
Within Sx events, the tendency shows decreas-
ing number of subsurface anticyclones followed
by an increase near the end of the events with
the highest increase happened during 2007-2008.

A scatter plot between averaged isopycnal
depth at op= 26 from 10-19°S and numbers of
subsurface eddies suggests that the abundance
of subsurface eddies (both cyclones and anticy-
clones) showed weak statistically significant pos-
itive correlations with the isopycnal depth (r =
0.17, r = 0.26, respectively, p-value < 0.05, in Fig
10), while the correlations are statistically not-
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significant for surface eddies. This indicates that
when the isopycnal deepens, it appears to have
influence on the formation of subsurface eddies.

In the surface layer, cyclones dominate almost
constantly over anticyclones (Fig. 9a). However,
the trend of number of cyclone and anticyclones
does not always synchronize. During the EP of
2002-2003, cyclones exhibited a small peak, while
anticyclones decreased, demonstrating an oppo-
site trend. After these events, surface-layer cy-

clones and anticyclones generally showed similar
tendencies over the years. Furthermore, in both
the surface and subsurface layer, we identified a
positive trend between 1993 and 2019 in the
number of eddies detected, which could be due
to global warming, as Congjero et al. (2020)
suggested by using EKE in the surface layer.
However, since this topic is beyond the scope of
this study, we will leave it for future investiga-
tion.
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4.6. Coastal trapped wave propagation
Isopycnal depth along the Peruvian coast
clearly responded to ENSO variability and other
warm events. To further address these patterns,
we investigate the possibilities of the poleward
propagating coastal trapped waves by estimat-
ing the speed of the propagation, C, in the study
region using several methods. The C, of the first
baroclinic mode was estimated by solving the
vertical mode equation (5) during El Niflos
events along the 450-m isobath (5°S-19°S) in Fig.
11. The results show distinct latitudinal variabili-
ty in Cp, with notably slower propagation in the
southernmost region, south of 16°S. During most
of the El Nino events, C, usually shows poleward

phase speeds larger than 0.8 ms™, with a maxi-
mum C, during Ex 1997-1998 event (1.7 ms™
Fig. 11a). On average, C, ranged between 0.6 to
1 ms' (0.95 ms™ overall, Fig. 11b) along the
coast, with a general decreasing trend towards
higher latitudes. The eigenfunction solution as a
function of latitude and oy (Fig. 1lc) showed
maximum amplitude near oy = 26 kgm™, sug-
gesting that our choice of the isopycnal to detect
the propagation was reasonable although the
maximum amplitude shifts denser layer south-
ward. The strong latitudinal dependence sug-
gests significant regional differences in baroclin-
ic wave dynamics during El Nino years. We
compared these results with the estimates of C,
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(a) Phase speed (C,) calculated from the first baroclinic mode between 1993 to 2019 and the (b)

averaged C, [ms™] across latitudes. (¢) Eigenfunction of the first baroclinic mode for vertical velocity as

function of density.

using the cross-correlation analysis and the 1%
order polynomial least square fitting to the
peaks in isopycnal deepening only during El Ni-
no events. The obtained C, are consistent values
to the modal analysis also with the same decreas-
ing trend for higher latitudes. Overall C, calcu-
lated from cross-correlations resulted in 1.2 ms ™,
while C, ranged between 0.5 ms™ to 0.83 ms™!
(from south to north off Peru, Fig. 12 b) when
using the 1% order polynomial least square fit-

ting.

For observational data, coherence analysis of
the band-passed anomalies of the 40-85 m-
averaged oy at Chicama (7.8°S) and Callao (12°S)
during 2015 through 2020 in which relatively
continuous data are available, revealed two dis-
tinct peaks in coherence square accompanied by
positive phase lag (Fig. 13). The highest coher-
ence peak corresponds to the fluctuation period



114 La mer 63, 2025

2500 [

2000 |44

Distance [ km ]
@
]

-
(=3
o
=]

500

(B

S Gt g P R oF o o e e

200 '
150
100 10

812
50 ,43

To14
0

-16

50 -18

P P2 A

Cp [ms™]

Fig. 12 Phase speed (C,) calculated from alongshore transects for reanalysis data. (a) Point-by-point ex-
tracted data within the op= 26 isopycnal depth anomalies, for the Ex 1997-1998 event. (b) Averaged C,
[ms™'] for all El Nifio events (1997-1998, 2002-2003, 2008-2009, 2012-2013, 2014, 2015-2016, 2017, where

Nifio 1 + 2 >+ 0.5 anomaly)

of 50-56 days and the second highest peak to
30-32 days. The time lags for these two peaks
were estimated as 1-5 days and 11-12 days re-
spectively, that correspond to mean phase
speeds at 1.85 and 0.53 ms™, respectively. Aver-
aging phase speeds for those exceeds a coher-
ence squire value 0.15, the mean phase speed is
obtained as 0.87 ms !, which is consistent with
the phase speeds estimated with many different
methods for reanalysis data.

5. Discussions

Using a 27-year high-resolution reanalysis da-
taset, we detected and tracked eddies, including
Puddies, in the Peru-Chile eastern boundary up-
welling system. Previous studies have empha-
sized the dominant subsurface anticyclonic ed-
dies over cyclones in the subsurface layer. The
aim of this study is to document the main char-
acteristics of surface and subsurface eddies, ana-
lyse their spatial temporal variability, and identi-
fy a possible link to the ENSO variability.

Eddy detection and tracking analysis revealed

that subsurface-intensified anticyclonic eddies
(54%) are more prevalent than cyclones, and
that the former increase during warmer condi-
tions and extreme warming events such as El
Nino. We found a higher number of subsurface-
intensified anticyclonic eddies (Puddies) com-
pared to subsurface-intensified cyclones during
extreme El Nifio events in 1997-1998 and 2015-
2016, as well as in other moderately warm years
(2008, 2012 and 2014).

In contrast to the findings of CoMBES et al.
(2015), who reported an inverse relationship be-
tween the volume of subsurface eddies and the
250-day-lagged Nifio 3. 4 index for the entire
Peru-Chile EBUS, our results suggest that sub-
surface anticyclonic eddies -Puddies- increase
during El Nino and warm events. This discrep-
ancy may reflect regional differences within the
EBUS. Our conclusion is supported by the in-
crease in EKE in the subsurface layer within the
first 100 km from the coast during warm events.
Similarly, CoNgJERO et al. (2020) reported en-
hanced surface EKE off Peru during El Nifo
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events. They also pointed out that EKE off Peru
and Chile respond differently to El Nino, with
EKE increasing off Peru and decreasing off
Chile. This underscores the need to consider

these regions separately when investigating
ENSO-related variability. HORMAZABAL et al
(2004), using in-situ mooring data off the Chilean
coast (30°S), found an inverse relationship be-
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tween EKE and the Nino 3.4 index during 1997-
1998, whereas CHAIGNEAU et al. (2008) reported
enhanced EKE off Peru during the same period,
consistent with CoNEJERO et al. (2020) and our
results.

However, it should be noted that the increase
in the number of tracked subsurface anticyclonic
eddies is not proportional to the amplitude of
warm events, although the warm events tend to
be associated with relatively large numbers of
subsurface anticyclonic eddies. For example, the
most extreme warming during 1997-1998 did
not yield the greatest number of subsurface anti-
cyclonic eddies. This reflects on the positive but
low correlation found between the number of
subsurface eddies and the isopycnal depth. In-
stead, we found strong correspondences be-
tween the Nifo index, EKE, and isopycnal depth
variations. One possible explanation is that, in
addition to the ENSO variability, local wind curl
modulates the PCUC and the formation of Pud-
dies. Another factor could be a limitation in the
eddy detection and tracking, which may not per-
fectly capture all the eddies. Additionally, the de-
cay of the coastal trapped Kelvin wave may dif-
fer from one event to another, which may vary
the eddy dynamics in complex ways (DEWITTE
et al, 2012; HormAzZABAL et al, 2004; CZESCHEL et
al., 2018).

Previous studies (Camayo and Campos, 2006;
BELMADANI et al., 2012) have shown that coastal
trapped Kelvin waves in northern Peru propa-
gate with periods of 80-120 days and that their
periods can change as they interact with topo-
graphic features while traveling poleward. Some
waves radiate Rossby waves, while others inter-
act with the mesoscale eddies. Here, applying
the coherence analysis for observation data from
2015 to 2020, we found that the subsurface densi-
ty fluctuations with periods of 50-56 and 30-32
days translate poleward from Chicama through

Callao with a speed C, at 1.85 and 0.53 ms ™, re-
spectively. Averaging speeds for the data with
coherence square higher than 0.15 and positive
phases, the average phase speed is found to be
087 ms . We also estimated C, of the coastal
trapped waves for the reanalysis data with a lon-
ger period (1993-2019) and higher spatial reso-
lution. Using the cross-correlation analysis for
isopycnal depth at oy = 26 kgm™ along 450 m
isobath off Peru, the mean C, is found to be 1.2
ms !, while C, ranged from 0.5 ms™ to 0.83 ms '
with a poleward decreasing trend. These pole-
ward phase speeds are in good agreement with
the theoretical speeds for the first baroclinic
mode internal Kelvin wave during El Nifo
events obtained by solving the vertical mode
equation along 450 m isobath for their magni-
tude and a poleward decreasing trend (CAMAYO
and Campos, 2006; BELMADANI et al, 2012; ECHE-
VIN et al, 2014).

Our analyses performed separately for surface
and subsurface eddies, revealed distinct differen-
ces in their spatiotemporal distribution and asso-
ciated characteristics. Surface eddies were found
to be predominantly cyclonic (56%), with anti-
cyclonic eddies accounting for the remaining
44%. Both types exhibited pronounced seasonal
variability, with their highest occurrence from
middle austral autumn, winter and early spring,
and a marked decline later in the biggening of
austral summer. On the other hand, subsurface
anticyclones (54%) were found to dominate over
cyclones (46%), with a marked seasonal pattern,
peaking in abundance during the austral autumn
(April) followed by austral winter season, and
reaching their lowest numbers in the spring.
The observed seasonality in surface eddy abun-
dance is likely driven by intensified upwelling
associated with seasonally varying winds pat-
terns, while subsurface eddies appear to form
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primarily due to flow instabilities within the
PCUC as it moves along the continental slope
(THOMSEN et al, 2016; CONTRERAS et al., 2019).
Previous studies have demonstrated that sur-
face eddies can be highly nonlinear, thus trap-
ping and transporting water and its constituents.
Our results indicate that surface cyclones tend
to be more non-linear than anticyclones, consis-
tent with earlier findings (e.g. CHELTON et al.
2007; NAaGAI et al. 2015; CzescHEL et al. 2018).
eddies
strong non-linearity, suggesting that they can

Subsurface also exhibit moderately
transport matter, albeit with somewhat leakier
than surface eddies. On the other hand, subsur-
face anticyclones tend to live longer than their
cyclonic counterparts or those at the surface.
Given their longer lifetimes, subsurface anticy-
clones may exert a stronger influence on deeper
layers. Most subsurface eddies have radii be-
tween 25 to 30 km, while about 66% of anticy-
clones have radii smaller than 35 km. Cyclones
tend to be smaller, with 83% having radii less
than 35 km.

Although our study marks a significant ad-
vance in understanding the characteristics of
surface and subsurface eddies in the Peruvian
EBUS region, we also acknowledge some limita-
tions. We focused on data from the last 27 years
and did not include earlier extreme events (e.g.
Ex 1972-1973, Ex 1982-1983, EP 1986-1987, EP
1991-1992 events) that would have bolstered our
conclusions. The eddy detection and tracking
methods we used are not perfect to track the ed-
dies from their generation to dissipation. The de-
tection criterion based on the layer average pa-
rameters such as OW could become unsatisfied
to determine it as an eddy, leading to interrup-
tion of the tracking. This would have introduced
cases where Puddies formed away from the
PCUC. In addition, the reanalysis data assimilate

the observation data that most likely do not cov-
er entire lifetime of each eddy. Thus, although
reanalysis data are very useful to investigate the
interannual variations of eddy field on average, it
can be difficult to trace back the origin of each
eddy by using the eddy detection and tracking
techniques for the reanalysis data. The high-
resolution numerical simulations covering equa-
torial and Eastern Pacific regions forced with re-
alistic surface forcing are, therefore, ideal to
achieve more accurate analyses especially on
subsurface eddies and their interannual modula-
tions.

Furthermore, we did not address the biologi-
cal responses to mesoscale variability under EN-
SO and non-ENSO conditions. Future research
should integrate longer datasets and high-resolu-
tion modelling for both physics and biogeochem-
istry to account for seasonal and interannual
modulations of the PCUC. Such comprehensive
approaches would provide a more holistic under-
standing of this complex upwelling system,
which is strongly influenced by ENSO dynamics.

6. Conclusions

In this study, we investigated the spatial-
temporal variability of surface and subsurface
eddies in the Peruvian eastern boundary upwell-
ing system (EBUS) by employing high-resolu-
tion reanalysis and observational data. The rean-
alysis data successfully reproduced the interan-
nual variability observed in the region.

Although previous research has primarily fo-
cused on surface-intensified eddies, this work of-
fers new insights into the less explored subsur-
face-intensified eddies. We characterized their
fundamental properties, explored their temporal
and spatial variability, and assessed their re-
sponse to extreme climate events such as El Ni-
no and La Nina. We summarize the results of the
analyses as follows.
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1. Prevalence and characteristics of subsurface
eddies: subsurface anticyclones (Puddies)
dominate the subsurface layer, accounting for
~ 54% of all detected subsurface eddies.
They show a pronounced seasonal cycle, with
peak occurrences during austral autumn and
early winter, corresponding to seasonal varia-
bility in eddy kinetic energy (EKE) and
modulation of the Peru-Chile undercurrent
(PCUC). Puddies are primarily concentrated
in the central to southern regions of the
study area. They tend to be highly nonlinear,
exhibit larger radii (25-30 km) and possess
longer lifetimes (up to 245 days) compared to
their cyclonic counterparts.

2. Response to climatic extremes: Between 1993
and 2019, subsurface anticyclones (Puddies)
exhibited significant variability in response to
climate extremes. Their abundance was
closely tied to periods of elevated EKE, par-
ticularly during El Nifio events and moder-
ately warm years. Conversely, their occur-
rence declined markedly during La Nina
events, notably in 2007 and 2010.

3. Contrasting mechanisms for surface and sub-
surface eddies: Surface-intensified eddies are
predominantly influenced by winds and sur-
face currents, whereas subsurface eddies are
more sensitive to changes in the PCUC and
the thermocline structure, especially under
ENSO conditions. During El Nifio events, the
arrival of the equatorial warm pool induces
thermocline deepening and enhances the
PCUC along the Peruvian slope. This deepen-
ing is associated with coastal trapped waves,
which are generated following the arrival of
equatorial Kelvin wave at the eastern boun-
dary. Phase speeds derived from the vertical
mode equation for the first baroclinic mode
Kelvin wave along the 450-m isobath showed
a range 0.8-1.7 ms ! with a decreasing trend

toward higher latitudes, consistent with the
estimated phase speeds for the reanalysis da-
ta using the cross-correlations, C, = 1.2 m
s~ ! and 1°* order polynomial fitting, C, rang-
ing between 0.5 m s~ ! to 0.83 m s~ ! during
El Nifio events. Furthermore, phase speed es-
timated from coherence analysis for the ob-
servational data indicated mean C, = 0.87
ms ™! between Chicama (7.8°S) and Callao (12
°S), which is also in good agreement with
that for the reanalysis data and the solution
of the vertical mode equation.

These findings agree with prior studies and
highlight a significant event-dependent varia-
tions between different El Nino types. Coastal
trapped waves enhance subsurface eddy activity
by modulating stratification and current
strength, which might suggest that coastal trap-
ped wave can act as critical intermediaries, link-
ing large scale equatorial variability with local
subsurface eddy dynamics in the Peruvian
EBUS.
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Ichthyofauna of an artificial tidal flat in Kasai Marine Park, located in the inner Tokyo

Bay, over the past 22 years

Yusuke Ocawa®, Yasuko Mivazakr, Keisuke Icmkawa®, Hiroshi Komno? and Keita MARUYAMA®

Abstract: Nishi-nagisa in Kasai Marine Park, located in the inner Tokyo Bay, is an artificial tidal
flat developed in 1988 in Edogawa-ku, Tokyo, Japan. The tidal flat consists of about 15 ha of tide-
land and 23 ha of sea area, and faces south to Tokyo Bay. Annual samplings of fishes using a
small seine net and physical environment surveys were carried out in the tidal flat from April
1999 to December 2020. A total of 299,609 individuals of over 70 species belonging to 35 families
were collected. Marine fishes dominated in the number of species, and estuarine fishes dominat-
ed in the number of individuals for 22 years. Cluster analysis and NMDS showed that the com-
munity structure was divided into three groups (around 2000, mid to late 2000s, and after 2010),
with correlated species in each group. Diversity index has shown a slight upward trend in re-
cent years, with higher than other closed artificial tidal flats in the inner Tokyo Bay. The tidal
flat provides suitable habitat for Gymmnogobius macrognathos (endangered species). Our study
suggests that the tidal flat is changing the ichthyofauna while being influenced by the species
that occur in Tokyo Bay, providing habitat for a variety of fish species, including endangered
species.

Keywords: artificial tideland, fish fauna, juvenile, endangered species
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<, 202148 H5HE8H 6 Hidmd mwv 314C

ZRlEk L7z 9 H U KIRIZE 2 IZ T 25> T
&, 2HICIE83CETIKF L7zo HiidBBEh
BENPOEFIMSELFIIEL 5 HMER L
B, EEHRKE o720 HHOEROF £ SD
&, 11.7 £ 92 TH-o72o DO X, 6 H225H 8 HIZ
T TREBHHAKRE L, 9 A2 S 10 i, Tid
ERORTHENMEZE LD, 12 A5 3 HiZhr
TEEWETH -7 9 AR 10 HIZHFTo
DO, 30mg/LUTETIKTFT 5 & LS
N7z DO OO £ SD 1L 7.1 £ 3.3 mg/L
ThHo 7,

BEEIZ 2 EETHERWDSALN, EMZELTIT
UV St A DA A - 72 (Fig. 3)o iVl
xR LIZRZEREIX, St A TIX 150~249 um
(46.5~61.8%), St. B TIix 75~149 um (39.0~
45.0%) & 150~249 ym (23.6~34.1%) TH o7z
74 um LT QRO E AL, St. A Tix 20~30%
ED o 7228, St. B TlE 13.0~29.0% TH - 726
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Fig. 3 Particle size ratios (bars) and median particle sizes (open circles) of bot-
tom sediment at Kasai Marine Park in Tokyo Bay from 2021 to 2022.

840 um LLEDORAEDOEI G, M H12 1.0%
DR TH o720 IR EEEIX, St. A T176.1~
1925 ym, St. B T 109.3~1335 um Td - 72,

4. 2 BREINTRBEOBE

RIESI N MBI, GFFT 35 #5658 J8 70 fif L
299,609 A Td - 72 (Table 1), FtBIOEE
TIINEEPRDEL L, 18 FRIE SN
D 25.6%) 241,576 fifk (P4 S - M AEE D
80.6%) TH-o7zo BLH Lz L5 HIE, ~nE
Acanthogobius flavimanus (FR&E S 72 FARENX
70,980 fE &k T, MK D 23.7%), = FE
Gymnogobius macrognathos (64,849 1K, 21.6%),
Y'Y ¥ I Gymnogobius breunigii (34,669 1 1%,
11.6 %), 2/ ¥ 9 Konosirus punctatus (32,136
il 4K, 107%), A A ¥ Lateolabrax japonicus
(9169 ik, 31%) THH, ZhbH 5FTHRES
N REERED 70.7% % 72 7 H LA Da
syatis akajei 71 7 4 7 ¥ Elops hawaiensis % 1%
L& LB E REShREKDS
50 % 2L 1) 1, &M &l L CEREMRE AT 10
AL TH - 726

4. 3 BHEAFBORFR

WEA 20 SIS B T B 1AM ORI
42WTH Y, WD PRV 2006 40 16 HE,
DL VAEIR 2020 £ 36 i TH - 72 (Fig. 4)o

W FH 20 4B TR e EIIZFERR T & e h o
78, AR LSS WEHINTH > 72, #E
#9 20 AR BT 5 1 AR M o P4 %H0E 13,619
BRTH D, b 4EE 2000 4£0 863 1A,
e D LRI 2003 40 47579 IR T - 72 (Fig.
4) o PR SNTBEREIIFE T L ICEFHHFRE D5
720

4. 4 HFFBFIOHIREEEOREEL

EGRAIN O T, & TOFETHEKRAD
bobkd%<l, 8~20fTHo7 (Fig.5). &%
ORHEN T 5 KM OFE O E 41X 477~
69.6% TH -7 (Fig. 6)o #EAKMOEIZE  HH
L72AER IS Th b, Tofid 5~10
HTH o720 BAEOKRBEENI$ 2 L OR
DEEE 20.8~43.8% Td o 720 i ]38 £ 13 45
E1~3FAHBL, BAEBICKT 2 E A1 4.0~
115% Td - 720 WAL 1 FEDSAS 2 I
L, ®HEBIHT 5EE1356% LT THo72,
PRI 5 AEOARIMH L, IR &4 2
VT, BT 2861 95% UTTHo
725

AIER B OARE TIX, 22 B D9 H 17
FIZBWTHW AP RD S HFESN (Fig
7)o 2000 4E, 2002 4E, 2011 4£3 X 0F 2020 4E 0 4
PAEIRIKA DR D L CRE SN, 1999 F D 1
EOAMMPMERI RS L CHRESI N, BHL



Ichthyofauna of Kasai in Tokyo Bay over the past 22 years

Table 1. Fishes collected at Kasai Marine Park in Tokyo Bay from April 1999 to December 2020
Family Species I::::‘:: % SL (mm) Year I;i;f:g‘::::
Dasyatidae Dasyatis akajei 2 106-121 '19 ™M
Elopidae Elops hawaiensis 7 35-138 '06, '11, '15, '18 M
Clupeidae Konosirus punctatus 32136 10.7 7-83 '99-'05, '07-'20 ™M
Sardinella zunasi 4882 1.6 8-80 '99-'04, '06-'20 ™M
Engraulidae Engraulis japonica 34 49-61 '99, '01, '03, '05, '06, '08, '17, '19 ™M
Cyprinidae Candidia temminckii 1 22 14 F
Carassius sp. 1 - '05 F
Cyprinus carpio 1 - '05 F
Hypophthalmichthys molitrix 1 17 '18 F
Opsariichthys platypus 1 - '99 F
Opsariichthys uncirostris uncirostris 1 61 ‘14 F
Tribolodon brandtii 187 0.1 21-92 '00, '01,'07, '12-'14, '17-'20 An
Tribolodon spp. 10 - 99, '03, '06, '09, '10 -
Osmeridae Hypomesus nipponensis 1 - '99 An
Plec f Ple I altivelis altivelis 3381 11 7-66 '99-'20 Am
Salangidae Salangichthys ishikawae 187 0.1 26-43 '99, '00, '02, '03, '07, '08, '10, '17-'20 ™M
Syngnathidae Syngnathus schlegeli 6 40-72 '13-'17 M
Urocampus nanus 1 45 '15 M
Mugilidae Chelon affinis 1 - '03 M
Chelon haematocheilus 4 - '00, '03, '05 ™M
Chelon spp. 88 12-31 '00, '01, '03-'07, '10, '13, '16-'18, ‘20 M
Moolgarda perusii 8 - '99, '20 ™M
Mugil cephalus cephalus 1564 0.5 20-94 '99-'09, '11, '13-'20 ™M
Mugilidae spp. 6 - '00, '01 M
Atherinidae Hypoatherina valenciennei 65 8-23 '06, '07, '10, '13, '16, '17, '19 M
Poeciliidae Gambusia affinis 1 30 '19 F
Hemiramphidae Hyporhamphus intermedius 9 95-142 '14,'15,'19 M
Hyporhamphus sajori 13 26-42 '19 M
Hyporhamphus sp. 1 8 '19 M
Exocoetidae Exocoetidae sp. 1 12 13 M
Belonidae Strongylura anastomella 2 103-174 17 M
Sebastidae Sebastes pachycephalus pachycephalus 3 6 '03,'14 M
Sebastes sp. 2 - '03 ™M
Platycephalidae Platycephalus sp.2 364 0.1 6-134 '99, '00, '02-'04, '07-'20 M
Lateolabracidae Lateolabrax japonicus 9169 3.1 11-134 '99-'20 ™M
Leiognathidae Nuchequula nuchalis 1898 0.6 5-26 '19-'03, '05, '08, '10-'15, '17-'20 ™M
Leiognathidae sp. 1 7 '18 M
Gerreidae Gerres equulus 4 10-43 '13,'14 ™M
Haemulidae Plectorhinchus cinctus 25 7-43 '99, '02, '08, '09, '11, '13-'15, '17, '19, '20 ™M
Sparidae Acanthopagrus latus 23 13-20 '12,'16,'17,'19 ™M
Acanthopagrus schlegelii 847 0.3 8-48 '00, '07, '09, '10, '13-"20 ™M
Sciaenidae Nibea mitsukurii 6 6-17 '02,'11, '14, 20 ™M
Pennahia argentata 454 0.2 12-36 '07,'08, '10, '14, '15, '18 ™M
Sillaginidae Sillago japonica 182 0.1 6-48 '00, '02, '04, '05, '07, '08, '10, '11, '13, '14, '16, '18 M
Teraponidae Rhyncopelates oxyrhynchus 6 - '99, '02 M
Terapon jarbua 126 60 '99, '00, '03, '05, '07, '08, '13 M
Girellidae Girella punctata 1 32 '18 M
Stichaeidae Stichaeidae sp. 1 - '08 ™M
Pholidae Pholis crassispina 3 - '08 M
Pholis nebulosa 13 - '99-'01, '09 ™M
Pholis sp. 4 - '03 M
Blenniidae Omobranchus elegans 1 - '03 M
Omobranchus punctatus 4 20-63 '18,'19 ™M
Omobranchus spp. 52 7-13 '99-'02, '04, '06, '07, '09, '14, '16, '18, '20 M
Calli id P enus valenciennei 2 25 '03, '14 ™M
Gobiidae Acanthogobius flavimanus 70980 23.7 9-152 '99-'20 E
Acanthogobius lactipes 4873 1.6 10-56 '99-'09, '11-'20 E
Acentrogobius sp.2 1 23 '19 E
Chaenogobius gulosus 1 - '02 M
Eutaeniichthys gilli 795 0.3 4-36 '01-'20 E
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Favonigobius gymnauchen 804 0.3
Gymnogobius breunigii 34669 11.6
Gymnogobius heptacanthus 73
Gymnogobius macrognathos 64849 216
Gymnogobius petschiliensis 389 0.1
Gymnogobius uchidai 201 0.1
Gymnogobius urotaenia 116
Gymnogobius spp. 5525 1.8
Luciogobius spp. 82
Mugilogobius abei 48
Pseudogobius masago 2
Rhinogobius spp. 4
Tridentiger bifasciatus 140
Tridentiger obscurus 3
Tridentiger spp. 7228 24
Gobiidae spp. 50793 17.0
Pleuronectidae Kareius bicoloratus 186 0.1
Pleuronectes yokohamae 16
Pleuronectidae sp. 1
Cynoglossidae Paraplagusia japonica 6
Triacanthidae Triacanthus biaculeatus 1789 0.6
Tetraodontidae Takifugu rubripes 154 0.1
Takifugu niphobles 22
Tetraodontidae spp. 65

La mer 63, 2025

8-57 '99-'20 M
7-48 '99-'20 E
16-38 '01, '04-'08, '10, '14-'16, '18-'20 E
9-40 '99-'20 E
15-31 '13-'16, '18, 20 Am
16-28 '06-'10, '12, '15-'17, '19, '20 E
15-28 '99,'01,'02, '04, '12-'14, '20 Am
8-30 '03-'09, '11, '13-'17, '19, '20
7-15 '03-'05, '07, '08, '11-'14, '16-'18, 20 E
'99,'00, '02 E
'99 E
'99
14-60 '02,'04,'09, '13, '14, '16-'20 E
15-27 '19 E
9-22 '99-'20
5-17 '03-'20 -
10-61 '99,'00, '02, '04-'08, '12-'18 M
'03 M
'09 -
'05,'07 M
3-38 '00-'02, '04, '07-'11, '13, '14, '16, '17, '20 M
14-36 '14,'16,'17,'19 M
13-41 '00,'02,'12, '18-'20 M
4-19 '07,'09,'11, '13,'15, '18 -

Life-cycle categories: Am, amphidromos fishes; An, anadromous fishes; E, estuarine fishes; F, freshwater fishes; M, marine fishes
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Fig. 4 Annual changes of the numbers of species
(solid bars) and individuals (open circles) at Ka-
sai Marine Park in Tokyo Bay from 1999 to 2020.

72 D% o 7 £, K4S 145~31,302
TRAEREE S, FAEICERE S IR D 5
+, 197~96.3% % 572 (Fig. 8)o & <12, #fH
HE DD BT LD B EEH 70% %8 2 7
X, BEFCL16 NETH o 720 WKL, 207~
25,120 A DHRE S, BRI 2 8413
3.0~72.0% Td - 7zo Wil [l 38 £ 1 4F- 1 3~953
RSB L, AT 2 8413 1.0% L
T ~60.4% T& - 720 Wi [l £ 100 AR LUT
THHYHEHNSE L, 2014 413 108 FEAA R4 &
M, BAEEBIITT 256D KB T 1% RE»Z

NUTFTHh o720 PkAEIZ 1~2 kD MBI %
AEDSE DEDAFER S N7z,

4. 5 BT EZRE

7T RY =GR OMERTIE, HPSEE25 T3 D
DT N—"7 (Z)V—"7 1:1999~2002 4F, 2006 4,
2011 4¢; 7 v — 7 2: 2004, 2005, 2008, 2009,
2012 4; 77 v — 7 3: 2003, 2007, 2010, 2013~
2020 4F) (2SN, BB E AT 2000 4T,
2000 FEAC B IED S #22, 2010 4EDARECHUEES
NE L F LEMHPFRD SN (Fig. 9). ThEh
DTN —T DIRERIE, 7 V—T 1137 L Pleco-
glossus altivelis altivelis (IndVal = 0.72, p <
0.01), 7N Mugilogobius abei (IndVal = 0.50,
p < 0.05) BIXOF R Pholis nebulosa (IndVal
=041, p<0.05), ZV—721F~ ¥ Acan-
thogobius flavimanus (IndVal = 092, p < 0.01),
TIV—7 3133/ ¥ va Konosirus punctatus (In-
dVal =097, p<001), 79 %1 Acanthopagrus
schlegelii (IndVal = 0.89, p < 0.01), — F/¥
Gymmnogobius macrognathos (IndVal = 097, p <
0.01), ¥E7Y =¥ Tridentiger bifasciatus
(IndVal = 059, p < 0.05), A3I7*IY Gym-
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Fig. 5 Annual changes of the numbers of species by life-cycle categories at
Kasai Marine Park in Tokyo Bay from 1999 to 2020.

100

IXgB ] £ [ 3 ™ &N
= -Ilﬂllllksl- IIIIHI==ll..,=
) | I ] I B |
[2]

3 %—I II I
S

ap

2

S 60

°

[&]

>

? 40 |

o

©

g 20

=]

©

o

0
1999 2002 2005 2008 2011 2014 2017 2020
W Marine OEstuarine OAmphidromous [B@Anadromous & Freshwater

Fig. 6 Annual changes of ratio of numbers of species by life-cycle categories at Ka-
sai Marine Park in Tokyo Bay from 1999 to 2020.

nogobius petschiliensis (IndVal = 055, p < 0.05)
B X3 U % Syngnathus schlegeli (IndVal
=045, p <005 THo'

NMDS O#ERTIE, 3207V —TIRT %%
IR WAE ISR E S 7 (Fig 10), A ML A
fE1Z 010 THholzo N7 ¥ —ITOFER, HREIC
ME HHHEE LT, FV—7 112k 72 (¥ =
042, p<001), F+ v I 7KS Moolgarda perusii
(r?=027, p=001), I Mt * Terapon jarbua
(r* =039, p<001) BLUFUF (¥ =046, p

<001) 75, Z V=7 212id~vnE (r* =060, p
<001) BT ¥ uan¥ Acanthogobius lac-
tipes (r* =027, p < 005) 25, ZV—7 321k
Jvm (=033 p<00l), zusyA (*=
031, p<001), = FN¥ (r* =066, p < 001),
Z3I7F T (¥ =030, p<005) BLUOIIX
NYIRBIETE Luciogobius spp. (r? = 042, p <
001) %%, Z V=72 & 3OHFMFRICIZARF
Lateolabrax japonicus (r* = 030, p < 0.05) &t
) ¥ I Gymnogobius breunigii (r* = 0.35, p <
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Fig. 7 Annual changes of the numbers of individuals by life-cycle categories at
Kasai Marine Park in Tokyo Bay from 1999 to 2020.
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Fig. 8 Annual changes of ratio of numbers of individuals by life-cycle categories at Kasai Marine Park

in Tokyo Bay from 1999 to 2020.

0.05) A3F/R E N7, pairwisePERMANOVA
R, ETO7NV—THIIBWTHERZEIHER
AN (FV—T1ETNV—TF2:1% =048,
p.value< 0.01, p.adjusted < 0.05: ZVv—71 &
ZVv—73:r* =032, pvalue < 001, p.adjust-
ed < 001: ZV—F2 &7 NV—73:r%=0.36,

p.value< 0.01, p.adjusted < 0.01).
Shannon-Wiener ® % H(EE H'1&, 2000 4-Hi {4 1%
1.5~23 AP & B <, 2000 £GP IEHD B B
15 LLF OMEH % 2o 7243, 2010 4E LA 1.5 DL
R 0% < o7 (Fig 11)o D EW
ZREE H1Z 2000 £ 2.3, wDIEWEHRE HiX
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Fig. 9 Dendrogram of sampling years from the similarity in-

dex (Bray-Curtis index) based on number of individuals at
Kasai Marine Park in Tokyo Bay from 1999 to 2020.

20124007 TH Y, EHEIZBI 2 FHHIE
14 THotze ZHRE TN 20 %BL20E 1 H
4E, 15~2.0 Ot 8 24, 1.0~15 Ok 10 2
E, JOUTEIPETHo T KFESRDLSED
HEAAROTEDOLEE, 09~1.6 OB TED)
L7zo B DT E O, 2007 4£4°1.0 T
Hol22013FIF 13 AL LEA L, HikE
EPIAOTEOMED 2007 4005 2013 4RI T T
FNENLTH5 207, 2255 24 ~EH L7,
P O TEOMD 2004 £ 1.3 5 2018 4FD
16 ~Ho3o 72

4. 6 EBLHLZA0O/A 3 EOARRMERK

< N ¥ Acanthogobius flavimanus & 1§ £
10.0~19.9 mm OEEDL CRES R, TR LD
L UBRE LIRS LN ZEZ H - 72 (Fig. 12),
ARED90.0 mm # i 2 2 KO~ NEDE AL,
13% TH o7z BV ¥ T Gymnogobius breunigii
13K 15.0~199 mm OEEKNL L, ZOHi%ED
K& 10.0~149 mm %, 20.0~24.9 mm DK D Lt
RN CRESI N2, 2, KK 50~99 mm @
AINRARAR R, 40.0~44.9 mm ORI D $RE X
NnN7zo T N)N¥ Gymnogobius macrognathos 1

AR 15.0~34.9 mm DOMEIK & 2R 0 7 TRk
ENze F72, KK 5.0~9.9 mm O/NEEAAKRR,
40.0~44.9 mm O KEUER D FRE I Nz,

5. ER
5. 1 BE22FFHOEEBEAR [AREE]D
IR

A AR D KR DO DAEZE I LTE N
B EMEOMER, ThbbKIRIZIERIC RS, 4
FICKET, DO BAFENLEFIZLER, EFPD
KREFICHET T 2EmER L7 (BIZI1E, HEBE
HARERBE RS, 2022), HE 1 LT 25
0L FTRELEFTL L) FERL, 2
D IIE 1980 EFLE L DI M L ) RS 1
Twb (RFFIED, 2002). ZALE, EISARFTIAH
MOBPIALE S A3 & IHTLE N oW )1 A K
DWETHDHEEZOND, RKEOIEYE (2021
AEREOFAS) E IR AT 109.3~192.5 um T
B o725, 2000~2001 4EDOF AT 210 um & H
HERTWDS (FEiFD, 2002), F72, 2011 4F 12
Hoi#&E T, KEORAENDE AL 63 um 2%
02~14.6%, 63~200 ym 7% 854~99.8% T - 7=
ZEDS (A - i, 2014), AFHAHAIZ R
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Fig. 10 NMDS (non-metric multidimensional scaling) of sampling years

from the similarity index (Bray-Curtis index) based on number of in-
dividuals at Kasai Marine Park in Tokyo Bay from 1999 to 2020. The
arrows indicate the direction of increase in the individuals of each spe-
cies and the height of the correlation. (Stress = 0.10, K. punctatus: r> =
0.33, p < 0.01, P. altivelis altivelis: > = 042, p < 0.01, M. perusii: r* =
027, p = 001, A. schlegelii: r* = 031, p < 001, T. jarbua: r* = 0.39, p <
001, P. nebulosa: r* = 046, p < 0.01, A. flavimanus: r* = 0.60, p < 001,
G. macrognathos: r* = 066, p < 0.01, L. spp: r? = 042, p < 0.01)

2720 T EDOWMRE ZHMEFFL T2 LT
X7z, WRBNBOTEETIE, EE, AEHO
AL IR I FHEDOTENFHE I N TV LA (F
B3 A, 2023), RAEHT TIEZFDOL IR &I
B LT, MR 20 FFEITh Iz 0 BI R YEBR
BEDBALIIFER T & e dr o 7o AT LT E IS
BRRBIEITONTVDS 2 &R (EEHEER,
2021), EHREIZI > TLWORHA» Iz 5N T
W5 ZET, HEMERELLEEI KTV
EEZLND,

AP T T, B 20 SERIC D 0 FikK
TR AAE S 3 2 B AE N T iz, THEIE
BT A A OMEIC B B KA OB 51,

HWHBHNTD L HERESNTWS (HELMOSILLA
etal., 2012 FiEIZ A, 2014) . WAAREUICEE LTI,
22 MEDORAED S B, 17 4ETI L (& TE
FE) 235 L, 4 24ETilR M3, 1 A48Tl il [l
WA DMEL L7z TRBOFHEAHEICBIT 50
LR OE 51X, WEE I Oz,
2000 ; W EFIZ 2, 2008 5 AiAIZ A, 2014), EANAE
OPIERM g Tl L CHERR T & (NEIRA et al.,
1992 ; FRANCA et al., 2009 ; YOKOO et al., 2012),
ZO XD BRI RPN D BEMEREL TS
CEDRHL N 57,

79 A% =45 & NMDS OfE 261, %
DY 2000 2EHI R (Vv —7"1), 2000 4E4C11E
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Fig. 11 Shannon-Wienner's index of species diversity H’ for

fishes collected at each sampling site in Tokyo Bay, shown by

sampling years.

OB (FIV—72) B XV 2010 LI (7 v —
73) ODREL I N=TT5 N5 ENHS
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pagrus schlegelii B X O T N N¥ Gymnogobius
macrognathos 7 £ EHBEBE P o720 TDH B,
a7 uaR s uy A TR EE THINARE S
NTWBHTH S, a7 i3 1980 E4L1213,
FOE O BLERIALIE 3 AR CRADET D
BEFIAAT DN T W28k DD 55, T Dtk 2011
FETAHETIRZD L) L RBB 2 ENIRD S
TWiaholz GTH - 49k, 2006). 2000 AL
Mg, 2/ 2 0@ EIRYIEHREE OB LT
EENTWz2'Y (KONG et al., 2004), Ir4EI38 A
PERIONR R TRES N TE Z LI
GEHF A, 2022), Sl 2 & Rk CHN
RIFADBLEEAOHY, BRTEIIL TV 2]
PEATRIZE N TV 2 (ANGMALISANG et al., 2020 ;
D, 2024)0 F/27 0¥ L1200V TH, EF
(AL BRI X ) AFRTB W T HIEFIES)
TE, 2010 FFELDIBEAEREEZMP L TWnah L SN,
IV OEELZEPHEHIN TV S (E3EE
] T HABORRAWIZERT, 2023), T F/EIL, <
N Acanthogobius flavimanus ¥ ) ¥ T Gym-
nogobius breunigii & & 12 2000 FFEACH] P00 H A

AN TELTAIEDHEREIN TS (FH
1Z2, 2003 ; IARIZ 2, 2004), B ¥ TIZDONWT
i, FV—T312k 57T MVERLIZD, <
NEIE 2000 FERD TNV —TF 2 EEWHBEERL
720 TNHDONERHTLIA 3FIZOWTIE, AL
LOEEDPOHEEIREE, Z oML RIS
ZALEE, BEMEICEEL G A TWD 2T
Bahs, 5%i% o 3o MBS amIc
DWT b IR Z 36D 5 ED D B o

2000 fERi D 7 Vv —7 1 Tl, 7 Plecoglos-
sus altivelis altivelis X° 5 > 3 7 KR F Moolgarda
perusii WREEFETH - 720 7 IOV TIE 2010
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Fig. 12 Body length classes of 3 dominant es-
tuarine species (A. flavimanus, G. breuni-
gii, G. macrognathos) at Kasai Marine
Park in Tokyo Bay from 1999 to 2020.
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