
1. Introduction
The moderate climate of the Earth is main-

tained through meridional heat transport by
both the oceans and the atmosphere（e.g., BRY-

DEN and HALL, 1980; TALLEY, 1984; MACDONALD

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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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（1993Ȃ1995）, by
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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 = 106 m3 s－1）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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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.
WORTHINGTON and KAWAI（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 Sv = 106 m3

s－1）south of Shikoku and 88 Sv southeast of
Cape Inubo. TAFT（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 WUNSCH（1978）, which has been ap-
plied to the Kuroshio region to estimate AGTs
(e. g., NAKANO et al., 1994; KANEKO et al., 2001;
ZHU et al., 2006; NAGANO et al., 2010; GUO et al.,
2013）. A detailed review of Kuroshio-related
studies was given by ANDO 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 UCHIDA and IMAWA-

KI, 2008）, thereby facilitating the integration of
in situ 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 in 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 YOSHIDA, 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（TAFT, 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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tal slope, mooring stations were positioned half-
way between hydrographic stations. To prevent
entanglement between conductivity-tempera-
ture-depth recorder（CTD）cables and mooring
lines, mooring stations were offset by about 7 km
upstream of hydrographic stations. To include

the Kuroshio recirculation in transport esti-
mates, the observation line was extended south-
ward to 25° N.

Figure 2 shows the vertical distribution of
moored instruments. Aanderaa CMs（primarily
model RCM-5）were deployed at nominal depths

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（AS1ȂAS26; yellow
dots and circles）and mooring stations（CM2ȂCM10; 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）
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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; KASHIMA et al., 2003）and two moored-
ADCPs（TAKEUCHI 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-

Fig. 2 Locations and nominal depths 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;
AS1ȂAS26）. The shaded area represents ocean bottom. From IMAWAKI et al.

（1997）.
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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 530Ȃ690 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（ZHU 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; UCHIDA, 2025）.
Gridded sea-surface dynamic topography

（SSDT）data derived from satellite altimetry
were used to examine horizontal flow patterns of
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 30Ȃ31° 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－1. 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（25Ȃ28° 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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and 3000 m（KASHIMA 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－1.
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－1, which was close to the estimated measure-
ment error of 2.1 cm s－1. 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－1, and 2.0 cm s－1. 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 1993Ȃ1994（IMAWAKI and UCHI-

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 in 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.,

Fig. 4 Scatter plot of vertical differences of estimat-
ed geostrophic velocity（ΔVg）versus measured
velocity（ΔVo）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 KASHIMA et al.（2003）.
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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（ZHU et al., 2001）; and eight full-depth
AGV 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－1, 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－1 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 CM6. 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

Fig. 5 Horizontal distributions of one-year mean current vectors measured at the nominal depth
of 700 m.（a）First deployment（1993Ȃ1994）, and（b）second deployment（1994Ȃ1995）. From
UMATANI et al.（2001）.
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Fig. 6 Stick diagrams of daily current vectors measured during 1993Ȃ1995. The upward direction corre-
sponds to 65° True, i.e., 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）.



67ASUKA: Observing the Kuroshio

by interpolating current vectors measured at
nominal depths of 700 and 1500 m, where possi-
ble. A timeȂlatitude 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: MayȂJune 1994, FebruaryȂMarch
1995, and MayȂJune 1995.

During the nearshore path, horizontally maxi-
mum velocities of the surface-layer（averaged
over 0Ȃ250 m depth）observed by the towed-
ADCP ranged from 80 to 150 cm s－1. The Kur-
oshio axis was located at approximately 32° 20ʼN
on average, as shown in Fig. 3（a）of ZHU et al.

（2001）. Vertically maximum velocities near the
Kuroshio axis were observed at subsurface（100Ȃ
200 m depth）. The moored-ADCP at Station
CM2（32° 28ʼN）near the coast recorded very
strong velocities at 300 m depth intermittently,
reaching 130Ȃ150 cm s－1（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 ×
10－2 s－1. 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－1, and the Kuroshio axis was locat-
ed at around 32° 05ʼN 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－1,
and the Kuroshio axis was located at 31° 20ʼN on
average（Fig. 3（a）of ZHU et al., 2001）. At the
650 m depth, daily velocities were up to 50 cm
s－1, and the Kuroshio axis was located at ap-
proximately 31° 15ʼN（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 × 10－2 s－1 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－1（Fig.
2 of ZHU et al., 2001）. Based on these values, their
transport was roughly estimated at 3 Sv. These
features of coastal countercurrents were also
shown by timeȂdepth 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
CM8 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 ZHU 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 380Ȃ390 m depth at Station CM4. The com-
pared velocities range from － 30 to 110 cm s－1.
In all but one case, the difference between the
measurement types is less than 20 cm s－1; the
exception is a 30 cm s－1 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－1.

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 cm s－1）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－1. 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° 50ʼN. 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° 20ʼN on average.

The estimated AGVs（Fig. S1 of IM23）are
compared with velocities in the upper-layer（ap-
proximately 300Ȃ500 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－1,
except for several cases at Station CM4, where
discrepancies reach 20Ȃ30 cm s－1. 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－1. In particular, for the Septem-
ber 1994 section（Fig. 3（c））, the difference
reaches 80 cm s－1 at 300 m depth, associated
with sharp velocity increase from 10 cm s－1 at
400 m depth to 140 cm s－1 at 300 m depth, corre-
sponding to a strong vertical velocity shear of 1.3
× 10－2 s－1, 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 vertical section of the Eulerian-mean
AGV（Fig. 7）was constructed from the eight
AGV 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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mean Kuroshio. The maximum velocity（＞ 80
cm 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;

Fig. 7 Vertical section of the Eulerian-mean AGV（in cm s－1）along the
ASUKA line during 1994Ȃ1995. 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）.
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KANEKO et al., 1992; JOHNS et al., 2001）, the Flori-
da Current/Gulf Stream in the North Atlantic（e.
g., HALKIN and ROSSBY, 1985; LEAMAN et al., 1989;
JOHNS 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 1993ȂApril 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－1）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 KASHIMA et al.（2009）, who
interpreted them as modulated periodic mean-
ders having 110- or 150-day periods during
1993Ȃ2001. These variations were attributed to
arrival of mesoscale eddies propagating west-
ward from the ocean interior along 27Ȃ32° 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

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
1994Ȃ1995. Adapted from IMAWAKI et al.（2023）.
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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 90Ȃ97% 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（OTSUKA, 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 AGTs 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 IMAWAKI, 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

（NITANI, 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, 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-

DEN and IMAWAKI, 2001）. This trans-Pacific hy-
drographic section was carried out in 1993Ȃ1994
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

Fig. 9 AGT of the Kuroshio in the upper 1000 m
during 1993Ȃ1995.（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 × 1015 W,
corresponding to approximately 40% of the glob-
al oceanic northward heat transport（1.6 ± 0.4
× 1015 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
cm s－1（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－1, respective-
ly（KAKINOKI 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
speed. The maximum speed was 30 cm s－1, and
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－1. 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° 30ʼN. Its velocity exceeded 10
cm s－1 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° 30ʼ 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° 35ʼN）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 in situ GTs between the
same stations. Station IES7 was located near the
average offshore edge of the Kuroshio（30° 50ʼN）,
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（54Ȃ56 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 1993Ȃ2009. 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. QIU 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 2004Ȃ2006 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（NAGANO et al., 2013）.
Furthermore, UCHIDA and IMAWAKI（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 1993Ȃ1995 was
estimated by subtracting the altimetric anomaly
from the in 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（1992Ȃ1999）at ten-day intervals.
The altimetrically derived transports showed ex-
cellent agreement with in 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

（54Ȃ56 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 in situ AGT of 44 Sv

（Table 1）.
As an extension of IMAWAKI 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 1992Ȃ2006（UCHIDA and IM-

AWAKI, 2008）. Based on these mean sections, a
geostrophic velocity section referred to 1800
dbar was calculated（UCHIDA, 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（UCHIDA, 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

（UCHIDA, 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 1992Ȃ2006.（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（AS6ȂAS11）and in the Kuroshio recirculation and further off-
shore regions, respectively. Crosses show values at four stations in the nearshore-side Kuroshio region

（AS2ȂAS5）. 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 UCHIDA（2025）.
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（a））was derived（IMAWAKI et al., 2025）. The
estimated GTs corresponded well with in situ
AGTs during the intensive observation period.
The mean GT during 1992Ȃ1999 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
1993Ȃ2023）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（IMAWAKI et
al., 2025）. In this case, the southern end of the
Kuroshio recirculation was fixed at 27° 30ʼN,
which was close to its mean position inferred
from the average SSDT profile along the ASU-
KA line for 1993Ȃ2023. 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 1992Ȃ1999 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
AGV 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 KAWAI, 1972）.
The Kuroshio east of Taiwan, marking the en-

trance to the East China Sea, was observed dur-
ing the WOCE（1994Ȃ1996）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 2003Ȃ2012, based on ferry-mounted
ADCP data（LIU et al., 2019）. These findings in-
dicate that the transport of the Kuroshio
through the East China Sea is approximately
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
ICHIKAWA et al.（2004）, ZHU et al.（2006）, ANDRES

et al.（2008）, THOPPIL 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（WIJFFELS 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 QIU（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
1994Ȃ1997, 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 8Ȃ9 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 IMAWAKI, 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（SAKAMOTO, 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

（ZHANG 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 KAWAI,
1972）. HEIDERICH and TODD（2020）summarized
volume transport of the Gulf Stream in the up-
per 1000 m, primarily based on autonomous un-
derwater glider data obtained during 2004Ȃ2020.
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The mean transport in the central portion of that
region was estimated at 38Ȃ44 Sv, which is small-
er than the Kuroshio transport（54Ȃ56 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

（YANG et al., 2001）, as well as south of Japan
（NITANI, 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 ELIPOT, 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., RIDGWAY 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
RÉVELARD, 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 KAWAI, 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 1984Ȃ1985. The ASUKA data further
confirmed the presence of a west-southwest-
ward flow over the slope, with a speed of 1.6Ȃ
year vectorial-mean of 15 cm s－1（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

flow on the offshore side of this west-
southwestward flow, similarly intensifying to-
ward the bottom. This pair of opposing abyssal
flows was interpreted as a manifestation of a lo-
cal anticlockwise abyssal circulation trapped dy-



82 La mer 63, 2025

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 1993Ȃ1995, 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 1.5 × 10－2 s－1, was
observed in the upper-layer of the Kuroshio near
the coast. In contrast, during the offshore path, a
very weak velocity shear of 0.04 × 10－2 s－1 was
observed in the upper-layer of the coastal coun-
tercurrent.

Geostrophic balance was confirmed to hold

very well in both the intermediate layer（700Ȃ
1500 m depth）and the deep layer（1500Ȃ3000 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 1992Ȃ1999. 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（1992Ȃ
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 A1.

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（ZHU 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 JOHNS 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 RÉVELARD（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 1998Ȃ2011（BERX

et al., 2013）. They derived a 19-year-long proxy
time series from altimetry data.

For the Gulf Stream southeast of the Cape
Cod, BREARLEY（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 2003Ȃ2008. 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（ATHIÉ

et al., 2015）. They constructed a 20-year-long
proxy time series.

In numerical models for the Atlantic Ocean,
HIRSCHI 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, GOES 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, GARZOLI 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 2010Ȃ2013,
to obtain time series of volume transport. Based
on those field data, BEAL and ELIPOT（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, RINTOUL 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.
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Spatiotemporal variability and ENSO modulation of subsurface
anticyclonic eddies（Puddies）in the Peru-Chile eastern

boundary upwelling system

Gandy Maria ROSALES QUINTANA1), Takeyoshi NAGAI2), and Luis Alfredo ICOCHEA SALAS3)

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 Niño events（1997Ȃ1998,
2015Ȃ2016）, and moderately warm years（2008, 2012 and 2014）, coinciding with a deepening of
the σθ= 26Ȃisopycnal 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
to 1.7 m s−1 with higher values in higher latitude, that are consistent very well with the direct
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 40Ȃ85Ȃm
bandpassed σθ 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 Niños occur

（ROSALES QUINTANA et al., 2021）. Under neutral
El Niño 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

（TONIAZZO, 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
Niño events, which intensify mesoscale activity
off Peru, while Central Pacific El Niños 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 Niño
still have received much less attention compared
to their surface counterparts（CHAIGNEAU et al.,
2008; CHELTON et al., 2011; ESPINOZA-MORRIBERÓN

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
Niño. However, this counterintuitive mechanism
linking decreased Puddy formation with intensi-
fied PCUC transport during El Niño still remains
elusive. In contrast, CONEJERO et al.（2020）re-
ported that the subsurface EKE at 200 m depth
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increases from northern Peru to central Chile
during Eastern Pacific El Niño events（see Fig.
S9 in CONEJERO et al. 2020）, similar to ESPINOZA-
MORRIBERÓN et al.（2017）that found an increase
in the surface EKE off the Peruvian coast during
El Niño. While heightened PCUC transport and
increased subsurface EKE during El Niño 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 1Ȃmeter 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.

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 ��= 26 isopycnal depth for Nov 30th, 1997.
Shading indicates deepening of the isopycnals from shallow（black）to deeper
layers（white）.

 

  

  

  

                   

                  

                  

  

  

  



98 La mer 63, 2025

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（u）
and meridional（v）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 25.5 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 28℃ and 21℃
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（rcallao= 0.97 , rchicama

= 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 �� = 26Ȃ26.5 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.
5Ȃ26. 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）.

EKE􀀽
􀀱
􀀲 􎜀�� 􏀲􀀫�� 􎨲􎜐,（1）

where u� 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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Fig. 2 Temperature section comparison for reanalysis and observations at（a,b）Chicama（8°S）and（c,d）
Callao（12°S）stations from 2014 to 2019. Solid and dotted lines emphasize the isopycnals of 25.5 and 26.0 re-
spectively. Reanalysis data is shown as daily samples, and observations with a maximum of 15 samples per
month. Right column panels are the Taylor diagram for annual and seasonal comparisons between datasets.
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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; WEISS, 1991）, following a method similar to
NAGAI et al.（2015）, previously applied for the
California EBUS.

�� 􀀽􀀴􎜢􎜂 􂈂�
􂈂� 􎜒

􎨲

􀀫
􂈂� 􂈂�
􂈂� 􂈂� 􎜲,（2）

where u and v are the zonal and meridional
velocities, and x and y are the zonal and meri-
dional coordinates. The eddy detection criteria
involved searching for closed OW contours at −
2 × 10−11（s−2）. Cyclonic and anticyclonic ed-
dies were distinguished according to the average
vertical component of relative vorticity � within
the detected eddy as in Eq.（3）,

�􀀽
􂈂�
􂈂� 􂈒

􂈂�
􂈂� ,（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 �� = 26Ȃ26.5 kg m−3. 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 (0.95Ȃ1.2). 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 ��= 26Ȃ26.5 kg m−3, 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 c, U/c,
which is obtained as averaged value based on
our eddy tracking results for each layer（the
same c = 0.034 m s−1 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（Cp）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.

􂈂
􂈂� 􎨲 􎜂 􂈂􎨲�

􂈂�􎨲 􎜒􀀫􎜂 􂈂
􂈂� 􎨲 􀀫� 􎨲􎜒 􂈂􎨲�

􂈂�􎨲 􀀽􀀰,（4）

where � 􎨲􀀽􂈒�􎜀��􀀯��􎜐􀀯�� is the square of
buoyancy frequency, � is the gravitational accel-
eration, with �（z）as the laterally averaged
density and �� 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 � of variable separa-
tion type, �􀀽� 􎜀�􎜐 􀁳􀁩􀁮 􎜀��􂈒�� 􎜐, where k is
along-shore wavenumer, � is the frequency, and
� 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））.

􂈂􎨲�
􂈂�􎨲 􀀫􎜂 � 􎨲􂈒�􎨲

��
􎨲 􎜒� 􀀽􀀰（5）

Daily buoyancy frequency square � 􎨲 along
450 m isobath as a function of depth, latitude and
time is computed only during El Niño events.
Then, the obtained buoyancy frequency is used
to solve（Eq.（5））for each water column nu-
merically with arbitrary k 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, �i provide wave frequencies

square �􎨲, for each mode �. Therefore, wave
phase speeds Cp for each mode � can be obtained
by � �� 􀀯�. 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 Cp along the 450 m iso-
bath off the coast of Peru using the ��= 26 iso-
pycnal depth fluctuations from 1993 to 2019.
Specially, we focused on anomalous vertical dis-
placements of the ��= 26 isopycnal during El Ni-
ño conditions across latitudes between 5°S to 19
°S, spaced approximately 2° apart. Before com-
puting Cp, we first isolate time periods corre-
sponding to El Niño 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（4th order,
20Ȃ120 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（��）and the spatial dis-
tance（��）, where the slope（� 􀀽 ��􀀯��）repre-
sents the time delay per unit distance. The 􂈁 �

was then computed as the reciprocal of this
slope as, 􂈁 �􀀽 􀀱􀀯� , and converted to meter per
second.
3. 3. 3. Estimation using the 1st 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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propagating signal can be estimated more direct-
ly than observation data at a few locations.
Therefore, Cp was estimated by analysing along-
shore transects of the �� = 26 isopycnal depth
anomalies derivate from reanalysis data during
El Niño events. For each selected event, time-
distance diagrams were constructed by plotting
��= 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 Cp. To capture spatial
variability of Cp, the obtained Cp 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 40Ȃ85 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 20Ȃ120 days to investigate coastal trap-
ped Kelvin waves（CAMAYO and CAMPOS, 2006;
DEWITTE et al., 2012; BELMADANI et al., 2012; POLI

et al., 2022）. The phase lag, �� was extracted in
the frequency ranges where coherence square is
higher than 0. 15, which then used to compute
time lags, �� by Ȃ��/（2��）. The phase speed Cp

can be obtained by ��􀀯��, where �� 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 200Ȃ
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（COMBES et al., 2015）（Fig. 3）. In
contrast, subsurface EKE shows a distinct spa-
tial distribution, with higher values（≈ 0.02 m2

s−2）concentrated in the southern part of the
study area, and up to 0.025 m2 s−2 restricted to
the nearshore coastal area, between 14°S and 18

Fig. 3 Eddy kinetic energy（EKE）［m2 s−2］spatial distribution averaged over the surface（0 to 50 m depth）
and subsurface（�� = 26Ȃ26.5 kg m−3）layers for the period 1993Ȃ2019. The subsurface EKE values were
included in the average only when they exceeded the surface EKE.
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°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
m2 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 15℃ isotherm depth as an indi-
cator of the PCUC and its variability off Peru.
They showed that when the PCUC intensifies,
the 15℃ isotherm deepens up to 250 m during
the austral autumn. In contrast, during the aus-
tral spring, the PCUC weakens, resulting in a

shallower 15℃ 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 variations, we analysed 27
years of reanalysis data and used eddy detection
and tracking techniques. Consistent with the
findings of COMBES et al.（2015）, our results show
that surface intensified cyclones（56%）are more

Fig. 4 Seasonal variability of the eddy kinetic energy（EKE）［m2 s−2］averaged for the sub-
surface layer（within �� = 26Ȃ26. 5 kg m−3）from 1993 to 2019. The subsurface EKE was
averaged only when the EKE values were larger than that in the surface layer.
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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（16Ȃ18°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

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°× 0.25°. The eddies found offshore are most likely originated from the nearshore within the PCUC.
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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（VER-

GARA et al., 2016）. Moreover, the numbers of sub-
surface cyclones and anticyclones increase

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.
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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. 6c）, 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（� 􀀯� = 3. 2）is
found to be statistically different with a 5% sig-
nificance level from that for the surface one（� 􀀯�

= 3. 5）, indicating that subsurface eddies are
slightly leakier than surface eddies（See Table
1）.

4.3. ��= 26 isopycnal depth variability
To examine how differently El Niño events in-

fluence the subsurface eddy abundance off Peru,
we utilize the ��= 26 isopycnal depth variability
as a proxy for changes in the upper limit of the
PCUC. The �� = 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 Niños areas such as Ni-
ño 3.4（5° N-5°S, 170°W-120°W）and Niño 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 Niño3.4 and Niño 1 + 2 from 1993 to
2019, highlighting the El Niño events defined by
the threshold of ± 0.5, following the definition of
Oceanic El Niño index（ONI）and Coastal El Ni-
ño index（ICEN）. A recent work by BER-
TRAND et al.（2020）has further categorized
ENSO phases beyond the canonical El Niño 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 Niño type.

During extreme（Ex）El Niño events, such as
those of 1997Ȃ1998 and 2015Ȃ2016, SST anoma-
lies in Niño 1 + 2 rose to about + 4℃, while Niño

Table 1. Non-linearity parameter defined as the ratio of the swirl ve-
locity U to the theoretical propagation velocity（c = 0.034 m
s−1）of the eddy. Where U/c＞1 suggests nonlinearity, main-
taining its coherent structure during their propagation.

Eddy type U/c Abundance %
Surface Cyclones 3.4 56
Surface Anticyclones 3.6 44
Subsurface Cyclones 3.1 46
Subsurface Anticyclones 3.3 54
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3.4 anomalies reached ≈ + 2.5 ℃, 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 1997Ȃ1998（Fig. 7）. Al-
though both events are classified as extreme,

they differed somewhat. The 1997Ȃ1998 event
produced a uniform deepening of the ��= 26 iso-
pycnal from 5°S to 19°S, while the 2015Ȃ2016
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-

Fig. 7 Monthly averaged ��= 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 Niño（Ex）,
Eastern Pacific El Niño（EP）, Central Pacific El Niño（CP）, Coastal El Niño（Co）, Strong La Niña（Sx）,
and moderately warm periods（W）. Threshold of ± 0.5 is indicated with red and blue for both（middle）
Nino 3.4 and（bottom）1 + 2 indices.
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ceding the 2015Ȃ2016 event（the Central Pacific
El Niño 2014Ȃ2015）and to long-term back-
ground warming（SANTOSO et al., 2017）.

During two eastern Pacific（EP）El Niños（e.g.
2002Ȃ2003, 2006Ȃ2007）, moderate isopycnal deep-
ening compared to extreme events are seen,
with Niño 3.4 and Niño 1 + 2 anomalies generally
ranging between + 0.5℃ and + 2℃. Comparing
these events, the ��= 26 isopycnal depth showed
more pronounced deepening during 2002Ȃ2003,
with a meridional extension up to 14°S（＞ 10 m
of isopycnal deepening）, while the 2006Ȃ2007
event showed a more localized deepening con-
centrated in the northernmost region（reaching
only up to 10°S）. Central Pacific El Niños（CP）,
such as 2004Ȃ2005, 2009Ȃ2010 and 2014Ȃ2015, 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 ��= 26 isopycnal
in Fig 7 showed a very weak deepening during
CP 2004Ȃ2005 and 2014Ȃ2015 with values be-
tween 5Ȃ13 m, that is different from CP 2009Ȃ
2010 with deeper variability（up to 20 m of iso-
pycnal deepening）limited to the northernmost
region. Coastal El Niño（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（RAMÍREZ and BRIONES, 2017）. We also de-

fined moderately warm（W）periods（i.e., 2008Ȃ
2009 2012Ȃ2013, early 2014）marked by positive
SST anomalies in Niño 1 + 2（Fig. 7）, although
they never fully developed into classical El Niño
conditions（SU et al., 2014）, nor classified as El
Niño events, these warm periods still appear to
influence the isopycnal depth and likely contrib-
ute to increased subsurface eddy formation.
Strong La Niña（Sx）events（1999Ȃ2000, 2007Ȃ
2008, 2010Ȃ2011）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 ��= 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 ��= 26 isopycnal. At the
surface, EKE notably intensifies during the two
extreme El Niño events（Ex）1997Ȃ1998 and
2015Ȃ2016. In Ex 1997Ȃ1998, enhanced EKE was
widespread throughout the entire meridional
range, while in Ex 2015Ȃ2016 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（2006Ȃ2007）or spread sep-
arately within the northernmost and southern-
most regions（2002Ȃ2003）. But for the subsur-
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face layer, EP events exhibit much less EKE of
0.03 - 0.04 m2 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 Niños（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. 5℃, such as 2008Ȃ2009, 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-

Fig. 8 Spatial-temporal variability of the monthly averaged eddy kinetic energy（EKE）［ m2 s−2 ］, for the
surface（upper 50 m depth）and subsurface（within ��= 26Ȃ26.5 isopycnal）layers within the first 100 km
from the coast. EKE varies along latitudes from 5°S to 19°S, and years from 1993 to 2019. Shaded areas in-
dicate ENSO phases as follow; Extreme El Niño（Ex）, Eastern Pacific El Niño（EP）, Central Pacific El
Niño（CP）, Coastal El Niño（Co）, Strong La Niña（Sx）, and moderately warm periods（W）.
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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 Niño（Co）, showed
similarly enhanced EKE in the surface and sub-
surface layers, which was, however, not as
strong as the other warm events（i.e. 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 Niña（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 Niña（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 Niño, and they are highly weak-
ened during La Niña 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 �� = 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
1997Ȃ1998 and 2015Ȃ2016, 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 2002Ȃ2003 and 2006Ȃ2007 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 2009Ȃ2010 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 2008Ȃ2009 event in both
layers. In the surface layer, W events exhibited
higher number of eddies during 2008Ȃ2009 and
2014Ȃ2015（Fig. 9a）. During strong La Niña（Sx）
events（1999Ȃ2000, 2007Ȃ2008, 2010Ȃ2011）, 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 2007Ȃ2008.

A scatter plot between averaged isopycnal
depth at ��= 26 from 10Ȃ19°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
2002Ȃ2003, 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 CONEJERO 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.

Fig. 9 Interannual variability of the number of eddies detected and tracked during 1993 to 2019 off Peru
at both surface（a）and subsurface（b）layers. Shaded areas indicate ENSO phases as follows; Extreme
El Niño（Ex）, Eastern Pacific El Niño（EP）, Central Pacific El Niño（CP）, Coastal El Niño（Co）, Strong
La Niña（Sx）, and moderately warm periods（W）. Note that y-axis for the number of eddies differ for
each layer. For both panels, “frequency” refers to the number of eddies born within a month, counting
those eddies that lived at least 10 days（e.g. Eddy1 was born in day 1 and lived 30 days in total, then
this eddy is count as “1” for this birth month）.
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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, Cp in the study
region using several methods. The Cp of the first
baroclinic mode was estimated by solving the
vertical mode equation（5）during El Niños
events along the 450Ȃm 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 Niño events, Cp usually shows poleward

phase speeds larger than 0.8 msȂ1, with a maxi-
mum Cp during Ex 1997Ȃ1998 event（1. 7 msȂ1

Fig. 11a）. On average, Cp ranged between 0.6 to
1 msȂ1（0. 95 msȂ1 overall, Fig. 11b）along the
coast, with a general decreasing trend towards
higher latitudes. The eigenfunction solution as a
function of latitude and ��（Fig. 11c）showed
maximum amplitude near �� = 26 kgmȂ3, 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 Niño years. We
compared these results with the estimates of Cp

Fig. 10 Relationship between ��= 26 - isopycnal depth［m］and eddy frequency（number of eddies born in a
month）for surface and subsurface cyclones and anticyclones detected between from 1993 to 2019 within
the southernmost region 10°S to 19°S are shown. A running-mean of 5 months was applied to both variables.
Correlation coefficient（R）and significance（p-value）are also shown.
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using the cross-correlation analysis and the 1st

order polynomial least square fitting to the
peaks in isopycnal deepening only during El Ni-
ño events. The obtained Cp are consistent values
to the modal analysis also with the same decreas-
ing trend for higher latitudes. Overall Cp calcu-
lated from cross-correlations resulted in 1.2 msȂ1,
while Cp ranged between 0.5 msȂ1 to 0.83 msȂ1

（from south to north off Peru, Fig. 12 b）when
using the 1st order polynomial least square fit-

ting.

For observational data, coherence analysis of
the band-passed anomalies of the 40Ȃ85 m-
averaged �� 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

Fig. 11 (a）Phase speed（Cp）calculated from the first baroclinic mode between 1993 to 2019 and the（b）
averaged Cp［msȂ1］across latitudes.（c）Eigenfunction of the first baroclinic mode for vertical velocity as
function of density.
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of 50Ȃ56 days and the second highest peak to
30Ȃ32 days. The time lags for these two peaks
were estimated as 1Ȃ5 days and 11Ȃ12 days re-
spectively, that correspond to mean phase
speeds at 1.85 and 0.53 msȂ1, respectively. Aver-
aging phase speeds for those exceeds a coher-
ence squire value 0.15, the mean phase speed is
obtained as 0.87 msȂ1, which is consistent with
the phase speeds estimated with many different
methods for reanalysis data.

5. Discussions
Using a 27Ȃyear 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
Niño. We found a higher number of subsurface-
intensified anticyclonic eddies（Puddies）com-
pared to subsurface-intensified cyclones during
extreme El Niño events in 1997Ȃ1998 and 2015Ȃ
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
250Ȃday-lagged Niño 3. 4 index for the entire
Peru-Chile EBUS, our results suggest that sub-
surface anticyclonic eddies -Puddies- increase
during El Niño 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, CONEJERO et al.（2020）reported en-
hanced surface EKE off Peru during El Niño

Fig. 12 Phase speed（Cp）calculated from alongshore transects for reanalysis data.（a）Point-by-point ex-
tracted data within the ��= 26 isopycnal depth anomalies, for the Ex 1997Ȃ1998 event.（b）Averaged Cp

［msȂ1］for all El Niño events（1997Ȃ1998, 2002Ȃ2003, 2008Ȃ2009, 2012Ȃ2013, 2014, 2015Ȃ2016, 2017, where
Niño 1 + 2 ＞+ 0.5 anomaly）
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events. They also pointed out that EKE off Peru
and Chile respond differently to El Niño, 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-

Fig. 13 Coherent analysis for observation at Chicama（7.8°S）and Call-
ao（12°S）.（a）Time series of bandpass filtered（20Ȃ120 days）40Ȃ85
m-average �� for（solid line）Chicama（7.8°S）and（dotted line）Callao

（12°S）from 2015 through 2020.（b）Coherence square spectra of two
time series shown in（a）.（c）Spectrum of the time lag（days）with
positive values indicating Chicama leads Callao. Grey shaded regions
indicate the frequency bands that exceed a coherence squire value
0.15 in（b）and（c）.
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tween EKE and the Niño 3.4 index during 1997Ȃ
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 1997Ȃ1998 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 Niño 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; HORMAZABAL 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 80Ȃ120 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 50Ȃ56 and 30Ȃ32
days translate poleward from Chicama through

Callao with a speed Cp at 1.85 and 0.53 msȂ1, 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
0.87 msȂ1. We also estimated Cp of the coastal
trapped waves for the reanalysis data with a lon-
ger period（1993Ȃ2019）and higher spatial reso-
lution. Using the cross-correlation analysis for
isopycnal depth at �� = 26 kgmȂ3 along 450 m
isobath off Peru, the mean Cp is found to be 1.2
msȂ1, while Cp ranged from 0.5 msȂ1 to 0.83 msȂ1

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 Niño
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; NAGAI et al. 2015; CZESCHEL et al. 2018）.
Subsurface eddies also exhibit moderately
strong non-linearity, suggesting that they can
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 1972Ȃ1973, Ex 1982Ȃ1983, EP 1986Ȃ1987, EP
1991Ȃ1992 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-
ño and La Niña. 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（25Ȃ30 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 Niño events and moder-
ately warm years. Conversely, their occur-
rence declined markedly during La Niña
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 Niño 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 450Ȃm isobath showed
a range 0.8Ȃ1.7 msȂ1 with a decreasing trend

toward higher latitudes, consistent with the
estimated phase speeds for the reanalysis da-
ta using the cross-correlations, Cp = 1. 2 m
s−1, and 1st order polynomial fitting, Cp rang-
ing between 0.5 m s−1 to 0.83 m s−1 during
El Niño events. Furthermore, phase speed es-
timated from coherence analysis for the ob-
servational data indicated mean Cp = 0. 87
msȂ1 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 Niño 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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過去 22 年間のᷤ西海浜公園西なぎさ（東京都）における魚類相

小川悠介1)・宮﨑寧子1)・市川啓介1)・河野 博2)・丸山啓太3)＊

Ichthyofauna of an artificial tidal flat in Kasai Marine Park, located in the inner Tokyo
Bay, over the past 22 years

Yusuke OGAWA1), Yasuko MIYAZAKI1), Keisuke ICHIKAWA1), Hiroshi KOHNO2) and Keita MARUYAMA3)

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 Gymnogobius 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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1．背景と目的
東京湾は，日本列島の本州において，太平洋側
の最も突き出た場所にある大きな内湾で，千葉県
の房総半島と神奈川県の三浦半島に東西を囲ま
れ，最奥部で東京都に接する縦長の形状をもつ。
厳密には房総半島の洲崎と三浦半島の剱崎を結ん
だ線より北の海域として定義されるが，便宜的に
東京湾内湾（千葉県の富津岬と神奈川県の観音崎
を結んだ線より北の海域）と東京湾外湾（その線
より南の海域）に区別される（河野，2011）。明治
時代後期までは，東京湾内湾の沿岸域には連続的
な干潟や浅場が存在しており，有用な漁場になっ
ていた（国土交通省港湾局・環境省自然環境局，
2004）。しかし，1950 年代に入ると内湾への汚染
負荷が増え始めて水質問題が深刻化し，さらに
1960 年代より多くの干潟や浅場が埋め立てられ
ることにより，魚介類の減少が見られるように
なった（清水，1990）。とくに埋め立てによる干潟
と浅場の減少は著しく，戦前の干潟の総面積は
136 km2とされていたが，1973 年には 10 km2にま
で減少した（鎌谷，1993）。このような状況の中で，
1970 年代より積極的に干潟や浅場を造成しよう
とする動きが見られるようになり（中瀬，2008），
1997 年における干潟の面積は 16.4 km2と増加し
ている（環境庁自然保護局，1997）。その後も，
2007 年には 12,000 m2の人工海浜，10,000 m2の人
工干潟および 46,000 m2 の浅場を有する大森ふる
さとの浜辺公園（東京都大田区）の開園や，2020
年には港区の運河上に約 400 m2の人工干潟が造
成されるなど，干潟の面積は少しずつ増加してい
る。
失われた干潟やそれに続く浅場などのごく浅い
海域は，魚類にとって重要な成育・生息場として
知られ，現在の東京湾内湾では多摩川河口の干潟
や小櫃川河口の干潟など，数少ない干潟がその機
能を担っている（加納ほか，2000；HERMOSILLA et
al., 2012）。また，埋め立てによって造成された護
岸に土砂が堆積するような形でできた半自然的な
干潟における調査（那須ほか，1996；茂木ほか，
2009；村瀬ほか，2014）や，人工干潟における調
査（桑原ほか，2003；山根ほか，2004；河野ほか，

2008；村井ほか，2016；宍戸ほか，2019；丸山ほ
か，2021；中野ほか，2023）も進み，自然干潟で
はない干潟も魚類に重要な成育・生息場を提供し
ている可能性が示されている。一方で，造成され
た干潟における調査は 1年などの短期的なものが
多い。東京都大田区の京浜島の干潟で魚類相を調
査した茂木ほか（2009）は，人工物造成後の仔稚
魚への影響を知るためには 1年といった短期間で
はなく，長期間のモニタリングが必要であるとし
ている。長期的な調査としては，多摩川河口周辺
の 3 つの干潟における 6 年間の調査（村瀬ほか，
2014）や，東京都大田区の大森ふるさとの浜辺公
園内の人工干潟における 5年間の調査（丸山ほか，
2021）が実施されてきた。ただし，千葉県市川市
の行徳鳥獣保護区内の干潟において，1990 年代か
ら 2010 年代までの魚類相を 10 年ごとに比較した
中野ほか（2023）は，優占種や多様度が 10 年とい
う期間で大きく変化し，より長期的な視野で人工
干潟について考えていく必要性を明らかにしてい
る。しかし，そういった長期的な調査から人工干
潟を評価した事例は極めて少ない。
そこで本研究では，人工干潟であるᷤ西海浜公
園の「西なぎさ」において，1999 年から 2020 年ま
で小型地曳網を用いた魚類相調査を行うことで，
約 20 年間の魚類相の変遷を把握し，出現する魚
種や多様度から人工干潟の長期的な評価を行っ
た。また，それらの結果を東京湾内湾に位置する
他の干潟と比較することで，ᷤ西海浜公園「西な
ぎさ」の魚類相の特徴を明らかした。

2．調査地点の概要
調査は，東京湾の最奥に位置する東京都江戸川
区のᷤ西海浜公園内の人工干潟「西なぎさ」で行っ
た（Fig. 1 の Nishi-nagisa）。本公園は，「西なぎさ」
と「東なぎさ（Fig. 1 の Higashi-nagisa）」の 2つ
のなぎさとその周囲の水域で構成される。「西な
ぎさ」は一般に公開され，水遊びなどができる憩
いの場として利用されている。「東なぎさ」は，原
則立ち入り禁止の自然保護区である。両なぎさ
は，隣接するᷤ西臨海公園とともに「ᷤ西沖開発
土地区画整理事業」において，埋め立て造成され
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た区画で，自然環境の回復やレクリエーションな
どを目的に，埋め立てられた自然海岸の代替とし
て計画された（岡，2021）。1972 年から造成がは
じまり，1978 年には導流堤建設に着手，1983 年に
は土砂投入に至り「東なぎさ」の造成は完了した。
その後，「西なぎさ」は 1988 年に完成している。
投入した砂泥は，「東なぎさ」は浚渫砂泥を用い，
「西なぎさ」は親水公園であるので自然の山砂が
用いられた。両なぎさともに，造成した干潟から
の土砂流出を抑えるために，東西から中央に向か
い逆 U 字型の導流堤が造成されている。両なぎ
さの干潟の建設時の面積は，「西なぎさ」は 15,000
m2ほど（水域を含めると 38,000 m2ほど），「東な
ぎさ」は 10,000 m2ほど（水域を含めると 30,000
m2ほど）である。両なぎさや周辺海域では，造成
後も適時浚渫などの順応的管理が行われている。

3．材料と方法
3．1 現地調査
採集は 1999 年 4 月から 2020 年 12 月の期間の
偶数月に行った（ただし，2000 年 4 月，2004 年 10
月，2010 年 4 月，2011 年 4 月および 2012 年 2 月
は調査を行っていない）。採集は小型地曳網（1999
年 4 月から 2010 年 3 月の期間：袖網部の長さ 450
cm，胴網部の長さ 210 cm，袋網部の長さ 150 cm，
袋網部の目合い 18 メッシュ 1.2 mm；2010 年 4
月から 2020 年 12 月の期間：袖網部の長さ 380
cm，胴網部の長さ 240 cm，袋網部の長さ 140 cm，
袋網部の目合い 24 メッシュ: 0.8 mm）を用い，水
深 1 m付近を汀線に対して垂直に 30 mを 2 回曳
網した。この際，潮汐は考慮せず午前 10:00～
12:00 に調査を行った。網口の幅は約 5 m になる
ように曳網することで，一回の曳網で 150 m2あ

Fig. 1 Map showing the sampling site at Kasai Marine Park and 5 comparative
sampling sites in Tokyo Bay. Sts. A and B indicate particle size ratios and me-
dian particle sizes of bottom sediment survey sites. The maps are taken from the
Geospatial Map Vector published by the Geospatial Information Authority of Ja-
pan（http://maps.gsi.go.jp/）.
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たりの魚類を採集した。採集物は現場で直ちに
10 ％ホルマリンで固定し，ᷤ 西臨海水族園へ持ち
帰った。
調査地点の物理環境の年変動を把握することを
目的として，設置型のロガー（U22 ウォーターテ
ンププロ v2，HOBO U26 溶存酸素ロガー：On-
set 社）を用いて，水温，塩分および溶存酸素量
（以下，DO）を測定した。測定期間は，2021 年 6
月 19 日から 2022 年 6 月 16 日までの約 1 年間と
し，30 分間隔でデータを記録し，各日の日中
12:00 のデータを抽出した（ただし，2021 年 12 月
13 日は，午前中にロガーの整備を実施したため，
午前 9:00 のデータを抽出した）。加えて，調査地
点の粒度分布を把握することを目的として，底質
の分析を行った。調査地点は，小型地曳網を曳網
した地点から東に約 150 m の距離に定点を設け
た（Fig. 1 の St. A と St. B）。なお，本調査地点は
砂質の中にスポット的に泥質干潟が存在している
ため，そのような底質の差を把握することを目的
とし，粒度の粗い地点と細かい地点の 2地点を選
定した。調査日は 2021 年 6 月 9 日，9月 6日，11
月 4 日および 2022 年 3 月 3 日とし，シャベルを
用いて直径 5.0 cm ×深さ 5.0 cm の底土を，各調
査地点につき 2か所で採泥した。採泥したサンプ
ルは水族園に持ち帰った後に乾燥させ，粒度組成
を 74 µm 以 下，74～149 µm，149～250 µm，
250～840 µm，840 µm以上の 5つに区分し，中央
粒径値を算出した。

3．2 種の同定
採集した魚類は，一週間ほどホルマリンで固定
した後に，種の同定および個体数の計数を行った。
種の同定は，中坊（編）（1993），中坊（編）（2000），
中坊（編）（2013），沖山（編）（1988）および沖山
（編）（2014）に従った。科の配列と学名，和名は
主に中坊（編）（2013）に従った。また，これら採
集された魚類は主に加納ほか（2000）および大森
ほか（2018）に従い，生活史型を 6 つ［河口魚：
河口域もしくは河口域と海域の境界で産卵を行い
河口域で全生活史のほぼ全てを完結する種（仔魚
期に海域へ分散することもある），海水魚：海域で

産卵を行う種で，基本的には河川淡水域では成長
しない，遡河回遊魚：産卵のために河川を遡り，
淡水域で産卵を行う種，降河回遊魚：産卵のため
に河川を降り，海域で産卵を行う種，両側回遊魚：
産卵を河川淡水域で行い，仔魚は流下して海域で
少し成長した後に河川へ戻り，河川で成長・成熟
する種，淡水魚：河川淡水域で産卵を行い，生活
史を淡水域で完結させる種］に区分した。生活史
の区分は，科もしくは属レベルまでしか同定でき
なかった個体については行っていない（ただし，
ミミズハゼ属の一種は河口魚として扱った）。な
お，2012 年 4 月以降に採集した魚類については，
体長の測定を行った。2016 年 4 月以降のサンプ
ルは，水族園にて 10 ％ホルマリン液浸標本で収
蔵している。

3．3 群集解析
採集された魚類の群集組成について，年変動を
明らかにするために，各年の各種の個体数に基づ
き類似度を求め，クラスター分析を行った。年間
の類似度指数には Bray-Curtis 指数を，クラス
ター連結には群平均法を用い，類似度 25 以上で
グループ分けを行った。また，認められたグルー
プごとの指標種を明らかにするために，統計的な
有意水準を 0.05 とし，指標種分析（IndVal 法：
DUFRENE and LEGENDRE, 1997）を行った。これら
の解析には，統計解析ソフト R（R Development
Core Team, 2025）を用い，クラスター分析では
vegan パッケージの hclust 関数を，IndVal 法で
は labdsv パッケージの indval 関数を使用した。
その後，上記と同様の類似度指数を用いて非計
量多次元尺度構成法（non-metric multidimen-
sional scaling，以下NMDS）解析を行った。その
際，得られた NMDS のストレス値が適切な範囲
［Stress ＜ 0.2，（大垣，1999）］であることを確認
したうえで二次元平面状にプロットした。次に，
出現種と年ごとの関係を視覚化するために
NMDS の結果と各種の個体数との相関を調べ，
有意に相関する種を NMDS 上にベクトルとして
表示した（ベクター解析）。ベクター解析の統計
的な有意水準は 0.05 としたが，視認性を考慮し，
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有意水準 0.01 の種のみをベクトル表示した。ベ
クトルの長さは各調査地点の座標との相関の高さ
を表す。最後に，グループごとに群集組成が有意
に異なるかを明らかにするために，有意水準 0.05
とし， pairwisePERMANOVA （PERmutational
Multivariate ANalysis Of VAriance）を実施した。
これらの解析には R を用い，NMDS は vegan
パッケージのmetaMDS 関数を，ベクター解析は
vegan パッケージの envfit 関数を，pairwise-
PERMANOVA には pairwiseAdonis パッケージ
の pairwise.adonis 関数を使用した。
また，群集組成の比較を行うために，木元（1993）
に従い年ごとの Shannon-Wiener の多様度 H’を
求めた。多様度 H’については，東京湾内湾他地
点の干潟と比較することを目的とし，2014 年から
2019 年の間の大森ふるさとの浜辺公園の人工干
潟（丸山ほか，2021），2007 年と 2013 年の多摩川
河口の自然干潟（村瀬ほか，2014），2007 年と
2013 年の埋め立て地である京浜島に土砂が自然
に堆積してできた干潟（茂木ほか，2009；梅田・
河野，2017），2007 年と 2013 年の羽田空港の北東
の小規模な人工前浜干潟（村瀬ほか，2014）およ
び 2004 年と 2018 年の人工潟湖である新浜湖内の
干潟（河野ほか，2008；中野ほか，2023）の結果
も算出した。ただし比較に用いたデータは，大森
ふるさとの浜辺公園は各年の偶数月のデータを抽

出したが，他の干潟については毎月一度の通年の
調査（計 12 回）の結果である。

4．結果
4．1 物理環境
水温は，季節に合った一般的な年変動を示した

（Fig. 2）。7 月から 8 月にかけての水温は特に高
く，2021 年 8 月 5 日と 8月 6日は最も高い 31.4℃
を記録した。9 月以降の水温は徐々に下がってい
き，2月には 8.3℃まで低下した。塩分はおおむね
春季から夏季に低く冬季に高くなる傾向を示した
が，変動が大きかった。塩分の年間の平均± SD
は，11.7 ± 9.2 であった。DOは，6月から 8月に
かけては変動が大きく，9月から 10 月にかけては
年間の中でも低い値をとり，12 月から 3月にかけ
ては高い値であった。9 月や 10 月にかけての
DOは，3.0 mg/L 以下まで低下することも確認さ
れた。DO の年間の平均± SD は 7.1 ± 3.3 mg/L
であった。
底質は 2定点で違いがみられ，年間を通して汀
線に近い St. A の方が粗かった（Fig. 3）。高い割
合を示した粒径階は，St. A では 150～249 µm
(46. 5～61. 8%），St. B では 75～149 µm（39. 0～
45.0%) と 150～249 µm（23.6～34.1%）であった。
74 µm以下の粒径の割合は，St. A では 2.0～3.0 %
と低かったが，St. B では 13.0～29.0% であった。

Fig. 2 Fixed intervals（1Ȃday）changes of water temperature, salinity and
dissolved oxygen（DO）at Kasai Marine Park in Tokyo Bay from June 19,
2021 to June 16, 2022.
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840 µm 以上の粒径の割合は，両地点ともに 1.0%
以下であった。中央粒径値は，St. A で 176.1～
192.5 µm，St. B で 109.3～133.5 µmであった。

4．2 採集された魚類の概要
採集された魚類は，合計で 35 科 58 属 70 種以
上 299,609 個体であった（Table 1）。科別の割合
ではハゼ科が最も多く，18 種（採集された総種数
の 25.6%) 241,576 個体（採集された総個体数の
80.6%）であった。優占した上位 5 種は，マハゼ
Acanthogobius flavimanus（採集された個体数は
70, 980 個体で，総個体数の 23. 7%），エドハゼ
Gymnogobius macrognathos（64,849 個体，21.6%），
ビリンゴ Gymnogobius breunigii（34,669 個体，
11.6 %），コノシロ Konosirus punctatus（32,136
個 体，10.7%)，ス ズ キ Lateolabrax japonicus
(9,169 個体，3.1%）であり，これら 5種で採集さ
れた総個体数の 70.7% を占めた。アカエイ Da-
syatis akajei やカライワシ Elops hawaiensis をは
じめとした 35 種以上（採集された総種数のうち
50 ％以上）は，全期間を通して採集個体数が 10
個体以下であった。

4．3 種数と個体数の経年変化
過去約 20 年間における 1 年間の平均種数は
24.2 種であり，最も少ない年は 2006 年の 16 種，
最も多い年は 2020 年の 36 種であった（Fig. 4）。

過去約 20 年間で特徴的な傾向は確認できなかっ
たが，近年は少し種数が多い傾向であった。過去
約 20 年間における 1 年間の平均個体数は 13,619
個体であり，最も少ない年は 2000 年の 863 個体，
最も多い年は 2003 年の 47,579 個体であった（Fig.
4）。採集された個体数は年ごとに変動が大きかっ
た。

4．4 生活史型別の出現と割合の経年変化
生活史型別の種数では，全ての年で海水魚が
もっとも多く，8～20 種であった（Fig. 5）。各年
の総種数に対する海水魚の種数の割合は 47.7～
69.6% であった（Fig. 6）。海水魚の次に多く出現
した生活史型は河口魚であり，その種数は 5～10
種であった。各年の総種数に対する河口魚の種数
の割合は 20.8～43.8% であった。両側回遊魚は毎
年 1～3 種が出現し，総種数に対する割合は 4.0～
11.5% であった。遡河回遊魚は 1 種が不定期に出
現し，総種数に対する割合は 5.6% 以下であった。
淡水魚は 5か年のみ出現し，出現種数は各年 2種
以下で，総種数に対する割合は 9.5% 以下であっ
た。
生活史型別の個体数では，22 年間のうち 17 か
年において河口魚が最も多く採集された（Fig.
7）。2000 年，2002 年，2011 年および 2020 年の 4
か年は海水魚が最も多く採集され，1999 年の 1か
年のみ両側回遊魚が最も多く採集された。優占し

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.
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Table 1. Fishes collected at Kasai Marine Park in Tokyo Bay from April 1999 to December 2020Table 1

Family Species
Individual

numbers
% SL (mm) Year

Life-cycle

category

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

Plecoglossidae  Plecoglossus altivelis altivelis 3381 1.1 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

Callionymidae Repomucenus 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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た回数の多かった河口魚は，各年に 145～31,302
個体が採集され，各年に採集された総個体数のう
ち，19.7～96.3% を占めた（Fig. 8）。とくに，総個
体数のうち河口魚が占める割合が 70% を超えた
年は，合計で 16 か年であった。海水魚は，207～
25,120 個体が採集され，総個体数に対する割合は
3.0～72.0% であった。両側回遊魚は年間 3～953
個体が出現し，総個体数に対する割合は 1.0% 以
下～60.4% であった。遡河回遊魚は 100 個体以下
である場合が多く，2014 年は 108 個体が採集さ
れ，総個体数に対する割合も各年で 1%程度かそ

れ以下であった。淡水魚は 1～2 個体が出現する
年が 5か年のみ確認された。

4．5 群集解析と多様度
クラスター分析の結果では，類似度 25 で 3 つ
のグループ（グループ 1: 1999～2002 年，2006 年，
2011 年; グループ 2: 2004，2005，2008，2009，
2012 年; グループ 3: 2003，2007，2010，2013～
2020 年）に分けられ，おおまかに 2000 年前後，
2000 年代半ばから後半，2010 年以降で魚類群集
がまとまる傾向が認められた（Fig. 9）。それぞれ
のグループの指標種は，グループ 1はアユ Pleco-
glossus altivelis altivelis（IndVal = 0. 72，p ＜
0.01），アベハゼMugilogobius abei（IndVal = 0.50，
p ＜ 0.05）およびギンポ Pholis nebulosa（IndVal
= 0.41，p ＜ 0.05），グループ 2 はマハゼ Acan-
thogobius flavimanus（IndVal = 0.92，p ＜ 0.01），
グループ 3 はコノシロ Konosirus punctatus（In-
dVal = 0.97，p ＜ 0.01），クロダイ Acanthopagrus
schlegelii（IndVal = 0.89，p ＜ 0.01），エドハゼ
Gymnogobius macrognathos（IndVal = 0.97，p ＜
0.01），シモフリシマハゼ Tridentiger bifasciatus
（IndVal = 0.59，p ＜ 0.05），スミウキゴリ Gym-

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.

Favonigobius gymnauchen 804 0.3 8–57 '99–'20 M

Gymnogobius breunigii 34669 11.6 7–48 '99–'20 E

Gymnogobius heptacanthus 73 16–38 '01, '04–'08, '10, '14–'16, '18–'20 E

Gymnogobius macrognathos 64849 21.6 9–40 '99–'20 E

Gymnogobius petschiliensis 389 0.1 15–31 '13–'16, '18, '20 Am

Gymnogobius uchidai 201 0.1 16–28 '06–'10, '12, '15–'17, '19, '20 E

Gymnogobius urotaenia 116 15–28 '99, '01, '02, '04, '12–'14, '20 Am

Gymnogobius  spp. 5525 1.8 8–30 '03–'09, '11, '13–'17, '19, '20 -

Luciogobius  spp. 82 7–15 '03–'05, '07, '08, '11–'14, '16–'18, '20 E

Mugilogobius abei 48 - '99, '00, '02 E

Pseudogobius masago 2 - '99 E

Rhinogobius  spp. 4 - '99 -

Tridentiger bifasciatus 140 14–60 '02, '04, '09, '13, '14, '16–'20 E

Tridentiger obscurus 3 15–27 '19 E

Tridentiger  spp. 7228 2.4 9–22 '99–'20 -

Gobiidae spp. 50793 17.0 5–17 '03–'20 -

Pleuronectidae Kareius bicoloratus 186 0.1 10–61 '99, '00, '02, '04–'08, '12–'18 M

Pleuronectes yokohamae 16 - '03 M

Pleuronectidae sp. 1 - '09 -

Cynoglossidae Paraplagusia japonica 6 - '05, '07 M

Triacanthidae Triacanthus biaculeatus 1789 0.6 3–38 '00–'02, '04, '07–'11, '13, '14, '16, '17, '20 M

Tetraodontidae Takifugu rubripes 154 0.1 14–36 '14, '16, '17, '19 M

Takifugu niphobles 22 13–41 '00, '02, '12, '18–'20 M

Tetraodontidae spp. 65 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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nogobius petschiliensis（IndVal = 0.55，p ＜ 0.05）
およびヨウジウオ Syngnathus schlegeli（IndVal
= 0.45，p ＜ 0.05）であった。
NMDSの結果では，3つのグループに属する各
年は近い位置に配置された（Fig. 10）。ストレス
値は 0.10 であった。ベクター解析の結果，有意に
相関がある種として，グループ 1にはアユ（r2 =
0.42，p ＜ 0.01），ナンヨウボラMoolgarda perusii
（r2 = 0.27，p = 0.01），コトヒキ Terapon jarbua
（r2 = 0.39，p ＜ 0.01）およびギンポ（r2 = 0.46，p

＜ 0.01）が，グループ 2にはマハゼ（r2 = 0.60，p
＜ 0.01）およびアシシロハゼ Acanthogobius lac-
tipes（r2 = 0.27，p ＜ 0.05）が，グループ 3にはコ
ノシロ（r2 = 0.33，p ＜ 0.01），クロダイ（r2 =
0.31，p ＜ 0.01），エドハゼ（r2 = 0.66，p ＜ 0.01），
スミウキゴリ（r2 = 0.30，p ＜ 0.05）およびミミズ
ハゼ属複数種 Luciogobius spp.（r2 = 0.42，p ＜
0.01) が，グループ 2 と 3 の中間方向にはスズキ
Lateolabrax japonicus（r2 = 0.30，p ＜ 0.05）とビ
リンゴ Gymnogobius breunigii（r2 = 0.35，p ＜

Fig. 5 Annual changes of the numbers of species by life-cycle categories at
Kasai Marine Park in Tokyo Bay from 1999 to 2020.

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.
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0.05) が表示された。pairwisePERMANOVA の
結果，全てのグループ間において有意な差が確認
された（グループ 1 とグループ 2：r2 = 0.48，
p.value＜ 0.01，p.adjusted ＜ 0.05；グループ 1と
グループ 3：r2 = 0.32，p.value ＜ 0.01，p.adjust-
ed ＜ 0.01；グループ 2 とグループ 3：r2 = 0.36，

p.value＜ 0.01，p.adjusted ＜ 0.01）。
Shannon-Wiener の多様度Hʼは，2000 年前後は
1.5～2.3 程度と高く，2000 年代半ばから後半は
1.5 以下の値が多かったが，2010 年以降は 1.5 以
上になることが多くなった（Fig. 11）。最も高い
多様度 Hʼは 2000 年の 2.3，最も低い多様度 Hʼは

Fig. 7 Annual changes of the numbers of individuals by life-cycle categories at
Kasai Marine Park in Tokyo Bay from 1999 to 2020.

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.
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2012 年の 0.7 であり，全期間における平均値は
1.4 であった。多様度 H’が 2.0 を超えたのは 1 か
年，1.5～2.0 の間は 8 か年，1.0～1.5 の間は 10 か
年，1.0 以下は 3 か年であった。大森ふるさとの
浜辺公園の干潟の多様度は，0.9～1.6 の間で変動
した。多摩川河口干潟の値は，2007 年が 1.0 で
あったが 2013 年は 1.3 と少し上昇した。京浜島
と羽田の干潟の値も 2007 年から 2013 年にかけて
それぞれ 1.7 から 2.0 へ，2.2 から 2.4 へ上昇した。
新浜湖の干潟の値も 2004 年の 1.3 から 2018 年の
1.6 へあがった。

4．6 優占した河口魚 3種の体長組成
マ ハ ゼ Acanthogobius flavimanus は 体 長
10.0～19.9 mm の個体が多く採集され，それより
少し成長した個体も比較的多かった（Fig. 12）。
体長が 90.0 mmを超える大型のマハゼの割合は，
1.3% であった。ビリンゴ Gymnogobius breunigii
は体長 15.0～19.9 mmの個体が多く，その前後の
体長 10.0～14.9 mmや，20.0~24.9 mmの個体も比
較的多く採集された。また，体長 5.0～9.9 mmの
小型個体や，40.0～44.9 mm の大型個体も採集さ
れた。エドハゼ Gymnogobius macrognathos は

体長 15.0～34.9 mmの個体が大きな偏りなく採集
された。また，体長 5.0～9.9 mm の小型個体や，
40.0～44.9 mmの大型個体も採集された。

5．考察
5．1 過去 22年間のᷤ西海浜公園「西なぎさ」の

魚類相
本調査地点の水温や DO の年変動は東京湾内
湾と同様の傾向，すなわち水温は夏季に上昇，冬
季に降下，DOは冬季から春季に上昇，夏季から
秋季に降下する傾向を示した（例えば，東京湾岸
自治体環境保全会議，2022）。塩分は 1 以下から
30 近くまで大きく変動するという特徴を示し，こ
の傾向は 1980 年代後半の造成当時より確認され
ている（木村ほか，2002）。これは，主に本調査地
点の東西に位置する荒川と旧江戸川の河川流入水
の影響であると考えられる。本研究の底質（2021
年度の調査）は中央粒径値が 109.3～192.5 µm で
あったが，2000~2001 年の調査では 210 µm と報
告されている（姜ほか，2002）。また，2011 年 12
月の調査では，底質の粒径別の割合は 63 µm が
0.2～14.6%，63～200 µmが 85.4～99.8% であった
ことから（橋本・中西，2014），本調査地点は長期

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.
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にわたって一定の砂泥質を維持していると判断で
きた。東京湾内湾の干潟域では，近年，魚類相の
変化を促すカキ礁の発生が確認されているが（中
野ほか，2023），本調査地点ではそのようなことは
認められず，過去約 20 年にわたり劇的な物理環
境の変化は確認できなかった。本調査地点は適時
養浜や浚渫が行われていることや（東京都港湾局，
2021），導流堤によって土砂の流出が抑えられて
いることで，ある程度安定した環境が続いている
と考えられる。
本調査地点では，過去約 20 年間にわたり種数
では海水魚が優占する傾向が続いていた。干潟域
に出現する魚類の種数における海水魚の優占は，

東京湾内でもよく確認されている（HELMOSILLA
et al., 2012；村瀬ほか，2014）。個体数に関しては，
22 か年の調査のうち，17 か年で河口魚（全てハゼ
科）が優占し，4か年で海水魚が，1か年で両側回
遊魚が優占した。干潟域の仔稚魚群集におけるハ
ゼ科魚類の優占は，東京湾に加え（加納ほか，
2000；河野ほか，2008；村瀬ほか，2014），国内外
の内湾や河口域で共通して確認でき（NEIRA et al.,
1992；FRANÇA et al., 2009；YOKOO et al., 2012），
そのような特徴を本調査地点も長年維持している
ことが明らかになった。
クラスター分析と NMDS の結果からは，魚類
群集が 2000 年前後（グループ 1），2000 年代半ば

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: r2 =
0.33, p ＜ 0.01, P. altivelis altivelis: r2 = 0.42, p ＜ 0.01, M. perusii: r2 =
0.27, p = 0.01, A. schlegelii: r2 = 0.31, p ＜ 0.01, T. jarbua: r2 = 0.39, p ＜
0.01, P. nebulosa: r2 = 0.46, p ＜ 0.01, A. flavimanus: r2 = 0.60, p ＜ 0.01,
G. macrognathos: r2 = 0.66, p ＜ 0.01, L. spp.: r2 = 0.42, p ＜ 0.01）
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から後半（グループ 2）および 2010 年以降（グルー
プ 3）の大きく 3 グループに分かれることが明ら
かになった。2010 年以降のグループ 3では，コノ
シロ Konosirus punctatus，クロダイ Acantho-
pagrus schlegelii およびエドハゼ Gymnogobius
macrognathos などと相関が高かった。このうち，
コノシロやクロダイは近年東京湾で増加が指摘さ
れている種である。コノシロは 1980 年代には，
東京湾の最奥部に位置する新浜湖で成魚が集まり
産卵が行われていた記録があるが，その後 2011
年ごろまではそのような大規模な産卵は認められ
ていなかった（河野・今井，2006）。2000 年代以
降，コノシロの主な産卵場は東京湾の湾口部付近
とされていたが（KONG et al., 2004），近年は成魚
が湾奥部の沿岸域で採集されていることに加え
（澤井ほか，2022），荒川河口沖などの表層域で卵
や仔魚が多数見つかり，湾奥で産卵している可能
性が示唆されている（ANGMALISANG et al., 2020；
丸山ほか，2024）。またクロダイについても，近年
は海水温の上昇により冬季においても活発に活動
でき，2010 年以降生息数を増やしているとされ，
ノリの食害などが問題視されている（国土交通省
国土技術政策総合研究所，2023）。エドハゼは，マ
ハゼ Acanthogobius flavimanus やビリンゴ Gym-
nogobius breunigii とともに 2000 年代前半から本

調査地点で優占することが確認されている（桑原
ほか，2003；山根ほか，2004）。ビリンゴについて
は，グループ 3によったベクトルを示したが，マ
ハゼは 2000 年代のグループ 2 と高い相関を示し
た。これらのハゼ科河口魚 3種については，生息
場の重複から競合が起き，その個体数を経年的に
変化させ，群集構造に影響を与えていることが予
想される。今後は，この 3種の出現様式や食性に
ついても理解を深める必要がある。
2000 年前後のグループ 1では，アユ Plecoglos-
sus altivelis altivelis やナンヨウボラ Moolgarda
perusii が指標種であった。アユについては 2010
年以降でも，多摩川河口周辺（村瀬ほか，2014）
やお台場海浜公園（東京都環境局，2023a）などで
一定量が採捕されている。また，多摩川における
遡上数は，2000 年代はほぼ横ばいであったが，そ
の後は増加傾向であることから（東京都島しょ農
林水産総合センター，2023），本研究の結果は東京
湾内湾の資源量の変動と必ずしも一致しない。ア
ユは河川で孵化した後に仔魚が海域に流下する
が，その後成長し遊泳力を獲得すると，上げ潮に
乗って干潟に来遊することが知られている（東，
2005；KANOU et al., 2005；丸山・河野，2020）。本
研究では潮汐を考慮せずに採集を行っているた
め，アユについては潮汐に合わせたサンプリング

Fig. 11 Shannon-Wiennerʼ s index of species diversity H’ for
fishes collected at each sampling site in Tokyo Bay, shown by
sampling years.
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を行うことで，人工干潟の重要度を詳細に明らか
にできると考えている。ナンヨウボラは東京都の
調査によると，1988～2001 年まではほぼ毎年確認
されていたが（東京都環境局，2023a），その後全
く確認されなくなった魚種である。このことにつ
いては 2006 年に京浜島で調査を行った茂木ほか
（2009）も「メナダとナンヨウボラは，逆に近年に
なって記録がほとんどなくなった種で，本研究で
も採集されなかった」と触れている。採集されな
くなった理由は定かではないが，ナンヨウボラの

成魚は南方種（中坊，2013）であることから，東
京湾に定住している可能性は低い。
多様度の経年変化は，近年にかけて若干の上昇
傾向を示した。比較を行った東京湾内湾の他の干
潟でも，2000 年代から 2010 年代にかけて多様度
の上昇が認められた。多様度の上昇については
様々な要因が複合的に関係していると考えられる
が，例えば東京湾内湾の COD（Chemical Oxy-
gen Demand: 化学的酸素要求量）の値は 1999 年
から 2020 年にかけて横ばいの傾向が続いており
（河野，2022），水質の改善が多様度の上昇に直接
影響している可能性は低いと判断できる。澤井ほ
か（2022）は，東京湾内湾に位置する人工潟湖（新
浜湖）において，1970 年代と 2010 年代で小型定
置網を用いて採集された魚種の比較を行い，近年
では様々な暖海域の魚類が東京湾内湾に出現し，
その影響が干潟域にも出ていると報告している。
この報告では東京湾内の水温上昇によって出現す
る魚種が変化していると結論付けられており，例
えば本研究でも 2014 年以降は連続的に暖海性の
トラフグ Takifugu rubripes が採集されている。
このように出現する魚類の増加は，少なからず多
様度に影響を与えている可能性がある。
また，本調査地点の多様度は，人工干潟である
大森ふるさとの浜辺公園の干潟や新浜湖の干潟と
同等かそれ以上の値であった。上記の 2つの干潟
は，運河域の奥や潟湖内に位置しており，閉鎖的
な干潟である。本調査地点は東京湾に向かい開放
的な立地をしていることから，様々な魚類が自由
に来遊することができ，多様度が高くなった可能
性がある。記録された種数については，調査期間
の長さによる累積があるものの，本研究が 35 科
58 属 70 種以上であったことに対し，大森ふるさ
との浜辺公園では 2014 年から 2019 年の 5年間で
19 科 31 属 40 種類（丸山ほか，2021），新浜湖では
3 か年（1999 年 4 月から 2000 年 3 月，2004 年 4
月から 2005 年 3 月，2018 年 4 月から 2019 年 3
月）で 20 科 34 属 48 種類以上（加納ほか，2000；
河野ほか，2008；中野ほか，2023），羽田，京浜島
および多摩川河口の 3 地点では，2007 年～2012
年の 5 年間で合わせて 29 科 46 属 56 種（村瀬ほ

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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か，2014）である。

5．2 優占するハゼ科魚類
本調査地点では約 20 年間，ハゼ科の河口魚が
優占して出現していた。ハゼ科河口魚は 13 種が
出現したが，その中でもマハゼ Acanthogobius
flavimanus，ビリンゴ Gymnogobius breunigii お
よびエドハゼ Gymnogobius macrognathos の個
体数は多く，これら 3種で河口魚の総個体数のう
ち 96.5% を占めた。また，これらの 3種は仔魚～
成魚が本研究で出現していることから，生活史を
通して本調査地点を利用していることが明らかに
なった。干潟域においてマハゼやビリンゴが優占
して出現し，生活史を通して利用している事例は，
1990 年代から現在まで，多摩川河口周辺の自然干
潟や人工干潟，お台場海浜公園，荒川河口干潟，
小櫃川河口干潟など様々な干潟で確認されており
（加納ほか，2000；HERMOSILLA et al., 2012；村瀬
ほか，2014；村井ほか，2016；東京都環境局，2023a），
東京湾内湾の干潟がもつ魚類群集の特徴である。
一方で，エドハゼが最も優占して出現する例は近
年では珍しく，1990 年代後半から 2000 年代前半
に，多摩川河口干潟や千葉県市川市に位置する人
工潟湖（新浜湖）内の干潟で確認された程度であ
り（加納ほか，2000；河野ほか，2008），そのうち
新浜湖では 2018 年から 2019 年の調査では採集個
体数が激減している。エドハゼは，河口付近の砂
泥質の干潟域を生息場として選択するが（河野，
2011），河川の開発や干潟の埋め立ての影響を受
け，環境省のレッドリストでは絶滅危惧 II 類
（VU）に，東京都レッドデータブックでは準絶滅
危惧（NT）に分類されている（環境省自然環境
局，2020；東京都環境局，2023b）。産卵場は干潟
に生息するニホンスナモグリ Neotrypaea japoni-
ca などの十脚類の巣穴であることから（HENMI et
al., 2018），そのような十脚類とエドハゼの両種が
生息できるような良好な干潟を保護・保全するこ
とが重要視される。実際にエドハゼが産卵に用い
た十脚類の巣穴の底質は，粒径＜ 62.5 µm以下の
割合は 7.19%，中央粒径値は 211 µm であった
（KOYAMA et al., 2017；HENMI et al., 2018）。本調

査地点の底質は，粒径 74 µm 以下の割合は 2.
0～29.0%，中央粒径値は 109.3～192.5 µmであり，
実際に産卵場として選択される底質環境に比較的
近い。したがって，本調査地点の砂泥質環境は，
エドハゼの成育や産卵に好適である可能性が高
く，生息場のみならず，産卵場を提供できている
可能性が高い。マハゼやビリンゴに加え，エドハ
ゼに好適な産卵・成育場を長期にわたり提供でき
ていることは本調査地点の特徴であり，人工干潟
の可能性を示す一例として評価することができる
と考えられる。
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