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Tracking the spread of radionuclides following the accident at the Fukushima-Daiichi Nuclear Power Plant
(FDNPP) in 2011 and since the start of controlled discharges of purified water in 2023 is important for assessing
radiation risks and for understanding water mass transport in the confluence zone of the Kuroshio Extension (KE)
and Oyashio currents. It is widely accepted that the powerful KE acts as a nearly impermeable barrier to cross-jet
transport (CJT) of tracers. However, FDNPP-derived radiocesium was observed south of the KE front, raising the
question of how such transport can occur. A 13-year particle-tracking simulation showed that virtual tracers
released near the FDNPP site could cross the KE by moving southward along transport pathways, either due to
shifts in the position of KE meanders or via Kuroshio rings. In both scenarios, tracers may end up on the southern
side of the KE. CJT occurs when groups of tracers coherently cross the jet over a short period, taking advantage of
transient transport corridors. In 2024, virtual FDNPP tracers were identified inside two cyclonic rings south of
the KE. Observations from a cruise in June 2024 confirmed that these rings contained core water of subarctic
origin. This finding was further supported by altimetry-based and reanalysis data. Both rings were features with
diameters of 200-250 km and geostrophic currents reaching up to 160 cm/s. The ring generated by the first
meander facilitated rapid CJT within a few days, while the ring formed at the second meander resulted in a
longer transport pathway. The study effectively combines long-term numerical particle tracking and the real-
time capture of transient mesoscale features with targeted shipboard observations.

1. Introduction e.g., in climatological maps of the sea surface height (Zhang and
Afanasyev, 2023). Both the meanders extend through the entire depth

The Kuroshio Extension (KE) is a zonal eastward flow of the Kuroshio of the ocean and have a significant barotropic component (Yoshikawa

Current formed after this current leaves the coast of Japan at approxi-
mately 35-36°N. The KE separates water of subarctic and subtropical
structure with different physical and chemical properties. It is a
meandering flow (Kawai, 1972) with two quasi-permanent large me-
anders in the area between the eastern coast of Japan and 155°E (Fig. 1).
The western or the 1% meander is located just east of the point where the
Kuroshio Current separates from the coast with the northern crest at
144-145°E, and the 2™ meander is situated to the east around
149-150°E (Kawai, 1972; Jayne et al., 2009; Mizuno and White, 1983;
Niiler et al., 2003; Yasuda, 2003; Qiu and Chen, 2005; Hirata et al.,
2025). These meanders change their position and form in the course
of time, but they do not disappear after temporal averaging, presenting,
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et al., 2004; de Verdiere & Ollitrault, 2016, Fig. 7).

Strong boundary currents, like the Gulf Stream and the KE, seem to
provide an effective barrier to cross-jet transport (CJT). The permeability
of this barrier and its depth range are debated, and the transport of
tracers across it is not fully understood. On the one hand, strong jet
currents provide parabolic transport barriers preventing CJT. On the
other hand, sparse observations of float tracks (see, e.g., Bower and
Rossby, 1989) and simulations using simple models of meandering jet
flows (see, e.g., Bower et al., 1985; Budyansky et al., 2009; Uleysky
et al., 2010a and b; and a recent review by Prants, 2023) and using
satellite-derived surface geostrophic velocity (Liu et al., 2018) show that
it is sometimes possible.
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The CJT is important, providing invasion of subtropical and sub-
arctic species into adjacent regions, and for intrusion of water masses
with specific properties. Another motivation for studying CJT across the
KE appeared after the accident at the FDNPP on March 11, 2011, when a
large amount of radioactive water, containing mainly cesium-134 and
cesium-137, was discharged into the ocean. Tracking the FDNPP-
derived radionuclides’ spreading is essential not only for addressing
risks of radioactive contamination of the marine environment (Buesseler
et al., 2012; Kumamoto et al., 2013; Kaeriyama et al., 2013 and 2014;
Budyansky et al., 2015; Kumamoto et al., 2016; Maderich et al., 2024)
but also for understanding the transport, mixing, and circulation of
water masses in the North Pacific.

The KE weakens as it moves eastward and bifurcates into two or
three branches to the east of 155-160°E and then joins subtropical and
subarctic gyres. FDNPP-derived radionuclides, advected by the jet to the
east, entrain into the western subtropical gyre due to weakness of the
transport barrier there. After that, they are advected towards the sub-
tropical area, reaching some Asian marginal seas (Kaeriyama, 2016;
Zhao et al., 2021; Kim et al., 2024; Zhang et al., 2025; Liu et al., 2026).
In fact, this transport pathway cannot be considered as a CJT. By CJT we
mean here the direct transport across the KE where it remains a strong
barrier, i.e., to the west of 155°E.

FDNPP-derived radiocesium is a good tracer for detecting CJT. From
the end of October to the beginning of November 2012, Kaeriyama et al.
(2014) detected relatively high concentrations of cst3* (10-15 qu’g)
and of Cs'¥7(3-10 qu’3) at the depths of 200-400 m in the subtropical
region south of the KE at a number of stations along 146 and 147°E
transects ranging from 30 to 36°N (see the Table in Kaeriyama, 2016). In
the surface layer, concentration of Cs'” was in the range of 2-4 Bqm >,
In February 2012, Kumamoto et al. (2014) detected increased concen-
trations of Cs3* a-7 qu_3) andC5137(3—10 qu—s) in the surface and
subsurface layers at 34.77°N, 148.88°E, south of the KE. They proposed
that this signal had originated from isopycnal transport of directly dis-
charged Cs isotopes across the KE. The deepest penetration depth of
Cs'3* (at least 600-m depth) supports the southward transport of
Cs'%*into the subtropical region along isopycnals below the surface
mixing layer. The other authors (Yoshida et al., 2015; Aoyama et al.,
2016) also observed subsurface maxima of Cs134 (>10quf3) in
200-600 m depth starting from about 10 months after the accident. It
was concluded that the Fukushima-derived radiocesium was transported
not only eastward in surface layer but also southward due to formation
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and subduction of the mode waters. The preliminary direct
altimetry-based simulation (Prants et al., 2014; Cedarholm et al., 2019)
also showed that a small number of FDNPP-derived radionuclides could
cross the surface KE after the accident. The question is how this could
happen, taking into account that the KE is believed to be a transport
barrier.

Ikenoue et al. (2023) simulated the dispersion of dissolved radio-
nuclides using long-term reanalysis data and demonstrated that merid-
ional velocity near the FDNPP strongly influences north-south
transport, with notable seasonal variations between summer and winter.
A recent study by Liu et al. (2026) investigated this discharge starting
from August 23, 2023, using a three-dimensional dispersion model. The
simulation focused on tritium, covered a dispersion period of over ten
years, and was conducted using three years of ECCO2 Cube92 reanalysis
data with a horizontal grid resolution of 0.25° and non-uniform vertical
discretization (50 layers). By day 3600, most of the surface layer in the
North Pacific Ocean had reached tritium concentrations of 0.01 Bqm ™3 —
orders of magnitude below natural background levels (~50 Bqm3) —
with a localized peak near 220°E in the northeast Pacific, suggesting
potential radionuclide accumulation in that area. Vertically, tritium
concentrations generally decreased with depth. The results indicate that
tritium released from the FDNPP primarily disperses eastward along the
main path of the KE (35°N latitude). These authors did not, however,
focus on the pathways by which the tritium reached latitudes south of
the KE, which is the main focus of our research.

We use different diagnostics to detect CJT (Sec. 2). First of all, we
calculate the southern and northern components of the altimetric ve-
locity field on a grid for a long period of time with the aim to detect the
meridional transport pathways in the KE area (Sec. 3.1). Then, the tra-
jectories of virtual particles, distributed initially at a meridional segment
along the coast to the south of the FDNPP site, have been integrated in
the altimetric velocity field until they crossed western and eastern zonal
segments to the south of the KE. The distributions over the travelling
times and dates/coordinates of arrival of the particles, participating in
the surface CJT, on the zonal segments have been calculated for a long
period of time after the FDNPP accident (Sec. 3.2).

The region of KE is known as an area with high population of anti-
cyclonic and cyclonic mesoscale eddies including the Kuroshio warm-
core and cold-core rings pinching off from the KE on both sides
(Kawai, 1972; Kitano, 1975; Koshlyakov, 1986; Itoh and Yasuda, 2010;
Ueno et al., 2023) (see Fig. 1b and Sec. 3.3.1). Two cyclonic cold-core
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Fig. 1. a) An example of SST distribution on May 11, 2024 in the Kuroshio-Oyashio confluence zone (MODIS on the NASA’s Aqua satellite). b) The altimetric velocity
field on the same date, showing the path of the Kuroshio Extension (KE) with two meanders (1°* M and 2"4 M) and cold-core rings E and W. The FDNPP site is marked

by the radioactivity sign.
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rings have been tracked using the eddy detection algorithm AMEDA in
the first half of 2024. They were formed in the beginning of the year at
the northern flank, contained a large amount of water from the FDNPP
area and then appeared on the southern flank after pinching off from the
main jet due to meandering of the KE (Sec. 3.3.2). The tracking of the
rings was accompanied by plotting of their thermohaline characteristics
using the GLORYS12V1 reanalysis data. The simulated locations of the
centers of the rings (elliptic points) have been sent via e-mail to R/V
Akademik Oparin during the cruise No.71 in the study area. This helped to
sample the rings on June 22-27, 2024 close to their centers (Sec. 3.3.3)
in order to test a ring-assisted mechanism of CJT. The obtained results
are discussed in Sec. 4.

2. Data and methods
2.1. Shipboard observations

Ship observations in the study area were implemented during the
cruise No.71 of R/V Akademik Oparin in June of 2024. The cold-core
rings E and W were identified by satellite altimetry and infrared data
prior to the cruise (Fig. 1) and then were traced by daily altimetry data.
During the cruise, the information on location of KE and the rings was
transmitted onboard the vessel in real-time mode (with 1 day delay).
The ship made CTD observations along two transects crossing the rings
on June 22-24, 2024 (eddy W) and June 25-27, 2024 (eddy E). The ring
E located between 33°-34.8°N and 149°-150.5°E was quite stable dur-
ing the ship observations. A CTD section along 149°45’E from the south
to the north crossed it close to the center at 33.9°N. The ring W located
in the area of 34°-36°N and 144°-145°E was fast moving in June (see
section 3.3). In May it merged with the main stream of KE and became a
cyclonic meander. During the ship observations on June 22-23, 2024, it
was evolving from elongated cyclonic meander of KE to isolated eddy,
thus detaching from KE and shifting to the southwest. Meanwhile, the
ship managed to make a meridional CTD transect along 144°40’E from
36°N to 34°N crossing the ring from north to south. Because of fast
motion of the ring, part of the transect probably crossed it not exactly
through its center but was slightly shifted to the east. The southern part
of the transect was turned to the east to escape from strong atmospheric
cyclone bringing storm weather.

Along both transects, the distance between CTD stations was around
18-28 km, and the depth of observations was 1000 m. We used SBE-911
CTD system. The data on water temperature and salinity profiles were
averaged to 1 m intervals and plotted using the Ocean Data View soft-
ware (Schlitzer, 2023). Geostrophic velocity was calculated based on
CTD data with a reference level of 1000 db.

2.2. Virtual particle tracking

The modeling results in this paper are based on Lagrangian particle
tracking (Prants, 2025) in the altimetric velocity field, one of the AVI-
SO/CMEMS products (aviso.altimetry.fr), with the resolution of 0.125°
x 0.125° and daily time step. The AVISO product uses corrections for
changes in sea level caused by various hydrometeorological phenomena:
tides, changes in atmospheric pressure, etc. (for a review see Abdalla
et al., 2021). It is convenient to calculate trajectories of tracers by
solving advection equations in the following form:

%ZU(MJJ% %:V(vat)«, (€8]
where ¢ and A are latitude and longitude of tracers, u and v are the
angular zonal and meridional geostrophic velocity components at the
marker’s location. Bicubic spatial interpolation and interpolation in
time by third-order Lagrangian polynomials are used. Trajectories of the
tracers are computed by integrating equations (1) using the 4th order
Runge-Kutta scheme (for details see Prants et al., 2017). Angular
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velocities are related to linear velocities by the ratio (Prants et al., 2017)

0864 1, 0864 @
1.853 cosp ' 1.853 '

where u and v are expressed in arc minutes per day, and U and V are

given in cm/s.

To obtain a statistic of CJT, 5 x10* tracers have been distributed
every day from March 11, 2011 to May 16, 2024 over the almost
meridional segment in Fig. 1b with the end points 35.6°N, 141°E and
38.2°N, 141.6°E (Sec. 3.2). This segment was located to the south of the
FDNPP site, but to the north of the mean position of the KE. To fix the
event of CJT, we recorded the number of tracers reaching the western
and eastern zonal segments to the south of the KE (see Fig. 1b), the dates
and longitudes of arrival of the tracers at these segments. This number of
tracers proved sufficient both for identifying transport pathways and for
detecting CJT. It is important to note that we do not aim to establish a
quantitative relationship between the number of tracers and the actual
physical concentrations of radionuclides. The number of tracers is pro-
vided solely to identify peaks and arrival times of particles at the spec-
ified transects. We reiterate that Lagrangian modeling with trajectory
calculations of passive tracers makes it possible to determine the most
probable transport pathways of potential contamination and to identify
time windows of transport from the shores of Japan to the specified
transects.

The data from the GLORYS12V1 eddy-resolving global ocean rean-
alysis with the spatial resolution of 1/12° and 50 depth levels have been
used to calculate thermohaline and other hydrological parameters.
These data are available on the CMEMS (Copernicus Marine Environ-
ment Monitoring Service) portal, https://data.marine.copernicus.eu
/product/GLOBAL_ MULTIYEAR _PHY_001_030/description.

It should be noted that the spatial resolution of the altimetric data
used (1/8°) and the GLORYS12V1 reanalysis (1/12°) does not allow the
reproduction of submesoscale processes (scales less than 10-20 km),
which are known to be active in the Kuroshio Extension region and may
contribute to turbulent tracer mixing. However, the goal of our work is
not to model the full spectrum of turbulence, but to identify the main
mechanisms of cross-transport at the meso- and large-scale level. Sub-
mesoscale velocity fluctuations can be considered as high-frequency
stochastic noise adding extra diffusion to the chaotic advection gener-
ated by the mesoscale field. In the absence of large-scale asymmetry in
the flow field, such an addition will lead to a more uniform “smearing”
of the tracer patch, but will not create a systematic directed flux across
the powerful dynamic barrier represented by the Kuroshio jet. Our
approach, which uses tracers to reveal coherent transport pathways and
time windows, successfully identifies discrete CJT events associated
with jet meandering and ring formation, as confirmed by direct ship-
board CTD observations (see Section 3.3.3). We therefore consider that
the chosen resolution is sufficient for the objectives set in this study.

2.3. The algorithm for detection of eddies and Lagrangian maps

Mesoscale eddies are generated in the Kuroshio-Oyashio confluence
zone influencing the pathways of the currents and water transport and
mixing in this area (see, e.g., Kitano, 1975; Itoh and Yasuda, 2010 and
the recent reviews by Prants, 2021 and Ueno et al., 2023). They are
detected here with the help of the Angular Momentum Eddy Detection
and tracking Algorithm (AMEDA) based on the altimetric geostrophic
velocities (Le Vu et al., 2018) and the GLORYS12V1 reanalysis data. This
algorithm determines the polarity, extrema of the local normalized
angular momentum, the coordinates of the center, the characteristic
radius Rpax, at which the maximum swirl velocity Vpaxis reached, the
average velocity on this contour <V>, the amplitude and a number of
additional characteristics. Only eddies with the lifetime >30 days were
considered. We used the recommended settings of AMEDA given by (Le
Vu et al, 2018) in their Table 1. The occurrence frequencies of
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anticyclonic and cyclonic eddies have been calculated as follows. The
study domain was mapped onto a 0.1° x 0.1° grid, and the vortex
contours were identified daily in the velocity field. The number of oc-
currences, in which each grid point was included within a vortex con-
tour, was then calculated and normalized to the total number of days
during the observation period, from January 1, 1993 to December 31,
2024.

The length of trajectory of each marker on the Earth’s sphere is
calculated by integrating advection equations (1) backward in time as
follows (Ponomarev et al., 2018):

L=R [ /110 coso(0) + (0] dt. @)

Here ¢'(t) and A'(t) are time derivatives, R=6371 km is the Earth’s
radius. The values of L in km are represented on Lagrangian (L-) maps by
gradation of grey color. These maps are parameterized by the starting
date and the integration time T. The L-maps show the value of L for each
marker for T=30 days prior to the date indicated on the map. The
consecutive maps allow us to track evolution of eddies and to document
the processes of entrainment and detrainment of water by eddies.

3. Results and discussion
3.1. The transport pathways in the Kuroshio Extension area

The spatial distributions of the southward (negative) and northward
(positive) components of the interpolated altimetry-derived velocity vs
longitude demonstrate two peaks (Fig. 2). The data were calculated
along the 35°N latitude on a 0.1° x 0.1° grid and averaged for 32 years.
Fig. 3a and b give a pattern of the distribution of the velocity compo-
nents vs longitude. This simple metrics highlights the quasi-permanent
meridional transport pathways in the KE area by increased values of
the southward component of the surface velocity in the ranges of
144-146°E and 150-152°E, whereas the increased values of the north-
ward component occur approximately in the ranges of 141-143°E and
146-150°E. This proves a pretty stable position of the 1% and 2"¢ me-
anders of KE in spite of the reported interannual variations (Mizuno and
White, 1983; Qiu, 2002; Qiu and Chen, 2005).

3.2. Direct modeling of cross-jet transport
3.2.1. The western passage

To study the possibility of CJT, a total number of 5 x10* tracers has
been launched in the FDNPP area every day from March 11, 2011 to May

70

— Southward component
60 —Northward component| |
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Fig. 2. The values of the southward (brown) and northward (green) compo-

nents of the altimetry-derived speed of currents vs longitude. The data were

collected along the 35°N latitude and averaged from January 1, 1993 to

December 31, 2024.
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16, 2024 along the magenta segment in Fig. 4 located just to the north of
the mean position of the KE. The longitudes and dates of arrival of these
tracers at the western zonal segment (WS) (Fig. 4) to the south of KE
mean position have been recorded. Each such event is considered as a
CJT. The majority of tracers reached the segment in the range of
144-146°E (Fig. 5a) in accordance with the mean position of the 1%
meander and with the increased values of the southward component of
the altimetry-derived speed of currents in this range (Fig. 3a). Distri-
bution of the tracers, reaching the western segment, over the travelling
time is shown in Fig. 5b. The majority of tracers reached the segment
within a month after launching.

Fig. 6a shows the longitude of tracers’ arrival to the western segment
depending on their arrival date during 2011-2024. It shows that the
corridors for CJT ‘open’ during short periods of time, when the tracers
reach the western segment simultaneously. The direct evidence of that is
illustrated by Fig. 6b where the tracers are distributed over the dates of
arrival at the segment. Fig. 6¢ shows the distribution of the dates of
launching. The distributions over the dates of arrival and the dates of
launching well correlate with each other (see also Fig. 1S in Supple-
mentary material) with a shift in dates due to the time the tracers need to
reach the segment from different places. That means that CJT is the
event when large portions of tracers coherently cross the jet during a
short interval of time when the corridors of possibility open.

The chosen algorithm for identifying CJT episodes has a drawback,
because the obtained statistics on the tracers reaching the designated
segments contain information about the fluctuations of the KE jet, dur-
ing which the tracers cross the segment without CJT occurring. How-
ever, even in such a situation, the obtained information on the times and
coordinates of the tracers reaching the segments is sufficient to identify
the time periods when CJT occurs (see Fig. 6), which is a convenient and
fast way to search for CJT episodes over a long period of time. Formally,
real CJT can be separated from jet fluctuations by discarding episodes
where the coordinates of tracers reaching the western segment form
groups with longitudes from 142°E eastward in Fig. 6a.

Our study is exclusively focused on the horizontal transfer of tracers.
As shown in Figs. 5 and 7, the advection of the vast majority of particles
from the FDNPP area to the segments ranges from 20 to 100 days. In
dynamically active regions (at mesoscale fronts), vertical velocities are
in the range of 0.1 - 1 m/day, and the vertical displacement of a particle
over 100 days is in the range of 10-100 meters. Thus, the particles
remain in the surface layer throughout this period, and their vertical
position does not affect their horizontal trajectory within the framework
of the problem under consideration.

3.2.2. The eastern passage

The similar calculations, as in the preceding section, have been
carried out for the tracers reaching the eastern zonal segment (ES)
located two degrees southward from the western one (Fig. 4). The ma-
jority of tracers reached the segment in the range of 148.5°-149°E
(Fig. 7a) in accordance with the mean position of the 2" meander and
with the increased values of the southward component of altimetry-
derived speed of currents in this range. The plot of their travelling
time has two peaks, one around 30-40 days after launching, and another
one around 80-90 days after launching.

The plots in Fig. 8 show that tracers, as a rule, arrive at the eastern
segment on certain dates as groups consisting of 2,000-5,000 particles.
We could count around 10 events of CJT during a long period of time,
from March 11, 2011 to May 16, 2024. Similarly to the western segment,
the distributions over the dates of arrival and the dates of launching
have a good correlation with each other (Fig. 2S in Supplementary
material).

The number of tracers that crossed the western segment is much
higher than the number of those that crossed the eastern segment
(Figs. 5 and 7). The reason is that the western segment is located closer
to the FDNPP site, so the tracers reach the first meander of the KE faster
and are then transported southward to the western segment. Fig. 5
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segment (WS) in Fig. 4 and b) distribution of tracers reaching this segment over their travelling time.

shows that the majority of tracers reach this segment within 30 days. 3.2.3. CJT by meandering of the Kuroshio Extension and ring formation

The remaining tracers are transported eastward along the KE and may Figs. 6 and 8 show that the process of CJT has no clear periodicity

become trapped by the second meander after 40-90 days. associated with seasonal variations and depends on irregular phenom-
ena such as the intensity of KE meandering. One may expect that the
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stronger the meandering of the KE jet, the more tracers will cross the jet
southward. The northern edge of the KE may be identified as a strong
temperature front clearly seen at the temperature maps at 200 m depth
presented in Fig. 9. This figure demonstrates a few examples of different
patterns of KE meandering. As it was shown above (Figs. 6¢ and 8c), at
the beginning of 2013, a large number of tracers launched in the FDNPP
area crossed both the western and eastern segments. This period cor-
responds to a period of intense meandering of the KE and the formation
of strong cyclonic rings (Fig. 9a). The large 1% cyclonic meander of the
KE around 143-145°E was extended far southward down to 32-33°N,
thus allowing FDNPP tracers to be transported from the northern side of
the KE jet to the south across the western segment, located along 35°N.
The following formation of a strong cold-core ring and its detachment
from the KE jet continued to transport tracers southward across the
segment. During the same period, strong cold-core rings formed in the
area of the 2™ meander and then travelled westward, crossing the
eastern segment located along 33°N.

In contrast, during the year 2020, we did not observe any notable
CJT of tracers (Figs. 6 and 8) and KE meandering was very weak
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(Fig. 9b). The KE front was located to the north of 35°N, to the north of
the western segment (Fig. 9b). Three cold-core rings were observed in
the area between 33-35°N and 140-150°E. Westward propagation of
the rings formed in the eastern area may have caused the CJT event
observed at the eastern segment at the beginning of 2020. However,
these rings did not cross the western segment located to the north of
their trajectories. Consequently, no signal of CJT was recorded at the
western segment during this period.

Another pattern of KE meandering was observed in the spring of
2024 (Fig. 9¢). The 18t anticyclonic meander of the KE (142-145°E) was
well developed and propagated far to the north. In April 11-20, 2024,
the figure shows a detachment of a warm-core ring from this meander.
However, a few days later the ring was absorbed by the KE intrusion and
finally detached in the middle of May (not shown). To the south of the
KE, two strong cold-core rings were observed. Ring W, located around
(34°N, 144°E), was formed from a cyclonic meander developed in early
2024 and then it contacted KE a few times and detached again. This
provided a peak in tracer transport across the western segment in 2024
(Fig. 6¢). Similarly, another cold-core ring, ring E, located around (35°N,
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Fig. 8. a) Longitudes of tracers’ arrival at the eastern segment over the dates of
their arrival during a long period of time and b) distributions of number of these
tracers over the dates of arrival and c) launching.
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Fig. 7. a) The distribution of tracers, launched at the magenta segment in Fig. 4 from March 11, 2011 to May 16, 2024, over the longitudes of their arrival at the
eastern segment (ES) in Fig. 4 and b) distribution of tracers over their travelling time.
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Fig. 9. 10-days mean distribution of water temperature at 200 m depth based on Japan Meteorological Agency data (www.data.jma.go.jp) for April 11-20 of a)
2013, b) 2020 and c) 2024 demonstrate different patterns of Kuroshio Extension meandering: a) large cyclonic meanders and cold-core rings formation, b) weak
meandering and c) large first anticyclonic meander and strong cold-core rings E and W south of KE jet.

150°E) in April 2024, moved southward, crossing the eastern segment
and thus providing CJT there (Fig. 8c). The structure and evolution of
these two rings are discussed in the following sections.

Long-time observation of tracer trajectories allows us to conclude
that two mechanisms of CJT can be identified. The majority of tracers
that reached the western segment did so within a month after launching.
This short travelling time can be partly explained by the following ob-
servations. Some tracers reach the northern KE flank, and may eventu-
ally cross the western zonal segment due to the developing of the 1% KE
meander. After detachment of a cold-core ring from this meander, part
of these tracers remains in the subtropical area. However, some KE
meanders do not split off from the KE; they do not produce rings but they
return northward to their previous position. In this case, no real CJT
occurs even if it was formally registered by our calculations above and
the tracers reached the segment. The tracers arrive at the segment and
cross it when a meander grows southward. However, they then move
northward with the retreating meander and remain on the northern
flank of the KE. A real CJT occurs when a cold-core ring detaches from
the growing meander because the ring traps the water with FDNPP
markers from the north of the KE and transports it to the southern area.
The ring-assisted mechanism of CJT will be considered in Sec. 3.3. In
both cases, the Fukushima-derived radionuclides or other tracers may
end up on the other side of the KE.

The short-period dynamics play a dominant role in tracer transport
to the segments. Nevertheless, Figs. 2 and 3 provide useful information,
as they illustrate the quasi-stationary structure of large-scale flows,
which sets the corridors for subsequent transport. As shown in these
figures, the current field, averaged over a 32-year period (1993-2024),
clearly demonstrate the presence of two stable KE meanders and the
associated meridional transport corridors, through which particle
transport from the FDNPP to the KE predominantly occurs. This simple
metric highlights quasi-permanent meridional transport pathways in the
KE region: (i) enhanced southward components of surface velocity are
observed in the range 144-146°E and 150-152°E; (ii) enhanced north-
ward components are observed in the range 141-143°E and 146-150°E.
Thus, despite well-known interannual variations (Mizuno and White,
1983; Qiu, 2002; Qiu and Chen, 2005), the positions of the first and
second KE meanders remain fairly stable on average. It is these stable
transport corridors, identified in Figs. 2 and 3, that determine the lon-
gitudinal localization of transport, against which short-period vari-
ability subsequently develops.

3.3. The ring-assistant mechanism of cross-jet transport
In this section, we combine long-term numerical particle tracking

and the real-time capture of transient mesoscale features with targeted
shipboard observations.

3.3.1. Mesoscale eddies in the Kuroshio-Oyashio confluence zone in the
altimetry era

The Kuroshio-Oyashio frontal zone is the region populated with
anticyclonic and cyclonic eddies (see, e.g., Kawai, 1972; Kitano, 1975;
Koshlyakov, 1986; Itoh and Yasuda, 2010; Prants, 2021; Ueno et al.,
2023). The rings, mesoscale eddies pinched off from the KE, are
distinguished by their size and lifetime. Fig. 10 highlights the eddy ac-
tivity in the region by calculating the occurrence frequencies of meso-
scale anticyclonic and cyclonic eddies with the help of AMEDA in
1993-2024, as it is described in Sec. 2.3. The eddies more often occur at
the locations of the 1% and 2"¢ meanders, in the ranges of 142°-144°E
and 147°-149°E. The increased densities of tracks of anticyclones
(Fig. 3Sa) and cyclones (Fig. 3Sb) are observed along the primary
meridional pathways in Fig. 3. The eddies in the Kuroshio-Oyashio
frontal zone are coherent features with the median lifetime equal to
51 days for anticyclones and 48 days for cyclones (Fig. 11).

3.3.2. The role of rings in cross-jet transport

Kuroshio rings with diameters in the range of 100-300 km play a
crucial role in water mass transport, heat and salt fluxes, transport of
nutrients and influence primary production, nitrogen cycling, and car-
bon fluxes in the North Pacific (for a recent review see, e.g., Ueno et al.,
2023). The warm-core rings, which are mostly anticyclonic, detach from
the northern flank of the KE, while cold-core eddies, which are mostly
cyclonic, detach from its southern flank (see, e.g., Kawai, 1972; Kitano,
1975; Itoh and Yasuda, 2010; Prants, 2021; Ueno et al., 2023). Under the
influence of the beta effect, they migrate westward. Most KE rings are
eventually reabsorbed by the main jet.

The high values of the nonlinear parameter n = V/c (Flierl, 1981)
with the median values equal to 2.7 for anticyclones and 2.9 for cyclones
imply that tracers trapped in the vortex cores are advected with the eddy
for a long time as it translates (see direct evidence of that in Udalov
et al.,, 2024). Here V is the maximum swirl speed, and c is the mean
translation speed of the eddy. In what follows, we will use virtual par-
ticles released after recent discharges from the FDNPP site as tracers,
allowing us to document the events of CJT for a long time. A significant
number of FDNPP tracers has been launched daily during the eight ep-
isodes of discharging purified radioactive water into the ocean.

Here, we will consider tracers’ transport by two cyclonic cold-core
rings, W (western) and E (eastern), located to the south of the KE
(Fig. 12). The main stages of evolution of these rings are illustrated with
the help of Lagrangian L-maps in Fig. 12. The ring W started to form in
the beginning of 2024 on the northern KE flank after the appearance of
an elliptic point inside the loop-like 1% meander and a hyperbolic point
at the base of the loop (Fig. 12a). The ring pinched off from the main jet
on the southern flank at the end of February (Fig. 12b). During March
and April, the ring was an isolated feature, surrounded by subtropical
waters to the south of the KE (Fig. 12c). However, it was absorbed by the
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calculated using the AMEDA from January 1, 1993 to December 31, 2024.
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Fig. 11. Distribution of anticyclones and cyclones in the Kuroshio-Oyashio
confluence zone over the lifetime (1993-2024).

KE jet in May for a while (Fig. 12d). The splitting process started again in
June, and the ring W eventually pinched off just before sampling
(Fig. 12e and f).

The ring E started to form simultaneously with the ring W but inside
the 2" meander around 151°-153°E (Fig. 12a). It was formed
completely by the end of February (Fig. 12b) and then pinched off from
the KE jet, drifting westward (Figs. 12¢, d, e and f). The L-maps in Fig. 12
show the spatial distribution of the tracers launched along the magenta
segment starting from the first purified water discharge at FDNPP on
August 24, 2023. The majority of tracers have been transported east-
ward, but some of them were detected inside the rings W and E, which
eventually pinched off from the 1% and 2" meanders, respectively, and
drifted westward. These rings trapped the tracers and played the role of
‘carriers’, transporting tracers from the FDNPP site to the south across
the KE jet. It should be noted that before May there were not many
tracers observed in the core of ring W (Fig. 12b and c). However, after
the ring re-contacted the KE in May and detached from the KE in June,
the number of tracers increased significantly (Fig. 12d, e and f). This
suggests that the large number of tracers was trapped by the ring after its
repeated contact with the KE.

The KE jet represents a powerful dynamic barrier to meridional
transport. Its high velocity gradients effectively restrict exchange be-
tween the northern and southern sides. Therefore, the presence of
tracers south of the KE should a priori be negligible. This is not an
anomaly, but a regular feature. The particles that do manage to cross the
jet do not diffuse uniformly through it. Instead, they are transported
discretely, namely, within the cores of cyclonic rings that detach from
the KE. It is precisely the rings W and E that capture the tracers and carry
them southward. This process is clearly illustrated in Fig. 12a-d. The

absence of a continuous tracer field south of the jet accurately reflects
the role of the KE as a barrier with episodic “transport windows” in the
form of eddies.

3.3.3. Sampling of the cyclonic ring W and E

Two CTD transects across the rings W and E were implemented by R/
V Akademik Oparin during June 22-27, 2024. Their locations are shown
in Fig. 12. A few days before sampling, ring W was still merged with the
KE, and its cold core area was connected with cold waters of the
confluence zone north of the KE front as an elongated meander. Then,
just a day before sampling, it detached from the KE jet and moved
rapidly to the southwest. As a result, the CTD section along 145.67°E
may have crossed the ring not exactly though its center but was slightly
shifted to its eastern side.

The CTD measurements along this transect in June 22-24, 2024
(Fig. 13) show that the core of the ring contains denser, colder and
fresher water compared with the surrounding. The ring W represented
quite a strong dynamic feature. The central part of the ring had a dome-
like structure with isolines shifted up by 500 m in comparison with the
surrounding waters. The temperature difference between the ring center
and surrounding water in the layer 100-500 m was around 9-10°C. In its
core, the ring contained an extremely low salinity water (33.7-33.9) at
intermediate depth (200-500 m), trapped from the confluence zone area
north of the KE (Fig. 13b). This low salinity water provided a negative
density anomaly in the ring center (Fig. 13c) and resulted in cyclonic
geostrophic rotation of the ring. Very strong geostrophic currents
exceeding 160 cm/s were observed at the eastern edge of the ring
(Fig. 13d). Strong currents up to 20 cm/s were traced down to a depth of
650 m.

In the surface layer (0-100 m), the ring contained colder and lower
salinity water in its center (18-19°C and 34.2-34.3) and a warmer belt
(22-23°C and 34.5-34.6) surrounding the core, a remnant of the KE
water which forms a ring-like structure of such eddies. The cold and low
salinity water inside the ring has properties similar to those of the water
just to the north of the KE in the confluence zone. This proves intrusion
of confluence zone water into the ring when it was connected with the
KE during May-June and the advection of more tracers during this
period. Then, after the ring detachment, the tracers were trapped in its
core and were transported across the KE front with the ring.

Another CTD transect along 149°45’E, implemented in June 25-27,
2024, crossed the eastern cold-core ring E and the main jet of the KE
from south to north (Fig. 12). Similar to the western ring W, the CTD
measurements show that the core of the ring E contained colder, less
saline and higher density water compared with the surroundings
(Fig. 14). However, the temperature and salinity contrasts of this ring
were slightly lower than those of the western one. The elevation of
isolines in the center of ring E may be estimated as 300-400 m compared
with more than 500 m in ring W. The temperature difference between
the ring center and the surrounding water in the 100-500 m layer was
around 5-6°C. The ring contained low salinity water in its core
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Fig. 12. The consecutive Lagrangian maps with the tracer distribution illustrate the process of formation and evolution of the cold-core rings W and E from January
31 till June 26, 2024. Both rings started to form simultaneously inside the 1% and 2" meanders. a) the formation stage; b) the first pinch-off from the main jet on the
southern flank; c) isolated period of both rings; d) absorption of the ring W by the KE jet, while ring E remained isolated from the KE and drifted westward. e, f) the
ring W eventually pinched off from the KE jet just before sampling. The path L in km covered by the tracers prior to the indicated dates is color-coded in shades of
gray. Light pink color indicates coastal water. Green dots are the locations of CTD stations by R/V Akademik Oparin in June 22-27, 2024.

(400-600 m); however, salinity values were not as extreme and varied
between 33.8 and 34.0 (Fig. 14). As a result, the geostrophic currents
were quite strong and exceeded 100 cm/s at the southern edge of the
ring and 80 cm/s at its northern edge, but they were slightly lower than
those in ring W.

The transect also crossed the main KE jet (Fig. 14). It was clearly
visible in the geostrophic velocity field as a narrow zone (around 100
km) of strong currents exceeding 120 cm/s. The same width of the KE jet
may be estimated from the Lagrangian maps (Fig. 12). The KE jet has a
very sharp front on its northern side with temperature and salinity dif-
ference around 10°C and 0.7 psu, respectively, at a depth of 100 m. The
southern side of the KE had no sharp contrast and was visible only in the
upper 0-75 m layer as a warmer (>24°C) and less saline (34.2-34.3)
water area. Lower salinity water similar to the KE’s northern edge was
observed at the surface layer of the ring E, which indicates a possibility
of trapping the tracers from the confluence zone by this ring.

Both rings W and E are strong dynamic features. Their diameters may
be estimated as 200-250 km based on CTD transects (Figs. 13 and 14)
and Lagrangian maps (Fig. 12). T-S anomalies associated with rings were
traced down to the maximum depth of observations, which suggests that
the rings penetrated deeper than 1000 m. Strong currents up to 20 cm/s

were observed down to 600-650 m depth. Very strong currents
(120-160 cm/s) in the surface layer are comparable to and even
exceeding the flow of KE jet (Figs. 13 and 14). Western ring W shows a
stronger anomaly in T-S characteristics and currents than eastern ring E.
This is probably caused by its recent contact with the KE and intrusion of
water from the confluence zone north of the KE. This could result in
advection of newer FDNPP tracers into the ring. Eastern ring E was
isolated from the KE for a few months. Thus, its core water has been
slightly modified during the ring’s evolution.

The observed cold-core rings are similar to strong rings of Kuroshio
observed in this area in previous studies (Masuzawa, 1957; Cheney
et al., 1980; Kawai, 1980; Tomosada, 1984; Koshlyakov, 1986; Xi
et al.,, 2018; Nakajima et al., 2024). Thus, we may expect that CJT
events caused by cold-core rings are typical phenomena for this area.
Strong rings produced by the 1% meander provide fast CJT and transport
of FDNPP tracers across the KE within a few days, as was observed by
our tracer experiment. Longer transport could be provided by rings
formed at 2" meander. By contacting the KE a few times, merging and
detaching again, the rings provide multiple events of CJT.
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Fig. 13. Vertical distribution of a) water temperature (°C), b) salinity, c) density anomaly (kg/m3) and d) geostrophic velocity normal to the section (cm/s) along the
CTD transect crossing cold-core ring W on June 22-24, 2024. Vertical lines represent CTD casts. North is on the left. Locations of the stations are shown in Fig. 12e.

3.3.4. Changes in the thermohaline structure of the cyclonic ring W during
its evolution

In this section we have examined changes in the thermohaline ver-
tical structure of the sampled rings using the GLORYS12V1 reanalysis
data. The surface velocity field is shown in Fig. 15a just after formation
of ring W inside the 1 meander. The beginning of the formation process
is signaled by the appearance of an elliptic point in the vortex center and
a hyperbolic point on its periphery (Fig. 15a). The GLORYS12V1 data on
February 9, 2024 show a typical vertical structure for cyclonic eddies
with dome-like isolines in their centers and higher density, colder, and
fresher core water of subarctic origin compared with the surrounding
waters (Fig. 15b, ¢ and d). Just after detaching from the KE, the ring
demonstrated a strong anomaly in T and S fields. A 10°C isotherm was
shifted up to 50 m in the ring center (Fig. 15b). A layer of intermediate
low salinity water (33.7-34.25) was located very close to the surface,
between 50 and 200 m (Fig. 15c¢). The isopycnal line 26.0 was shifted
from 500 m in the surrounding waters to 50 m in the ring center
(Fig. 15d).

Middle and lower panels of Fig. 15 illustrate the changes in the
vertical structure of ring W during 4.5 months of its evolution from the
formation to ship sampling on June 23. After separation from the KE in
February, the ring was evolving as an isolated structure. By the end of
April, it slightly lost its anomaly (Fig. 15e, f, g and h). Its core water
became warmer and more saline. The most notable changes happened in
the upper 300-400 m layer. A 10°C isotherm shifted down to 300 m and
minimum salinity became higher than 34.2. However, it kept a strong
dynamic anomaly by high elevation of isopycnals at its center (Fig. 15h),
similar to what was observed in February.

In May, cold-core ring W merged with the KE again and separated in
June 18-23, just before the ship survey. The lower panel of Fig. 15 shows
the ring structure just after its second separation from the KE. The ring
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received a portion of fresh, cold, and low salinity water from north of the
KE. The 10°C isotherm jumped up to 150 m, and salinity decreased
below 34.0 at its center. The isopycnal line 26.0 was located around the
same high position (100 m) in the ring center, confirming cold-core ring
W to be a strong dynamic feature.

Fig. 16 shows the evolution of the thermohaline structure of cold-
core ring E, also based on GLORYS12V1 data. T-S anomaly in the sub-
tropical waters associated with ring E was quite significant but slightly
smaller compared with ring W. In February, just after its formation, a
10°C isotherm in its center was located around 280 m, a low salinity
layer (33.9-34.1) occupied 250-600 m, and the 26.0 isopycnal line was
around 180 m (Fig. 16b, c and d). After separation from the KE, the ring
slowly decreased; however, its parameters by the end of April (Fig. 16f, g
and h) were not much lower compared with February. A more notable
decrease was observed by the end of June (Fig. 161, m and n).

Comparison of GLORYS12V1 data (Fig. 151, m and n and 161, m and
n) with ship CTD observations shows very good agreement for the
structure of both rings. Presenting a realistic general structure of the
rings, the GLORYS12V1 data provide a smoother picture of the rings’ T-S
extremes, smoothing them by 50-100 m. However, it presents quite
realistic evolution of the rings’ structure. The data show slow dissipation
of T-S anomaly associated with the ring after its separation from the KE
and an increase in the ring’s strength after a second contact with the KE,
which provides a new fresh water intrusion into the ring center.

4. Conclusions

The main results of this study are the following. The dominant
meridional transport pathways in the KE area have been found, quan-
tified by increased values of the southward and northward components
of the geostrophic velocity in the last 32 years. They are connected with
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Fig. 14. Vertical distribution of a) water temperature (°C), b) salinity, c) density anomaly (kg/m>) and d) geostrophic velocity normal to the section (cm/s) along the
CTD transect crossing cold-core ring E on June 25-27, 2024. KE — main jet of Kuroshio Extension. Vertical lines represent CTD casts. North is on the left. Locations of

the stations are shown in Fig. 12f.

the mean locations of two KE meanders. Virtual tracers launched in the
area around the FDNPP site can cross the KE jet moving southward along
these transport corridors. Two mechanisms of CJT have been identified.
The FDNPP tracers may appear at the southern KE flank due to varia-
tions in the KE path and in the location of the meanders. This, however,
does not mean that the tracers will be transported to the subtropical
areas south of the KE. If a meander does not break and the KE simply
retreats northward to its standard position, the tracers will be trans-
ported back to the confluence zone north of the KE, and no tracers will
remain in subtropical area. Alternatively, Kuroshio rings may assist in
CJT when some rings trap tracers from the northern side of the KE jet
during the formation process and transport the tracers into the ring core
after pinching off from the jet. In this case, the Fukushima-derived ra-
dionuclides and other tracers may end up on the southern side of the KE.
Based on the multi-year statistics after the accident at the FDNPP, it has
been shown that the CJT is the event when large portions of tracers
coherently cross the jet during a short time interval. Comparison with
the variations of the KE path shows that more efficient CJT occurred in
the years of stronger meandering of the KE.

The ring-assisted mechanism has been studied in detail using
altimetry-derived Lagrangian maps, the GLORYS12V1 reanalysis data,
and shipboard CTD measurements. In 2024, the FDNPP virtual tracers
were observed inside two cold-core rings, E and W, on the southern side
of the KE. The CTD transects across these rings, implemented by R/V
Akademik Oparin in June 2024, proved that they contained in the surface
layer colder low-salinity water of subarctic origin that differed from the
surrounding subtropical water. This observation of subarctic origin
water in the centers of cold-core rings confirmed the Lagrangian maps
showing advection of the FDNPP virtual tracers. To examine T-S struc-
ture of the rings and to trace their changes during their evolution, we
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used GLORYS12V1 data.

Both rings W and E were strong dynamic features with diameters
around 200-250 km. The T-S anomalies associated with the rings were
traced down to the maximum depth of observations, which suggests that
the rings penetrated deeper than 1000 m. Strong currents up to 20 cm/s
were observed down to 600-650 m depth. Very strong currents
(120-160 cm/s) in the surface layer are comparable to and even exceed
the flow of KE jet. The western ring W had a stronger anomaly in T-S
characteristics and currents than the eastern ring E. This is probably
caused by its second contact and repeated detachment from the KE and
intrusion of water from the confluence zone north of the KE resulting in
advection of newer FDNPP tracers into the ring. The eastern ring E was
isolated from the KE for a few months. Thus, its core water was slightly
modified during its evolution. The GLORYS12V1-based thermohaline
vertical structure of the rings was similar to the CTD measurements. This
double checking may be considered as the evidence of the subarctic
origin of the core water, and it allows us to examine the T-S structure
evolution of the rings. The data show slow dissipation of the rings after
their separation from the KE and an increase in their strength after a
second contact with the KE.

The observed cold-core rings are similar to strong cold-core rings of
Kuroshio observed in this area in previous studies. Thus, we may expect
that CJT caused by cold-core rings is typical phenomenon for this area.
Strong rings produced by the 1% meander provide fast CJT and transport
of FDNPP tracers across the KE within a few days, as observed in our
tracer experiment. Longer transport could be provided by the rings
formed at the 2" meander. By contacting the KE, merging, and
detaching again, the rings provide multiple events of CJT. Thus, we were
able to combine long-term numerical particle tracking and the real-time
detection of transient mesoscale features with targeted shipboard
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