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The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident on March 11, 2011

resulted in the release of immense amounts of radioactive materials into the

ocean. However, the dispersion of radioactive materials in the subsurface has not

yet been clarified due to the spatiotemporal limitation of observations. Thus,

herein, a tracer experiment was implemented using a three-dimensional

numerical model to estimate the dispersion path of 137Cs released directly from

the FDNPP and its travel time in the subsurface of the North Pacific Ocean from

2011 to 2020. The results show that the subsurface 137Cs spreads by two mode

waters, namely, Sub-Tropical Mode Water (STMW) and Central Mode Water

(CMW). Subsurface 137Cs primarily spreads clockwise in the sub-tropical region,

while a portion driven by STMW is dispersed southward. The clockwise dispersion

path of 137Cs released into the ocean by STMW is relatively shallower and inward

than that by CMW. The 137Cs that was spread clockwise reached the east of Taiwan

and the Philippines via STMW and CMW nine years after the accident, respectively.

The model described in this study is applicable for estimating the water path and

travel time of tritium water planned to be discharged from Fukushima.

KEYWORDS

Fukushima nuclear power plant, radioactive material, subtropical mode water, central
mode water, North Pacific
1 Introduction

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident on March 11, 2011

released large quantities of artificial radionuclides into the ocean (Aoyama et al., 2012;

Buesseler et al., 2012; Honda et al., 2012; Nakano and Povinec, 2012; Kaeriyama, 2017).

Although there is considerable uncertainty, the estimated total 137Cs inventory derived from

the direct discharge of the contaminated water from Fukushima was approximately 3.0−4.0

PBq (Kaeriyama et al., 2016). The half life of 137Cs is about 30 years. Moreover, additional

tritium which half life is 12.3 years is planned to be released into the ocean from FDNPP in

2023. The FDNPP is located between the subtropical and subpolar gyres (Yoshida et al., 2015).

The Kuroshio and Oyashio Currents, which are the strongest currents of both gyres,
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respectively, can actively disperse the radioactive materials, which can

subsequently pollute fishery products in the surrounding seas

(Yoshida and Kanda, 2012; Wada et al., 2013; Nakata and Sugisaki,

2015; Kaeriyama et al., 2016). In particular, trans-Pacific migratory

fish, such as the Pacific bluefin tuna (Thunnus orientalis) are

vulnerable to radioactive materials (Fujioka et al., 2018). It is,

therefore, crucial to investigate the path of dispersion, and

concentration of the radioactive material to reduce their

potential risks.

After the FDNPP accident, many observational and numerical

modeling studies were undertaken to determine the path and

concentration of the radioactive material. Honda et al. (2012)

observed 134Cs and 137Cs in the sea surface layer near the FDNPP

one month after the accident and found concentrations in

zooplankton and suspended matter that were two orders of

magnitude higher than those recorded before the accident. The half

life of 134Cs is about 2.1 years. Moreover, Buesseler et al. (2012)

tracked 134Cs and 137Cs released from FDNPP in seawater 30–600 km

offshore and found a high correlation between near-shore eddies and

radioactive material distribution. The radioactive material was

distributed widely in the surface layer along the Kuroshio Current

and its extension (Behrens et al., 2012; Buesseler et al., 2012; Honda

et al., 2012). Meanwhile, Kaeriyama et al. (2013) assessed the Cs

concentration by collecting seawater in wide areas of the Western and

Central Pacific Ocean in July 2011, October 2011, and July 2012, and

tracked the path of surface dispersion from FDNPP using a simple

particle tracking numerical model. Similarly, Zhao et al. (2021)

simulated the path and concentration of tritium released from

FDNPP under various future release duration scenarios over an

extended period using a numerical model. They proposed that the

simulated tritium in the surface commonly moved eastward over time

regardless of the considered scenario. Collectively, the findings of

these observational and numerical studies suggest that radioactive Cs

from FDNPP, in 2011, rapidly spread eastward via surface dispersion.

The Kuroshio current and its extension are major deliverers of

radioactive materials and serve as the southern boundary of their

surface movement (Buesseler et al., 2012; Honda et al., 2012).

However, a different distribution pattern was observed for

radioactive materials in the subsurface. More specifically,

Kaeriyama et al. (2014) observed a 134Cs concentration peak in the

subsurface (100–500 m) south of the main axis of the Kuroshio

extension and suggested that FDNPP-derived radioactive Cs was

included in Subtropical Mode Water (STMW) owing to winter

mixing. Moreover, Kumamoto et al. (2014) observed high

concentration of 134Cs in the subsurface layer along 149°E in

February 2012. Meanwhile, Kaeriyama et al. (2016) observed

meridional transects of the vertical distribution of 137Cs along 147°

E and 155°E from October to November 2013, 19 months after the

accident, reporting its peak concentration in the subsurface, which

corresponded to the depth of STMW and Central Mode

Water (CMW).

Although previous studies suggest that STMW and CMW are

potential deliverers of radioactive materials, observations were limited

in time and space, thus impeding elucidation of the precise path taken

and travel time of radioactive material in the subsurface. Numerical

model studies may prove useful for tracing the path of radioactive

material in the subsurface. In fact, Zhao et al. (2021) suggested that
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simulated tritiums, primarily distributed at 400–600 m depth, is

correlated with mode waters. However, the associated coarse model

resolution prevented resolution of the different paths taken by the two

mode waters.

Due to various model uncertainties, modeling studies often fail to

accurately simulate the subsurface path of radioactive material

(Nakano and Povinec, 2012; Zhao et al., 2021; Garraffo et al., 2016;

Zulema et al., 2016). Moreover, it is challenging to simulate the

realistic formation and subduction of mode waters in the study area.

Therefore, the contribution of mode waters to the dispersion of

radioactive materials in the subsurface remains unclear.

This study seeks to clarify the subduction of the radioactive

substances released directly from FDNPP with mode waters, as well

as their paths taken and travel time within the subsurface. To this end,

a high resolution three-dimensional numerical model is employed.

The model reliability is assessed by comparing the observed and

simulated characteristics of mode waters, including temperature,

salinity, and location depth.
2 Data and methods

2.1 Model description

This study applied the regional Ocean Modeling System (ROMS)

(Haidvogel et al., 2000; Di Lorenzo, 2003; Marchesiello et al., 2003;

Peliz et al., 2003). The ROMS is a free-surface, terrain-following,

primitive equations ocean model. The primitive equations were

vertically discretized over the topography using stretched terrain-

following coordinates (Song and Haidvogel, 1994), and then

calculated on a staggered Arakawa C-grid in the horizontal plane

(Fox-Rabinovitz, 1991).

The model domain used in this study was the North Pacific region

(98°E–76°W, 20°S–65°N, Figure 1). The horizontal spatial grid of the

model had a resolution of 0.25°, with 300 s time steps. The model

domain had 30 vertical layers with sigma coordinates. The

topography was sourced from a global relief model of the Earth’s

surface with a spatial resolution of 1° (Amante and Eakins, 2009).
FIGURE 1

Model domain in the North Pacific region. Shading represents depth;
red star represents the location of the Fukushima Dai-ichi Nuclear
Power Plant. Lines L1 and L2 along 149°E and 180°E were selected for
comparison and analysis of model results. T and P represent Taiwan
and the Philippines, respectively.
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As in Large et al. (1994), K-profile nonlocal closure schemes were

applied for vertical mixing parameterization. The K-profile scheme was

expanded to include surface and bottom oceanic boundary layers. Daily

average estimates from the European Center for Medium-Range

Weather Forecasts (ECMWF) Interim (ERA-Interim) datasets were

used for atmospheric forcing parameters (Hersbach et al., 2020). The

2 m dew point temperature, mean sea level pressure, relative humidity,

net short-wave downward radiance, 2 m air temperature, evaporation,

precipitation, and 10 m zonal and meridional wind speeds were used as

variables for atmospheric forcing. Simple open ocean data assimilation

(SODA) version 3.4.1 was used for the open boundary data, including the

temperature, salinity, and zonal and meridional velocities (Carton and

Giese, 2008).

The initial data were obtained from the World Ocean Atlas 2013

version 2, objective analyses, and statistical data. The model was run

for five years with the forcing in 2001 and then integrated for 10 years

from January 2001 to March 2011. The results on March 11, 2011

were used as the initial data for tracer experiments.

The model results were compared with the observation data for

validation. Sea Surface Temperature (SST) observation data from the

Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA)

were used to validate the model SST (Donlon et al., 2012). The OSTIA

SST data were provided by the Group for High Resolution Sea Surface

Temperature (GHRSST). The observation data for model validation of

Sea Surface Height (SSH) were from Archiving, Validation, and

Interpretation of Satellite Data in Oceanography (AVISO), represented

by the gridded altimeter SSH from the French Space Agency’s Center

(https://www.aviso.altimetry.fr/en/home.html/). Absolute dynamic

height data were selected among the variable SSH data for

comparison. To unify the reference level of the SSH with the model,

anomaly values from the spatial mean value of the absolute dynamic

height of the North Pacific model domain were compared. To assess the

model performance regarding mode water properties, EN4 data

provided by Met Office Hadley Centre for Climate Change was used

for comparison (Good et al., 2013). The water temperature, salinity, and
134Cs sections observed by Kumamoto et al. (2014) were used to validate

the model performance of mode water formation and subduction.

To trace 137Cs released from the FDNPP, a passive trace

experiment was conducted. The governing equation of passive

tracers can be expressed as Equation (1).

∂C
∂ t

+~v ·∇C = −
∂

∂ z
C0w0 − nq

∂C
∂ z

� �
+ FC + DC (1)

where C is the concentration of the passive tracer,  ~v is the vector

velocity, C0w0 is the turbulent tracer fluxes, vq is the molecular

diffusivity, FC is a forcing term, and DC is the horizontal diffusive

term. As the vertical mixing due to molecular viscosity is less than

turbulent mixing, the terms involving vq could be neglected. The

turbulent tracer fluxes were introduced as functions of the eddy

diffusivity coefficients calculated from the K-profile nonlocal closure

schemes. The horizontal diffusivity coefficient was set at 20 m2/s.

There was no source or sink during the experiments; therefore, the

term FC could be neglected. The initial value of the tracer was

assumed to be 3.5 PBq (Kaeriyama et al., 2016).

The passive tracer was released at a surface grid (141.25°E and 37.38°

N) near the FDNPP on March 11,2011. The released passive tracer was

dispersed by advection and diffusion. It was then tracked for
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approximately 10 years from March 11, 2011 to December 31, 2020.

To consider the half-life of 137Cs (30 years), the concentration of 137Cs

was calculated by applying a half-life function of 30 years at each time

step. We do not consider atmospheric deposition because the main

purpose of this study is to estimate the path and travel time of tritium

water, which will be discharged from Fukushima.
2.2 Definition of STMW and CMW

The STMWand CMWhave been defined in various ways (Ladd and

Thompson, 2002; Oka and Suga, 2005; Oka, 2009; Davis et al., 2011; Oka

et al., 2011). In this study, STMW was defined as a temperature range

from 15.4 to 19.7 °C, salinity range from 34.6 to 35.0 g/kg, and density

range from 25.0 to 25.9 kg/m3, as per previous studies (Kumamoto et al.,

2014; Macdonald et al., 2020). The CMW was defined as a temperature

range from 10.0 to 14.5 °C, salinity range from 34.3 to 34.6 g/kg, and

density range from 25.5 to 26.3 kg/m3, considering previous studies (Suga

et al., 1997; Oka and Suga, 2005; Macdonald et al., 2020).

The formation of the mode waters is related to the deep mixing of

layers, low potential vorticity, and the anticyclonic recirculation of the

Kuroshio Current system (Macdonald et al., 2020). The formation region

of STMW is approximately between 130°E and 175°E, and 30°N and 35°

N; reemergence occurs at the same latitude as the formation region to the

east of 180° (Kumamoto et al., 2014; Tak et al., 2021). The STMW

volume increases from December to March as it forms due to vertical

mixing caused by surface cooling in winter (Davis et al., 2011). The

CMW forms in the Central North Pacific near 165°E in winter (Oka and

Suga, 2005). The CMW spreads eastward along the North Pacific

Current, and then turns clockwise (Kumamoto et al., 2014).
2.3 Model validation

Model results for various parameters were validated via comparison

with observations. Figure 2 represents the monthly mean SST of the

OSTIA and the model. We selected February 2012, one year after the

FDNPP accident, as mode waters are formed in winter (Oka, 2009). The

SST distribution of themodel corresponded with the OSTIA satellite over

the entire model domain (Figures 2A, B). In particular, the model

accurately simulated the main path of the Kuroshio extension defined

by the 15 °C isotherm, similar to the OSTIA satellite SST (Figures 2C, D).

The comparison results indicate that the simulated 15.0–19.7 °C isotherm

corresponding to the STMW formation region corresponded with the

observation (Oka, 2009; Kim et al., 2020;Wu et al., 2020; Tak et al., 2021).

The horizontal SSH distribution can be used as a proxy for surface

current (Santoki et al., 2013; González-Haro et al., 2020). The overall

SSH distribution of the model simulated the satellite SSH of AVISO

well (Supplementary Figures 1A, B). In particular, the simulated

separation latitude of the Kuroshio current south of the FDNPP

was comparable with that of AVISO (Supplementary Figures 1C, D).

The observed and modelled horizontal and vertical distributions

of mode waters were also compared. The distribution of STMW was

compared in February and August 2012, one year after the accident,

and in February and August 2020, nine years after the accident

(Figure 3). Although we only present comparison results for 2012

and 2020, those for other years are similar.
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The horizontal distribution of the STMW mid-depth was then

compared. The mid-depth was defined as the depth corresponding to

the middle depth of STMW in each grid. Both spatial distributions of the

mid-depth of STMW from EN4 and the model were commonly deep in

the west and shallow in the middle, regardless of time. Most mid-depth

ranges were between 200 and 300 m in the model and the observation.

Although the lower horizontal grid resolution of EN4 (1°) did not depict

spatially fine structure, as in the model (0.25°), the overall STMW

distribution in the model matched well with that observed by EN4

(Supplementary Figure 2).

The observed and modelled CMW mid-depth were also compared

for the same period (Figure 4). The simulated mid-depth corresponded
Frontiers in Marine Science 04
well with the EN4 in the west, however it was deeper in the middle.

Considering the uncertainty due to sparse observations at deep depths in

the middle area, and model errors, the simulated depth of CMW was

comparable with that in the observation (Supplementary Figure 3). Most

mid-depth ranges were between 300 and 500 m within the model. In

addition, the mid-depth of CMW was typically deeper than that of

STMW in EN4 and the model.

The model results for mode water formation and its subduction

structure were compared with the observation by Kumamoto et al. (2014).

The meridional section of temperature, salinity, and cesium concentration

observed along 149°E, east of the FDNPP (line L1 in Figure 1) in February

2012, were compared with the model results (Figure 5). The model
B

C D

E F

G H

A

FIGURE 3

Comparison of the mid-depth of STMW between (A, C, E, G) EN4 and (B, D, F, H) model results in (A, B) February 2012, (C, D) August 2012, (E, F)
February 2020, and (G, H) August 2020. STMW was defined by a temperature of 15.4–19.7 °C and salinity of 34.6–35.0 g/kg.
B

C D

A

FIGURE 2

Comparison of the monthly mean sea surface temperature between (A, C) OSTIA and (B, D) model results in the (A, B) North Pacific and (C, D) western
North Pacific in February 2012. The red star represents the FDNPP location.
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simulated the formation of the STMW and CMW well, defined as

temperatures between 15.4 and 19.7 °C, and 10.0 and 14.5 °C,

respectively, north of 30°N (Figures 5A, B). The model simulated

vertically homogeneous mode waters in the temperature section near

the Kuroshio extension (approximately 35°N) and their thinning south of

30°N. In the observed and modelled results, the stratification became

stronger and shallower toward the south. The modelled and observed

salinities were also comparable, although the area with a salinity from 34.4
Frontiers in Marine Science 05
to 34.7 g/kg in the model was wider than that in observations

(Figures 5C, D).

The 134Cs/137Cs activity ratio released from the Fukushima

accident was close to 1 and the total releases of both radioactive Cs

were nearly equivalent (Aoyama et al., 2012; Nakano and Povinec,

2012). The observed 134Cs were directly compared with the model

results. Because the half-life of 134Cs is as short as 2.1 years, the

background concentration of 134Cs before the Fukushima accident
B

C D

E F

A

FIGURE 5

Vertical section of (A, B) temperature, (C, D) salinity, and (E, F) 134Cs in observation (Kumamoto et al., 2014) and model along line L1(149°E). The
background contour units are (A, B) the water temperature (°C) and (C, D) the salinity (g/kg). The orange dashed lines denote 2 Bq/m3; orange shadow in
the observation denotes ≥10 Bq/m3. (E) is redraw from Kumamoto et al. 2014, (Figure 3A).
B

C D

E F

G H

A

FIGURE 4

Comparison of the mid-depth of CMW between (A, C, E, G) EN4 and (B, D, F, H) the model result in (A, B) February 2012, (C, D) August 2012, (E, F)
February 2020, and (G, H) August 2020. CMW was defined by a temperature of 10.0–14.5 °C and salinity of 34.3–34.6 g/kg.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1104786
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lee et al. 10.3389/fmars.2023.1104786
was negligible. The observed distribution of 134Cs along the mode

waters was well replicated by the model. A high concentration of
134Cs was observed in the surface layer north of 35°N and in the

subsurface corresponding to the mode water layers south of 35°N

(Figures 5E, F). The simulated 134Cs concentration was consistent

with the observation, indicating that high 134Cs concentrations

dispersed with the mode waters. The core of 134Cs, located between

a salinity of 34.4 and 34.7 g/kg, was shallower than the lowest salinity

layer in both the observation and model (Figures 5E, F).

The model result was also compared with the distribution of 137Cs

observed by Kaeriyama et al. (2016) (Supplementary Figure 4). The high

concentrations of 137Cs at 300–400 m depth from 38 to 39°N and 100–

200 m depth from 38 to 39°N were comparable. Considering that

atmospheric deposition was not considered, it seems that the

concentration of the model was lower than that of the observation.

However, the distribution of radioactive Cs was similar to the

observations. For further validation, observed 134Cs concentrations

along 30°N by Yoshida et al. (2015) and along 47°N by Kumamoto

et al. (2017) were compared with the 134Cs concentration of model

output (Supplementary Figures 5, 6). The distribution of 134Cs in each

observation was similar to the distribution of 134Cs simulated by the

model. Additional observations and model results were compared.

Supplementary Figure 7 is a comparison of the concentration of 134Cs

in the observed data from Kumamoto et al. (2022) and the model result

along 47°N. The maximum concentration appeared between 160°W and

140°W, and the range was also similar.

The model result shows a lower concentration of 134Cs than the

observations by Kumamoto et al. (2014) and Kaeriyama et al. (2016)
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near FDNPP, but a similar value to the observation by Kumamoto

et al. (2022) far from FDNPP. This spatial difference might be due to

atmospheric deposition. Honda et al. (2012) reported that

atmospheric deposition occurs mainly near FDNPP but little in the

east of 165°E (Figure 3 in Honda et al., 2012). Exclusion of

atmospheric deposition in our model might cause underestimation

of the 137Cs concentration in the western area near FDNPP.
3 Surface distribution of
radioactive material

The radioactive material released from FDNPP spread quickly

eastward by the Kuroshio extension after the accident (Buesseler et al.,

2012; Honda et al., 2012). Figure 6 displays the monthly surface 137Cs

concentration from the model results in April, August, December 2011

and annually from February from 2012 to 2020. In the early stage, most

of the released 137Cs moved eastward while some of the 137Cs moved

southeastward by the effect of meandering Kuroshio currents

(Figure 6A). After that, the high concentrated 137Cs core moved

eastward (Figures 6B, C) and was then distributed widely in the west,

which was the STMW formation region in February 2012 (Figure 6D). It

was located primarily within the central area where CMW formed in

February 2013 (Figure 6E). Some 137Cs in the sub-arctic gyre region

moved south near the FDNPP in 2014 (Figure 6F). This recirculation by

the sub-arctic gyre increased the 137Cs concentration off the FDNPP after

2015. Most of the 137Cs moved further east and reached the west coast of

North America in 2015 (Figure 6G). This simulation result was
B C

D E F

G H I

J K L

A

FIGURE 6

Monthly horizontal distribution of surface 137Cs concentration from the model results in April (A–C), August and December 2011 and each February (D–L) from
2012 to 2020. 137Cs concentration was corrected for radioactive decay (30 years).
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consistent with results of previous studies (Behrens et al., 2012; Zhao

et al., 2021), which simulated the arrival of a high 137Cs concentration to

the western coast of North America after 5 years of the accident.

The 137Cs off the western coast of North America moved further

north and south by the currents (Figures 6H-J). The northward

moving 137Cs entered the sub-arctic gyre region. A portion of the

southward moving 137Cs moved to the west by the Equatorial Current

in 2019 and 2020 (Figures 6K, L).

Notably, A 137Cs concentration > 1 Bq/m3 was not detected to the

southwest of the Kuroshio extension from 2012 to 2020, as the Kuroshio

current and its extension acted as a southern boundary for the dispersion

of radioactive material along the surface. Similarly, the model result did

not show a high concentration of 137Cs to the south of the Kuroshio

extension, which was consistent with previous studies (Kaeriyama et al.,

2013; Yoshida et al., 2015; Aoyama et al., 2016; Periáñez et al., 2019; Wu

et al., 2019; Garraffo et al., 2016). However, our model result does not

account for 137Cs and 134Cs in the east of Taiwan Island observed byMen

et al. (2015) in May–June 2012. Moreover, the 137Cs and 134Cs detected

east of Taiwan in 2012 may have resulted from atmospheric deposition.
4 Subduction of radioactive material

Observations indicated that high concentrations of 137Cs appeared in

the subsurface at an approximate depth of 400 m south of 35°N, whereas

the 137Cs concentration in the surface was not significant (Figure 5). This

suggests that the 137Cs dispersion in the subsurface traveled along a

different path than that in the surface, which is consistent with

suggestions made in previous studies (Kumamoto et al., 2014;

Kaeriyama et al., 2016; Zhao et al., 2021; Garraffo et al., 2016). Two

vertical sections were selected to examine the temporal change in the

dispersion of 137Cs by the STMW and CMW.
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The vertical section along line L1, which crosses the STMW

formation area, showed subsurface dispersion over time (Figure 7).

The subducted 137Cs in March/April 2011 (Figure 7A) remains in the

subsurface in August and December 2011 (Figures 7B, C) and connected

to the newly subducted 137Cs in February 2012 (Figure 7D). The surface
137Cs subducted to the subsurface along the density of 25.0–25.9 kg/m3

corresponding to the STMW. In 2013, the 137Cs concentration decreased

in the surface layer, while it dispersed widely in the subsurface

(Figure 7E). All 137Cs became isolated from the surface after 2014 and

moved south over time (Figures 7F-I). In 2018, the 137Cs core moved to

10°N at approximately 200 m (Figure 7J). The concentration of the

southern tip at a depth of 200 m increased in 2020 (Figure 7L).

However, the subduction of 137Cs along the line L2, which crosses

the CMW formation area, does not occur before December 2011 due

to time delay of 137Cs arrival in the surface (Figures 8A-C). After that,

the vertical section along line L2 also showed the subduction of 137Cs

over time, similar to line L1 (Figures 8D-L). The 137Cs in the surface

layer along line L2 presented a longer retention duration than that

near line L1. The 137Cs in the subsurface along line L2 was isolated

from the surface after February 2016 and moved southward over time.

The 137Cs concentration along line L2 was higher and its distribution

was wider than that along line L1. Most 137Cs moved along the 25–

26.3 kg/m3 density layer, corresponding with the STMW and

CMW layers.

The 137Cs concentration along line L2 was high in STMWandCMW,

which is consistent with the observation of a high 137Cs concentration in

multiple density layers corresponding to mode waters along the 152°W

vertical section in the North Pacific (Macdonald et al., 2020). The 137Cs

concentration from the model was also high in both STMW and CMW

along line L2. Wu et al. (2019) observed a high Pu isotopic ratio in the

tropical region at 10–20°N in winter in 2014 and suggested a possibility

that it was dispersed by CMW. The CMW, formed in the Central North
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FIGURE 7

Monthly vertical section of 137Cs concentration along line L1 (149°E) in April (A–C), August and December 2011 and each February (D–L) from 2012 to
2020. The background contour represents the potential density (kg/m3). 137Cs concentration was corrected for radioactive decay (30 years).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1104786
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lee et al. 10.3389/fmars.2023.1104786
Pacific, moves east by the North Pacific current, then turns clockwise to

the south and west in the subsurface layer (Oka and Suga, 2005;

Kumamoto et al., 2014).

Previous observations have reported the subduction of radioactive

Cs due to mode water formations but did not show the detail

dispersion path and its travel time by mode waters in the

subsurface (Kaeriyama et al., 2014; Kumamoto et al., 2014;

Kaeriyama et al., 2016). Zhao et al. (2021) suggested that simulated

radioactive tritium could be dispersed by mode waters; however, they

did not resolve the separate dispersion by two mode waters. Our

model result suggests a three-dimensional dispersion path of

radioactive material by STMW and CMW.
5 Dispersion of radioactive material by
STMW and CMW in the subsurface

The long term evolution of the 137Cs distribution by STMW and

CMW in the subsurface was examined over the whole simulation period.

Figure 9 shows the monthly mean horizontal 137Cs concentrations on

25.4 and 26.3 kg/m3 density layers, corresponding to STMW and CMW.

Most 137Cs moving with the STMW dispersed east, however, some also

moved southward after the accident, which is consistent with the

observation of Kumamoto et al. (2014). The southward movement of
137Cs by STMW continued until 2014 (Figures 9A, B). The eastward

movement of 137Cs by STMW turned southward in the Central North

Pacific in 2014 (Figures 9A-C). It then moved westward in 2017 and

reached the east of Taiwan in 2020 (Figure 9D). The 137Cs moved by the

CMW followed a clockwise path as in STMW. However, its path was

larger, with a longer radius than that in STMW. The 137Cs arrived east of

the Philippines in 2020 (Figure 9D). The horizontal distribution of each

year from 2012 to 2020 is shown in Supplementary Figure 8.
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Vertical sections of 137Cs distribution across the overlaid region for

the two mode waters displayed their different depths. The 137Cs in the

STMW of the meridional section along 180° was located at a depth of

200–300 m at approximately 30°N, however that in CMW was

distributed from the surface to a depth of approximately 500 m in

February 2014 (Figure 9E). The descending structure of the 137Cs

suggested CMW formation between 35°N and 40°N. The 137Cs moved

further south by STMW and CMW in February 2020 (Figure 9F). The

mid-depth of 137Cs moving by the STMWand CMWwas approximately

200 and 400 m, respectively. The zonal section along 25°N showed that

the moving depth by the STMWwas shallower than that by the CMW in

February 2017. The depths of both mode waters became deeper in the

west (Figure 9G). This spatial distribution of 137Cs persisted from

February 2017 to 2020 (Figure 9H).

Figure 10 shows the time series of the spatial mean concentrations of
137Cs in each mode water from the model. Tracers located south of 40°N

were considered. Both mean concentrations decreased due to diffusion

and decay over time. The mean concentration of 137Cs in CMW was

higher than that in STMW for the entire period, and both concentrations

in the STMW and CMW showed weak seasonal changes with high

concentrations in winter. The increased concentration of 137Cs in winter

may have resulted from the supply owing to vertical mixing. Considering

the half-life of 137Cs is as long as 30 years, the main cause of the decrease

in the concentration is likely diffusion.

A schematic diagram showing the dispersion of 137Cs released

into the ocean by STMW and CMW over long periods of time has

been proposed based on the model result (Figure 11). Some 137Cs

moving via STMW moved south after the accident, however most

moved clockwise at a relatively shallow depth (200–300 m). The 137Cs

moving via CMW also exhibited clockwise movement; however, its

path had a larger and deeper radius than STMW (300–500 m). In

contrast, the real depth of CMW in the Central North Pacific was
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FIGURE 8

Monthly vertical sections of 137Cs concentration along line L2 (180°E) in April (A–C), August and December 2011 and each February (D–L) from 2012 to
2020. The background contour represents the potential density (kg/m3). 137Cs concentration was corrected for radioactive decay (30 years).
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likely shallower considering the depth difference between the model

and observation, as indicated in Figure 4.

Considering that tritium is to be additionally released into the ocean

at the FDNPP planned for 2023, the subsurface dispersion of 137Cs that

leaked into the ocean in 2011, as described in this study, is expected to

provide important insights regarding the path and effect of tritium after

2023. Because the discharging point is consistent with this experiment, it

is expected that the discharging tritium from 2023 will give insight into

understanding the dispersion in the subsurface, which is unclear. In

addition, Pacific blue fin tuna (Thunnus orientalis) spend long periods of

time in both mode water layers, whereas skipjack tuna (Katsuwonus

pelamis) passes STMW during northward migration (Fujioka et al., 2018;

Kiyofuji et al., 2019). Hence, the fishery products may face a risk of

pollution; therefore, continuous tracking and observation of radioactive

material by each mode water are necessary.
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6 Conclusion

In this study, the subsurface dispersion of radioactive materials

released into the ocean from the FDNPP accident were simulated by a

three dimensional numerical model from March 11, 2011, to

December 31, 2020. The model performance was validated by

comparisons with various observed parameters, including water

temperature, salinity, and distribution of radioactive materials at

the ocean surface and subsurface.

The model results revealed that the subsurface dispersion path of

the radioactive material differed from that in the surface. The 137Cs

spread by two mode waters in the subsurface, whereas the surface
137Cs was driven by the strong Kuroshio and its extension, which also

acted as a southern boundary for 137Cs dispersion.

Previous observational studies suggested the possibility of the

subsurface dispersion of radioactive Cs by mode water. However, the

dispersion path and travel time of radioactive materials in the subsurface

have not been known due to the spatiotemporal limitation of

observational data. Our numerical model result enabled us to decipher

the path and travel time of 137Cs by STMW and CMW. 137Cs subducted

to the subsurface by STMW in the western region bifurcated into two

paths; one moved southward while the other moved clockwise. 137Cs

subducted by CMW in the Central North Pacific was located beneath the

STMW. The 137Cs in the CMW moved clockwise along an outer and

deeper path than that in the STMW. The final destination for the 137Cs

moving with STMW and CMW was east of Taiwan and the Philippines

nine years after the accident, respectively.

The 137Cs concentration in STMW and CMW primarily decreased

due to diffusion over time; however, it increased slightly during each

winter, when mode waters were supplied by vertical mixing. The mean

concentration of 137Cs in CMW was higher than that in STMW; in
FIGURE 10

Time series of the spatial mean concentration of 137Cs in STMW (blue
line) and CMW (red line).
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FIGURE 9

Monthly horizontal 137Cs concentration on the density layer of 25.4 kg/m3 (blue) and 26.3 kg/m3 (red) corresponding to STMW and CMW, respectively, in
February (A) 2012, (B) 2014, (C) 2017, and (D) 2020. Monthly vertical 137Cs concentration along the meridional line (green line in (B) and (D)) at 180° in
February (E) 2014 and (F) 2020. Monthly vertical 137Cs concentration along the zonal line (green line in (C) and (D)) at 25°N in February (G) 2017 and (H)
2020. 137Cs concentration was corrected for radioactive decay (30 years).
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addition, the concentration in CMW decreased faster than that in

STMW. Because the area and volume of CMW is larger than those in

the STMW, the decrease of mean concentration in CMW by diffusion

might be faster.

Our model will have important implications for estimating the

potential impact of Japan’s plan to discharge contaminated water into

the subsurface ecosystem. Therefore, special attention is needed to the

effect on Pacific bluefin tunas (Thunnus orientalis) or skipjack tunas

(Katsuwonus pelamis), which spends extended durations in STMW

and CMW.
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