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On March 11, 2011, a large earthquake and subsequent tsunami near the east coast of Japan destroyed the Fukushima Daiichi
nuclear power plant (FD-NPP), causing a massive release of nuclear contaminants. In this paper, a Pacific basin-wide physical
dispersion model is developed and used to investigate the transport of nuclear contaminants. The Pacific circulation model, based
on the Regional Ocean Modeling System (ROMS), is forced with air-sea flux climatology derived from COADS (the
Comprehensive Ocean-Atmosphere Data Set). It is shown that ocean current dominates nuclear contaminant transport. Following
the Kuroshio Extension and North Pacific Current, nuclear contaminants at the surface will move eastward in the Pacific as far as
140°W, thereafter dividing into two branches. For the south branch, nuclear contaminants will be transported westward by the
equatorial current, and can reach the Philippines after 10 years’ time. In contrast, the north branch will arrive at the American west
coast and then migrate to the Bering Sea. At 200 m water depth, part of the nuclear materials will move southwestward along with
deep ocean circulation, which could potentially reach the east coast of Taiwan. The other part will move to the west coast of
America and separate into two branches. One will move northward along the west coast of Alaska, while the other will travel
southward to the Hawaiian Islands. The transport of radiation contaminants below 500 m is slow, and will primarily remain in the
central Pacific. The physical dispersion model results show that high concentrations of the radioactive isotope cesium-137 (**’Cs)
will move eastward and reach the central Pacific and west coast of North America in two and eight years, respectively. The sea
areas influenced by the nuclear contaminants continue to expand, while peak concentrations decrease in the North Pacific.
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At 05:46 UTC on March 11, 2011, an enormous M9.0 earth-

quake occurred ~130 km off the Pacific coast of the Japanese
main island of Honshu, at 38.3°N, 142.4°E. This was fol-
lowed by a large tsunami (USGS, 2011: http://earthquake.
usgs.gov/earthquakes/eqinthenews/2011/usc0001xgp/). Large
amounts of radionuclides were emitted into the atmosphere
and ocean from the Fukushima Daiichi Nuclear Power Plant
(FD-NPP) as a result of a reactor accident caused by the
Tohoku earthquake and tsunami [1,2]. Measurement data
published by the Japanese Ministry of Education, Culture,
Sports, Science and Technology (MEXT, 2011: http://
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radioactivity.mext.go.jp/en/1270/2011/06/13047970616e.pdf)
and others [1,3] show that emissions from FD-NPP produced
strongly elevated levels of radioactivity in Fukushima Pre-
fecture and other parts of Japan. Enhanced concentrations of
airborne radionuclides were measured at many locations all
over the Northern Hemisphere [4,5].

As radioactive material tend to be transported and dif-
fused following atmospheric and oceanic motions, it is a
key scientific issue to track the transport of nuclear con-
taminants. The leaked nuclear material is transported via
three channels — a fast channel by atmospheric circulation,
a slow channel by ocean circulation, and a biological chan-
nel which includes human activities [6]. The atmospheric
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channel is so fast that nuclear material will be diluted and
deposited over land and ocean within 3—4 months. The
ocean channel is very slow, and it takes several years for the
contaminants to be significantly transported. Transport
through biological activity is insignificant compared to
those from atmospheric and oceanic circulations.

For this nuclear leakage, observations and numerical
simulations have been made to study the diffusion and dep-
osition of radioactive isotopes in atmospheric aerosol. Spe-
cial attention has been paid to the deposition rates of io-
dine-131 ("'I), xenon-133 (***Xe) and cesium-137 (**'Cs)
[7-9]. It was shown that ~83% of B and ~78% of *’Cs has
been deposited in the ocean [9]. As a result, the role of
ocean transport is crucial in evaluating the potential
long-term influence of nuclear contaminants.

In practice, it is difficult to study the transport of nuclear
contaminants using field observations, which are expensive
and have limited spatial and temporal resolution. Numerical
models have been identified by the oceanographic commu-
nity as economic and successful tools. The Pacific circula-
tion pattern has been extensively explored on a basin scale
[10-13]. For this leakage incident in Japan, several numeri-
cal studies have been conducted to predict the fate of radio-
active contaminants in the ocean. These include studies by
the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC, 2011: http://www.mext.go.jp/english/incident/
1305758.htm) and Japan Atomic Energy Agency (JAEA,
2011: http://www.mext.go.jp/english/incident/1305758.htm).
In addition, Qiao et al. [6] and Tsumune et al. [14] both
performed a short-term numerical simulation. However,
little work has been done regarding the transport and dis-
persion of nuclear contaminants on medium-term or long-
term timescales.

In this paper, a Pacific basin-wide physical dispersion
model is developed and used to investigate the transport of
nuclear contaminants. The Pacific circulation model, based
on the Regional Ocean Modeling System (ROMS) at reso-
lution 1/8°x1/8°, used 1/4° gridded temperature and salinity
climatology from GDEM (Generalized Digital Environment
Model) as background field and forced with air-sea flux
climatology derived from COADS (Comprehensive Ocean-
Atmosphere Data Set). The model is then used to simulate
and predict the transport of nuclear substances at the surface
and ocean depths. Furthermore, the circulation model is
coupled with a dispersion model to predict the dispersive
trend of radioactive concentration.

1 Numerical models

We used the ROMS model [15] to simulate the behavior of
radioactive pollutants released from FD-NPP. The ROMS is
a free-surface, primitive equation ocean circulation model
formulated using terrain-following coordinates. Our simula-
tion domain covered the equator and northern Pacific Ocean
(15°S—-61°N, 98°E-70°W). Because the model horizontal
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resolution had significant effects on the simulation of ocean
circulation [16] and the low-resolution ocean model could
only reveal basic characteristics of the research area [17], a
high-resolution model was used to improve ocean model
performance. The horizontal resolution was 1/8° in both zon-
al and meridional directions, with 633 meshes in the zonal
direction and 1545 in the meridional direction. The vertical
resolution of the ¢ coordinate was 22 layers. The ocean bot-
tom was set at 7500 m depth to keep the pattern stable.

The bathymetry used here was derived from GEBCO
(General Bathymetric Chart of the Oceans), a global 30
arc-second gridded bathymetry, which was supplied by the
Intergovernmental Oceanographic Commission and Interna-
tional Hydrographic Organization. To reduce the influence
of the seamount on model stability, the bathymetry was
smoothed appropriately. At the surface, the model was
forced by wind stress, heat fluxes and freshwater fluxes
obtained from COADS. Initial conditions of temperature
and salinity were derived from the monthly mean data cli-
matology of SODA (Simple Ocean Data Assimilation), and
initial conditions of horizontal current velocity and sea sur-
face height were set to zero. Considering the effects of an
open boundary on simulation [18], southern, western and
northern boundaries were set as open boundaries, for which
water level and velocity were also obtained from SODA.
The internal model time step was 1200 s and the external
model time step was 40 s. Model spun-up for 11 years to
reach a statistical equilibrium. Thereafter, tracers were re-
leased and the model was integrated for another 10 years.

2 Validation

We analyzed several important physical variables, such as
sea surface temperature (SST), sea surface height (SSH) and
sea surface currents, to evaluate simulation results for the
North Pacific Ocean. Considering the hysteresis effect of
oceanic conditions due to thermal inertia of the ocean, we
compared the monthly mean simulation results with obser-
vations from WOAQ9 (World Ocean Atlas 2009), SODA
and AVISO (Archiving, Validation and Interpretation of
Satellite Oceanographic Data) from February and August.
WOAQ9 was downloaded from the National Oceanic
and Atmospheric Administration (NOAA: http://www.nodc.
noaa.gov/oc5/WOAQ9/pr_woa09.html) at resolution 1.0°x
1.0°. SODA was derived from monthly mean data (http://dsrs.
atmos.umd.edu) and horizontal resolution was 0.5°%x0.5°.
AVISO, with meridional resolution 1/3° and zonal resolution
varying from 1/2°-1/3°, was from monthly mean data over
1992-2010 (http://www.aviso.oceanobs.com).

2.1 Sea surface temperature

Figure 1 shows monthly mean SST climatology in February
and August, from simulation and WOAOQ9. The simulated
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SST (Figure 1(a),(b)) is consistent with that derived from
WOAOQ09 (Figure 1(c),(d)). In particular, there is a strong
zonal temperature gradient along the tropical equator, with a
high-temperature water body associated with the so-called
“warm pool” in the western equatorial Pacific, and a regime
of low temperature associated with the so-called “cold
tongue” in the eastern equatorial Pacific. In subtropical ba-
sins, temperature is generally high near the western bound-
ary and low in the eastern basin. In subpolar basins, the
zonal temperature gradient reverses sign, with high temper-
ature in the eastern basin and low temperature in the west-
ern basin. In addition, SST is reduced in the poleward direc-
tion, with high temperature in the equatorial Pacific and low
temperature in the polar Pacific. Simulated SST is higher in
February and lower in August, compared to WOAQ09 (Fig-
ure 1(c),(d)). SST is generally similar to the WOAQ9 in
subtropical basins, high in February and low in August to
the north of 40°N. The ocean model at high spatial resolu-
tion can reasonably simulate the distribution of the warm
pool and cold tongue. Nevertheless, simulation error to the
north of 40°N may result from COADS net heat flux, which
is strong in winter and weak in summer.

Two statistical methods [19] as shown in eqgs. (1) and (2)
are used to compare the difference between model results
(ROMS) and WOAUOQ9 data.

ME=Y-X, (1)

n 1/2
RMs{lz(Yi—x,.)ﬂ , )
)

where ME is the mean errors, RMS is root mean square
deviation, i represents the month, and n=12.

The results show that the simulated SST is lower than
that from SODA. ME values north of 45°N are mainly neg-
ative in February, with maximum deviation about —1°C, and
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positive in August, with maximum deviation about 1.5°C.
Nevertheless, ME values are all low in the equatorial Pacific
(region between 15°S and 40°N). ME obtained from the
annual mean SST is lower in the internal basin than in the
area near the shore, with an annual mean ME of ~0.04°C in
the North Pacific. RMS is lower in winter than in summer,
with an annual mean of ~0.53°C, similar to ME.

2.2 Sea surface height

The distribution of simulated SSH is shown in Figure 2(a),(b).
By comparing the simulation results with SODA (Figure
2(c),(d)) and previous studies [11,12], we find that the model
can capture the main SSH pattern. In the equatorial region
and subtropical basins, SSH is generally high in the western
basin and low near the eastern boundary. In subpolar basins,
SSH declines from east to west. Generally speaking, geopo-
tential in the poleward direction reveals a high-low-high-low
orientation of the trough-ridge system. That is, equatorial
trough, equatorial ridge, north equatorial countercurrent
trough, North Pacific ridge, and subpolar trough.

By comparison with SSH from SODA, the simulation
results reasonably depict the trough-ridge system and
low-high distribution over the North Pacific. However,
there are always errors and biases resulting from this com-
parison, such as errors (~0.1 m) in the area north of 45°N
and on two sides of the Kuroshio and Kuroshio Extension,
which are probably related to the model resolution.

2.3 Sea surface currents

Figure 3 shows monthly mean sea surface currents obtained
from simulation and AVISO for February and August. As
the figure shows, several important current systems and

SST (°C)

120°E  150°E  180° 150°W 120°W 90°W

Figure 1 SST monthly climatology from model results and WOAOQ9 data. (a) February from model; (b) August from model; (c) February from WOAOQ9;

(d) August from WOAOQ9.
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Figure 2 SSH monthly climatology from model results and SODA data.
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Figure 3 Monthly climatology of currents from model results and AVISO data. (a) February from model; (b) August from model; (c) February from

AVISO; (d) August from AVISO.

vortexes in the North Pacific are well simulated, such as the
Kuroshio, North Equatorial Current (NEC) and North
Equatorial Countercurrent (NECC). Simulation results show
that there is a North Pacific subtropical gyre that is anticy-
clonic (clockwise in the Northern Hemisphere), like all sub-
tropical gyres. The NEC splits around 12°N into northward
and southward boundary currents, i.e. the Kuroshio and
Mindanao Currents, respectively. The Kuroshio enters
(leaves) the South China Sea through the southern (northern)
portion of the Luzon Strait, and thereafter flows northward
along the east coast of Taiwan. After leaving Taiwan, it
turns northeast along the edge of the East China Sea, until
eventually turning east near Kyushu Island. After leaving
the western boundary, the Kuroshio passes eastward

through the Tokara Strait, tracks further east and roughly
parallels the south coast of Japan. It enters the open Pacific
at Boso Peninsula, after intersecting the Oyashio. Since
when this current begins losing energy, it splits to form the
North Pacific Current. The simulation is consistent with
previous studies [11-13,20]. By comparison with the geo-
strophic flow from AVISO, the Kuroshio and Kuroshio Ex-
tension is well simulated, although simulated equatorial
currents are stronger than those from AVISO.

As shown in the above analysis, simulated SST, SSH and
surface currents are in good agreement with oceanic data
climatology. This means that the model is well configured,
and can be used to simulate the transport of nuclear con-
taminants in the oceanic channel.
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3 Prediction

Based on the circulation model, we can trace the spread of
nuclear contaminants from March 11 of the 11th model year.

3.1 Transport channel of low potential vorticity water

The central North Pacific Ocean (30° to 35°N, 150° to
170°E) is one of the main sources for low potential vorticity
water in the Kuroshio-Oyashio Extensions. Based on pre-
vious research, there are such waters in North Pacific re-
gions with density between 25.464and 25.86y [21,22]. Fig-
ure 4 shows simulated average flow climatology on the
25.604 isopycnal surface in March. A transport channel of
low potential vorticity water (Figure 4, black line) is deter-
mined by the streamline. Colors in the channel denote the
mean circulation, with current speeds ~0.02 m/s. Therefore,
it takes approximately 12 years for the low potential vorti-
city water to transport from the central North Pacific to the
east coast of Taiwan, following the subtropical gyre circula-
tion. This is supported by previous studies [23]. Conse-
quently, if the nuclear material is subducted in low potential
vorticity waters, nuclear contaminants would affect the
oceanic area east of Taiwan in 12 years.

3.2 Prediction of ocean transport path

On the basis of the ROMS circulation model, the first ex-
periment is designed to simulate the spread of nuclear con-
taminants. This experiment is made under the assumption
that nuclear contaminants would be transported and diffused
along ocean currents without sinking or radioactivity. The
release of 160 nuclear particles is assumed, at each level of
sea surface, 200, 500, and 1000 m depths near Fukushima.
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Another 60 particles were released in every layer near the
Kuroshio pathway, as a comparison experiment. All parti-
cles are transported as 3D-Lagrangian drifters. Thereafter,
spreading paths of the released nuclear contaminants are
integrated for 10 years.

Figure 5(a) presents simulation results for the surface
particles, in which red and blue lines denote the spread of
particles near Fukushima and the Kuroshio pathway, re-
spectively. Following the Kuroshio Extension and North
Pacific Current, radioactive contamination at the surface
will move eastward in the Pacific as far as 140°W, dividing
into two branches thereafter. For the south branch, nuclear
contaminants will turn south between 170° and 130°W, and
be transported west by the equatorial currents thereafter;
they can reach the Philippines and South China Sea after 10
years of travel. In contrast, the north branch will arrive at
the American western coast and then transport to the Bering
Sea. At 200 m water depth (Figure 5(b)), part of the radio-
active materials will move southwest along with deep ocean
circulation, potentially reaching the east coast of Taiwan.
The other part will transport to the west coast of North
America and separate into two branches. One will move
north along the west coast of Alaska, while the other will
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Figure 4 Positions of the channel (black line), plus climatological aver-
age flow on the 25.604 isopycnal surface (in March) (m/s).
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Figure 5 Horizontal trajectory of 3D-Lagrangrian particles. (a) Surface; (b) 200 m; (c) Argos trajectory; (d) trajectory particles fixed on surface. Red lines
represent particles near Fukushima, blue lines particles near the Kuroshio pathway.
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travel south toward the Hawaiian Islands. The transport of
radiation contaminants below 500 m is slow, and will
largely remain within the central North Pacific. Figure 5(c)
shows 43 Argos track paths between 1999 and 2010 near
Fukushima (http://www.nodc.noaa.gov/argo/data/). Tracks
of the drifters would mainly be transported eastward, simi-
lar to the 3D-Lagrangian simulation results (Figure 5(a),(b)).
However, the Argos tracks would move along at relatively
slow speeds. Argos tracks make vertical movement through
automatic control with maximum depth 2000 m, where cur-
rent speeds are slow. This may be the reason for biases be-
tween Argos and simulation results.

Based on the above experiments, another experiment was
designed to simulate the spread of nuclear radiation without
consideration of the effect of vertical motion in the seawater.
All particles move only with ocean currents in the horizon-
tal direction for 10 years. Figure 5(d) shows simulation re-
sults from this experiment. Red and blue lines denote paths
of nuclear particles after initial leakage, near Fukushima
and the Kuroshio, respectively. The experiment without
vertical motion shows that nuclear particles would gather
near (30°N, 135°W) in 10 years.

The two idealized experiments show very different re-
sults. The results by 3D-Lagrangrian trajectory method
show more reasonable than those by the 2D method, sug-
gesting that the 3D-Lagrangrian trajectory method play a
better role in tracing leaked nuclear contaminants in the
ocean.

3.3 Prediction of nuclear contaminants

The radioactive isotope 137Cs, with a half-life of 30.1 years,
can negatively affect human life for decades, so the
transport and diffusion process of '’Cs should raise concern.
On the basis of the ROMS circulation model, the evolution
of "'Cs is predicted with consideration of the decay and
sinking processes of nuclear contaminants. The "*’Cs con-
centration decreases by radioactive decay with a half-life of
30 years, and by sedimentation at an assumed rate of 5 m/d.
According to Tsumune et al. [14], direct release from the
site contributed more to the measured "*’Cs concentration
than atmospheric deposition. Therefore, an emission source
was set in the area near Fukushima in our prediction, which
excluded atmospheric sedimentation. Given uncertainty of
the volume released into the ocean, one source of leaked
nuclear materials was idealized at a unit per second in the
ocean model, and would be automatically shut off one
month later. The forecast of the ’Cs distribution trend is
shown in Figure 6. Because of the lack of space, only the
distributions of '*’Cs in the 2nd and 8th year are shown.

It is shown that nuclear contaminants will diffuse east-
ward along with the ocean surface current (Kuroshio Exten-
sion) after leakage. After the source is shut off, nuclear
contaminants would distribute on both sides of the Kuroshio
Extension, because of the invasion of this extension. As
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Figure 6 Model predictions of Cs-137 surface concentration. (a) 2nd year;
(b) 8th year.

shown in Figure 6(a), portions of low "*’Cs concentration
distribute on the southern and northern sides of the Kuro-
shio Extension in two years, while high concentrations of
radioactive '*’Cs isotopes reach the central Pacific basin. In
addition, there is a small amount of 137Cs diffused south-
westward, along with ocean currents. Subsequently, con-
taminants on the northern side of the Kuroshio Extension
diffuse northeastward with the North Pacific Current, and
approach the American West Coast in five years. For the
south branch, '*’Cs will be transported southwestward. In
eight years, ocean areas influenced by the radioactive con-
taminants continue to expand, while concentrations de-
crease further east of the Kuroshio pathway. After reaching
the west coast of North America, '*'Cs will be transported
southward and northward by coastal currents, affecting that
entire coast, including the Bering Sea, but at low concentra-
tion. The peak concentration is located east of the Hawaiian
Islands and decreases (Figure 6(b)). The entire North Pacif-
ic Ocean north of 15°N will be affected by nuclear contam-
inants in 10 years. Radioactive pollutants could also influ-
ence the China seas, but at extremely low concentration.

4 Conclusion

The M9.0 earthquake and massive tsunami of 11 March
2011 seriously damaged FD-NPP in Japan, causing a nucle-
ar crisis. ROMS model was used to make a 10-year predic-
tion of the transport of leaked nuclear radiation and change
of "*’Cs concentration, and to analyze the low potential vor-
ticity water channel at the 25.6 oy isopycnal. The main
conclusions are as follows: (1) Nuclear contaminants sub-
ducted in low potential vorticity waters will affect the east-
ern area of Taiwan in 12 years. (2) Nuclear contaminants at
the surface will move eastward in the Pacific as far as
140°W, dividing into two branches thereafter. For the south
branch, nuclear contaminants will be transported west by
the equator currents, reaching the Philippines after 10 years’
time. In contrast, the north branch will arrive at the Ameri-
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can West Coast and then transport to the Bering Sea. At 200
m water depth, part of the radioactive materials will move
southwest along with deep ocean circulation, which could
potentially reach the east coast of Taiwan. The other part
will transport to the west coast of America and separate into
two branches. One will move north along the west coast of
Alaska, while the other will travel south toward the Hawai-
ian Islands. The transport of radiation contaminants below
500 m is slow, and will largely remain within the central
Pacific in 10 years. (3) The peak concentration of "*’Cs will
move eastward and approach the central North Pacific in
two years. The high concentration of '¥'Cs radioactive iso-
tope will reach the Hawaiian Islands and approach the west
coast of North America. In addition, the low concentrations
of "¥'Cs could affect the oceanic area east of Taiwan in five
years. The location of peak concentration, east of the Ha-
waiian Islands, will not change in eight years, but will be a
decreasing concentration. The entire North Pacific Ocean
north of 15°N will be affected by nuclear contaminants in
10 years. Radioactive pollutants will also influence the
China seas, but at low concentration.
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