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Japan suffered a M9.0 earthquake and massive tsunami on March 11, 2011, which seriously damaged the Fukushima Nuclear
Power Plant and caused a nuclear crisis. The spread of nuclear radiation from the power plant through the atmosphere and ocean
was predicted with a short-term climate forecasting model and an ocean circulation model under some idealized assumptions. If
nuclear matter were leaked in the near-ground layer of 992 hPa, the climate model results show that the nuclear radiation would
cover North America 10 days after the initial leakage, with the concentration at the forefront dramatically reduced to 10 millionths
of the initial model concentration at the source. The radiation would span Europe in 15 days and cover much of the Northern
Hemisphere in 30 days. If the initial leakage was assumed to occur in the layer 5000-m above the ground, the radiation would
cover Europe in 10 days and cover much of the Northern Hemisphere in 15 days. Moreover, under the assumption that the nuclear
matter leaked in the 10000-m layer, the radiation would affect much of China after 10 days. The ocean circulation model indicates
that the nuclear material would be slowly transported northeast of Fukushima and reach 150°E in 50 days, and the nuclear debris
in the ocean would be confined to a narrow band. Compared with the spread in the ocean, the area affected by leaked nuclear ra-
diation in the atmosphere would be very large. Atmospheric monitors in North America and Europe will be helpful for estimating

the effect in China of any leaked nuclear material.
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There was a M9.0 earthquake at 05:46 UTC on March 11,
2011, centered at (38.0°N, 142.9°E), 130 km from Sendai,
Japan. A subsequent massive tsunami soon hit the eastern
coastline of Japan. The Fukushima Nuclear Power Plant
was severely damaged by the earthquake and tsunami and
began leaking nuclear radioactive material into the atmos-
phere on March 12. The situation is still not under control at
the time of writing.

It is necessary to track the spread of the leaked nuclear
radiation since it will be transported and diffused in the at-
mosphere and ocean. To predict the long-distance spread of
nuclear materials, the operational global forecasting system
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of the atmospheric environment was established in the late
1990s by the National Meteorological Center of China,
which also set up a regional emergency response system in
2007 [1]. It is also necessary to predict the spread of nuclear
material leaked from the damaged Fukushima Nuclear
Power Plant using a short-term climate forecasting model
and an ocean circulation model.

Generally speaking, there are three channels for trans-
porting and diffusing leaked nuclear material: a fast channel
by atmospheric circulation, a slow channel through ocean
surface circulation, and an extremely slow channel through
thermohaline circulation into the interior ocean at depth. In
addition, the leaked nuclear material can also be transported
by human activity, such as the movements of ships and
planes. However, transportation through human activity is
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believed to be insignificant compared with transportation
through atmospheric and oceanic circulations.

Climate and ocean models are useful in quantitatively es-
timating the spread of leaked nuclear material. Many or-
ganizations and institutes have carried out synoptic-scale
simulations and predictions of the nuclear radiation leaked
from the Fukushima Nuclear Power Plant; such as the
Comprehensive Nuclear Test Ban Treaty Organization
(http://www.nytimes.com/interactive/2011/03/16/science/pl-
ume-graphic.html?ref=science), Belgian Institute for Space
Aeronomy (http://aeronomie.be/multimedia/video/daiichi3-
washout_bira-iasb_animated.gif), Finnish Meteorological Insti-
tute (http://en.ilmatieteenlaitos.fi/japan), Norwegian Institute
for Air Research (http://transport.nilu.no/products/fukushima),
University of Maryland (http://209.157.64.200/focus/f-news/
2692551/posts), and International Atomic Energy Agency
(http://blog.alexanderhiggins.com/net2/japan-nuclear-plume-
radiation-map.aspx).

These simulations, however, only describe the spread of
nuclear radiation in the atmosphere within a few days. We
believe that prediction of the spread of nuclear radiation in
the atmosphere and ocean over a much longer period with
the help of climate and ocean models is much needed, alt-
hough short-term climate forecasting is still in its infancy
[2]. The National Center for Atmospheric Research (NCAR)
climate forecasting model CCSM3 [3-7], widely used by
climate researchers, has proven to be one of the best models
in CMIP3 experiments [8]. Although there are common
problems of tropical biases in the climate models [3,9], sur-
face wave-induced mixing [10] was introduced in the model
to improve the simulation of the Pacific surface temperature
[11] and promote the predictability of short-term oceanic
phenomena, such as an El Nino event [12]. The developed
CCSM3 was employed in this study to predict the atmos-
pheric environment from March 14 to June 13, which is
further used to estimate the spread of leaked nuclear materi-
al in the atmosphere and to provide forcing terms for the
ocean model.

MASNUM, a coupled wave-tide-circulation model, is
used to simulate the spread of leaked nuclear radiation in the
ocean. Surface wave-induced mixing [10] is used in the cou-
pled model, which evidently improves the simulation of up-
per thermal structures and circulations in the global ocean and
marginal seas [13—15]. Results show that the coupled model
satisfactorily simulates and predicts various oceanic process-
es, such as summertime upwelling in the Yellow Sea [13], the
dynamical relation between current convergence (divergence)
and sunken macroalgae in the coastal area of Qingdao in
2008 [16], and the successful prediction of drifting trend of
floating macroalgae in the Yellow Sea during 2010 [17].

The Kuroshio and Oyashio convergence zones in the
northwestern Pacific are an important source of mode water
in the western Pacific [18] since surface water in this area
subducts in winter. The mode water subducts to a depth of
about 300 m and is then transported in the ocean interior.
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However, the transport is so slow that it takes about 12
years for the mode water to approach the area east of Tai-
wan Island [19]. It is unlikely that surface water with leaked
nuclear materials subducts to such depth because March is
not the favored season for mode water formation. Moreover,
the transport would be extremely slow even if there was
some subduction of nuclear radiation. Therefore, this paper
mainly predicts transport on the basis of atmosphere and
ocean surface circulations.

Models and numerical experiments are introduced in sec-
tion 1. The simulated spread of leaked nuclear material in
the atmosphere and ocean is presented in section 2. Discus-
sion and summary are given in section 3.

1 Numerical models and their linkages

1.1 Climate model and numerical experiments

The CCSM3 climate model [12] provided by the NCAR,
USA, is used to predict the spread of the leaked nuclear
material in the atmosphere. The atmospheric component of
CCSM3 is CAM3.0 (Community Atmosphere Model Ver-
sion 3.0) [4], with a horizontal resolution of T42 (about 2.8°
x2.8°) and 26 vertical layers. It has been shown that
CAM3.0 simulates the East Asian Monsoon fairly well [20].

The model is run for 300 years, and the globally averaged
upper-ocean kinetic energy demonstrates that the model has
achieved a quasi-stationary state by then. The Reynolds daily
sea surface temperature [21] is assimilated into the climate
model [12] from January 1, 1982, to March 14, 2011. The
climate model is then integrated to provide a 3-month predic-
tion from March 14, 2011, and to simulate the spread of the
nuclear radiation. To idealize the nuclear leak in the climate
model, we assume that the nuclear material was all released at
once from one model grid near Fukushima on March 14, and
the released nuclear concentration was 1.0 at the source. The
numerical experiments are carried out under idealized cases
that the nuclear material was leaked in the near-ground layer
(992 hPa), 5000-m layer, or 10000-m layer. The embedded
tracer model [4] of CAM3.0 is employed to predict the spread
of leaked nuclear radiation regardless of its potential sinking
in the atmosphere or other physical processes such as radia-
tive decay. The mean concentration is obtained by integrating
the radiation concentration through the whole atmospheric
column. One tenth of the maximum column-averaged con-
centration at a given time is selected to denote the spread of
the assumed nuclear material.

Two additional idealized experiments under assumptions
that the nuclear radiation was leaked on January 14 or Feb-
ruary 14 are designed to estimate the influence of atmos-
pheric conditions on the spread of nuclear radiation.

1.2 Ocean model and numerical experiments

Operational MASNUM, a coupled wave-tide-circulation
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model [22], is used to predict the path of nuclear materials
in the ocean under the assumption that the nuclear debris
that leaked from the Fukushima Nuclear Power Plant en-
tered the ocean slowly in the nearest coastal water. The
Princeton Ocean Model [23,24] is used as the ocean circula-
tion model, and MASNUM-WAM [25,26] is used as the
ocean wave model. The operational system covers the
Northwest Pacific Ocean (0°-50°N, 99°E-150°E) with a
horizontal resolution of (1/8)° x (1/8)° and 21 sigma layers
in the vertical. Open boundary conditions are provided by a
global model [24] with a horizontal resolution of (1/2)° x
(1/2)°. Atmospheric forcing before March 14, 2011, is ob-
tained from NCEP/NCAR reanalysis data, and the forcing
after March 14 is provided by the modified CCSM3 climate
model (see section 1.1). It is seen that the switch in atmos-
pheric forcing on March 14 is sufficiently smooth, having
no apparent impact on the ocean model results. The concen-
tration of the nuclear materials at the source is assumed to
be constant during the whole simulation since the leaked
nuclear material is assumed to enter the ocean slowly. De-
caying and sinking processes of nuclear radiation are ig-
nored in the ocean simulations.

Two additional idealized experiments under the assump-
tions that the nuclear radiation first entered the coastal water
on January 14 or February 14 are carried out to estimate the
influence of oceanic circulation on the spread of nuclear
radiation.

2 Model results

2.1 Spread of leaked nuclear materials via the atmos-
pheric channel

Averaged atmospheric circulation in the near-ground layer
(992 hPa) over the period from March 14 to April 14 is il-
lustrated in Figure 1. The figure shows that the atmospheric
circulation near Fukushima is controlled by the West Pacific
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subtropical high, and a southwesterly with a speed of 5-8
m/s dominates the near-ground layer. The wind speed in-
creases with altitude, even exceeding 30 m/s at the top of
the troposphere.

Figure 2 shows the time evolution of the simulated
spread of leaked nuclear radiation in the atmosphere. If the
nuclear materials were leaked within one grid of the
near-ground layer of 992 hPa (Figure 2(a)), the radiation
would cover the northern part of Japan 3 days after the ini-
tial leakage. The majority of the nuclear radiation would
extend northeastward and approach Bering Strait in the fol-
lowing 2 days. The nuclear radiation would cross the Pacific
Ocean and North America, and affect Europe 15 days after
the initial leakage. However, the model concentration of
nuclear material at the forefront is only about 3 x 1075, in
the order of 10 millionths of the initial model concentration
at the source. The nuclear radiation would arrive in China
within the next 5 days and cover much of the Northern
Hemisphere in another 10 days. Supposing that the nuclear
radiation material entered the 5000-m layer of the climate
model (Figure 2(b)), the spread would affect North America
in 5 days, cover Europe in another 5 days, and cover much
of the Northern Hemisphere 5 days later. If the nuclear ma-
terial was leaked in the 10000-m layer (Figure 2(c)), the
spread would be even faster; it takes only 10 days for the
radiation to span the majority of China.

It is worth noting that the leaked radiation may never en-
ter the 5000-m or 10000-m layer. However, even if the nu-
clear material was leaked in the near-ground layer, the
model results show that the spread in the atmosphere is fast
and broad and the concentration decreases quickly.

2.2 Spread of leaked nuclear materials via the oceanic
channel

Figure 3 shows the simulated spread of nuclear debris in the
ocean 50 days after March 14, 2011. The arrows denote the

Figure 1 Predicted atmospheric circulation in the near-ground layer (992 hPa) averaged over the period from March 14 to April 14, 2011.
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Figure 2 Predicted spread of the leaked nuclear radiation in the atmos-
phere under the assumption that the nuclear material was all released at
once from one model grid near Fukushima in the near-ground layer (a),
5000-m layer (b), or 10000-m layer (c). A concentration of nuclear radia-
tion of 1.0 is set at the source. The contours with the vertically averaged
concentration equal to 10% of the maximum averaged concentration at
various times are drawn to denote the spread of nuclear material. Purple,
red, green, blue, dark-green, and black curves correspond to days 3, 5, 10,
15, 20, and 30, respectively, after the release. The concentrations corre-
sponding to differently colored curves in (a) are 1 x 10%,5% 107, 1% 107,
3x107° 2 x10° and 1 x 10°. For (b) and (c), the concentrations of 1 x
10, 5% 10°,2x 107, 7 x 10°, and 5 x 107 correspond to days 3, 5, 10,
15, and 20 days, respectively.

mean circulation with current speeds higher than 0.2 m/s.
The red curve represents the spread of the nuclear debris,
with a contour value of 0.001, one thousandth of the nuclear
radiation concentration set at the source. The nuclear debris
would be transported northward by the ocean currents ini-
tially, approach 38.5°N, and turn eastward 20 days later.
Fifty days after March 14, the nuclear debris would ap-
proach 150°E, far from Chinese coastal waters. The nuclear
debris in the ocean would be confined to a narrow band and
the transportation of the leaked nuclear material in the
ocean would be much slower than that in the atmosphere.

2.3 Results of idealized numerical experiments

On the basis of the CCSM3 climate model, two additional
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idealized experiments under assumption that the nuclear
radiation was leaked on January 14 or February 14 are de-
signed to examine the effect of atmospheric circulation on
the spread of nuclear radiation. The nuclear materials were
assumed to have been leaked at the near-ground layer of
992 hPa in both experiments. Both idealized experiments
(Figure 4) show that if the nuclear material was leaked on
January 14 or February 14, the transport of nuclear radiation
in the atmosphere would be faster than that of nuclear radia-
tion leaked on March 14. The nuclear radiation would cover
much of the zonal belt in 20 days for the both idealized ex-
periments.

Figure 5 presents the simulation results for two idealized
experiments using MASNUM, a coupled ocean model,
where red, blue, purple, and black lines denote the spread of
leaked nuclear material in the ocean 10, 20, 30, and 40 days
after the initial leakage, respectively. If the nuclear materi-
als were leaked on January (February) 14, the radiation
would approach 150°E in 30 (40) days, which is 20 (10)
days earlier than the case for leaking on March 14. This
implies that the specific surface ocean circulation affects the
spread of leaked nuclear radiation in the ocean.

3 Discussion and summary

The M9.0 earthquake and massive tsunami occurring on
March 11, 2011, seriously damaged the Fukushima Nuclear
Power Plant in Japan and caused a nuclear crisis that, al-
most a month later, is yet not to be fully controlled. The
modified CCSM3 climate model and MASNUM coupled
wave-tide-circulation model were used to make 3-month
predictions of atmospheric and oceanic circulations and the
spread of leaked nuclear radiation.

Several assumptions were made. The leaked nuclear ra-
diation material is assumed to be transported and to diffuse
with wind and ocean currents without considering sinking
or radiative decay. The source of leaked nuclear material is
idealized as a unit concentration within one grid in the at-
mosphere or ocean model. The climate and ocean models
provide only the “contaminated” areas but not actual con-
centrations of the leaked nuclear radiation; in fact, the radi-
ation concentration will decrease dramatically with distance
from the source. The effects of nuclear material leaked to a
higher altitude were also tested; however, it is still not yet
clear whether the leaked nuclear matter can attain such alti-
tudes.

There are always errors and biases in climate and ocean
models. The errors and biases may accumulate with predic-
tion time, leading to greater errors in the prediction of the
spread of radiation.

Under the above assumptions, 3-month predictions of the
spread of leaked radiation were performed in this study.
Additional idealized numerical simulations were carried out
with the nuclear material assumed to have been leaked
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Figure 3 Predicted ocean surface currents (vector) and the spread of leaked nuclear radiation debris in the ocean (red line, with a contour value of 0.001)
while the nuclear radiation concentration is set at 1.0 at the source. (a), (b), (c) and (d) are for days 10, 20, 30, and 50 after the initial leakage, respectively.
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set at the model grid in the near-ground layer (992 hPa) near Fukushima.
The concentrations of 3 x 10>, 1 x 107, 5 x10°°, 3 x 10, and 1 x 10
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Figure 5 Predicted spread of nuclear material in the ocean under the
assumption that the nuclear radiation was leaked on January 14, 2011 (a),
or February 14, 2011 (b). Red, blue, purple, and black curves denote the
spread on days 10, 20, 30, and 40 after the initial leakage, respectively.
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at different times. Model results are summarized as follows.

Spread via the atmospheric channel. If the nuclear mate-
rial was leaked in the near-ground layer of 992 hPa, the ra-
diation would cover North America in 10 days while the
model concentration of nuclear material at the forefront
would be dramatically reduced to about 10 millionths of the
initial concentration at the source. The nuclear radiation
would cross Europe and the front would arrive in China
within the next 10 days, and cover much of the Northern
Hemisphere in another 10 days. Supposing that the nuclear
radioactive material entered the 5000-m layer of the climate
model, the spread of leaked nuclear material would cover
Europe within 10 days, and cover much of the Northern
Hemisphere 15 days after the initial leakage. If the nuclear
material was leaked into the 10000-m layer, the spread
would be even faster; it would take only 10 days for the
radiation to span North America and Europe, and then affect
the majority of China.

Spread via the oceanic surface channel. If the nuclear
material entered the ocean, it would be slowly transported
toward the northeast and reach 150°E after 50 days, but the
nuclear debris would be confined to a narrow band.

Idealized numerical experiments. If the nuclear radiation
was assumed to have been leaked on January 14 or February
14, the transport of nuclear material in both the atmosphere
and ocean would be faster than the transport of nuclear ma-
terial that was leaked on March 14.

Radiation monitors are needed in China, and atmospheric
monitors in North America and Europe will be helpful in
estimating the effects of leaked nuclear material in China.
Leaked nuclear material sinks and decays in reality, and
thus, the concentration would be less than that predicted
here when the nuclear radiation reached China. The Com-
prehensive Nuclear-Test-Ban Treaty Organization reported
the monitoring of radioactive materials from Japan on its
website on April 7, 2011 (http://www.ctbto.org/press-centre/
highlights/2011/fukushima-related-measurements-by-the-
ctbto/fukushima-related-measurements-by-the-ctbto-page-1/).
The Takasaki monitoring station, about 300 kilometers from
the Fukushima Nuclear Power Plant, first detected radioac-
tive isotopes on March 12. Radioactive isotopes were de-
tected in eastern Russia on March 14 and approached the
west coast of the United States 2 days later. The radioactive
materials crossed North America 9 days after the accident.
Three days later, a station in Iceland detected radioactive
materials, which indicated that the leaked nuclear material
had affected Europe. Radioactive material from Fukushima
was detectable in almost the entire Northern Hemisphere 15
days after the initial leakage. Meanwhile, the monitoring
results recorded up to April 7 showed that the radioactive
levels outside Japan were far below the levels that could
harm human health and the ecological environment. The
monitoring results are generally consistent with the predic-
tions made in this study.

More studies need to be carried out to quantitatively im-
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prove the predictions made in this study. First, the horizon-
tal resolution of the tracer model in the global climate mod-
el is about 2.8° x 2.8°, which may lead to overestimation of
the diffusion of nuclear material in the atmosphere. A
high-resolution model will be helpful to reproduce actual
processes; however, this requires more computing power.
Second, 992 hPa is the nearest ground layer of the climate
model. The rate of spread should be lower than that pre-
dicted if the nuclear material was actually leaked in a layer
lower than 992 hPa. Third, diffusivity of the general tracer
in the atmosphere was chosen for horizontal diffusion of
leaked nuclear material, which may also introduce error.
Finally, it is much better to use the actual amount of leakage
from Fukushima during the simulation, while because of a
lack of data only unit concentration at one model grid was
used in this study to idealize the actual nuclear leakage.
There are many assumptions built into these predictions,
and therefore, all our predictions need to be verified with
more data over a longer timeframe. Even so, we believe that
the general transport paths and the spread of leaked nuclear
material presented here provide useful information for fur-
ther research.
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