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ABSTRACT: The earthquake and the subsequent tsunami that occurred offshore of Japan resulted
in an important loss of life and a serious accident at the nuclear facility of Fukushima. The “hot
spots” of the release are evaluated here applying the model LMDZORINCA for 137Cs. Moreover, an
assessment is attempted for the population and the environment using the dosimetric scheme of the
WHO and the interactive tool ERICA, respectively. Cesium-137 was deposited mostly in Pacific and
Atlantic Oceans and North Pole (80%), whereas the rest in the continental areas of North America
and Eurasia contributed slightly to the natural background (0.5−5.0 kBq m−2). The effective dose
from 137Cs and 134Cs (radiocesium) irradiation during the first 3 months was estimated between 1−5
mSv in Fukushima and the neighboring prefectures. In the rest of Japan, the respective doses were
found to be less than 0.5 mSv, whereas in the rest of the world it was less than 0.1 mSv. Such doses
are equivalent with the obtained dose from a simple X-ray; for the highly contaminated regions, they
are close to the dose limit for exposure due to radon inhalation (10 mSv). The calculated dose rates
from radiocesium exposure on reference organisms ranged from 0.03 to 0.18 μGy h−1, which are 2
orders of magnitude below the screening dose limit (10 μGy h−1) that could result in obvious effects
on the population. However, these results may underestimate the real situation, since stable soil density was used in the
calculations, a zero radiocesium background was assumed, and dose only from two radionuclides was estimated, while more that
40 radionuclides have been deposited in the vicinity of the facility. When monitoring data applied, much higher dose rates were
estimated certifying ecological risk for small mammals and reptiles in terms of cytogenetic damage and reproduction.

■ INTRODUCTION

On March 11, 2011 (14:46 local time), a great earthquake
occurred in Eastern Japan (Tohoku District) resulting in severe
damage to the area and to the residents. The magnitude was
estimated to be 9.0 causing a large number of deaths. Due to
the earthquake, big tsunamis developed and hit the Eastern
Coast of Japan.1 There are 17 nuclear power plants (NPPs) in
13 prefectures of Japan consisting of 54 reactors. In Fukushima
prefecture, 10 boiling water reactors (BWR) were operated.
The Fukushima Dai-ichi NPP located on the East Coast
(Supporting Information Figure S2) was also attacked by the
tsunamis and a simultaneous loss-of-offsite power took place.
The offsite power lines were lost due to damage of the breakers
and 12 emergency diesel generators (EDGs) automatically
started.2 The four BWRs were hit by the first tsunami 41 min
after the earthquake and by the second one 8 min later. The
ground level of the site is 10 m above sea level, and the tsunami
reached 4−5 m above ground level.3 When the tsunamis
entered the NPP, the emergency generators of the stations lost

their capabilities, and electric power was disrupted.4,5 As a
result, the cooling systems were damaged, internal pressure
levels increased due to extreme heating of the cooling water,
and hydrogen explosions occurred during March 12−15. A lot
of fission products including 131I, 134Cs, and 137Cs were released
into the environment. The refractory radioactive materials (e.g.,
Pu isotopes) were deposited close to the NPP, whereas the
most labile ones (e.g., cesium and iodine isotopes) were
transported as a fallout plume over long distances following the
prevailing meteorology. The rainfall started in Japan on March
15, so the radioactive materials were deposited due to wind
direction and rainfall northwesterly from the NPP.
The objective of the present paper is to study the global

transport and deposition of the 137Cs released after the
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Fukushima NPP accident. An additional motive is to evaluate
the efficiency of the model for 137Cs using real-time
measurements of surface activity concentrations obtained by
the Comprehensive Nuclear-Test-Ban Treaty Organization
(CTBTO). The activity concentrations of 137Cs used for the
comparison are available from the work of Christoudias and
Lelieveld.6 Four different simulations were carried out (i) using
a regular grid (2.5° × 1.27°) over 19 vertical levels, (ii) using
the same horizontal resolution over 39 vertical layers, and a
combined experiment with emphasis in (iii) Europe and (iv)
Asia. The aforementioned experiments in Europe and Asia were
performed with simulations over a “stretched” grid, the first one
pointing to Europe and the second to Asia achieving a
maximum resolution of 0.45° × 0.51° over 19 vertical layers.
The results were combined with those from the regular grid
run, in order to map the global deposition of 137Cs emphasizing
over Europe and Asia. The importance of using modeling tools
to predict the transport and deposition of radioactive tracers is
of extreme urgency nowadays taking into account the large
global risk of human exposure to radiation. Butler7 reported an
interactive map of the population residing near NPPs recording
a large risk over Southeastern Asia and Europe and across the
East Coast of the United States. He estimated that a major
reactor accident could expose around 30 million people to
radioactivity8 in West Europe and South Asia; though a reliable
model would be an asset. Finally, a risk assessment is
attempted, both for the population, as well as for the
environment using the dosimetric scheme of the World Health
Organization (WHO)9 and software recommended by the
IAEA (the ERICA Tool10see also the Supporting Informa-
tion).

■ EMISSION OF 137CS AFTER THE ACCIDENT

During nuclear accidents, radionuclides are released into the
atmosphere and transported over long distances. Cesium-137
(30.2 years) is of major concern, due to its high volatility, the
radiation type it emits and its biological activity (chemical
analogue of potassium). Therefore, transport and removal of
137Cs from the atmosphere is of major importance, as seen after
the Chernobyl accident.11−17 It has been found attached mainly
to ambient (0.1−1 μm diameter) aerosol, specifically to the
inorganic one,18 and thus it is highly subject to washout
removal from the contaminated air masses.19

As regards emissions from Fukushima, 137Cs was attached in
the size range 0.1−2 μm diameter.20 These aerosols grow by
coagulation during transport,18 and are removed from the
atmosphere by wet and dry deposition. Cesium-137 was still
measurable before the accident at trace levels (<1 μBq m−3 in
Central Europe21,22 and <0.3 μBq m−3 in Northern and
Southern Europe23). Its persistence in the atmosphere can be
explained in terms of its long half-life (effective and physical)
and inputs through resuspension from former deposition
(Chernobyl or nuclear weapon testing) or through the emission
of flying ashes during biomass burning.24

In the atmosphere, there were multiple release events in the
first weeks that delivered the bulk of the radioisotopes to
regions downwind (several weeks of venting, explosions, and
fires at the facility). Nevertheless, the scientific community still
argues about the exact amounts of the release addressing the
lack of good source emission information, including locations
and altitude, time variations of release rates, and physicochem-
ical compositions. Uncertainties in model-predicted concen-

trations and depositions are directly related to uncertainties in
source emission release rates.
Chino et al.25 and recently Terada et al.26 reported the total

release for 137Cs to be approximately 13 PBq, based on an
inverse estimation of the source-term.27 They estimated
emissions using data from Japanese stations only and a regional
simulation domain and, also, assuming constant radioactivity
ratios for the different radionuclides based on iodine and
cesium concentrations in rain, snow, and vegetation; though
they mentioned large emission uncertainties (at least a factor of
5). Moreover, Povinec28 and Kim et al.29 reported the same
total emission based upon the first estimates, whereas the
French Institute of Radioprotection and Nuclear Safety (IRSN)
reported releases of 137Cs to be 20.6 PBq.30 In the present
study, we adopted the emission inventories for 137Cs for March
and April 2011, reported by Stohl et al.31 estimated by inverse
modeling (36.7 PBq). These estimates have been backed up by
comparisons with measurements6 showing relatively good
correlations (133Xe, 137Cs, and 131I).

■ METHODOLOGY
Model Description, Basic Scheme, and Simulations.

The coupled model LMDZORINCA was used in the
simulations for the accident,3233 (see also the Supporting
Information) consisting of the aerosol module INCA
(INteractions between Chemistry and Aerosols), the general
circulation model, LMDz (Laboratoire de Met́eórologie
Dynamique), and the global vegetation model ORCHIDEE
(ORganizing Carbon and Hydrology In Dynamic Ecosystems
Environment). The model accounts for emission, transport,
photochemical transformations, and scavenging (dry and wet)
of chemical species and aerosols interactively in the GCM. The
model can be run in a nudged mode, relaxing to ECMWF
(European Centre for Medium-Range Weather Forecasts)
meteorology.34

The simulations for the Fukushima accident were performed
using the regular grid achieving maximum horizontal resolution
of 2.5° in longitude and 1.27° in latitude. On the vertical two
different resolutions were used for the regular grid: 19 levels
extending from the surface up to about 3.8 hPa and 39 vertical
layers extending from the surface up to the mesopause.
However, the GCM also offers the possibility to stretch the grid
over specific regions using the same number of grid-boxes. In
the present study the zoom version was used for Europe and
Asia achieving a horizontal resolution of 0.45° × 0.51° for 19
vertical levels. The motivation of these high resolution
simulations was to construct a detailed global deposition map
for 137Cs combining these runs with the regular grid run.
Moreover, all the dose calculations for Japan have been
performed using this version obtaining a much better
resolution. The final result is a global map of 2.5° × 1.27°
resolution consisting of two detailed windows of 0.45° × 0.51°
resolution for Europe and Asia. Each simulation lasted from
March to December 2011. According to relevant measurements
of 137Cs activity concentrations, the detection of 137Cs in the
ambient aerosol ended on April 2011;35−38 therefore, this
period is considered to be sufficient in order to obtain an
overall view of the global deposition of 137Cs.

Dosimetric Calculations for Humans and for the
Environment. Dosimetric quantities are needed to assess
human radiation exposures in a quantitative way. The
International Commission on Radiological Protection (ICRP)
provides a system of protection against the risks from exposure
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to ionizing radiation, including recommended dosimetric
quantities.39 The dosimetric scheme for the calculations of
human dose rates was adopted from WHO.9 External doses
from radionuclide deposition represent a significant long-term
exposure pathway; hence it was integrated over the first year for
locations both in Japan and in the rest of the world. In the
study, the external effective dose from 137Cs and 134Cs (from
now on mentioned as radiocesium) deposited on the ground
was calculated. Cesium-134 (t1/2 = 2.065 y) concentrations and
deposition rates in each grid cell and time step were calculated
from 137Cs assuming a 134Cs/137Cs isotopic ratio of 0.92, based
on CTBTO observations following the accident.6,40 Moreover,
the external effective dose from the presence of radiocesium in
the radioactive cloud (fallout), the effective dose from

inhalation and the dose from ingestion of radioactive materials
were also estimated using the same scheme.

Dosimetric Modeling of the Ecosystem Using the
ERICA Tool. Since the Chernobyl accident, a great challenge in
radioecology has been the development of a tool that will be
able to record and assess the changes in the population of
nonhuman biota due to effects from ionizing radiation. For this
reason, a supporting computer-based tool (the ERICA tool)
has been developed (see also the Supporting Information),41,42

which guides the user through the assessment process,
recording information and decisions, and allowing the
necessary calculations to estimate risks to selected animals
and plants.10,43 The results can be put into context using
incorporated databases on dose effects, relationships, and
background dose rates. In the present assessments the Tier 2

Figure 1. First arrival date of Fukushima radioactive substances at various sites in the Northern Hemisphere (West and East Coast of the USA,
Europe, and Asia) as a three-dimensional representation of 137Cs iso-surface (0.8 mBq m−3 STP). Red denotes the maximum activity, whereas blue
shows the minimum one (range of the iso-surface 0−1.6 mBq m−3 STP).
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scheme was used for dose rate calculations from radiocesium to
the terrestrial reference organisms, namely amphibians, birds,
bird’s eggs, detritivorous invertebrates, flying insects, gastro-
pods, grasses and herbs, lichens and bryophytes, mammals
(rat), reptiles, shrub, soil invertebrates (worms), and trees.

■ RESULTS AND DISCUSSION
Global Fallout Transport from Fukushima NPP and

Comparison with Measurements. In the first days after the
power loss, Tokyo Electric Power Company (TEPCO), the
operator of the NPP, vented the reactors to relieve the pressure
in the containment and to prevent explosions. During the initial
period the winds were predominantly from the northwest
(prevailing direction in mid-March), directed offshore and
therefore transporting the plume over the ocean. For several
hours on March 15 the winds were onshore (from the
Southeast). Source term estimates published rapidly by the
Japan Atomic Energy Agency (JAEA),25 as well as other
modelers,31 established that the greatest release occurred in
March 15, when explosions rocked several of the reactors and
fires were ongoing at the spent fuel pool. This event spread
radioisotopes along a band through the mountains and affected
areas more than 30 km from the plant. Then on March 21 the
winds blew toward the south and southeast toward the outer
regions of Tokyo (Supporting Information Figure S1; also
reported by Kinoshita et al.44). The two vertical resolutions
used for this simulation (19 and 39 levels) did not show any
significant differences in the transport of 137Cs on the vertical.
The reason is that the releasing heights31 introduced 137Cs
within three atmospheric layers (50, 300, and 1000 m) layered
with large distances in between. Obviously, the distribution of
137Cs in the vertical levels did not affect its transport.
As regards to the global transport of 137Cs from Fukushima

(Figure 1), the fallout was dispersed from Eastern Asia to
Europe and back to Asia presenting very similar 137Cs activity
concentrations (Figure 1). The 137Cs activity concentrations in
Figure 1 are expressed in becquerels per cubic meter STP,
where cubic meter STP is a standard cubic meter of air at
273.15 K temperature and 1 atm pressure. During the first 36 h
of simulation, the majority of radioactive emissions were
advected eastward over the Pacific Ocean. A week into the
simulation, radioactivity had spread throughout the Northern
Pacific, reaching the contiguous United States, Alaska, and
Russia (Figure 1). The radioactive plume arrived on the West
Coast of the US on March 16−17, 2011, whereas Bowyer et
al.45 and Diaz Leon et al.46 reported that airborne fission
products, including 131,132I, 134,137Cs, 132Te, and 133Xe were first
detected on the West Coast of the US on March 16th. In
addition, the US EPA47 reported that the Fukushima plume of
radiocesium arrived in California on March 18th. By the second
week of the simulation, radioactivity had spread across the
Atlantic but had not crossed the Equator (Figure 1). Cesium-
137 fallout reached the Northeast Coast of the USA on March
19th, 2011, and Orlando on March 21st, 2011, although
Hernańdez-Ceballos et al.48 reported that it was initially
detected in Orlando (Southeastern USA) on March 24th,
2011. This deviation might be attributed to the nature of the
sampling techniques used for aerosol identification presenting
large filtrating instruments at the surface, where air is passed
through selective filters, achieving a limit of detection on the
order of microbecquerels per cubic meter; in contrast,
modeling results give concentrations several orders of
magnitude lower. The plume then moved toward the North

Atlantic approaching Iceland and Norway on March 20th
(arrival on March 21st reported by Masson et al.35) and up to
South Korea by the end of March (arrival on April 1−3
reported by Hernańdez-Ceballos et al.48). By the third week of
the simulation, radioactivity was relatively well-mixed through-
out the Northern Hemisphere (Figure 1). Dust deposited at
Uljin (South Korea) was contaminated with 137Cs derived from
Fukushima reaching values larger than 200 Bq kg−1,48 although
the respective concentrations prior to the accident were about
50 Bq kg−1. These observations in conjunction with the global
fallout evolution presented by our model prove that the
surrounding South Korea was disconnected from the Northeast
Coast of Japan in March and attacked by the attenuated fallout
after full-globe transport. However, the model results (Figure
1) display that in late March there was a small direct transport
of 137Cs to the South Korean region, which is also certified by
low measurements of radiocesium in Chuncheon and in Uljin.48

Hong et al.49 reported that these lower concentrations were
derived by the progressive downward movement of radio-
nuclides released from Fukushima and then accumulated at
higher latitudes.
The results from the comparison of the modeled 137Cs

activity concentrations with the CTBTO measurements taken
from the work of Christoudias and Lelieveld6 can be found in
Figures S3a−c in the Supporting Information. The model
results presented here are daily averages of 137Cs activity
concentrations in the lowest layer of the model and in the grid-
boxes where the stations are located. It is noteworthy that there
is good agreement of the arrival times of 137Cs plume at each
station, the first detection time and the major concentration
peaks, especially for stations in North America, North Europe,
and the West Pacific, taking into account the source
uncertainties. An additional uncertainty in the arrival times
might be attributed to the fact that CTBTO stations collect
samples every 12 h or more; therefore uncertainties of 1 day
can be assumed for each measurement station. In many cases
records are not continuous and no observations for the arrival
of 137Cs plumes were available. Despite all the limitations, there
is good coherence between model and measured concen-
trations. A better coherence was obtained using the larger
vertical resolution (39 levels) on a global scale.

Deposition of 137Cs with Emphasis on Europe and
Asia. During the first week after the accident (March 11−15),
when deposition rates increased over the areas around
Fukushima, northeasterly or easterly winds associated with a
transient cyclone transported and deposited 137Cs from the
NPP to inland areas (Figure 2). On the other hand,
precipitation was observed during the second week after the
accident (March 15−22); a cyclone passed over Japan, and
137Cs was effectively deposited over land. During the same
period (March 17−20), when an anticyclone prevailed over
Fukushima, 137Cs was transported and deposited to the Pacific
Ocean and the West Coast of the USA (Figure 2). Although
the emissions from Fukushima continued in the 3 weeks after
the accident, they were 3−4 orders of magnitude lower;
therefore, a decreased contribution was observed in the
deposition inventory of Japan (1−10 kBq m−2) and the
North Pacific (up to 10 kBq m−2), whereas traces were
deposited in the USA (<0.5 kBq m−2), in the Atlantic Ocean
(<1 kBq m−2), in Europe (maximum 0.1 kBq m−2), and in Asia
(<0.05 kBq m−2). Finally, precipitation was extremely low in
the Northern Hemisphere during the first week of April (week
4), thus no intense deposition was observed (Figure 2), despite
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the large emissions from the NPP (in the order of 1013 Bq per
day). These trends are in good agreement with previously

published results40,50 and, also, with the overall amount of 137Cs
deposited in inland areas, estimated to be 20%, while the rest
was deposited in the World Ocean, as well as in the North Pole
glaciers.6,50

The global deposition of 137Cs is shown in Figure 3 in terms
of cumulative values for 2011. For this figure the results of three
simulations were used: a run in the regular grid (2.5° × 1.27°),
another with the grid stretched over Europe, and another run
over Asia (0.45° × 0.51°) for 19 vertical levels. Following the
definitions of the International Atomic Energy Agency,51,52 any
area with deposition inventory more than 40 kBq m−2 is
considered to be contaminated; therefore the maximum in the
scale used was 40 kBq m−2. However, from the combined map,
it was found that the highest depositions occurred around the
NPP’s grid-cells, with deposition exceeding the contamination
limit and affecting an area of over 9 million inhabitants.6 The
average deposition in the NPP’s grid-cell was in the range of
megabecquerels per square meter. Noticeably, very low
deposition was observed in Europe presenting values below
0.1 kBq m−2. The highest inventories were calculated for South
Europe and also for Turkey. These values are radiologically
insignificant having invisible impact on humans and the
environment. The same situation was observed in Asia with
deposition inventories far below the limit derived from IAEA
guidelines (Figure 3).

Risk Assessment to the Population from the
Fukushima NPP Accident. This section provides data on
effective doses of the public resulted from exposure within the
first year after the accident worldwide, with greater detail inside
Japan. The assessment was performed to provide dose
estimates and is based on information publicly available by
the Japanese authorities. The results of the dose estimates are
validated with reports from the WHO and with comparisons

Figure 2. Total deposition of 137Cs (kBq m−2) during the first 4
months after the accident. The deposition is expressed in weekly
intervals.

Figure 3. Total cumulative deposition of 137Cs in 2011. Results of three different simulations were used: a run in the regular grid (2.5° × 1.27°),
another with the grid stretched over Europe achieving a maximum resolution of 0.45° × 0.51°, and another run using a stretched grid over Asia
(0.45° × 0.51°).
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with data on human in vivo monitoring measurements (e.g.,
whole body counting).
The input data were modeling results of 137Cs and calculated

results of 134Cs (from the respective isotopic ratio) in the
environment (soil and aerosol concentrations) and parameters
taken from WHO9 in foodstuffs. The methodology used to
calculate the doses relies on the most recent dosimetric and
biokinetic models for different population subgroups (i.e.,
infants, children, and adults), although here only dose rates to
adults are presented. The dosimetric scheme considers all
major routes of exposure: (i) the external exposure from the
presence of radiocesium (137Cs and 134Cs) in the fallout and on
the ground and (ii) the internal exposure from ingestion of
foodstuffs and inhalation of radiocesium.
Given the limited information available, the assessment

contains a number of assumptions (e.g., fallout composition
and dispersion, time spent indoors/outdoors, and consumption
levels). All efforts were made to avoid any underestimation of
doses. In this context, the assessment showed that the
cumulative effective dose from deposition, fallout presence
(external), and inhalation received by adults until the end of
2011 in areas outside of Japan was below 0.05 mSv and usually
far below this level (Figure 4), which agrees well with the

records of WHO. Maxima were calculated for the West Coast
of the USA (1−10 μSv), whereas estimates in Eurasia were
found to be below 0.1 μSv. It has previously been suggested
that during the first months fallout remained confined to the
Northern Hemisphere, with the Equator acting as a dividing
line. Although traces of radiocesium have been reported in the
Southern Hemisphere, the external effective doses from
radiocesium were one-fifth and probably less than those in
the Northern.
As regards to the effective dose over Japan, both external and

internal doses for the three first months (March−May) were
taken into consideration (Figure 5). The experience of
Chernobyl showed that the effective dose rates decrease within
the first year after the accident mainly due to radioactive decay
of the short-lived radionuclides. However, a term that
minimizes the dose in that case is that atmospheric burden
can be neglected after the first year of the accident; thus,
inhalation dose and the dose from air-submersion of radio-

cesium tend to zero. In addition, the dose from radiocesium
deposition has been found to decrease during the following
decade due to radioactive decay of 134Cs and the vertical
migration into the soil.53,54 The shielding effect of soil
migration is an important factor in reducing doses. About
30% of the effective dose has been estimated to decrease during
the first year, while about 70% during the first 15 years.55 More
specifically, the total cumulative effective dose (deposition,
fallout, inhalation, and ingestion) in Fukushima prefecture
(Northwest of the Fukushima NPP) during the first three
months is within a dose band of 1−5 mSv. In these most
affected regions, inhalation dose is more significant during the
first month after the accident decreasing in the next two
months (Supporting Information Figure S6). Cumulative
effective doses of radiocesium in the rest of Japan were
estimated to be within 0.001−0.5 mSv.
The estimation of doses from food is another important

factor in the assessment of overall doses. For Fukushima
prefecture the estimated effective dose from food ingestion per
month was highest in March 2011 and decreased until August
(Supporting Information Figure S4). The estimated effective
dose to adults in the Fukushima prefecture from one year’s
intake of radionuclides in food was estimated as 0.2 mSv,
whereas the dietary exposure outside Fukushima is two times
lower. It should be stated that the dietary exposure assessment
is for Japanese consumers only consuming exclusively food
produced in areas where food monitoring was implemented.
However, measurements in eggs, rice, and tap water were not
available in order to include them in the dose estimations,

Figure 4. Global map of effective doses from radiocesium (137Cs and
137Cs) as a result of exposure during the first three months after the
Fukushima Dai-ichi accident. The external exposure due to the
presence of radiocesium in the radioactive fallout (air-submersion), the
external irradiation from radiocesium deposition, and the internal
inhalation pathway has been taken into consideration. Food-ingestion
assumed to be negligible for the global population as monitoring has
been activated after the accident preventing contaminating food to be
imported by the countries according to the national regulations.

Figure 5. External (from radiocesium presence in fallout and ground
deposition) and internal (inhalation and ingestion) cumulated effective
doses during the first three months after the accident. The foodstuffs
account for the ingestion of radiocesium are cereals, green vegetables,
root vegetables, orchard fruits, soft fruits, milk, beef, lamp, fish, and
mushrooms.
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although doses from tap water have been reported to be low
(e.g., 9 μSv per month reported by Hamada and Ogino56 in tap
water) compared to the doses from other intake pathways
(Supporting Information Figure S4). Harada et al.57 reported
that the annual mean dose rate from radiocesium ingestion was
0.026 ± 0.020 mSv in the Fukushima prefecture showing that
the model calculated ingestion dose rates might be over-
estimated.
In order to assess the importance and impact of the

estimated doses to humans from many areas of the world, they
are compared with exposures arising from other sources. The
United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) has estimated that the global average
effective dose per person from all natural and artificial sources
of radiation in the environment is approximately 3.0 mSv per
year.58 About 80% of the annual radiation dose that a person
receives is due to natural radiation from cosmic rays, the earth,
and naturally occurring radionuclides in food and drink. People
receive an average of 2.4 mSv58 per year through this natural
exposure. Due to geological differences, people may receive
annual effective doses significantly higher than the global
average. The most significant manmade sources of human
exposure are radiological medical investigations and treat-
ment.59 According to the dose calculation for the first year after
the accident, the dose levels from radiocesium can be compared
with those of a simple medical exposure (e.g., dental X-ray
0.005 mSv or chest X-ray 0.02 mSv) for the areas outside Japan.
For the Fukushima territory, the effective doses are similar to
those of X-ray computed tomography scan (2 mSv) or
abdomen, pelvis, or lumbar X-ray (0.7−1 mSv) contributing
up to 30% on the average effective dose from all natural and
artificial sources (3 mSv per year). In the rest of Japan the
obtained doses can be compared with those due to exposure to
cosmic rays during transoceanic flights (e.g., Seoul−Montreal
0.1 mSv, New York−Tokyo 0.07 mSv). Finally, whole body
measurements performed to inhabitants of the “restricted area”
and the “deliberate evacuation area” 9 showed that the internal
effective doses from radiocesium were less than 2 mSv in total,
and in the vast majority (99.8%) were less than 1 mSv,
assuming that the intake of radioactivity into the body occurred
by inhalation on March 12, 2011, whereas the respective
inhalation doses for the same date were 0.63 μSv (<1 mSv).
These estimates are from a theoretical point of view and do

not pose the overall situation especially in the contaminated
areas. After a nuclear accident (e.g., Chernobyl) the heavy
debris, consisting of transuranium elements dominates the local
fallout and is deposited in the vicinity of the damaged plant.60

Given that in Fukushima more than 45 different radionuclides
have been released of the order of GBq,30 one should expect
enhanced doses comparing to those estimated here. However,
the radiation protection actions made from the very early days
after the accident (evacuation and provision of stable iodine
tablets) prevented greater radiological damage to the
population.
Environmental Risk Assessment from Ionizing Radi-

ation in Japan. The ERICA tool was processed for the
reference organisms of the terrestrial ecosystem. Average dose
rates (μGy h−1) for 5-day intervals were calculated providing
the 5-day average surface activity concentration of the most
contaminated area in Japan. In addition, the surface soil activity
concentrations were also calculated (5-day averages) assuming
no background radioactivity of radiocesium and a stable soil
density (1.6 gr cm−3) and doses were calculated. The resulting

dose rate patterns, expressed as internal and external dose rate
averages, are shown in Supporting Information Figure S5 for
the highest contamination area (NPP’s grid-box). The dose
rates for the selected reference organisms ranged from 0.03 to
0.18 μGy h−1 (total exposure), which are far below the
screening dose limit (10 μGy h−1) that could harm the
abundance of a population. In order to be able to compare the
observed effects of radiation on reference organisms, an
example is mentioned for the organism “bird” as recorded in
the tool. For small grouse, irradiation with up to 10 μGy h−1

would result in statistically insignificant effects on the weight of
birds, whereas for large grouse would lead to increases in
infestations with parasites of feather sand gastroenterine.
Irradiation of tree swallows with more than 30 μGy h−1

would result in statistically insignificant effects on breeding
success measured as clutch size, hatching success, fledging
number, incubation time, and nestling time. Dose rates range
between 5000−10 000 μGy h−1 for chickens would lead to
reduction in the number of oocytes contained within two-week-
old birds.
No variety of measurements for doses in nonhuman biota

have been recorded and published yet, that allow comparison
with the obtained results in this modeling study. However, the
low level chronic irradiation could lead to unpredictable effects.
Møller et al.61 reported that the relationship between radiation
and abundance of common birds showed a more negative value
at Fukushima than at Chernobyl demonstrating a negative
consequence of radiation for birds after the accident and during
the main breeding season of March−July 2011. This practically
means that selection already eliminated individuals with
accumulated mutations in Chernobyl to a greater extent than
at Fukushima, the composition of radionuclides were more
dangerous for birds at Fukushima than at Chernobyl, or the
higher density at Fukushima than at Chernobyl increased the
intensity of intraspecific competition. Moreover, Hiyama et al.62

reported that the accident caused physiological and genetic
damage to a lycaenid butterfly in May 2011 (mild
abnormalities), whereas adult butterflies collected in September
showed more severe abnormalities. In addition, Møller et al.63

censused spiders, grasshoppers, dragonflies, butterflies, bum-
blebees, cicadas, and birds at Chernobyl and Fukushima-
Daiichi. Given that the mean level of radiation was higher and
less variable at Fukushima than at Chernobyl, more negative
effects on the abundance of animals at Fukushima should be
observed. However, only three out of seven taxa showed
significant declines in abundance, which means that the effect of
radiation on abundance differs at Fukushima due to radio-
toxicity, while in the case of Chernobyl this effect is due to a
mixture of radiotoxicity and mutation accumulation, because
chronic exposure of many generations allowed accumulation of
mutations. Moreover, Garnier-Laplace et al.64 reported that the
maximum dose rates from 131I, 134Cs, and 137Cs in terrestrial
organisms were found to be near the screening dose rate (10
μGy h−1), where no obvious effects occur. Finally, Shozugawa
et al.65 published results of soil samples collected in April 2011
within 5 km from the NPP. The concentrations were 4.9 × 104

Bq kg−1 for 131I, 5 × 103 Bq kg−1 for each of 134Cs and 137Cs, 5
Bq kg−1 for 110mAg, 100 Bq kg−1 for 132Te, and 7 Bq kg−1 for
each of 95Zr and 95Nb. Applying these values to the tool, we
obtain dose rates between 10−1 and 102 μGy h−1 for the
terrestrial organisms. The dose rates for birds, bird’s eggs,
mammals (rats), reptiles, shrub, and soil invertebrates exceeded
the screening dose of 10 μGy h−1 showing the existence of a
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potential ecological risk to the terrestrial ecosystem inside the
exclusion zone.
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