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• A GCM was used to assess impacts of
FND during different seasons.
• Transport and deposition of multiple
radionuclides were compared.
• 110 to 640 individuals are expected to
die from solid cancers attributed to FND.
• Expected fatalities would be 5 to 32%
higher if the FND occurred another
season.
• Mortalities will be less than 5% of those
who died from the tsunami (~20,000).

a r t i c l e

i n f o

Article history:
Received 23 May 2014
Received in revised form 12 August 2014
Accepted 12 August 2014
Available online xxxx
Editor: Mae Sexauer Gustin
Keywords:
Fukushima
Seasonal scenarios
Health impact
Mortality risk
Morbidity risk

a b s t r a c t
The present paper studies how a random event (earthquake) and the subsequent disaster in Japan affect transport and deposition of fallout and the resulting health consequences. Therefore, except for the original accident
in March 2011, three additional scenarios are assessed assuming that the same releases took place in winter 2010,
summer 2011 and autumn 2011 in order to cover a full range of annual seasonality. This is also the ﬁrst study
where a large number of ﬁssion products released from the accident are used to assess health risks with the
maximum possible efﬁciency. Xenon-133 and 137Cs are directly estimated within the model, whereas 15 other
radionuclides are calculated indirectly using reported isotopic ratios. As much as 85% of the released 137Cs
would be deposited in continental regions worldwide if the accident occurred in winter 2010, 22% in spring
2011 (when it actually happened), 55% in summer 2011 and 48% if it occurred during autumn 2011. Solid cancer
incidents and mortalities from Fukushima are estimated to be between 160 and 880 and from 110 to 640 close to
previous estimations. By adding thyroid cancers, the total number rises from 230 to 850 for incidents and from
120 to 650 for mortalities. Fatalities due to worker exposure and mandatory evacuation have been reported to
be around 610 increasing total estimated mortalities to 730–1260. These estimates are 2.8 times higher than previously reported ones for radiocaesium and 131I and 16% higher than those reported based on radiocaesium only.
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Total expected fatalities from Fukushima are 32% lower than in the winter scenario, 5% that in the summer scenario and 30% lower than in the autumn scenario. Nevertheless, cancer fatalities are expected to be less than 5% of
those from the tsunami (~20,000).
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The accident at the nuclear complex of Fukushima (Japan) on March
11, 2011 resulted in a severe release of around 73 radionuclides (135,
counting their radioactive progeny) (IRSN, 2012). It was a direct consequence of a high-magnitude earthquake (~9.0), which occurred in the
Paciﬁc Ocean near Japan's east coast creating two massive tsunamis,
which in turn struck Japan almost 1 h later (Akahane et al., 2012). Seawater caused power loss and the cooling systems of the four nuclear
reactors were disrupted increasing pressure levels due to extreme
heating of the cooling water. The following days hydrogen explosions
took place releasing large amounts of radioactivity in the atmosphere,
whereas the responsible authorities ordered seawater to be used as
a cooling medium fearing more severe damage of the reactors' cores
(IRSN, 2012).
Since then several studies have been carried out in order to address
global transport and deposition of the most important fallout radionuclides (e.g. Kristiansen et al., 2012; Christoudias and Lelieveld, 2013;
Evangeliou et al., 2013), and the impact on the human population (e.g.
Evangeliou et al., 2014; Ten Hoeve and Jacobson, 2012; WHO, 2013)
and on animals and plants (e.g. Garnier-Laplace et al., 2011; Hiyama
et al., 2012; Møller et al., 2012, 2013). At the same time many experimental research groups started monitoring Fukushima fallout to assess
potential local consequences in Europe, Asia, USA and Japan (e.g. Evrard
et al., 2012; Kim et al., 2012; Kinoshita et al., 2011; Kritidis et al., 2012;
Long et al., 2012; McMullin et al., 2012; Paatero et al., 2012; Pham et al.,
2012; Povinec et al., 2012).
According to the aforementioned groups, the majority of the released radioactivity had as a ﬁnal receptor the ocean and the Arctic.
Here we assess the consequences of the Fukushima releases on the
global human population (and especially on the Japanese population)
and address if a random phenomenon (such as an earthquake) could
have resulted in different radiation effects depending on the season
when it occurred. For this reason, we have applied three additional
release scenarios for Fukushima (except for the original in spring
2011), assuming their starting season in early winter 2010, summer
2011 and in autumn 2011, respectively. Prior to the selection of the beginning date of each scenario, analyses of precipitation and advection
took place in order to assure that 42 days of emissions after the accident
would fall within a representative season. Fig. S1 (Supplementary
Information—SI) depicts examples of anomalies of precipitation and
surface temperature to assure that 2011 was a regular year in terms of
climatology variations. This seems to be true, as precipitation and surface temperature remain relatively stable throughout 2006–2013.
Given that the releases lasted for 42 days, meteorological conditions
reﬂect seasonal patterns and cannot be considered random. We estimate deposition densities of cesium radioisotopes (134Cs, 136Cs and
137
Cs), 131I, 133Xe, 129mTe, 132Te, 95Nb, 90Sr, 110mAg, 99Mo, 241Am, 238Pu,
239–240
Pu, 241Pu, 242Cm and 243–244Cm and update excess lifetime risks
for humans from the contribution of the radionuclides and all possible
exposure pathways.
2. Methodology
2.1. The global model LMDZORINCA
The aerosol module INCA (INteractions between Chemistry and
Aerosols) is coupled to the general circulation model (GCM), LMDz,

developed at the Laboratoire de Météorologie Dynamique in Paris,
and the global vegetation model ORCHIDEE (ORganizing Carbon and
Hydrology In Dynamic Ecosystems Environment) (LMDZORINCA)
(Szopa et al., 2012). The gas phase chemistry part in the model is described in Hauglustaine et al. (2004). Aerosols and gases were treated
in the same code to ensure coherence between gas phase chemistry
and aerosol dynamics, as well as possible interactions between gases
and aerosol particles. The same releases were simulated for winter
2010 (starting in December), spring 2011 (March 2011, the timing
of the actual accident), summer 2011 (starting in June) and autumn
(starting in September) using a maximum horizontal resolution of
2.50° in longitude and 1.27° in latitude (regular grid). However, the
GCM also offers the possibility to zoom over speciﬁc regions by stretching
the grid keeping the same number of grid-boxes. In the present study the
zoom version was used for East Asia (Cordex East Asia, http://cordex-ea.
climate.go.kr) to assess local consequences of the accident achieving a
resolution of 0.45° × 0.51°. On the vertical plane, the model uses sigmap coordinates with 39 levels extending to the stratosphere. Each simulation lasted until the end of 2011, which is a sufﬁcient period for aerosols
(such as cesium radioisotopes) to be removed by scavenging processes
(Kristiansen et al., 2012).
LMDZORINCA accounts for emissions, transport (resolved and subgrid scale), and scavenging (dry deposition and washout) of chemical
species and aerosols interactively in the GCM. The detailed schemes
can be found in Szopa et al. (2012). The model runs in a nudged mode
(using the ERA-Interim – 6 h wind ﬁelds – by the European Centre for
Medium-Range Weather Forecasts, ECMWF, 2014) with a relaxation
time of 10 days for the regular grid, whereas for the zoom version
relaxes to 4.8 days in the center of the zoom and to 10 days outside
(Hourdin and Issartel, 2000).
The radioactive tracer 137Cs was treated as a sub-micronic aerosol
(radius 0.2–0.4 μm) in the model. Xenon-133 is a noble gas and is
treated as a passive tracer in the model. Iodine-131, 134Cs, 136Cs,
129m
Te, 132Te, 95Nb, 90Sr, 110mAg, 99Mo, 241Am, 238Pu, 239–240Pu, 241Pu,
242
Cm and 243–244Cm were estimated using the isotopic ratios presented
in Table 1, whereas the respective half-lives are presented in Table S1.
Radiocaesium isotopes together with 131I and 133Xe were found to be
the most abundant in the global fallout after Fukushima (Christoudias
and Lelieveld, 2013; Kristiansen et al., 2012; Stohl et al., 2012).
2.2. Source emissions following the accident
The emission source is still a subject of debate within the scientiﬁc
community, due to the lack of reliable source emission information, including elevations of source, time variations of mass release rates, and
chemical and physical compositions. Uncertainties in model-predicted
concentrations and depositions are directly related to uncertainties in
source emission release rates. Chino et al. (2011) and recently Terada
et al. (2012) reported the total release of 137Cs to be approximately 13
PBq (×1015 Bq), based on an inverse estimation of the source-term by
coupling Japanese environmental monitoring data with regional atmospheric dispersion simulations. They estimated emissions using data
from Japanese stations only and a regional simulation domain and
assumed constant radioactivity ratios for the different radionuclides
based on iodine and caesium concentrations in rain, snow and vegetation. They mentioned that the calculated emissions are associated
with an uncertainty of at least a factor of ﬁve. The French Institute of
Radioprotection and Nuclear Safety (IRSN) reported releases of 137Cs
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Table 1
Average isotopic ratios from particulates released after Fukushima (±2 S.E., based on variation of means between sites).
Radioisotope

Soil in near-zone
(b80 km)

Air, ﬂy-ash, dust in
near-zone (b80 km)

Air in Japan
(80–2000 km)

Air in Paciﬁc Ocean and US
(2000–12,000 km)

Air in EU
(N12,000 km)

Reference

131

22.5 ± 3.7
18.3 ± 1.7
0.90 ± 0.01
0.22 ± 0.01
1.05 ± 0.51
(1.00 ± 0.51)
(1.00 ± 0.51)
(2.30 ± 1.15)
(5.01 ± 2.35)
(5.00 ± 2.40)

31.8 ± 12.9
–
1.03 ± 0.10
–
–
–
–
–
–
–
(2.53 ± 1.07) × 10–7
1.73 ± 0.75

70.9
17.5
0.99
0.19
–
–
–
–
–
–
–
–

69.5
17.1
0.87
0.22
–
–
–
–
–
–
–
–

77.1 ± 16.6
22.0 ± 6.0
0.91 ± 0.07
0.20 ± 0.03
–
–
–
–
–
–
–
1.2 ± 0.1

107.8
30.6 ± 6.2
1.36 ± 0.34

–
–
–

Chaisan et al. (2013)
Chaisan et al. (2013)
Chaisan et al. (2013)
Chaisan et al. (2013)
Kinoshita et al. (2011)
Yamamoto (2013)
Yamamoto (2013)
Bossew (2013)
Yamamoto (2013)
Yamamoto (2013)
Yamamoto et al. (2014a)
Yamamoto et al. (2014a)
Lujaniene et al. (2012)
Zheng et al. (2012)
Yamamoto et al. (2014b)
Yamamoto et al. (2014b)

I/137Cs
Te/137Cs
134
Cs/137Cs
136
Cs/137Cs
129m
Te/137Cs
95
Nb/137Cs
90
Sr/137Cs
110m
Ag/137Cs
99
Mo/137Cs
241
Am/137Cs
239–240
Pu/137Cs
238
Pu/239–240Pu
132

241

Pu/239–240Pu
Cm/239–240Pu
243–244
Cm/239–240Pu
242

×
×
×
×
×

10−4
10−3
10−3
10−2
10−6

±
±
±
±

63.5
2.1
0.21
0.03

±
±
±
±

26.9
4.2
0.06
0.04

–
–
–

–
–
–

to be 20.6 PBq (IRSN, 2012). In the present study, we used the emission
inventories for 137Cs and 133Xe reported by Stohl et al. (2012) estimated
by inverse modeling using the CTBTO (Comprehensive Nuclear TestBan Treaty Organisation) measurement network corresponding to a
137
Cs emission of 36.7 PBq and 133Xe of 15.3 EBq (×1018 Bq).

were calculated using the equation reported in Ten Hoeve and Jacobson
(2012):

3. Cancer risk estimation

where

The Linear Non Threshold (LNT) model of human exposure was used
to calculate radiological health effects. The model assumes that the disintegration of each radionuclide has the same probability of causing cell
transformation, and that each transformed cell has the same probability
of developing a cancer tumour. Although the LNT model has been
employed extensively in radiation safety (NRC, 2006; UNSCEAR,
2010), several arguments about its validity and response at low doses
still remain unresolved (e.g. Cuttler, 2010; Tubiana et al., 2009). Epidemiological studies have only considered doses above 100 mSv showing
a statistically signiﬁcant increase in stochastic cancer risk, although at
doses below 100 mSv signiﬁcance or lack there-of has not been determined. On the other hand, supporters of the LNT-model claim that the
difﬁculty in detecting and attributing a small number of cancers to
low doses does not indicate that there is an absence of risk (Hoffman
et al., 2012). It is noted that the NRC (Nuclear Regulatory Commission)
and the WHO (World Health Organisation) accept the LNT hypothesis
for such assessments.
A radiogenic cancer risk model deﬁnes the relationship between
radiation dose and the subsequent force of death (or incident) attributable to that dose. Mortality risk is deﬁned as an estimate of the risk to
an average member of the population of dying from cancer (solid or
thyroid cancers based on 131I exposure) over their lifetime. Incident
(or morbidity) risk is the risk of experiencing radiogenic cancer (solid
or thyroid cancers) during a person's lifetime, whether or not the cancer
is fatal. Inhalation, ground-level exposure, and air-submersion pathways
were considered for cesium radioisotopes (134Cs, 136Cs and 137Cs), 131I,
129m
Te, 132Te, 95Nb, 90Sr, 110mAg, 99Mo, 241Am, 238Pu, 239–240Pu, 241Pu,
242
Cm and 243–244Cm and their decay products. Health effects from radionuclide ingestion pathways were only calculated for the Japanese population based on WHO (2012) (for radiocaesium and 131I, while the rest
assumed to have negligible contribution) assuming that it exclusively
consumes food produced in areas where food monitoring was effectively
implemented.
The excess lifetime death and incident risks for solid and thyroid cancers from each exposure pathway (below for inhalation and ingestion)

Rs

Rs ¼

XX
i

Pij
rs

IR
Ai,j,t,s
Ath,d

j

(

"
P ij

"

##)

X 
1−exp − r s
IR Ai; j;t;s −Ath;d ; 0

ð1Þ

t

is the total number of lifetime cancer mortalities or morbidities due to species s over all times t and grid cells i,j,
is the 2010 population in each grid cell i,j (NASA, 2013),
is the relative cancer mortality or morbidity risk coefﬁcient
for species s expressed in units of Bq−1 (or m2 Bq−1 and m3
Bq−1 for ground-level and external atmospheric exposure),
is the inhalation or ingestion rate (17.8 m3 d−1, and 0.75 kg d−1,
EPA, 1999),
is the species concentrations in each grid cell i,j at time t, and
is the threshold concentration below which no health effect
occurs (for the LNT-model it is zero by default). For the calculation of the risks from food ingestion, monitoring data for the
foodstuffs cereals, green vegetables, root vegetables, orchard
fruits, soft fruits, milk, beef, lamp, ﬁsh and mushrooms were
taken from WHO (2012).

Respective risks from external ground deposition and external airsubmersion pathways were calculated using the same equation without
the respective internal rates (Ir). Relative cancer risks of cesium radioisotopes (134Cs, 136Cs and 137Cs), 131I (for thyroid cancer), 129mTe,
132
Te, 95Nb, 90Sr, 110mAg, 99Mo, 241Am, 238Pu, 239–240Pu, 241Pu, 242Cm
and 243–244Cm (ground deposition, atmospheric exposure) were
adopted from EPA (1998).
Health effects were also found to be sensitive to the treatment of 131I
as a gas or particle. We accounted that the average gaseous/total ratio
for 131I is 77.2 ± 13.6% (Masson et al., 2011) similar to the EPA RadNet
station measurements, which detected 81% of the ambient 131I to be gas
and 19% to be particle (Ten Hoeve and Jacobson, 2012). These values are
close to the average reported value for the Chernobyl accident by Hilton
et al. (1991) and the average of 71 ± 11% reported from the Fukushima
site from 22 March to 4 April 2011 (Stoehlker et al., 2011). A weathering
attenuation factor based on the suggestions of Beyea et al. (2013) was
not taken into account, as there is no available information about all
the radionuclides used in the assessment. A factor of 0.28 (Beyea et al.,
2013) with an uncertainty of a factor of two was used to account for
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the shielding effect inside structures. This corresponds to an approximately three-fold reduction on the external exposure compared to the
one used by Ten Hoeve and Jacobson (2012). However, the effect of
the vertical migration of radiocaesium (affecting the deposition exposure pathway) was not taken into consideration and the only temporal
reduction of the radionuclide concentrations occurred via radioactive
decay. It has been found that radiocaesium resided in the atmosphere
for a maximum of two to three months after the accident (Masson
et al., 2011; Paatero et al., 2012). Therefore, external atmospheric and
internal inhalation exposure was negligible three months later and
only ground deposition exposure was signiﬁcant the next years undergoing exponential decrease following Eq. (2):
R1

Agr ¼ A0 exp
Rn

−0:69t
t R1
1=2

þ A0 exp

!

−0:69t
t Rn
1=2

R2

þ A0 exp
!

−0:69t
t R2
1=2

!
þ…
ð2Þ

where Agr is the deposition density that is expected to decrease expoR2
Rn
nentially the following years, AR1
0 , A0 and A0 are the initial deposition
densities of the radionuclides of interest (and their daughters), tR1
1/2,
Rn
tR2
1/2 and t1/2 are their respective half-lives and t is the time it passed
from the accident.
4. Results
4.1. Fallout transport and 137Cs deposition
The distribution of 137Cs and 133Xe can be seen in Figs. 1 and 2 for the
ﬁrst four days of each of the release scenarios, whereas the same atmospheric burden of the same radionuclides for the days ﬁve to eight after
the accident can be found in Fig. S2 and Fig. S3.
During winter 2010, the observed winds (Fig. 3 and Fig. S4) show a
south and south-western direction during the ﬁrst day (18 November
2010), which shifts immediately to north-eastern during the three following days affecting North Japan, especially Hokkaido Island. This is
more pronounced during the third and fourth days following the hypothetical accident from both the aerosol and gas tracers, where several
PBq circulate in North Japan (Figs. 1 and 2). During these days, precipitation was weak (Fig. 4) and 137Cs was mainly removed through dry
deposition. The following days (ﬁve to eight) the winds are either
northern or southern depending on the altitude (Fig. S4). Nevertheless,
they directed enormous amounts of both 137Cs and 133Xe to persist
above highly populated areas over Japan delivering high radiation
doses (Fig. S2 and Fig. S3). During this period, some intense precipitation events (especially during the ﬁfth and sixth day, Fig. S5) assist the
rapid deposition of 137Cs. Cesium-137 is deposited in almost half of
Japan (46%) (Fig. S6 and Fig. S7) showing cumulative depositions between 5 and 50 kBq m− 2, whereas more than 40 grid-cells (Fig. S8)
showed even higher deposition densities (N50 kBq m− 2) (Fig. S8).
This is very important if we consider that, according to the deﬁnitions
of the International Atomic Energy Agency, any area with deposition
density of more than 40 kBq m− 2 is considered to be contaminated
(IAEA, 2009).
The prevailing winds during the emission period after March 11th
(spring 2011) transported radionuclides in north-easterly and easterly
directions, away from Japan and the continent (Fig. 3 and Fig. S4). Precipitation events caused the deposition to occur predominantly over
the ocean with some slight exceptions (Fig. 4 and Fig. S4). Dry deposition patterns are more uniform than wet deposition, i.e., less dependent
on individual meteorological events, which also shows that dry deposition of 137Cs is mostly conﬁned to the Paciﬁc Ocean region, because
this process only acts upon particles in the boundary layer. Only the
radioactive particles that escape toward the free troposphere can
be transported over greater distances. Since exchange between the

boundary layer and free troposphere is mostly dependent on convection events, the particulate contaminants are to a large extent removed
by the associated precipitation. This is much less the case for 133Xe,
which is insoluble, so that convection effectively redistributes this gas
into the free troposphere where the wind speed is typically higher
and transports it to longer distances. Therefore, even though 133Xe has
a relatively short half-life (t½ = 5.25 days), meteorological conditions
associated with convection and vertical mixing over the Paciﬁc Ocean
promote its long-distance transport so that it can be determined in measuring stations across the globe. Our model results suggest that the
plumes that traversed the Paciﬁc Ocean caused signiﬁcant deposition
of radioactivity over continental North America, in particular western
USA, western Canada and eastern USA (N0.1 kBq m−2) (Fig. 5). They
also show substantial deposition of radionuclides in regions southwest
of Japan, e.g., around the Philippines (Fig. 5).
For a hypothetical accident occurring during summer 2011, the wind
direction would lead the radioactive fallout north (in areas above the
ocean near Japan) in the ﬁrst day following the accident (Fig. 3). During
the second and third days, when amounts in the order of 1 PBq or greater are emitted, wind shifts to the west affecting East Russia, while the
same is observed during the ﬁfth day (Fig. 3 and Fig. S4). Then the
plume travels through the Paciﬁc Ocean reaching the United States
(Fig. S4). Precipitation affects the north part of Japan during the ﬁrst
three days (Fig. 4), in which around 50% of the total releases are
observed, while during the next days intense precipitation events
in East Asia and North Japan occur (Fig. S5). This results in deposition
of 137Cs near the Fukushima prefecture during the ﬁrst four days
(Fig. S6) mainly by dry deposition, whereas during the following
four days (ﬁve to eight) 137Cs covers its central and northern parts
(Fig. S7). Cesium-137 shows a total cumulative deposition in Japan
between 5 and 50 kBq m− 2, also affecting Hokkaido Island, whereas
depositions over 50 kBq m−2 are estimated in eight grid cells (Fig. S7).
Finally, during the last release scenario in autumn 2011, wind shows
a cyclonic pattern above Japan during the three ﬁrst days (Fig. 3); it
directs radionuclides to the east during the following days (Fig. S2,
Fig. S3 and Fig. S4). Large precipitation events are observed above
Japan during the ﬁrst six days following the accident (Fig. 4 and
Fig. S5) reaching up to 300 mm d−1. This, in turn, results in an increased
deposition over Japan (Fig. S6 and Fig. S7), although the fallout does not
reach places in the north when large precipitation takes place. Therefore, despite the increased rains in North Japan in autumn 2011, the
deposition over the continent is considerably smaller compared to the
summer 2011 scenario (Fig. S7). More than 50 kBq m−2 in 23 grid-cells
over Japan are calculated, while 5–50 kBq m−2 of 137Cs are deposited in
the central and north parts slightly affecting Hokkaido prefecture.
In Fig. 5 it is evident that deposition accompanied by the lateral
spread of radioactive fallout due to the prevailing meteorology forces
radionuclides far from Japan in the spring scenario, when the actual accident started (March 11th). In the remainder of the release scenarios,
radionuclides circulated and deposited around Japan (winter 2010), or
either spread over the Paciﬁc Ocean to North America and Europe
after having intensely lost in the ocean (summer and autumn 2011
scenarios). This shows how a random event accompanied by favorable
meteorological conditions prevented further contamination of heavily
populated areas in Japan and elsewhere. In fact, the rapid dispersion of
the radioactive plume over the Paciﬁc Ocean during spring 2011 resulted in further dilution of radioactivity, which reached America and
Europe notably weaker causing relatively insigniﬁcant deposition.
According to our results, 85% of the released 137Cs are deposited in continental regions during the winter 2010 release scenario, 22% during the
spring 2011 scenario (when actually the accident actually took place),
55% during summer 2011 and 48% during the autumn 2011 scenario.
In all these scenarios, there are high initial removal rates, namely the
fact that there was strong precipitation co-located with the plume during the period of the highest emissions. This caused strong scavenging of
the plume immediately after its emission (Stohl et al., 2012). Also the
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Fig. 1. Evolution of atmospheric burden of 137Cs over Japan for the four ﬁrst days after the accident and the different release scenarios (winter 2010, spring, summer and autumn 2011) for a
grid-point resolution of 0.45° × 0.51°. The red frames denote the timing of the real accident (spring 2011). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

fact that the initial plume was close to the ground facilitated effective
dry deposition. High deposition rates over Japan have been also indicated by Katata et al. (2012).
4.2. Depositional patterns of other radionuclides
The estimated deposition of 134Cs, 136Cs, 131I, 129mTe, 132Te, 95Nb,
Sr, 110mAg, 99Mo, 241Am, 238Pu, 239–240Pu, 241Pu, 242Cm and 243–244Cm
is based on 137Cs distribution applying the values reported in Table 1

90

and can be seen in Fig. 6 for the original accident of Fukushima (spring
2011). In addition, the same deposition densities of the aforementioned
radionuclides for all the release scenarios can be found in Fig. S9,
Fig. S10, Fig. S11 and Fig. S12. Similar to 137Cs, radionuclides are more intensely deposited in Japanese continental regions, when the accident
starts in winter 2010, because of the aforementioned fallout circulation
above Japan. The same happens in summer and autumn 2011 scenarios
due to the prevailing precipitation and advection patterns. It is thus expected that the human population received a small dose from the fallout
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Fig. 2. Evolution of atmospheric burden of 133Xe over Japan for the four ﬁrst days after the accident and the different release scenarios (winter 2010, spring, summer and autumn 2011) for
a grid-point resolution of 0.45° × 0.51°. The red frames denote the timing of the real accident (spring 2011). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

released after the accident with most of the radionuclides deposited in
the ocean or the North Pole.
Cesium-134, which showed an isotopic ratio with 137Cs close to
unity mostly affected regions within the grid-cell (immediately neighboring) of the nuclear power plant (NPP) reaching a deposition density
of up to 100 kBq m−2. In the rest of Japan we estimated depositions
between 0.05 and 1 Bq m−2 (Fig. 6). Cesium-136 was more prevalent
during the ﬁrst one to two months of the accident due to its short-

lived decay half-life (t½ = 13.2 days) and underwent beta decay producing 136Ba directly. In the Japanese territory the estimated density
ranged between 0.01 (south) and 1000 Bq m−2 (NPP) (Fig. 6).
Tellurium-129 m is generated by nuclear ﬁssion of uranium fuel. When
accumulated in human bones, it is excreted from the body in a shorter
time than 131I, a major component of radioactive fallout along with
134
Cs and 137Cs. We estimated a deposition inventory of more than
1000 Bq m−2 in the grid cell of the NPP, whereas in the rest of Japan it
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Fig. 3. HYSPLIT forward trajectories for the ﬁrst four days of each release scenario (winter 2010, spring, summer and autumn 2011) for the Fukushima accident. Trajectories have been
estimated for emission altitudes of 50, 300 and 1000 m according to the inventories reported in Stohl et al. (2012).

was far below that level (Fig. 6). Tellurium-132 and its daughter 132I are
important in the ﬁrst few days following a criticality. It was responsible
for a large fraction of the dose inﬂicted on workers at Chernobyl in the
ﬁrst week, as it has a relatively short half-live (t½ = 3.26 days). Here,
it was estimated for the ﬁrst month after the accident accounting for
approximately nine radioactive decays and it was calculated to be
below 1000 Bq m−2 (Fig. 6). Two months after, the remaining amount
was calculated to be below 1 Bq m−2.
Iodine-131 (together with 129I) is a gaseous ﬁssion product that
forms within fuel rods. Unless reactor chemistry is carefully controlled,
they can build up too fast, increasing pressure and causing rod corrosion. As the fuel rods age, cracks or holes may cause breaches. Cracked
rods can release radioactive iodine into the water that surrounds and
cools the fuel rods. There, it circulates with the cooling water throughout the system, ending up in the airborne, liquid, and solid wastes
from the reactor. Occasionally, reactor gas capture systems release
gases, including iodine, to the environment under applicable regulations (EPA, 2014). Iodine-131 was estimated to reach a maximum in
the Fukushima prefecture of more than 5 kBq m− 2 (Fig. 6). Because
the half-life of 131I is approximately eight days, it becomes difﬁcult,
once several months have elapsed following a nuclear accident, to
determine how 131I spreads in the early stages of the disaster.
Niobium-95 is an abundant ﬁssion product, as other decay products
are shadowed by stable or very long-lived (93Zr) isotopes of the preceding element zirconium from production via beta decay of neutron-rich
ﬁssion fragments. It is the decay product of 95Zr (t½ = 64 days), so disappearance of 95Nb in used nuclear fuel is slower than would be expected

from 35 days half-life alone. Trace amounts were calculated to deposit
in Japan, practically hard to measure (maximum ~0.5 Bq m−2) (Fig. 6).
Another important ﬁssion product is 90Sr, which was intensely released
after the Chernobyl accident (Kashparov et al., 2001). We estimate
that less than 40 kBq m−2 (at maximum) of 90Sr was deposited in
Japan after the accident (Fig. 6), which were orders of magnitude lower
than what has been released after the accident as liquid discharges
(Casacuberta et al., 2013). Silver-110 m potentially originated from
melted control rods, and went all the way to Tokyo. It has been far less
investigated than other anthropogenic radionuclides, although it has
the potential to accumulate in plants and animal tissues. Signiﬁcant
amounts were estimated in Japan reaching up to 10 kBq m−2 (Fig. 6).
Furthermore, other rare radionuclides that serve as ﬁssion or activation products at NPPs were also estimated to be present after the
Fukushima accident. We provide speciﬁc maps of those in Fig. 6.
Molybdenum-99 with short half-life (t½ = 66 h) was only important
until the end of the air releases. The rest (241Am, 238Pu, 239–240Pu,
241
Pu, 242Cm and 243–244Cm) were calculated to be deposited at very
small quantities of 1–10 Bq m−2 at maximum, which is translated to
soil concentrations practically undetectable in most of Japan and more
signiﬁcant near the grid-cells where the NPP is located.
4.3. Risk assessment for all solid and thyroid cancers
Radiation exposure can be acute (accidents) or chronic (occupational
exposure). Chronic exposures are associated with lower risks than the
acute ones for the same total dose, both for cancer and other endpoints
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Fig. 4. Observed precipitation patterns over Japan recorded by the LMDZORINCA model for the four ﬁrst days after the accident and the different release scenarios (winter 2010, spring,
summer and autumn 2011) for a spatial resolution of 0.45° × 0.51°.

(Little et al., 2009). Good evidence of an increase in cancer risk is only
shown for acute doses of greater than 50 mSv. As expected from basic
radiobiology, the doses above, where statistically signiﬁcant risks are
seen, are somewhat higher for protracted exposures than for the acute
ones (Boice, 2012). The linear dose–response relation is a possible
descriptor of low-dose radiation oncogenesis, although different endpoints may well exhibit differently shaped dose–response relations.
About one ﬁfth of people worldwide and one third of people in industrialized regions are diagnosed with cancer during their lifetime (IARC,
2008). Radiation can induce cancers that are indistinguishable from

cancers resulting from other causes. Most population-based cancer risk
estimates come primarily from the Japanese atomic bomb survivors, as
well as from other sources of radiation, where useful epidemiological
data are available (e.g. past accidents, medical and environmental exposures). Increased radiation-related risks have been observed for thyroid
cancer (Tsushima et al., 2012), and for a large number of solid cancer
sites (Douple et al., 2011).
The excess lifetime incidence risks for all solid cancers can be found
in Fig. S13, whereas the excess lifetime mortality risks can be found in
Fig. 7 from all exposures in 134Cs, 136Cs, 137Cs, 129mTe, 132Te, 95Nb, 90Sr,
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Fig. 5. Total deposition of 137Cs over East Asia, Japan and North America following the four different release scenarios for the accident of Fukushima (winter 2010, spring, summer and
autumn 2011) for a spatial resolution 2.50° × 1.27°. The red frame denotes the timing of the actual accident (spring 2011). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

110m

Ag, 99Mo, 241Am, 238Pu, 239–240Pu, 241Pu, 242Cm and 243–244Cm. This
would cause 230–1320 cancer cases, of which 160–940 might be fatal.
This number is somehow higher than the obtained solid cancer cases
and deaths from the original accident in early spring 2011 (160–880
incidents and 110–640 deaths). During summer and autumn 2011 scenarios 170–950 and 220–1280 solid cancer incidents can be calculated
(Fig. S13), respectively, although the radioactive fallout seemed to
spread far from Japan. However, wind direction preserved high air
activity concentrations above Japan, whereas removal processes such
as sedimentation and dry deposition (summer 2011) and large-scale
precipitation (autumn 2011) deposited radionuclides. Our modeling results showed that the atmospheric burden of 137Cs and 133Xe remained
more or less the same above Japan the ﬁrst eight days following the
accident, where the maximum releases occurred. However, the large
difference in morbidities and mortalities can be attributed to the

different removal processes, which are more intense in the autumn
scenario (precipitation–dry deposition) and less in summer (dry deposition) (dry to total deposition was estimated to be 27%). Deposited
radionuclides present a protracted exposure, which may be signiﬁcant
for several years depending on the physical half-life and/or the ecological half-life (based on all environmental removal processes others than
physical decay). Hypothetical fatalities from all solid cancers during
these scenarios were higher than those of the original accident (120–
660 for summer 2011 and 160–900 for autumn 2011 scenario, Fig. 7).
In all cases ~ 93% of the estimated cancers are expected to affect the
population of Japan.
Furthermore, excess lifetime incidence and mortality risks of
thyroid cancer were also calculated from the exposure to 131I and
the results are shown in Fig. S14 and Fig. 8, respectively. Results
similar to those for the solid cancer estimates can be seen for
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Fig. 6. Deposition inventories of cesium radioisotopes (134Cs, 136Cs and 137Cs), 131I, 133Xe, 129mTe, 132Te, 95Nb, 90Sr, 110mAg, 99Mo, 241Am, 238Pu, 239–240Pu, 241Pu, 242Cm and 243–244Cm
estimated using 137Cs deposition and isotopic ratios based on measurements over Japan after the original accident in March 11th, 2011. All the deposition inventories are integrated
over the entire year 2011, except for 136Cs and 131I, which are integrated for the ﬁrst 2 months, and 132Te and 99Mo integrated over the ﬁrst month due to the short half-lives of these
radionuclides.

thyroid cancer with the lowest cases of all the studied scenarios to
be obtained for the original accident. According to our results 100–
590 incidents would be expected for the winter 2010 scenario, 40–
200 for the original accident, 110–590 for the summer 2011 and

110–640 for the autumn 2011 scenario (Fig. S14). The resulting
fatalities from thyroid cancer are much lower (10–60, 3–20, 10–
60 and 10–60 for winter 2010, spring, summer and autumn 2011
scenarios, Fig. 8).
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Fig. 7. Excess lifetime mortality (death) risk of solid cancers from the uptake of 134Cs, 136Cs, 137Cs 133Xe, 129mTe, 132Te, 95Nb, 90Sr, 110mAg, 99Mo, 241Am, 238Pu, 239–240Pu, 241Pu,
242
Cm and 243–244Cm from all internal and external exposure pathways using the LNT models for a lifetime of 89 years. The calculations are performed for all the release scenarios
of the accident (winter 2010, spring, summer and autumn 2011) for a spatial resolution of 0.45° × 0.51°. The red frame denotes the timing of the actual accident (spring 2011).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

5. Discussion
5.1. Validation of modeling results and uncertainties
To evaluate the initial source emissions we compared our results for
the passive tracer 133Xe and the aerosol tracer 137Cs with measurements. These were adopted from the CTBTO network, which has conducted a sufﬁcient number of measurement stations worldwide for
133
Xe and 137Cs. Here, measurements from 11 stations (Yellowknife—
Canada, Spitsbergen—Norway, Stockholm—Sweden, Saint Jones—
Canada, Schauinsland—Germany, Ulan-Bator—Mongolia, Ussuriysk—
Russia, Charlottesville—USA, Ashland—USA, Oahu—USA and Wake
Island—USA) for 133 Xe were used and 37 for 137 Cs (same as for
133
Xe plus Zalesovo—Russia, Takasaki—Japan, Ulaanbaatar—Mongolia,
Upi Guam—USA, Sidney—Canada, Sand Point—USA, Resolute—
Canada, Sacramento—USA, Salchaket—USA, Ponta Nelgada—Azores,

Pointe-a-Pitre—France, Petropavlovsk—Russia, Midway Islands—
USA, Nouakchott—Mauritania, Panama City—Panama, Kuwait City—
Kuwait, Kourou—France, Kirov—Russia, Kavieng—Papua New Guinea,
Charlottesville—USA, Edea—Cameroon, Tanah Rata—Malaysia, Tanay—
Philippines, Reykjavic—Iceland, Okinawa—Japan, Dubna—Russia and
Melbourne—USA).
Fig. 9 depicts the comparison for 133Xe and 137Cs from 444 and 947
measurements around the world. Two versions of the model are
presented for 137Cs with a spatial resolution of 2.50° × 1.27° over 19 vertical levels (RG19L) and over 39 vertical levels (RG39L), whereas
for 133Xe only RG39L was employed. The zoomed resolution of
0.45° × 0.51° could not be used for this evaluation as the database
consists of measurements that occurred all over the world, hence, most
of them outside the zoom Cordex East Asia. The normalized mean bias
(NMB) was calculated for each model version (Fig. 9). The lowest
NMB for 137Cs is achieved by the RG39L version (0.04%), whereas for

166

N. Evangeliou et al. / Science of the Total Environment 500–501 (2014) 155–172

Fig. 8. Excess lifetime mortality (death) risk of thyroid cancer from the uptake of 131I from all internal and external exposure pathways using the LNT models for a lifetime of 89 years. The
calculations are performed for all the release scenarios of the accident (winter 2010, spring, summer and autumn 2011) for a spatial resolution of 0.45° × 0.51°. The red frame denotes the
timing of the actual accident (spring 2011). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

133

Xe NMB was calculated to be around 40%. The percentage of sites
with deviations of the modeled concentrations from the observations
less than a factor of 2 (F2) increased for 137Cs from 73% to 79% using
the ﬁnest version (RG39L). For 133Xe, an extremely high amount of
the modeling results was found within a factor of two of the measurements (95%). The most signiﬁcant deviations were observed for Wake
Island, which was the ﬁrst station to be hit by the plume. The plume
took some “swirls” before reaching that station, and it is likely that
the model did not fully capture this initial transport. Furthermore, at
the northernmost stations our model seems to underestimate surface
activity concentrations of 133Xe and 137Cs. This might be related to
both scavenging processes and transport over the Arctic. Nevertheless,
the model captured all other stations very well.
Total 137Cs emissions reported by Stohl et al. (2012) have an estimated uncertainty of about 50%, while 133Xe emissions should be accurate to within 20% (Kristiansen et al., 2012). The isotopic ratios we used

here (Table 1) present uncertainties between 1.1 and 50% depending
on the isotope. Hence, uncertainties can increase by up to more than
50% for some elements. Measurements for 131I were adopted from
Christoudias and Lelieveld (2013) based on the CTBTO network from
eight stations (Sidney—Canada, Petropavlovsk—Russia, Nouakchott—
Mauritania, Panama City—Panama, Tanay—Philippines, Stockholm—
Sweden, Sand Point—USA and Midway Islands—USA). The indirect
method used here to calculate 131I (using isotopic ratios) predicts atmospheric concentrations very efﬁciently presenting high correlation coefﬁcients (0.53 and 058) for the two vertical resolutions used (RG19L and
RG39L) (Fig. 9). NMB was estimated to be around 68% for RG19L,
whereas for the ﬁnest vertical resolution (RG39L) it decreased to 17%.
Approximately 54% of the modeling results were found to be within a
factor of two (F2) compared to the measurements when RG19L version
was used, while the same factor decreased signiﬁcantly (~44%) with the
better vertical resolution showing the quality of our results (Fig. 9).
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Fig. 9. Comparison between modeled and observed surface 133Xe, 137Cs and 131I activity concentrations for a spatial resolution of 2.50° × 1.27° over 19 vertical levels (RG19L, green) over 39
vertical levels (RG39L, red). Observations for 133Xe (444 measurements from 11 stations) and 137Cs (947 measurements from 37 stations) have been adopted from the CTBTO network,
whereas 131I (191 measurements from 8 stations) from Christoudias and Lelieveld (2013). The dashed lines show the range of a factor of two deviation of the modeled concentration from
the observation and percentages with deviations less than a factor of two (F2) are listed together with NMB. For the validation of 95Nb, 99Mo, 110mAg, 129mTe, 132Te, 134Cs, and 136Cs relevant
measurements were adopted from the most recent literature (de Vismes Ott et al., 2013; Doi et al., 2013; Gudelis et al., 2012; Kanai, 2012; Thakur et al., 2014). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Validation of the zoom-version (0.45° × 0.51°) was impossible, as
almost all the stations, where measurements existed, were located outside the area of the zoom grid.
Scattered measurements of 90Sr, 95Nb, 99Mo, 110mAg, 129mTe, 132Te,
134
Cs, and 136Cs from areas in Japan and worldwide were adopted
from the most recent literature (de Vismes Ott et al., 2013; Doi et al.,
2013; Gudelis et al., 2012; Igarashi et al., 2013; Kanai, 2012; Thakur
et al., 2014) and the speciﬁc areas and days of sampling can be seen in
Table S2. In total, 20 measurements were processed for 90Sr, 40 for
95
Nb, 15 for 99Mo, 40 for 110mAg, 45 for 129mTe, 159 for 132Te, 148 for
134
Cs and 96 for 136Cs from areas where these radionuclides were
under the limit of detection of the radiochemical separations used in
such cases. For the areas outside the Cordex domain (e.g., USA or
Europe) the resolution RG39L (2.50° × 1.27° over 39 levels) was used,
whereas inside the zoom (e.g., China or Japan) the ﬁnest version
(0.45° × 0.51° over 39 levels) was employed. Given that the calculations

of the atmospheric concentrations for these elements were performed
indirectly using isotopic ratios from the literature, the results show
good agreement (Fig. 9), although some isotopes are under- or overestimated. This shows that the reported isotopic ratios, which have
been veriﬁed by several laboratories around the world, might be biased
or attributed to model uncertainty.
As regards 241Am, 238Pu, 239–240Pu, 241Pu, 242Cm and 243–244Cm, the
demanding radiochemical analysis and measurement of air ﬁlters
(which requires all the samples to be spiked by other radionuclides)
together with the extremely low atmospheric concentrations probably
resulted in lack of available measurements. However, few random
measurements were reported for 238,239,240Pu 120 km south of the
Fukushima NPP (Tokai-mura) (Shinonaga et al., 2014), and one monthly
analysis of 241Am, 238Pu, and 239–240Pu in Vilnius (Lujaniene et al., 2012),
whereas curium radionuclides have not been reported yet. Although the
sample is very small and no safe conclusions can be derived, our model
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seems to overestimate these radionuclides by a factor of magnitude
(Fig. 9). Nevertheless, this is normal about the most refractory 99Mo,
241
Am, 238Pu, 239–240Pu, 241Pu, 242Cm and 243–244Cm as their isotopic
ratios have been found to be highly variable with the distance from the
source (Table 1 and references therein).
5.2. On the efﬁcacy of health risk assessments
One of the main goals of the present paper is to update the estimates
of the impact on the Japanese and global population from the
Fukushima NPP accident in terms of excess lifetime health risks. Therefore we have incorporated all the studied radionuclides with respect
to their importance expressed as risk coefﬁcients for solid and thyroid
cancers. We found that worldwide incidents and excess fatalities from
Fukushima are expected to be between 160 and 880 and 110 and 640
for solid cancers, whereas for thyroid cancer they will vary between
40 and 200, of which 3–20 are expected to be fatal. These numbers are
somewhat higher compared to those estimated in a previous study
(Evangeliou et al., 2014) from cesium radioisotopes only (360–850
morbidities and 220–520 mortalities), as a larger number of radionuclides released after the accident is now processed. Nonetheless, due
to the propagation of uncertainty the variation and the best estimation
increased by only 16% (520 incidents, 370 cancers). This is expected as it
has been reported that a ﬁnest resolution of the model passing from
2.50° × 1.27° to 0.45° × 0.51° shows a decrease of the health risk by
about 25% (Evangeliou et al., 2014). Furthermore, although Evangeliou
et al. (2014) used a zoom version to calculate health risks from
radiocaesium, Japan was at the eastern edge of the zoom limit presenting a variable longitude for each grid-cell (0.45° to 2.50°). Here, the
zoom area was centered over Japan to make more accurate calculations
of the health risk. Ten Hoeve and Jacobson (2012) reported an additional 130 (15–1100) cancer-related mortalities and 180 (24–1800) cancerrelated morbidities incorporating uncertainties associated with the
exposure–dose and dose–response models. Their best estimates are
lower than those presented here by a factor of 2.8 due to the larger
number of the exposed radionuclides for which we have accounted.
von Hippel (2011) estimated around 0.1% of the living population
(770 – 890) to be affected by radiation related diseases, whereas the
IRSN (French Institute of Radioprotection and Nuclear Safety) estimated
around 26,000 people received doses of 15–500 mSv per year (IRSN,
2011), hence 70–250 cancer cases assuming that an exposure of
100 mSv per year results in 1% excess cancers (NRC, 2006). We estimate
a number of cancer cases between 160 and 880 for the global living
population.
Regarding the several seasonal scenarios run for the accident, we
would obtain 32% more solid cancer morbidities and mortalities if the
accident occurred in winter, 5% if it occurred in summer and 30% if it occurred in autumn, while solid excess cancers show an average survival
ratio of only 29 ± 1%. Of the total estimated fatalities (or incidents),
45% (46%) were due to the inhalation exposure pathway, 34% (35%)
were due to the ground deposition pathway, 16% (17%) were due to ingestion, and 5% (2%) were due to the atmospheric exposure pathway.
We also found that 93% of total worldwide mortalities and morbidities
are expected to occur in Japan. Expected additional thyroid cancers
from the exposure to 131I for a lifetime period of 89 years are generally
much lower. However, they are the lowest for the original accident of
Fukushima comparing to the rest releasing scenarios. We found that
thyroid cancers would be 3.1 times more frequent if the accident took
place in winter, 2.9 if it occurred in summer and 3.2 if it occurred in
autumn, whereas the survival ratio for thyroid cancer would be 89 ±
3% affecting the Japanese population only. According to the gridded
population database used here, 774 to 889 thousand people lived within
the grid-cell, where the accident took place. Assuming that these gridcells were completely evacuated (around 3000 km2) and the population
moved to the western and south-western grid-cells (IRSN, 2011)
(north-western was highly contaminated), we estimate that the

evacuation countermeasures resulted in a reduction of 10–20% of incidents and deaths from all cancers. These actions certainly protected
the public from higher exposures to radioactive fallout. Nevertheless,
the situation was much more transparent than what happened after
Chernobyl, when people were freely circulating in the city of Pripyat
(3 km from the reactor), and children were playing outdoors, while a
fallout cloud of thousand PBq was passing above them.
Since the atomic bombs in Japan, then Chernobyl, and recently
Fukushima NPP accident, there is strong public demand for information
on the cancer risks from radiation exposures. However, this discussion
always receives a lot of criticism from those who are concerned that
presenting numbers of excess cancers can terrify the public about the
risks of radioactivity and increase psychological stress of the population
exposed. On the other hand, if cancer estimates are not discussed, public
trust in the ofﬁcial authorities is undermined resulting in ampliﬁcation
of such stress (Kasperson, 2012). The main reason for the debate on
health risk estimates comes from the LNT model itself and the fact
that the dose–response relationship it uses has been estimated experimentally for extreme doses only. Scientists claim that there must be a
threshold, below which zero effects for the exposed population occur.
This threshold has been estimated to be somewhere between 5 and
25 mGy (ICRP, 2005), but an exact value remains unknown. When
scientists account for a threshold, health risks results are extremely
low, and they are judged unrealistic given what has been observed
since the Chernobyl accident and the atomic bombs in Japan; when
they do not account for a threshold, cancers are considered as such
that can cause public concern about the use of nuclear energy and/or
panic the public.
Here we also discuss how changes in assumptions taken in Eq. (1)
affect health consequences of the accident. Beyea et al. (2013) reported
that the equation used to calculate excess lifetime cancers (Eq. (1))
underestimates the contribution from protracted ground deposition of
radionuclides. Therefore, all the estimates here are performed taking
into account the protracted contribution of all the radionuclides and
their daughter products (Eq. (2)). However, this may not be accurate
for long-lived radionuclides. For example, 137Cs is not removed from
the environment only due to physical decay, but also due to environmental processes (vertical migration, runoff etc…) inducing a factor
called “ecological half-life”. The combination of the physical decay and
ecological half-lives deﬁnes the effective half-life, which now incorporates all the processes that can reduce 137Cs in the media (Evangeliou
and Florou, 2012). Therefore, this term should be used in Eq. (2) in
order to be more accurate, but unavailable information for all the radionuclides accounted for here prevent its use. Nevertheless, 137Cs has
been found to have an effective half-life in Scandinavian soils of approximately 12 years (Bergan, 2000), which means that we might overestimate the risk from protracted deposition by almost a factor of three,
although environmental characteristics in Japan are expected to be
much different from those in Sweden. Given that the dose from deposition contributes to the total risk with almost 35%, this means that we
might have calculated around 60 (on average) additional solid cancer
mortalities and 80 incidents.
Another factor that it is not 100% transparent in these estimates,
and might lead to miscalculation of the risks, is shielding in indoor occupancy. It is unclear how many hours a day people live indoors (due to
their working environment and dwelling habits) or how efﬁcient the
ventilation capacity of these buildings is. The factor of 0.25 used in the
present study (Beyea et al., 2013) may be a very conservative assumption compared with the 0.85 used by Ten Hoeve and Jacobson (2012),
and it might underestimate total exposure. Furthermore, decontamination of land and evacuation measures might be another important
parameter that affects ground deposition exposure. It has been reported
that decontamination is more important when it is performed the ﬁrst
days following a large release (Beyea et al., 2013), whereas it is partially
obscured which efforts in this direction have been made by the ofﬁcial
authorities in Japan to be able to include them in the present
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assessment. Evacuation was taken into account assuming that the population was evacuated to the adjoining grid-cells from the plant immediately, which is at least 50 km away from the source. However, there
must be some additional contribution especially from inhalation as it
is unknown when exactly evacuation took place, how fast it occurred
and for which fraction of the overall population. Besides, except for
evacuation stable iodine was supplied to the population to prevent
accumulation of 131I in thyroid, which is not accounted for either.
Food and water consumption was accounted for following the only reliable report released by the WHO (WHO, 2013), but assuming that the
Japanese population consumes food exclusively produced in Japan,
which might not be the case (overestimation). On the other hand, the
same exposure pathway might be underestimated in regions far from
the population centers of Japan, where ﬁshermen may consume seafood
products without prior radioactivity monitoring. Taking into account
that cooling water from the damaged reactor is still discharged to the
ocean, several inhabitants may consume contaminated foodstuffs. We
believe that using an uncertain factor for the ingestion pathway would
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further complicate the assessment inducing additional uncertainty.
The same were assumed for 131I including protracted ground deposition
exposure, which would only be signiﬁcant the ﬁrst year following the
accident due to the short-lived nature of this radionuclide (t½ =
8.02 days). Finally, in our analysis we have included 16 radionuclides
with the exception of 131I. Nevertheless it is worth noting that other
radionuclides, particularly, 132I, 103Ru, 103Rh, 140Ba, 140La were also important and may have contributed for about 40% of the dose rates during
the ﬁrst two weeks (IRSN, 2011). No measurements and isotopic ratios
were available for these elements that would allow including them in
our calculations.
5.3. The lowest impact scenario
Fig. S15 shows the monthly trajectories of the winds at 50, 300 and
1000 m (with respect to the relevant emissions from Stohl et al.,
2012). According to them, easternmost wind direction occurred from
January to March 2011 without any inversion back to Japan; hence,

Fig. 10. Morbidities and mortalities expressed as individuals expected to suffer and die from solid or thyroid cancers according to the lowest impact scenario of emissions taking place in
January 2011. All internal and external exposure pathways using the LNT models have been taken into account for a lifetime of 89 years.
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the radioactive plume would be transferred to the ocean. This would
cause less exposure to radionuclides on the population. This is shown
in another simulation starting in January 2011, which aims to address
the least possible impact of the accident on the Japanese population.
Fig. 10 depicts the morbidities and mortalities for all solid and thyroid
cancers, expressed as number of individuals that would suffer or die
from cancers, if the accident occurred in January 2011, based on the
LNT model (Eq. (1)).
The results show that 140–410 (average: 275) would suffer from all
solid cancers, of which 80–240 (average: 158) would be lethal. As
regards to thyroid cancers, we estimate that 50–150 individuals (average: 100) would suffer and 4–10 (average: 7) would die, all centered
to the grid-point of the Fukushima NPP. These numbers are 47 and
58% lower, in terms of morbidities and mortalities from all solid cancers,
than the original accident occurred in March 2011, while 15 and 36%
lower morbidities and mortalities would be expected from thyroid
cancer.

6. Conclusions
The present study updates the overall worldwide cancer risks on
the population from the accident in Fukushima NPP in Japan. A global
atmospheric model was employed to study atmospheric dispersion
and deposition of 137Cs and 133Xe. In addition, the dispersion and respective deposition of a number of other radionuclides were indirectly
calculated by using observations and measurements from the CTBTO
network, as well as from several laboratories worldwide by employing
their isotopic ratios to 137Cs. Three scenarios were studied for all the
radionuclides, in order to estimate how a random event that took
place during a particular season (earthquake and accident) affects
fallout transport and subsequent health risk. We provide evidence
that humanity is “lucky” because the accident took place in spring
2011, as the situation otherwise could be worse.
According to our results, during winter 2010 wind shifts to northeast in the days of the highest emissions affecting North Japan. These
enormous amounts of both 137Cs and 133Xe above highly populated
areas over Japan accompanied by precipitation events seem to deliver
high radiation exposures. Regarding the original accident, the prevailing
winds during the emission period after March 11th transported radionuclides in easterly directions, away from Japan and the continent,
while precipitation events caused deposition to occur predominantly
over the ocean. If the same releases occurred in summer 2011, the
radioactive cloud would circulate northerly and then shift to the west
affecting East Russia. This means that amounts of the order of 1 PBq
would circulate close to Japan and be removed from the atmosphere
by dry or wet deposition (particularly in the north). Finally, the autumn
scenario is dominated by extreme precipitation events in the ﬁrst eight
days following the initial releases. With the assistance of cyclonic wind
direction at the same time, almost 50% of the releases would probably
affect Japan intensely. We estimate that as much as 85% of the released
137
Cs would be deposited in continental regions worldwide from a
hypothetical accident occurring during winter, 22% during spring
(when the accident happened), 55% starting during summer and 48%
occurring in autumn.
Similar transport can be also concluded for all the particulate radionuclides calculated via reported isotopic ratios. This study is based on
available literature for the Fukushima disaster trying to extract as
many measurements as possible in order to validate these indirect measurements. Although for 133Xe, 137Cs and 131I observations from the
CTBTO network were available, this was not the case for the rare isotopes that also were released but in extremely low concentrations.
Therefore, scattered measurements from individual laboratories were
processed, although in certain cases the multitude was insufﬁcient to
extract safe conclusions. Nevertheless, our model seems to reproduce
well 133Xe, 134Cs, 137Cs, 132Te, 90Sr and 131I, while it miscalculates the

most refractory elements, partly because isotopic ratios used to estimate their concentrations vary with the distance from the source.
We estimate those cancer incidents and mortalities to be between
160 and 880 and 110 and 640 deaths worldwide. If thyroid cancers
are added then the total number will be between 230 and 850 incidents
and from 120 to 650 deaths. However, risks to the workers of the NPP
have not been accounted for. Ten Hoeve and Jacobson (2012) reported
that the additional fatalities due to worker exposure and mandatory
evacuation were around 610 giving total estimated fatalities due to
the accident to be from 730 to 1260 (relative to their estimation:
625–1910). These numbers are 2.8 times higher (on the best estimate,
Ten Hoeve and Jacobson, 2012) and 16% higher than those presented
by the same authors for radiocaesium only (Evangeliou et al., 2014).
More than 93% of these fatalities will affect Japan. The total expected
fatalities from the accident are 32% lower than if the accident occurred
in winter, 5% lower than if it occurred in summer and 30% lower than
if it occurred in autumn, while solid and thyroid excess cancers present
an average survival ratio of only 29 ± 1% and 89 ± 3%, respectively.
A general remark is that whenever risks from low doses are assessed
there will always be large uncertainties. This is expected as we discussed
in a previous subsection, because all the assumptions are associated with
large uncertainties. Better results can be obtained only several years
after, when actual occurrence numbers become available to the experts.
It is noted that the human fatalities from the accident are expected to be
less that 5% of those from the earthquake and the subsequent tsunami
that struck Japan's east coast (~20,000).
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