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a b s t r a c t

A large amount of radioactive material was released from the Fukushima Daiichi Nuclear Power Plant
(FDNPP) in 2011 and dispersed into the environment. Though seven years have passed since the
Fukushima Daiichi Nuclear Power Plant accident, some parts of Japan are still under the influence of
radionuclide contamination, especially Fukushima Prefecture and prefectures neighboring Fukushima
Prefecture. The long-term effective doses and the contributions of each exposure pathway (5 exposure
pathways) and radionuclide (131I, 134Cs, and 137Cs) were evaluated for people living in the regions of
Fukushima and neighboring prefectures in Japan using a developed dose assessment code system with
Japanese specific input data. The results estimated in this study were compared with data from previ-
ously published reports. Groundshine and ingestion were predicted to contribute most significantly to
the total long-term dose for all regions. The contributions of each exposure pathway and radionuclide
show different patterns for certain regions of Japan.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Following the Fukushima Daiichi Nuclear Power Plant (FDNPP)
accident, a significant amount of radionuclides was released and
dispersed into the environment. After the FDNPP accident, an
extensive area of Japan was contaminated by radioactive material
released from the FDNPP, especially Fukushima Prefecture and
prefectures neighboring Fukushima Prefecture, and resulting public
exposure through various pathways. Thirty two years have passed
since the Chernobyl accident, but the surrounding area is still
suffering from radioactive contamination. Seven years have passed
since the FDNPP accident, but Japan will be affected by the
contaminated radioactive environment over the next several de-
cades. It is important to estimate radiological effects on people
living in contaminated areas for the long-term phase and prepare
countermeasures or decontamination to minimize the impacts of
the accident.

A dose assessment system has been recently developed to
evaluate the radiological doses to the public following nuclear ac-
cidents. The dose assessment code system considers five exposure
pathways, as follows: external exposure to radionuclide in air

(cloudshine), external exposure from deposited radionuclide on the
ground (groundshine), internal exposure from inhalation of radio-
nuclide in air (inhalation), internal exposure from inhalation of
resuspended radionuclide (resuspension inhalation), and internal
exposure from ingestion of contaminated agricultural food.

In this research, following the FDNPP accident, the long-term
effective doses were calculated for people living in the regions of
Fukushima Prefecture and neighboring prefectures using the
developed dose assessment code system with Japanese specific
input data. The results estimated using the developed dose
assessment code systemwere compared with data from previously
published reports.

2. Materials and methods

2.1. Dose assessment code system

Dose assessment was performed using our code system. The
model calculates the effective and equivalent doses to male adults
for short-, intermediate-, and long-term periods (up to 7 days, 6
months, and 50 years from the accident date, respectively) from
radionuclides accidentally released into the atmosphere. Radionu-
clide concentrations in the air (Bq/m3) and radionuclide deposited
on the ground (Bq/m2), on a daily basis within 30 days of accident
in the regions are applied as source-term data. The Korean
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environment, lifestyle, and dietary habits were reflected in the
developed dose assessment system. Five exposure pathways are
considered: cloudshine, groundshine, inhalation, resuspension
inhalation, and ingestion. The code takes into account the parent
and first daughter radionuclides. More details regarding the dose
assessment code system are given in Kim et al. (2018) [1].

Doses from ingestion were estimated using a food chain model,
named LARIAS (Land and Aquatic Radionuclide transport and
Ingestion dose Assessment System), which is under development
for calculating radionuclide transfer and ingestion doses through
the terrestrial and aquatic food chain in Korea following the nuclear
accident. The current version of LARIAS only has the terrestrial food
chain model, and the aquatic food chain model is under develop-
ment. The terrestrial food chain model of LARIAS estimates radio-
nuclide transfer through the terrestrial food chain and resulting
ingestion doses under the Korean agricultural environment
following accidental releases. The model considers 7 types of
agricultural products and 5 types of livestock. We already per-
formed a comparative study of LARIAS and the FARMLAND (Food
and Activity from Radionuclide Movement on Land) model, which
is a terrestrial food chain model developed by the National Radio-
logical Protection Board (NRPB). The simulation results of LARIAS
showed comparable values to those of the FARMLAND model. De-
tails of LARIAS are given in Kim et al. (2018) [2].

For calculation verification of the model, we performed a time
convergence study on LARIAS. Radioactivity concentration was
estimated to converge to zero in each compartment as timewent to
infinity. We also compared the simulation results of our code
(except for the results of LARIAS) with those calculated byMicrosoft
Excel 2013 using the same equations, assumptions, and input data
to check that the code conducts the calculations correctly.

There was no difficulty in applying our dose assessment code
system in Japan, because Japan has a relatively similar environment
to those of Korea. Also, dose assessment was performed as much as
possible reflecting Japanese specific data.

2.2. Input data and assumptions for dose assessment

It was assumed that the accidentwas occurred on 11March 2011
and 131I, 134Cs, and 137Cs were released into the atmosphere from
the FDNPP. The assessment was performed for 3 cities (or villages)
of Fukushima Prefecture, excluding the evacuated regions, and 8
cities (or villages, towns) of prefectures neighboring Fukushima
Prefecture (prefectures of Gunma, Miyagi, Tochigi, and Ibaraki) in
Japan: Fukushima City, Soma City, and Hinoemata Village in
Fukushima Prefecture, Kawaba Village and Katashina Village in
Gunma Prefecture, Hitachi City and Hitachiomiya City in Ibaraki
Prefecture, Marumori Town and Kawasaki Town in Miyagi Prefec-
ture, and Nasu Town and Utsunomiya City in Tochigi Prefecture
(Fig. 1 [3]). The cities with the highest and lowest 137Cs deposition
concentrations in each prefecture were selected for assessment
with reference to attachment C-14 of the 2013 UNSCEAR (United
Nations Scientific Committee on the Effects of Atomic Radiation)
report [4]. The evacuated regions are those fromwhich peoplewere
evacuated within months after the FDNPP accident according to
evacuation scenarios. The regions considered in the assessment
referred to the classification of geographic areas from the 2013
UNSCEAR report [4].

Japanese specific habits and environmental parameters, which
are provided in attachment C-12 and C-13 of the 2013 UNSCEAR
report [4], were used in the assessment. In case of ingestion dose,
estimation was entirely based on our previous research [2] and
some additional calculations were made with 2 different assump-
tions of food consumption, as follows: Assumption 1: People
consumed 100% of their food from their local prefectures. People

living in Fukushima City, Soma City, and Hinoemata Village were
assumed to consume food produced in Fukushima Prefecture,
excluding the evacuated regions. People living in the other 8 cities
were assumed to consmue food produced in the 4 neighboring and
2 prefectures near Fukushima Prefecture (prefectures of Gunma,
Miyagi, Tochigi, Ibaraki, Chiba, and Iwate). Assumption 2: For the
first year following the accident, people consumed 100% of their
food from their local prefectures, with food restrictions. For the
subsequent years, people consumed 25% of their food from their
local prefectures and 75% from the rest of Japan (all remaining
prefectures of Japan), with food restrictions. According to the 2013
UNSCEAR report [4], from March 2011 to the end of March 2012,
food restrictionwas introduced in Japan to limit radiation exposure.
Activity concentrations of restriction level are as follows. Iodine:
300 Bq/kg for milk, 2000 Bq/kg for other foods; Cesium: 200 Bq/kg
for milk, 500 Bq/kg for other foods. After April 2012, lower values
were introduced for cesium: 50 Bq/kg for milk, 100 Bq/kg for other
foods.

External dose coefficients were obtained from Federal Guidance
Report No. 12 (FGR 12) [5]. Inhalation and ingestion dose co-
efficients were obtained from International Commission on
Radiological Protection (ICRP) Publication 72 [6].

2.3. Radionuclide concentration data

Time-integrated concentrations (Bq d/m3) of radionuclides in
air, which were simulated using the NOAA (National Oceanic and
Atmospheric Administration)-GDAS (Global Data Assimilation
System) model for the period from 12 March to 1 April 2011, for 11
cities, were taken from attachment C-9 of the 2013 UNSCEAR report
[4]. Average deposition densities (Bq/m2) of 137Cs for cities were
taken from attachment C-14 of the 2013 UNSCEAR report [4].
Deposition concentraions of 131I and 134Cs were calculated using
radionuclide ratios to 137Cs; these values were 1.0 and 11.5,
respectively. Radionuclide ratios were taken from attachment C-12
of the 2013 UNSCEAR report [4].

2.4. Published data from previous reports

We compared our results with previously published data from
the 2013 UNSCEAR report [4] and the 2012 WHO (World Health

Fig. 1. Locations of 3 cities in Fukushima Prefecture and 8 cities in prefectures
neighboring (prefectures of Gunma, Miyagi, Tochigi, and Ibaraki) Fukushima Prefecture
of Japan selected for dose assessment following the Fukushima Daiichi Nuclear Power
Plant (FDNPP) accident (Google Earth, 2018 [3]).
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Organization) report [7]. UNSCEAR has been working on moni-
toring and evaluating new information that has appeared after
releasing the 2013 UNSCEAR report [4]. Over 300 publications have
been reviewed by expert groups to idendify new scientific de-
velopments and 3 white papers were published in 2015, 2016, and
2017 [8e10]. According to the white papers [8e10], the main as-
sumptions and findings of the 2013 UNSCEAR report [4] remained
broadly valid and were not significantly affected by subsequent
published information. Therefore, the results evaluated in this
study were mainly compared with data from the 2013 UNSCEAR
report [4].

3. Results and discussion

3.1. Long-term effective doses to residents

The effective doses from five exposure pathways were calcu-
lated for people living in 11 cities of Japan over 1 and 50 years
following the FDNPP accident. As already mentioned, the assess-
ment was performed for 2 cases with 2 different assumptions of
food consumption. Figs. 2 and 3 show the effective doses predicted
for 1 and 50 years with assumptions 1 and 2. No countermeasures
or decontamination was taken into account except for food re-
strictions in assumption 2.

As shown in Fig. 2, Fukushima City shows the highest effective
dose among the 11 cities. By making assumption 2 (Fig. 3), the total
effective doses were estimated to be greatly decreased for all cities,
compared to those of assumption 1 (Fig. 2).

3.2. Contributions of each exposure pathway and radionuclide to
effective dose (except ingestion dose)

Tables 1 and 2 show the total effective doses except ingestion
doses and contributions of each exposure pathway to residents in
11 cities for 1 year and 50 years following the accident. In the case
of the effective doses (except ingestion dose) for 50 years, the
contribution by groundshine accounted for more than 97%, fol-
lowed by inhalation, which is very low, less than 3% in all cities.
There were no significant differences in the contributions of each
exposure pathway to total dose between cities. In case of the
effective doses (except ingestion dose) for 1 year, groundshine was
estimated to contribute more than 94% inmost cities except Hitachi
City, Hitachiomiya City, and Kawasaki Town. Unlike other cities, the
above 3 cities accounted for more than 10% of the total dose by
inhalation, especially the value of approximately 23% in Hitachio-
miya City. Fukushima City, Nasu Town, and Soma City showed the
highest values of long-term effective dose (except ingestion dose)
among the 11 cities.

Fig. 2. Effective doses to people living in 11 cities of Japan over (a) 1 year and (b) 50 years following the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident. It was assumed
that people consumed food produced 100% locally (with assumption 1).

Fig. 3. Effective doses to people living in 11 cities of Japan over (a) 1 year and (b) 50 years following the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident. It was assumed
that people consumed food produced 100% locally for the first year following the accident and consumed 25% of their food from local prefectures and 75% from the rest of Japan for
subsequent years, with food restrictions (with assumption 2).
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Table 3 shows the contributions of each radionuclide to the
effective doses (except ingestion dose) to people living in 11 cities
for 1 and 50 years following the accident. The contributions of each
radionuclide to doses for 1 and 50 years show significantly different
tendencies. This variation seems to be largely affected by the
physical half-lives of the radionuclides, which are 8.04 days, 2.06,
and 30.03 years for 131I, 134Cs, and 137Cs, respectively. The contri-
butions of each radionuclide to doses for 50 years were estimated
to be about 20e22% for 134Cs, about 76e79% for 137Cs, and less than

about 3% for 131I, with no significant differences among cities.
However, in the case of the 1-year exposure dose, the contributions
of each radionuclide show relatively large differences among cities.
In particular, 131I contributed significantly more in Hitachi City,
Hitachiomiya City and Kwasaki Town to the total dose (except
ingestion dose) of each city compared to the other cities. The
contribution of 131I to long-term dose was mostly due to exposure
within a few months of the accident because of its short physical
half-life. Due to the large difference in the physical half-lives be-
tween radionuclides, it seems that the biological half-life does not
significantly affect the results, but it should be kept inmind that the
biological half-life is also an important factor in dose assessment,
especially in evaluating internal exposure doses.

Taking all of Table 1 ~ 3 into consideration, it is expected that the
influence of internal exposure from inhalation of 131I is relatively
large in Hitachi City, Hitachiomiya City, and Kwasaki Town
compared to other cities. Figure CeⅣ in the 2013 UNSCEAR report
[4] shows the pattern of time-integrated concentration of 131I in air,
which is the result of the NOAA-GDAS atmospheric modelling an-
alyses. According to the pattern shown, among all prefectures
except Fukushima Prefecture, time-integrated concentration of 131I
shows relatively high levels in the regions of Ibaraki Prefecture,
including Hitachi City and Hitachiomiya City.

3.3. Estimated effective doses from ingestion of contaminated food

Ingestion doses were calculated with two different assumptions
of food consumption. The conservative assumption was applied for
the first assumption, in which people consumed 100% locally

Table 1
Contributions of each exposure pathway to the effective doses (except ingestion dose) to people living in 11 cities of Japan over 1 year following the Fukushima Daiichi Nuclear
Power Plant (FDNPP) accident.

Contributions (%)a of each exposure pathway to toal dose (except ingestion dose) Total dose (except ingestion dose) (Sv)

Cloudshine Groundshine Inhalation Resuspension inhalation

Fukushima City 0.00 99.41 0.46 0.13 7.83E-03
Soma City 0.02 96.68 3.18 0.12 1.91E-03
Hinoemata Village 0.00 99.32 0.55 0.13 8.28E-05
Kawaba Village 0.00 99.67 0.20 0.13 8.83E-04
Katashina Village 0.00 99.53 0.34 0.13 4.79E-04
Hitachi City 0.12 82.19 17.58 0.10 1.09E-03
Hitachiomiya City 0.15 76.41 23.34 0.10 1.95E-04
Marumori Town 0.03 96.13 3.72 0.12 1.45E-03
Kawasaki Town 0.08 87.50 12.31 0.11 1.37E-04
Nasu Town 0.00 99.54 0.33 0.13 2.72E-03
Utsunomiya City 0.03 94.60 5.25 0.12 2.81E-04

a Rounded off to the second decimal place.

Table 2
Contributions of each exposure pathway to the effective doses (except ingestion dose) to people living in 11 cities of Japan over 50 years following the Fukushima Daiichi
Nuclear Power Plant (FDNPP) accident.

Contributions (%)a of each exposure pathway to toal dose (except ingestion dose) Total dose (except ingestion dose) (Sv)

Cloudshine Groundshine Inhalation Resuspension inhalation

Fukushima City 0.00 99.94 0.04 0.01 8.39E-02
Soma City 0.00 99.68 0.30 0.01 2.00E-02
Hinoemata Village 0.00 99.94 0.05 0.01 8.86E-04
Kawaba Village 0.00 99.97 0.02 0.01 9.48E-03
Katashina Village 0.00 99.96 0.03 0.01 5.14E-03
Hitachi City 0.01 98.03 1.95 0.01 9.85E-03
Hitachiomiya City 0.02 97.21 2.76 0.01 1.65E-03
Marumori Town 0.00 99.63 0.36 0.01 1.51E-02
Kawasaki Town 0.01 98.69 1.29 0.01 1.31E-03
Nasu Town 0.00 99.96 0.03 0.01 2.92E-02
Utsunomiya City 0.00 99.47 0.51 0.01 2.88E-03

a Rounded off to the second decimal place.

Table 3
Contributions of each radionuclide to the effective doses (except ingestion dose) to
people living in 11 cities of Japan over 1 and 50 years following the Fukushima
Daiichi Nuclear Power Plant (FDNPP) accident.

Contributions (%)a of each radionuclide to toal dose
(except ingestion dose)

1 year 50 years

131I 134Cs 137Cs 131I 134Cs 137Cs

Fukushima City 7.31 64.73 27.96 0.68 21.16 78.16
Soma City 9.45 63.19 27.37 0.90 21.13 77.97
Hinoemata Village 7.39 64.67 27.94 0.69 21.15 78.16
Kawaba Village 7.08 64.88 28.03 0.66 21.16 78.18
Katashina Village 7.19 64.81 28.00 0.67 21.15 78.18
Hitachi City 20.99 54.93 24.08 2.32 20.91 76.77
Hitachiomiya City 26.07 51.36 22.57 3.08 20.77 76.16
Marumori Town 9.91 62.86 27.23 0.95 21.12 77.93
Kawasaki Town 16.69 58.00 25.31 1.75 21.00 77.26
Nasu Town 7.21 64.79 28.00 0.67 21.16 78.17
Utsunomiya City 11.24 61.92 26.84 1.10 21.08 77.82

a Rounded off to the second decimal place.

S. Kim et al. / Nuclear Engineering and Technology 51 (2019) 837e842840



produced food in their local prefecture without food restriction.
The second assumption was based on the assumption used in the
FARMAND model simulation, which is represented in the 2013
UNSCEAR report [4], to estimate ingestion dose from consuming
agricultural products and livestock to people living in the regions of
Japan after the FDNPP accident. The second assumption was that
people consumed 100% locally produced food in their local pre-
fectures with food restriction for the first year following the acci-
dent. People consumed 25% of food from the local prefecture and
75% from the rest of Japanwith food restrictions for the subsequent
years. As already mentioned in the Material and Methods section,
residents in Fukushima City, Soma City, and Hinoemata Village
were assumed to consume food produced in Fukushima Prefecture,
excluding the evacuated regions. People living in the other 8 cities
were assumed to consume food produced in the 4 prefectures
neighboring and 2 prefectures near Fukushima Prefecture, which
are the prefectures of Gunma, Miyagi, Tochigi, Ibaraki, Chiba, and
Iwate.

Figs. 4 and 5 show ingestion doses from 131I, 134Cs, and 137Cs for
people living in cities of Fukushima Prefecture, excluding the
evacuated regions and prefectures neighboring Fukushima Prefec-
ture, over 1, 10, and 50 years following the accident with assump-
tions 1 and 2, respectively. According to the results represented in
Fig. 4, the effective doses from ingestionwere estimated to be about
3e4 times higher for residents in Fukushima Prefecture than in
neighboring prefectures with assumption 1.

In the case of the results shown in Fig. 5, ingestion dose in cities
of Fukushima Prefecture (excluding the evacuated regions) shows a
very low value for 1 year, about 2.25E-5 Sv. This is because a large
portion of food stuff was predicted to be contaminated with
radionuclide above the level of food restriction.

3.4. Comparing results with previously published data

Table 4 shows the estimated effective doses from 5 exposure
pathways to people living in 11 cities over 1 year after the accident
with assumption 2. Although the results of the total effective doses,
shown in Table 4, were already presented in Fig. 3 (a), those values
were presented again to allow a comparison of the results of our
dose assessment code system with those obtained from the 2013
UNSCEAR report [4]. Table 5 shows the effective doses to adults in
the first year after the FDNPP accident for 11 cities; these values
were taken from attachment C-14 of the 2013 UNSCEAR report [4].
Although there are some differences in the results shown in
Tables 4 and 5, the contributions of each exposure pathway to the
total dose and the total dose of each city calculated using our dose
assessment model showed values comparable with those of data
from the 2013 UNSCEAR report [4].

The 2012 WHO report [7] provides data on the estimated
effective doses to the public living in the different regions of Japan
in the first year following the FDNPP accident. These values are as
follows: doses in most affected regions of Fukushima Prefecture
were within a range of 1.0E-2 to 5.0E-2 Sv. Doses in the rest of
Fukushima Prefecture, which are less affected areas, were within a
range of 1.0E-3 to 1.0E-2 Sv. Doses for prefectures neighboring
Fukushima Prefecture, which are Chiba, Gunma, Ibaraki, Miyagi,
and Tochigi, were within a range of 1.0E-4 to 1.0E-2 Sv.

According to the region classification of the 2012 WHO report
[7], Fukushima City and Soma City are in most affected regions of
Fukushima Prefecture and Hinoemata Village is included in a less
affected area of Fukushima Prefecture. The other 8 cities are
included in neighboring prefectures. As shown in Table 4, the
calculated doses of our code system for cities of Fukushima Pre-
fecture were about 1 order of magnitude lower than the results
from the 2012 WHO report [7]. The doses calculated for the other 8
cities showed results comparable with those of the 2012 WHO

Fig. 4. Ingestion doses from 131I, 134Cs, and 137Cs for residents in cities of (a) Fukushima
Prefecture (excluding the evacuated regions) and (b) prefectures neighboring
Fukushima Prefecture. Calculation was performed with assumption 1.

Fig. 5. Ingestion doses from 131I, 134Cs, and 137Cs for residents in cities of (a) Fukushima
Prefecture (excluding the evacuated regions) and (b) prefectures neighboring
Fukushima Prefecture. Calculation was performed with assumption 2.

Table 4
Effective doses from each exposure pathway to people living in 11 cities of Japan over 1 year following the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident, with the
assumption that people consumed 100% of their food from local prefectures for the first year following the accident and consumed 25% of their food from the local prefecture
and 75% from the rest of Japan for subsequent years, with food restrictions (with assumption 2).

City Effective dose (Sv)

Cloudshine Groundshine Inhalation Resuspension inhalation Food ingestion Total Dose

Fukushima City 2.22E-07 7.78E-03 3.59E-05 9.84E-06 2.25E-05 7.85E-03
Soma City 4.20E-07 1.85E-03 6.07E-05 2.34E-06 2.25E-05 1.93E-03
Hinoemata Village 3.00E-09 8.22E-05 4.56E-07 1.04E-07 2.25E-05 1.05E-04
Kawaba Village 1.29E-08 8.80E-04 1.76E-06 1.11E-06 6.16E-04 1.50E-03
Katashina Village 1.16E-08 4.77E-04 1.64E-06 6.03E-07 6.16E-04 1.10E-03
Hitachi City 1.30E-06 8.97E-04 1.92E-04 1.13E-06 6.16E-04 1.71E-03
Hitachiomiya City 2.96E-07 1.49E-04 4.55E-05 1.88E-07 6.16E-04 8.11E-04
Marumori Town 3.67E-07 1.39E-03 5.40E-05 1.76E-06 6.16E-04 2.07E-03
Kawasaki Town 1.16E-07 1.20E-04 1.69E-05 1.52E-07 6.16E-04 7.53E-04
Nasu Town 5.99E-08 2.71E-03 8.99E-06 3.43E-06 6.16E-04 3.34E-03
Utsunomiya City 9.60E-08 2.66E-04 1.47E-05 3.36E-07 6.16E-04 8.97E-04
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report [7]. When comparing results, it should be noted that there
are differences in the detailed assumptions applied in the dose
assessments.

4. Conclusions

Despite the fact that seven years have passed since the FDNPP
accident, some regions of Japan are still contaminated with radio-
active materials. Japan will be affected by the contaminated
radioactive environment over the next several decades. It is
important to perform the realistic assessment of radiological effects
on people living in contaminated areas for the long-term phase and
take appropriate actions of countermeasures or decontamination to
effectively reduce the impacts of the accident. The code calculated
the long-term effective doses from 5 exposure pathways in
Fukushima Prefecture and neighboring prefectures, which are
relatively highly contaminated regions of Japan following the
FDNPP accident. External exposure to contaminated soil and
ingestion of contaminated food were estimated to contribute most
significantly to the total effective dose in the long-term period for
all regions. The contributions of each exposure pathway and
radionuclide were predicted to show different patterns for certain
regions of Japan.

Acknowledgements

This work was supported by the National Research Foundation
of Korea (NRF) and funded by the Korea government (MSIP) (MSIP:
NRF-2017M2A8A4015253, NRF-2015M2A2B2034282).

References

[1] S.R. Kim, K.H. Park, B.I. Min, B.M. Yang, J.Y. Kim, K.S. Suh, Assessment of
radiological doses for people living in Korea following accidental releases of

radionuclides from nuclear power plants in Korea and China, Radiat. Protect.
Dosim. (2018). https://doi.org/10.1093/rpd/ncy183.

[2] S.R. Kim, B.I. Min, K.H. Park, B.M. Yang, J.Y. Kim, K.S. Suh, Evaluation of
radionuclide concentration in agricultural food produced in Fukushima pre-
fecture following Fukushima accident using a terrestrial food chain model,
J. Radioanal. Nucl. Chem. 316 (2018) 1091e1098.

[3] Google Earth Pro V 7.3.1.4507, Japan, 37�10’44.66"N, 139�45’09.58"E, Eye alt
282.7 mi, SIO, NOAA, U.S. Navy, NGA, GEBCO. ZENRIN (December 14, 2015),
http://www.earth.google.com, 2018 [March, 21, 2018].

[4] United Nations Scientific Committee, On the Effect of Atomic Radiation
(UNSCEAR), Sources, Effects and Risks of Ionizing Radiation. Volume I: Report
to the General Assembly, with Scientific Annex A. UNSCEAR 2013 Report,
UNSCEAR, United Nations, New York, 2014.

[5] Environmental Protection Agency (EPA), External Exposure to Radionuclides
in Air, Water, and Soil. Federal Guidance Report No. 12. EPA-402-R-93-081,
Oak Ridge National Laboratory, Oak Ridge, TN, 1993. U.S. Environmental
Protection Agency, Washington, DC.

[6] International Commission on Radiological Protection (ICRP), Age-dependent
Doses to Members of the Public from Intake of Radionuclides: Part 5.
Compilation of Ingestion and Inhalation Dose Coefficients. ICRP Publication 72.
ICRP, Pergamon Press, Oxford, 1996.

[7] World Health Organization (WHO), Preliminary Dose Estimation from the
Nuclear Accident after the 2011 Great East Japan Earthquake and Tsunami,
WHO Press, Geneva, 2012.

[8] United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), Developments since the 2013 UNSCEAR Report on the Levels and
Effects of Radiation Exposure Due to the Nuclear Accident Following the Great
East-Japan Earthquake and Tsunami. A 2015 White Paper to Guide the Sci-
entific Committee’s Future Programme of Work, UNSCEAR, United Nations,
New York, 2015.

[9] United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), Developments since the 2013 UNSCEAR Report on the Levels and
Effects of Radiation Exposure Due to the Nuclear Accident Following the Great
East-Japan Earthquake and Tsunami. A 2016 White Paper to Guide the Sci-
entific Committee’s Future Programme of Work, UNSCEAR, United Nations,
New York, 2016.

[10] United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), Developments since the 2013 UNSCEAR Report on the Levels and
Effects of Radiation Exposure Due to the Nuclear Accident Following the Great
East-Japan Earthquake and Tsunami. A 2017 White Paper to Guide the Sci-
entific Committee’s Future Programme of Work, UNSCEAR, United Nations,
New York, 2017.

Table 5
Effective doses to adults in the first year after the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident for 11 cities. Data taken from attachment C-14 of the 2013 UNSCEAR
report [4].

City Effective dose (Sv)

Cloudshine Groundshine Inhalation Resuspension inhalation Food ingestion Total Dose

Fukushima City 0.00 3.02E-3 3.00E-4 e 9.40E-4 4.26E-3
Soma City 0.00 6.90E-4 4.00E-5 e 9.40E-4 1.67E-3
Hinoemata Village 0.00 3.00E-5 0.00 e 9.40E-4 9.70E-4
Kawaba Village 0.00 3.60E-4 4.00E-5 e 2.10E-4 6.00E-4
Katashina Village 0.00 2.00E-4 2.00E-5 e 2.10E-4 4.20E-4
Hitachi City 0.00 3.50E-4 4.00E-5 e 2.10E-4 6.00E-4
Hitachiomiya City 0.00 6.00E-5 1.00E-5 e 2.10E-4 2.70E-4
Marumori Town 0.00 5.50E-4 6.00E-5 e 2.10E-4 8.10E-4
Kawasaki Town 0.00 5.00E-5 0.00 e 2.10E-4 2.60E-4
Nasu Town 0.00 1.07E-3 1.10E-4 e 2.10E-4 1.39E-3
Utsunomiya City 0.00 1.10E-4 1.00E-5 e 2.10E-4 3.20E-4
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