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The Fukushima Daiichi Nuclear Plant (FDNPP) accident resulted in huge environmental and socioeco-
nomic impacts to Japan. To document the actual environmental and socioeconomic effects of the FDNPP
accident, we describe here atmospheric and marine contamination due to radionuclides released from
the FDNPP accident using papers published during past five years, in which temporal and spatial vari-
ations of FDNPP-derived radionuclides in air, deposition and seawater and their mapping are recorded by
local, regional and global monitoring activities. High radioactivity-contaminated area in land were
formed by the dispersion of the radioactive cloud and precipitation, depending on land topography and
local meteorological conditions, whereas extremely high concentrations of *'I and radiocesium in
seawater occurred due to direct release of radioactivity-contaminated stagnant water in addition to
atmospheric deposition. For both of atmosphere and ocean, numerical model simulations, including
local, regional and global-scale modeling, were extensively employed to evaluate source terms of the
FDNPP-derived radionuclides from the monitoring data. These models also provided predictions of the
dispersion and high deposition areas of the FDNPP-derived radionuclides. However, there are significant
differences between the observed and simulated values. Then, the monitoring data would give a good
opportunity to improve numerical modeling.
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1. Introduction

In March 11, 2011, a 9.0-magnitude earthquake occurred near
northeast Honshu, Japan, creating a devastating tsunami. The
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earthquake and subsequent tsunami, which flooded over 500 km?
of land, resulted in the loss of about 20 000 lives and destroyed
property, infrastructure and natural resources. The loss of off-site
and on-site electrical power (station blackout) and compromised
safety systems at the Fukushima Daiichi Nuclear Power Plant
(FDNPP) led to severe core damage to three of the six nuclear re-
actors on the site. As a result, large amounts of radioactivity were
released in the environment from the FDNPP. The FDNPP accident,
which has been rated on the International Atomic Energy Agency
(IAEA) International Nuclear and Radiological Event Scale (INES) as
a “Major Accident” as INES 7 as did the Chernobyl accident, was one
of the biggest environmental disasters in recent years. In order to
implement adequate protective actions and to assess the environ-
mental impact of the FDNPP radioactivity, a lot of environmental
monitoring has been conducted by the national government, local
governments, research institutes and universities in Japan and
world including the CTBTO network. Maps of deposition densities
of FDNPP-derived 3Cs, obtained by areal monitoring, are shown in
Fig. 1. The environmental contamination of the FDNPP-derived ra-
dionuclides is characterized by complicated land topography in
addition to the FDNPP location on the North Pacific west coast. In
contrast of the Chernobyl accident, therefore, marine radioactivity
monitoring is important. The environmental monitoring of land
revealed that heavy radioactivity-contaminated area spread to
about 60 km northwest the FDNPP (Yoshida and Takahashi, 2012),
where deposition is controlled by land topography and

meteorological factors.

The FDNPP-derived radionuclides spread around the world. The
marine environment was severely contaminated by atmospheric
deposition and direct discharge of highly radioactivity-
contaminated stagnant water. Many kinds of radionuclides were
released in the atmospheric and marine environment; the domi-
nant released radionuclides were gaseous and volatile elements
such as *3Xe, 311, 134Cs and ¥7Cs. In initial stages of the accident,
short-lived y-emitters such as 33|, 132], 136Cs, 132Te, 129™Te (1297¢),
PMo(*°™Tc), 14%Ba(1*%La), °Nb and '°™Ag were observed in envi-
ronmental samples. Furthermore, long-lived radionuclides such as
89sr, 90sr, U isotopes (Sakaguchi et al, 2014), Pu isotopes
(Yamamoto et al., 2014; Zheng et al., 2012), >'Am, Cm isotopes
(Yamamoto et al., 2014) and '?°I (Miyake et al., 2012) were observed
as minor nuclides.

During the past five years from the FDNPP accident, many pa-
pers related to the FDNPP accident have been published, in which
some review articles (Koo et al., 2014; Thakur et al., 2013) such as
comparison between the Chernobyl and FDNPP accidents
(Steinhauser et al.,, 2014) and books (Povinec et al., 2013a;
UNSCEAR, 2013; Nakata and Sugisaki, 2015) are included. Most of
the papers regarding atmospheric monitoring data have been
published in 2011—-2012. After that, however, important moni-
toring data related to initial stage of the FDNPP accident were
recorded (Tsuruta et al., 2014). For the FDNPP accident, atmospheric
dispersion models have been employed from the initial stage of the
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Fig. 1. The geographical distribution of the total deposition of the FDNPP-derived radiocesium ('*Cs + '*’Cs) in the northeast Honshu Island, Japan. The total radiocesium
(134Cs + 137Cs) deposition was estimated by gamma-ray measurements using aircraft in the northeast Honshu Island, especially, Fukushima Prefecture.
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accident in order to do adequate protective actions and to have
source terms of the atmospheric emission of the FDNPP-derived
radionuclides. In order to improve the atmospheric dispersion
model, comparison exercises between models have been carried
out (SCJ, 2014; Draxler et al., 2015). Although the major atmo-
spheric radionuclide release due to the accident ceased by the end
of April 2011, post-accident atmospheric emission, which were
occurred by natural processes such as resuspension of deposited
radionuclides and anthropogenic activities including mediation
processes of damaged reactors, have been monitored within
300 km from the FDNPP (Hirose, 2013, 2015a; Igarashi et al., 2015;
Stainhauser et al., 2015).

Marine radioactivity monitoring started just after the FDNPP
accident. After discover of direct release of radioactivity-
contaminated water in early April 2011, monitoring was strength-
ened (Povinec et al., 2013). However, marine monitoring data are
fewer than those on land due to limited ship resources. Source
terms, the atmospheric deposition and direct release, are important
to assess effects of the FDNPP-derived radionuclides to marine
environment. Development of the ocean circulation model allows
us to have better estimates of source terms of the direct release
from the monitoring data (Tsumune et al., 2012). The model sim-
ulations can predict dispersion and transport of the FDNPP-derived
radionuclides in the North Pacific (Nakano and Povinec, 2012;
Behrens et al., 2012), although its verification is a further issue. In
order to improve the ocean dispersion model, comparison exercises
between models have been carried out (Masumoto et al., 2012).

In this review paper, we describe actual situations of atmo-
spheric and oceanic contamination of the FDNPP-derived radio-
nuclides by using research papers published past five years. The
FDNPP accident resulted in socioeconomic impacts, as did envi-
ronmental impacts. We also describe shortly socioeconomic im-
pacts due to the FDNPP accident.

2. Atmospheric impact of FDNPP-derived radioactivity
2.1. Air concentrations

Radioactivity measurement in surface air is one of the most
important issues in emergency environmental monitoring. Air
monitoring activities in Japan, in which Japanese Government,
TEPCO, local governments, national research institutes and uni-
versity have conducted air sampling in different areas, intensified
after the FDNPP accident. TEPCO focused in the FDNPP site, and
JAEA monitored in the area from 20 km to 60 km of the FDNPP
using monitoring car (Povinec et al., 2013a). Major air continuous
monitoring was conducted in the Kanto area (Furuta et al., 2011;
Yonezawa and Yamamoto, 2011; Amano et al., 2012; Haba et al.,
2012; Kanai, 2012; Doi et al., 2013), whereas in the region further
from the FDNPP, a limited air radioactivity measurement has been
carried out (Momoshima et al., 2012). On the site, the highest total
1311 concentration in surface air (5.94 kBq m~3) occurred on 19
March 2011, whereas the highest total '>’Cs concentration in sur-
face air (430 Bq m—>) was observed on 25 March 2011. Tsuruta et al.
(2014) realized detailed features of FDNPP-derived '*7Cs in surface
air of Fukushima and Kanto area by analyzing filter-tapes of oper-
ational air pollution monitoring stations, in which time series of
137Cs concentrations in surface air were obtained during the period
of March 12—23, 2011 just after the FDNPP accident. Four *’Cs
peaks were observed at Minami-soma sites about 40 km north
FDNPP (first peak: Mar. 12—13, 577 Bq m~> (1 h mean value); sec-
ond peak: Mar. 15-16, 21 Bq m~>3; third peak: Mar. 18—19,
430 Bq m~3; fourth peak: Mar. 20—21, 360 Bq m3), whereas two
137¢s peaks occurred in the central area of Fukushima prefecture
and Kanto plain (first peak: Mar. 15—16, 330 Bq m~> (central
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Fig. 2. Temporal variations of *’Cs concentrations in surface air observed in Kanto
area. Blue line: Tsukuba, green line: Oarai, black line: Inage. Referred from Povinec
et al., 2013. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fukushima), 175 Bq m~> (Kanto Plain); second peak: Mar. 20—21,
81 Bq m 3 (central Fukushima), 309 Bq m~3 (Kanto Plain)). Surface
air measurements as shown in Fig. 2 documented that radioactive
plume first arrived in Kanto plain on 15 March 2011; the first peak
of 111, being maximum concentrations at Tsukuba (33 Bgm~> (8 h
mean value)) (Doi et al., 2013) and Oarai (1.4 x 10° Bqm> (3 h
mean value)) (Furuta et al., 2011) during the observation period,
respectively, and the high >4Cs and ’Cs concentrations in surface
air were observed in Oarai, Tsukuba, Wako and Inage, where the
137Cs concentrations in surface air were 1.9 x 102 Bqm~3 (3 h mean
value) (Furuta et al.,, 2011), 3.8 Bqg m~3 (3 h mean value) (Doi et al,,
2013), 8.8 Bq m~3 (0.5 h mean value) and 0.87 Bq m~3 (27 h mean
value) (Amano et al., 2012), respectively. After the first peak, the
second peak of the FDNPP-derived radionuclide concentrations in
surface air at Oarai, Tsukuba and Inage occurred, which were
160 Bq m~3 (9 h mean value), 4.6 Bq m~> (48 h mean value) and
6.1 Bq m~> (26 h mean value), respectively. The third peak of the
surface ®’Cs in Kanto Plain appeared in March 29—31. The
observed third peak concentrations of '3’Cs in surface air at Oarai,
Tsukuba and Inage were 3.2 Bq m~> (12 h mean value), 0.23 Bqm 3
(48 h mean value) and 0.69 Bq m > (24 h mean value), respectively.
After that, the surface 13’Cs in the Kanto Plain decreased rapidly and
reached about 0.1 mBq m~> in June 2011 (Kanai et al., 2013).
However, decrease rate of the surface '3’Cs slowed down and was
still higher than pre-accident level until the end of 2012.

The concentrations of the FDNPP-derived radionuclides in sur-
face air were determined in the regions further from the FDNPP
(Momoshima et al.,, 2012), which included Fukuoka (32°27'N,
130°25’E, 1050 km west of the FDNPP) and Matsue (35°28'N,
133°3’E, 750 km west of the FDNPP) (Povinec et al., 2013a). For the
western remote sites, >'I was first detected in dust samples on
March 17, 2011 at Fukuoka, although its level was very low
(0.036 mBq m2) in contrast of the stations in Kanto Plain. At
Fukuoka and Matsue, the 3![ concentrations in surface air expo-
nentially increased and reached a maximum on April 6. After
occurrence of a first peak, the 3!l concentration in surface air
decreased. On April 20, a weak second peak of the surface 3]
occurred, in which the second peak was more remarkable at Mat-
sue. After that, the *'I concentration decreased and was less than
detection limit until end of April. Cesium-137 was first detected in
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dust samples on March 29, 2011 at Fukuoka, although its level was
very low (0.027 mBq m~3) as did 3'I. At Fukuoka, the *’Cs con-
centrations in surface air rapidly increased and reached a
maximum on April 6, when it coincided with the maximum of 1.
After occurrence of a peak, the 1*7Cs concentration in surface air in
Fukuoka decreased and was less than the detection limit until end
of April, whereas a marked second peak appeared on April 20.

Air monitoring activity was intensified across the northern
hemisphere following the first reports of atmospheric releases from
Japan. The Comprehensive Nuclear-Test-Ban Treaty (CTBT) was
adopted by the United Nations General Assembly on September 10,
1996 (CTBT). Within the CTBT the International Monitoring System
(IMS) was defined to monitor the world for nuclear explosions. The
IMS comprises four primary monitoring technologies: radionuclide,
seismic, hydroacustic and infrasound. The FDNPP-derived radio-
nuclides were first determined by the global CTBTO network.
Thakur et al. (2013) reported overview of surface air concentrations
of the FDNPP-derived radionuclides obtained from the world
monitoring network. Dominant FDNPP-derived radionuclides
(33Xe, B, 134Cs and '¥7Cs) in surface air of the North America
(Canada and US) were first detected in March 17—19, 2011
(Biegalski et al., 2012; Bowyer et al, 2011; US-EPA, 2011;
McNaughton, 2011; Zhang et al., 2011; MacMullin et al., 2012; Kitto
etal, 2013; Miley et al,, 2013). The peak concentrations of 3!l in air
were observed in March 20—21 (Pacific Islands), March 19—April 4
(Canada), March 2125 (Alaska), March 17—April 2 (US mainland).
For many stations, occurrence of the peak *’Cs and 34Cs coincided
with that of the peak 3!], although in some stations it was delayed
1-3 days. The peak 'l activity concentrations in air of Pacific
Islands, Canada, Alaska, and US Mainland were in the ranges from
2.3 to 22 mBq m~>, from 2.3 to 9.8 mBq m~>, from 2.1 to
26 mBq m~3, from 0.4 to 31 mBq m >, respectively. The peak *’Cs
activity concentrations in air of Canada, Alaska, and US Mainland
were in the ranges from 0.35 to 44 mBq m 3, from 0.27 to
0.92 mBq m 3, from 0.23 t0 9.8 mBq m >, from 0.75 to 1.9 mBq m 3,
respectively. After the occurrence of peak activity, the air concen-
tration of the FDNPP-derived radionuclides decreased to the
detection limits by the end of April. After traveling over the United
States from west to east, the modeled transport (Takemura et al.,
2011) showed that the initial contact in Europe was in the north-
ern part of Scandinavia (IRSA data, NRPA data) and UK (Beresford
et al, 2012) between March 19—20 and subsequently in most
other European countries by March 23—24, 2011(Cosma et al., 2011;
Lozano et al., 2011; Masson et al., 2011; Manolopoulou et al., 2011;
Parache et al., 2011; Pittauerova et al., 2011; Baeza et al., 2012;
Barsanti et al., 2012; Bikit et al., 2012; Carvalho et al., 2012;
Clemenza et al., 2012; Evrard et al., 2012; Garcia and Garcia Ferro,
2012; Kritidis et al., 2012; Loaiza et al., 2012; Lujaniené et al.,
2012; Nikolic et al., 2012; Pham et al., 2012; Povinec et al., 2012b;
Rizzo and Tomarchio, 2012; De Vismes Ott et al., 2013; Glavic-
Cindro et al., 2013). A measurable concentration of Fukushima ra-
dionuclides was detected in air over Europe for about 2—3 weeks.
Two 311 peaks were also observed in Europe. The first 'l peaked
around March 28—30 in the western and central Europe and the
second peak was recorded around April 3—5, 2011 in the Republic
of Belarus. The peak "I activity concentrations in north Europe
(Scandinavia region), western central Europe, eastern central
Europe and south Europe were in the ranges from 0.61 to
2.8 mBq m~3, from 0.24 to 5.6 mBq m >, from 0.2 to 5.8 mBq m~3,
and from 0.29 to 9.6 mBq m 3, respectively. The peak *’Cs activity
concentrations in north Europe (Scandinavia region), western
central Europe, eastern central Europe and south Europe were in
the ranges from 0.15 to 0.55 mBq m >, from non-detectable (ND) to
0.73 mBq m~3, from ND to 0.19 mBq m~>, and from ND to
1.0 mBq m 3, respectively. In Arctic, particle-bound 'l was first

detected at Mt. Zeppelin (78° 58N, 11° 53’E) from a sample
collected between 25 March 2011 10:11 UTC and 28 March 2011
13:04UTC (Paatero et al., 2012). In contrast to North America and
Europe, the FDNPP-derived radioactive cloud was transported in
the Southeast Asia by northeast wind flow (Huh et al., 2012; Kim
et al, 2012). The contaminated air mass first reached the
Philippines and was detected on March 23, 2011, but was not
detected in Vietnam. Fission products were first detected in OKki-
nawa on March 24, Taiwan on March 25, Vietnam (Long et al., 2012)
and Hong Kong (Huh et al., 2012) on March 27, South Korea on
March 28 (Kim et al., 2012), on March 31 China mainland (MEP
data), and the Tibet plateau on April 02, 2011 (Hsu et al., 2012).
The progressive arrival of Fukushima air mass in the southwestern
direction is supported by the model simulation and is consistent
with transport via northeastern monsoon winds (Huh et al., 2012).
Peak 3] concentrations in surface air of Korea and north China,
whose range was from 0.69 to 8.0 mBq m 3, occurred on April 57,
whereas occurrences of maximum “!I air concentrations in the
Southeast Asia including south China (range: 0.075—3.7 mBq m~>),
which were observed on March 31—April 2 and April 5-10, are
more complicated. In western China, the 3!l peak was observed in
on April 1-3 and on April 7—9. The peak *’Cs occurred in the east
and Southeast Asia during the period of April 5—10. The peak *’Cs
activity concentrations in Korea and north China and Southeast
Asia were in the ranges from 0.09 to 1.25 mBq m > and from 0.023
to 0.65 mBq m3, respectively.

[sotope signature is an important tool to have better under-
standing of the environmental behaviors of the FDNPP-derived
radionuclides. As it is well known that '*Cs is not a direct fission
product, 34Cs is produced by neutron activation of 133Cs, which is
the decay product of *3Xe present in nuclear reactors. '>4Cs/13’Cs
ratios increase with burn-up time of nuclear fuel. Mutual re-
lationships between 34Cs and *’Cs in surface air were examined
(Amano et al., 2012; Doi et al., 2013; Haba et al., 2012; Biegalski
et al,, 2012). The 24Cs/137Cs activity ratio in surface air at all sites
including Japanese and US stations, ranged from 0.9 to 1.2 as an
average of 1.0 + 0.1, was fairly stable over the time of observation,
which coincides with that of deposition (Amano et al., 2012; Hirose,
2012).

Atmospheric behaviors of the FDNPP-derived radionuclides
depend on physical and chemical properties of radionuclide-
bearing particles. Particle size distributions of the FDNPP-derived
radionuclide-bearing particles collected at Tsukuba were deter-
mined during the periods of April 4—11, and April 14—21, 2011 (Doi
et al, 2013) and April 29—May 12 and May 12—26, 2011 (Kaneyasu
etal., 2012). The activity median aerodynamic diameters (AMAD) of
1311 bearing particles were calculated to be 0.7 and 0.7 um in April
4—11, 2011 and in April 14—21, 2011, respectively, whereas the
AMAD:s of 34Cs and *7Cs bearing particles were 1.8 and 1.5 pm in
April 4—11, 2011, and 1.0 and 1.0 pm in April 14—21, 2011, respec-
tively. Adachi et al. (2013) revealed that FDNPP-derived radionu-
clides emitted during the period of March 15—16 were contained in
spherical radiocesium-bearing particles (diameter: 2.6 um), which
were water less soluble than sulfate particles, by using an energy
dispersive X-ray spectrometer. Measurements of the particle size
distributions of radiocesium bearing particles in May (Kaneyasu
et al,, 2012) revealed that *Cs as did **Cs attached on sub-
micrometer particles, typically sulfate particles. These findings
suggest that the particle size of the 3!l bearing particles differed
from those of radiocesium, which implies that the dispersion and
deposition behaviors of 3] differed from that of 1*4Cs and *’Cs and
that the particle size of the radiocesium bearing particles varied
with time. Masson et al. (2013) determined size distributions of the
FDNPP-derived radionuclide-bearing particles at several places in
Europe; the AMAD ranged between 0.25 and 0.71 pm for *7Cs,
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from 0.19 to 0.69 um for *Cs and from 0.30 to 0.53 pm for '], thus
in the accumulation mode of the ambient aerosols (0.1—1 pm).

2.2. Wet and dry depositions

Measurements of radionuclides in daily deposition samples,
which include wet and dry depositions, started on March 18 as
emergency monitoring at Japanese Government monitoring sta-
tions (Povinec et al., 2013a). Daily radioactive deposition rates in 44
stations in Japan were recorded until the end of 2011. High radio-
active deposition derived from the FDNPP accident occurred in
wide area of Kanto Plain and South Tohoku from March 21 to 23,
2011. On the other hand, in Fukushima prefecture, there was no
measurement of the daily radioactivity deposition during the
period of March 2011 due to earthquake damages. The temporal
changes of the daily 3! and ¥’Cs deposition rates during the
period of March to April 2011 (Amano et al., 2012) revealed that the
first deposition of the FDNPP-derived radionuclides in Kanto Plain
appeared on March 15, which coincided with the first arrival of the
radioactive plume. The first peaks of 13!l and *’Cs in depositions,
which were 2400 and 76 Bq m2, respectively, were observed at
Inage (Chiba) on March 16, 2011, and the highest daily deposition
rates of ' and ¥’Cs were recorded on March 23 (B3I
17 kBq m~2d 1, 1¥7Cs: 2.9 kBgm~2 d~') (Amano et al., 2012).

The daily radioactive deposition derived from the FDNPP acci-
dent was observed throughout April 2011. In May, 2011, the daily
deposition rate of the FDNPP-derived radionuclides in most of the
Japanese monitoring stations decreased below detection limit
(except in Fukushima City, 37.75N, 140.47E, located about 60 km
northwest of the FDNPP). In Fukushima City, in which the radio-
activity measurement in daily deposition samples started on April
1, the daily *’Cs deposition decreased from April 2011 to October
2011, although some high peaks occurred in the period of June-
—August 2011, which corresponded to heavy rainfall events. How-
ever, the enhanced daily ¥’Cs deposition (100 Bq m~2d1)
appeared in the period of December 2011 to April 2012. The sig-
nificant amount of 3’Cs was still detected in the daily deposition
samples in June 2012 (Povinec et al., 2013a).

The Japanese monitoring network revealed spatial and temporal
changes of the FDNPP-derived radionuclides in Japan. The temporal
variations of the monthly '*’Cs depositions observed at Futaba,
Hitachinaka and Tokyo are shown in Fig. 3. The highest monthly
137Cs deposition (3340 kBq m~2) was observed in March at Futaba
(Fukushima Prefecture) about 5 km from the FDNPP (Hirose, 2013).
The monthly 3’Cs depositions at the stations within 300 km from
the FDNPP (except for the Kofu inland, 35.65°N, 138.57°E), and the
Japan Sea-side sites (Niigata: 37.91°N, 139.04°E and Akita: 39.72°N,
140.10°E) were in the range from 1.1 kBq m~2 to 17 kBq m~2, which
are higher than the maximum monthly 3’Cs deposition
(0.55 kBq m~?) originating from the 1961-62 large-scale atmo-
spheric nuclear testing fallout observed at Koenji (Tokyo) in 1963
(Hirose et al., 2008). The results reveal that the high *’Cs-depos-
ited areas, comparable to the cumulative amount of the *7Cs
deposition at Tokyo until mid-1960 (about 7 kBq m~2), appeared
within a region band from 100 to 300 km from the FDNPP. The
spatial distribution of the monthly *’Cs deposition on March 2011
revealed that the major deposition of the FDNPP-derived radio-
nuclides occurred in the North Pacific coast and inland area east of
Honshu Island, whereas there was less contribution of the FDNPP-
derived radionuclides in the Japan Sea-side sites of the east Honshu
Island. These findings suggest that the transport of the radioactive
plume was strongly affected by land topography and that most of
the FDNPP-derived radionuclides may have been injected into the
boundary layer (about 1000 m).

For remote sites in Japan, the higher monthly *’Cs deposition
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Fig. 3. Temporal variations of monthly *’Cs deposition observed at Futaba (red closed
square) near the FDNPP, Hitachinaka (blue open circle) and Tokyo (black closed circle).
The pre-Fukushima level of the monthly *’Cs deposition is the values observed in the
2000s. This figure is modified a figure referred from Hirose (2015a). (For interpretation
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(0.17 Bq m~2), which was one order of magnitude higher than pre-
Fukushima levels (Igarashi et al., 2015), was observed on March at
Fukuoka (33.51°N, 130.50°E) and Uruma (26.31°N, 127.90°E, Oki-
nawa), located about 1050 km and 1750 km southwest from the
FDNPP, respectively. Detection of I and 134Cs in the same sample
revealed that the radionuclides were transported to Fukuoka and
Uruma in the late March. The highest monthly deposition rates of
radiocesium occurred at Fukuoka and Uruma in April 2011; the
monthly ¥’Cs depositions at Fukuoka and Uruma were 0.5 and
3.7 Bq m~2, respectively, which were consistent with the temporal
changes of the surface air concentrations of *7Cs and 3]
(Momoshima et al., 2012; Kim et al., 2012). There were a few data of
the deposition of the FDNPP-derived radionuclides in the northern
Japan; an annual ’Cs deposition at Sapporo (43.08°N 131.33°E)
was about 7 Bq m~2. Ramzaev et al. (2013) revealed that relatively
high 134Cs deposition densities of more than 100 Bq m~2 occurred
in Shikotan and Kunashir Islands (South Kuril islands). Model
simulation (Takemura et al., 2011) suggested that the FDNPP-
derived radioactivity plume spread far eastern Siberia on March
24. Another model simulation (Huh et al., 2012) revealed that the
FDNPP-derived radioactive plume was predominantly transported
toward the southwest under phases of northern-easterly winds in
the first week of April (6—7).

In April, higher monthly '3’Cs depositions were observed at the
North Pacific side stations and East Japan inland stations, although
the levels decreased markedly (Hirose, 2012). This suggests that the
atmospheric emission of radionuclides from the Fukushima Daiichi
NPP at least continued within April 2011 (Katata et al., 2012),
although release rate dramatically decreased. On the other hand,
the monthly *’Cs deposition increased at southwest sites in Japan
and at the Japan Sea-side sites comparing with that in March 2011,
suggesting that the radioactive cloud dominantly affected north
part of the Northern Hemisphere atmosphere. In May, 2011, the
monthly ¥7Cs depositions decreased until June 2011 at all of the
monitoring stations of Japan with an apparent half-life of 12 d
(Hirose, 2012), although higher 3’Cs depositions were observed
within 300 km from the FDNPP. In August, the monthly *’Cs
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Fig. 4. Mapping of the radiocesium ('**Cs + ’Cs) deposition density estimated from measurements in soil samples in Fukushima Prefecture. Referred from Saito et al., 2015b.

depositions at many monitoring stations in southwest Japan
decreased below detection limit.

The FDNPP-derived *’Cs in monthly deposition samples was
still measured in April 2013 at most of the monitoring stations
within about 300 km of the FDNPP, in which the 3’Cs level until
April 2013 was more than one order of magnitude higher than the
pre-Fukushima level (Hirose, 2015; Igarashi et al., 2015). After 2012,
the monthly 3’Cs deposition rates decreased at an atmospheric
half-life of 1.1 years (Igarashi et al., 2015). Continuous atmospheric
emission of radiocesium from the FDNPP (Hirose, 2015), resus-
pension of deposited *’Cs on land surface (Hirose, 2013), burning
of contaminated wastes including biomass are speculated as pro-
cesses to support air concentrations and deposition of the FDNPP-
derived 37Cs since 2012.

Radioactive strontium was also released into the atmosphere
due to the FDNPP accident, as observed at Tsukuba, Japan. However,
the environmental impact of °°Sr was small; annual °°Sr deposition
in 2011 was 10.6 Bq m~2 y~, which corresponded to only one to
2500 of annual *’Cs deposition (Igarashi et al., 2015).

2.3. Mapping of the deposition density

In order to effectively conduct radiation protective actions for
the FDNPP-derived radionuclide distribution, it is essential to
construct detailed radioactivity contamination (deposition density)
maps. Airborne monitoring is a powerful tool to depict highly
radioactivity-contaminated area, as shown in Fig. 1. The early
campaign of airborne monitoring, which surveyed most of the area
within 30 km of the FDNPP, was conducted by the U.S. Department
of Energy/National Nuclear Security Administration (US DOE/
NNSA) from March 17 to 19 (Lyons and Colton, 2012). Serious
deposition due to the Fukushima fallout spread about 60 km
northwest from the FDNPP. The airborne monitoring of surface

contamination was continued by MEXT (JAEA) with cooperation of
US DOE since April 6, 2011. Relatively high deposition areas spread
300 km from the FDNPP (Fig. 1), supported by deposition data
(Hirose, 2012) and model simulation (Morino et al., 2011) for the
Kanto Basin. Kinoshita et al. (2011) conducted initial mapping of
deposition densities of radiocesium and '>™Te in central-east
Japan (Ibaragi and Fukushima Prefectures), except for the evacu-
ated area. The mapping of radioactivity-contaminated area was
based on radioactivity measurements from large-scale soil sam-
pling in Fukushima Prefecture (Onda et al., 2015; Saito et al., 2015b),
and airborne monitoring using Nal (Tl) detectors placed on a heli-
copter (Sanada et al., 2014). Comparison between airborne moni-
toring data and large-scale soil data provides the most adequate
conversion factors to estimate the FDNPP-derived radionuclide
deposition from airborne gamma-ray measurement. The airborne
monitoring and radioactivity mapping can delineate the
radiocesium-contaminated area with deposition density of more
than 10 kBq m~2. On the other hand, contamination maps of 3],
129mTe and 19MAg were created by the large-scale soil radioactivity
mapping project (Saito et al., 2015b), in which mapping of the 311
deposition density was incomplete due to short half-life of 3'I.
Recently a more precise map of the '*'I deposition density was
reconstructed using 2°I/13'] ratios in the FDNPP derived radionu-
clides and '?°I measurements (Miyake et al, 2012; Muramatsu
et al,, 2015), in which the spatial distribution of ' differed from
that of radiocesium, especially, in south region of the FDNPP. The
map of FDNPP-derived 3’Cs deposition density is shown in Fig. 4.
The high radiocesium-contaminated area due to the Fukushima
fallout spread narrow area northwestward from the FDNPP.
Another typical future is that higher contaminated areas are pre-
sent in Fukushima Basin besides northern and southern mountains,
mountainside of the north Kanto Plain and the central part of the
Kanto Plain. This finding suggests that the Fukushima fallout was
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strongly governed by topography and geographical distribution of
rainfall. In order to elucidate spatial distributions and temporal
changes of the FDNPP-derived radionuclides in the Tohoku and
Kanto regions, soil sampling (about 1000 locations) was conducted
in March—December 2011 and led to maps of 4Cs, *’Cs and
10mao deposition densities (Mikami et al., 2015). The results sug-
gests that there is a little change of '**Cs and '3’Cs deposition
densities between March and December 2012, which means that
the weathering effects, especially horizontal mobility, of radio-
cesium were barely observed in the overall trends.

2.4. Atmospheric dispersion model of radionuclides

For the FDNPP accident, numerical models to reproduce
ambient dose rate, surface air concentrations and deposition of the
FDNPP-derived radionuclides were applied to estimate the total
atmospheric emission and temporal change of emission rates of the
FDNPP radionuclides. The dispersion model is considered to be
important to inform planning for field monitoring operations and
to implement protective actions for Japanese citizens. Predictions
of possible radioactive plume arrival times and dose levels at world
locations, especially Japan, are the most important issue. A critical
issue of application of model simulation for the FDNPP accident is
to reproduce the major contaminated area spread northwest from
the FDNPP. In order to adequately apply the simulation model, one
of the important parameters is source terms (total atmospheric
release and temporal change of their release rate) of the FDNPP-
derived radionuclides. The source term has been initially evalu-
ated by reverse method (Chino et al., 2011; UNSCEAR, 2013) using
monitoring data. Katata et al. (2012) and Terada et al. (2012)
updated the temporal emission variations of the radioactive

Table 1

Total atmospheric releases of Chernobyl and Fukushima nuclear power plant accidents.

releases. Furthermore, Katata et al. (2015) provided the latest up-
date of the reverse and inverse estimation results after adding an
oceanic dispersion model, and further refinement. Hirao et al.
(2013) estimated the source term using inverse method by
coupling their atmospheric dispersion model and air concentra-
tions and daily deposition data in eastern Japan. Schoppner et al.
(2012, 2013), Stohl et al. (2012) and Achim et al. (2014) estimated
the source terms by an inverse method using global monitoring
data. The total atmospheric releases of the dominant volatile
FDNPP-derived radionuclides are summarized in Table 1. The
smaller total '3’Cs atmospheric releases (less than 10 PBq) (Terada
et al., 2012; Hirao et al., 2013), which were estimated using the
regional model and only land monitoring data, are underestimates
because flow of radioactive plume toward the North Pacific Ocean
was not taken into account (Katata et al., 2015). On the other hand,
Marzo (2014) pointed out that Stohl et al. (2012) source term ap-
pears to overestimate observations.

UNSCEAR (2013) used the source term estimated by Terada et al.
(2012), in which the total releases of 3!l and *’Cs were estimated
to be 120 and 8.8 PBq, respectively, at the lower end of the pub-
lished values as shown in Table 1. More narrow and precise ranges
of the source terms are required to improve the numerical
modeling because uncertainties of the atmospheric transport,
dispersion and deposition models, especially deposition processes,
traded off against uncertainties of the source term (Marzo, 2014).
Other uncertainties of the source term resulted from the total in-
ventory of the FDNPP-derived radionuclides in the North Pacific
Ocean (Katata et al., 2015). A better estimate of the FDNPP-derived
137Cs inventory in the North Pacific would provide an important
constraint of its source term (Inomata et al., 2016).

Modeling studies using meteorological data including

Radionuclide T2 Activity (PBq)
Chernobyl Reference Fukushima Reference (atmospheric releases)
Noble gases
85Kr 1075y 33 Dreicer et al., 1996 44 Ahlswede et al., 2013
133%e 5.25d 6500 Dreicer et al., 1996 15 000 Stohl et al., 2012
13 400—20 000 Schoppner et al., 2013
11 400 Eslinger et al., 2014
Volatile elements
1291 1.57 x 107y (4-4.8) x 107> Aldahan et al., 2007 5.5 x 1073 Hou et al., 2013
Kashparov et al., 2003 6.6 x 107° Steinhauser et al., 2015
131 8.03d ~1760 UNSCEAR, 2008 150 Chino et al., 2011
1200—-1700 Dreicer et al., 1996 130-160 Hamada and Ogino, 2012
190—-380 Winiarek et al., 2012
65.2 Ten Hoeve and Jacobson, 2012
150 Hirao et al., 2013
151 Katata et al., 2015
124 Tateda et al., 2015
105.9 Saunier et al., 2013
200 Kobayashi et al., 2013
100—-200 Akahane et al., 2012
134cs 207y ~47 Dreicer et al., 1996 11.8 Steinhauser et al., 2015
UNSCEAR, 2008 18 Hamada and Ogino, 2012
137¢s 301y 85 UNSCEAR, 2008 12 Chino et al.,, 2011; Winiarek et al., 2012
74—85 Dreicer et al., 1996 13 Kobayashi et al., 2013
98 Anspaugh et al., 1988 17 Ten Hoeve and Jacobsen, 2012
6.1-15 Hamada and Ogino, 2012
14.5 Katata et al., 2015
8.8 Terada et al., 2012
9.6 Hirao et al., 2013
15.5 Saunier et al., 2013
10 Achim et al.,, 2014
193 Winiarek et al., 2014
35.9 Stohl et al., 2012
22 Lou Brandon, 2012

Akahane et al,, 2012
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Fig. 5. SPRINTARS simulation of the dispersion of the radioactive cloud for (a) March 18, (b) March 21 and (c) March 24, 2011. This figure used arbitrary unit because constant

release rate was assumed for model calculation. Referred from Takemura et al., 2011.

atmospheric processes such as dry and wet depositions and others
have already been conducted, from the local scale examining the
major contamination episode of March 15th (Chino et al., 2011;
Korsakissok et al., 2013), to a more regional scale simulation
covering Japan (Morino et al., 2011; Yasunari et al., 2011; Katata
et al., 2012; Le Petit et al., 2014; Srinivas et al., 2012; Terada et al.,
2012; Draxler et al., 2015; Saito et al., 2015a), and to the global
scale (Takemura et al., 2011; Stohl et al., 2012; Sugiyama et al., 2012;
Christoudias and Lelieveld, 2013; Povinec et al., 2013c; Marzo,
2014). The local and regional modeling results generally support
the case that the high-deposition area over the middle of the
Fukushima prefecture was primarily caused by the deposition that
occurred on March 15th, which was primarily formed by wet
scavenging governed by the land topography of the west of the
Fukushima Prefecture (Morino et al., 2011; Draxler et al., 2015; Saito
et al,, 2015a). The global model, whose typical results are shown in
Fig. 5, revealed that about 80% of the total atmospheric release of
the FDNPP-derived '*’Cs deposited into the North Pacific Ocean
(Morino et al., 2011; Ten Hoeven and Jacobson, 2012; Christoudias
and Lelieveld, 2013). The World Meteorological Organization
(WMO) organized an effort to support the United Nations Scientific

Committee on the Effects of Atomic Radiation (UNSCEAR) in its
assessment of the FDNPP accident. In this study, deposition and
surface air concentrations of the FDNPP-derived radionuclides, in
which five different atmospheric transport, dispersion and depo-
sition models (ATDMs) (MLDPO, HYSPLIT, NAME, RATH and FLEX-
PART) (Draxler et al., 2015) were employed, were simulated to
reproduce regional 3’Cs deposition observations and *'I and *’Cs
air concentration time series at one location about 110 km from the
FDNPP. Although the ATDMs were configured identically as much
as possible regarding the release duration, release height, concen-
tration grid size and averaging time (Chino et al., 2011; Katada et al.,
2012), each ATDM retained its unique treatment of vertical velocity
field and the wet and dry deposition. The simulation results
revealed that even when using the same meteorological analysis,
the each ATDM can produce quite different deposition patterns and
that the best model for deposition was not always the best model
for air concentrations. Although a single atmospheric transport,
dispersion and deposition model (ATDM) could be identified for
either deposition or air concentration calculations, overall, the
ensemble mean provided more consistent results for both types of
calculations. A sensitivity analysis (Marzo, 2014) revealed that the
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parameters having the most impact on the results worldwide are
the source term and the wet and dry deposition processes, while
particle size has very little impact on the model simulation results.
Although the atmospheric dispersion models have been improved
during the past five years, the variability between observations
(deposition) and model simulation is almost within a factor of 10
(Korsakissok et al., 2013; Katata et al., 2015).

3. Oceanic impact of FDNPP-derived radionuclides
3.1. Radioactivity monitoring of ocean

The FDNPP accident caused severe radioactivity contamination
of the ocean (Buesseler et al., 2011; Povinec et al., 2013a). Since
March 21, 2011, TEPCO measured activity concentrations of gamma-
emitting radionuclides in seawater and bottom sediment samples
collected in the coastal area within 20 km from the Fukushima
Daiichi and Daini NPPs. Markedly high 31, 1*4Cs and *’Cs con-
centrations, which were 5, 1.5 and 1.5 MBq m 3, respectively, were
observed in coastal water near outlet of the FDNPP. On March 23,
MEXT started marine radioactivity monitoring, in which activity
concentrations of gamma-emitting radionuclides in seawater,
bottom sediments and dust samples collected on ship-board were
determined. Seawater and sediment samples were collected near
the coast of the Fukushima and Ibaraki Prefectures and in the sea
area 30 km off the coast using the research vessel of the Japan
Agency for Marine-Earth Science and Technology (JAMSTEC).
Concentrations of 3'I and *’Cs in surface seawater were in the
ranges from 24.9 to 76.8 kBq m~> and from 11.2 to 24.1 kBq m~2,
respectively. After leakage of stagnant water in the accident re-
actors in early April, Japanese Government announced to expand
the monitoring sea area and sampling points on April 5. According
to “the plan to step up environmental monitoring” constructed by
the Japanese Government on April 25, Japanese Government
showed enlarged sea area of radioactivity monitoring on April 25.
For the emergency environmental monitoring as the first stage,
137Cs activities in seawater were directly measured by gamma-
spectrometry. At the first stage during the period from March to
September 2011, a detection limit for sites adjacent the FDNPP was
set at 10 kBq m—>. Since October 2011, the detection limit was
lowered to 1 kBq m~3, and radioactivity measurements started at
south coastal stations in October 2011. At the second stage since
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Fig. 7. Spatial distribution of '*’Cs concentrations in surface water. (unit: kBq m~>)
Referred from [nomata et al., 2014.

April 2012, measurements with a lower detection limit of 2 Bq m >

have been carried out (Hirose, 2015b). The temporal variation of the
137¢s and 2°Sr concentrations in coastal water near the FDNPP is
shown in Fig. 6. For the coastal area just outside of a 30 km radius
from the FDNPP, Oikawa et al. (2013) reported 3'I, *4Cs and *7Cs
concentrations in surface water during the period from March 23,
2011 to May 7, 2011; the first peak *’Cs in surface water
(26 MBq m~3) occurred on March 24, 2011, and after decrease of the
surface *7Cs, maximum '3’Cs concentration (68 MBq m~>) was
observed on April 11, 2011, which corresponded to impacts of at-
mospheric deposition and direct release of the stagnant water. The
spatial distributions of high '3'1, **Cs and *’Cs concentration area
were depicted from an aerial radiological survey performed by the
U.S. Department of Energy National Nuclear Security Administra-
tion on April 18, 2011, in which high radionuclide water spread
from south of the FDNPP to northeast offshore area as shown in
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Fig. 6. Temporal variations of '*’Cs and °°Sr concentrations in surface water near outlets of the FDNPP. This figure is modified a figure referred from Tsumune et al., (2013).
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Fig. 7 (Inomata et al., 2014).

In the late March and early April 2011, extremely high concen-
trations of 3!I, 134Cs and ¥’Cs in seawater, reached to about
100 MBq m~—>, were observed near the FDNPP. As seen in Fig. 6,
levels of the FDNPP-derived radionuclides in surface waters rapidly
decreased to about 100 kBq m~3 until the end of April 2011
(Buesseler et al., 2011; Tsumune et al., 2012). Although the decrease
rate of the ¥’Cs concentrations in seawater declined since May,
2011, higher ¥’Cs concentrations in seawater, being more than
1 kBq m 3, occurred at stations in the coastal zone until the end of
2015 (Hirose, 2015b; Povinec and Hirose, 2015). Continuous release
of the contaminated water was considered as a source controlling
higher 37Cs levels in coastal waters (Kanda, 2013; Tsumune et al.,
2013).

The FDNPP-derived radionuclides in coastal waters of south and
north regions from the FDNPP were determined (Aoyama et al.,
2013; Aoyama et al,, 2015; Inoue et al., 2012a). For a coastal site
at Hasaki, 180 km south of the FDNPP, the *’Cs concentrations in
surface water reached a maximum (2.3 kBq m~>3) on June 13,2011, 2
months after the corresponding maximum activity occurred in
surface water near outlet of the FDNPP on April 6, 2011, and after
that decreased exponentially until September 2011 (Aoyama et al.,
2012b). Radiocesium derived from direct release was dominantly
transported southward along the coast of the eastern Honshu Is-
land in this period (Aoyama et al., 2012b). For the northeastern
Japan Pacific coast about 400 km north of the FDNPP, the FDNPP-
derived radiocesium (1.1-2.8 Bq m~> for 34Cs, 2.6—-3.9 Bq m—>
for 137Cs) was detected in coastal waters in May, 2011 and their
peak (37.4 Bq m~> for 34Cs, 42.2 Bq m~3 for *’Cs) occurred in
August 2011, and after that, it decreased near background values in
March 2012 (Kofuji and Inoue, 2013).

Radiocesium released from the FDNPP accident spread in the
western North Pacific via two major pathways, i.e. direct discharge
of stagnant water from the FDNPP accident site and atmospheric
deposition. During April-May 2011, the *’Cs and 13%Cs activity
concentrations in the North Pacific surface waters ranged from a
few Bq m~> to ca. 1 kBq m~2, and from below detection levels (less
than 0.4 Bq m~3) to ca. 1 kBq m~3 (Aoyama et al.,, 2012a, 2013;
Buesseler et al., 2011, 2012; Honda et al., 2012; Kaeriyama et al.,
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2013, 2014; Kamenik et al., 2013; Oikawa et al,, 2013; Ramzaev
et al,, 2014; Yu et al,, 2015). In the northern sea areas of Japan
(around Hokkaido) including Japan Sea and in the western sea areas
of Japan and around Korea, the '*Cs and ¥’Cs concentrations in
surface water, being less than 3 Bq m~3 and less than 1.5 Bq m 3,
respectively, were generally low near the background values during
the period of June to October, 2011(Inoue et al., 2012a, 2012b,
2012c; Kim et al., 2012).

A high *4Cs and 37Cs concentration (>10 Bq m—3) area, which
appeared off the FDNPP of the western North Pacific Ocean due to
atmospheric deposition and direct discharge of contaminated wa-
ter, moved eastward along 40°N latitude following the North Pacific
current system including the Kuroshio extension and reached to
165°E during July—September 2011, and to 172°E during Octo-
ber—December 2011. During January—March 2012, the FDNPP-
derived radiocesium arrived at the 180° meridian (Aoyama et al.,
2012b, 2013). Yoshida et al. (2015) revealed that the easternmost
edge of FDNPP-derived '34Cs observed at 174.3°W in 2012 had
progressed eastward across the basin to 160.6°W by 2013. In
December 2013/January 2014, higher ’Cs concentration
(>5 Bq m~3) area appeared in surface waters of the eastern North
Pacific Ocean (Fig. 8), whereas the 3’Cs concentrations in surface
waters of the western North Pacific Ocean except the vicinity of the
FDNPP decreased less than 5 Bq m~> (Aoyama et al., 2015). Smith
et al. (2015) revealed that the FDNPP-derived radiocesium had
been transported off the west coast of Canada by August 2014.

Chemical tracer studies revealed transport processes of
anthropogenic radionuclides into ocean interior of the North Pacific
Ocean, which is called “subduction”; nuclear bomb-derived '37Cs
showed two maxima at a potential density of 25.5 and at a potential
density of 26.0, corresponding to the subtropical mode water
(STMW) and the central mode water (CMW), respectively (Aoyama
et al., 2008). Most of the FDNPP-derived 34Cs and '37Cs existed in
surface layer during the period of April — May 2011 (Honda et al.,
2012; Aoyama et al., 2015). In December 2011—February 2012, the
134¢s and 137Cs peaks corresponding to the STMW and the CMW
appeared in their vertical profiles in the western North Pacific
Ocean (Kumamoto et al., 2013). Cross sections of '3Cs and *7Cs
activities along 165°E observed in June/July 2012 (Fig. 9) revealed
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Fig. 9. Transects of '34Cs and '*’Cs concentrations in seawater along 165°E. Referred from Aoyama et al., 2015.

that two maxima occurred at a potential density range (25.1-25.3)
in latitude range (24°N—29°N) and at a potential density range
(26.1—26.3) in latitude range (34°N—39°N), corresponding to the
STMW and CMW, respectively (Aoyama et al., 2015). The similar
subsurface maxima of the FDNPP-derived '3Cs and *’Cs were
observed in the western North Pacific (Kaeriyama et al., 2013;
Kumamoto et al., 2014; Men et al., 2014; Yoshida et al., 2015).
These subsurface maxima are formed by subduction accompanied
with production of the STMW and CMW and transported south-
westward according to the North Pacific Subtropical gyre (Aoyama
et al., 2011; Kaeriyama et al., 2014; Kumamoto et al., 2014; Yoshida
et al., 2015). Meso-scale eddies play an important role of transport
and dispersion of the FDNPP-derived radionuclides in the western
North Pacific (Buesseler et al., 2012; Masumoto et al., 2012). The
highest concentrations of '*4Cs and 3’Cs in seawater collected in
June and July 2012 were observed inside the meso-scale anticy-
clonic eddies (Budyansky et al., 2015). The maximum radiocesium
concentrations occurred not at the surface but within subsurface
and intermediate water layers (100—500 m), which corresponded
to the potential density range of 26.5—26.7 inside the low potential
vorticity cores of the eddies.

Particle scavenging is considered as a candidate of vertical

transport of anthropogenic radionuclides. Although most of the
radiocesium exist in a dissolved form, a part of the FDNPP-derived
radiocesium was included in suspended matter (Honda and
Kawakami, 2014). Honda et al. (2013, Honda and Kawakami,
2014) revealed that particulate radiocesium was rapidly trans-
ported in deep layer by employment of time series sediment traps;
the FDNPP-derived *7Cs was first detected at 500 m depth
(4810 m) about two weeks (one month) after the FDNPP accident.

After the FDNPP accident, 89Sr, °0Sr, 12| and 3H, which exhibit
minor impacts to environment, were measured in seawater
(Casacuberta et al., 2013; Povinec et al., 2012a, 2013b). At the site
15 km off the FDNPP, the high %%Sr (69 kBq m~3) and %°Sr
(9.3 kBq m~3) concentrations in surface water were observed on 18
April 2011, in which the observed °°Sr levels are about four orders
of magnitude greater than the pre-Fukushima level (1.2 Bq m~3)
(Povinec et al., 2012a). Sporadic high %°Sr in coastal water near the
FDNPP (400 kBq m~3) occurred after accidental leakage of treated
water on December 4, 2011. For offshore Fukushima approximately
from 30 km to 600 km from the coast, the 12° and 3H levels in
surface waters in June 2011 varied between 0.01 and 0.8 mBq m 3,
and 0.05—0.15 kBq m >, respectively, which were higher than the
global fallout level by factors of about 50 and 3, respectively
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(Povinec et al., 2013b). Concentrations of °Sr and 8%Sr in surface
waters and shallow profiles ranged from 0.8 to 85 Bq m~> and from
19 to 265 Bq m >, respectively (Casacuberta et al., 2013). As did
137¢s, ongoing release of %°Sr (2.3—8.5 GBq d~!) occurred in the
coastal water near the FDNPP in September 2013 (Castrillejo et al.,
2015), as seen in Fig. 6. On the other hand, there is no evidence of
presence of FDNPP-derived plutonium in seawater using plutonium
isotope signatures (Bu et al., 2014).

3.2. Ocean dispersion model of radionuclides and estimation of
total budgets

Numerical simulation on oceanic dispersion of nuclear bomb-
derived ¥’Cs using global circulation model has been developed
during the past two decades (Tsumune et al., 2003; Nakano et al.,
2010). Oceanic numerical simulation is useful for estimating the
direct release rate of radionuclides derived from contaminated
water and for presenting and predicting oceanic dispersion of
radioactive materials. Significant amounts of radionuclides emit-
ting into atmosphere following the FDNPP accident fell down in
ocean surface. In order to have increasing reliability of the model
simulation, one of the most important parameters is source term.
The total amount of '37Cs or 134Cs injected into the North Pacific via
the atmospheric deposition was estimated to be around 6 PBq by
previous studies (Morino et al., 2011; Stohl et al., 2012) out of 9 PBq,
which was the total amount of '*7Cs or 134Cs released to the at-
mosphere (Terada et al., 2012). In addition, highly contaminated
stagnant water was directly discharged into ocean. To assess
environmental effects of the FDNPP-derived radionuclides, it is
important to evaluate total amounts of the FDNPP-derived radio-
nuclides due to the direct release. Tsumune et al. (2012) estimated
direct release rates of 11, 134Cs and *’Cs by an inverse method
using a regional ocean model simulation and observation data, in
which a started time of the direct release was evaluated on March
26, 2011 from 31/137Cs activity ratios. The total amount of *7Cs
derived from the direct release was estimated 3.5 + 0.7 PBq. On the
other hand, Bailly du Bois et al. (2012) reported higher estimate of
the total direct-release *’Cs from observation data. As a result,
estimates of total amount of *”Cs or 134Cs discharged directly to the
ocean ranged widely from 3.5 PBq to 27 PBq (Estournel et al., 2012;
Tsumune et al., 2012, 2013; Bailly du Bois et al., 2012; Miyazawa
et al.,, 2013; Rypina et al., 2013). On the other hand, the inventory
of the FDNPP-derived '*Cs in the North Pacific Ocean was esti-
mated to be 15.3 + 2.6 PBq applying an optimal interpolation
technique to the oceanic distribution of *4Cs (Inomata et al., 2016).
After direct discharge of huge amounts of the FDNPP-derived ra-
dionuclides during the period of March—April, 2011, smaller
amounts of radiocesium were continuously released into ocean
from the FDNPP; average release rates of 1*’Cs in summer 2011 and
summer 2012 was estimated to be 93 and 8.1 GBq d ™!, respectively,
taken into account a quasi-steady state model of continuous water
exchange between the harbor and open ocean (Kanda, 2013).

Modeling studies using oceanographic data including oceanic
processes such as diffusion, advection and others have already been
conducted from a local/regional scale simulation covering off
Fukushima (Kawamura et al., 2011; Dietze and Kriest, 2012;
Masumoto et al., 2012; Miyazawa et al., 2012; Tsumune et al.,
2012; Estournel et al., 2012; Masumoto et al., 2012; Choi et al.,
2013; Min et al., 2013; Perianez et al., 2012, 2015) to the basin
scale (Nakano and Povinec., 2012; Behrens et al., 2012; Tsumune
et al., 2013; Rossi et al., 2013, 2014; Kawamura et al., 2014). The
local and regional modeling results generally support the case that
the high-concentration area along the Fukushima coast was pri-
marily caused by coastal current prevailing south—north current
along cost line (Tsumune et al., 2013) and eddy-like structure, which

contributed to dispersion of 13’Cs in areas beyond continental shelf
(Masumoto et al., 2012). Some comparison exercises regarding
model performances when applied to simulate the releases from
the FDNPP have been carried out (Masumoto et al., 2012; Peridnez
et al., 2015). The exercise results presented a significant variability
(several orders of magnitude) between model outputs, even in a
point very close to Fukushima outlet (Perianez et al., 2015). This
variability in model results can be primarily attributed to the
different descriptions of hydrodynamics in each model.

According to the basin-scale model, the dispersion of the
FDNPP-derived '*’Cs deposited into the North Pacific Ocean was
forecasted for a few decades after the FDNPP accident, taken into
account the atmospheric deposition and the direct release (Nakano
and Povinec, 2012). Typical results of the numerical simulation are
shown in Fig. 10. Main FDNPP-derived radiocesium released to
coastal waters would reach the coast of North America after 5—6
years and *’Cs concentrations would be nearly homogeneous over
the whole Pacific after 10 years (Behrens et al., 2012). The *7Cs
concentrations in the surface, intermediate, and deep layers reduce
to the pre-Fukushima levels over the North Pacific some 2.5 years
after the FDNPP accident, in which the meso-scale eddies in the
Kuroshio Extension played an important role in diluting the 7Cs
patch (Kawamura et al., 2014). Rossi et al. (2013, 2014) also sug-
gested that the Fukushima plume is rapidly diluted within the
Kuroshio system over a time-scale of a few months and that a
component of Fukushima *’Cs will be injected into the interior
ocean via subduction.

4. Socioeconomic impact

The FDNPP accident caused huge socioeconomic impacts to
Japan. About 150 000 people have been evacuated from the
contaminated zone, mainly within a radius of 20 km from the
FDNPP. Evacuation of hospitals faced difficulties and it has been
estimated that some 60 patients died from complications related to
the evacuation. Although some limited return has started, most of
the residents in the major contaminated areas still face difficulties
in returning at the end of 2015. These impacts are partly resulting
from the radiological effects due to occurrence of highly
radioactivity-contaminated areas and problems related to food
safety. UNSCEAR report (2013) mentioned that a general-related
increase in the incidence of health effects among the exposed
population would not be expected to be discernible over the
baseline. Evangeliou et al. (2014) evaluated global and local cancer
risks after the FDNPP accident using the atmospheric transport
model. Although the higher source term of Stohl et al. (2012) and
the LNT assumption were adopted for the risk evaluation, the
FDNPP accident in Japan presents a negligible radiological risk, both
in terms of cancer incidents and deaths, with a peak in the adjacent
regions of the FDNPP much lower in comparison to the Chernobyl
accident, which were due to the lower emissions and also because
most of the radiocesium released from the FDNPP was deposited in
the North Pacific Ocean. However, evacuation of residents accom-
panied with the FDNPP accident destroyed local communities; in
2015, significant amounts of residents are still evacuated from
restricted and deliberated evacuation areas near the FDNPP site.
Long-term psychological effects including depression, anxiety, fear
and unexplained physical symptoms, which have been found to
increase after the Chernobyl accident (Bromet, 2012), occurred af-
ter the FDNPP accident as well.

For remediation of environment, the Government has planned
to cleanup of contaminated areas having external radiation doses
above 5 mSv y~!, in order to reduce exposure and allow displaced
residents to return home (Hardie and McKinley, 2014). Established,
modified and newly developed techniques for regional remediation
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Fig. 10. Spatial distributions of '*’Cs concentrations (Bq m~3) in surface water. (a) on 15 May 2011 and measurements from April to June 2011; (b) Simulated '*’Cs concentrations
(Bq m~3) on 15 August 2011 and observed values (circle) from July to September 2011; (c) on 15 November 2011 and observed values from October to December 2011; (d) on 15
February 2012 and observed values from January to March 2012. Referred from Tsumune et al., 2013.

have been tested under the realistic field and their performance
characteristics determined. As a result, the FDNPP accident resulted
in economic loss of billions of dollars due to cleanup costs and
reduced economic activity in areas affected by radioactivity
(Brumfiel and Fuyuno, 2012). On the other hand, huge amounts of
radioactive wastes have been put in temporary storage, although
most of the contaminated forest areas have not been cleaned up as
of 2015. The output from these activities related to environment
remediation must, however, be considered “living documents” that
will evolve as more experience is gained during further cleanup
work.

Radiological contamination of agricultural foodstuffs and
drinking water was concerned after large atmospheric emissions of
the FDNPP-derived radionuclides. Hamada and Ogino (2012)
documented the response of the Japan Government to food safety
regulations after the nuclear accident. According to notification of
the provisional “Guideline values for food and drink intake re-
strictions”, any foodstuffs and drinking water containing radionu-
clides exceeding regulation values were prohibited to consume. The
radionuclide monitoring revealed that their levels in foodstuffs
(vegetables and raw milk) in Kanto area and Fukushima exceeded
the provisional regulation values in late March 2011. Therefore the
Government provided instructions to restrict consumption of food,
agricultural products and drinking water to relevant governors of
the prefectures. On April 2012, the Government lowered the

provisional regulation value of radiocesium for internal exposure
from food intake; the new value for the protective actions of food
intake was 100 Bq kg~ ! w.w. (wet weight) for radiocesium (Povinec
etal,, 2013a). The change of the provisional regulation values would
enhance psychological influences of intakes of foodstuffs contain-
ing radioactivity. In 2012, the levels of the FDNPP-derived radio-
nuclides in agricultural products were lower than the provisional
regulation values. For marine products, however, higher radio-
cesium concentrations that exceeded the regulation value were
found in fishes caught in shallow waters near the FDNPP, although
the radiocesium concentrations in fishes, which showed large
variability among taxa, habitats and others, decreased (Buesseler,
2012; Wada et al.,, 2013; Povinec and Hirose, 2015). Tateda et al.
(2015) studied biokinetics of *’Cs in olive flounder using a dy-
namic biological compartment model, in which the maximum
radiocesium concentrations in fish throughout the plankton food
chain is likely to be the initial radiocesium concentration which
they were exposed during the contamination stage. Povinec and
Hirose (2015) evaluated the total effective dose commitment
from ingestion of radionuclides in fish, shellfish and seaweed
caught in coastal waters off Fukushima, which was calculated to be
0.6 + 0.4 mSv y~ !, whereas for consumption of fish caught in the
open Pacific Ocean, it was estimated to be 0.07 + 0.05 mSv y~'. The
estimated individual doses have been below the levels where any
health damage of the Japanese and world population could be
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expected. Irrespective of low radiological risk on consumption of
marine product, the restriction of the consumption of fishes caught
in the coastal area near the FDNPP has continued. There is socio-
economic impact of the FDNPP related to consumption of fishes,
including export problems of marine products. However, it should
be also mentioned that local fishery industry has been heavily
damaged mainly due to the direct effects of the devastating
tsunami.

Another socioeconomic impact was derived from the electricity
supply. Before the FDNPP accident, 54 nuclear reactors supplied
about 30% of the electricity in Japan. A number of reactors shut
down automatically due to the earthquake. Others were succes-
sively shut down as power reactors started their annual refueling
maintenance outage. By the beginning of May 2012 all Japanese
power reactors were shut down. Although restart of more reactors
took time, partly due to the need for technical safety improve-
ments, partly due to loss of trust in the nuclear industry and gov-
ernment authorities, and delaying local political approval, in
August 2015, a nuclear power reactor restarted after new safety
review and local government approval. The loss of nuclear elec-
tricity production has been partially offset by stepping up pro-
duction from fossil-fueled plants but a number of electricity-saving
measures have also been necessary. Imports of fossil fuels have
been increased to the extent significantly affecting the Japanese
trade balance, and CO; emissions have increased. The total cost of
the FDNPP accident in a 50-year perspective are difficult to predict,
but different cost estimates lie presently in the range of 100—500
billion US$, corresponding to about 2—10% of Japan's annual gross
domestic product (Hogberg, 2013).

5. Conclusion

The FDNPP accident severely affected the environment,
although the environmental and radiological consequences caused
by the Chernobyl nuclear accident in 1986 exceeded those of the
FDNPP accident in almost every respect. However, the highly
radioactivity-contaminated area was restricted to the Japanese
territory including EEZ of Ocean. Japanese researchers and experts
have contributed to the radioactivity monitoring including map-
ping of the deposited FDNPP-derived radionuclides. The FDNPP-
derived radionuclides in surface air and deposition were detected
by monitoring networks in the world including CTBTO and moni-
toring sites in individual countries in the northern Hemisphere. For
marine radioactivity monitoring, international expeditions have
been conducted in the North Pacific. Short and long-term variability
of the FDNPP-derived radionuclides in air and deposition, which
primarily reflected dispersion of the radioactive plume, have been
recorded. The contamination map and its time revolution for the
deposition densities on land and radionuclide concentrations in
seawater were observed; land and ocean surveys played important
roles to depict high radioactivity-contaminated area. These moni-
toring data were used not only to ensure radiation protective ac-
tions for residents but also to elucidate consequence of the FDNPP
accident. In another point of view, the FDNPP accident has given an
opportunity to have better understanding of the atmospheric and
oceanic dispersion processes.

For the FDNPP accident, numerical model simulations, including
local, regional and global scale modeling, were applied to atmo-
sphere and ocean; the first purpose is to know source terms, second
one is to reproduce atmospheric and oceanic dispersions of the
FDNPP-derived radionuclides, and third one is to predict their
dispersion and fate. Especially local and regional-scale models are
expected to predict dispersion of the radioactive cloud and to
elucidate highly contaminated areas to support the protective ac-
tion planning. The numerical models were applied to estimate the

source terms comprising time-sequence of atmospheric emission
rates and total release amount of the FDNPP-derived radionuclides.
Recent development of the atmospheric transport, dispersion and
deposition model allows us to reproduce the pathway of the
radioactive cloud and high radioactive deposition area, although
large uncertainties are still present. The global-scale model simu-
lations were employed to elucidate worldwide dispersion of the
FDNPP-derived radionuclides, whose results are useful to compare
CTBTO experimental data with modeling results. Atmospheric
modeling, ocean circulation models, including regional and basin-
scale modeling, were employed to estimate the source terms
including direct release of the radioactivity-contaminated stagnant
water and atmospheric deposition and to predict transport and
dispersion of radioactive patches in the North Pacific Ocean at
several years to decadal time scale. The monitoring data for the
FDNPP accident, which would be compiled as a database, will be
useful for verification of numerical model simulations and
improvement of numerical modeling.

The results of the FDNPP accident show that severe nuclear
reactor accidents are not unique in terms of the number of directly
attributable fatalities resulting from accidents related to energy
production such as dam collapses. USNRC (2012) has estimated that
with proper off-site emergency response programs, the contribu-
tion to individual fatality risk (early and late radiation-induced
fatalities) from severe reactor accidents is small to other individ-
ual health risks, even with release of '>’Cs in the ranges of several
PBqg. Until now, assessments of the radiological health conse-
quences of the Fukushima accident do not seem to contradict these
estimates. However, severe NPP accidents with radioactive releases
in the range of several PBq may cause environmental and socio-
economic consequences due to the large-scale and long-lived
ground contamination with associated human and monetary
costs. Hogberg (2013) concluded that the FDNPP accident, as did
the Chernobyl and TMI accidents, had the root causes in system
deficiencies indicative of poor safety management and poor safety
culture in both the nuclear industry and government authorities.

Finally, the levels of the FDNPP-derived radionuclides, especially
137¢s, 134¢Cs and 2°Sr, in the atmosphere and seawater near the
FDNPP in 2015 have still been higher than background levels. These
results strongly suggest that continuous monitoring of anthropo-
genic radionuclides in atmospheric and oceanic samples is still
required.
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