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Abstract  A gigantic earthquake and resulting tsunami, occurred on March 11, 
2011, causing the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident. 
Large amounts of radionuclides emitted in the atmosphere (131I: 160 PBq, 137Cs: 15 
PBq) and predominantly deposited on the Japanese Island and the western North 
Pacific, and a considerable part of them were dispersed in the Northern Hemisphere. 
After the accident, the Japanese Government started emergency monitoring of envi-
ronmental radioactivity. Worldwide radioactivity measurements including CTBTO 
in the Northern Hemisphere had detected the Fukushima-derived radionuclides in 
the atmosphere. In this chapter, environmental radioactivity monitoring results in 
the early stage of the Fukushima accident are described.
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1 � Introduction

On March 11, 2011, a big earthquake (The Great East Japan Earthquake), which 
was a moment magnitude of 9.0 with a hypocentral region about 500 km long and 
200 km wide, attacked the northeast Honshu island, Japan. After the big earthquake, 
a gigantic tsunami hit east coast of the northeast Honshu island, whose wave height 
was more than 15 m. Just after the earthquake, fission reaction in all of reactors 
constructed in the northeast Honshu Island was safely stopped. The location of 
nuclear power plants and nuclear facilities in the northeast Honshu Island is shown 
in Fig. 1. However, gigantic tsunami in addition to the earthquake seriously dam-
aged the electric system of the Fukushima Daiichi Nuclear Power Plant (FDNPP) 
(37.42 ° N, 141.03°  E). As a result, there was break down in the cooling system of 
nuclear reactors in the FDNPP. This was a cause of meltdowns of nuclear fuels and 
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Fig. 1   Location of the 
FDNPP and several monitor-
ing stations. The red area 
shows a rough area of the 
hypocentral region of “The 
Great East Japan Earth-
quake”. The closed circle 
shows nuclear power plant. 
The open circle shows 
environmental radioactivity 
monitoring station discussed 
in this chapter

 

Fig. 2   Temporal change of ambient dose rate measured at the front gate of the FDNPP. This figure 
depicts data from TEPCO (2011). Peaks of the ambient dose rate almost corresponded to events 
such as explosions, vent, and others

 



169Environmental Effects of the Fukushima Daiichi Nuclear Power Plant Accident

resulting hydrogen explosions of No 1 Reactor and No 3 Reactor buildings in the 
FDNPP, which happened on March 12 and 14, respectively. In addition to explo-
sions of nuclear reactors, an explosion occurred in the No 4 Reactor building on 
March 15, for which the sources of flammable gas are unknown because spent fuel 
in the No 4 reactor in spent fuel pool appeared to have been covered with water. An 
explosion occurred in the No 2 Reactor on March 15, suffered to lower suppression 
area (RJG 2011). On the early morning of March 12, ambient dose rate in the reac-
tor site increased rapidly (Fig. 2), which means that atmospheric emission of radio-
nuclides from the FDNPP was started as a result of meltdowns of nuclear fuel. On 
March 15–16, 2011, after the serious damage of the No. 2 Reactor (TEPCO 2011), 
the ambient dose rate at the FDNPP site showed pronounced peaks (Fig. 2), which 
implies occurrence of dominant radioactivity emissions. Especially, explosions of 
the FDNPP lead to serious radioactivity release in the atmosphere. However, exact 
emission history of the FDNPP–derived radionuclides in the atmosphere is the fur-
ther study, although Chino et al. (2011) tried to reproduce the emission sequence of 
each radionuclide from the FDNPP.

Just after the accident, the Japanese Government and Prefectural Governments 
started emergency radioactivity monitoring to assess radiological and environmen-
tal effects of radioactivity emitted from the FDNPP accident (MEXT 2012). Pre-
liminary airborne monitoring conducted by the US DOE (Lyons and Colton 2012) 
revealed that highly radioactive contamination area spread a narrow region from 
the FDNPP to about 60  km northwest region in the Fukushima Prefecture. The 
Ibaraki Prefectural Government has constructed a new monitoring system at sites 
(Kita-ibaraki and Takahagi) near Fukushima Prefecture. Temporal variations of the 
ambient dose rate observed at monitoring stations in Ibaraki Prefecture (Fig.  3) 
 indicated that the radioactive plume first arrived in the Kanto Plain on March 15, 
2011 (IPG 2011). On March 15–23, 2011, the effect of local fallout of the FDNPP-
derived radionuclides spread over the Kanto Plain, which includes Tokyo and other 
major cities in the Kanto area. As did governmental monitoring, many research in-
stitutes and universities in Japan have measured FDNPP-derived radioactivity in en-
vironmental samples (Amano et al. 2012; Doi et al. 2013; Furuta et al. 2011; Kanai 
2012). Furthermore, the Comprehensive Nuclear-Test-Ban Treaty (CTBTO) net-
work (CTBTO, http://www.ctbto.org/press-centre/highlights/2011/fukushima-relat-
ed-measurements-by-the-ctbto/) and regional monitoring stations in many countries 
have monitored the FDNPP-derived radioactivity in surface air and deposition.

In this chapter, monitoring results of atmospheric radioactivity derived from the 
FDNPP were summarized based on MEXT data (Chino et al. 2011) and published 
papers.

2 � Total Atmospheric Release

The most important interest regarding nuclear reactor accidents is what kinds of 
radionuclides and what amount of each radionuclide was released in the environ-
ment. Japanese Government has conducted to estimate total atmospheric releases  
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of radioactivity from the FDNPP based on the analysis of reactor status (RJG 2011); 
total atmospheric releases of 131I and 137Cs were 160 PBq and 15 PBq, respectively, 
which are about one order of magnitude less than the Chernobyl accident (IAEA 
1986; UNSCEAR 2000). The total release of each radionuclide from the FDNPP 
is shown in Table 1. On the other hand, based on the inverse modeling method us-
ing monitoring data, Chino et al. (2011) estimated 150 PBq (= 1015 Bq) of 131I and 
12 PBq of 137Cs as the total atmospheric releases of radioactivity from the FDNPP. 
Stohl et al. (2011) estimated 16.7 EBq (= 1018 Bq) of 133Xe and 35.8 PBq of 137Cs as 
the total atmospheric releases of radioactivity from the FDNPP, in which the 133Xe 
emission is the largest radioactive noble gas release in the radioactivity emission 
history not associated with nuclear-weapons testing. There was no significant dif-
ference of the total release of 133Xe between estimation methodologies, because all 
133Xe inventory, at cease of nuclear fission in three nuclear reactors of the FDNPP, 
was emitted in the atmosphere. On the other hand, there is rather large difference 
in total 137Cs release between estimation methodologies. One of major causes is 
that monitoring data was limited in several stations of land area, although in the 
initial stage of the FDNPP accident the radioactive plume flowed toward ocean 

Fig. 3   Temporal variations of ambient dose rate observed in Ibaraki Prefecture. Data were cited 
by IPG (2011). Peaks on March 15 corresponded to the passage of radioactive plume. Open circle: 
Kita-ibaraki, closed circle: Takahagi
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side (Takemura et al. 2011). Aoyama et al. (2012) estimated 10.5 ± 2.5 PBq as the 
total amount of atmospheric 137Cs input in the North Pacific, based on radiocesium 
(137Cs, 134Cs) data in the North Pacific waters. In order to improve estimation of the 
total released radionuclides from the FDNPP, it is necessary to have information 
about more precious monitoring data, as did physical and chemical properties of 
released radionuclides.

Table 1   Radionuclides released from the FDNPP and total emission amount of each radionuclide. 
(RJG 2011)
Radionuclide Half-life Reactor I Reactor II Reactor III Total release

PBq PBq PBq PBq
Xe-133 5.2 d 3,400 3,500 4,400 11,000
Cs-134 2.06 y 0.71 16 0.82 18
Cs-137 30.0 y 0.59 14 0.71 15
Sr-89 50.5 d 0.082 0.68 1.2 2
Sr-90 29.1 y 0.0061 0.048 0.085 0.14
Ba-140 12.7 d 0.13 1.1 1.9 3.2
Te-127m 109 d 0.25 0.77 0.069 1.1
Te-129m 33.6 d 0.72 2.4 0.21 3.3
Te-131m 30.0 h 2.2 2.3 0.45 5
Te-132 78.2 h 25 57 6.4 88
I-131 8.02 d 12 140 7 160
I-132 2.30 h 0.013 0.000037 0.013
I-133 20.8 h 12 26 4.2 42
1-135 6.57 h 2 0.074 0.19 2.3
Sb-127 3.85 d 1.7 4.2 0.45 6.4
Sb-129 4.3 h 0.14 5.6E −5 0.0023 0.14

TBq TBq TBq TBq
Ru-103 39.3 d 0.0025 0.0018 0.0032 0.0075
Ru-106 368 d 0.00074 0.00051 0.00089 0.0021
Zr-95 64.0 d 0.46 16 0.22 17
Ce-141 32.5 d 0.46 17 0.22 18
Ce-144 284 d 0.31 11 0.14 11
Np-239 2.36 d 3.7 71 1.4 76
Pu-238 87.7 y 0.00058 0.018 0.00025 0.019
Pu-239 24,065 y 0.000086 0.0031 0.00004 0.0032
Pu-240 6,537 y 0.000088 0.003 0.00004 0.0032
Pu-241 14.4 y 0.035 1.2 0.016 1.2
Y-91 58.5 d 0.31 2.7 0.44 3.4
Pr-143 13.6 d 0.36 3.2 0.52 4.1
Nd-147 11.0 d 0.15 1.3 0.22 1.6
Cm-242 162 d 0.011 0.077 0.014 0.1
Mo-99 66.0 h 0.0026 0.0012 0.0029 0.0067
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3 � Surface Air Monitoring

Radioactivity measurement in surface air is one of the most important issues in 
emergency environmental monitoring. The Japanese Government, including Prefec-
tural Governments and Tokyo Electric Power Co. (TEPCO), started measurements 
of radioactivity in surface air using monitoring car as an emergency monitoring 
(TEPCO 2011; MEXT 2012). However, continuous sampling of air from both ac-
cidental reactor sites and areas from 20 to 60 km of the FDNPP has not been con-
ducted. On the other hand, some research institutes (Amano et al. 2012; Doi et al. 
2013; Furuta et al. 2011; Kanai 2012) and universities (Momoshima et al. 2012) in 
Japan have carried out continuous surface air sampling and have measured radioac-
tivity in surface air samples. They had detected the FDNPP-derived radionuclides 
since late March 2011 in surface air samples. Air monitoring results reveal that dom-
inant detected radionuclides originating from the FDNPP were radioactive noble 
gases (133Xe, 131mXe, 133mXe, 135Xe), radioiodine (132I, 131I), and radiocesium (134Cs, 
136Cs, 137Cs), although detected radionuclides in airborne particles were 133I, 132I, 
131I, 134Cs, 136Cs, 137Cs, 132Te, 129mTe (129Te), 99Mo(99mTc), 140Ba(140La), and 110mAg 
(Amano et al. 2012; Furuta et al. 2011; Yonezawa and Yamamoto 2011). In contrast 
to the Chernobyl accident, significant amounts of refractory fission products such 
as 106Ru, 103Ru, and 95Zr have not been detected in environmental samples for the 
FDNPP accident. Surface air measurements documented that radioactive plume first 
arrived in the Kanto Plain on March 15, 2011, which coincided with abrupt increase 
of the ambient dose rate (Fig. 3). After that, the FDNPP-derived radionuclides were 
transported in the northern hemisphere in late March and April 2011; 131I and 137Cs 
were detected in the Asia (Bolsunovsky and Dementyev 2011), North America 
(Bowyer et al. 2011; Zhang et al. 2011), Europe (Lozano et al. 2011; Pittauerová 
et al. 2011), and Arctic (Paatero et al. 2012).

3.1 � Regional and Local Monitoring

Short-lived radioiodine (131I, 132I, and 133I) within the FDNPP-derived radionuclides 
is an important radionuclide to monitor in early stage of nuclear reactor accidents 
because of higher health risk to radiation dose due to inhalation. However, there is 
limited information on short-live radioiodine concentrations in surface air includ-
ing gaseous and particulate forms; in the sites near Fukushima, gaseous 131I have 
been reported at Inage, Chiba (Amano et al. 2012) and Oarai, Ibaraki (Furuta et al. 
2011). Although Kanai (2012) reported 131I concentrations in aerosols at Tsukuba, 
there was no information on early stage data in March 2011 and gaseous 131I. The 
gaseous 131I is conventionally defined as radionuclides adsorbed onto activated car-
bon fiber filter.

The temporal variation of the total 131I concentrations (total gas plus particulate) 
at Oarai (about 100 km south of the FDNPP) and Tsukuba (about 170 km of the 
FDNPP) is shown in Fig. 4. The first peak of 131I, being the highest concentrations 
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at Tsukuba (33 Bq m− 3 (8 h mean value)) and Oarai (1.4 × 103 Bq m− 3 (3 h mean val-
ue)) during the observation period, respectively, occurred on March 15–16, 2011, 
which coincided with maximum of the ambient dose rate of the corresponding site. 
On March 15–16, 2011, the high 131I concentrations in surface air were observed 
in Setagaya (Tokyo) (about 240 km of the FDNPP) and Inage (about 220 km of the 
FDNPP), where the 131I concentrations in surface air were 2.4 × 102 Bq m− 3 (1 h 
mean value) and 33 Bq m− 3 (27 h mean value) (Amano et al. 2012), respectively. 
The 131I concentrations in surface air at four sites decreased with distance from the 
FDNPP. The second peak of total 131I at Tsukuba (Doi et al. 2013) and Oarai (Furuta 
et al. 2011) appeared on March 20–22, which also coincided with the second peak 
of ambient dose rate at the corresponding sites. A similar peak of 131I was observed 
in Setagaya and Inage on March 20–22. The total 131I concentration in surface air at 
Tsukuba, which showed some peaks corresponding to periods of March 30 to April 
1, April 17–19, and May 5–7, decreased as an apparent half life of 2.7 days (Doi 
et al. 2013), and it is difficult to detect 131I in air samples of the Kanto Plain in June, 
2011 (detection limit: 0.1 mBq m− 3).

In order to have better understanding of the atmospheric behaviors of 131I, the 
temporal variation of gaseous 131I/total 131I ratio observed at Tsukuba was examined, 

Fig. 4   Temporal variations of total 131I concentrations in surface air observed at Oarai ( open 
circle) and Tsukuba ( closed circle). This figure depicts the data cited from Doi et al. (2012) and 
Furuta et al. (2011)
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in which the gaseous radioiodine (131I, 133I) was captured with the activated carbon 
fiber filter (Doi et al. 2013). The result is show in Fig. 5. A lower portion of the gas-
eous 131I almost corresponded to a peak of the total 131I concentration in surface air; 
the lowest percentage of the gaseous 131I to the total 131I (13 %) appeared in occur-
rence of the highest total 131I concentration on March 16, 2011. The percentage of 
the gaseous 131I to the total 131I in each peak increased with time. The similar trend 
of increasing percentage of the gaseous 131I was observed at Oarai (Furuta et al. 
2011). These findings suggest that, as a possible process, the gaseous 131I remained 
in the atmosphere longer than the particulate 131I, and, as another possible process, 
the gaseous 131I was preferentially emitted into atmosphere comparing with the par-
ticulate 131I due to change of the radioactivity-released conditions in the accidental 
reactors such as decline of temperature. Other possible cause of increasing gaseous 
131I may be volatilization of deposited 131I due to biological processes (Amachi et al. 
2011; Muramatsu, and Yoshida 1995).

133I was detected in surface air samples collected at Oarai, Tsukuba, and Inage 
as did 131I, on March 15, 2011 (Amano et al. 2012; Doi et al. 2013; Furuta et al. 
2011; Kanai 2012). The maximum concentrations of 133I in surface air at Oarai, 
Tsukuba, and Inage on March 15, 2011 were 18, 2.6, and 1.9 Bq m− 3, respectively. 
The 133I concentrations in surface air rapidly decreased and 133I could not be de-
tected in the end of March 2011. The temporal change of 133I/131I ratio in surface air 
at each site, which was 0.1 on March 15, 2011, decreased exponentially as shown 

Fig. 5.   Temporal variation of percentage of gaseous 131I to total 131I observed at Tsukuba. Open 
circle and closed circle show the percentage of gaseous 131I to total 131I and the concentration of 
total 131I, respectively. This figure depicts the data cited from Doi et al. (2013)
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in Fig. 6. There was no geographical variation of temporal changes of the 133I/131I 
ratios observed at Tsukuba, Oarai, and Inage (Amano et al. 2012; Doi et al. 2013; 
Furuta et al. 2011; Kanai 2012), although lower 133I/131I ratios occurred at Tsukuba. 
A similar result has been obtained in US CTBTO network data (CTBTO, http://
www.ctbto.org/press-centre/highlights/2011/fukushima-related-measurements-by-
the-ctbto/), in which the temporal change of 133I/131I ratios measured in the US sites 
excellently correlated with the ORIGEN model (Biegalski et al. 2011). The tem-
poral change of the 133I/131I ratio coincided with a decay curve of a decay constant 
(λ133−λ131). This suggests that the 133I/131I ratio at cease of nuclear fission in the 
reactors (March 11, 2011) was 1.4, which largely differed from that in estimated 
total release (0.26) as shown in Table 1 (RJG 2011).

The 134Cs, 136Cs (half-life: 13.16 d), and 137Cs were detected in surface air at 
Oarai, Tsukuba, and Inage (Amano et al. 2012; Doi et al. 2013; Furuta et al. 2011; 
Kanai 2012). The temporal variation of the 137Cs concentrations in surface air at 
Oarai and Tsukuba is shown in Fig. 7. The first peak of surface 137Cs in the Kanto 
Plain occurred on March 15–16, 2011, which coincided with that of the total 131I 
concentration and the ambient dose rate. On March 15, 2011, high radiocesium 
concentrations in surface air were observed at Oarai, Tsukuba, and Inage, where the 

Fig. 6   Temporal variations of 133I/131I ratios in surface air observed at Tsukuba. Open circle: Tsu-
kuba (Doi et al. 2013), closed circle: Inage (Amano et al. 2012), open square: Oarai (Furuta et al. 
2011). The initial 133I/131I ratios on March 11 at Tsukuba, Inage, and Oarai were 1.5, 1.1, and 1.8, 
respectively
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137Cs concentrations in surface air were 1.9 × 102 Bq m− 3 (3 h mean value) (Furuta 
et al. 2011), 3.8 Bq m− 3 (3 h mean value) (Doi et al. 2013), and 0.87 Bq m− 3 (27 h 
mean value) (Amano et al. 2012), respectively. The 137Cs concentrations in surface 
air at three sites decreased with increasing distance from the FDNPP, although a 
simple comparison between data cannot be carried out because of different air sam-
pling time span. On March 18–20, the 137Cs concentrations in surface air rapidly 
decreased to about three orders of magnitude lower than previous value in contrast 
of 131I. The second peak of the surface 137Cs in the Kanto Plain appeared on March 
20–22, which corresponded to occurrence of the highest concentration (4.6 Bq m− 3 
(48 h mean value)) within the observation period. The observed maximum concen-
trations of 137Cs in surface air at Oarai, Tsukuba, and Inage were 160 Bq m− 3 (9 h 
mean value), 4.6 Bq m− 3 (48 h mean value), and 6.1 Bq m− 3 (26 h mean value), re-
spectively. The 137Cs concentration in surface air in the Kanto Plain, which showed 
some peaks in April—September, decreased, and 137Cs can be still detected in air 
samples in early September, 2011 (detection limit: 0.05 mBq m− 3). It is noteworthy 
that radiocesium in surface air of Fukushima City has still been observed in the 
early 2012, whose concentrations were 0.1 to several mBq m− 3 (MEXT 2012).

Isotope signature is an important tool to have better understanding of the envi-
ronmental behaviors of the FDNPP-derived radionuclides. As it is well known that 

Fig. 7   Temporal variations of 137Cs concentrations in surface air observed at Oarai and Tsukuba. 
This figure depicts the data from Doi et al. (2013) and Furuta et al. (2011)
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134Cs is not a direct fission product, 134Cs is produced by neutron activation of 133Cs, 
which is the decay product of 133Xe present in nuclear reactors. 134Cs/137Cs ratios in-
crease with burnup time of nuclear fuel. Mutual relationships between radiocesium 
in surface air were examined (Amano et al. 2012; Doi et al. 2013; Biegalski et al. 
2011). The 134Cs/137Cs activity ratio in surface air at all sites including Japanese and 
the US stations, ranged from 0.9–1.2 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). It must be noted that the 134Cs/137Cs activity ratio in the FDNPP-
derived radionuclides is higher than that in the Chernobyl fallout (134Cs/137Cs ratio: 
0.5) (IAEA 1986; UNSCEAR 2000). Temporal change of the 136Cs/137Cs activity 
ratio is shown in Fig. 8. In contrast to the 134Cs/137Cs ratios, there was rather large 
variability of the 136Cs/137Cs ratio in surface air. The similar different nature of the 
136Cs/137Cs ratio from the 134Cs/137Cs ratio was observed in the US monitoring sites 
(Biegalski et al. 2011). Although the 136Cs/137Cs ratio decreased exponentially, the 
136Cs/137Cs ratios at three sites in Japan seemed to not fit in the simple decay curve 
of 136Cs; the 136Cs/137Cs ratios in late March-April 2011 were slightly lower than 
that in the period of the first and second peaks (March 15–22). The 136Cs/137Cs ratio 
was calculated to extrapolate at cease of reactors (March 11, 2011) from a decay 
curve of 136Cs. The initial 136Cs/137Cs ratio ranged from 0.09 and 0.27. These findings 

Fig. 8   Temporal variations of 136Cs/137Cs ratio in surface air. Closed circle: Tsukuba (Doi et al. 
2013), closed square: Inage (Amano et al. 2012), open square: Oarai (Furuta et al. 2011). Solid 
lines show the radioactive decay curve of 136Cs
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suggest that there is no isotopic fractionation between 134Cs and 137Cs, whereas the 
136Cs/137Cs ratio may change between major emission and following minor emission, 
although its cause is unknown. In this connection, Biegalski et al. (2012) mentioned 
that excess 137Cs could be present in the samples due to the release of a damaged fuel 
in the Fukushima Daiichi spent nuclear fuel pools, taking into account the fact that 
temporal change of the 136Cs/137Cs ratios appear to be generally below the ORIGEN 
model (ORNL 2004). However, there is no report of the radioactivity release from 
the Fukushima Daiichi spent nuclear fuel pools. It is noteworthy that, determination 
of 136Cs is rather complicated in the initial stage because of interference of short-
lived radionuclides.

As other radionuclides, 132Te (132I), 129mTe (129Te), and 99Mo(99mTc) were detected 
in the surface air samples at Tsukuba (Doi et al. 2013; Kanai 2012). Temporal varia-
tions of 132Te, 129mTe, and 99Mo(99mTc) in surface air at Tsukuba are shown in Fig. 9. 
132Te, 129mTe, and 99Mo(99mTc) were detected on March 15, 2011, which coincided 
with the first detection of radioiodine and radiocesium. The maximum concentra-
tions of 132Te and 129mTe, which occurred on March 15, were 23 and 3.8 Bq m− 3, 
respectively, which corresponded to the maximum of radioiodine, whereas the 

Fig. 9   Temporal variations of 132Te ( closed circle), 129mTe ( open circle), and 99mTc ( open square) 
in surface air at Tsukuba. This figure depicts data from Doi et al. (2013)
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maximum 99Mo(99mTc) concentration (0.46 Bq m− 3) occurred on March 20–22, cor-
responding to the maximum of radiocesium. The surface air concentrations of 132Te, 
129mTe, and 99Mo(99mTc) exhibited three major peaks, which corresponded with that 
of 131I and 137Cs, and decreased to less than detection limit after mid-April 2011.

In order to elucidate difference of atmospheric behaviors between radionuclides, 
mutual relationships between 132Te, 129mTe, and 99Mo(99mTc) were examined, in 
which activity concentrations of short-lived radionuclides were corrected radioac-
tive decay on March 11, 2011 (Doi et al. 2013). The decay-corrected 132Te concen-
tration in the surface air were correlated with that of the decay corrected 129mTe, in 
which the 129mTe/132Te ratio was 0.086 ± 0.005. It is noteworthy that RJG (2011) doc-
umented the 129mTe/132Te ratio of 0.04 (Table 1). The ratios of the decay-corrected 
132Te, 129mTe, and 99mTc concentrations to the 137Cs concentration in the surface air 
were calculated. The decay-corrected 132Te/137Cs and 129mTe/137Cs ratios were in the 
ranges of 4–65 and 0.3–5.4, respectively. Peaks of the decay-corrected 132Te/137Cs 
and 129mTe/137Cs ratios appeared on March 22–23 after occurrence of the maxi-
mum concentrations of 137Cs on March 20–22. There was rather large variation of 
132Te/137Cs and 129mTe/137Cs ratios, suggesting that atmospheric behaviors of radio-
tellurium differed from that of radiocesium. The decay-corrected 99Mo(99mTc)/137Cs, 
ranging from 0.16–22, showed larger variation than that of the decay-corrected 
132Te/137Cs and 129mTe/137Cs. The decay-corrected 99Mo(99mTc)/137Cs increased with 
time. These findings suggest that the atmospheric behavior of 99Mo(99mTc) was sig-
nificantly different from that of 137Cs and 132Te.

Atmospheric behaviors of the FDNPP-derived radionuclides depend on physi-
cal and chemical properties of radionuclide-bearing particles. Particle size distri-
butions of the FDNPP-derived radionuclide-bearing particles collected at Tsukuba 
were determined 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 et  al. 2012). The 
activity median aerodynamic diameters (AMAD) of 131I bearing particles were 
calculated to be 0.7 and 0.7  µm in April 4–11, 2011 and in April 14–21, 2011, 
respectively, whereas the AMADs of 134Cs and 137Cs bearing particles were 1.8 
and 1.5 µm in April 4–11, 2011, and 1.0 and 1.0 µm in April 14–21, 2011, respec-
tively. In May, measurements of particle size distributions of radiocesium bearing 
particles (Kaneyasu et  al. 2012) revealed that 137Cs attached on sub-micrometer 
particles as did 134Cs, are typically sulfate particles. These findings suggest that 
the particle size of the 131I bearing particles differed from those of radiocesium, 
which implies that the dispersion and deposition behaviors of 131I differed from that 
of 134Cs and 137Cs and that the particle size of the radio-cesium bearing particles 
changed with time. The result reveals that the FDNPP-derived 134Cs and 137Cs bear-
ing particles observed in April 2011 were larger than that of the Chernobyl 137Cs, 
which existed as sub-micrometer particles observed in Japan (Aoyama et al. 1992). 
These findings suggest that the FDNPP-derived radiocesium observed in April was 
preferentially removed from atmosphere by dry and wet deposition processes, and 
that, as a result, the FDNPP-derived radiocesium observed in May, existing as sub-
micrometer particles, remained in the atmosphere (Kaneyasu et al. 2012). Paatero 
et al. (2012) estimated that a significant part of the FDNPP-derived radioactivity 
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is in hot particles from autoradiogram of a filter sample from 1–4 April 2011 at 
Mt. Zeppelin, Ny-Ålesund, Svalbard. It must be noted that there is no information 
about particle size of radionuclide-bearing particles in major radioactive plume 
occurring in the late March.

The surface air concentrations of the FDNPP-derived radionuclide decreased 
with distance from the FDNPP. The model simulation (Morino et al. 2011) revealed 
that the radioactive plume originating from the FDNPP flowed southwestward, in 
March 20–21, according to northeast wind. In order to elucidate the difference of 
the atmospheric behavior between 131I and 137Cs, the surface air concentrations of 
131I and 137Cs at four sites corresponding to downstream of the FDNPP were potted 
as a function of distance form the FDNPP as shown in Fig. 10. The result reveals 
that the surface air concentrations of 131I and 137Cs decreased exponentially with 
distance shown in Fig. 10. The Apparent Half Decrease Distances (AHDD) of 131I 
and 137Cs can be calculated to be 32 and 26 km from the fitting curves, respectively. 
The AHDD of 131I is longer than that of 137Cs, which implies that 137Cs emitted from 
the FDNPP is easily removed from atmosphere comparing with 131I.

Fig. 10   Relationship between 131I and 137Cs surface air concentrations and distance from FDNPP. 
The 48 h mean values of 131I and 137Cs surface air concentrations during the period of March 20–21 
were used. Open circle: 131I, closed circle: 137Cs. Used data were Oarai (Furuta et al. 2011), Tsu-
kuba (Doi et al. 2013), Inage (Amano et al. 2012) and Setagaya (Tokyo: 237 km from the FDNPP 
http://www.sangyo-rodo.metro.tokyo,jp/whats-new/measurement.html)

 

http://www.sangyo-rodo.metro.tokyo,jp/whats-new/measurement.html


181Environmental Effects of the Fukushima Daiichi Nuclear Power Plant Accident

3.2 � Global Monitoring

The Comprehensive Nuclear-Test-Ban Treaty (CTBT) (CTBTO, http://www.ctbto.
org/press-centre/highlights/2011/fukushima-related-measurements-by-the-ctbto/) 
was adopted by the United Nations General Assembly on September 10, 1996 
(CTBTO 2011). Within the CTBT, the International Monitoring System (IMS) was 
defined to monitor the world for nuclear explosions. The IMS comprises of four 
primary monitoring technologies: radionuclide, seismic, hydroacoustic, and infra-
sound. The FDNPP-derived radionuclides were first determined by global CTBTO 
network (CTBTO, http://www.ctbto.org/press-centre/highlights/2011/fukushima-
related-measurements-by-the-ctbto/). The FDNPP-derived radionuclides were 
transported in the northern hemisphere in late March and April 2011; 131I and 137Cs 
were detected in the Asia (Bolsunovsky and Dementyev 2011; Kim et al. 2012), 
North America (Bowyer et al. 2011; Zhang et al. 2011), Europe (Lozano et al. 2011; 
Pittauerová et al. 2011), and Arctic (Paatero et al. 2012). The FDNPP-derived ra-
dionuclides had been detected around the northern Hemisphere in about two weeks 
and also in the southern Hemisphere about one month later.

In North America, on March 16, the FDNPP-derived gaseous radionuclides 
(133Xe, 133mXe, 131mXe) were first detected by the Pacific Northwest Laboratory (46° 
16′47″ N, 119° 16′53″ W), located more than 7,000 km from the FDNPP (Bowyer 
et al. 2011). The maximum 133Xe concentration (41 Bq m− 3) occurred on March 20. 
The second-highest values of radioactive xenon were observed on March 25. The 
radioactive cloud containing the FDNPP-derived radionuclides had crossed the Pa-
cific Ocean and reached Canada (Sidney: 49.3° N, 123.2° W) on March 17, 6 days 
after the first emission from the accidental reactor (Zhang et al. 2011). In surface 
air, several volatile radionuclides, such as 131I, 132I, 132Te, 134Cs, 136Cs, and 137Cs, 
have been detected. On March 19, the surface air concentrations of 131I, 132I, and 
132Te reached their maximum values. Then on March 24, 5 days later the second-
highest values of 131I, 132I, and 132Te were observed as did maximum concentrations 
of 134Cs, 136Cs, and 137Cs, which implies that the second high radioactive plume 
had reached Sidney BC. The temporal waves of radioiodine and radiocesium were 
larger than radioactive xenon.

In Europe, first the FDNPP-derived radionuclides were observed by the CT-
BTO station in Reykjavik, Iceland, on 20 March 2011 (CTBTO, http://www.ctbto.
org/press-centre/highlights/2011/fukushima-related-measurements-by-the-ctbto/). 
From late March to early May, many air monitoring stations across Europe includ-
ing the Arctic have documented traces of the FDNPP-derived radionuclides above 
the usual background levels, which were supported by resuspension of deposited 
radionuclides from the atmospheric nuclear testing and the Chernobyl accident for 
137Cs and emissions from radiotherapeutic facilities for 131I. The elevated levels of 
radionuclides derived from the Fukushima NPP were detected at the surface air 
sampling stations in Portugal (Carvalho et al. 2012), Spain (Lozano et al. 2011), 
England (Beresford et al. 2012), Monaco (Pham et al. 2012), Italy (Clemenza et al. 
2012), Germany (Pittauerová et al. 2011), Greece (Manolopoulou et al. 2011), and 

http://www.ctbto.org/press-centre/highlights/2011/fukushima-related-measurements-by-the-ctbto/
http://www.ctbto.org/press-centre/highlights/2011/fukushima-related-measurements-by-the-ctbto/
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Lithuania (Lujaniené et al. 2012). In Arctic, particle-bound 131I was first detected 
at Mt. Zeppelin (78° 58′ N, 11° 53′ E) from a sample collected between 25 March 
2011 10:11 UTC and 28 March 2011 13:04UTC (Paatero et al. 2012). The detected 
radionuclides were 133Xe, 131I, 134Cs, 136Cs, 137Cs, and 132Te. The model simulations 
(Takemura et al. 2011; Manolopoulou et al. 2011) revealed complicated long-range 
air mass transport from the FDNPP (Japan) across the North Pacific, the North 
America, and the North Atlantic Ocean to Europe. The most comprehensive radio-
nuclide data over the Europe has been compiled by Masson et al. (2011). Trajectory 
analysis and comparison with 7Be, which is a cosmogenic radionuclide produced 
in the upper troposphere and stratosphere, suggest that the FDNPP-derived radio-
nuclides observed in the Europe were transported via upper troposphere (Lujaniené 
et al. 2012).

In Asia, the elevated levels of radionuclides derived from the FDNPP were de-
tected at the surface air sampling stations in South Korea (Kim et al. 2012), Taiwan 
(Huh et  al. 2012), and Vietnam (Long et  al. 2012). For radioactivity monitoring 
stations in the Asia, the FDNPP-derived radionuclides (131I, 134Cs, and 137Cs) were 
initially detected in the surface air on March 27–30. The highest concentrations of 
131I, 134Cs, and 137Cs appeared in April 6–7. The model simulation (Huh et al. 2012) 
revealed that the FDNPP-derived radioactive plume was predominantly transport-
ed toward the southwest under phases of northern-easterly winds in April 6–7. As 
a result, the highest radionuclide concentrations occurred in the southwest Japan 
(Kyushu) (Momoshima et  al. 2012), the southern region of Korea, Taiwan, and 
Vietnam.

4 � Radioactivity Deposition

4.1 � Daily Deposition at Local and Regional Stations

Measurements of radionuclides in daily deposition samples, which include wet 
and dry depositions, started on March 18 at the Japanese Government monitoring 
stations (MEXT 2012). Daily radioactive deposition rates in 44 stations in Japan 
were recorded until the end of 2011. High radioactive deposition derived from the 
FDNPP accident occurred in wide area of the Kanto Plain and South Tohoku area 
from March 21–23, 2011. On the other hand, in the area adjacent to the FDNPP, 
high radioactive deposition occurred on March 15–16, although there was no daily 
radioactivity deposition record during the period of March 2011.

The temporal changes of the daily 131I and 137Cs deposition rates during the pe-
riod of March to April are shown in Fig. 11a, b. Earliest daily deposition sampling 
in the Kanto Plain was carried out in Japan Chemical Analysis Center (Inage, Chiba 
Prefecture) (Amano et  al. 2012). The first deposition of the FDNPP-derived ra-
dionuclides appeared on March 15, which coincided with the first arrival of the 
radioactive plume. The first peaks of 131I and 137Cs depositions, which were 2,400 
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and 76 Bq m− 2d− 1, respectively, were observed at Inage on March 16. It must be 
noted that at the emergency stage of the accident, Government Monitoring docu-
mented only 131I and 137Cs as dominant radionuclides in deposition samples from 
the FDNPP accident by MEXT (2012). On March 20, the level of 131I, a dominant 
radionuclide, at Hitachinaka (36.40° N, 140.54° E), which is located about 120 km 
south of the FDNPP, was 91 kBq m− 2d− 1 as a maximum value, and 137Cs deposi-
tion at Hitachinaka was 13 kBq m− 2d− 1. High radionuclide deposition rates (131I: 
58  kBq  m− 2d− 1, 137Cs: 4.3  kBq  m− 2d− 1) were observed at Yamagata (38.25° N, 
140.33° E), which is about 110 km northwest of the FDNPP. On March 21, high 
deposition rates were observed in all of the monitoring stations of the Kanto Plain. 
In Inage, the highest daily deposition rates of 131I and 137Cs were measured on 
March 23 (131I: 17 kBq m− 2d− 1, 137Cs: 2.9 kBq m− 2d− 1) (Amano et al. 2012). The 
high radioactive deposition rates accompanied with rainfall continued until March 
23. On March 24, the radioactive deposition rates decreased dramatically due to 
fine weather with coverage of high-pressure system. Most of the FDNPP-derived 
radionuclides, which were transported from the FDNPP by northeast wind, were 
deposited on land surface by rainfall during March 20–23. In April 2011, the moni-
toring stations in most of the Japan main islands had observed the FDNPP-derived 
radionuclides in the daily radioactive deposition samples. On May 2011, however, 
the daily deposition rate of the FDNPP-derived radionuclides in most of the Japa-
nese monitoring stations decreased below detection limit except Fukushima City 
(37.75° N, 140.47° E), which is located about 60 km northwest of the FDNPP. In 
Fukushima City, in which radioactivity measurement in daily deposition samples 
started on April 1, 2011, 137Cs was still detected in the daily deposition samples in 
the end of 2011 (Fig. 12).

The 131I/137Cs activity ratio in the daily deposition samples, ranged from 0.3–230, 
varied temporally and spatially. The 131I/137Cs activity ratio in total atmospheric re-
lease was estimated to be 11 (NSC 2011). Compared with the 131I/137Cs activity ratio 
at the initial release of radionuclides from the FDNPP, radioactive decay of 131I was 

Fig. 11   Temporal changes of daily 131I (a) and 137Cs (b) deposition observed in the Kanto Plain. 
This figure depicts data from MEXT (2012). The value described as ND (not detected) is tenta-
tively shown at 2 Bq m− 2 in this figure
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corrected on March 11 when shutdown of nuclear reactors was conducted. The de-
cay-corrected 131I/137Cs activity ratios ranged from 3.5–550, with a median value of 
15. High decay-corrected 131I/137Cs activity ratios occurred on March 22–23, which 
corresponded to time just after occurrence of maximum deposition rates (March 
20–21). Higher 131I/137Cs activity ratios appeared at the inland site (Utsunomiya: 
36.60° N, 139.94° E), which means that the depositional behavior between 131I and 
137Cs largely differed from each other. The 134Cs/137Cs activity ratios in the daily 
deposition samples were 1.0 (Amano et al. 2012).

4.2 � Monthly Deposition at Local and Regional Stations

The Monitoring Centers in Local Governments have determined the FDNPP-de-
rived radionuclides in monthly deposition samples. Iodine − 131, 134Cs, and 137Cs 
were measured as dominant radionuclides in the monthly deposition samples in all 
monitoring stations of Japan, whereas 129mTe, 129Te, 136Cs, 110mAg, 95Zr, 95Nb (half-
life: 35 d), 140Ba, and 140La (half-life: 1.68 days) were detected as minor radionu-

Fig. 12   Temporal changes of daily 137Cs deposition observed at Fukushima City. This figure 
depicts data from MEXT (2012). The high value in July 2011 (shown with a parenthesis) contained 
large uncertainty due to measurement problems
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clides in the monthly deposition samples at the monitoring stations within 300 km 
of the FDNPP. For the monthly deposition, long-lived radionuclides (134Cs, 137Cs, 
and 110mAg) are meaningful because the monthly deposition rates of the short-lived 
radionuclides are not well defined. Activity ratios of 134Cs/137Cs observed on March, 
ranged 1.0–1.1 as an average of 1.03, were constant in case when the monthly 137Cs 
deposition was exceed 100  Bq  m− 2. The 134Cs/137Cs activity ratios on April and 
May at MEXT sites were from 0.99–1.09 with an average of 1.03 and from 0.93 to 
1.04 with an average of 0.99, respectively (Hirose 2011). The result suggests that 
there were no spatial and temporal variations of the 134Cs/137Cs activity ratios in the 
monthly deposition samples during the period from March to May 2011. Activity 
ratios of 110mAg/137Cs observed on March ranged 0.0009–0.006 as an average of 
0.0019 (Hirose 2011).

The spatial distributions of the monthly 137Cs deposition in March, April, and 
May are depicted in Fig. 13a, b, and c, respectively. The highest monthly 137Cs de-
position (3,340 kBq m− 2) was observed in March at Futaba (Fukushima Prefecture) 
about 5 km of the FDNPP. The monthly 137Cs depositions at the stations within 
300 km of the FDNPP except Kofu (35.65° N, 138.57° E; inland site) 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 greater than the maximum 
monthly 137Cs deposition (0.55  kBq  m− 2) derived from the 1961–62 large-scale 
atmospheric nuclear testing observed at Koenji (Tokyo) in 1963 (Hirose et al. 2008; 
Igarashi et al. 2005). The results reveal that the high 137Cs-deposited areas, com-
parable to the cumulative amount of the 137Cs deposition at Tokyo until mid-1960 
(about 7 kBq m− 2), appeared within a regional band from 100 to 300 km of the 
FDNPP. The spatial distribution of the monthly 137Cs deposition on March 2011 
revealed that the major deposition of the FDNPP-derived radionuclides occurred in 
the North Pacific coast and inland area of the east 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 is strongly affected by land topography, and that most of the FDNPP-derived 
radionuclides might be injected in the boundary layer (about 1,000 m). Model simu-
lation (Morino et al. 2011) revealed that land topography controls the transport of 
the FDNPP-derived radioactive plume.

The higher monthly 137Cs deposition (0.17  Bq  m− 2), which was one order of 
magnitude higher than pre-Fukushima levels (Igarashi et al. 2005), was observed 
on March at Fukuoka (33.51° N, 130.50° E) and Uruma (26.31° N, 127.90° E, Oki-
nawa), which are located about 1,050 and 1,750 km southwest of the FDNPP, re-
spectively. Detection of 131I and 134Cs in the same sample revealed that the FDNPP-
derived radionuclides were transported to Fukuoka and Uruma in late March. The 
highest monthly deposition rates of radiocesium occurred at Fukuoka and Uruma 
in April 2011; the monthly 137Cs depositions at Fukuoka and Uruma were 0.5 and 
3.7 Bq m− 2. It must be noted that the 137Cs deposition at Uruma is higher than that 
at Fukuoka. Model simulation (Takemura et al. 2011) suggested that the FDNPP-
derived radioactivity plume spread far eastern Siberia on March 24. Another model 
simulation (Masson et al. 2011) revealed that the FDNPP-derived radioactive plume 
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was predominantly transported toward the southwest under phases of northern-east-
erly winds on April 6–7. It is likely that, the FDNPP-derived radionuclides observed 
at Fukuoka and Uruma were transported via the east Siberia or the North Pacific 
southwest of Honshu Islands rather than round the globe.

On April, higher monthly 137Cs depositions were observed at the North Pacific 
side stations and East Japan inland stations, although the levels decreased mark-
edly. This suggests that the atmospheric emission of radionuclides from the FD-
NPP continued on April 2011, although the release rate decreased dramatically. On 
the other hand, the monthly 137Cs deposition increased at southwest sites in Japan 
and at the Japan Sea side sites comparing with that on March, suggesting that the 
FDNPP-derived radioactive cloud dominantly affected north part of the Northern 
Hemisphere atmosphere. On May, the monthly 137Cs depositions decreased at all of 
the monitoring stations of Japan (Fig. 13c), although higher 137Cs depositions were 
observed within 300 km of the FDNPP. On August, the monthly 137Cs depositions at 
most of the monitoring stations in southwest Japan decreased below detection limit.

4.3 � Atmospheric Half-Life of FDNPP-Derived 137Cs

In order to elucidate depositional behaviors of the FDNPP-derived radionuclides, 
it is important to examine the temporal change of the monthly 137Cs deposition. 
The monthly 137Cs deposition at the sites in 300 km of the FDNPP except Futaba 
exhibited exponential decrease during the period of March to June as shown in 
Fig. 14. Apparent half-lives of the FDNPP-derived atmospheric 137Cs ranged from 
8.8 days for Tokyo to 14 days for Morioka (39.70° N, 141.16° E) (Hirose 2011). 
The apparent atmospheric half-life of the FDNPP-derived 137Cs is similar to the 
residence time (8 days) estimated for 210Pb over the west central United States, 
based on radioactive equilibrium of 210Pb with its short-lived progenies (Moore 
et al. 1973). Lambert et al. (1982) estimated a global mean aerosol residence time of 
6.5 days by using atmospheric inventories of 222Rn and 210Pb extrapolated from the 
observations and computing the 210Pb deposition sink to balance 222Rn decay. The 
residence time of tropospheric aerosols inferred from a global three-dimensional 
simulation of 210Pb was 5–10  days, which depends on season and latitude (Bal-
kanski et al. 1993). On the other hand, longer troposphere residence time of aero-
sols (about 30 days) was obtained from radioactive debris of atmospheric nuclear 
explosions (Katsuragi 1983). A similar long residence time was estimated for the 
Chernobyl 137Cs (25 days) (Aoyama 1988), which was emitted as sub-microme-
ter particles (Hirose 1995). The residence times of aerosols in troposphere, which 
are in the range of 5–30 days, have been determined by natural and anthropogenic 
radionuclides, which depend on particles size and altitude (Ehhalt 1973). The short-
er half-life of the FDNPP-derived 137Cs suggests that most of the FDNPP-derived 
radionuclides were injected into the lower layer of the troposphere and/or emitted 
as larger particles in the atmosphere. As another possible process, the apparent half-
life of the FDNPP-derived 137Cs may partly reflect a history of the atmospheric 



188 K. Hirose

emission because, the radioactive emission from the FDNPP continued as of the end 
of 2011, although the emission rate of radioactivity dramatically decreased (TEPCO 
2011). In Futaba, the monthly 137Cs deposition showed different history from other 
monitoring stations as shown in Fig. 15; rapid decrease of the monthly 137Cs de-
position occurred from March to April, after that, the decrease rate of the monthly 
137Cs deposition was slower than that of other stations in the corresponding period. 
It is likely that, the monthly 137Cs deposition at Futaba was strongly affected by the 
atmospheric emission from the FDNPP.

The monthly 137Cs deposition after July, 2011 at the monitoring stations in the 
Kanto Plain exhibited slower decrease rates as shown in Fig. 15, although 137Cs 
cannot be detected in the monthly deposition samples for most of the monitoring 
stations in the south western region of Japan. Most of the monitoring stations in the 
Kanto Plain have reported meaningful amounts of the monthly radiocesium deposi-
tion in the end of 2011 (MEXT 2012). The relatively high levels of the radiocesium 
deposition rates in summer—winter 2011 may be supported by re-suspension of 
radiocesium deposited on land surface (Hirose et  al. 2012; Igarashi et  al. 2003, 
2009). Another possible source may be subsequent emission of radiocesium from 
the FDNPP.

Fig. 14   Temporal changes of monthly 137Cs deposition observed at several sites of east Hon-
shu Island. Data were cited from MEXT (2012). The apparent half-lives of atmospheric 137Cs at 
Yamagata, Utsunomiya, and Takasaki were 11, 13.5, and 12 days, respectively
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4.4 � Deposition Behavior of FDNPP-Dearived Radionuclides

Deposition velocity is a useful tool to have better understanding of the atmospheric 
behavior of the FDNPP-derived radionuclide: deposition velocity Vd (m s− 1) = de-
position flux (Bq m− 2s− 1)/surface air concentration (Bq m− 3). Amano et al. (2012) 
(Amano et al. 2012) have determined the deposition velocities of the FDNPP-de-
rived 131I and 137Cs during the periods March 14–17 and March 21–24, correspond-
ing to the first arrival (no rainfall) and the second arrival (heavier rainfall: 38 mm), 
respectively. The deposition velocities in the first arrival of the radioactive plume, 
corresponding to dry deposition velocity, were around 0.002–0.003 m s− 1 for 134Cs 
and 137Cs and 0.001–0.003 m s− 1 for 131I. The dry deposition velocities of the Cher-
nobyl fallout were determined to be 0.00035–0.0058 m s− 1 for 134Cs and 137Cs and 
0.00023–0.00095 m s− 1 for 131I (Aoyama et al. 1992). The dry deposition velocities 
of the FDNPP-derived radionuclides are of the same order of magnitude as those 
of the Chernobyl fallout, although the dry deposition velocities depend on size and 
chemical characteristics of radionuclide-bearing particles. The deposition veloci-
ties in the second arrival of the radioactive plume, corresponding to wet deposition 
velocity, were around 0.01–0.14 m s− 1 for 134Cs and 137Cs and 0.004–0.03 m s− 1 

Fig. 15   Temporal changes of monthly 137Cs deposition observed at sites near the FDNPP. Closed 
circle: Futaba, open circle: Hitachinaka. The apparent half-life of atmospheric 137Cs at Hitachinaka 
in March—June was 11.5 days
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for 131I. The wet deposition velocities of the Chernobyl fallout were determined to 
be 0.0026–0.11 m s− 1 for 137Cs (Hirose et al. 1993). The wet deposition velocities 
of the FDNPP-derived radiocesium are of the same order of magnitude as those of 
the Chernobyl fallout. It is noteworthy that, the wet deposition velocities depend 
on size and chemical characteristics of radionuclide-bearing particles and meteoro-
logical conditions such as rainfall intensity (Hirose et al. 1993). The wet deposition 
velocities of the FDNPP-derived radionuclides were more than one order of mag-
nitude greater than their dry deposition velocities, which implies that the FDNPP-
derived radionuclides were deposited on land surface by wet deposition processes 
rather than dry deposition. Furthermore, these findings suggest that the FDNPP-
derived radiocesium is slightly easily removed from the atmosphere by wet and dry 
deposition processes comparing with the FDNPP-derived radioiodine.

5 � Mapping of Radioactivity Deposition

Serious radioactivity deposited area due to the FDNPP fallout spread about 300 km 
of the FDNPP, which suggested with deposition data (Hirose 2011) and model 
simulation (Morino et al. 2011). In order to effectively operate radiation protection 
to the FDNPP-derived radioactivity, it is essential to construct detail radioactivity 
contamination map of land surface. The mapping of radioactivity-contaminated 
area has been performed by radioactivity measurements based on high dense soil 
sampling in Fukushima Prefecture (Yoshida and Takahashi 2012) and airborne 
monitoring with NaI (Tl) detectors and helicopter. The airborne monitoring of ra-
diation has been conducted by MEXT with cooperation of the US DOE since April 
6, 2011 (Lyons and Colton 2012). Comparison between airborne monitoring data 
and high dense soil data provides the most adequate conversion factors to estimate 
the FDNPP-derived radionuclide deposition from airborne gamma-ray measure-
ment. The airborne monitoring can be realized in the radiocesium-contaminated 
area with deposition density of more than 10 kBq m− 2. The map of the FDNPP-
derived 137Cs deposition is shown in Fig. 16. The high radiocesium-contaminated 
area due to the Fukushima fallout spread narrow area northwestward of the FD-
NPP. Another typical future is that higher contaminated areas are present in Fu-
kushima Basin besides the northern and southern mountains, the mountainside 
of the north Kanto Plain, and the central part of the Kanto Plain. This finding 
suggests that the FDNPP fallout was strongly governed by land topography and 
geographical distribution of rainfall.

6 � Conclusion

The radioactive plume was emitted from the FDNPP since March 12, 2011. Domi-
nant radioactive emission in atmosphere occurred in March 15–16, 2011 (Chino 
et al. 2011). The FDNPP-derived radionuclides were detected in surface air of land 
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monitoring stations (especially in the Kanto Plain) since March 15, 2011, which 
was consistent with elevated ambient dose rate. The highest concentrations of the 
FDNPP-derived radionuclides in surface air at the monitoring stations of the Kanto 
Plain occurred in March 15–16 and March 20–22 as a result of transport of the 
radioactive plume from the FDNPP. Detected radionuclides were 133I, 132I, 131I, 
134Cs, 136Cs, 137Cs, 129mTe (129Te), 99Mo (99mTc), 110mAg, 95Nb, and 140Ba (140La). 
In late March and April, global network of radioactivity monitoring in the north-
ern hemisphere detected the FDNPP-derived radioactivity fallout. The surface 
air concentrations of the FDNPP-derived radionuclides decreased with distance 
from the FDNPP. When radioactive decay is corrected at cease of nuclear fission 
in the FDNPP, the ratios between isotopes are almost constant during the sam-
pling period; the 133I/131I, 134Cs/137Cs, 136Cs/137Cs, 129mTe/132Te ratios were 1.4, 1.0, 
0.09–0.27, and 0.09, respectively. On the other hand, there were larger variations 
between elements; the decay-corrected 131I/137Cs, 132Te/137Cs, and 99mTc/137Cs at 
Tsukuba were in the ranges of 8–1.0 × 103, 4 to 65, and 0.16 to 22, respectively. 
Large variations of the 131I/137Cs, 132Te/137Cs, and 99mTc/137Cs ratios suggest that 

Fig. 16   Spatial distribution of FDNPP-derived 137Cs deposition measured by airborne monitoring. 
This figure is depicted on basis of figure in MEXT (2012)
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atmospheric emission of the FDNPP-derived radionuclides and removal processes 
of these radionuclides in the atmosphere were affected largely by the chemical and 
physical properties of elements. In fact, significant amounts of 131I and 133I existed 
as gaseous form, whereas radiocesium in surface air on April attached relatively 
larger particles (> 1 µm).

As a result of snowfall and southwest wind on March 15–16, serious radioactive 
contaminated area appeared in Fukushima Prefecture (MEXT 2012). The Kanto 
plain was mainly contaminated by the FDNPP-derived radionuclides due to the 
movement of radioactive cloud by northeast wind and following rainfall during 
March 20 to 23. The airborne monitoring is an effective tool to realize the mapping 
of radioactivity-contaminated area. Recent model simulation can reproduce high 
radioactive deposition area and global dispersion of the FDNPP-derived radionu-
clides. The apparent residence time of the FDNPP-derived radionuclides observed 
in the Kanto plain and northeast Honshu Island is about 12 days, which suggests 
that major radioactive materials emitted from the FDNPP accident were injected 
into the lower layer of the troposphere.

The FDNPP accident is still ongoing at the end of 2011 (TEPCO 2011), although 
major atmospheric emission of radionuclides has been ceased in the end of March 
2011 apparently. To have better understanding of the environmental behaviors of 
the FDNPP-derived radionuclides, including factors controlling variability of tem-
poral change between radionuclides, it is necessary to know physical and chemical 
properties of the FDNPP-derived radionuclides in addition to detail time course of 
radioactivity emission at accidental reactors. Now, there is only limited information 
on the environmental impact of the FDNPP-derived radioactivity, although huge 
amounts of the environmental radioactivity data related to the FDNPP accident 
have been documented. In order to do adequate response to public concern, further 
investigation is required.

Acknowledgment  Author thanks monitoring staffs and officers of MEXT for great efforts to 
measure environmental radioactivity.
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