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ABSTRACT

Air dose rates within a range of 80 km from the Fukushima Dai-ichi Nuclear Power Plant
measured via car-borne surveys using the KURAMA systems from 2011 to 2018 were analyzed.
The ratio of the air dose rates relative to the first car-borne survey was 0.08 over a period of
seven years, indicating a much more rapid decrease than that estimated by the physical decay
of radiocesium (0.3). Differences in the decreasing trends of the air dose rates among the land-
use categories and evacuation order areas were examined. The ecological half-lives were
evaluated according to the land-use categories in each evacuation order area. To model the
acceleration of the decrease in the air dose rates observed in the evacuation order area, we
modified the bi-exponential curve formula of ecological half-life and introduced the two-group
model. The ecological half-life of the fast components in the evacuation order area of ‘zone in
preparation for the lifting of the evacuation order’ evaluated using the two-group model after
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2013 were 0.5-1y, which were much shorter than those before 2013 (2-3 y).

1. Introduction

Following the release of radioactive substances result-
ing from the Fukushima Dai-ichi Nuclear Power Plant
(FDNPP) accident in March 2011, significant efforts
were made to examine the radiologic deposition status
and air dose rate distribution. A series of investiga-
tions, known as the ‘Fukushima mapping project’
[1,2], have been performed to evaluate the air dose
rate distribution [3-8], the spatial distribution of
radionuclides deposited onto the ground [9], and
depth distribution of radionuclides in the ground
[10]. In the field of radioactive plume discharged by
the FDNPP, new insights are being gained from recent
studies on the types and quantities of discharged
radionuclides [11-13].

A car-borne survey is an efficient technique for
measuring air dose rates over a wide area. It has been
carried out since the first campaign of the Fukushima
mapping project until the latest one [1,2]. The Kyoto
University RAdiation MApping (KURAMA) system
[14], developed by the Kyoto University Research
Reactor Institute, was used in the first and second car-
borne surveys in the Fukushima mapping project in
2011. A modified KURAMA system, KURAMA-II
[15], was introduced in the third car-borne survey in
March 2012, and has since been used in the project. As
part of the Fukushima mapping project, 17 large-scale

car-borne survey campaigns were carried out till
December 2018; the results of the analyses of car-
borne surveys conducted till November 2016 have
already been reported [4].

Ecological half-lives are parameters used in an
empirical formula that models the decreases in the air
dose rate generally using a bi-exponential model [16-
20]. Kinase et al. [19] analyzed the car-borne survey
data up to the fiscal year (FY) 2014, and evaluated the
fast decreasing components of the ecological half-lives.
Andoh et al. [4] analyzed the measurement results of 13
car-borne surveys in the Fukushima mapping project,
conducted from June 2011 to November 2016, and
evaluated the fast and slow decreasing components of
the ecological half-lives. However, the evaluation of the
ecological half-lives in the evacuation order area was
difficult, as the decrease in the air does rate was not
constant due to human activity. Therefore, this paper
proposes a new approach to obtain a fast decreasing
component for such cases.

Herein, we analyze the measurement results
obtained up to 2018 (in the roughly seven-and-a-half
years following the FDNPP accident), including those
in the two years following the analyses conducted by
Andoh et al. [4], to evaluate the decreasing trends of
the air dose rates within a range of 80 km from
FDNPP. In addition, we re-evaluate the ecological
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half-lives using the measured data, including the
newly obtained ones.

2. Measurement and analysis method

2.1. Measurement of air dose rate and analysis of
decreasing Trends

The measurement periods of each car-borne survey
analyzed in this study are listed in Table 1. The mea-
surement areas included in the car-borne surveys in
the Fukushima mapping project are widely dispersed
in eastern Japan (a maximum of 11 prefectures).
Measurements in the first, fourteenth and sixteenth
car-borne surveys were, however, focused on the
regions within 80 km from the FDNPP (hereafter,
the ‘80 km region’).

The car-borne surveys in the Fukushima mapping
project were conducted using the KURAMA systems
(KURAMA and KURAMA-II). KURAMA was used
only in the first and second car-borne surveys; there-
after, KURAMA-II was employed in the third
(March 2012) and subsequent surveys. The specifica-
tions and detailed characteristics of these systems are
available in the references [14,15,21]. The output pulse
height spectra were weighted by a spectrum-dose con-
version operator (G(E) function) [22] to calculate the
ambient dose equivalent rate H*(10) (uSv/h). Herein,
the obtained value is termed the air dose rate. The air
dose rates were automatically measured every three
seconds (in the first and second surveys, every five to
ten seconds) and sent to a data collection server, along
with the geographic coordinates information,
recorded by Global Positioning System. At the end of

Table 1. Summary of car-borne survey period analyzed in this
study.

Middle of the survey

Campaign @ Car-borne survey period period

First 4-13 June 2011 8 June 2011

Second 5-28 December 2011 16 December 2011

Third 13-30 March 2012 21 March 2012

Fourth 20 August-12 October 2012 15 September 2012

Fifth 5 November— 22 November 2012
10 December 2012

Sixth 12 June-8 August 2013 10 July 2013

Seventh 5 November— 23 November 2013
12 December 2013

Eighth 23 June-8 August 2014 16 July 2014

Ninth 4 November- 19 November 2014

5 December 2014

Tenth 29 June-4 August 2015 17 July 2015

Eleventh 2 November— 25 November 2015
18 December 2015

Twelfth 27 June-5 August 2016 16 July 2016

Thirteenth 31 October- 15 November 2016
30 November 2016

Fourteenth ~ 3-21 July 2017 12 July 2017

Fifteenth 20 October— 12 November 2017
5 December 2017

Sixteenth 30 July —24 August 2018 11 August 2018

Seventeenth 22 October— 13 November 2018

5 December 2018
a) First to thirteenth campaigns are cited from Andoh et al. [3].

each measurement period, the measured regions were
divided into 100 m x 100 m meshes (hereafter, ‘100 m
mesh’), and the measured data were expressed as
representative values of the meshes by taking the
average of the data in the meshes, to reduce the statis-
tical errors. Herein, we analyzed the data obtained
primarily in the 80 km region, where the influence of
radiocesium emitted by the accident was relatively
significant. The air dose rate maps within the 80 km
region obtained from the measurements after
a previous study [4], from the fourteenth to seven-
teenth car-borne surveys, are shown in the supple-
mental material (Figures S-1 to S-4).

The decreases in the air dose rate was evaluated as
the ratios of the air dose rates in each car-borne survey
to that in the first survey (normalization period).
Hence, the air dose rates resulting from the natural
background radiation evaluated separately for each
city, town, and village [23] were deducted from the
results of each 100 m mesh. The ratios were calculated
with respect to each 100 m mesh, and then were
averaged (hereafter, ‘averaged ratio’) across the overall
80 km region, or in a specific area, e.g., for categories
related to land use and evacuation order. Considering
the decay of radiocesium over a period of seven years
(from the first survey in 2011 to the final survey in
2018), air dose rate data greater than 0.2 uSv/h (after
deducting the background radiation) measured in the
first car-borne survey were used for subsequent calcu-
lations to avoid fluctuations in low air dose rates.

The decrease in air dose rate, excluding the physical
decay of radiocesium, depends on the environmental
conditions, for example, the removal of radiocesium
by the weathering effect and human activities. Land
use is considered a major parameter that affects the
decrease in air dose rate, as radiocesium migration is
quite different according to land use. The 100 m
meshes fixed on the roads on which the car-borne
surveys were performed were classified into different
land-use categories, i.e., forest, rice field, urban area,
and others (agricultural land, road, river and lake,
wasteland, sea shore, rail way, golf course, and other
lands), based on the National Land Numerical
Information from the Ministry of Land,
Infrastructure and Transport [24]. The air dose rates
were categorized according to specific land-use.

The evacuation order area category has a significant
relation with the frequency of human activities,
because the entry restriction differs according to the
evacuation order classification. The evacuation order
areas were classified into three areas by the Japanese
Government, based on the radiation level: ‘zone in
preparation for the lifting of the evacuation order,
‘residence restriction area,” and ‘difficult-to-return
zone.” The classification was modified according to
the decrease in radiation level. The boundary for

each evacuation order area (declared on



5 September 2015 [25]), which was used for the ana-
lyses in this study, is shown in the supplemental mate-
rial (Figure S-5). Herein, the three categories of the
evacuation order areas are represented as the evacua-
tion order areas of Level-1, Level-2, and Level-3. The
100 m meshes, lying on the roads on which the car-
borne surveys were performed were classified as eva-
cuation order areas. About 90% of the 100 m meshes
in all areas of the 80 km region analyzed in this study
were outside the evacuation order area. The ratios of
the 100 m meshes in each evacuation order area to the
total 100 m meshes in the entire evacuation order
areas were approximately equal (approximately 30%),
except for that in the third car-borne survey, which
was performed by local governments, where the ratios
of the evacuation area of Level-3 were very small. The
data from the third car-borne survey in the evacuation
order area of Level-2 (urban area) and Level-3 (each
land-use category) were not included in our analyses,
as the number of 100 m mesh data was less than 50.

Andoh et al. [4] compared the changing trends of
the averaged ratios between each evacuation order
area, introducing land-use factors to consider the
effect of the differences among the land-use categories.
In this study, the changing trends of the averaged
ratios were evaluated with respect to each land-use
category in each evacuation order area to investigate
the changing trends in more detail.

2.2. Evaluation of ecological half-life

A decrease in the air dose rates, excluding physical
decay of radiocesium, is expressed using a bi-
exponential formula with the fast and slow decreasing
components of the ecological half-lives [19] (hereafter,
‘fast component’ and ‘slow component’, respectively):

r(t) —mxp(—?—lzt) + (1 —p)exp<—1%2t>, (1)

where r(t) is the air dose rate ratio relative to the
normalization period at elapsed time t, relative to the
physical decay of radiocesium for the same period,
which is corresponding to the environmental effect
on the decrease of the air dose rate (hereafter, ‘envir-
onmental effect’). Herein, t is the elapsed time from
the first car-borne survey (8 June 2011). The back-
ground (natural gamma rays) was deduced from the
air dose rate. T; and T are the half-lives of the fast and
slow components, respectively, and p is a coefficient
that indicates the fraction of the fast and slow compo-
nents. In this study, the averaged ratios evaluated in
the overall 80 km region, outside the evacuation order
area, in the entire evacuation order areas (summation
of areas of the three levels of evacuation order), and in
each evacuation order area were used to obtain the
parameters of the bi-exponential formula. The data in
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these regions were subdivided into three major land-
use categories — forest, rice field, and urban area.

For the measurements of car-borne surveys within
the mapping projects, the air dose rates were measured
on paved roads; the measured air dose rates were
affected by disturbances linked to human activity
(including decontamination). Decontamination works
have been actively carried out since a few years follow-
ing the FDNPP accident. The air dose rate decreased
after the decontamination [2,7], which accelerated the
decrease in air dose rates measured in the evacuation
order areas [4]. In such a case, the fast component was
not constant, and it was difficult to determine the fast
and slow components in the evacuation order areas [4].
Due to errors in the fitting procedures within the eva-
cuation order areas (the entire evacuation order area
and each level of evacuation order areas) using the bi-
exponential model, the evaluation of the ecological half-
lives was also difficult in this study. It was assumed that
the decreasing rate of the air dose rate varied irregularly,
and as hence, distinguishing the fast and slow compo-
nents was difficult. For example, the decrease in the air
dose rates due to the fast component began soon after
the deposition, whereas the measured data indicate that
arapid decrease in air dose rates began a few years after
the accident due to the impact of human activities. The
slow component is a long time-scale change caused by
the elimination processes in the local environment [19],
which is relatively stable. The weathering effect is
a dominant factor that decreases the air dose rate,
except for the physical decay of radiocesium [26], and
the effect in the evacuation order area is considered to
be similar to that outside the area. Andoh et al. [4]
reported that the slow components in the whole area
were similar to those in the evacuation order area of
Level-3. Herein, we assumed that the slow components
in the evacuation order area are similar to those in the
overall 80 km region, and T,, obtained in the fitting
procedure for the overall 80 km region was used for the
analyses regarding evacuation order areas; that is, the
fitting parameters in Equation (1) were p and T;.

To model the acceleration of the decrease in the air
dose rates observed in the evacuation order area, it was
necessary to modify the fast component of Equation (1).
We introduced the following equations for the data prior
to, and following, an acceleration in the air dose decrease:

In2 In2
(0= pexp(~720) + (1= plexp(~0¢) st < 1
1

T,
<t
)
, In2 In2
r(t) :pexp<—Ft) + (1 —p)exp(—th) Jt
1
>t
)
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where p’and T’; are the modified coefficient of the fast
component and the half-life of the fast component,
respectively; ¢ is the elapsed time from ¢, (8 June 2011);
and t; is the cut-off period of prior to, and following,
the acceleration. We assumed that thehalf-life of the
slow component (T,) and the coefficient of the slow
component (1-p) were not affected by the acceleration
in the decrease in the air dose rates. The coefficient
p in Equation (2) is enlarged by the acceleration to
become p’ in Equation (3), which indicates that p” +
(1-p) could be over 1. Hence, we refer to this model as
the ‘two-group model.’ It is applied in cases where the
fitting parameters cannot be obtained using Equation
(1) due to the acceleration of the decrease in the air
dose rates. In addition, the T, obtained in the fitting
procedure for the overall 80 km region using Equation
(1), was used for the analyses in the evacuation order
area (as noted), and the fitting parameters for
Equations (2) and (3) were p, p’, and T’}

3. Results and discussion
3.1. Decreasing trend of air dose rate

3.1.1. Within 80 km of FDNPP and Dependent on
land-use category

Figure 1 shows the changing trend of the averaged
ratios with respect to the overall area in the 80 km
region and for each land-use category. It also depicts
the change in the air dose rates due to the physical decay
of radiocesium. The error bars indicate the standard
errors of the averaged ratios (applied similarly

hereafter). The trend shown in the figure is consistent
with that reported in a previous study [4]; the rate of
decrease in the air dose rate was lowest in the forest and
highest in the urban area, among other regions. The
obtained averaged ratios are summarized in Table 2.
The averaged ratio in the overall 80 km region became
0.08 over a period of seven years from the first to the
seventeenth car-borne survey, which is very small com-
pared to the ratio predicted from the physical decay of
radiocesium (0.3). Considering the last two years after
2016, though the decreasing rate in all land-use cate-
gories was moderate, the averaged ratios decreased by
23%, which was somewhat faster than the decrease
caused by the physical decay of radiocesium (18%).
The decrease in the air dose rates in the land-use cate-
gory of others was similar to that in the rice field
category. The others category is excluded in the subse-
quent analyses herein.

3.1.2. Dependent on evacuation order areas
Figure 2(a-d) show the changing trends of the aver-
aged ratios relative to the first car-borne survey in the
80 km region in each evacuation order area, compar-
ing the forest, rice field, and urban area land-use
categories. The obtained averaged ratios with respect
to each evacuation order area are summarized in
Tables S-1-S-3.

The trend of the averaged ratios was observed outside
the evacuation order area, where the urban area repre-
sented the fastest and the forest area represented the
slowest, among the categories (Figure 2(a)). Some differ-
ences were observed in the changing trends among the
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Figure 1. Changing trends of the air dose rates measured by car-borne surveys in the overall 80 km region for each land-use
category. The measurement date for each survey indicated in the horizontal axis represents the middle of the measurement period

(similarly affected hereafter).
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Table 2. Decreasing tendencies of averaged ratios in 80 km region relative to the first car-borne survey evaluated using overall

80 km region and that classified in each land use category.

Land use category

Car-borne survey period ? (year/month/day) Overall 80 km region Forest Rice field Urban area Others
Second (11/12/16) 0.58+0.001 0.63+0.002 0.58+0.003 0.53+0.003 0.58+0.003
Third (12/03/21) 0.53+0.002 0.58+0.004 0.52+0.003 0.49+0.004 0.53+0.004
Fourth (12/09/15) 0.42+0.0008 0.47+0.002 0.41+0.001 0.37+0.002 0.41+0.002
Fifth (12/11/22) 0.36+0.0008 0.40+0.001 0.35+0.001 0.32+0.002 0.35+0.002
Sixth (13/07/10) 0.29+0.0006 0.33+0.001 0.28+0.001 0.25+0.001 0.28+0.001
Seventh (13/11/23) 0.25+0.0006 0.29+0.001 0.25+0.001 0.22+0.001 0.25+0.001
Eighth (14/07/16) 0.19+0.0005 0.23£0.001 0.18+0.0009 0.16+0.0008 0.19+0.001
Ninth (14/11/19) 0.17+0.0005 0.21+0.001 0.17+0.0008 0.14+0.0008 0.17+0.0009
Tenth (15/07/17) 0.15+0.0004 0.18+0.0009 0.14+0.0007 0.12+0.0007 0.15%0.0009
Eleventh (15/11/25) 0.13+0.0004 0.16+0.0008 0.13+0.0007 0.11+0.0007 0.13+0.0008
Twelfth (16/07/16) 0.10+0.0003 0.12+0.0007 0.098+0.0006 0.082+0.0005 0.10+0.0007
Thirteenth (16/11/15) 0.11+0.0004 0.13+0.0008 0.10+0.0006 0.082+0.0006 0.10+0.0008
Fourteenth (17/07/12) 0.099+0.0004 0.12+0.0007 0.094+0.0006 0.078+0.0006 0.097+0.0008
Fifteenth (17/11/12) 0.092+0.0003 0.11+0.0007 0.089+0.0006 0.072+0.0005 0.089+0.0007
Sixteenth (18/08/11) 0.081+0.0003 0.10+0.0007 0.077+0.0006 0.064:+0.0006 0.081+0.0007
Seventeenth (18/11/13) 0.081+0.0003 0.10+0.0007 0.078+0.0006 0.062+0.0005 0.079+0.0007

a) Values in the parentheses are middle of the measurement period.
b) Errors are standard errors.

evacuation order areas as follows. A rapid decrease in the
air dose rate was observed in the urban area, occurring
from the early period of the accident, but only outside the
evacuation order area. In the evacuation order area of
Level-1, the decreasing rate of the air dose rate in rice field
was faster than the other land use categories from 2013 to
2016 (Figure 2(b)). In the evacuation order area of Level-
2, the decreasing rate of the air dose rate in the rice field
and urban area land-use categories are similar through-
out the whole period, and are faster than that in forest
(Figure 2(c)). Note that the decreasing rate of the air dose
rate in urban area accelerated in the evacuation order
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areas of Level-2, which resulted in the faster decreasing
rate than the others after 2015. The effect of human
activity, including decontamination works that started
around July 2012— October 2013 in these areas, is con-
sidered the reason for the acceleration of the decrease in
the air dose rate, as is noted in Andoh et al. [4]. A slight
difference was observed amang the land-use categories in
the evacuation order area of Level-3 (Figure 2(d)), where
human activity (including decontamination works)
occurred less often than that in the other areas.
However, decreasing rate was lowest in the forest land-
use category, which was also the case in other evacuation
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Figure 2. Changing trends of the air dose rates measured by car-borne surveys in the 80 km region, according to land-use

categories in each evacuation order area.
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order areas. In addition, a statistical test (Kruskal I-Wallis
test) showed significant differences (p < 0.01) between the
forest and rice field (or forest and urban area) land-use
categories  after the fifth car-borne survey
(November 2012) with respect to the evacuation order
area of Level-3.

Figure 3 shows a comparison of the decreasing
trends of the air dose rates with respect to the typical
land-use categories (forest and urban area land-use
categories) among the different evacuation order
areas. In early periods after the accident, the decreasing
rate outside the evacuation order area was higher than
that in the other areas, both in forest and urban area
land-use categories. The decreasing rate in the evacua-
tion order areas of Level-3 is the slowest on the whole in
both the land-use categories. Figure 3(b) shows that the
decrease in the air dose rates in the evacuation order
area of Level-2 was faster than those in the other areas
after 2016. This could be a result of the vigorously
performed decontamination works in the area, which
caused lifting of the evacuation order in the evacuation
order area of Level-2 area from July 2016 to April 2017
(e.g., litate Village, Minamisouma City, Namie Town,
and Tomioka Town).

3.2. Ecological half-life

3.2.1 The overall 80 km region and outside the
evacuation order area

The ecological half-lives of the fast and slow compo-
nents and the fractions of fast components with
respect to the overall 80 km region and outside the
evacuation order area are listed in Table 3. The table
shows that the half-lives of both the fast and slow
components tended to be the shortest and the fraction
of the fast components the largest in the urban area
category, as the surroundings in urban areas were
artificial [17]. The fraction of the fast components
was smallest and the half-lives of both the fast and
slow components were longest in the forest. This indi-
cates that the migration of radiocesium was slowest in
the forest.

Table 3. Ecological half-lives evaluated using car-borne survey
data overall 80 km region and outside the evacuation order
area.

Ecological half-life @ (y)

Area and land use Fast Slow

category component component p b
Overall 80 km region

Whole area 0.43+0.07 6.7£0.9 0.46+0.04
Forest 0.51£0.1 8.5+2 0.42+0.04
Rice field 0.43+0.07 6.3+0.8 0.47+0.04
Urban area 0.36+0.06 5.1+0.6 0.49+0.04
Outside the evacuation order area

Forest 0.45%+0.08 8.7£1 0.43+£0.04
Rice field 0.42+0.06 6.7+£0.9 0.49+0.04
Urban area 0.37+0.06 5.3+0.7 0.52+0.04

a) Errors are standard errors.
b) Coefficient p in Equation (1).

The ecological half-lives evaluated in each land-
use category in the overall 80 km region were found
to be in good agreement with the results reported by
Andoh et al. [4], although the slow components
evaluated in the forest was longer in this study
(8.5 y) than that in the previous study (6.4 y) [4]. It
is assumed that the longer fitting range adopted in
this study resulted in more precise values. Based on
this result, there is a need to further investigate the
slow components. The fractions of the fast compo-
nent in each land-use category outside the evacua-
tion order area (0.43-0.52) were smaller than those
reported by Jonsson et al. (0.79 on average) [18] and
Kinase et al. (0.66-0.78) [19]. Itis considered that the
averaged ratios were normalized in the first car-
borne survey (8 June 2011) in this study, which was
about three months after the major release of radio-
cesium on 15 March 2011, i.e., elapsed time ¢ in
Equation (1) differs from that in other studies.

Representative curves (forest and urban area land-use
categories) comparing the averaged ratios and bi-
exponential curves evaluated outside the evacuation
order area are shown in Figure 4. The error bars indicate
the standard errors of the averaged ratios (applied simi-
larly hereafter). The figure shows a good agreement
between the measured values and evaluated bi-
exponential curves. However, a small discrepancy
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Figure 4. Comparison of the averaged ratios and bi-exponential curves evaluated by the ecological half-lives outside the

evacuation order area.

between the measured values and the fitted curve was
observed in the urban area after 2015. Evaluating the
ecological half-lives was slightly difficult because the
decreasing rate of the air dose rates was not constant
outside the evacuation order area, where human activities
differ among municipalities.

3.2.2 Inside the Evacuation Order Area

In this section, as noted above, the ecological half-lives
inside the evacuation order areas (the entire evacua-
tion order area and areas of each level of the evacua-
tion order) are analyzed under the assumption that the
ecological half-lives of the slow components were 8.5,
6.3, and 5.1y, as evaluated for the forest, rice field, and
urban area in the overall 80 km region, respectively.

3.2.2.1. Entire evacuation order area. The fast com-
ponents inside the evacuation order area were evaluated;
the obtained results are listed in Table 4. Obvious dis-
crepancies beyond the standard errors can be observed in
the ecological half-lives of the fast components, compar-
ing those outside the evacuation order area (0.4-0.5 y;
Table 3) and those within the entire evacuation order
area (2.0-2.7 y; Table 4). These reflect the differences
related to human activity based on entry restrictions. The
ecological half-lives of the fast components within the
entire evacuation order area evaluated in this study
occurred over a longer period than those evaluated by
Kinase et al. (1.0-1.1 y) [19]. The following differences
between this study and that conducted by Kinase et al.
[19] are considered. a) The end period of measurement

data used by Kinase et al. was FY2014, whereas it was
FY2018 in this study. b) Kinase et al. [19] evaluated the
fitting parameters by median of the fitted values, result-
ing in half-lives smaller than those obtained by us (aver-
aged ratios) because the half-life of the fast component
follows a log-normal distribution. ¢) The data analyzed
by Kinase et al. [19] contained 20 data sets (from
August 2011 until January 2015) in the evacuation
order areas, which were not included in our study.
Representative curves (the forest and urban area
land-use categories) comparing the averaged ratios
and bi-exponential curves are shown in Figure 5,
where good agreement was observed between the
measured values and evaluated bi-exponential curves.

3.2.2.2. Evacuation order area of level-1. Although
we employed the ecological half-life of the slow compo-
nents evaluated in the overall 80 km region as the
components in the evacuation order area, we were
unable to obtain the fast components of Equation (1)
with respect to the evacuation order area of Level-1, due
to an error in the fitting procedure or a considerably
large standard error. The decreasing trends of the air
dose rate ratios relative to the physical decay of radio-
cesium, the environmental effect, with respect to the
evacuation order area of Level-1 and for each land-use
category is shown in Figure 6. Figure 6 shows that the
decreasing of the environmental effect in all the cases of
the land-use categories accelerated after 2013.
Therefore, we employed the two-group model to the
evacuation order area of Level-1.
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Table 4. Ecological half-lives evaluated using car-borne survey data inside the evacuation order area.

Fast component of

ecological half-life b (y)
Evacuation order area ? and land use category Eq.(1) Eq.(2) Eq.(3) p or p’d (1-p) € t f (y)
Entire the evacuation order area
Forest 2.0+0.4 - - 0.49+0.07 - -
Rice field 2.0+0.3 - - 0.58+0.08 - -
Urban area 2.7+£0.8 - - 0.70+0.4 - -
Evacuation order area: Level-1
Forest - 2.2+0.5 0.47+0.09 7.5£5.2 0.55+0.01 24
Rice field - 2.3+0.4 0.70+0.15 2.8+1.5 0.47+0.02 24
Urban area - 3.2+0.7 1.2+0.4 1.2+0.4 0.48+0.09 2.6
Evacuation order area: Level-2
Forest 1.7+0.3 - - 0.49+0.04 - -
Rice field 2.2+0.4 - - 0.78+0.1 - -
Evacuation order area: Level-3
Forest 1.4+0.2 - - 0.32+0.03 - -
Rice field 0.85+0.1 - - 0.25+0.02 - -
Urban area 0.92+0.3 - - 0.18+0.03 - -

a) “Entire the evacuation order area” is summation of areas of three evacuation order levels.

Evacuation order area levels are as follows; level-1: zone in

preparation for the lifting of the evacuation order, level-2: residence restriction area, and level-3: difficult-to-return zone.
b) Eq.(1): Fast components evaluated using Equation (1). Eq.(2): Fast components evaluated using Equation (2). Eq.(3): Fast components evaluated using

Equation (3). Errors are standard errors.
¢) Coefficient p in Equation (1). Errors are standard errors.

d) ltalic values are the coefficient p” in Equation (3). Errors are standard errors.

e) Coefficient (7-p) in Equations (2) and (3). Errors are standard errors.
f) Cut-off period t; in Equations (2) and (3).
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Figure 5. Comparison between the averaged ratios and bi-exponential curves, evaluated by the ecological half-lives for the entire

evacuation order area.

In this case, the data used for the fitting procedure
were divided into two groups: a) data up to the seventh
car-borne survey conducted in November 2013 and b)
data after the seventh car-borne survey. Equation (2)
was used for the data up to the seventh car-borne
survey, whereas Equation (3) was used for data after
the seventh car-borne survey. We chose the cutoft
between the two groups because the decontamination
works started around August 2012— October 2013 in

the municipalities located inside the evacuation order
areas of Level-1 [27], and the acceleration of the
decreasing trend of the air dose rates was observed
after the period, as shown in Figure 6. The values of t;
in Equations (2) and (3) were determined by searching
the intersection point of the fitted lines of the equa-
tions at which the fast decreasing components prior to,
and following, an acceleration in the air dose decrease
were consistent.
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Figure 6. Changing trends of the air dose rates ratios relative to the physical decay of radiocesium for the evacuation order area of Level-1.

The ecological half-lives in the evacuation order area
of Level-1 were successfully evaluated using the two-
group model. The evaluated parameters of the fast
components are listed in Table 4. The ecological half-
life of the fast components after 2013 showed a period
of 0.5-1y, which was significantly shorter than those up
to 2013 (2-3 y). Although there was a significant

standard error in the fraction of the fast component
after 2013 for the forest, the error in the fitting proce-
dure was improved when the two-group model was
employed. The two-group model improved the evalua-
tion of the fast component, despite the acceleration
observed in the decrease in the air dose rate. As
shown in Figure 7, the curves obtained from the

T[T rryprrr| rr [ 1T
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Figure 7. Comparison of averaged ratios between the measured values and two-group model curves, evaluated by the ecological

half-lives for the evacuation order area of Level-1.
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Figure 8. Comparison of averaged ratios between the measured values and bi-exponential curves, evaluated by the ecological

half-lives for the evacuation order area of Level-2.

model are in good agreement with the measured data
overall. In addition, the coefficients of determination
for the evaluated curves were 0.94, 0.98 and 0.98 with
respect to the forest, rice field, and urban area land-use
categories, respectively.

3.2.2.3. Evacuation order area of level-2. The ecolo-
gical half-lives obtained using the bi-
exponential model (Equation (1)) for the forest
and rice field land-use categories in the evacuation
order area of Level-2. Even though the two-group
model was employed in the urban area, where the
fitting procedure with Equation (1) yielded an
error, we were unable to obtain the fast compo-
nents. It was considered that the two-group model
was not applicable for this case because the chan-
ging of the air dose rate was complicated, as shown
in Figures 2 and 3.

The evaluated parameters of the fast components
are also listed in Table 4. Figure 8 compares the
averaged ratios and bi-exponential curves with
respect to the forest and rice field land-use cate-
gories. This figure indicates a good agreement
between the measured data and evaluated bi-
exponential curves overall.

were

3.2.2.4. Evacuation order area of level-3. The eco-
logical half-lives were obtained using the bi-

exponential model (Equation (1)) for each land-
use category in the evacuation order of Level-3.
The evaluated parameters of the fast components
are listed in Table 4. The evaluated bi-exponential
curves are in good agreement with the measured
data overall, as shown in Figure 9.

The ecological half-life of the fast components
in the evacuation order area of Level-3 showed
a shorter period (0.9-1.4 y) than those in the
evacuation order area of Level-2 (about 2 y); how-
ever, the human activity in the evacuation order
area of Level-3 was limited compared to that of
Level-2. The fraction of the fast components eval-
uated in the evacuation order area of Level-3 was,
however, much smaller (0.2-0.3) than those eval-
uated in Level-2 (0.5-0.8); which indicates that the
slow components were dominant in the decrease
in the air dose rates in the evacuation order area
of Level-3. In addition, the fraction of the fast
components in the urban area was small, indicat-
ing difficulty in distinguishing between fast and
slow components; thus, a single exponential
curve can be employed for the ecological half-
life. The fitting of a single exponential curve to
the data resulted in an ecological half-life of
42 % 0.2 y, which indicates a slight discrepancy
between the bi-exponential and single exponential
curves, as shown in Figure 9.
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ecological half-lives for the evacuation order area of Level-3.

4. Conclusion

The decreasing trends of the air dose rates were mea-
sured and analyzed within an 80 km region of the
FDNPP from 2011 to 2018. The averaged ratios for
the air dose rate (excluding the effect of the natural
background radiation) relative to the first car-borne
survey in the overall 80 km region became 0.08 over
a period of seven years, indicating a decreasing rate
significantly higher than estimated by the physical
decay of radiocesium (0.3). The rate of decrease in
the air dose rate was lowest in the forest category
and highest in the urban area among other categories,
which is consistent with the previous reports. A slight
difference was observed among the land-use categories
in the evacuation order area of the difficult-to-return
zone. In early periods following the accident, the
decreasing rate outside the evacuation order area was
higher than that in other areas, both in the forest and
urban area land-use categories. The difference in the
decreasing trends in air dose rates between evacuation
order areas in forest occurred smaller than that in
urban area. The decrease in the air dose rates in the
evacuation order area of ‘residence restriction area’
was faster than those in the other areas after 2016.
This could be a result of the vigorously performed
decontamination works in the area, which caused lift-
ing of the evacuation order in the area.

The ecological half-lives of the fast components
evaluated in the entire evacuation order area showed
2.0-2.7 y, which is considerably longer than those
outside the evacuation order area (0.4-0.5 y). To

evaluated by the

model the acceleration of the decrease in the air dose
rates, we modified the formula related to the bi-
exponential curve of the ecological half-life to obtain
the two-group model. The model was employed in the
evacuation order areas of ‘zone in preparation for the
lifting of the evacuation order’; the fast components
prior to and following the acceleration were success-
fully obtained. The half-lives after 2013 were 0.5-1 vy,
which were much shorter than those before 2013 (2-3
y). The results of the two-group model are in good
agreement with the measured data. The parameters of
the ecological half-life in the evacuation order areas of
‘residence restriction area’ and ‘difficult-to-return
zone’ were obtained using previous bi-exponential
model except the urban area land-use category in the
evacuation order area of ‘residence restriction area.’
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