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Keywords: Measuring radioactivity in forested mountainous areas is challenging owing to the limited accessibility on foot
Environmental modeling and the canopy blocking of airborne survey signals. Meanwhile, the influence of multiple environmental factors
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on radioactivity, in particular on ambient dose equivalent rates (ADER) in a forested area, are not well under-
stood. In this study, we surveyed the ADER using hand-held and backpack-type scintillators in a forest of de-
ciduous and evergreen trees in Iitate Village, Fukushima Prefecture, Japan, on multiple dates. The village is
located 35 km northwest of the Fukushima Dai-ichi Nuclear Power Plant (FDNPP). The observations showed that,
7.5 years after the FNDPP accident, the ADER still exceeded the maximum permissible level (0.23 pSv h™) of the
Japanese standard limit. The ADERs were distributed unevenly in the forest, ranging from 1 uSv h™? to 3.73 pSv
h™l, with statistically significant variabilities among survey dates. The spatial variabilities of the ADER among
the survey dates were depicted by semivariograms. The effects of the complex topography on the ADER were
examined using multivariate adaptive regression splines against five selected topographic parameters. Although
the topographic effect of individual parameters varied between survey dates, when all topographic parameters
were considered, the model predictions yielded a positive correlation (R? > 0.54). We discovered ground wetness
as the source of ADER variations among survey dates based on climatic records. Additionally, we estimated the
ADER from radiocesium concentrations in soil samples and checked their consistency with the measured ADER.
It was found that about half of the ADER estimated from the soil samples were within the range of field mea-
surements. Although challenges remain in the modeling of radioactivity pathways under natural conditions, this
study shows that combining topographic features, meteorological factors, and near-ground and high-altitude
surveys are the keys to understanding radiation behavior in the environment.

1. Introduction Station/Plant (FDNPS/FDNPP) to suffer a meltdown and hydrogen ex-
plosions as it lost the electric power needed to cool its nuclear reactors

In March 2011, a magnitude 9.1 earthquake struck off the Pacific (IAEA, 2015). Radionuclides were discharged as a consequence of the
coast of Tohoku, Japan, triggering a devastating tsunami that hit coastal accident and they contaminated nearby regions (IAEA, 2015). Due to the
areas. The tsunami caused the Fukushima Dai-ichi Nuclear Power meteorological conditions following the accident, the 50-70 km long
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and 20 km wide area northwest of the FDNPP received radionuclide
fallout (Chino et al., 2011). Among the various radionuclides released
from the plant, anthropogenic '3*Cs and 137Cs in large quantities (*3*Cs:
8.3-5.0 and ¥’Cs: 7-20 PBq [petabecquerel = 1 x 10%° Bql) (IAEA,
2015) were deposited dominantly in Fukushima Prefecture, while
another vast portion (9-27 PBq) was released into the North Pacific
Ocean (Bailly du Bois et al., 2012; Nakano and Povinec, 2012). Owing to
the long half-life of '3’Cs (T;/2 = 30.17 years), its negative ecological
impact remains in the region, and is a significant concern.

Internal and external exposure to ionizing radiation poses risks to
human health, including but not limited to the development of cancer
(Cruz-Suarez et al., 2001; Tsuda et al., 2015). Even if ambient dose
equivalent rates (ADER) are low, the health risks from long-term expo-
sure to low-dose radiation are concerning (Valentin, 2005; Daniels and
Schubauer-Berigan, 2011). The Japanese government established a
maximum permissible level (MPL) of 1 mSv yr * as an acceptable level
of airborne exposure, which is calculated at 0.23 pSv h™! (0.19 pSv h™?
from the FDNPP accident and an average of 0.04 pSv h™! background
radiation in Japan). To minimize radiological health risks, environ-
mental decontamination has been conducted in areas where the ADER
exceeds 0.23 pSv h™!. Generally, such operations have been successfully
accomplished in contaminated urban areas (Yasutaka and Naito, 2016;
Fujiwara et al., 2017). Yoshimura (2022) noted that the ADER in urban
areas decreased faster than that in other land use areas with permeable
surfaces owing to the extensive '*’Cs wash-off from pavements and
sewers. In contrast, decontamination activities in forested areas are far
more difficult to carry out, and *’Cs will remain in a forest for a longer
time (Somboon et al., 2018). Moreover, in comparison with open lands,
forested areas accumulated more radionuclides and emit higher ADER
(Basuki et al., 2020; Hashimoto et al., 2022).

Following the accident, numerous airborne and ground surveys were
conducted to assess the distribution of ADER. Airborne gamma-ray
surveys used a manned helicopter (Sanada et al., 2018), an unmanned
helicopter (Sanada et al., 2019), or a drone (Sasaki et al., 2019). On the
ground, gamma-ray scintillators were carried by humans or mounted on
vehicles (Tanigaki et al., 2015; Andoh et al., 2019; Sato et al., 2019).
Although approximately 70% of Fukushima Prefecture is forested
(Ministry of Agriculture, Forestry and Fisheries, Japan, 2017), the
ground survey sites were primarily in the lowlands because of the
limited accessibility on foot or by vehicle in the rugged forested areas. It
is worth noting that besides direct measurements of the ADER, various
machine learning-based prediction methods have also been used
recently (Sun et al., 2022). Malins et al. (2015a) indicated the potential
influence of topography on air dose measurements using a numerical
approach involving two topographic models.

The uneven topography influences where the fallout radionuclides
accumulate and translocate and, thus, where they are adsorbed into the
soil particles (Walling et al., 1996; Quine et al., 1997; Walling and He,
1999). Because of this adsorption mechanism, radiocesium is immobile
in soils (Korobova, et al., 1998; Chibowski et al., 1999) but can migrate
into the subsurface via infiltration (Ritchie and McHenry, 1990;
Schimmack et al., 1994; Kato et al., 2012; Nakanishi et al., 2014). This
migration also is facilitated by leaching and by the activities of soil biota
(Korobova et al., 2007; Jagercikova et al., 2014). The resulting ground
radionuclides concentrations affect the ADER in the area (Jacob et al.,
1994; Malins et al., 2015b). Studies suggest that local topography may
explain the heterogeneity of ADER in forested areas (Atarashi-Andoh
et al., 2015; Imamura et al., 2020). For example, Komissarov and Ogura
(2017), during an investigation in Miyagi Prefecture three years after
the FDNPP accident, found that the ADER was higher in the middle and
lower parts of the grasslands and forested slopes, where radiocesium
concentrations in soils were higher than in the elevated areas. They
explained that radionuclides migrate downward on sloped surfaces due
to erosional processes (e.g., surface runoff during rainfall or snowmelt)
and accumulate in the lower gradient areas. Additionally, in a forest,
tree types will influence the spatial variability of fallout depositions on
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the forest floor and the contamination levels (Koarashi et al., 2012; Kato
et al., 2018a; Kurihara et al., 2018). Kato et al. (2018a) found that the
radiocesium inventory and the ADER decreased in relation to tree types
in the following order: loose-flower hornbeam (Carpinus laxiflora) >
jolcham oak (Quercus serrata) > redvein maple (Acer rufinerve).

The modeling of the ADER distribution in forested areas is particu-
larly challenging, not only because of the poor accessibility on foot but
also because of the multiple influencing factors—topography, soils,
vegetation, and so on. At the same time, because nuclear power plants
and other nuclear-related facilities are often built in remote moun-
tainous areas (Hanna et al., 1982), understanding the topographic ef-
fects on environmental radioactivity is crucial when assessing
radiological effects on humans and fauna in these areas. This study
aimed to deepen our understanding of the topographic effects on the
ADER in radiocesium-contaminated forested areas by using multi-day
ADER measurements taken near the ground. By combining the ADER
with ground contamination data, this study provides novel insights into
the distribution patterns of environmental radioactivity in a forest and
contributes to the improvement of risk assessment and decontamination
measures following environmental radioactivity contamination events.

2. Materials and methods
2.1. Overview

We studied the ADER in a small basin in Fukushima Prefecture,
approximately 7.5 years after the FDNPP accident, using hand-held and
backpack-style scintillators on three different dates. In addition, soil
samples were collected approximately at the same time and either right
at the location or close to the locations of the ADER measurements. The
temporal and spatial distribution patterns of the ADER were analyzed
using descriptive statistics. Next, the effects of five selected topographic
parameters (see Section 2.4.1) on the ADER were modeled using
nonlinear regression models and semivariograms. The effects of vege-
tation type on the ADER were checked using ANOVA. Finally, the ADER
were estimated from the vertical profiles of 13*Cs and '%’Cs contami-
nation levels in soils, and these estimates were compared to the directly
measured ADER.

In the following sections, we use the following terms to distinguish
between three different types of ADER:

Actual: the ADER directly measured in the field;

Predicted: the ADER predicted by a regression model;

Estimated: the ADER estimated from the radiocesium concentration
profile in soils.

2.2. Study area

The ADER were measured in litate Village, Fukushima Prefecture,
located approximately 35 km northwest of the FDNPP (Fig. 1). At the
time of sampling, part of the village was designated as a restricted zone
with regulated entry, lodging, and business operations. In this village,
the 1¥Cs inventory from 300 kBq m~2 to more than 1800 kBq m 2 was
deposited during the FDNPP accident (Kato et al., 2019), and the ADER
at 1 m above ground were estimated 5.0-10.0 pSv h™! in July 2011
(JAEA 2021), based on the results of an airborne survey conducted by
JAEA in collaboration with the U.S. Department of Energy. Imanaka
etal. (2012) observed a radiation exposure rate of more than 20 pSv h!
in the southern part of Iitate Village during an urgent field survey (28
and 29 March 2011). Thus, data from various investigations indicated
that shortly after the FDNPP accident, the ADER in the study area
exceeded the MPL considerably.

The survey paths were limited to a small basin with an area of 0.56
km? No forest management, such as logging or pruning, had been
conducted in the forest since the accident. The government had applied
decontamination measures, including soil replacement in the former
rice paddies and surface litter removal near trails at the bottom of the
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Fig. 1. Location of the study area, litate Village, in Fukushima Prefecture. The '*’Cs inventory map on the right was reconstructed based on published data (Kato

et al., 2019). Maps were created using ESRI ArcMap 10.8.1.

forest. The forest comprises both deciduous and evergreen trees. The
major tree types in the forest are Japanese cypress (Chamaecyparis
obtuse) and red pine (Pinus densiflora), both typical dominant trees
growing in central Japan (Hashimoto et al., 2022). The elevation dif-
ference from the bottom of the hill to the highest basin ridge was
approximately 160 m. The slope degrees of the survey paths varied from
1° to 24°. According to the Koppen climate classification system (Beck
et al., 2018), the climate of the region can be classified as a humid
climate (Cfa), with an average annual precipitation of 1,362 mm and an
average temperature of about 12 °C (Japan Meteorological Agency,
2019). Hillslopes exhibit microtopography with narrow creeks and
varying steepness. On the ridge of the basin, at an elevation of approx-
imately 650 m, the walking path flattens, and the landscape becomes
more open. The soils of the study area, according to our data, include
brown forest soils, weathered granite soil, Andosols and Inceptisol (IUSS
Working Group, 2015).

2.3. ADER measurements

The ADER were measured at 1 m above ground level (AGL) on July
27,2018, August 17, 2018, and January 12, 2019. On all survery dates,
we followed a walking path that extended from the bottom of the hill to
the ridge and along the ridge (Fig. 2). The path had a natural forest floors
that had not been artificially cleaned or paved. Different parts of the
path were covered on each survey date (Fig. 3a—c). In July and August
2018, the survey paths were shaded by the canopy, while in January,
residual snow covered the ground. The ADER measurements for each
survey date are presented in Section 3.1.

The hand-held Nal(TI) scintillator, Aloka TCS-172b (diameter and
length: 2.5 cm; Hitachi Aloka Medical Ltd., Tokyo, Japan), was used in
summer and was either hand-held or hung over the shoulders. In
January, a CsI(TI) scintillator device, KURAMA-II (13.0 cm x 13.0 cm X
20.0 cm; Hamamatsu Photonics, Shizuoka, Japan), was used and was
carried by the surveyor in a backpack (Tanigaki et al., 2015). Detailed
specifications of both devices are listed in Supplementary Material 1.
Both devices recorded additional metadata, such as date, timestamp,
elevation, and latitude and longitude coordinates. The ADERs were
recorded every second on July 27, 2018 and on January 12, 2019, and
every 10 s on August 17, 2018. All the ADER measurements from July
27, 2018 and January 12, 2019 were then averaged into 10-s in-
crements, which roughly corresponds to a 10-m walking distance ac-
cording to a walking speed study (Azmi et al., 2012).
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Fig. 2. Locations of ADER measurement points on all three dates and soil
samples. ADER measurements by date are presented in the Results and Dis-
cussion section. Contour lines (5 m) were created using a digital elevation
model (DEM) (Geospatial Information Authority of Japan).

2.3.1. Measurement comparability

This study used different models of survey devices, specifically the
Hitachi Aloka TCS-172b and the KURAMA-II, to capture the ADER.
Ideally, the sensitivities of multiple scintillators should be tested and
compared under the same conditions. This study did not have that op-
portunity, which raises the question of measurement comparability.
Both devices were calibrated to 13’Cs; however, scintillator types and
their uncertainties differ (Table S1). Additionally, the two devices have
structural differences. In the Aloka TCS-172b, the Nal detector is
forward-looking and is placed in a photomultiplier tube (PMT) inside the
handle used for carrying the device (Tanaka and Matsubara, 2012).
Because of this structure, the Aloka has a strong directional dependency:
the gamma-ray sensitivity toward the back of the device is weaker
compared to that in the forward direction. The KURAMA-II with a CsI
(TD) scintillator uses a multi-pixel photon counter (MPPC) and captures
gamma-ray and energy from all directions (Tanigaki et al., 2015).
However, because the backpack-type KURAMA-II is carried on a
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Fig. 3. (left) ADER overlaid on aerial images of the study site: a) July 27, 2018 (Image: ©ESRI 2021); b) August 17, 2018 (Image: ©ESRI 2021); c) January 12, 2019
(Image: ©Maxar Technologies, 2017). (right) Scatter plots of the ADER with elevation (m). [1] and [2] on the July map show the locations of the above 3.00 uSv h!
measurements. “S1” and “S2” are added to the July and January maps and plots to show the spatial segments against elevation. White triangles indicate areas with a
steep slope that were not covered by surveys on July 27, 2018 and January 12, 2019.
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person’s back, the human body could act as a shield affecting the energy
captured by the device.

Sato et al. (2019) surveyed gamma-ray ADER in the living environ-
ment of Fukushima Prefecture using an Aloka TCS-171b and a KUR-
AMA-II-the same models used in our study. One of their study sites was
about 5 km from our study site. Then they compared the KURAMA-II
measurements with those taken with the Aloka TCS-172b. For the out-
door measurements, the correlation between the Aloka TCS-172b and
the KURAMA-II was R? = 0.94 (Sato et al., 2019). Although their com-
parison results showed a few outliers that deviated more than 2.00 pSv
h~1, the number of those outliers was small. Thus, we concluded that our
survey results measured using the Aloka TCS-172b and the KURAMA-II
were comparable. Even if a few measurement deviations between the
Aloka and KURAMA-II were to occur during the surveys, the number of
those outliers would not be large enough to alter the statistical results of
the study.

The ADER reported in the following sections are the total ADER,
consisting of both natural (cosmogenic and terrestrial) and anthropo-
genic dose rates. Accurate pre-accident natural background radiation
data for the forest were unavailable. The absorbed dose rates in the
study site region were between 0.0360 and 0.0543 pSv h™! (uGy h™! in
the original article) based on several sources of airborne radiation
monitoring data (Sanada et al., 2020). The Environmental Radioactivity
Monitoring Center of Fukushima estimated that before the FDNPP ac-
cident, for Fukushima Prefecture, the average + standard deviation,
maximum, and minimum rates in 1999 were 0.0344 + 0.0095, 0.0640,
and 0.0190 pSv h™! (converted from nGy h™! in the original article),
respectively (as cited in Furukawa and Shingaki, 2012).

2.4. Topographic effect analysis

2.4.1. Topographic parameter extractions

To extract topographic parameters for each measurement point, we
used a 10-m-resolution digital elevation model (DEM) downloaded from
the website of the Geospatial Information Authority of Japan
(https://www.gsi.go.jp/kiban/).

For this study, we selected five topographic parameters of geomor-
phological importance: elevation, slope degrees, hillslope aspect, plan
curvature, and upslope distance. Elevation and slope degrees indicate
the gravitational force on surface water flow as well as the translocation
of soil particles (Heimsath et al., 1999; Roering et al., 1999; Martin,
2000). The hillslope aspect indicates the direction in which the slope is
oriented. It affects vegetation growth, surface hydrogeology, and land-
scape evolution (Istanbulluoglu et al., 2008; Atarashi-Andoh et al.,
2015; Ii et al., 2021). Curvature-particularly profile and plan curva-
tures—and slope degrees are two of the most influential factors in hy-
drogeology and soil transport on slopes (Moore et al., 1993; Gessler
et al., 1995; Heimsath et al., 1997; Tesfa et al., 2009; Momm et al.,
2012). Finally, the upslope distance, which is the distance from the
sampling point to the nearest highest ridge, affects the volume and ve-
locity of the surface water flow/runoff (Stone et al., 1994; Roering et al.,
1999, 2001).

The five selected topographic parameters were extracted from the
10-m DEM for each air dose measurement point using Geographic In-
formation Systems (GIS) applications (TauDEM [Tarboton, 2005] and
SAGA GIS [Conrad et al., 2015]), together with R (R Core Team, 2018).

Among the topographic parameters, the hillslope aspect needed to be
converted from the circular nature of azimuth degrees to an ordinary
numerical, as 360° and 0° are equivalent. One potential solution was to
apply a sine transformation. The sine value was 1 in the direction of peak
ADER on each survey date and —1 in the opposite direction. The di-
rections of the peak air doses for July 27, 2018, August 17, 2018 and
January 12, 2019 were approximately 70°, 50°, and 0° (north to
northeast directions), respectively. The raw aspects were transformed
using the following equation:
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) n
ASPECtpansformed = SN (aspectmw + (5 - aspectpe,,k) ) 1)

where aspect;q,y and aspect,q are the observed aspect and the aspect of
the peak ADER (measured in radians), and aspectiansformed is @ trans-
formed aspect degree between —1 and 1.

2.4.2. Nonlinear regression models

The relationships between the ADER and the topographic parameters
were preliminarily investigated with scatter plots. The plots suggested
that the relationships were nonlinear and that the patterns varied be-
tween survey dates. Based on these plots, multivariate adaptive regres-
sion splines (MARS) (Friedman, 1991), a nonlinear regression method,
was considered the ideal method for analyzing these data.

Specifically, MARS is a nonparametric piecewise algorithm that
connects linear regressions to represent the nonlinearities in the inter-
action between variables (Friedman, 1991). This method employs an
additive function to the linear combinations of these variables (Eq. (2)).
Each data point for each predictor is used as a candidate cut point, and
cut points known as knots are chosen according to the decrease rate in
the residual sum of squares.

f(x) = Z a;B;(x) (2

where k is a knot, g; is a constant coefficient of expansion whose values
are jointly adjusted to yield the best fit, B; is the basis function, and x is
an independent variable. The basis function includes a constant (inter-
cept), a hinge function (Eq. (3)), and the product of hinge functions.

max (0, x — constant)or max (0, constant — x) 3)

When a MARS model is fitted, knots are automatically selected in a
forward stepwise manner (Hastie and Tibshirani, 1986). The sequence of
models generated from this process is evaluated by generalized
cross-validation (GCV), and the model with the best predictive fit is
selected (Leathwick et al., 2006). Then, MARS returns the importance
ranking of the variables based on the changes in GCV for each additional
predictor, the degree of freedom of the best-fit model, and the knot lo-
cations and coefficients (real values). A drawback of MARS is that it
returns a large number of coefficients. The "earth" package (Milborrow,
2020) of R (R Core Team, 2018) was used for the MARS calculations.

2.4.3. Semivariogram

In addition to understanding the spatial distribution patterns of the
ADER in the forest, we aimed to understand the spatial distance in which
the ADER are correlated by common background factors, or spatial de-
pendency. For this purpose, semivariograms were calculated to compare
the spatial structure and the variability in the distribution of the ADER
across the three survey dates. A semivariogram quantifies the variability
of measured values as a function of distance (Cressie, 1986; Isaaks and
Srivastava, 1989; Goovaerts, 2000; Bivand et al., 2008). Because closer
measurements tend to be more similar to one another than those that are
farther away (Tobler, 1970), the variability of measured values is
generally expected to increase as a function of distance.The semivario-
gram range, where semivariance flattens out after reaching sill, is the
distance beyond which the measurements are no longer correlated with
one another. In other words, there are spatial factors commonly
affecting sample measurements up to the range distance. The semi-
variogram nugget effect (larger than zero value on the y-axis at x = 0)
indicates variability at a distance zero (see Fig. 5 for graphical repre-
sentations of the range and nugget).

The survey routes mostly followed two azimuths, northeast-
—southwest (30°-210° direction) and east-west (120°-300° direction).
To identify spatial dependency ranges in both directions, directional
semivariograms were calculated wusing Isatis.zneo ™ software
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(Geovariances, 2021), and semivariogram ranges were identified based
on the behavior of the experimental variogram. When stepwise sills
appear in the semivariograms, the distance corresponding to the
smallest step is considered to be the spatial dependency range. During
this analysis, we decided not to remove the outliers to reveal the
sensitivity of the variogram to the outliers.

2.4.4. ANOVA comparing vegetation types

The hillslope was covered with evergreen trees and deciduous trees.
Because the radioactive fallout occurred in early spring, the deciduous
trees had few leaves to intercept the fallout. As an additional test to
examine the canopy effects on the spatial distribution pattern of the
ADERSs, the results of the ADER measurements were divided into two
groups: under evergreen and under deciduous trees. As the tree types
were roughly divided by elevation on the hillslope (evergreen trees at
lower elevations and deciduous trees at higher elevations on the hill-
slope), the ADER were divided by elevation. In a natural vegetation
sequence, the evergreen (coniferous) zone should appear at higher ele-
vations than the deciduous trees. This sequence is reversed in the study
site forest because of tree-planting operations that began over a hundred
years ago.

2.5. Comparison of ground contamination and ADER

2.5.1. Soil sampling

Soil samples were collected on three dates in the summer of 2018
(July 21, 22, and 27) (Fig. 2). The number of core samples was 23. A
sampling tube (5-cm diameter; 30-cm length; Daiki Rika Kogyo Co., Ltd.,
Saitama, Japan) was pushed into the ground using a hammer. The tube
was made of metal and contained a replaceable plastic liner. Once the
tube was inserted fully into the ground, the plastic liner containing the
soil was pulled out, sealed, marked, and delivered to the laboratory at
the University of Tokyo. The collected samples were divided into 2.0-cm
depth intervals (from the surface to 20.0 cm in depth) and 2.5-cm depth
intervals (20.0-30.0 cm in depth). The litter (organic layer) on the soil
surface was gently removed. The collected samples mostly contained the
A soil horizon (the topmost mineral layer mixed with humified or
partially humified organic matter). Some samples displayed the AB
horizon (the transition to the mineral layer). Among the 23 samples,
seven of them have a collected depth of less than 30 cm because an
object, such as a tree root, hindered the tube from penetrating into the
ground or because the brittle or wet bottom soils dropped out from the
tube. Those issues were noted, but repeat samples were not collected to
reflect the soil characteristic at the planned sampling locations.

Soil samples were oven-dried to constant weights for approximately
24-48 h (precise drying time lengths varied depending on the soil
sample dryness) at 105 °C. Soil from each dried sample was placed in a
clean mortar and ground into fine pieces. The collected soils contained
>50% sand on average. According to the USDA soil texture classifica-
tion, most of the samples were in the categories of sand, loamy sand,
sandy loam, and loam. The processed samples were stored in poly-
ethylene vials and sent to the Isotope Facility for Agricultural Education
and Research at the Graduate School of the University of Tokyo, for
isotope analysis. Radioactivity levels were measured with an NaI(Tl)
scintillation automatic gamma counter (2480 WIZARD2 gamma
counter, PerkinElmer Inc., Waltham, Massachusetts, USA). This counter
is equipped with a well-type NalI(Tl) crystal of 75 mm in diameter by 75
mm in length, covered with a lead shield of 75 mm in thickness. The
energy calibration was performed using the 662 keV of gamma-rays
from '¥7Cs. The radiocesium (*3*Cs and '%’Cs) concentration was
calculated from the count rates in six energy windows (300-398,
524-657, 599-666, 608-706, 724-862, and 1330-1510 keV) during a
20 min measurement time. The detection limit was approximately 0.5
Bq (Osawa et al., 2018). The specific activity of 1**Cs and '*¥Cs was
measured in Bq kg™! (by unit mass). In addition, concentration by unit
area (radiocesium inventory, Bq m~2) was calculated based on dry bulk
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density (mass of oven-dried soil/total soil volume) and soil mass.
Radiocesium concentrations were not normalized to the FDNPS accident
date.

2.5.2. Ground-to-air conversion

Based on the 3#Cs and '3"Cs concentrations in the soil samples, the
ADER above the sample locations were estimated so that these could be
compared with the actual ADER measurements. The vertical concen-
tration parameter, or the relaxation mass depth (f: g cm’z), was
calculated using wet soil weight (ICRU, 1994; Ochi et al., 2022). A
relaxation mass depth represents the degree of penetration of radio-
cesium into the soil mass. The exponential function used for evaluating
is given in Eq. (4):

Ay (§) =Ano eXp<—/%> ) @

where A, (¢) is the activity concentration of '*’Cs at a certain mass
depth ¢ (Bq kg_l); Anmp is the activity concentration of 137¢s at ground
level (Bq kg’l); ¢ is the mass depth (g cm’Z), and g is the relaxation mass
depth (g cm’z).

Then the ADER (pSv h™H at 1 m AGL were calculated using the
conversion coefficient (Eq. (5)) as described in previous reports (Saito
and Petoussi-Henss, 2014; Ochi et al., 2022).

ADERcye = (" Csiny x 3 CF) + (Y Csiny x 7€) 5)

where ADR¢s (PSV h™1) is the final estimated ADER from soil Cs con-
centrations at 1 m AGL; and 13*Cs;,, and %" Cs;, are the 13*Cs and '%7Cs
inventories (Bq m~2) in the entire sample (30 cm depth), respectively.
The ratio of 13*Cs to 1*”Cs was calculated according to their decay rates,
considering March 15, 2011, as day zero when the 134Cs to 'Cs ratio
was 1:1 (IAEA, 2015). 134Cf and 1¥7Gf are the ground-to-air conversion
factors for 3*Cs and 1*’Cs (Bq m~2) based on g, respectively.

2.5.3. Estimated and actual ADER comparison

There is a hypothesis that the ADER measured in natural/field con-
ditions and the ADER estimated from contaminated soil samples cannot
be compared pairwisely, even if both are from the same place. For
example, Malins et al. (2015b) demonstrated how the device height
above the ground and g affected the percentages of ground-sourced
gamma-radiation contributed to the ADER. They conducted Monte
Carlo radiation transport calculations and showed that when a mea-
surement device was 1 m above the ground, 60%-80% of the measured
dose equivalent rate originated from 10 m around the measurement
point, depending on  values, and on a plane surface with no shielding
objects. This percentage increased as the radial distance from the device
increased, although the increase curves differed among the isotopes.
Additionally, terrain and other obstructions can block gamma-rays
coming from the ground, and the angular distribution of photons
against the detector surface can affect the flux of captured radioactivity
(Ji et al., 2016). Paying careful attention to the complexity of this
ground-to-air relationship, we descriptively examined whether the
radiocesium concentrations in soils reflected local topography and
whether the ADER estimated from soil samples agreed with the ranges of
the surrounding ambient ADER.

3. Results and discussion
3.1. Spatial and temporal distribution patterns of ADER

The ADER were visualized by survey date and plotted with elevation
(m) to show the ADER changes over the hillslopes (Fig. 3). We used
different satellite images of the site for July/August 2018 and January
2019 to show the vegetation and ground condition differences between
the seasons (note: the images were not of the exact survey dates). "S1"
and "S2" were added to the July and January maps and plots to show the



M. Yasumiishi et al.

spatial segments against elevation. White triangles indicate areas with a
steep slope.

Depending on the survey routes and measurement timing, the ADER
fluctuated (Fig. 3), and the highest ADER in the forest varied among the
survey dates. The highest ADER, measured on July 27, was 3.73 pSvh™?
(Fig. 3a). Fig. 3a [1] and [2] indicate locations where the ADER were
above 3.00 pSv h™l. The August 17 measurements did not observe
values above 3.00 pSv h™! with the highest measurement being 2.31 puSv
h~!. On January 12 (Fig. 3c), the survey started in the middle of the
ascending slope. The highest rate on January 12 was 2.25 pSv h™!, near
the easternmost point along the ridge, which was the same area where
the July 27 measurements recorded the highest ADER (Fig. 3a [2]). The
July 27 and January 12 routes overlapped in the ridge area, and the
January 12 measurements displayed clear air dose reductions relative to
the July measurements over the same route (Fig. 3a and c).

Fig. 4 shows the ADER distributions (median, mean, and standard
deviation) on the three survey dates. The variations in the actual ADER
measured on different survey dates were larger than changes caused by
nuclear decay alone. For example, the smallest median difference in the
measured ADER was between August 17, 2018 (1.72 pSv h™1) and
January 12, 2019 (1.34 pSv h’l) (Fig. 4), with a decrease of 22.09%.
However, the reduction by only *’Cs decay between August 17, 2018
and January 12, 2019 should have been 0.93%. The significance of
variations among the ADER on the three survey dates was checked with
ANOVA. The ANOVA results indicated significant variance differences
between the measurements for July 28 and August 17, August 17 and
January 12, and July 28 and January 12 (p < 0.001 for all three
ANOVAs). We concluded that the ADER differences among the three
survey dates were statistically significant and that environmental fac-
tors, in addition to nuclear decay, affected the differences. Moreover,
some of the ADER exceeded the maximum permissible level (0.23 pSv
h™1) of the Japanese standard limits as they ranged from 1 pSv h™! to
3.73uSvh L.

3.2. Spatial dependency ranges

Semivariograms were created for each survey date to check the
spatial dependency ranges of the ADER (Fig. 5a—c). The July 27 semi-
variogram (Fig. 5a) showed unusual trends in that these semivariograms
decreased once and then increased with lag distance. We interpreted this
as a manifestation of the first sill reached within a very short distance.
The semivariogram ranges on the ascending slopes were approximately
<10 m on July 27 and approximately <50 m on August 17 (Figs. 5a and
5b). The semivariogram ranges at the ridge area were approximately
<10 m on July 27 and < 100 m on January 12 (Figs. 5a and 5c). These
results showed that the distance within which the ADER were correlated
varied depending on the survey timing and path selection. Another

Jul 27,2018 Aug 17,2018 Jan 12, 2019

4.00
. Median
?‘C 3.00 ()Mean
%)
= 2.46
x 2.00
11]
[m]
< - o
1.00 e
0.00 (2.4410.63) (1.73t0.22)  (1.39:0.27)

Fig. 4. Comparisons of ADER distributions and medians (uSv h™!) on the three
survey dates. Whiskers extend to the 1st quartile-1.5 inter-quantile range (IQR)
and the 3rd quartile + 1.5 IQR.
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difference between July 27 and the other two dates was that its semi-
variogram (y) was one order of magnitude smaller than on August 17
and January 12. On July 27, the spatial dependency of the ADER was
confined to a very short distance compared with those on August 17 and
January 12. These variations in ADER and their spatial dependency
ranges raised questions about why those values were not consistent in
the same undulating topography on different dates and what the dif-
ferences in the background factors might be. These questions led us to
investigate meteorological factors.

3.3. Meteorological factors

Although the summer measurement dates were only three weeks
apart, and the vegetation conditions were similar, the August ADER
were closer to those measured in January than to those measured in
July. Moreover, spatial dependency distances differed between July 27
and August 17. Because topography was a consistent background factor,
a potential factor in these differences was the climate. We, therefore,
examined the meteorological records for litate Village, Fukushima Pre-
fecture (Table 1). The climatic data presented in Table 1 were recorded
at a monitoring station of the Japan Meteorological Agency, which is
about 6 km from the study site forest. The study area had not received
significant rain for 15 days prior to the July 27 survey date (Fig. S1).
However, the site received, in total, about 160 mm of rain between
August 6 and 12, with 30 mm on August 16, 2018, the day before the
August survey date. The soil samples were all collected in July, when the
ground had not received measurable precipitation for days prior to the
collections. The average water content percentages (calculated as [(wet
soil weight — dry soil weight)/dry soil weight]) in the soil samples
collected in July at a 10-cm depth varied from 40.8% to 100% (roughly
field capacity to saturation). In August, the soil water content was ex-
pected to be higher due to precipitation in the week and on the day
before the August ADER survey. On January 12, 2019, approximately
1-3 cm deep of snow was on the ground.

Gamma-ray spectrometry is used to measure soil moisture content
(Baldoncini et al., 2018, 2019) based on past findings that soil moisture
is inversely related to the gamma radiation signal (Carroll, 1981). Thus,
soil wetness influences the ADER near the ground surface (Yoshioka,
1994) and can lead to erroneous gamma-ray readings (Erdi-Krausz et al.,
2003; Mikailova et al., 2021). Schimmack et al. (1998) found that when
rainfall saturated the soil, the absorbed dose rates (nGy h™1) decreased
by approximately 60% compared to those in dry soil. Nakanishi et al.
(2022) reported that in forested areas in Fukushima Prefecture, the
ADER decreased during rainfall as the soil moisture content increased.
Snow cover can also cause an additional decrease in the ADER because it
shields the gamma rays from the ground surface (Ishizaki et al., 2016;
Omori et al., 2016). According to Nagaoka et al. (1988), the gamma-ray
exposure rates (UR h™1) at snow-covered sites were 17%-36% lower
than the rates over bare ground. In particular, Komissarov and Ogura
(2020) found that during periods of stable snow cover in Miyagi Pre-
fecture, the ADER increased with decreasing snow thickness. This was
because the measurement distance between the soil surface and the
gamma survey scintillator varied due to changes in snow depth and
because snow absorbed radioactive emissions and acted as a protective
screen. Thus, we conclude that the soil moisture on August 17 and the
snow cover on January 12 affected the ADER measurements above the
ground.

Another climatic factor that varied among the survey dates was wind
speed (Table 1). On August 17, 2018, the wind speed was more than
twice that on July 27. The wind speed was about the same on July 27
and January 12, 2019. Based on airflow models in a forest (Yamada,
1982; Melese Endalew et al., 2006, 2009), the higher wind speeds and
the openness, due to less canopy, in the ridge area on January 12
influenced airflows in the forest. However, the wind does not affect the
gamma-rays emitted from masses such as soils. The strong winds move
surface soil particles and change the distribution of those particles;
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Fig. 5. Directional semivariograms on the three sur-
vey dates. (left) Semivariograms (y) in pSv h! by
walking path direction. (right) The azimuths of the
survey path directions and spatial dependency ranges.
In all diagrams, red represents the path on the
ascending slope. Green represents the path along the
ridge. Semivariogram model settings: Lag distance (a
minimum separation distance between samples) 10 m;
maximum model distance 200 m (calculated by Isatis.
neo™ geostatistical software).
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Table 1

Meteorological conditions on each survey date. The data were extracted from
the Japan Meteorological Agency website (https://www.data.jma.go.jp/). Daily
precipitation, hourly wind, and air temperature data are listed in Supplementary
Material 2.

July 27, 2018 August 17, January 12,
(14:00-17:00) 2018 2019
(12:00-14:00) (12:00-14:00)

Average air temperature 21.8 19.6 1.9
(9]
Wind direction (azimuth, °) 68-135 293-315 293-315
Average wind speed 2.9 7.6 2.9
ms™M
Precipitation (mm) 0 0 0
(snow on the
ground)
Number of days since 14 days 1 day 13 days
precipitation and its (1.0) (30.0) (1.0)

amount (mm day’l)

however, the effects of the suspension and redeposition of soil particles
are small in a forest where the ground is well-covered by the vegetation
and canopy. Thus, this study does not consider that wind speed differ-
ences were a factor of the ADER measurement variations across survey
dates. However, in future studies, it would be worth examining the effect
of wind on the ADER in locations where wind significantly affects sur-
face soil suspension and wind erosions.

Considering the moisture factor, we conclude that the July 27, 2018
measurements provided the most accurate ADER readings, as they were
measured above dry soils.

3.4. Topographic effects

3.4.1. Model predictions by single topographic parameters

The MARS models with a single topographic parameter demon-
strated a nonlinear relationship between the ADER and the topographic
parameters, and the model functions differed depending on the survey
date and routes (Fig. 6). In general, the MARS models predicted that the
ADER were positively correlated with elevation on July 27 (Fig. 6a E)
and August 17 (Fig. 6b E), although the upward trend changed at the
highest elevations. On January 12 (Fig. 6¢ E), the model represented an
inverse trend against the elevation. The survey route on that day was
confined to the ridge area with little topographic variation, and one
location with an elevated ADER toward the eastern edge of the path
influenced the prediction.

The models utilizing slope degrees (Fig. 6-S) displayed a consistent
trend across the survey dates: the steeper the slope, the lower the ADER.
This is consistent with the hypothesis suggested by Komissarov and
Ogura (2020) that on steep slopes, where erosion occurs more inten-
sively, the radiocesium is washed out faster from the soil via surface
runoff, thus reducing the radionuclide concentration in the soil and,
consequently the ADER. The models showed coefficient changes at
approximately 5 to 11 slope degrees on all dates. However, the surveys
skipped the steeply sloped area on July 27, 2018 and January 12, 2019
(area marked with triangles in Fig. 3a—c). It is possible that if the surveys
had continued over that area, the model functions would have shifted
according to the higher slope degrees.

In models for hillslope aspects (Fig. 6-A), the ADER showed an
increasing trend toward the peak measurement directions (sine = 1.0),
facing north—northeast. According to Komissarov and Ogura (2020),
after the FDNPP accident, radionuclides were mostly deposited from the
radioactive aerosol cloud onto land covered by snow in the Tohoku re-
gion. During the snowmelt period (April-May), the highest vol-
umes/intensities of surface runoff were recorded on slopes with a
southern aspect, medium volumes were recorded on western and eastern
aspect slopes, and the lowest volumes were recorded on slopes with a
northern aspect (runoff coefficients: 0.71, 0.49, and 0.38, respectively).
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Thus, in 2011 and in the following years, the radionuclides were washed
out faster with runoff from slopes of southern, western, and eastern
aspects. Whereas the lateral migration of radionuclides throughout the
slope with the northern aspect was slow, leading to increased ADER due
to the accumulated radionuclides in the ground. Our model results are in
accordance with the fact that the survey routes were mostly on north-
and northeast-facing slopes. The July 27 model for the hillslope aspects
overestimated the ADER and returned an unrealistic upward trend
(Fig. 6a-A [1]), owing to a greater than 1 pSv h~! increase in specific
aspect degrees on that day (Fig. 3a).

The MARS models predicted that the ADER would negatively
correlate with the plan curvature (Fig. 6-P): the more convex the cur-
vature (positive curvature index numbers), the lower the ADER. The
upslope distance length did not have a consistent influence on the ADER.
On July 27, the model for upslope distance overestimated the ADER at
the point of longer upslope distance (Fig. 6a-U [2]). This overestimation
suggests that, on that day, higher ADER were concentrated in an area
surrounded by longer hillslopes.

The importance rankings for the individual topographic parameters
in the ADER prediction varied among the survey dates as well as be-
tween routes. The hillslope aspect was consistently shown to be
important, reflecting the survey path selection. Elevation was not
ranked as the most important factor on any survey date but was
consistently ranked at mid-level importance and never fell to #5 (least
important). When the survey covered the longest range of the hillslope
on July 27, upslope distance, elevation, and slope degrees were the most
important factors, while plan curvature was the least important. This
result indicates that when a wider area was covered, the effect of local
ground curvature was obscured by the effects of larger-scale topographic
structures.

The MARS model hinges and coefficients are listed in Supplementary
Material 3.

3.4.2. Model predictions using all topographic parameters

The ADER were predicted by using all five topographic parameters
with MARS for each survey date, and the model accuracy was evaluated
using a coefficient of determination (Rz), which was at least 0.54 or
larger (Fig. 7). These results show that all five topographic factors
interactively influenced gamma-ray readings. Moreover, these results
demonstrate the ability of MARS to overcome missing values and
nonlinear relationships between the independent and dependent
variables.

The July 27 (Fig. 7a) prediction result showed a row of dots at the
same predicted values, indicating the limitation of the model. Exam-
ining the original data plot on that day (Fig. 3a [S2]), a wide range of
ADER were measured in the ridge area around an elevation of 675 m.
This model outcome indicates that other factors in the ridge area, which
were not captured in the model settings, contributed to the large vari-
ations in the ADER at that elevation.

A previous study at the same site examined the relationship between
topography and soil radiocesium contamination levels and found that
topographic factors explained up to 46.75% of the contamination
deviance (Yasumiishi et al., 2021). Combining this result with the cur-
rent research, the topography could explain approximately 50% of the
environmental radioactivity (50% maximum for the soils and 50% or
above for the ADER) at this study site.

3.4.3. Vegetation cover impact

The July 27 and August 17 surveys were conducted in areas with
deciduous and evergreen trees. Broad-leaved deciduous forests (49.1%
of the forested area) and evergreen coniferous forests (47.0%) are the
dominant forest types in the Fukushima Prefecture heavily affected by
the FDNPP accident in Japan (Hashimoto et al., 2012). The tree canopy
of the evergreen coniferous forests acted as an efficient filter for the
atmospheric plume of 3’Cs from the FDNPP accident; therefore, a large
proportion of 13’Cs was initially intercepted and retained by the tree
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Fig. 7. Scatter plots of predicted and actual ADER on each survey date, with model equations and R?. The solid blue lines indicate trendlines with 95% confidence
intervals. The dotted blue lines indicate y = x (a perfect prediction). In the July 27 plot, a row of the same predicted values appeared, indicating a model limitation.

canopy and was subsequently transferred to the forest floor via processes
such as throughfall, stemflow, and litterfall. In contrast, the
canopy-interception effect was less significant in the broad-leaved de-
ciduous forests compared to the evergreen coniferous forests because the
deciduous forests were leafless at the time of the accident (Koarashi
etal., 2016). Koarashi et al. (2016) found that the gamma-ray dose rates
were significantly (p < 0.01 via the unpaired t-test) higher at the ever-
green coniferous (Japanese cedar-dominated) forest site (0.34 + 0.04
pSv h~1) than at the broad-leaved deciduous forest site (0.26 + 0.09 uSv
h™1) in the southwestern part of Fukushima City. Contrary, Kato et al.
(2018b) observed that ambient dose rates in mixed broad-leaved forest
and deciduous forests were higher than in evergreen conifer forests
within Fukushima Prefecture.

According to the aerial winter image (Fig. 3c), the dividing point
between those two tree types was at an elevation of approximately 580
m. We grouped the air dose measurements into evergreen and deciduous
areas to evaluate the effects of vegetation type on ADER (Fig. 8). The
areas under the evergreen trees showed higher average ADER (about
4%) than the areas under the deciduous trees in absolute measurements.
However, the differences were not statistically significant. The p-values
calculated via ANOVA for the mean differences between the evergreen
and deciduous areas were 0.90 on July 27 and 0.30 on August 17. Thus,
vegetation cover type was determined to be a non-significant factor on
this hillslope.

3.5. Radiocesium distribution and comparison of actual versus estimated
ADER

Total radiocesium concentrations (134Cs + 1¥7Cs down to 30 cm
depth) in soils were calculated and mapped (Fig. 9). The concentrations
were higher at the hill bottom and in the midslope at zones of sediment
accumulation with low slope gradients. Soil samples #11 (midslope) and
#23 (ridge) are closest to the locations where the highest ADER were
recorded (Fig. 3a [1] and [2]). The total radiocesium activity in sample
#11 was the fourth-highest (434 kBq kg™1), but the radiocesium activity
in #23 was only the fifteenth-highest (165 kBq kg™!). The spatial dis-
tribution patterns of soil contamination levels (Fig. 9) and actual ADER
levels (Fig. 3) did not coincide completely. The variability of radionu-
clides concentrations in the soil samples confirmed the findings of past
research, such as that by Kato et al. (2017), showing that radionuclide
contamination in soils can be heterogeneous, even at short separation
distances, and that sometimes contamination patterns are not consistent
with location elevation changes.

Fig. 10 shows the vertical profiles for *’Cs concentrations, relaxa-
tion mass depth (), and 3#Cs and '7Cs inventories for all soil samples.
In all soil cross-sections (except three: #1, #2, #9), the strongest 137¢cs
activities were found in the topmost layer. This is consistent with other
investigations conducted in different parts of Japan. For example, Kato
et al. (2012), Teramage et al. (2014), Konoplev et al. (2016), and
Yoschenko et al. (2022) found that most (80-90%) of the fallout
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Fig. 8. ADER on July 27 and August 17 divided according to elevation: 580 m or below for the evergreen area and above 580 m for the deciduous area (horizontal
solid bars: median; numbers: median values; circles: mean). Whiskers extend to the 1st quartile-1.5 inter quantile range (IQR) and the 3rd quartile + 1.5 IQR.
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Locations #1 and #2 were close, so the dots overlap. Concentrations were
ranked based on geometric classification into seven levels using ArcGIS 10.8.1.
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radiocesium originating from the FDNPP accident either over time, or on
different observed times was found in the upper 5 cm topsoil layer.
There were two reasons for the radiocesium activity peaks not being in
the top soils in the three (#1, #2, #9) samples: sediment accumulation
with soil particles that have eroded and translocated from upslopes, and
accelerated infiltration due to water pooling on the ground surface.
Particularly at sampling location #1, coarse sandy soil particles pre-
sented on the surface and displayed very low radiocesium concentra-
tions in the top 10 cm depth. 37Cs are known to be strongly adsorbed by
clay mineral fractions (He and Walling, 1996; Koarashi et al., 2012;
Maekawa et al., 2015). At this location, 1) fine particles had been
washed away or buried by larger soil particles with lower concentrations
of radiocesium, and 2) water pooling and infiltration due to a low slope
gradient, had combined to result in a bell curve in *Cs accumulations
with depth.

Next, the ADER estimated from the soil samples were compared with
the actual readings against elevation (Fig. 11). The soil sample numbers
in Fig. 11 correspond to the numbers in Figs. 9 and 10. Soil samples
located less than 10 m from the ADER survey routes are marked with
square boxes. About half of the ADER estimated from the soil samples
were within the range of the field measurements. However, there were
large variabilities among the estimated ADER, and they did not exhibit
conspicuous spatial patterns with varying elevation or correlate to the
actual ADER.

The estimated ADER from soil sample #9 was beyond reasonable
ranges, even considering the possible heterogeneity of radionuclides
contaminations in the soils. In sample #9, the maximum radiocesium
concentration was not in the topmost layers, and !'*’Cs activities
exceeded a total of 500 kBq kg~ at 4-8 cm depth. The estimated ADER
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Fig. 11. Scatter plot of actual ADERs (dots) and the estimated ADERs from soil
contamination profiles (triangles) with soil sample numbers corresponding to
the numbers in Figs. 9 and 10. Soil samples located less than 10 m from air dose
survey routes are marked with square boxes.

from soil samples #2 and #11 were also beyond the range of the actual
measurements. In soil sample #2, the maximum 137¢s concentration was
observed at 8-10 cm depth, while in #11, 92% of total 137Cs activities
were in the topmost layer. The variabilities between the ADER estimated
from individual soil samples were larger than those between the ADER
observed in the field. These excessive over-estimations present a limi-
tation in estimating ADER by using relaxation mass depth () from non-
exponential radiocesium attenuation curves in locations where surface
soil depositions or accelerated downward migration of radiocesium are
possible.

Clouvas et al. (1999) found a conversion factor of 1 nGy h~! from
137Cs inventory (1 kBq m™~2) to absorbed gamma-ray dose rate using soil
samples collected in northern Greece (Antonopoulos-Domis et al.,
1997), numerical modeling, and in-situ gamma spectrometry. In this
study, the average concentration of 1*’Cs to 30 cm depth (1,441 kBq
m’2) and the average ADER of 1853.33 nSv h! (1.853 pSv h’l) led to
a'¥’Cs inventory to ADER conversion rate of 0.78 nSvh ! for 1 kBqm ™2,
which is not far from the estimate by Clouvas et al. (1999). These au-
thors cautioned that their factor applied only to forest ecosystems
similar to their study forest. This study also cautions readers that our
conversion factor is a reference value particular to our study site forest
with a limited number of soil samples. Still, it is worth investigating
whether the soil depth-averaging method could lead to more accurate
ground contamination to ADER estimates than using depth distribution
patterns of radionuclides in soils.

3.6. Implications for future environmental radioactivity measurement and
management

The findings of this study have implications for future ADER mea-
surements and environmental radioactivity management in forested
areas.

The first implication is for near-ground survey planning. This study
revealed that the median ADER in a forest could vary by more than 1 pSv
h~! depending on measurement timing and routes, which are influenced
by local topography and meteorological conditions. A one-time survey
in part of a forest might not present an accurate picture of ADER dis-
tributions in the forest, leading to an inaccurate assessment of radiation
exposure risks for humans engaging in forest activities. Therefore mul-
tiple near-ground surveys on different survey routes and under different
meteorological conditions are necessary to understand the dynamics of
radioactivity in forested areas.

The second implication is for ADER survey methods. IAEA TECDOC-
1363 (Erdi-Krausz, et al., 2003) suggests that the flight lines of airborne
radiation surveys are usually tens of meters to 1 km apart. It is
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challenging for a high-altitude survey to capture the hotspots that can be
captured in a ground survey. For example, the JAEA conducted an
airborne survey using a manned helicopter in mid-November 2018, the
year in which this study conducted its summer surveys. No precipitation
was recorded for 18 days prior to the airborne survey. Mid-November in
northeastern Japan is the season of autumn foliage, and deciduous trees
have not yet shed all their leaves. A map created from the JAEA data
shows that the ADER were in the range of 1.1-2.0 pSv h™! in the study
site area (Fig. 12) (JAEA, 2021). In contrast, our surveys recorded ADER
above 2.0 pSv h™! on all three survey dates, suggesting that the
high-altitude airborne survey did not capture the micro-variations of
ADER under the canopy, including hotspots with high levels of radio-
activity. Hotspots in forested areas pose higher health risks for residents.
Conducting both high-altitude and near-ground ADER surveys in the
same forested area as soon as safe access is allowed would enable both
rapid wide-area contamination assessments and hotspot risk assess-
ments in a forested topography.

The third implication is the necessity of a 3D topographic approach
in ADER modeling. Considering that many nuclear-related facilities are
located in remote mountainous areas, if researchers need to understand
the consequences of radioactive fallout and radioisotope transport in a
forest, incorporating three-dimensional (3D) space features of natural
topography into ADER modeling is critical. A limited number of re-
searchers are already embarking on ADER modeling using 3D geometry
(Schwarz, et al., 1992; Atarashi-Andoh, et al., 2015; Malins et al.,
2015a).

The ground-to-air conversion model used in this study is a well-
established methodology. However, the conversion factors are
modeled based on a planar ground surface and the assumption that the
largest ground contamination is found in the top layers of soils. Malins
et al. (2015a) concluded that uneven topographies could lead to a 50%
change in the ADER at the height of 300 m compared to a situation
where the ground was uniformly flat. Based on numerical models,
Schwarz et al. (1992) indicated that ADER measurements in a location
surrounded by an ascending slope resulted in higher ADER compared to
measurements on a flat and open surface because the radioactive source
(the ground) was closer to the detector in the former case. The contrary
was true for slopes that descend away from the detector. Even if re-
searchers increase the number of soil samples and estimate ADER from
the samples in an area, the estimated environmental radioactivity might
not reflect reality if the surrounding angled topography is not consid-
ered. It is possible that decontaminating surface soils in flat areas sur-
rounded by slopes will not lead to the intended ADER reduction. In
undulating topography where water pooling, sediment accumulation,
and surface blocking by snow occur, ground-to-air relation models
require additional parameters than vertical migration of radionuclides.
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Fig. 12. ADER estimated by airborne survey conducted in November 2018. The
map was created using ESRI ArcMap 10.8.1. Data source: JAEA (2021).
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4. Conclusions

In this study, we examined the relationships among gamma-ray
ADER, topography, and radiocesium contamination levels in soils in a
forest in Fukushima prefecture approximately 7.5 years after the FDNPP
accident. The hand-held and backpack-type scintillators used in this
study enabled near-ground measurement across the undulating surface
of the forest. The ADER exceeded the maximum permissible level (0.23
uSv h™1) set by the Japanese government and ranged from 1 pSv h™* to
3.73 pSv h L. The topographic influences on the ADER were assessed on
three dates at the same study site using MARS with five topographic
parameters. The study demonstrated the heterogeneous distribution and
changeability of the ADER under the canopy. The MARS results suggest
that topographic influences could explain at least half of the variability
in ADER distribution. Although the survey paths did not completely
overlap, the changeability in absolute ADER by date was clearly
demonstrated. We concluded that ground wetness contributed to a
suppression of the ADER and ADER variability, whereas tree type did not
make a significant difference to the rates. Radiocesium contamination
levels in soils only partially coincided with the distribution patterns of
the actual ADER. About half of the ADER estimated from the soil samples
were in the range of actual ADER but lacked a clear correlation with
elevation or actual ADER. These results demonstrate that a one-time
ADER survey and the existing ground-to-air conversion method may
be insufficient for understanding environmental radioactivity pathways
and their interactions in a forest. In the quest to decode environmental
radioactivity, near-ground ADER measurements can complement high-
altitude surveys, helping researchers to better understand the effects
of topography on these measurements and, thus, facilitating the devel-
opment of more accurate environmental radioactivity pathway models.
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