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ABSTRACT

The Fukushima Daiichi Nuclear Power Plant accident caused a radioactive contamination of
deposited radionuclides, including *’Cs, on the land surface. Cesium-137 deposited on the land
surface was strongly adsorbed on soil particles and was then washed off through soil erosion.
Trends of temporal variation of '*’Cs wash-off varied greatly depending on land use. Therefore,
it is important to reflect the characteristics of '*’Cs migration processes in each land use to
clarify the long-term fate of '*’Cs. In this study, a 30-year simulation of environmental fate of
137Cs was conducted using a distributed radiocesium prediction model, taking into account the
characteristics of the '3’Cs behavior in each land use. Overall, in the Abukuma River basin, the
137Cs transported into the ocean for 30 years was estimated to correspond to 4.6% of the initial
deposition in the basin, and the effective half-life of '3’Cs deposited in the basin was estimated
to be 3.7 years shorter (by 11.6%) than its physical half-life. These results suggested that '¥’Cs
deposited from the accident could still remain for decades. Based on the analysis of the *’Cs
behavior in land use, in 2011, the contribution of *’Cs export to the ocean from urban lands
was estimated to correspond to 70% of the total '3’Cs export. Meanwhile, from 2012 to 2040,
the contribution of *’Cs export from agricultural lands was estimated to correspond to 75% of
the total '*’Cs export. The reduction ratios excluding radioactive decay of *’Cs remained in
areas with and without human activities for 30 years after the accident, defined as the ratios of
the total outflow to the initial deposition, were estimated to be 11.5%—17.7% and 0.4%—1.4%,
respectively. These results suggested that human activities enhance the reduction of '*’Cs

remaining in land in the past and future.

Keywords: '37Cs transport, Sediment transport, Fukushima nuclear accident, Land use, Long-

term simulation
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1. Introduction

The accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP) caused the deposition
of significant quantities of radionuclides over a wide area around the FDNPP (Ministry of
Education, Culture, Sports, Science and Technology (MEXT) et al. (2011a)). Since significant
quantities of '3’Cs were deposited and '*’Cs has a long half-life (30.1 years), its effective dose
was much higher than that of other radionuclides (MEXT and the Ministry of Agriculture,
Forestry and Fisheries (MAFF), 2012). Matsunaga et al. (2013), Szabo et al. (2012), and Tanaka
et al. (2012) reported that *’Cs deposited on the land surface was strongly adsorbed on soil
particles, especially fine soil particles such as clay and silt. Although *’Cs adsorbed on soil
particles was washed off from the land surface through soil erosion associated with rainfall—
runoff processes, the wash-off amount has been found to be small compared to the deposited
amount (Konoplev et al., 2016; Yoshimura et al., 2015; Wakiyama et al., 2019). These studies
suggested that '¥’Cs could remain on land for a long period of time.

The washed off 1*’Cs is transported into the ocean through river network. Cs-137 exists as
both dissolved and particulate forms in water. Based on monitoring studies in Fukushima
Prefecture, the particulate fractions of '¥’Cs activity in river were 27%-85% of the total '*’Cs
activity in the normal flow condition (Nagao et al., 2013; Ueda et al., 2013; Tsuji et al., 2014;
Ochiai et al., 2015) but were more than 90% in flooding events (Nagao et al., 2013; Ueda et al.,
2013). Nagao et al. (2013) reported that the distribution coefficient of '3’Cs between suspended
solids and river water in the Fukushima Prefecture was two orders higher than that in Ukraine
after the Chernobyl nuclear accident. This result suggested that *’Cs in river in the Fukushima
Prefecture is strongly adsorbed on suspended sediment. Therefore, it is necessary to predict soil
wash-off from the land surface and subsequent sediment transport in rainfall-runoff processes
to clarify the long-term fate of '¥’Cs.

Previous studies reported the importance of land cover in terms of mobility of '*’Cs outflow
3
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(Smith et al., 1998, 2004). Land use is an important factor for '*’Cs outflow because land use
has a significant impact on land cover. Since trends of temporal variation of '*’Cs
concentrations in washed off soil through soil erosion varied greatly depending on land use
(Konoplev et al., 2016; Yoshimura et al., 2015; Wakiyama et al., 2019), its spatial pattern in the
river catchment had a significant impact on the distribution and concentration of *’Cs in a river
(Tsuji et al., 2019; Delmas et al., 2019). Therefore, it is important to reflect the characteristics
of land use to model the '3’Cs migration processes. Previous studies reported that the migration
processes and the long-term behavior of '*’Cs in each land use differ greatly. The following
three paragraphs describe the characteristics of 1*’Cs behavior in each land use.

Most '¥’Cs which fell out on the forest areas was deposited on the canopy (Imamura et al.,
2017; Kinnersley et al., 1997; Komatsu et al., 2016; Tikhomirov and Shcheglov, 1994). Cesium-
137 was migrated to the organic layer by throughfall, stemflow, and litterfall (Bunzl et al., 1989;
Kato et al., 2017; Kato et al., 2019). A large amount of '¥’Cs was still retained in the organic
layer even a decade year after the Chernobyl nuclear accident (Rafferty et al., 2000). By contrast,
137Cs rapidly migrated from the organic layer to the underlying mineral soil in Japanese forest
ecosystems (Muto et al., 2019; Takahashi et al., 2019).

Croplands and paddy fields are classified into disturbed and undisturbed land, each with
different wash-off characteristics. Through soil disturbance due to cultivation, a disturbed
cropland soil has a constant '¥’Cs concentration at the surface layer regardless of the depth from
the land surface (Owens et al., 1996; Yamaguchi et al., 2012). The decrease of '*’Cs
concentration in washed off soil from disturbed paddy fields occurred in two phases, namely, a
steep decrease in the first 6 months after the FDNPP accident, followed by a slower decrease
(Yoshimura et al., 2016; Onda et al., 2020). The vertical distribution of '*’Cs concentration in
the undisturbed croplands and paddy field soil was approximated by an exponential function in

the early phase after the accident (Koarashi et al., 2012; Lepage et al., 2015; Owens et al., 1996;
4
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Takahashi et al., 2015) and *’Cs in soil then could migrate downward (Staunton et al., 2002;
Takahashi et al., 2015; Takahashi et al., 2018).

Cesium-137 which fell out onto urban lands was deposited on paved grounds, roofs, and
permeable grounds such as soil (Jacob et al., 1987; Roed, 1987; Yoshimura et al., 2017).
Previous studies suggested that a large amount of '*’Cs was washed off from paved grounds
and roofs within the first year after the nuclear accident, while the amount of washed off '3’Cs
from permeable grounds was small compared to the deposited amount (Andersson et al., 2002;
Jacob and Meckbach, 2000; Yoshimura et al., 2017).

Therefore, it is important to reflect the characteristics of '*’Cs migration processes in each
land use to clarify the long-term fate of '3’Cs. Based on the observed *’Cs concentration in
suspended sediments in the Abukuma River, Taniguchi et al. (2019) estimated the contributions
of ¥7Cs export according to land use sources using multiple regression analysis. The result
indicated that areas with human activities contributed more significantly to '*’Cs export than
forest areas. Several numerical studies on the environmental fate of '3’Cs have been carried out
since the FDNPP accident (Iwasaki et al., 2015; Kitamura et al, 2014; Kinouchi et al., 2015;
Liu et al., 2019; Pratama et al., 2015; Wei et al., 2017). However, these studies did not conduct
a long-term simulation of the environmental fate of '3’Cs, considering in detail the
characteristics of *’Cs behavior in each land use. This study aims to clarify long-term fate of
137Cs on land to evaluate future radiation exposure doses. In this study, 30-year simulation of
environmental fate of '*’Cs in the Abukuma River basin was conducted using a distributed
radiocesium prediction model, taking into account the characteristics of '*’Cs behavior in each

land use.

2. Model

2.1 Distributed radiocesium prediction model
5
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A distributed radiocesium prediction model was used to simulate the long-term fate of '*’Cs
in the Abukuma River basin. The model used in this study was an improved version of the
model developed by Ikenoue et al. (2020) to reflect the characteristics of 1*’Cs behavior in each
land use. This model is composed of a hydrological model, a sediment transport model, and a
37Cs transport model. The hydrological model simulates water flow in the rainfall-runoff
processes based on channel network, geographical, and meteorological data. The sediment
transport model calculates soil erosion and subsequent sediment transport based on the
simulated water flow and soil erosion parameters. The '*’Cs transport model analyzes the
transport of washed off '*’Cs adsorbed on the eroded soil particles based on the simulated
sediment transport and '¥’Cs deposition data. Considering the accuracy of the model, the

temporal resolution is 1 day.

2.2 Hydrological model and sediment transport model

The hydrological model is based on the distributed hydrological model developed by Kojiri
et al. (2008). It represents water cycle processes, such as snowmelt, snowfall, infiltration,
surface runoff, subsurface flow, and groundwater flow. The computational domain is divided
into computational grids with a horizontal resolution of 1 km x 1 km, and the computational
grids act as the river flow network. Each computational grid consists of river and land, which
is divided into four land use categories, namely, croplands, forest areas, urban lands, and paddy
fields.

The sediment transport model considers advection, diffusion, sedimentation, resuspension,
and the lateral inflow load of the suspended sediment. The mass balance of the suspended
sediment in the rives is expressed as a one-dimensional equation (Ikenoue et al., 2020). The
mobilized soil particles were divided into four categories, namely, clay (0.45-2 pm), silt (2-20

um), fine sand (20-250 um), and coarse sand (250-2000 pm), to consider the difference in the
6
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transport characteristics due to soil particle size (Ikenoue et al., 2020). The Universal Soil Loss
Equation (USLE) (Wischmeier and Smith, 1978) was used to estimate soil erosion. The USLE

used to calculate soil erosion is represented by

Asgg=RXKXLSXC; X P, (D)

where Agg; is the soil erosion rate per unit area (t ha™! 10 min™!), R is the rainfall and runoff
factor (MI mm ha ' h™! 10 min!), K is the soil erodibility factor (th MJ ! mm™), LS is the
topographic factor (—), C 1is the cover and management factor or land use factor (—=), P is the
support practice factor (—), and [ indicates land use categories. In the sediment transport model
and the 13Cs transport model in this study, land is divided into six land use categories. In six
land use categories, dc, udc, udp, ul, fa, anddp indicates disturbed croplands,
undisturbed croplands and paddy fields, urban lands, forest areas, and disturbed paddy fields,
respectively. Undisturbed croplands include abandoned croplands, orchard, and grassland,
while paddy fields include abandoned paddy fields and planting-restricted paddy fields. The

lateral inflow load of the sediment is expressed as follows:

fssl — SDRIASSIMgwcell’ (2)
fss =Zif sqr 3)

U's71), SDR, is the sediment delivery ratio (-), and

where f__is the lateral inflow load (g m~
W en 1s the width of the computational grid (m). In this study, the SDR; in paddy fields was

set as 1.0 because paddy fields are directly connected to the rivers and SDR; in other land uses

was calculated based on USDA-SCS (1983).
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2.3 137Cs transport model

Cesium-137 in river in the Fukushima Prefecture is strongly adsorbed on suspended
sediments, and the particulate form of '*’Cs significantly contributes to the transport of '*’Cs
through rivers. The soil pH at the surface layer ranged from 4.1 to 6.1 and the soil had weakly
acidic (Koarashi et al., 2012; Takahashi et al., 2015). Abukuma River basin does not have
waterlogged sites most of the year. These results suggested that particulate form dominates
137Cs transport. Therefore, *’Cs transport is modeled under the assumption that it does not
dissolve in the river water. In the '*’Cs transport model, the concentration of particulate '3’Cs

in the channel flow is calculated as

SiEnf A
4

0 d 0 6(C55Rriv) ArCssRyriy Ar
ot (ArCseriv) + o (ArUCseriv) = ax (ArDss Ax ) - Wy H, + qssRsedR_r +

AArCSSRrim (4)

where A, is the stream cross-sectional area (m?), Cs is the suspended sediment concentration
(g m>), U is the cross-sectional flow velocity (m s '), D, is the diffusion coefficient (m?
s, wy s the settling velocity of the suspended sediment (m s!), H, is the depth of the water
(m), q,, is the resuspension quantity per unit area (g m2s!), R, is the hydraulic radius (m),
A; is the catchment area (m?), A is the decay constant (s '), and Ry, Rseq, and Er; are the
concentrations of *’Cs (Bq g!) in the suspended sediment, the riverbed sediment, and the
eroded soil, respectively.

Ikenoue et al. (2020) modeled the '*’Cs transport process considering two characteristics. In
the first characteristic, the '*’Cs concentration at the surface layer in disturbed croplands and
paddy field soil is constant, regardless of the depth from the land surface. In the second

characteristic, '*’Cs concentrations in the undisturbed croplands and paddy fields, urban lands,
8
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and forest areas decrease exponentially from the land surface with depth in the early phase after
the accident. However, it was insufficient to represent the long-term fate of '*’Cs and
characteristics of 1*’Cs behavior in each land use. Therefore, this study considered (1) wash-off
from paddy fields based on observation, (2) '*’Cs migration in forest areas between
compartments, (3) downward migration in undisturbed croplands and paddy fields, urban lands,
and forest areas, and (4) wash-off from paved grounds and roofs.

Since no large-scale decontamination work was conducted in the Abukuma River basin
(Ministry of the Environment (MOE), 2022), this study did not consider the impact of
decontamination on the '*’Cs behavior. The soil of disturbed croplands and disturbed paddy
fields was defined as disturbed soil, and the two land use categories have different '*’Cs wash-
off characteristics. Taking into account that the '¥’Cs concentration in disturbed cropland soil is
constant at the surface layer regardless of the depth from the land surface, the concentration of

137Cs in the mineral soil is calculated as

€S4.(0,2) = (g) when z (Z2¢), (5)
Zd
P54D) = )€yt 2), 6)
Erg. = CSdc_(t’O)’ (7)
Pmindc

where CS,(t,z) is the concentration of '3’Cs in the mineral soil (Bq m™), z is the depth of the
land surface (m), B, is the initial amount of deposited '*’Cs per unit area in the soil (Bq m2),
z4 1s the depth (m) of the soil disturbances (= 0.15 m) (MAFF, 2011a), and p,,;,; is the bulk
density of the mineral soil (g m ). Based on monitoring the eroded disturbed paddy field soil,

Erg, is calculated according to Onda et al. (2020) as follows:
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Erg, = (Ap1 exp(—kpita) + Apz exp(—Kkpzts) + Apz exp(—kpsts)) X B, (8)

where Ap1, Apz, and Ap3 are constants (m? g, ky1. kp2, and k3 are decrease rates (s™h,
and t, is the time elapsed since the accident (March 11, 2011) (s™1).

The soil of undisturbed croplands, forest areas, urban lands, and undisturbed paddy fields
was defined as undisturbed soil. Considering the downward migration of '*’Cs in undisturbed
soil, the '*’Cs concentration in undisturbed soil, except the forest areas, is expressed based on

diffusion equation:

2
acsudc,udp,ul(trz) 0 Csudc,udp,,ul (t,2)
ot = Dudc,udp,ul 922 - ACSudc,udp,ul(t: Z), (9)

where D; is diffusion coefficient (m? s™!). Er,; is described later, since '*’Cs wash-off from
urban lands is not only from undisturbed soil but also from paved grounds and roofs. In

undisturbed croplands and paddy fields, ETyqcuap is calculated as follows:

CSudc,udp (t,O)

p minudc,udp

(10)

E Tudc,udp =

Taking into account that the vertical distribution of *’Cs concentration in the undisturbed soil

was approximated by an exponential function, €S;(0,z) is calculated based on Kinouchi et al.

(2015) as follows:

= 0 >Zo)
CSudc,udP,ul,fa(O; Z) (pminudc,udp,ul,faXRtopeXp (_krudc,udp,ul,faXZ)) when z (SZO 5 (1 1)
Rtop — krudc,udp,ul,faXBC ( 1 2)

Pminudc,udp.ul,fa (1—exp (krudcudpul, fa*20)) ’

where Ry, is the initial concentration of *’Cs in the topsoil (Bq g™'), k,; is a relaxation
10
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constant (m™!), and z, is the depth of the on-site measurements (m).
Migration of '3’Cs in forest areas between five compartments (1, external tree; 2, internal
tree; 3, litter; 4, organic soil; and 5, mineral soil) is calculated based on the RIFE1 model

(Linkov et al., 1999) modified by Hashimoto et al. (2020) as follows:

P D P (g 4 K + Kt + DSl 2+ a8, 2), (13)
Q, = J CSpu(t, D)dz (14)
a%=11‘|'k51Q5—(k12‘|'k13‘|‘/1)Q1, (15)
a% = k12Q; + k5205 — (k23 + 1)Q,, (16)
%Z13+k13Q1+k23Q2—(k34+A)Q3, (17)
= La+ k3aQs = (kas + Q. (18)
Iou(t,2) = <@) when z(>9), (19)

where Q,, Q,, Q,, Q,, and Q. are the inventories of '*’Cs within each component, I, I3,
I4, and I5 are the inputs of *’Cs to each component at the time of fallout (Bqm™s™), k;; is
the transfer rate coefficients from the i componentto j component (s!), k., is the outflow
rate from mineral soil (s™!), and I,; is the fallout and '*’Cs migration from organic soils in
forest areas (Bq m > s™!). The forest areas are divided into deciduous forest areas, conifer forest
areas, and other forest areas to consider the characteristics of tree type. In other forest areas,
137Cs migration is applied to Egs. (9)—(12), without taking into account the '*’Cs migration
between the five compartments. The monitoring study of forested river estimated that the
proportion of '¥’Cs discharge contribution by coarse organic matter accounted to 0.0092%—
0.069% (Iwagami et al., 2017). This result suggested that the amount of '*’Cs transported from

the external tree, internal tree, and litter to the river is negligible. Niizato et al. (2020) reported
11
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that the eroded soil in forest areas was a mixture of organic soil and mineral soil, with the
organic soil mass ratio of 85% or more. Therefore, Ery, is calculated as

Cral®0 . O (20)

org Porg

Erfa = Tmin

minfa

where Porg 1 the bulk density of organic soil (g m2) and 7,,, and Torg are the mass ratio of

mineral soil and organic soil to eroded soil, respectively (—).

Urban land is composed of paved grounds, roofs, and permeable grounds. Cesium-137
migration in permeable grounds is calculated using Egs. (9)—(12). Considering the wash-off
characteristics of urban components, this model uses relative inventories (Andersson et al.,
2002; Jacob and Meckbach, 2000; Yoshimura et al., 2017), which are defined as the relative
values of radionuclide inventory on each urban component to that on a nearby permeable
ground. Cesium-137 remained of paved grounds and roofs is represented using relative

inventories as follows:

RI(t,) = Aur:#:tr) = Ay exp(—(ky1 + Dty) + Ayz exp(—(kyz + Dy, (21)

where t, is the time elapsed since the reference date (s™'), RI is the relative inventory (—),
Aurban is P7Cs remained of paved grounds and roofs, A, is the initial amount of deposited
137Cs per unit area in permeable grounds (Bq m2), 4,; and A,, are constant (—), and Kk
and k,, are decrease rates (s !). Each parameter was set based on the temporal trend of RI in
the residence area and evacuation order area. By weighting the decrease of relative inventory,
excluding the radioactive decay in each year with the rainfall and runoff factor R, washed off

137Cs from paved grounds and roofs is calculated as follows:

12
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ARIL, = RI,_, — RI, — De,, (22)

Turban = ggom- X ORIy X A (23)

where RI, is the relative inventory in the nth year (=), ARI, is the decrease of relative
inventory from n — 1 to nth year excluding radioactive decay (=), De,, is the decrease of
relative inventory by radioactive decay from n — 1 to nth year (—), 7yrpan 1S the washed off
137Cs from paved grounds and roofs (Bq m 2 s!), and R, is the rainfall and runoff factor in
the nth year (MJ mmha ' h™! yr™'). Ery; is calculated based on washed off *’Cs from paved

grounds and roofs and the *’Cs concentration in the permeable grounds soil as

Erul — Turban + €Sy (t,0) (24)

b
Sout Pminul

where S,,; is the soil erosion rate per unit area (g m 2 s ').

3. Computational conditions
3.1 Computational domain and period

The targeted area of the Abukuma River basin (basin area ~ 5400 km?), which is the largest
of the basins near the FDNPP, is located 30-100 km from the FDNPP (Fig. 1). The distributed
radiocesium prediction model was applied to the Abukuma River basin for 30 years, from
January 2011 to December 2040. Future meteorological conditions may change due to climate
change. Precipitation is the major factor affecting '*’Cs transport in the impacts of climate
change because it directly affects erosion and '*’Cs wash-off. Fukushima Prefecture (2016)
reported that annual precipitation in Fukushima Prefecture from 2031 to 2050 will be 1.03 to
1.13 times the annual precipitation from 1981 to 2000. Therefore, this report suggested that the

change in precipitation due to climate change does not have a significant impact on '*’Cs
13
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transport. In this study, meteorological data from 2011 to 2020 was repeatedly applied to reflect
the scale of flooding in each year. If we consider the changes in land use in the future, it is
difficult to evaluate the impacts of land use on '*’Cs transport. Therefore, we conducted the
simulation under the assumption that land use will not change in the future. The transport of
137Cs was analyzed starting on May 26, 2011, which was the measurement day of the second
airborne survey (MEXT et al., 2011b). Since no large precipitation event occurred between the
accident and on May 26, 2011 (Japan Meteorological Agency, 2011), the amount of washed off
37Cs is thought to have been small. Cesium-137 deposition density based on the second
airborne survey (Fig. 1) was calculated as the initial amount of deposited *’Cs in the soil. The
initial depositions were set at 336, 39, 35, 51, 75, 6, and 542 TBq for the forest areas, disturbed
croplands, undisturbed croplands, urban lands, disturbed paddy fields, undisturbed paddy field,
and Abukuma River basin, respectively (MEXT et al., 2011b). The performance of the model
was evaluated at observatories of the Ministry of Land, Infrastructure, Transport and Tourism
(MLIT) along the mainstream of the Abukuma River (Fig. 1), i.e., nine sites (Kosakuda, Miyota,
Akutsu, Motomiya, Nihonmatsu, Kuroiwa, Fukushima, Fushiguro, and Yahata from upstream

to downstream) for the river discharge and one site (Iwanuma) for the particulate form of '*’Cs.

3.2 Input data

The input channel network, geographical, and meteorological data used in the hydrological
model are based on Ikenoue et al. (2020). The relative distribution of land use in the Abukuma
River basin (Fig. 2) were 64.7%, 7.1%, 8.7%, 4.7%, 14.2%, and 0.6% for forest areas, disturbed
croplands, undisturbed croplands, urban lands, disturbed paddy fields, and undisturbed paddy
field, respectively. MAFF (2010), MAFF (2012), and MAFF (2011b) provided the areas of the
abandoned croplands and paddy fields, orchard and grassland, and planting-restricted paddy

fields, respectively. Urban lands are divided into residential area and evacuation order area. The
14
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ratio of area of evacuation order area to area of urban lands is 0.4%.

R, K,and LS were determined based on Wischmeier and Smith (1978), Imai and Ishiwatari
(2007), and Renard et al. (1997), respectively. Similar to Ikenoue et al. (2020), C X P was
determined in this study based on soil erosion monitoring results in the Fukushima Prefecture
(Japan Atomic Energy Agency, 2014; Nagao et al., 2020; Niizato et al., 2020; Wakabayashi et
al.,2018; Wakiyama et al., 2019). C X P was determined by performing geometric mean based
on the obtained € x P values (Table S1). The size distribution and the adsorption rate of '3’Cs
in soil particles were used as the same parameters as that of Ikenoue et al. (2020). Based on
Ikenoue et al. (2020), the same precipitation and geographical data were used to calculate USLE
factors.

The initial conditions of the '*’Cs transport model were set based on the '*’Cs concentration
in the suspended and riverbed sediment provided by MEXT et al. (2011b) and MEXT (2012),
respectively. Parameters related to the vertical distribution of *’Cs concentration in soil (p;in;,
k,;, and D;) were determined based on soil monitoring data in each land use to reflect the
characteristics of land use (Table S2). The forest areas were divided into deciduous forest areas,
conifer forest areas, and other forest areas based on vegetation data (MOE, 1999). 1,,;, and
Torg Were optimized based on the monitoring of 137Cs wash-off from forest areas by Niizato et
al. (2020) (Table S3). Urban lands were divided into paved grounds, roofs, and permeable
grounds based on road data (Fukushima Prefecture, 2010b; Miyagi Prefecture, 2019),
household number (Fukushima Prefecture, 2010a; Miyagi Prefecture, 2011), dwellings data
(Ministry of Internal Affairs and Communications (MIC), 2008), and site area data of office
(MIC and Ministry of Economy, Trade and Industry, 2010). Parameters related to the relative
inventories of paved grounds and roofs (A1, Au2, kuy1, and k) were optimized based on
monitoring data of RI after the Chernobyl nuclear accident (Andersson et al., 2002; Jacob and

Meckbach, 2000), monitoring data of sludge at the Sewerage Management Center (Fukushima
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city, 2022), and monitoring data of RI after the FDNPP accident (Nagao et al., 2020;
Yoshimura et al., 2017) (Table S4). Table S4 presents A,; and A,, that were corrected with

the calculation start date (May 26, 2011) setto t, = 0.

4. Results and discussion
4.1 Model validation

Similar to Ikenoue et al. (2020), the hydrological model performance for simulating the daily
river discharge was evaluated using the statistical indices: mean bias error (MBE), root mean
square error (RMSE), and the Nash—Sutcliffe model efficiency coefticient (NSE) (Nash and
Sutcliffe, 1970). NSE is often used to evaluate the reproducibility of discharge with a large
fluctuation range, in which an NSE value of 0.7 or more indicates good reproducibility of the
model. Table S5 presents the statistical indices of the discharge from January 2011 to December
2018 at each observatory. The hydrological model performance was evaluated at nine sites
along the mainstream of the Abukuma River (Fig. 1) using the daily observation data of the
river discharge provided by MLIT (2018). Since the calculated NSE was greater than 0.7 at all
observatories, the reproducibility of the calculated discharge was good. The calculated daily
discharge at the Fushiguro observatory was in close agreement with the observed value at the
times of flooding and normal flow (Fig. S1).

In validation of the suspended sediment, Yamashiki et al. (2014) estimated that the
cumulative export of suspended sediment at the Iwanuma observatory from August 10, 2011,
to May 11, 2012, was 551 Gg based on observation. The calculated cumulative export of
suspended sediment in the same period was estimated to be 391 Gg. Although the model
somewhat underestimated the export compared to the estimated value based on observation, it
captured the trend of the estimated value.

To validate the temporal variations of 1*’Cs concentration in the topsoil, the calculated value
16
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was evaluated using the entrainment coefficient (S.). S, was defined as the concentration in
the topsoil (Bq kg™') divided by initial deposition per unit area (Garcia-Sanchez and Konoplev,

2009) and is calculated as follows:

€S;(t,0)

PminiBc

Se = (25)

where S. (m? kg™!) is the entrainment coefficient of '*’Cs in the topsoil. Fig. 3 shows the
observed and calculated S, in the mineral topsoil of forest areas (Koarashi et al., 2012;
Matsunaga et al., 2013; Muto et al., 2019; Takahashi et al., 2019), undisturbed croplands
(MEXT, 2013; MEXT, 2016), and undisturbed paddy fields (MEXT, 2016; Takahashi et al.,
2018). By taking into account the migration between tree components and downward migration
in forest areas and the downward migration in undisturbed croplands and paddy fields, the
model reproduced the trend of temporal variation in '*’Cs concentration in the topsoil. Fig. 4
shows the observed (Taniguchi et al., 2020a; Taniguchi et al., 2020c) and calculated daily '*’Cs
concentrations in the suspended sediment at the Iwanuma observatory. Based on the observed
and calculated daily '*’Cs concentrations, the R? and NSE were 0.55 and 0.48, respectively. The
model reproduced the rapid decrease of the '*’Cs concentration within the first year after the
accident and the subsequent gradual decrease of the *’Cs concentration. Fig. 5 shows the
cumulative '3’Cs exports estimated based on observation (Taniguchi et al., 2019; Taniguchi et
al., 2020b) and based on the calculation using the '*’Cs transport model at the Iwanuma
observatory. Based on the monthly estimated and calculated export, the R? and NSE were 0.87
and 0.85, respectively. A distributed radiocesium prediction model reproduced the temporal
trends of the export caused by Typhoon Roke in September 2011 and the subsequent export.
Although the R? and NSE of the daily '*’Cs concentration are slightly low, the model generally
captured the temporal trend of the '*’Cs concentration. The model reproduced the river

discharge and export of suspended sediment and '*’Cs well. Therefore, the overall model

performance was judged to be acceptable. Pratama et al. (2015) reported that their model
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reproduced monthly '3’Cs exports at the Iwanuma observatory within the first year after the
accident. However, cumulative '*’Cs export based on the calculation from one to six years after
the accident was approximately three times greater than that based on observation (Pratama et
al., 2015; Taniguchi et al., 2019; Taniguchi et al., 2020b) because modeling and parameterizing
in land use for the long-term prediction were insufficient. These results indicated that
considering in detail the characteristics of '*’Cs behavior in each land use is important for the

long-term prediction of *’Cs.

4.2 Analysis of the simulated long-term fate of 13’Cs

According to analysis of the simulated long-term fate of '*’Cs, the average '*’Cs
concentration in the suspended sediment at the Iwanuma observatory in December 2040 was
estimated to become 1.8% compared to the average concentration in June 2011 (Fig. 4). The
calculated cumulative *’Cs export at the Iwanuma observatory for 30 years was 25.0 TBq (Fig.
5) corresponding to 4.6% of the initial deposition in the Abukuma River basin.

Fig. 6 shows the temporal variation of the total *’Cs outflows according to land use. The
total 1*’Cs outflow from urban lands dominated within the first year after the accident, and the
contribution of the total 1*’Cs outflow from agricultural lands gradually increased after that (Fig.
6a). Cesium-137 in urban lands and forest areas was rapidly washed off within the first year
after the accident and slowly washed off after that. These results were caused by the rapid '*’Cs
outflow from paved grounds and roofs in urban lands (Fig. 6b) and the migration of 1*’Cs in the
tree canopy to the organic soil and the downward migration in forest areas. Throughout the
calculation period, the total '*’Cs outflow in disturbed paddy fields and croplands continued to
increase because the soil disturbance caused a small decreased rate of '*’Cs concentration in
the washed off soil. Although the total '3’Cs outflows in undisturbed croplands and paddy fields

continued to increase throughout the calculation period, the total '*’Cs outflows were estimated
18
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to be small due to the low erodibility and the decrease of washed off '*’Cs concentration as a
result of downward migration (Fig. 6¢).

To evaluate the relationship between '’Cs export to the ocean and each land use, the
contributions of '*’Cs export to the ocean according to land use were calculated (Table 1). The
contribution of *’Cs export from urban lands in 2011 was estimated to correspond to 70% of
the total '*’Cs export in 2011. The large amount of '*’Cs export in September 2011 was
estimated to be greatly affected by the '*’Cs outflow from the paved grounds in urban lands
(Fig. 6b). This result provided the first quantitative information on the contribution of *’Cs
export from urban lands. The contribution of '*’Cs export from agricultural lands (disturbed
paddy fields and croplands) from 2012 to 2040 was estimated to correspond to 75% of the total
137Cs export from 2012 to 2040. Therefore, these results suggested that areas with human
activities (urban lands and agricultural lands) contributed more significantly to *’Cs export
than areas without human activities (forest areas, undisturbed paddy fields, and undisturbed
croplands). These simulated results were achieved similar to those of Taniguchi et al. (2019)
based on monitoring and, furthermore, predicted that '*’Cs contribution from areas with human
activities would continue in the future.

Fig. 7 shows the temporal variation of ratios of '*’Cs remained to initial deposition in each
land use and the Abukuma River basin. In arecas without human activities, due to the small
wash-off, temporal variations of ratio of 1*’Cs remained were almost the same as the radioactive
decay curve (Fig. 7b). Since disturbed croplands are more erodible than disturbed paddy fields,
the ratio of '¥’Cs remained in disturbed croplands was estimated to decrease faster than that in
disturbed paddy fields. Although the ratio of '*’Cs remained in urban lands rapidly decreased
within the first year after the accident, the ratio of *’Cs remained slowly decreased after that
and was estimated to be the same as that in disturbed paddy fields 30 years after the accident.

The effective half-life of '*’Cs deposited in the Abukuma River basin was estimated to be 26.4
19
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years due to the '*’Cs wash-off. The effective half-life of 1*’Cs deposited in disturbed croplands,
disturbed paddy fields, urban lands, undisturbed paddy fields, and forest areas was estimated to
be 18, 21.2, 19.8, 29, and 19.5, respectively. Since ratio of '*’Cs remained in undisturbed
croplands did not reach half of the initial deposition, the effective half-life was estimated to be
greater than 29.6 years and less than 30.1 years (physical half-life). The effective half-life in
areas with human activities was estimated to be approximately 10 years shorter than its physical
half-life, while that in areas without human activities was estimated to be only approximately
1 year shorter at most. The reduction ratios excluding radioactive decay of '3’Cs remained in
disturbed croplands, disturbed paddy fields, urban lands, undisturbed croplands, undisturbed
paddy fields, forest areas and the Abukuma River basin for 30 years after the accident were
estimated to be 17.7%, 11.7%, 11.5%, 0.4%, 1.4%, 0.8%, and 4.5%, respectively. The reduction
ratios were calculated as the ratio of the outflow during the target period to the initial deposition.
These results suggested that the ratio of '*’Cs remained in areas with human activities decreased
significantly faster than that in areas without human activities.

Fig. 8 shows the spatial distribution of total sediment outflows and '*’Cs reduction ratios
from January 1, 2011, to December 31, 2011; January 1, 2012, to December 31, 2040; and
January 1, 2011, to December 31, 2040. In all durations, the sediment outflows show similar
trends and are large in agricultural lands. Since C X P in disturbed croplands was the greatest
in all land use categories, disturbed croplands especially had large impact on the spatial
distribution of sediment outflow. Due to the predominance of outflow from urban lands (Fig.
6a), 1*’Cs reduction ratio from January 2011 to December 2011 was estimated to highly depend
on the area of urban lands. Cesium-137 reduction ratio from January 2012 to December 2040
shows a similar trend to the sediment outflow from January 2012 to December 2040. Since the
primary '*’Cs outflow from January 2012 to December 2040 was estimated to occur from

agricultural lands (Fig. 6a), the reduction ratio depended on the percentage of the area of
20
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agricultural lands. Cesium-137 reduction ratio from January 2011 to December 2040 has trends
of both reduction ratios from January 2011 to December 2011 and from 2012 to 2040.
Summarizing results of the ratio of '*’Cs remained and the '*’Cs outflow and reduction ratio,
these results suggested that '3’Cs outflow and reduction were enhanced in areas with human
activities. In the 30-year simulation, the model reproduced '*’Cs transport mechanisms for land
uses, indicating the difference of '*’Cs outflow and reduction in each land use in the past and

future. These results provide useful information to evaluate future radiation exposure doses.

5. Conclusions

In this study, a 30-year simulation of environmental fate of *’Cs in the Abukuma River basin
was conducted using a distributed radiocesium prediction model, taking into account the
characteristics of '*’Cs behavior in each land use. This model reproduced the mechanisms for
areas with human activities (urban lands and agricultural lands) and without human activities
(forest areas and undisturbed agricultural lands). According to the analysis of the '3’Cs behavior
in the overall Abukuma River basin, the '*’Cs transported into the ocean through the Abukuma
River in 30 years after the accident was estimated to correspond to 4.6% of the initial deposition
in the Abukuma River basin. Due to the '*’Cs wash-off, the effective half-life of !*’Cs deposited
in the Abukuma River basin was estimated to be 3.7 years shorter than half-life of 1*’Cs. These
results suggested '*’Cs deposited in the Abukuma River basin could continue to remain in the
long-term. According to the analysis of the '*’Cs behavior in land uses, the contribution of *’Cs
export from urban lands in 2011 was estimated to correspond to 70% of the total '¥’Cs export
in 2011. Meanwhile, the contribution of *’Cs export from agricultural lands (disturbed paddy
fields and croplands) from 2012 to 2040 was estimated to correspond to 75% of the total '3’Cs
export from 2012 to 2040. The reduction ratios excluding radioactive decay of '*’Cs remained

in areas with and without human activities for 30 years after the accident, defined as the ratios
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of the total outflow to the initial deposition, were estimated to be 11.5%—17.7% and 0.4%—1.4%,
respectively. That is, the ratio of '*’Cs remained in areas with human activities would decrease
significantly faster than that in areas without human activities. These results suggested that
human activities enhance the reduction of '*’Cs remained in land. By taking into account these
characteristics in land use, we accurately predicted simulated '*’Cs transport and then evaluated
their impacts on the transport. This study provides simulation results of the long-term fate of
137Cs on land and provides useful information for evaluating future radiation exposure doses.
Since no large-scale decontamination work was conducted in the Abukuma River basin, this
study did not consider the impact of decontamination on environmental fate of *’Cs. In the
Fukushima coastal river basin located east of the Abukuma River basin, the evacuation order
area was set up, and large-scale decontamination work was conducted due to high radiation
dose. Since the evacuation order will keep people out of the area for a long period of time, land
use may change. Therefore, the impact of decontamination work, the restriction and resurgence
of human activities, and the changes in land use on the *’Cs behavior cannot be ignored. The
model can easily add these effects and simulate '*’Cs transport. In future studies, long-term
simulation of environmental fate of '3’Cs in the Fukushima coastal river basin will be conducted,
considering decontamination work, the restriction and resurgence of human activities, and the

changes in land use.
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Fig. 6. Temporal variation of total '3’Cs outflows according to land use. (a) Outflows from disturbed croplands, forest areas,
urban lands, and disturbed paddy fields; (b) outflows from paved grounds, roofs, and permeable fields; (c) outflows from

undisturbed croplands and undisturbed paddy fields.
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Fig. 7. Temporal variation of ratios of '3’Cs remained to the initial deposition in each land use and the Abukuma River basin

(a) for 30 years and (b) from 25 to 30 years after the accident.
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Fig. S1. Precipitation, and observed and calculated daily river flows at the Fushiguro observatory.



Table S1.

List of € X P values used in the simulation.

Land use CxP value
Disturbed croplands 1.32x10!
Undisturbed croplands 4.11x10*
Forest areas 3.89x10*
Urban lands 4.40%1073
Disturbed paddy fields 1.25%1072

Undisturbed paddy fields 7.78x104




Table S2.

List of pini, kri, and D; used in the simulation.

Others Deciduous Conifer Disturbed
Land use
forest areas forest areas forest areas Croplands

Pminl

(g em™)
ket
(cm™)

Dy

0.47 0.40 0.23 0.98

0.61 0.67 0.56 -

0.29 0.23 0.37 -
(em? y)

Koarashi et al., 2012; Matsunaga et al., 2013;
References Muto et al., 2019; Takahashi et al., 2015; Takahashi et al., Koarashi et al., 2012

2019
Undisturbed Urban Disturbed Undisturbed
Land use
Croplands lands paddy fields paddy fields
Pminl
1.00 0.85 1.00 0.90
(gem™)
krl
0.69 1.00 - 0.62
(cm™)
D
0.47 0.33 - 3.25
(em®y)
Honda et al., 2015;
MEXT etal., 2013; MEXT et al., Lepage et al., MEXT et al., 2016;
References )
MEXT et al., 2016; 2016 2015 Takahashi et al., 2018

Takahashi et al., 2015




Table S3.

List of 7, and 7,4 used in the simulation.

Deciduous forest areas  Coniferous forest areas  Others forest areas

Vimin 0.09 0.05 1.00
Vorg 0.91 0.95 0.00



Table S4.

Table S4. List of Ay, Ayy, ky1, and ky, used in the simulation.

Residence area

Evacuation order area

Roof Paved ground Roof Paved ground
Aur () 1.49x107! 2.07x10"  1.49x10! 1.51x107!
Auz () 2.20x1072 1.29x102 2.20x10 1.84x107!
kur (yr') 1.00 1.10x10! 1.00 2.93
ka2 (yr'!) 0.00 3.57x10! 0.00 0.00




Table S5.
Statistical indices of daily discharge from January 2011 to December 2018 at each observatory.
Observatory Observed Calculated MBE  RMSE NSE

m'sh)  (@sh (s m'sh) ()

Kosakuda 20.6 27.6 7.0 15.0 0.80
Miyota 33.1 40.5 7.5 223 0.80
Akutsu 52.0 55.4 3.4 36.3 0.81
Motomiya  61.4 67.4 59 40.8 0.78
Nihonmatsu 64.7 73.9 9.2 48.7 0.76
Kuroiwa 79.1 91.0 11.8 58.5 0.72
Fukushima  88.4 95.6 7.2 58.6 0.76
Fushiguro 101.8 112.6 10.8 69.1 0.76
Yahata 118.8 125.8 7.1 83.0 0.75
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