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ABSTRACT 8 

The Fukushima Daiichi Nuclear Power Plant accident caused a radioactive contamination of 9 

deposited radionuclides, including 137Cs, on the land surface. Cesium-137 deposited on the land 10 

surface was strongly adsorbed on soil particles and was then washed off through soil erosion. 11 

Trends of temporal variation of 137Cs wash-off varied greatly depending on land use. Therefore, 12 

it is important to reflect the characteristics of 137Cs migration processes in each land use to 13 

clarify the long-term fate of 137Cs. In this study, a 30-year simulation of environmental fate of 14 

137Cs was conducted using a distributed radiocesium prediction model, taking into account the 15 

characteristics of the 137Cs behavior in each land use. Overall, in the Abukuma River basin, the 16 

137Cs transported into the ocean for 30 years was estimated to correspond to 4.6% of the initial 17 

deposition in the basin, and the effective half-life of 137Cs deposited in the basin was estimated 18 

to be 3.7 years shorter (by 11.6%) than its physical half-life. These results suggested that 137Cs 19 

deposited from the accident could still remain for decades. Based on the analysis of the 137Cs 20 

behavior in land use, in 2011, the contribution of 137Cs export to the ocean from urban lands 21 

was estimated to correspond to 70% of the total 137Cs export. Meanwhile, from 2012 to 2040, 22 

the contribution of 137Cs export from agricultural lands was estimated to correspond to 75% of 23 

the total 137Cs export. The reduction ratios excluding radioactive decay of 137Cs remained in 24 

areas with and without human activities for 30 years after the accident, defined as the ratios of 25 

the total outflow to the initial deposition, were estimated to be 11.5%–17.7% and 0.4%–1.4%, 26 

respectively. These results suggested that human activities enhance the reduction of 137Cs 27 

remaining in land in the past and future. 28 

 29 

Keywords: 137Cs transport, Sediment transport, Fukushima nuclear accident, Land use, Long-30 

term simulation  31 
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1. Introduction 32 

The accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP) caused the deposition 33 

of significant quantities of radionuclides over a wide area around the FDNPP (Ministry of 34 

Education, Culture, Sports, Science and Technology (MEXT) et al. (2011a)). Since significant 35 

quantities of 137Cs were deposited and 137Cs has a long half-life (30.1 years), its effective dose 36 

was much higher than that of other radionuclides (MEXT and the Ministry of Agriculture, 37 

Forestry and Fisheries (MAFF), 2012). Matsunaga et al. (2013), Szabo et al. (2012), and Tanaka 38 

et al. (2012) reported that 137Cs deposited on the land surface was strongly adsorbed on soil 39 

particles, especially fine soil particles such as clay and silt. Although 137Cs adsorbed on soil 40 

particles was washed off from the land surface through soil erosion associated with rainfall–41 

runoff processes, the wash-off amount has been found to be small compared to the deposited 42 

amount (Konoplev et al., 2016; Yoshimura et al., 2015; Wakiyama et al., 2019). These studies 43 

suggested that 137Cs could remain on land for a long period of time. 44 

The washed off 137Cs is transported into the ocean through river network. Cs-137 exists as 45 

both dissolved and particulate forms in water. Based on monitoring studies in Fukushima 46 

Prefecture, the particulate fractions of 137Cs activity in river were 27%–85% of the total 137Cs 47 

activity in the normal flow condition (Nagao et al., 2013; Ueda et al., 2013; Tsuji et al., 2014; 48 

Ochiai et al., 2015) but were more than 90% in flooding events (Nagao et al., 2013; Ueda et al., 49 

2013). Nagao et al. (2013) reported that the distribution coefficient of 137Cs between suspended 50 

solids and river water in the Fukushima Prefecture was two orders higher than that in Ukraine 51 

after the Chernobyl nuclear accident. This result suggested that 137Cs in river in the Fukushima 52 

Prefecture is strongly adsorbed on suspended sediment. Therefore, it is necessary to predict soil 53 

wash-off from the land surface and subsequent sediment transport in rainfall–runoff processes 54 

to clarify the long-term fate of 137Cs. 55 

Previous studies reported the importance of land cover in terms of mobility of 137Cs outflow 56 
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(Smith et al., 1998, 2004). Land use is an important factor for 137Cs outflow because land use 57 

has a significant impact on land cover. Since trends of temporal variation of 137Cs 58 

concentrations in washed off soil through soil erosion varied greatly depending on land use 59 

(Konoplev et al., 2016; Yoshimura et al., 2015; Wakiyama et al., 2019), its spatial pattern in the 60 

river catchment had a significant impact on the distribution and concentration of 137Cs in a river 61 

(Tsuji et al., 2019; Delmas et al., 2019). Therefore, it is important to reflect the characteristics 62 

of land use to model the 137Cs migration processes. Previous studies reported that the migration 63 

processes and the long-term behavior of 137Cs in each land use differ greatly. The following 64 

three paragraphs describe the characteristics of 137Cs behavior in each land use. 65 

Most 137Cs which fell out on the forest areas was deposited on the canopy (Imamura et al., 66 

2017; Kinnersley et al., 1997; Komatsu et al., 2016; Tikhomirov and Shcheglov, 1994). Cesium-67 

137 was migrated to the organic layer by throughfall, stemflow, and litterfall (Bunzl et al., 1989; 68 

Kato et al., 2017; Kato et al., 2019). A large amount of 137Cs was still retained in the organic 69 

layer even a decade year after the Chernobyl nuclear accident (Rafferty et al., 2000). By contrast, 70 

137Cs rapidly migrated from the organic layer to the underlying mineral soil in Japanese forest 71 

ecosystems (Muto et al., 2019; Takahashi et al., 2019). 72 

Croplands and paddy fields are classified into disturbed and undisturbed land, each with 73 

different wash-off characteristics. Through soil disturbance due to cultivation, a disturbed 74 

cropland soil has a constant 137Cs concentration at the surface layer regardless of the depth from 75 

the land surface (Owens et al., 1996; Yamaguchi et al., 2012). The decrease of 137Cs 76 

concentration in washed off soil from disturbed paddy fields occurred in two phases, namely, a 77 

steep decrease in the first 6 months after the FDNPP accident, followed by a slower decrease 78 

(Yoshimura et al., 2016; Onda et al., 2020). The vertical distribution of 137Cs concentration in 79 

the undisturbed croplands and paddy field soil was approximated by an exponential function in 80 

the early phase after the accident (Koarashi et al., 2012; Lepage et al., 2015; Owens et al., 1996; 81 
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Takahashi et al., 2015) and 137Cs in soil then could migrate downward (Staunton et al., 2002; 82 

Takahashi et al., 2015; Takahashi et al., 2018). 83 

Cesium-137 which fell out onto urban lands was deposited on paved grounds, roofs, and 84 

permeable grounds such as soil (Jacob et al., 1987; Roed, 1987; Yoshimura et al., 2017). 85 

Previous studies suggested that a large amount of 137Cs was washed off from paved grounds 86 

and roofs within the first year after the nuclear accident, while the amount of washed off 137Cs 87 

from permeable grounds was small compared to the deposited amount (Andersson et al., 2002; 88 

Jacob and Meckbach, 2000; Yoshimura et al., 2017). 89 

Therefore, it is important to reflect the characteristics of 137Cs migration processes in each 90 

land use to clarify the long-term fate of 137Cs. Based on the observed 137Cs concentration in 91 

suspended sediments in the Abukuma River, Taniguchi et al. (2019) estimated the contributions 92 

of 137Cs export according to land use sources using multiple regression analysis. The result 93 

indicated that areas with human activities contributed more significantly to 137Cs export than 94 

forest areas. Several numerical studies on the environmental fate of 137Cs have been carried out 95 

since the FDNPP accident (Iwasaki et al., 2015; Kitamura et al, 2014; Kinouchi et al., 2015; 96 

Liu et al., 2019; Pratama et al., 2015; Wei et al., 2017). However, these studies did not conduct 97 

a long-term simulation of the environmental fate of 137Cs, considering in detail the 98 

characteristics of 137Cs behavior in each land use. This study aims to clarify long-term fate of 99 

137Cs on land to evaluate future radiation exposure doses. In this study, 30-year simulation of 100 

environmental fate of 137Cs in the Abukuma River basin was conducted using a distributed 101 

radiocesium prediction model, taking into account the characteristics of 137Cs behavior in each 102 

land use. 103 

 104 

2. Model 105 

2.1 Distributed radiocesium prediction model 106 
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A distributed radiocesium prediction model was used to simulate the long-term fate of 137Cs 107 

in the Abukuma River basin. The model used in this study was an improved version of the 108 

model developed by Ikenoue et al. (2020) to reflect the characteristics of 137Cs behavior in each 109 

land use. This model is composed of a hydrological model, a sediment transport model, and a 110 

137Cs transport model. The hydrological model simulates water flow in the rainfall–runoff 111 

processes based on channel network, geographical, and meteorological data. The sediment 112 

transport model calculates soil erosion and subsequent sediment transport based on the 113 

simulated water flow and soil erosion parameters. The 137Cs transport model analyzes the 114 

transport of washed off 137Cs adsorbed on the eroded soil particles based on the simulated 115 

sediment transport and 137Cs deposition data. Considering the accuracy of the model, the 116 

temporal resolution is 1 day. 117 

 118 

2.2 Hydrological model and sediment transport model 119 

The hydrological model is based on the distributed hydrological model developed by Kojiri 120 

et al. (2008). It represents water cycle processes, such as snowmelt, snowfall, infiltration, 121 

surface runoff, subsurface flow, and groundwater flow. The computational domain is divided 122 

into computational grids with a horizontal resolution of 1 km × 1 km, and the computational 123 

grids act as the river flow network. Each computational grid consists of river and land, which 124 

is divided into four land use categories, namely, croplands, forest areas, urban lands, and paddy 125 

fields. 126 

The sediment transport model considers advection, diffusion, sedimentation, resuspension, 127 

and the lateral inflow load of the suspended sediment. The mass balance of the suspended 128 

sediment in the rives is expressed as a one-dimensional equation (Ikenoue et al., 2020). The 129 

mobilized soil particles were divided into four categories, namely, clay (0.45–2 μm), silt (2–20 130 

μm), fine sand (20–250 μm), and coarse sand (250–2000 μm), to consider the difference in the 131 
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transport characteristics due to soil particle size (Ikenoue et al., 2020). The Universal Soil Loss 132 

Equation (USLE) (Wischmeier and Smith, 1978) was used to estimate soil erosion. The USLE 133 

used to calculate soil erosion is represented by 134 

 135 

𝐴𝑆𝑆𝑙 = 𝑅 × 𝐾 × 𝐿𝑆 × 𝐶𝑙 × 𝑃𝑙,       (1) 136 

 137 

where 𝐴𝑆𝑆𝑙 is the soil erosion rate per unit area (t ha−1 10 min−1), 𝑅 is the rainfall and runoff 138 

factor (MJ mm ha−1 h−1 10 min−1), 𝐾 is the soil erodibility factor (t h MJ−1 mm−1), 𝐿𝑆 is the 139 

topographic factor (−), 𝐶 is the cover and management factor or land use factor (−), 𝑃 is the 140 

support practice factor (−), and 𝑙 indicates land use categories. In the sediment transport model 141 

and the 137Cs transport model in this study, land is divided into six land use categories. In six 142 

land use categories, 𝑑𝑐 , 𝑢𝑑𝑐 , 𝑢𝑑𝑝 ,  𝑢𝑙 , 𝑓𝑎 , and 𝑑𝑝  indicates disturbed croplands, 143 

undisturbed croplands and paddy fields, urban lands, forest areas, and disturbed paddy fields, 144 

respectively. Undisturbed croplands include abandoned croplands, orchard, and grassland, 145 

while paddy fields include abandoned paddy fields and planting-restricted paddy fields. The 146 

lateral inflow load of the sediment is expressed as follows: 147 

 148 

𝑓
𝑠𝑠𝑙

= 𝑆𝐷𝑅𝑙
𝐴𝑆𝑆𝑙𝑊𝑤𝑐𝑒𝑙𝑙

6
,        (2) 149 

𝑓
𝑠𝑠

= ∑ 𝑓
𝑠𝑠𝑙𝑙 ,         (3) 150 

 151 

where 𝑓
𝑠𝑠

 is the lateral inflow load (g m−1 s−1), 𝑆𝐷𝑅𝑙 is the sediment delivery ratio (−), and 152 

𝑊𝑐𝑒𝑙𝑙 is the width of the computational grid (m). In this study, the 𝑆𝐷𝑅𝑙 in paddy fields was 153 

set as 1.0 because paddy fields are directly connected to the rivers and 𝑆𝐷𝑅𝑙 in other land uses 154 

was calculated based on USDA-SCS (1983). 155 

 156 
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2.3 137Cs transport model 157 

Cesium-137 in river in the Fukushima Prefecture is strongly adsorbed on suspended 158 

sediments, and the particulate form of 137Cs significantly contributes to the transport of 137Cs 159 

through rivers. The soil pH at the surface layer ranged from 4.1 to 6.1 and the soil had weakly 160 

acidic (Koarashi et al., 2012; Takahashi et al., 2015). Abukuma River basin does not have 161 

waterlogged sites most of the year. These results suggested that particulate form dominates 162 

137Cs transport. Therefore, 137Cs transport is modeled under the assumption that it does not 163 

dissolve in the river water. In the 137Cs transport model, the concentration of particulate 137Cs 164 

in the channel flow is calculated as  165 

 166 

𝜕

𝜕𝑡
(𝐴𝑟𝐶𝑠𝑠𝑅𝑟𝑖𝑣) +

𝜕

𝜕𝑥
(𝐴𝑟𝑈𝐶𝑠𝑠𝑅𝑟𝑖𝑣) =

𝜕

𝜕𝑥
(𝐴𝑟𝐷𝑠𝑠

𝜕(𝐶𝑠𝑠𝑅𝑟𝑖𝑣)

𝜕𝑥
) − 𝑤𝑓

𝐴𝑟𝐶𝑠𝑠𝑅𝑟𝑖𝑣

𝐻𝑟
+ 𝑞𝑠𝑠𝑅𝑠𝑒𝑑

𝐴𝑟

𝑅𝑟
+

∑ 𝐸𝑟𝑙𝑓𝑠𝑠𝑙𝑙 𝐴𝑙

∑ 𝐴𝑙𝑙
−167 

𝜆𝐴𝑟𝐶𝑠𝑠𝑅𝑟𝑖𝑣, (4) 168 

 169 

where 𝐴𝑟 is the stream cross-sectional area (m2), 𝐶𝑠𝑠 is the suspended sediment concentration 170 

(g m−3), 𝑈 is the cross-sectional flow velocity (m s−1), 𝐷𝑠𝑠 is the diffusion coefficient (m2 171 

s−1), 𝑤𝑓 is the settling velocity of the suspended sediment (m s−1), 𝐻𝑟 is the depth of the water 172 

(m), 𝑞𝑠𝑠 is the resuspension quantity per unit area (g m−2 s−1), 𝑅𝑟 is the hydraulic radius (m), 173 

𝐴𝑙 is the catchment area (m2), λ is the decay constant (s−1), and 𝑅𝑟𝑖𝑣, 𝑅𝑠𝑒𝑑, and 𝐸𝑟𝑙 are the 174 

concentrations of 137Cs (Bq g−1) in the suspended sediment, the riverbed sediment, and the 175 

eroded soil, respectively. 176 

Ikenoue et al. (2020) modeled the 137Cs transport process considering two characteristics. In 177 

the first characteristic, the 137Cs concentration at the surface layer in disturbed croplands and 178 

paddy field soil is constant, regardless of the depth from the land surface. In the second 179 

characteristic, 137Cs concentrations in the undisturbed croplands and paddy fields, urban lands, 180 
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and forest areas decrease exponentially from the land surface with depth in the early phase after 181 

the accident. However, it was insufficient to represent the long-term fate of 137Cs and 182 

characteristics of 137Cs behavior in each land use. Therefore, this study considered (1) wash-off 183 

from paddy fields based on observation, (2) 137Cs migration in forest areas between 184 

compartments, (3) downward migration in undisturbed croplands and paddy fields, urban lands, 185 

and forest areas, and (4) wash-off from paved grounds and roofs. 186 

Since no large-scale decontamination work was conducted in the Abukuma River basin 187 

(Ministry of the Environment (MOE), 2022), this study did not consider the impact of 188 

decontamination on the 137Cs behavior. The soil of disturbed croplands and disturbed paddy 189 

fields was defined as disturbed soil, and the two land use categories have different 137Cs wash-190 

off characteristics. Taking into account that the 137Cs concentration in disturbed cropland soil is 191 

constant at the surface layer regardless of the depth from the land surface, the concentration of 192 

137Cs in the mineral soil is calculated as  193 

 194 

𝐶𝑆𝑑𝑐(0, 𝑧) = (
0

𝐵𝑐
𝑧𝑑

)  when 𝑧 (>𝑧𝑑
≤𝑧𝑑

),       (5) 195 

𝜕𝐶𝑆𝑑𝑐(𝑡,𝑧)

𝜕𝑡
= −𝜆𝐶𝑆𝑑𝑐(𝑡, 𝑧),        (6) 196 

𝐸𝑟𝑑𝑐 =
𝐶𝑆𝑑𝑐(𝑡,0)

𝜌𝑚𝑖𝑛𝑑𝑐
,         (7) 197 

 198 

where 𝐶𝑆𝑙(𝑡, 𝑧) is the concentration of 137Cs in the mineral soil (Bq m−3), z is the depth of the 199 

land surface (m), 𝐵𝑐 is the initial amount of deposited 137Cs per unit area in the soil (Bq m−2), 200 

𝑧𝑑 is the depth (m) of the soil disturbances (= 0.15 m) (MAFF, 2011a), and 𝜌𝑚𝑖𝑛𝑙 is the bulk 201 

density of the mineral soil (g m−3). Based on monitoring the eroded disturbed paddy field soil, 202 

𝐸𝑟𝑑𝑝 is calculated according to Onda et al. (2020) as follows: 203 

 204 
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𝐸𝑟𝑑𝑝 = (𝐴
𝑝1

exp(−𝑘𝑝1𝑡𝑎) + 𝐴𝑝2 exp(−𝑘𝑝2𝑡𝑎) + 𝐴𝑝3 exp(−𝑘𝑝3𝑡𝑎)) × 𝐵
𝑐
  (8) 205 

 206 

where 𝐴𝑝1, 𝐴𝑝2, and 𝐴𝑝3 are constants (m2 g−1), 𝑘𝑝1, 𝑘𝑝2, and 𝑘𝑝3 are decrease rates (s−1), 207 

and 𝑡𝑎 is the time elapsed since the accident (March 11, 2011) (s−1). 208 

The soil of undisturbed croplands, forest areas, urban lands, and undisturbed paddy fields 209 

was defined as undisturbed soil. Considering the downward migration of 137Cs in undisturbed 210 

soil, the 137Cs concentration in undisturbed soil, except the forest areas, is expressed based on 211 

diffusion equation: 212 

 213 

𝜕𝐶𝑆𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙(𝑡,𝑧)

𝜕𝑡
= 𝐷𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙

𝜕
2

𝐶𝑆𝑢𝑑𝑐,𝑢𝑑𝑝,,𝑢𝑙(𝑡,𝑧)

𝜕𝑧2 − 𝜆𝐶𝑆𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙(𝑡, 𝑧),   (9) 214 

where 𝐷𝑙 is diffusion coefficient (m2 s−1). 𝐸𝑟𝑢𝑙 is described later, since 137Cs wash-off from 215 

urban lands is not only from undisturbed soil but also from paved grounds and roofs. In 216 

undisturbed croplands and paddy fields, 𝐸𝑟𝑢𝑑𝑐,𝑢𝑑𝑝 is calculated as follows: 217 

 218 

𝐸𝑟𝑢𝑑𝑐,𝑢𝑑𝑝 =
𝐶𝑆𝑢𝑑𝑐,𝑢𝑑𝑝(𝑡,0)

𝜌𝑚𝑖𝑛𝑢𝑑𝑐,𝑢𝑑𝑝
.        (10) 219 

 220 

Taking into account that the vertical distribution of 137Cs concentration in the undisturbed soil 221 

was approximated by an exponential function, 𝐶𝑆𝑙(0, 𝑧) is calculated based on Kinouchi et al. 222 

(2015) as follows: 223 

 224 

𝐶𝑆𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙,𝑓𝑎(0, 𝑧) = ( 0
𝜌𝑚𝑖𝑛𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙,𝑓𝑎×𝑅

𝑡𝑜𝑝
exp (−𝑘𝑟𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙,𝑓𝑎×𝑧))  when 𝑧 (>𝑧0

≤𝑧0
),  (11) 225 

𝑅𝑡𝑜𝑝 =
𝑘𝑟𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙,𝑓𝑎×𝐵𝑐

𝜌𝑚𝑖𝑛𝑢𝑑𝑐,𝑢𝑑𝑝.𝑢𝑙,𝑓𝑎(1−exp (𝑘𝑟𝑢𝑑𝑐,𝑢𝑑𝑝,𝑢𝑙,𝑓𝑎×𝑧0))
,      (12) 226 

 227 

where 𝑅𝑡𝑜𝑝 is the initial concentration of 137Cs in the topsoil (Bq g−1), 𝑘𝑟𝑙 is a relaxation 228 
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constant (m−1), and 𝑧0 is the depth of the on-site measurements (m). 229 

Migration of 137Cs in forest areas between five compartments (1, external tree; 2, internal 230 

tree; 3, litter; 4, organic soil; and 5, mineral soil) is calculated based on the RIFE1 model 231 

(Linkov et al., 1999) modified by Hashimoto et al. (2020) as follows: 232 

 233 

𝜕𝐶𝑆𝑓𝑎(𝑡,𝑧)

𝜕𝑡
= 𝐷𝑓𝑎

𝜕
2

𝐶𝑆𝑓𝑎(𝑡,𝑧)

𝜕𝑧2 − (𝑘52 + 𝑘𝑜𝑢𝑡 + 𝑘51 + 𝜆)𝐶𝑆𝑓𝑎(𝑡, 𝑧)+𝐼𝑠𝑜𝑖𝑙(𝑡, 𝑧),  (13) 234 

𝑄5 = ∫ 𝐶𝑆𝑓𝑎(𝑡, 𝑧)𝑑𝑧        (14) 235 

𝜕𝑄1

𝜕𝑡
= 𝐼1 + 𝑘51𝑄5 − (𝑘12 + 𝑘13 + 𝜆)𝑄1,      (15) 236 

𝜕𝑄2

𝜕𝑡
= 𝑘12𝑄1 + 𝑘52𝑄5 − (𝑘23 + 𝜆)𝑄2,      (16) 237 

𝜕𝑄3

𝜕𝑡
= 𝐼3+𝑘13𝑄1 + 𝑘23𝑄2 − (𝑘34 + 𝜆)𝑄3,      (17) 238 

𝜕𝑄4

𝜕𝑡
= 𝐼4 + 𝑘34𝑄3 − (𝑘45 + 𝜆)𝑄4,       (18) 239 

𝐼𝑠𝑜𝑖𝑙(𝑡, 𝑧) = (
0

𝐼5+𝑘
45

𝑄4
𝑑𝑧

)  𝑤ℎ𝑒𝑛 𝑧(>0
=0),       (19) 240 

 241 

where 𝑄1, 𝑄2, 𝑄3, 𝑄4, and 𝑄5 are the inventories of 137Cs within each component, 𝐼1, 𝐼3, 242 

𝐼4, and 𝐼5 are the inputs of 137Cs to each component at the time of fallout (Bq m−2 s−1), 𝑘𝑖𝑗 is 243 

the transfer rate coefficients from the 𝑖 component to 𝑗 component (s−1), 𝑘𝑜𝑢𝑡 is the outflow 244 

rate from mineral soil (s−1), and 𝐼𝑠𝑜𝑖𝑙 is the fallout and 137Cs migration from organic soils in 245 

forest areas (Bq m−3 s−1). The forest areas are divided into deciduous forest areas, conifer forest 246 

areas, and other forest areas to consider the characteristics of tree type. In other forest areas, 247 

137Cs migration is applied to Eqs. (9)–(12), without taking into account the 137Cs migration 248 

between the five compartments. The monitoring study of forested river estimated that the 249 

proportion of 137Cs discharge contribution by coarse organic matter accounted to 0.0092%–250 

0.069% (Iwagami et al., 2017). This result suggested that the amount of 137Cs transported from 251 

the external tree, internal tree, and litter to the river is negligible. Niizato et al. (2020) reported 252 
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that the eroded soil in forest areas was a mixture of organic soil and mineral soil, with the 253 

organic soil mass ratio of 85% or more. Therefore, 𝐸𝑟𝑓𝑎 is calculated as  254 

 255 

𝐸𝑟𝑓𝑎 = 𝑟𝑚𝑖𝑛
𝐶𝑆𝑓𝑎(𝑡,0)

𝜌𝑚𝑖𝑛𝑓𝑎
+ 𝑟𝑜𝑟𝑔

𝑄4

𝜌𝑜𝑟𝑔
,       (20) 256 

 257 

where 𝜌
𝑜𝑟𝑔

 is the bulk density of organic soil (g m−2) and 𝑟𝑚𝑖𝑛 and 𝑟𝑜𝑟𝑔 are the mass ratio of 258 

mineral soil and organic soil to eroded soil, respectively (−). 259 

Urban land is composed of paved grounds, roofs, and permeable grounds. Cesium-137 260 

migration in permeable grounds is calculated using Eqs. (9)–(12). Considering the wash-off 261 

characteristics of urban components, this model uses relative inventories (Andersson et al., 262 

2002; Jacob and Meckbach, 2000; Yoshimura et al., 2017), which are defined as the relative 263 

values of radionuclide inventory on each urban component to that on a nearby permeable 264 

ground. Cesium-137 remained of paved grounds and roofs is represented using relative 265 

inventories as follows: 266 

 267 

𝑅𝐼(𝑡𝑟) =
𝐴𝑢𝑟𝑏𝑎𝑛(𝑡𝑟)

𝐴𝑖𝑛𝑖𝑡
 = 𝐴𝑢1 exp(−(𝑘𝑢1 + 𝜆)𝑡𝑟) + 𝐴𝑢2 exp(−(𝑘𝑢2 + 𝜆)𝑡𝑟),  (21) 268 

 269 

where 𝑡𝑟 is the time elapsed since the reference date (s−1), 𝑅𝐼 is the relative inventory (−), 270 

𝐴𝑢𝑟𝑏𝑎𝑛 is 137Cs remained of paved grounds and roofs, 𝐴𝑖𝑛𝑖𝑡 is the initial amount of deposited 271 

137Cs per unit area in permeable grounds (Bq m−2), 𝐴𝑢1 and 𝐴𝑢2 are constant (−), and 𝑘𝑢1 272 

and 𝑘𝑢2 are decrease rates (s−1). Each parameter was set based on the temporal trend of 𝑅𝐼 in 273 

the residence area and evacuation order area. By weighting the decrease of relative inventory, 274 

excluding the radioactive decay in each year with the rainfall and runoff factor 𝑅, washed off 275 

137Cs from paved grounds and roofs is calculated as follows: 276 

 277 
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∆𝑅𝐼𝑛 = 𝑅𝐼𝑛−1 − 𝑅𝐼𝑛 − 𝐷𝑒𝑛,       (22) 278 

𝑟𝑢𝑟𝑏𝑎𝑛 =
𝑅

600𝑅𝑛
× ∆𝑅𝐼𝑛 × 𝐴𝑖𝑛𝑖𝑡,       (23) 279 

 280 

where 𝑅𝐼𝑛  is the relative inventory in the 𝑛 th year (−), ∆𝑅𝐼𝑛  is the decrease of relative 281 

inventory from 𝑛 − 1 to 𝑛th year excluding radioactive decay (−), 𝐷𝑒𝑛 is the decrease of 282 

relative inventory by radioactive decay from 𝑛 − 1 to 𝑛th year (−), 𝑟𝑢𝑟𝑏𝑎𝑛 is the washed off 283 

137Cs from paved grounds and roofs (Bq m−2 s−1), and 𝑅𝑛 is the rainfall and runoff factor in 284 

the 𝑛th year (MJ mm ha−1 h−1 yr −1). 𝐸𝑟𝑢𝑙 is calculated based on washed off 137Cs from paved 285 

grounds and roofs and the 137Cs concentration in the permeable grounds soil as  286 

 287 

𝐸𝑟𝑢𝑙 =
𝑟𝑢𝑟𝑏𝑎𝑛

𝑆𝑜𝑢𝑡
+

𝐶𝑆𝑢𝑙(𝑡,0)

𝜌𝑚𝑖𝑛𝑢𝑙
,        (24) 288 

 289 

where 𝑆𝑜𝑢𝑡 is the soil erosion rate per unit area (g m−2 s−1). 290 

 291 

3. Computational conditions 292 

3.1 Computational domain and period 293 

The targeted area of the Abukuma River basin (basin area ≈ 5400 km2), which is the largest 294 

of the basins near the FDNPP, is located 30–100 km from the FDNPP (Fig. 1). The distributed 295 

radiocesium prediction model was applied to the Abukuma River basin for 30 years, from 296 

January 2011 to December 2040. Future meteorological conditions may change due to climate 297 

change. Precipitation is the major factor affecting 137Cs transport in the impacts of climate 298 

change because it directly affects erosion and 137Cs wash-off. Fukushima Prefecture (2016) 299 

reported that annual precipitation in Fukushima Prefecture from 2031 to 2050 will be 1.03 to 300 

1.13 times the annual precipitation from 1981 to 2000. Therefore, this report suggested that the 301 

change in precipitation due to climate change does not have a significant impact on 137Cs 302 
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transport. In this study, meteorological data from 2011 to 2020 was repeatedly applied to reflect 303 

the scale of flooding in each year. If we consider the changes in land use in the future, it is 304 

difficult to evaluate the impacts of land use on 137Cs transport. Therefore, we conducted the 305 

simulation under the assumption that land use will not change in the future. The transport of 306 

137Cs was analyzed starting on May 26, 2011, which was the measurement day of the second 307 

airborne survey (MEXT et al., 2011b). Since no large precipitation event occurred between the 308 

accident and on May 26, 2011 (Japan Meteorological Agency, 2011), the amount of washed off 309 

137Cs is thought to have been small. Cesium-137 deposition density based on the second 310 

airborne survey (Fig. 1) was calculated as the initial amount of deposited 137Cs in the soil. The 311 

initial depositions were set at 336, 39, 35, 51, 75, 6, and 542 TBq for the forest areas, disturbed 312 

croplands, undisturbed croplands, urban lands, disturbed paddy fields, undisturbed paddy field, 313 

and Abukuma River basin, respectively (MEXT et al., 2011b). The performance of the model 314 

was evaluated at observatories of the Ministry of Land, Infrastructure, Transport and Tourism 315 

(MLIT) along the mainstream of the Abukuma River (Fig. 1), i.e., nine sites (Kosakuda, Miyota, 316 

Akutsu, Motomiya, Nihonmatsu, Kuroiwa, Fukushima, Fushiguro, and Yahata from upstream 317 

to downstream) for the river discharge and one site (Iwanuma) for the particulate form of 137Cs. 318 

 319 

3.2 Input data 320 

The input channel network, geographical, and meteorological data used in the hydrological 321 

model are based on Ikenoue et al. (2020). The relative distribution of land use in the Abukuma 322 

River basin (Fig. 2) were 64.7%, 7.1%, 8.7%, 4.7%, 14.2%, and 0.6% for forest areas, disturbed 323 

croplands, undisturbed croplands, urban lands, disturbed paddy fields, and undisturbed paddy 324 

field, respectively. MAFF (2010), MAFF (2012), and MAFF (2011b) provided the areas of the 325 

abandoned croplands and paddy fields, orchard and grassland, and planting-restricted paddy 326 

fields, respectively. Urban lands are divided into residential area and evacuation order area. The 327 
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ratio of area of evacuation order area to area of urban lands is 0.4%. 328 

𝑅, 𝐾, and 𝐿𝑆 were determined based on Wischmeier and Smith (1978), Imai and Ishiwatari 329 

(2007), and Renard et al. (1997), respectively. Similar to Ikenoue et al. (2020), 𝐶 × 𝑃 was 330 

determined in this study based on soil erosion monitoring results in the Fukushima Prefecture 331 

(Japan Atomic Energy Agency, 2014; Nagao et al., 2020; Niizato et al., 2020; Wakabayashi et 332 

al., 2018; Wakiyama et al., 2019). 𝐶 × 𝑃 was determined by performing geometric mean based 333 

on the obtained 𝐶 × 𝑃 values (Table S1). The size distribution and the adsorption rate of 137Cs 334 

in soil particles were used as the same parameters as that of Ikenoue et al. (2020). Based on 335 

Ikenoue et al. (2020), the same precipitation and geographical data were used to calculate USLE 336 

factors. 337 

The initial conditions of the 137Cs transport model were set based on the 137Cs concentration 338 

in the suspended and riverbed sediment provided by MEXT et al. (2011b) and MEXT (2012), 339 

respectively. Parameters related to the vertical distribution of 137Cs concentration in soil (𝜌𝑚𝑖𝑛𝑙, 340 

𝑘𝑟𝑙, and 𝐷𝑙) were determined based on soil monitoring data in each land use to reflect the 341 

characteristics of land use (Table S2). The forest areas were divided into deciduous forest areas, 342 

conifer forest areas, and other forest areas based on vegetation data (MOE, 1999). 𝑟𝑚𝑖𝑛 and 343 

𝑟𝑜𝑟𝑔 were optimized based on the monitoring of 137Cs wash-off from forest areas by Niizato et 344 

al. (2020) (Table S3). Urban lands were divided into paved grounds, roofs, and permeable 345 

grounds based on road data (Fukushima Prefecture, 2010b; Miyagi Prefecture, 2019), 346 

household number (Fukushima Prefecture, 2010a; Miyagi Prefecture, 2011), dwellings data 347 

(Ministry of Internal Affairs and Communications (MIC), 2008), and site area data of office 348 

(MIC and Ministry of Economy, Trade and Industry, 2010). Parameters related to the relative 349 

inventories of paved grounds and roofs (𝐴𝑢1, 𝐴𝑢2, 𝑘𝑢1, and 𝑘𝑢2) were optimized based on 350 

monitoring data of 𝑅𝐼 after the Chernobyl nuclear accident (Andersson et al., 2002; Jacob and 351 

Meckbach, 2000), monitoring data of sludge at the Sewerage Management Center (Fukushima 352 
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city, 2022), and monitoring data of 𝑅𝐼  after the FDNPP accident (Nagao et al., 2020; 353 

Yoshimura et al., 2017) (Table S4). Table S4 presents 𝐴𝑢1 and 𝐴𝑢2 that were corrected with 354 

the calculation start date (May 26, 2011) set to 𝑡𝑟 = 0.  355 

 356 

4. Results and discussion 357 

4.1 Model validation 358 

Similar to Ikenoue et al. (2020), the hydrological model performance for simulating the daily 359 

river discharge was evaluated using the statistical indices: mean bias error (MBE), root mean 360 

square error (RMSE), and the Nash–Sutcliffe model efficiency coefficient (NSE) (Nash and 361 

Sutcliffe, 1970). NSE is often used to evaluate the reproducibility of discharge with a large 362 

fluctuation range, in which an NSE value of 0.7 or more indicates good reproducibility of the 363 

model. Table S5 presents the statistical indices of the discharge from January 2011 to December 364 

2018 at each observatory. The hydrological model performance was evaluated at nine sites 365 

along the mainstream of the Abukuma River (Fig. 1) using the daily observation data of the 366 

river discharge provided by MLIT (2018). Since the calculated NSE was greater than 0.7 at all 367 

observatories, the reproducibility of the calculated discharge was good. The calculated daily 368 

discharge at the Fushiguro observatory was in close agreement with the observed value at the 369 

times of flooding and normal flow (Fig. S1). 370 

In validation of the suspended sediment, Yamashiki et al. (2014) estimated that the 371 

cumulative export of suspended sediment at the Iwanuma observatory from August 10, 2011, 372 

to May 11, 2012, was 551 Gg based on observation. The calculated cumulative export of 373 

suspended sediment in the same period was estimated to be 391 Gg. Although the model 374 

somewhat underestimated the export compared to the estimated value based on observation, it 375 

captured the trend of the estimated value. 376 

To validate the temporal variations of 137Cs concentration in the topsoil, the calculated value 377 
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was evaluated using the entrainment coefficient (𝑆𝑐). 𝑆𝑐 was defined as the concentration in 378 

the topsoil (Bq kg−1) divided by initial deposition per unit area (Garcia-Sanchez and Konoplev, 379 

2009) and is calculated as follows: 380 

𝑆𝑐 =
𝐶𝑆𝑙(𝑡,0)

𝜌𝑚𝑖𝑛𝑙𝐵𝑐
         (25) 381 

where 𝑆𝑐  (m2 kg−1) is the entrainment coefficient of 137Cs in the topsoil. Fig. 3 shows the 382 

observed and calculated 𝑆𝑐  in the mineral topsoil of forest areas (Koarashi et al., 2012; 383 

Matsunaga et al., 2013; Muto et al., 2019; Takahashi et al., 2019), undisturbed croplands 384 

(MEXT, 2013; MEXT, 2016), and undisturbed paddy fields (MEXT, 2016; Takahashi et al., 385 

2018). By taking into account the migration between tree components and downward migration 386 

in forest areas and the downward migration in undisturbed croplands and paddy fields, the 387 

model reproduced the trend of temporal variation in 137Cs concentration in the topsoil. Fig. 4 388 

shows the observed (Taniguchi et al., 2020a; Taniguchi et al., 2020c) and calculated daily 137Cs 389 

concentrations in the suspended sediment at the Iwanuma observatory. Based on the observed 390 

and calculated daily 137Cs concentrations, the R2 and NSE were 0.55 and 0.48, respectively. The 391 

model reproduced the rapid decrease of the 137Cs concentration within the first year after the 392 

accident and the subsequent gradual decrease of the 137Cs concentration. Fig. 5 shows the 393 

cumulative 137Cs exports estimated based on observation (Taniguchi et al., 2019; Taniguchi et 394 

al., 2020b) and based on the calculation using the 137Cs transport model at the Iwanuma 395 

observatory. Based on the monthly estimated and calculated export, the R2 and NSE were 0.87 396 

and 0.85, respectively. A distributed radiocesium prediction model reproduced the temporal 397 

trends of the export caused by Typhoon Roke in September 2011 and the subsequent export. 398 

Although the R2 and NSE of the daily 137Cs concentration are slightly low, the model generally 399 

captured the temporal trend of the 137Cs concentration. The model reproduced the river 400 

discharge and export of suspended sediment and 137Cs well. Therefore, the overall model 401 

performance was judged to be acceptable. Pratama et al. (2015) reported that their model 402 



18 
 

reproduced monthly 137Cs exports at the Iwanuma observatory within the first year after the 403 

accident. However, cumulative 137Cs export based on the calculation from one to six years after 404 

the accident was approximately three times greater than that based on observation (Pratama et 405 

al., 2015; Taniguchi et al., 2019; Taniguchi et al., 2020b) because modeling and parameterizing 406 

in land use for the long-term prediction were insufficient. These results indicated that 407 

considering in detail the characteristics of 137Cs behavior in each land use is important for the 408 

long-term prediction of 137Cs. 409 

 410 

4.2 Analysis of the simulated long-term fate of 137Cs 411 

According to analysis of the simulated long-term fate of 137Cs, the average 137Cs 412 

concentration in the suspended sediment at the Iwanuma observatory in December 2040 was 413 

estimated to become 1.8% compared to the average concentration in June 2011 (Fig. 4). The 414 

calculated cumulative 137Cs export at the Iwanuma observatory for 30 years was 25.0 TBq (Fig. 415 

5) corresponding to 4.6% of the initial deposition in the Abukuma River basin. 416 

Fig. 6 shows the temporal variation of the total 137Cs outflows according to land use. The 417 

total 137Cs outflow from urban lands dominated within the first year after the accident, and the 418 

contribution of the total 137Cs outflow from agricultural lands gradually increased after that (Fig. 419 

6a). Cesium-137 in urban lands and forest areas was rapidly washed off within the first year 420 

after the accident and slowly washed off after that. These results were caused by the rapid 137Cs 421 

outflow from paved grounds and roofs in urban lands (Fig. 6b) and the migration of 137Cs in the 422 

tree canopy to the organic soil and the downward migration in forest areas. Throughout the 423 

calculation period, the total 137Cs outflow in disturbed paddy fields and croplands continued to 424 

increase because the soil disturbance caused a small decreased rate of 137Cs concentration in 425 

the washed off soil. Although the total 137Cs outflows in undisturbed croplands and paddy fields 426 

continued to increase throughout the calculation period, the total 137Cs outflows were estimated 427 
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to be small due to the low erodibility and the decrease of washed off 137Cs concentration as a 428 

result of downward migration (Fig. 6c). 429 

To evaluate the relationship between 137Cs export to the ocean and each land use, the 430 

contributions of 137Cs export to the ocean according to land use were calculated (Table 1). The 431 

contribution of 137Cs export from urban lands in 2011 was estimated to correspond to 70% of 432 

the total 137Cs export in 2011. The large amount of 137Cs export in September 2011 was 433 

estimated to be greatly affected by the 137Cs outflow from the paved grounds in urban lands 434 

(Fig. 6b). This result provided the first quantitative information on the contribution of 137Cs 435 

export from urban lands. The contribution of 137Cs export from agricultural lands (disturbed 436 

paddy fields and croplands) from 2012 to 2040 was estimated to correspond to 75% of the total 437 

137Cs export from 2012 to 2040. Therefore, these results suggested that areas with human 438 

activities (urban lands and agricultural lands) contributed more significantly to 137Cs export 439 

than areas without human activities (forest areas, undisturbed paddy fields, and undisturbed 440 

croplands). These simulated results were achieved similar to those of Taniguchi et al. (2019) 441 

based on monitoring and, furthermore, predicted that 137Cs contribution from areas with human 442 

activities would continue in the future. 443 

Fig. 7 shows the temporal variation of ratios of 137Cs remained to initial deposition in each 444 

land use and the Abukuma River basin. In areas without human activities, due to the small 445 

wash-off, temporal variations of ratio of 137Cs remained were almost the same as the radioactive 446 

decay curve (Fig. 7b). Since disturbed croplands are more erodible than disturbed paddy fields, 447 

the ratio of 137Cs remained in disturbed croplands was estimated to decrease faster than that in 448 

disturbed paddy fields. Although the ratio of 137Cs remained in urban lands rapidly decreased 449 

within the first year after the accident, the ratio of 137Cs remained slowly decreased after that 450 

and was estimated to be the same as that in disturbed paddy fields 30 years after the accident. 451 

The effective half-life of 137Cs deposited in the Abukuma River basin was estimated to be 26.4 452 
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years due to the 137Cs wash-off. The effective half-life of 137Cs deposited in disturbed croplands, 453 

disturbed paddy fields, urban lands, undisturbed paddy fields, and forest areas was estimated to 454 

be 18, 21.2, 19.8, 29, and 19.5, respectively. Since ratio of 137Cs remained in undisturbed 455 

croplands did not reach half of the initial deposition, the effective half-life was estimated to be 456 

greater than 29.6 years and less than 30.1 years (physical half-life). The effective half-life in 457 

areas with human activities was estimated to be approximately 10 years shorter than its physical 458 

half-life, while that in areas without human activities was estimated to be only approximately 459 

1 year shorter at most. The reduction ratios excluding radioactive decay of 137Cs remained in 460 

disturbed croplands, disturbed paddy fields, urban lands, undisturbed croplands, undisturbed 461 

paddy fields, forest areas and the Abukuma River basin for 30 years after the accident were 462 

estimated to be 17.7%, 11.7%, 11.5%, 0.4%, 1.4%, 0.8%, and 4.5%, respectively. The reduction 463 

ratios were calculated as the ratio of the outflow during the target period to the initial deposition. 464 

These results suggested that the ratio of 137Cs remained in areas with human activities decreased 465 

significantly faster than that in areas without human activities. 466 

Fig. 8 shows the spatial distribution of total sediment outflows and 137Cs reduction ratios 467 

from January 1, 2011, to December 31, 2011; January 1, 2012, to December 31, 2040; and 468 

January 1, 2011, to December 31, 2040. In all durations, the sediment outflows show similar 469 

trends and are large in agricultural lands. Since 𝐶 × 𝑃 in disturbed croplands was the greatest 470 

in all land use categories, disturbed croplands especially had large impact on the spatial 471 

distribution of sediment outflow. Due to the predominance of outflow from urban lands (Fig. 472 

6a), 137Cs reduction ratio from January 2011 to December 2011 was estimated to highly depend 473 

on the area of urban lands. Cesium-137 reduction ratio from January 2012 to December 2040 474 

shows a similar trend to the sediment outflow from January 2012 to December 2040. Since the 475 

primary 137Cs outflow from January 2012 to December 2040 was estimated to occur from 476 

agricultural lands (Fig. 6a), the reduction ratio depended on the percentage of the area of 477 
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agricultural lands. Cesium-137 reduction ratio from January 2011 to December 2040 has trends 478 

of both reduction ratios from January 2011 to December 2011 and from 2012 to 2040. 479 

Summarizing results of the ratio of 137Cs remained and the 137Cs outflow and reduction ratio, 480 

these results suggested that 137Cs outflow and reduction were enhanced in areas with human 481 

activities. In the 30-year simulation, the model reproduced 137Cs transport mechanisms for land 482 

uses, indicating the difference of 137Cs outflow and reduction in each land use in the past and 483 

future. These results provide useful information to evaluate future radiation exposure doses. 484 

 485 

5. Conclusions 486 

In this study, a 30-year simulation of environmental fate of 137Cs in the Abukuma River basin 487 

was conducted using a distributed radiocesium prediction model, taking into account the 488 

characteristics of 137Cs behavior in each land use. This model reproduced the mechanisms for 489 

areas with human activities (urban lands and agricultural lands) and without human activities 490 

(forest areas and undisturbed agricultural lands). According to the analysis of the 137Cs behavior 491 

in the overall Abukuma River basin, the 137Cs transported into the ocean through the Abukuma 492 

River in 30 years after the accident was estimated to correspond to 4.6% of the initial deposition 493 

in the Abukuma River basin. Due to the 137Cs wash-off, the effective half-life of 137Cs deposited 494 

in the Abukuma River basin was estimated to be 3.7 years shorter than half-life of 137Cs. These 495 

results suggested 137Cs deposited in the Abukuma River basin could continue to remain in the 496 

long-term. According to the analysis of the 137Cs behavior in land uses, the contribution of 137Cs 497 

export from urban lands in 2011 was estimated to correspond to 70% of the total 137Cs export 498 

in 2011. Meanwhile, the contribution of 137Cs export from agricultural lands (disturbed paddy 499 

fields and croplands) from 2012 to 2040 was estimated to correspond to 75% of the total 137Cs 500 

export from 2012 to 2040. The reduction ratios excluding radioactive decay of 137Cs remained 501 

in areas with and without human activities for 30 years after the accident, defined as the ratios 502 
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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%, 503 

respectively. That is, the ratio of 137Cs remained in areas with human activities would decrease 504 

significantly faster than that in areas without human activities. These results suggested that 505 

human activities enhance the reduction of 137Cs remained in land. By taking into account these 506 

characteristics in land use, we accurately predicted simulated 137Cs transport and then evaluated 507 

their impacts on the transport. This study provides simulation results of the long-term fate of 508 

137Cs on land and provides useful information for evaluating future radiation exposure doses. 509 

Since no large-scale decontamination work was conducted in the Abukuma River basin, this 510 

study did not consider the impact of decontamination on environmental fate of 137Cs. In the 511 

Fukushima coastal river basin located east of the Abukuma River basin, the evacuation order 512 

area was set up, and large-scale decontamination work was conducted due to high radiation 513 

dose. Since the evacuation order will keep people out of the area for a long period of time, land 514 

use may change. Therefore, the impact of decontamination work, the restriction and resurgence 515 

of human activities, and the changes in land use on the 137Cs behavior cannot be ignored. The 516 

model can easily add these effects and simulate 137Cs transport. In future studies, long-term 517 

simulation of environmental fate of 137Cs in the Fukushima coastal river basin will be conducted, 518 

considering decontamination work, the restriction and resurgence of human activities, and the 519 

changes in land use.  520 
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Fig. 1. Outline of the computational domain. 
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Fig. 2. (a) Dominant land use and area rates of (b) forest areas, (c) disturbed croplands, (d) undisturbed croplands, (e) urban 

lands, (f) disturbed paddy fields, and (g) undisturbed paddy fields in the computational domain. 
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Fig. 3. Observed and calculated 𝑆𝑐 in the mineral topsoil of (a) deciduous forest areas, (b) conifer forest areas, (c) 

undisturbed croplands, and (d) undisturbed paddy fields. 𝑆𝑐 is defined as 137Cs concentration in soil (Bq g-1) per unit 

deposition density (Bq m-2) and is an indicator of the temporal change in 137Cs concentration. DC1, FC1, and FC2 were 

observed values in Kawamata Town (Takahashi et al., 2019). DC3, CF3, CF4, and CF5 were observed values in Fukushima 

city (Koarashi et al., 2012; Matsunaga et al., 2013; Muto et al., 2019). CP1 and CP2 and CP3 were observed values in 

Shirakawa city (MEXT, 2013) and Kawamata Town (MEXT, 2016), respectively. PD1 and PD2 were observed values in 

Kawamata Town (Takahashi et al., 2018) and Saigo Town (MEXT, 2016), respectively. 
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Fig. 4. Observed and calculated daily 137Cs concentrations in the suspended sediment at the Iwanuma observatory. 
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Fig. 5. Observation-based and calculated cumulative 137Cs exports at the Iwanuma observatory. 
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Fig. 6. Temporal variation of total 137Cs 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 137Cs 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. 8. Spatial distribution of total sediment outflows and 137Cs reduction ratios in each period. 

January 1, 2011-December 31, 2011    January 1, 2012-December 31, 2040       January 1, 2011-December 31, 2040 

January 1, 2011-December 31, 2011    January 1, 2012-December 31, 2040       January 1, 2011-December 31, 2040 
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Fig. S1. Precipitation, and observed and calculated daily river flows at the Fushiguro observatory. 
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Table S1. 

List of 𝐶 × 𝑃 values used in the simulation. 

Land use C×P value 

Disturbed croplands 1.32×10-1 

Undisturbed croplands 4.11×10-4 

Forest areas 3.89×10-4 

Urban lands 4.40×10-3 

Disturbed paddy fields 1.25×10-2 

Undisturbed paddy fields 7.78×10-4 
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Table S2. 

List of 𝜌𝑚𝑖𝑛𝑙, 𝑘𝑟𝑙, and 𝐷𝑙 used in the simulation. 

Land use 
Others 

forest areas 

Deciduous 

forest areas 

Conifer 

forest areas 

Disturbed 

Croplands 

ρminl 

(g cm-3) 
0.47  0.40  0.23  0.98  

krl 

(cm-1) 
0.61  0.67  0.56  - 

Dl 

(cm2 y-1) 
0.29 0.23 0.37 - 

References 

Koarashi et al., 2012; Matsunaga et al., 2013; 

Muto et al., 2019; Takahashi et al., 2015; Takahashi et al., 

2019 

Koarashi et al., 2012 

Land use 
Undisturbed 

Croplands 

Urban 

lands 

Disturbed 

paddy fields 

Undisturbed 

paddy fields 

ρminl 

(g cm-3) 
1.00  0.85  1.00  0.90  

krl 

(cm-1) 
0.69  1.00  - 0.62  

Dl 

(cm2 y-1) 
0.47 0.33 - 3.25 

References 

Honda et al., 2015; 

MEXT et al., 2013; 

MEXT et al., 2016; 

Takahashi et al., 2015 

MEXT et al., 

2016 

 Lepage et al., 

2015 

MEXT et al., 2016; 

Takahashi et al., 2018 
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Table S3. 
List of 𝑟𝑚𝑖𝑛 and 𝑟𝑜𝑟𝑔 used in the simulation. 
 Deciduous forest areas Coniferous forest areas Others forest areas 

rmin 0.09  0.05  1.00  

rorg 0.91  0.95  0.00  
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Table S4. 

Table S4. List of 𝐴𝑢1, 𝐴𝑢2, 𝑘𝑢1, and 𝑘𝑢2 used in the simulation. 
 Residence area Evacuation order area 
 Roof Paved ground Roof Paved ground 

Au1 (-) 1.49×10-1 2.07×10-1 1.49×10-1 1.51×10-1 

Au2 (-) 2.20×10-2 1.29×10-2 2.20×10-2 1.84×10-1 

ku1 (yr-1) 1.00 1.10×101 1.00 2.93 

ku2 (yr-1) 0.00 3.57×10-1 0.00 0.00 
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Table S5. 

Statistical indices of daily discharge from January 2011 to December 2018 at each observatory. 

Observatory Observed 

(m3 s-1) 

Calculated 

(m3 s-1) 

MBE 

(m3 s-1) 

RMSE 

(m3 s-1) 

NSE 

(-) 

Kosakuda 20.6  27.6  7.0  15.0  0.80  

Miyota 33.1  40.5  7.5  22.3  0.80  

Akutsu 52.0  55.4  3.4  36.3  0.81  

Motomiya 61.4  67.4  5.9  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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