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ABSTRACT 1 

The Fukushima Dai-ichi Nuclear Power Plant accident in March 2011 resulted in 2 

the deposition of significant quantities of radionuclides, including radiocesium 3 

(137Cs), over a wide area. Most of the deposited 137Cs is strongly adsorbed on fine 4 

soil particles such as clay and silt near the ground surface. Therefore, to estimate 5 

the environmental fate of 137Cs, it is necessary to predict its transport with eroded 6 

sediment in rainfall-runoff processes. In this study, a distributed radiocesium 7 

prediction model was applied to simulations of 137Cs transport associated with 8 

hydrological processes in the Abukuma River Basin, the largest river system in 9 

Fukushima, over the period of 2011–2012. The soil erosion potential, which is a 10 

key input to the distributed radiocesium prediction model, was estimated using 11 

the Universal Soil Loss Equation (USLE). This study focused on the uncertainty 12 

in estimating the environmental fate of 137Cs associated with the USLE factors. 13 

The USLE has five physically meaningful factors: the rainfall and runoff factor 14 

(𝑅), soil erodibility factor (𝐾), topographic factor (𝐿𝑆), cover and management 15 

factor (𝐶 ), and support practice factor (𝑃 ). Because the USLE factors were 16 

determined using various methods, 𝑅, 𝐿𝑆, and the product of 𝐶 and 𝑃 (𝐶 × 𝑃) 17 

were divided into two, three, and five cases, respectively, based on previous 18 

studies. Therefore, we conducted 30 different simulations. The average total 137Cs 19 

outflow during the computational period in the simulation cases using the same 20 

USLE factors was 13.3 and 11.7 TBq for 𝑅 (two cases), 12.6, 13.9 and 10.9 TBq 21 

for 𝐿𝑆 (three cases), and 26.5, 8.64, 0.47, 22.8 and 4.03 TBq for 𝐶 × 𝑃 (five cases). 22 

For the total outflow, 𝐶 and 𝑃 had the highest uncertainty of all the USLE 23 

factors. The outflow rates of the average total 137Cs in the simulation cases using 24 

the same 𝐶 and 𝑃 from the croplands and forest areas and from the undisturbed 25 
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croplands and paddy fields were 62–91% and 18–34%, respectively. These results 26 

were due to the high erodibility of the croplands, the large forest areas in grids 27 

with high 137Cs deposition density, and the high concentration of 137Cs in the soil 28 

of the undisturbed croplands and paddy fields. This study indicates that land use, 29 

especially forest areas, croplands, and undisturbed paddy fields, has a significant 30 

impact on the environmental fate of 137Cs. 31 
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Impact of soil erosion potential uncertainties on numerical simulations of the environmental 1 

fate of radiocesium in the Abukuma River Basin 2 

 3 

1. Introduction 4 

The Great East Japan Earthquake and its associated tsunami occurred on March 11, 2011, 5 

in Japan. The subsequent nuclear accident at the Fukushima Dai-ichi Nuclear Power Plant 6 

(FDNPP) resulted in the release of significant quantities of radionuclides into the atmosphere. 7 

These radionuclides were transported by atmospheric flows and deposited on the land surface 8 

via wet and dry deposition over a wide area around the FDNPP according to airborne 9 

monitoring by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) et 10 

al. (2011a). MEXT and the Ministry of Agriculture, Forestry and Fisheries (MAFF) (2012) 11 

reported that the effective dose of radiocesium (134Cs and 137Cs) was much higher than that of 12 

other radionuclides at points where maximum amounts of radionuclides were detected. 13 

Although 134Cs contributed to radiation dose of June 14, 2011 in the similar level of 137Cs 14 

(MEXT and MAFF, 2012), half-life of 134Cs is relatively shorter than that of 137Cs. Therefore, 15 

to evaluate future radiation exposure doses, it is necessary to study 137Cs. 16 

In undisturbed soils, most of the deposited 137Cs is distributed near the land surface and the 17 

concentration of 137Cs decreases exponentially from the land surface with depth (Koarashi et 18 

al., 2012). In the topsoil, 137Cs is localized in fine soil particles such as clay and silt 19 

(Sakaguchi et al., 2015). In the period from August 10, 2011, to May 11, 2012, it was 20 

estimated based on observations that 84–92% of the total 137Cs transported in the Abukuma 21 

River Basin was carried in particulate form (Yamashiki et al., 2014). Considering these results, 22 

the soil erosion of the topsoil and subsequent sediment transport into the aquatic system, e.g., 23 

via rivers, is the primary mechanism for the migration of 137Cs. Consequently, the long-term 24 

distribution of the air dose rate due to 137Cs may be affected by rainfall-runoff processes. To 25 
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evaluate the environmental fate of 137Cs and the future health effects of 137Cs, it is necessary 26 

to predict sediment transport in rainfall-runoff processes. 27 

Since the FDNPP accident, several numerical studies on the environmental fate of 137Cs 28 

have been performed. Kurikami et al. (2014) applied one-dimensional sediment-contaminant 29 

transport code, Time-dependent, One-dimensional, Degradation And Migration (TODAM) 30 

(Onishi et al. 2007) to simulate the transport of 137Cs in the Ogaki Dam Reservoir. They 31 

clarified the reservoir played an important role to delay and buffer the movement of 137Cs in 32 

heavy rainfall events. Pratama et al. (2015) calculated the transport of 137Cs adsorbed on soil 33 

particles in the Abukuma River Basin using a multiple compartment model. They predicted 34 

that the cumulative amount of 137Cs discharged from the basin into the Pacific Ocean 100 35 

years after the FDNPP accident would be 111 TBq. Kitamura et al. (2014) analyzed the 36 

transport of 137Cs adsorbed on soil particles in 14 river basins including the Abukuma River 37 

Basin based on the Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1978) and 38 

simple sediment discharge formulas. They found an estimated annual amount of 137Cs 39 

discharge to the ocean from the 14 river basins during 2011 of 8.4 TBq. Kinouchi et al. (2015) 40 

predicted the future transport of 137Cs adsorbed on soil particles in the Kuchibuto River 41 

catchment based on a physically based distributed hydrological and sediment erosion model. 42 

According to their simulation, the amount of 137Cs remaining in the catchment will be reduced 43 

to 39% of the initial total within 30 years of the FDNPP accident. Iwasaki et al. (2015) 44 

analyzed the transport of 137Cs adsorbed on soil particles in the Abukuma River using a 45 

two-dimensional model. In their study, the calculated total 137Cs export to the coastal area was 46 

3.3 TBq in the period of September 22–24, 2011, when Typhoon Roke caused heavy 47 

precipitation in the basin. Wei et al. (2017) predicted the future transport of 137Cs in the 48 

Kuchibuto River catchment in the Abukuma River Basin considering the size distribution of 49 

the soil particles and the leaching of 137Cs from the forest canopy. Their result indicated that 50 
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0.57 TBq of 137Cs was exported from the catchment between June 2011 and December 2014. 51 

As mentioned above, several simulations of the transport of 137Cs adsorbed on soil particles 52 

have been performed. The simulation results, however, vary substantially according to the 53 

uncertainty of the input data and parameters. Yoshimura et al. (2015) monitored 137Cs 54 

wash-off associated with soil erosion in areas with different land use using USLE plots in 55 

Kawamata Town, Fukushima Prefecture, Japan. The monitoring results indicated that 56 

estimations of the concentration and wash-off of 137Cs related to land use and the vegetation 57 

cover are crucially important to future modeling of the migration of 137Cs inputs into river 58 

systems. Yamaguchi et al. (2014) conducted sensitivity analyses on the transport of sediment 59 

and 137Cs in the study region of Kitamura et al. (2014) by changing the critical shear stress, 60 

the rainfall and runoff factor (𝑅), which is one of the USLE factors, and other parameters. 61 

Their results indicated that 𝑅 has a high sensitivity to sediment discharge. 62 

Therefore, soil erosion is an important process in the transport of 137Cs, and rainfall and 63 

land use have a large effect on the transport of 137Cs. The USLE for estimating the soil erosion 64 

potential has five physically meaningful factors, and each factor has been determined using 65 

various methods. In this study, we focused on the uncertainty of the USLE factors and 66 

evaluated their impacts on the environmental fate of 137Cs as simulated by a distributed 67 

radiocesium prediction model in the Abukuma River Basin. 68 

 69 

2. Model 70 

2.1 Distributed radiocesium prediction model 71 

A distributed radiocesium prediction model was used to simulate the environmental fate of 72 

137Cs in the Abukuma River Basin. The distributed radiocesium prediction model is composed 73 

of a hydrological model, a sediment transport model, and a 137Cs transport model. The 74 

hydrological model simulates water flow in the rainfall-runoff processes based on 75 
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geographical and meteorological data. Then, the sediment transport model calculates the 76 

transport of eroded soil based on the simulated water flow, and the 137Cs transport model 77 

analyzes the transport of 137Cs adsorbed on the eroded soil particles. 78 

 79 

2.2 Hydrological model 80 

The hydrological model is based on the distributed hydrological model of Kojiri et al. 81 

(2008). The hydrological model represents water cycle processes such as snowmelt, snowfall, 82 

infiltration, surface runoff, subsurface flow, and groundwater flow. In the hydrological model, 83 

the basin is divided into computational grids with a horizontal resolution of 1 km × 1 km and 84 

the computational grids act as the river flow network. Each computational grid consists of 85 

river and land of four layers (A, B, C, and D from top to bottom). In layer A, the grid is 86 

divided into four land use categories (croplands, forest areas, urban lands, and paddy fields). 87 

The land use characteristics depend on the land use ratio in each area. Infiltration and 88 

evapotranspiration are estimated by calculating the surface energy budget taking into account 89 

snowmelt and snowfall. In croplands, forest areas, and urban lands, the surface runoff is 90 

calculated by applying the kinematic wave model (Kojiri et al., 2008) to layer A. In paddy 91 

fields, a tank model is applied. The subsurface flow and moisture transport to each soil layer 92 

are calculated by applying a linear storage model (Kojiri et al., 2008) to layers B, C, and D. 93 

The soil moisture can move up and down between all of the layers. The groundwater flow is 94 

simulated in layer D. The water level and discharge are calculated by applying the kinematic 95 

wave model to the rivers. The three large dams in the Abukuma River Basin (Fig. 1) are 96 

simulated according to a simplified operation rule (Shrestha and Kondo, 2015) in the 97 

hydrological model. 98 

The river network is a combination of multiple one-dimensional channels. The 99 

one-dimensional channels repeat confluence, and eventually all the channels confluent the 100 
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main channel and reach the estuary. A channel confluence is a collection of grids where 101 

several channels merge. The channel confluence is modeled so that the mass balance of the 102 

upstream and the downstream is equal. Sediment and 137Cs transport are calculated based on 103 

the flow conditions at the same grid of the hydrological model. This calculation of confluence 104 

was applied to water, sediment and 137Cs. 105 

 106 

2.3 Sediment transport model 107 

The sediment transport model considers advection, diffusion, sedimentation, resuspension, 108 

and the lateral inflow load of sediment. The one-dimensional mass balance of the suspended 109 

sediment in the rivers is expressed by Eq. (1): 110 

 111 

𝜕

𝜕𝑡
(𝐴𝑟𝐶𝑠𝑠) +

𝜕

𝜕𝑥
(𝐴𝑟𝑈𝐶𝑠𝑠) =

𝜕

𝜕𝑥
(𝐴𝑟𝐷𝑠𝑠

𝜕𝐶𝑠𝑠

𝜕𝑥
) − 𝑤𝑓

𝐴𝑟𝐶𝑠𝑠

𝐻𝑟
+ 𝑞𝑠𝑠

𝐴𝑟

𝑅𝑟
+ 𝑓𝑠𝑠 ,   (1) 112 

𝑤𝑓 = √
2

3
(
𝜌𝑠𝑠

𝜌𝑤
− 1)𝑔𝑑𝑠𝑠 +

36𝜈2

𝑑𝑠𝑠
2 −

6𝜈

𝑑𝑠𝑠
      (2) 113 

𝑞𝑠𝑠 = {
𝑛𝑠𝑠(

𝑢∗2

𝑢𝑐∗2
− 1)𝑚𝑠𝑠  when 𝑢∗ ≥ 𝑢𝑐

∗

0              when 𝑢∗ < 𝑢𝑐
∗

,      (3) 114 

 115 

where 𝐴𝑟  is the stream cross-sectional area (m2), 𝐶𝑠𝑠  is the suspended sediment 116 

concentration (g m−3), 𝑈 is the cross-sectional flow velocity (m s−1), 𝐷𝑠𝑠 is the diffusion 117 

coefficient (m2 s−1), 𝑤𝑓 is the settling velocity of the suspended sediment (m s−1), 𝐻𝑟 is the 118 

depth of the water (m), 𝑞𝑠𝑠 is the resuspension quantity per unit area (g m−2 s−1), 𝑅𝑟 is the 119 

hydraulic radius (m), 𝑓𝑠𝑠 is the lateral inflow load of the sediment (g m−1 s−1), 𝜌𝑠𝑠 is the 120 

density of the sediment (g m−3), 𝜌𝑤 is the density of water (g m−3), 𝑔 is the gravitational 121 

acceleration (m s−2), 𝑑𝑠𝑠  is the diameter of the soil particles (m), 𝜈  is the kinematic 122 

viscosity coefficient of water (g m−1 s−1), 𝑛𝑠𝑠 is the constant of resuspension rate (g m−2 s−1), 123 
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𝑚𝑠𝑠 is the parameter of  resuspension (-), 𝑢∗ is the shear velocity (m s−1), and 𝑢𝑐∗ is the 124 

critical shear velocity (m s−1). 𝑤𝑓 was obtained by using the empirical formula proposed by 125 

Rubey (1933). 𝑢𝑐∗ was calculated according to the experimental formula Iwagaki et al. 126 

(1956). To consider the difference in the runoff characteristics due to the diameter of the 127 

particles, the mobile soil particles were divided into four categories: clay, silt, fine sand, and 128 

coarse sand. 129 

The USLE used to calculate 𝑓𝑠𝑠 is represented by 130 

 131 

𝐴 = 𝑅 × 𝐾 × 𝐿𝑆 × 𝐶 × 𝑃,       (4) 132 

 133 

where 𝐴 is the soil erosion rate per unit area (t ha−1 10 min−1), 𝑅 is the rainfall and runoff 134 

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 135 

topographic factor (-), 𝐶 is the cover and management factor or land use factor (-), and 𝑃 is 136 

the support practice factor (-). The lateral inflow load of the sediment is 137 

 138 

𝑓𝑠𝑠 = 𝑆𝐷𝑅
𝐴𝑊𝑐𝑒𝑙𝑙

6
,         (5) 139 

 140 

where 𝑆𝐷𝑅 is the sediment delivery ratio (-) and 𝑊𝑐𝑒𝑙𝑙 is the width of the computational 141 

grid (m). 142 

 143 

2.4 137Cs transport model 144 

Cesium-137 transport is modeled under the assumption that 137Cs migrates with the eroded 145 

soil and does not dissolve in the river water. In the 137Cs transport model, the suspended 137Cs 146 

concentration in the channel flow is calculated based on the one-dimensional mass balance 147 

equation represented by 148 
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 149 

𝜕

𝜕𝑡
(𝐴𝑟𝐶𝑠𝑠𝑅𝑟𝑖𝑣) +

𝜕

𝜕𝑥
(𝐴𝑟𝑈𝐶𝑠𝑠𝑅𝑟𝑖𝑣) =

𝜕

𝜕𝑥
(𝐴𝑟𝐷𝑠𝑠

𝜕(𝐶𝑠𝑠𝑅𝑟𝑖𝑣)

𝜕𝑥
) − 𝑤𝑓

𝐴𝑟𝐶𝑠𝑠𝑅𝑟𝑖𝑣

𝐻𝑟
+ 𝑞𝑠𝑠𝑅𝑠𝑒𝑑

𝐴𝑟

𝑅𝑟
+150 

𝑓𝑠𝑠𝑅𝑡𝑜𝑝, (6) 151 

 152 

where 𝑅𝑟𝑖𝑣 , 𝑅𝑠𝑒𝑑 , and 𝑅𝑡𝑜𝑝  are the concentrations of 137Cs (Bq g−1) in the suspended 153 

sediment, the riverbed sediment, and the topsoil, respectively. The one-dimensional mass 154 

balance equation using this advection-diffusion equation is also used in TODAM. Kurikami et 155 

al. (2014) applied TODAM to simulate the transport of particulate and dissolved 137Cs in the 156 

Ogaki Dam Reservoir. We assume that the 137Cs deposited on the land surface is adsorbed on 157 

inorganic soil particles and does not interact with the organic matter. Considering that the 158 

137Cs concentration in the undisturbed soil decreases exponentially from the land surface with 159 

depth, 𝑅𝑡𝑜𝑝 was calculated according to Kinouchi et al. (2015) as follows: 160 

 161 

𝑅𝑠𝑜𝑖𝑙(𝑧𝑟) = {
0         when 𝑧𝑟 > 𝑧0

𝑅𝑡𝑜𝑝 exp(−𝑘𝑟𝑧𝑟)when 𝑧𝑟 ≤ 𝑧0
, (7) 162 

𝑅𝑡𝑜𝑝 =
𝑘𝑟𝐵𝑐

𝜌𝐵[1−exp(−𝑘𝑟𝑧0)]
exp (−𝜆𝑡), (8) 163 

 164 

where 𝑅𝑠𝑜𝑖𝑙 is the concentration of 137Cs in the soil (Bq g−1), 𝑧𝑟 is the depth from the topsoil 165 

(m), 𝑘𝑟 is a relaxation constant (m−1), 𝐵𝑐 is the amount of deposited 137Cs per unit area in 166 

the topsoil (Bq m−2), 𝜌𝐵 is the bulk density of the topsoil (g m−3), 𝑧0 is the depth of the 167 

on-site measurements (m), and 𝜆 is the decay constant (s−1). 𝑅𝑡𝑜𝑝 was estimated based on 168 

the results of the second airborne survey conducted in May 2011 (MEXT et al., 2011b), which 169 

represents the spatial distribution of 137Cs within the top 5 cm (𝑧0) of the surface soil (𝐵𝑐) as 170 
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validated by on-site measurements. We defined the soil of abandoned cultivated croplands, 171 

forest areas, urban lands, and abandoned cultivated and planting restricted paddy fields as 172 

undisturbed soil. Considering that the 137Cs concentration in the disturbed soil is constant 173 

regardless of the depth from the land surface, 𝑅𝑡𝑜𝑝 is calculated as follows: 174 

 175 

𝑅𝑠𝑜𝑖𝑙(𝑧𝑟) = {
0         when 𝑧𝑟 > 𝑧𝑑

𝐵𝑐

𝜌𝐵𝑧𝑑
exp(−𝜆𝑡)when 𝑧𝑟 ≤ 𝑧𝑑

 (9) 176 

 177 

where 𝑧𝑑 is the depth of the soil disturbance (m). We defined the soil of the cultivated 178 

croplands and paddy fields as disturbed soil. 179 

 180 

3. Computational conditions 181 

3.1 Computational domain and period 182 

We simulated the transport of water, sediment, and 137Cs in the Abukuma River Basin 183 

(basin area ≈ 5400 km2) as shown in Fig. 1. The Abukuma River Basin is located 30–100 184 

km west of the FDNPP and is the largest of the basins in the Fukushima Prefecture. The 185 

distributed radiocesium prediction model was applied to the Abukuma River Basin for the 186 

period between January 2011 and December 2012. The transport of 137Cs was simulated 187 

starting on May 26, 2011, which was the final measurement day of the second airborne survey 188 

(MEXT et al., 2011b). Figure. 2 shows the spatial distribution of the estimated 137Cs 189 

deposition density in the topsoil on the initial day. The model performance was evaluated at 190 

observatories of the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) along 191 

the main channel of the Abukuma River (Fig. 1): nine sites (Kosakuda, Miyota, Akutsu, 192 

Motomiya, Nihonmatsu, Kuroiwa, Fukushima, Fushiguro, and Yahata from upstream to 193 

downstream) for the river discharge and two sites (Akutsu and Fushiguro) for the suspended 194 
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solid (SS). 195 

 196 

3.2 Target soil particles 197 

To consider the differences in runoff characteristics due to the particle diameter, the mobile 198 

soil particles were divided into four classes: clay (0.45–2 μm), silt (2–20 μm), fine sand (20–199 

250 μm), and coarse sand (250–2000 μm). Based on the measurement result for the 200 

contaminated soil in the eastern region of the Fukushima Prefecture according to Saito et al. 201 

(2014), the mass fractions of the mobile soil particles in the topsoil were assumed to be 11.2%, 202 

18.0%, 51.4%, and 19.4% for the clay, silt, fine sand, and coarse sand, respectively. Similarly, 203 

based on the measurements of contaminated soil by Saito et al. (2014), 27.5%, 33.9%, 35.6%, 204 

and 3.0% of the 137Cs in the topsoil was assumed to be adsorbed on the clay, silt, fine sand, 205 

and coarse sand particles, respectively. 206 

 207 

3.3 Input data 208 

Table 1 summarizes the main input data for the model simulation. Geographical data, such 209 

as land use and elevation (Fig. 3.), for the hydrological model were obtained from the 210 

National Land Numerical Information (NLNI) of MLIT (2011a). The rates of land use in the 211 

Abukuma River Basin were 11.7%, 64.7%, 8.7%, and 14.8% for croplands, forest areas, urban 212 

lands, and paddy fields, respectively. Observation data at six meteorological observatories and 213 

28 Automated Meteorological Data Acquisition System (AMeDAS) stations (Fig. 1) by the 214 

Japan Meteorological Agency (JMA) (2011) were used as meteorological inputs for the 215 

hydrological model. At each computational grid, precipitation and other meteorological 216 

variables were derived from observed data at the neighboring meteorological observatory or 217 

AMeDAS station and at the neighboring meteorological observatory, respectively. For the 218 

USLE in the sediment transport model, the precipitation data provided by JMA (2011) and the 219 



10 
 

geographical data provided by MLIT (2011a) were used to calculate 𝑅 and the other factors, 220 

respectively. The spatial distribution of the deposited 137Cs density in the study area (Fig. 2) 221 

and the 137Cs concentration in the suspended and riverbed sediment provided by MEXT et al. 222 

(2011b) and MEXT (2012), respectively, were used for the initial conditions of the 137Cs 223 

transport model. The areas of the abandoned cultivated fields and planting restricted paddy 224 

fields were provided by MAFF (2010) and MAFF (2011), respectively. The ratios of the 225 

undisturbed to disturbed areas were 0.093 and 0.065 for the croplands and paddy fields, 226 

respectively. 227 

 228 

3.4 USLE factors 229 

In this study, the soil erosion rate per unit area (𝐴) was calculated for every 10-min period. 230 

𝑅 indicates the number of rainfall erosion index units plus a factor for runoff from snowmelt 231 

or applied water where such runoff is significant. Since the effects of snow melt and irrigation 232 

are limited to the western part of Fukushima Prefecture, Yamaguchi et al. (2014) omitted the 233 

effects. Similarly, the effects were omitted in this study. In this study, 𝑅 was derived using 234 

two different calculation methods based on every 10 min of precipitation from the AMeDAS 235 

stations. 236 

 237 

𝑅𝑈𝑆𝐿𝐸 = 0.119 + 0.0873𝐼𝑒𝐼30log 6𝐼𝑒,      (10) 238 

𝑅𝑅𝑈𝑆𝐿𝐸 = 0.29(1 − 0.72 exp(−0.05 × 6𝐼𝑒))𝐼𝑒𝐼30,     (11) 239 

 240 

where 𝑅𝑈𝑆𝐿𝐸 is the rainfall and runoff factor according to the USLE method (MJ mm ha−1 241 

h−1 10 min−1), 𝑅𝑅𝑈𝑆𝐿𝐸 is the rainfall and runoff factor according to the Revised Universal 242 

Soil Loss Equation (RUSLE) (Renard et al., 1997) method (MJ mm ha−1 h−1 10 min−1), 𝐼𝑒 is 243 

the rainfall intensity (mm 10 min−1), and 𝐼30 is the maximum 30-min rainfall intensity (mm). 244 
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The soil erodibility factor (𝐾) is the soil loss rate per erosion index unit for a specified soil 245 

as measured on a unit plot, which is defined as a 22.1-m length with a continuous uniform 9% 246 

slope in clean-tilled fallow. In this study, 𝐾 was derived from existing empirical values (Imai 247 

and Ishiwatari, 2007) for each specific soil type based on an MLIT (2007) soil map. 248 

The topographic factor (𝐿𝑆) is the expected ratio of soil loss per unit area from the field 249 

slope to that from a 22.1-m length of uniform 9% slope under otherwise identical conditions. 250 

In this study, 𝐿𝑆 was derived using three different calculation methods based on elevation 251 

and the degree of slope tertiary mesh data from NLNI. 𝐿𝑆 is calculated as follows: 252 

 253 

𝐿𝑆𝑈𝑆𝐿𝐸 = (
𝑙

22.1
)
𝑚

(65.41sin2𝜃 + 4.56sin𝜃 + 0.065),    (12) 254 

𝐿𝑆𝑅𝑈𝑆𝐿𝐸 =

{
 

 (
𝑙

22.1
)

𝛽

1+𝛽
(16.8sin𝜃 − 0.5) when 𝑠 ≤ 9%

(
𝑙

22.1
)

𝛽

1+𝛽
(10.8sin𝜃 + 0.03) when 𝑠 > 9%

,    (13) 255 

𝛽 =
sin𝜃

0.0896(3sin0.08𝜃+0.56)
,        (14) 256 

𝐿𝑆𝑆𝑇𝑅𝐸𝐴𝑀 = 1.4 (
𝐴𝑠

22.1
)
0.04

(
sin𝜃

0.0896
)1.3,      (15) 257 

 258 

where 𝐿𝑆𝑈𝑆𝐿𝐸 is the topographic factor according to the USLE method (-), 𝑙 is the slope 259 

length (m), 𝜃 is the angle of the slope (-), 𝑚 is 0.5 if the slope gradient is 5% or more, 0.4 260 

on slopes of 3.5–4.5%, 0.3 on slopes of 1–3%, and 0.2 on uniform gradients of less than 1%, 261 

𝛽 is the ratio of rill to interrill erosion, 𝑠 is the slope gradient, 𝐿𝑆𝑅𝑈𝑆𝐿𝐸 is the topographic 262 

factor according to the RUSLE method (-), 𝐿𝑆𝑆𝑇𝑅𝐸𝐴𝑀 is the topographic factor according to 263 

the stream power method (Moore et al., 1993) (-), and 𝐴𝑠  is the area of the specific 264 

catchment or the upslope area per unit width of contour (m). 265 

The cover and management factor (𝐶) is the ratio of the soil loss from an area with a 266 

specified cover and management to that from an identical area in continuous tilled fallow. The 267 
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support practice factor (𝑃) is the ratio of soil loss with a support practice such as contouring, 268 

strip cropping, or terracing to that with straight-row farming up and down the slope. In this 269 

study, 𝐶 and 𝑃 for each land use were derived from several different data sources based on 270 

land use tertiary mesh data from NLNI. The values of 𝐶 and 𝑃 were derived from two cases 271 

of 𝐶 and 𝑃 values according to the Japan Wildlife Research Center (JWRC) (2006) and 272 

Yamaguchi et al. (2013) from various Japanese sites. Yoshimura et al. (2015) monitored soil 273 

erosion under different land uses, and 𝐶 × 𝑃 was determined by calculating 𝐴, 𝑅, 𝐾, and 274 

𝐿𝑆 based on the monitoring data. Similarly, we determined 𝐶 × 𝑃 based on soil erosion 275 

monitoring results in the Fukushima Prefecture (Japan Atomic Energy Agency, 2014; Niizato 276 

et al., 2016; Nishikiori et al., 2016; Wakabayashi et al., 2018; Wakiyama et al., 2019). 𝐶 × 𝑃 277 

was derived for the three cases of minimum, maximum, and geometric mean based on the 278 

determined 𝐶 × 𝑃 values. Table 2 summarizes the 𝐶 × 𝑃 values used for the simulations. 279 

As mentioned in the introduction section, we focused on the impact of the uncertainty of 280 

the USLE factors on the simulation of the environmental fate of 137Cs. Because the USLE 281 

factors were determined using various methods, we conducted several simulations with 282 

various factors used in previous studies and compared the results to evaluate the effect of the 283 

uncertainty of the factors on the estimation of the 137Cs transport. 𝑅 and 𝐿𝑆 were divided 284 

into two and three cases, respectively, based on the differences in their calculation methods. 285 

𝐶 × 𝑃 was divided into five cases according to the differences in the two organized data 286 

sources at the various Japanese sites and the soil erosion observation results in the Fukushima 287 

Prefecture. Accordingly, the soil erosion rate per unit area (𝐴) was calculated for 30 different 288 

cases (Table 3). 289 

Figure. 4 shows the distribution of the USLE factors in the computational domain. The total 290 

𝑅 during the computational period derived using the two methods had similar distributions 291 

and were high in the southwest and northwest regions of the Abukuma River Basin, where 292 
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there are large amounts of precipitation. 𝐾 was high in the plain area, which had soil with 293 

high erodibility, such as brown lowland soil. The 𝐿𝑆 values derived using the USLE and 294 

RUSLE methods had similar distributions. Even though the 𝐿𝑆 values derived using the 295 

stream power method were smaller than those derived using the other two methods, the 𝐿𝑆 296 

distributions derived from all three methods were high in the western region of the Abukuma 297 

River Basin, where there are higher elevations. Even though some 𝐶 × 𝑃 values derived 298 

from the various methods had different orders of magnitude, the 𝐶 × 𝑃 values in all cases 299 

showed similar trends and were high in the croplands. However, the 𝐶 × 𝑃 values in the 300 

minimum case were high not only in the croplands but also in the paddy fields; the 𝐶 × 𝑃 301 

values in the paddy fields were higher than those in the croplands in only the minimum case. 302 

 303 

4. Results and discussion 304 

4.1 River discharge and concentration of suspended sediments 305 

The hydrological model performance for simulating the daily river discharge was evaluated 306 

using the statistical indices shown in Eqs. (16)–(18): 307 

 308 

MBE = 𝑀̅ − 𝑂̅,        (16) 309 

RMSE = {
1

𝑁
∑ (𝑀𝑖 − 𝑂𝑖)

2𝑁
𝑖=1 }

1

2,       (17) 310 

NSE = 1 −
∑ (𝑀𝑖−𝑂𝑖)

2𝑁
𝑖=1

∑ (𝑂𝑖−𝑂̅)
2𝑁

𝑖=1

,       (18) 311 

 312 

where 𝑀 is the calculated daily discharge (m3 s−1), 𝑂 is the observed daily discharge (m3 313 

s−1), 𝑁 is the number of samples (-), an overline indicates a sample mean, MBE is the mean 314 

bias error (m3 s−1), RMSE is the root mean square error (m3 s−1), and NSE is the Nash–315 

Sutcliffe model efficiency coefficient (-). NSE, as defined by Nash and Sutcliffe (1970), is 316 

often used to evaluate the reproducibility of discharge with a large fluctuation range; the 317 
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reproducibility of the model is good when the NSE value is 0.7 or more. 318 

The statistical indices of the discharge during the computational period at each observatory 319 

are shown in Table 4. The hydrological model performance was evaluated at nine sites along 320 

the Abukuma River (Fig. 1) using the daily observation data of the river discharge provided 321 

by MLIT (2011b). The number assigned to the discharge observatory in Fig. 1 increases from 322 

upstream to downstream. In the calculation of MBE, RMSE, and NSE, the reproducibility of 323 

the calculated discharge is good at all observatories. 324 

The observed and calculated daily river flows at the Akutsu and Fushiguro observatories 325 

are shown in Fig. 5. The calculated values at both observatories reproduced the trends of the 326 

observed values at the times of flooding and normal flow, and the discharge increased from 327 

upstream to downstream. When Typhoon Roke caused heavy precipitation in September 2011, 328 

the calculated values at both observatories reached a maximum and reproduced the observed 329 

values. 330 

Figure. 6 shows the observed and calculated daily concentrations of suspended sediment at 331 

the Akutsu and Fushiguro observatories. The concentrations were observed at the same points 332 

as the discharge (MLIT, 2011b). In this study, we assumed the mass of the organic matter in 333 

the SS was negligibly small so that the SS concentration could be regarded as that of the 334 

suspended sediment. During normal flow, most of the observed values at both observatories 335 

were within the range of the calculated values. During flooding, because there was no 336 

observation data, we could not compare the calculated values to observations. According to 337 

the model results, the concentration of suspended sediment rose even during short-term 338 

precipitation events because 𝑅 is proportional to the maximum 30-min rainfall intensity. 339 

 340 

4.2 Total suspended sediment and 137Cs outflows 341 

The total suspended sediment and 137Cs outflows during the computational period in the 342 
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Abukuma River Basin are shown in Fig. 7. The average total suspended sediment outflow 343 

during the computational period in the simulation cases using the same USLE factors was 344 

5.18 and 4.44 Tg for 𝑅 (two cases), 4.84, 5.39 and 4.21 Tg for 𝐿𝑆 (three cases), and 7.99, 345 

3.49, 0.10, 11.3 and 1.16 Tg for 𝐶 × 𝑃 (five cases). These average total outflows were listed 346 

in ascending order of number indicating each USLE factors of the simulation case name. The 347 

same is true for average total 137Cs outflows described later. In the total suspended sediment 348 

outflow, the ratio of the maximum (124_s) to minimum (233_s) values was 162. The average 349 

total 137Cs outflow during the computational period in the simulation cases using the same 350 

USLE factors was 13.3 and 11.7 TBq for 𝑅, 12.6, 13.9 and 10.9 TBq for 𝐿𝑆, and 26.5, 8.64, 351 

0.47, 22.8 and 4.03 TBq for 𝐶 × 𝑃. In the total 137Cs outflow, the ratio of the maximum 352 

(121_s) to minimum (233_s) values was 87.2. The total suspended sediment outflow had a 353 

higher uncertainty than the total 137Cs outflow. In the total suspended sediment and 137Cs 354 

outflows, 𝐶  and 𝑃  had the highest uncertainty of all the USLE factors. These results 355 

indicate that land use and support practice are important for the suspended sediment and 137Cs 356 

outflows. We achieved results similar to those of Yoshimura et al. (2015). Therefore, we 357 

focused on the uncertainty of 𝐶 and 𝑃. 358 

Figure. 8 shows the outflow rates according to land use of the average total suspended 359 

sediment and 137Cs during the computational period in the simulation cases using the same 360 

𝐶 × 𝑃. In all the simulation cases, sum of the outflow rate of the average total 137Cs from 361 

croplands and forest areas was 62–91%. The 𝐶 × 𝑃 value of the croplands was large, and 362 

grids with high 137Cs deposition density had large forest areas. Therefore, the results indicate 363 

that the 137Cs outflow from forest areas and croplands was particularly important to the 364 

dynamics of 137Cs. The summed outflow rate of the average total 137Cs from the undisturbed 365 

croplands and paddy fields was 18–34%. Even if the ratio of undisturbed to disturbed areas 366 

were less than 1%, this result would suggest that the impact on the 137Cs outflow from 367 
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undisturbed croplands and paddy fields could not be ignored due to the high concentration of 368 

137Cs in the surface undisturbed topsoil. The outflow rates of the average total suspended 369 

sediment and 137Cs from urban lands were small because 𝐶 × 𝑃 and the urban lands were 370 

both small. 371 

The Spatial distribution of the average total suspended sediment and 137Cs outflow rates 372 

during the computational period in the simulation cases using the same 𝐶 × 𝑃 are shown in 373 

Figs. 9 and 10, respectively. The suspended sediment outflow rates in all cases show similar 374 

trends and are large in the croplands. The 137Cs outflow rates in all cases show similar trends 375 

and are large in the croplands and in grids where the deposition density was high. The ratio of 376 

the maximum to minimum values in the five 𝐶 × 𝑃 cases was nearly 1–3 at grids where the 377 

suspended sediment and 137Cs outflows were large. Therefore, the average total suspended 378 

sediment and 137Cs outflow rates at grids where the total outflow rate was large had very 379 

similar distributions in all cases. 380 

 381 

4.3 Comparison of the calculated total exports to the total exports estimated in previous 382 

studies 383 

Comparisons of the 30 each calculated total exports of suspended sediment and 137Cs to the 384 

values estimated based on previous studies are shown in Fig. 11. All of the estimated total 385 

exports of suspended sediment and 137Cs in Abukuma River basin based on observations and 386 

other models were within the range of the calculated total exports. These results included 387 

short-term flooding and long-term period total exports and the total exports in the Kuchibuto 388 

River catchment where the deposition density was high. For the calculated total exports of 389 

suspended sediment and 137Cs during each the period of estimation, the ratios of the 390 

maximum to minimum values were 46.5–94.1 and 41.7–53.2, respectively. The ratios of the 391 

maximum to minimum values in the calculated total exports of suspended sediment and 137Cs 392 
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during each the period of estimation were smaller than those in the calculated total suspended 393 

sediment and 137Cs outflows. Most of the soil particles were transported in cases of small total 394 

export, even though most of the sand sunk and only clay and silt were transported in cases of 395 

large total export. Therefore, the calculated total exports of suspended sediment and 137Cs had 396 

lower uncertainty than the calculated total exports. 397 

 398 

5. Conclusions 399 

In this study, we focused on the uncertainties of the USLE factors and evaluated their impacts 400 

on the environmental fate of 137Cs as simulated by a distributed radiocesium prediction model 401 

in the Abukuma River Basin from January 2011 to December 2012. Because the USLE 402 

factors were determined using various methods, 30 simulations were performed with various 403 

factors used in previous studies. For the total suspended sediment and 137Cs outflows during 404 

the computational period in the Abukuma River Basin, 𝐶 and 𝑃 had the highest uncertainty 405 

of all the USLE factors. Therefore, we focused on the uncertainty of 𝐶 and 𝑃. The outflow 406 

rates of the average total 137Cs in the simulation cases using the same 𝐶 × 𝑃 from croplands 407 

and forest areas was 62–91%. The outflow rates of the average total 137Cs from the 408 

undisturbed croplands and paddy fields was 18–34% even when the ratio of the undisturbed to 409 

disturbed areas was less than 1%. The spatial distribution of the average total suspended 410 

sediment and 137Cs outflow rates during the computational period in the simulation cases 411 

using the same 𝐶 × 𝑃 values showed similar trends. In the spatial distributions of all cases, 412 

the suspended sediment outflow rates were large in the croplands and the 137Cs outflow rates 413 

were large in the croplands and in grids where the deposition density was high. These results 414 

were due to the high erodibility of the croplands, the large forest areas in grids with high 137Cs 415 

deposition density, and the high concentration of 137Cs in the soil of the undisturbed croplands 416 

and paddy fields. Therefore, land use, especially forest areas, croplands, and undisturbed 417 
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paddy fields, had a significant impact on the 137Cs outflow. 418 

 419 
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Table 1.  

List of the main input data used for the model simulation. 

Model Item Source 

Hydrological Elevation 1-km resolution data by MLIT (2011a) 

model Land use 1-km resolution data by MLIT (2011a) 

  Watershed boundary 100-m resolution data MLIT (2011a) 

  Stream channel MLIT (2011a) 

  Dam MLIT (2011a) 

  Precipitation Hourly data at meteorological 

    observatories and AMeDAS 

    stations by JMA (2011) 

  Air tempreature, wind velocity,  Hourly data at meteorological 

  water vapor pressure,  observatories by JMA (2011) 

  atmosphreic pressure,    

  solar irradiance   

Sediment Precipitation for R 10-minute data at meteorological 

transport   observatories and AMeDAS 

model   stations by JMA (2011) 

  Soil type for K  Land classification basic survey 

    by MLIT (2007) (1:50000 scale map) 

  Elevation for LS 250-m resolution data by MLIT (2011a) 

  Land use for C and P 1-km resolution data by MLIT (2011a) 
137Cs Initial 137Cs distribution in land MEXT et al. (2011b) 

transport Initial 137Cs concentration in riverbed MEXT (2012) 

model Area of abandoned cultivated filelds MAFF (2010) 

  

Area of planting restricted paddy 

fields 

MAFF (2011) 
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Table 2.  

List of 𝐶 × 𝑃 values used in the simulations. 

Data Forest areas Croplands Paddy fields Urban lands 

Organized data source at various 6.00×10-3 2.64×10-1 1.05×10-1 1.00×10-2 

Japanese sites by Yamaguchi et al. (2013) 

Organized data source at various 1.00×10-3 1.60×10-1 3.00×10-2 0.00  

Japanese sites by JWRC (2006) 

Minimum case based on the 9.37×10-5 1.20×10-3 3.83×10-3 0.00  

Fukushima monitoring data 

Maximum case based on the 3.39×10-3 5.53×10-1 5.19×10-2 0.00  

Fukushima monitoring data 

Geometric case based on the 7.46×10-4 4.34×10-2 1.25×10-2 0.00  

Fukushima monitoring data 
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Table 3.  

Calculation of the soil eroded per unit area in the 30 cases. The first digit of the three-digit numbers in the 

case name indicates 𝑅, the second indicates 𝐿𝑆, and the third indicates 𝐶 and 𝑃. 

 

Case name R LS C and P 

111_s USLE method USLE method Yamaguchi et al. (2013) 

112_s USLE method USLE method JWRC (2006) 

113_s USLE method USLE method Minimum case 

114_s USLE method USLE method Maximum case 

115_s USLE method USLE method Geometric mean case 

121_s USLE method RUSLE method Yamaguchi et al. (2013) 

122_s USLE method RUSLE method JWRC (2006) 

123_s USLE method RUSLE method Minimum case 

124_s USLE method RUSLE method Maximum case 

125_s USLE method RUSLE method Geometric mean case 

131_s USLE method Stream power method Yamaguchi et al. (2013) 

132_s USLE method Stream power method JWRC (2006) 

133_s USLE method Stream power method Minimum case 

134_s USLE method Stream power method Maximum case 

135_s USLE method Stream power method Geometric mean case 

211_s RUSLE method USLE method Yamaguchi et al. (2013) 

212_s RUSLE method USLE method JWRC (2006) 

213_s RUSLE method USLE method Minimum case 

214_s RUSLE method USLE method Maximum case 

215_s RUSLE method USLE method Geometric mean case 

221_s RUSLE method RUSLE method Yamaguchi et al. (2013) 

222_s RUSLE method RUSLE method JWRC (2006) 

223_s RUSLE method RUSLE method Minimum case 

224_s RUSLE method RUSLE method Maximum case 

225_s RUSLE method RUSLE method Geometric mean case 

231_s RUSLE method Stream power method Yamaguchi et al. (2013) 

232_s RUSLE method Stream power method JWRC (2006) 

233_s RUSLE method Stream power method Minimum case 

234_s RUSLE method Stream power method Maximum case 

235_s RUSLE method Stream power method Geometric mean case 
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Table 4.  

Statistical indices of the discharge during the calculation period at each observatory. 

Observatory Observed  

(m3 s-1) 

Calculted 

(m3 s-1) 

MBE 

(m3 s-1) 

RMSE 

(m3 s-1) 

NSE 

(-) 

Kosakuda 22.3 31.3 9.0 18.3 0.82 

Miyota 37.3 45.0 7.7 26.3 0.83 

Akutsu 52.9 61.2 8.3 36.3 0.86 

Motomiya 63.9 73.9 10.0 44.3 0.81 

Nihonmatsu 66.2 80.1 14.0 52.0 0.81 

Kuroiwa 79.7 98.2 18.5 59.5 0.79 

Fukushima 92.8 103.5 10.7 64.5 0.80 

Fushiguro 108.4 121.2 12.9 76.5 0.81 

Yahata 118.1 132.1 14.0 85.1 0.81 
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Fig. 1. Outline of the computational domain. 
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Fig. 2. Deposition density of 137Cs measured by the airborne survey in May 2011 (MEXT et al., 2011b). 
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Fig. 3. Dominant land use and elevation in the computational domain (MLIT, 2011a). Dominant land were created by 

processing 1-km resolution land use data. 
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Fig. 4. The distribution of the USLE factors in the computational domain. 

[ 

PC

0.0000 - 0.0016

0.0016 - 0.0031

0.0031 - 0.0076

0.0076 - 0.0106

0.0106 - 0.0136

0.0136 - 0.0195

0.0195 - 0.0255

0.0255 - 0.0285

0.0285 - 0.0345

0.0345 - 0.0420

0.0420 - 0.0480

Total 𝑅 during  
the computational  
period (MJ mm ha-1 h-1) 

  560 -  1600 
 1600 -  3100 
 3100 -  7700 
 7700 - 11000 
11000 - 14000 
14000 - 20000 
20000 - 26000 
26000 - 29000 
29000 - 35000 
35000 - 43000 
43000 - 49000 

PC

0.0000 - 0.0016

0.0016 - 0.0031

0.0031 - 0.0076

0.0076 - 0.0106

0.0106 - 0.0136

0.0136 - 0.0195

0.0195 - 0.0255

0.0255 - 0.0285

0.0285 - 0.0345

0.0345 - 0.0420

0.0420 - 0.0480

𝐾 
(t h MJ-1 mm-1) 

0.000 - 0.002 
0.002 - 0.004 
0.004 - 0.009 
0.009 - 0.013 
0.013 - 0.017 
0.017 - 0.024 
0.024 - 0.031 
0.031 - 0.035 
0.035 - 0.042 
0.042 - 0.052 
0.052 - 0.059 

PC

0.0000 - 0.0016

0.0016 - 0.0031

0.0031 - 0.0076

0.0076 - 0.0106

0.0106 - 0.0136

0.0136 - 0.0195

0.0195 - 0.0255

0.0255 - 0.0285

0.0285 - 0.0345

0.0345 - 0.0420

0.0420 - 0.0480

𝐿𝑆 (-) 
 0 -   3 
 3 -   7 
 7 -  17 
17 -  24 
24 -  30 
30 -  44 
44 -  57 
57 -  64 
64 -  77 
77 -  94 
94 - 107 

PC

0.0000 - 0.0016

0.0016 - 0.0031

0.0031 - 0.0076

0.0076 - 0.0106

0.0106 - 0.0136

0.0136 - 0.0195

0.0195 - 0.0255

0.0255 - 0.0285

0.0285 - 0.0345

0.0345 - 0.0420

0.0420 - 0.0480

𝐶 × 𝑃 (-) 
0.00 - 0.02 
0.02 - 0.03 
0.03 - 0.08 
0.08 - 0.11 
0.11 - 0.14 
0.14 - 0.20 
0.20 - 0.26 
0.26 - 0.29 
0.29 - 0.35 
0.35 - 0.42 
0.42 - 0.48 

PC

0.0000 - 0.0016

0.0016 - 0.0031

0.0031 - 0.0076

0.0076 - 0.0106

0.0106 - 0.0136

0.0136 - 0.0195

0.0195 - 0.0255

0.0255 - 0.0285

0.0285 - 0.0345

0.0345 - 0.0420

0.0420 - 0.0480

𝐶 × 𝑃 (-) 

0.000 - 0.002 
0.002 - 0.003 
0.003 - 0.008 
0.008 - 0.011 
0.011 - 0.014 
0.014 - 0.020 
0.020 - 0.026 
0.026 - 0.029 
0.029 - 0.035 
0.035 - 0.042 
0.042 - 0.048 

PC

0.0000 - 0.0016

0.0016 - 0.0031

0.0031 - 0.0076

0.0076 - 0.0106

0.0106 - 0.0136

0.0136 - 0.0195

0.0195 - 0.0255

0.0255 - 0.0285

0.0285 - 0.0345

0.0345 - 0.0420

0.0420 - 0.0480

𝐶 × 𝑃 (-) 

0.0000 - 0.0002 
0.0002 - 0.0003 
0.0003 - 0.0008 
0.0008 - 0.0011 
0.0011 - 0.0014 
0.0014 - 0.0020 
0.0020 - 0.0026 
0.0026 - 0.0029 
0.0029 - 0.0035 
0.0035 - 0.0042 
0.0042 - 0.0048 

𝑅 (USLE method) 𝑅 (RUSLE method) 𝐾 

𝐿𝑆 (USLE method) 𝐿𝑆 (RUSLE method) 𝐿𝑆 (stream power method) 

𝐶 × 𝑃 (Yamaguchi et al., 2013) 𝐶 × 𝑃 (JWRC, 2006) 𝐶 × 𝑃 (maximum case) 

𝐶 × 𝑃 (minimum case) 𝐶 × 𝑃 (geometric mean case) 

0 12.5  25 

km 



5 
 

 

 
Fig. 5. Observed and calculated daily river flows at the a) Akutsu and b) Fushiguro observatories. 

 

Observed Calculated Precipitation
0

50

100

150

2000

1,000

2,000

3,000

4,000

01-Jan-11 01-Jul-11 01-Jan-12 01-Jul-12

Pr
ec

ip
ita

tio
n

(m
m

 d
ay

-1
)

D
is

ch
ar

ge
 (m

3 
s-1

)

0

50

100

150

2000

1,000

2,000

3,000

4,000

01-Jan-11 01-Jul-11 01-Jan-12 01-Jul-12

Pr
ec

ip
ita

tio
n

(m
m

 d
ay

-1
)

D
is

ch
ar

ge
 (m

3 
s-1

)

a) 

b) 



6 
 

 
Fig. 6. Observed and calculated daily suspended sediment concentrations at the a) Akutsu and b) Fushiguro observatories. 

Max, Ave and Min in legend show maximum, average and minimum concentration in 30 simulation cases, respectively. 
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Fig. 7. The total suspended sediment and 137Cs outflows during the computational period in the Abukuma River Basin in 30 

simulation cases. 
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Fig. 8. The outflow rates according to land use of the average total suspended sediment and 137Cs during the computational 

period in simulation cases using the same 𝐶 × 𝑃. 
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Fig. 9. Spatial distribution of the average total suspended sediment outflow rate during the computational period in 

simulation cases using the same 𝐶 × 𝑃. The panel on the bottom right corner shows ratio of the maximum to the minimum 

values in the five cases of 𝐶 × 𝑃.  
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Fig. 10. Spatial distribution of the average total 137Cs outflow rate during the computational period in simulation cases using 

the same 𝐶 × 𝑃. The panel on the bottom right corner row shows ratio of the maximum to the minimum values in the five 

cases of 𝐶 × 𝑃.  
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Fig. 11. Comparison of the 30 each calculated total exports of suspended sediment and 137Cs to the values estimated 

previous studies. The estimated value based on the model of Kitamura et al. (2014) was compared to the annual average. 
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