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Abstract

The Fukushima nuclear accident in 2011 resulted in **’Cs contamination in large
areas of northeast Japan. *3'Cs transport associated with hydrological processes across
landscapes is of primary concern for contamination management and environmental risk
assessment. Aiming to understand transport and fate of the Fukushima-derived ¥’Cs,
rainfall-runoff, soil erosion and watershed !3’Cs migration processes in a forested
catchment (i.e. the Kuchibuto River catchment) were studied based on a distributed model,
which was developed by improving the two-dimensional runoff erosion and export
(TREX) framework in this study.

Firstly, for our continuous hydrological simulation in a typical Japanese forested
catchment, the TREX framework was improved by newly including additional hydrologic
processes such as evapotranspiration, subsurface and groundwater flows. Infiltration and
interception parts were also modified according to the characteristic of our study
catchment. Soil erosion and transport processes were simulated by considering multiple
solid classes at fine spatial-temporal scales. Then, a watershed 3'Cs transport model was
developed based on the improved TREX framework. Multiple solid particle classes, the
effect of vegetation canopy/litter layer, *’Cs downward movement in soil and
radiocesium phases in water, which are important controlling facts for **’Cs migration
but were ignored in prior modeling studies in Fukushima, were considered in our study.
The sources and sinks of ¥’Cs transport coupling with critical soil erosion areas were

identified in the studied catchment. The results of our study indicate:

(1) The model calculated acceptable flow discharges, suspended solid (SS) and **'Cs
concentrations at the observation sites in the Kuchibuto River catchment during the
simulation period (Jan. 1, 2011 — Dec. 31, 2014). This case study shows the model is
a good tool for study of *Cs transport along with hydrological processes at the

watershed scale in Fukushima, Japan.

(2) For the case of the Kuchibuto River catchment, about 5500 t of clay, 52000 t of silt,

22000 t of sand along with 4.1 x 10® m® water were transported to the Abukuma River



from Mar. 12, 2011, when the accident began, and Dec. 31, 2014. The area-specific
sediment yield was about 155 t/y/km? according to our simulated sediment budget.
By the end of 2014, the total ¥’Cs reduction was 3.39 TBq (including natural
radioactive decay), which means about 90% *’Cs remained in the catchment. This
estimation confirms the necessity of artificial decontamination in the following years.
An estimated 4.85 TBq of *’Cs remained in the canopy/litter layer. Hence, as a stock,
this layer still stored a considerable amount of radiocesium. During the 3.5-year study,
0.57 TBq of ¥¥'Cs was transported from the catchment. It mainly carried by eroded
suspended sediment. During this period, the average *’Cs reduction rate and
reduction ratio by rainfall-runoff wash-off were 1.24 GBg/km?y and 1.6%,

respectively.

(3) The *’Cs reduction rate and reduction ratio by rainfall-runoff wash-off show spatial
distributions related to the spatial variation of the 3’Cs contamination level and soil
erosion. The ¥'Cs reduction rate was higher in the upper stream areas, which
corresponds to the initial *3’Cs distribution. In contrast, the **’Cs reduction ratio and
sediment supply ratio of the subwaterhseds in the middle portion of the catchment
were higher, which indicates that decontamination for critical erosion areas in the
middle portion of catchment is also of the great priority. The sinks of *¥'Cs, which
accumulated a considerable amount of 3’Cs owing to sediment deposition, can be
targeted areas for decontamination. The results of this study are useful for
understanding transport behavior and fate of radiocesium and ultimately for assessing

environmental risks at the watershed scale.
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Chapter 1
Introduction

1.1 Background

The Fukushima Daiichi Nuclear Power Plant (FDNPP) exploded on Mar.12 and 14,
2011 as the result of a magnitude 9.0 (Mw) earthquake and following tsunami in
northeastern Japan. Consequently, huge amounts of radionuclides, including 31, ¥¥'Cs,
133Cs, 32T, and etc., were emitted from FDNPP into the surrounding environment (Endo
et al., 2012). Among all kinds of those radionuclides, *’Cs persists in the environment
for the longest time because of its long half-life (30.2 years). It is estimated that the total
amount of 3’Cs released into the atmosphere was on the order of 1-2x10% Bq (IAEA,
2011). Airborne surveys by the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) revealed that the contaminants were spread widely; in particular,
the area northwest of FDNPP was heavily contaminated (MEXT, 2013). Because of
winds, rainfall and etc., radionucesium deposited onto land surface such as forest,
agricultural land, and residential areas. Forest is the most contaminated land use type. 4%
of the forests in Fukushima prefecture were heavily contaminated (>=3% ¥'Cs 1000
KBg/m?) (Hashimoto et al., 2012). Shaw (2007) summarized three main phases after
deposition of nuclear released contamination in forests based on the Chernobyl nuclear
accident. 1-3 months after the accident was the “early phase”. In this phase, radioactive
substances were transported from canopy to the underlying litter and soil rapidly. The
following 2 or 3 years was the ‘medium term phase’, which included the “biological
decontamination” of the canopy and the root uptake of radionuclides. The last was “long
term phase” for a long term period, during which the steady state will continue. Although
differences exist between the two accidents, radiocesium in the Fukushima accident also
follows the three phases. For example, field studies in Japanese forests show, most of the
deposited radiocesium was initially intercepted by the tree canopy, some of which
gradually fell onto litter or soil layer by throughfall, stemflow, and litterfall (Kato, et al.,
2012; Teramage, et al., 2014). Because it was early spring in Japan when the accident

occurred, most of the agricultural land was not planted or vegetated, which enhanced
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direct fallout deposition onto the soil surface. Radioactive substances in some residential
areas which were considered as sensitive areas have been cleaned up manually or washed
up by rain soon after the accident. As a consequence of direct radiation exposure risk to
local residents (Taira et al., 2012), and the potential transfer from the environment to
plants and to animals through food chains (Kanasashi et al., 2015; Ayabe et al., 2014;
Sato et al., 2014; Harada et al., 2013), the transport and fate of 3’Cs have become a

worldwide concern for the public and researchers as well as environmental managers.
1.2 Watershed models

Hydrological processes are key factors for 13’Cs transport in the environment. For
example, released radiocesium can be absorbed by raindrops that fall onto land. A portion
of deposited 13’Cs was intercepted by vegetation. The trapped radiocesium can be washed
out, and then move downward into the soil gradually along with water infiltration;
laterally, once *’Cs reaches the ground surface, it is easily absorbed by finer soil particles.
During flood storms, ¥'Cs associated with water flow and eroded sediments can be
transported across landscapes, then discharged into river systems. The processes
accelerate on-site *’Cs reduction, however, this horizontal migration results in the
spreading of $3’Cs to downstream areas with greater population that previously had low
contamination. Therefore, 13’Cs transport associated with hydrological processes across
watersheds is of primary concern for contamination management and environmental risk
assessment. Numerical watershed models are good tools to trace *'Cs transport at the
watershed scale. Many models have been developed to simulate hydrological and

substance transport processes.

137Cs transport from contaminated upland to river systems is a kind of non-point
source contamination diffusion. Many nonpoint source pollutant models have been
developed, e.g. ANnAGNPS model, HSPF model (Johanson et al., 1980), SWAT (Arnold
et al., 1998), TREX (Velleux et al., 2008).

Annualized Agricultural Non-Point Source Pollution model (AnnAGNPS) is a
upgraded version of the Agricultural Non-Point Source model (AGNPS, Young et al.,
1989). It is a continuous simulation, daily time step, pollutant-loading model. The model

divides watershed into several small areas (“cells”), which are often grouped into
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hydrological similar areas. ANnAGNPS considers five particle size classes and employs
the Revised Universal Soil Loss Equation (RUSLE) for the calculation of sediment
delivered by runoff to a field edge. The total sediment yield leaving each field to the
stream reach is estimated basing on the Hydro—geomorphic Universal Soil Loss Equation
(HUSLE). Einstein deposition equation with Bagnold transport capacity is used to
calculate sediment transport. For chemical transport simulation, AnnAGNPS has the
capability to simulate transport and fate of dissolved and attached nitrogen, phosphorous,

organic carbon, and pesticides.

Hydrological Simulation Program—FORTRAN model (HSPF), was developed by
USGS and USEPA. It is a lumped parameter watershed model, composed by three
application modules: PERLAND, IMPLAND and RCHRES. Any time step from 1
minute to 1 day can be used for long—term continuous simulation, typically in mixed
agricultural and urban watersheds (Borah and Bera, 2004). The model uses sub-basin
approach for segmentation to simulate hydrological processes such as soil water content,
evapotranspiration, surface runoff, interflow, base flow, ground-water recharge,
snowfall/snowmelt, and etc.. HSPF simulates three sediment types (i.e. sand, silt, and
clay). Re-suspension and settling of silt and clay are defined in terms of shear stress at
the sediment-water interface. For sand, the capacity to transport sand by water flow is
calculated and re-suspension or settling is defined by the transport capacity. HSPF has
been widely applied to evaluate nutrients and agricultural chemicals contribution to water
body, develop Total Maximum Daily Load (TMDL) standards, and evaluate alternative
land-use and select Best Management Practices (BMPs) scenarios in US and other

countries.

The Soil and Water Assessment Tool (SWAT) is a watershed-scale, deterministic
model for long—term continuous simulations on water, sediment, nutrient and pesticide
yields. The model divides a watershed into sub-watersheds that are further sub-divided
into hydrological response units (HRUs) which comprises unique combinations of land
use, soil type and slope. The model calculates mass balances of water, sediment, chemical
based on daily time step. Surface runoff is estimated using a modification of the Soil
Conservation Service (SCS) Curve Number (CN) method. A simple kinematic storage

routing method is used to predict lateral flow, and a simple lumped model is used to
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calculate flow from a shallow aquifer. SWAT calculates sediment yield using the
Modified Universal Soil Loss Equation (MUSLE). The transport of sediment in the river
channel is controlled by the simultaneous operation of two processes, deposition and
degradation, which are determined by the comparison between maximum concentration
of sediment and the concentration of sediment. Previous applications show SWAT model
Is a good tool for agricultural non-point source pollutant simulation (Gassman et al.,
2007).

Two-dimensional Runoff, Erosion and eXport model (TREX) is a fully distributed
model which can simulate rainfall-runoff, sediment transport, and chemical transport and
fate at the watershed scale on the basis of event. Hydrological module in the model is
original from CASC2D model (Julien and Saghafian, 1991). The model can simulate soil
erosion on the upland and sediment transport in the river channel with unlimited particle
classes. Sediment transport capacity is used to determine soil/sediment transport. The
model has been tested and applied for metals (Cu, Cd, and Zn) transport simulation in the

California Gulch watershed mine-waste site in Colorado, US (Velleux et al., 2006; 2008).

Additionally, after the Chernobyl accident, some specialized models were developed
to simulate radioactive substances migration, e.g. a MOdel based computerized system
for management support to Identify optimal remedial strategies for Restoring
radionuclide contaminated Aquatic ecosystems and drainage areas (MOIRA model)
(Monte, 2001). Those kinds of models are not designed to simulate detailed, single event
flood routing. They usually consider whole catchment as a target, and use simple water

balance method to predict monthly hydrological variables (e.g. water flow).

Recently, to understand **’Cs transport after Fukushima nuclear accident, some
models, such as SACT model (Yamaguchi et al., 2013); WEP model (Jia et al., 2001,
Kinouchi et al., 2015), were developed (or improved) and applied in the Abukuma River

watershed and other small catchments near the FDNPP.

A simple, novel and fast Soil and Cesium Transport model (SACT) model considers
three solid types: sand (2mm-62mm), silt (4-62mm) and clay (<4mm). Sediment is
modeled independently on the land surface, in rivers, and in lakes (dam reservoirs)

respectively. Annual sediment discharge are estimated based on the USLE and simple
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sediment discharge formulas. The model was employed to predict long-term *'Cs
distribution in Fukushima without considering 3’Cs downward movement in soil profile

(Kitamura et al., 2014; Yamaguchi et al., 2014).

Water and Energy transfer Process model (WEP) was extended by newly included soil
erosion and *’Cs transport modules (Kinouchi et al., 2015). The model does not consider
multiple particle classes and assumes that the suspended sediments follow the behavior
defined by the mean particle size of sediments. Sediment transport is modeled basing on
the formulas used in KINEROS (Woolhiser et al., 1990), which accounts for splash
erosion induced by raindrop energy and hydraulic erosion by flowing water, as well as
the advective transport of sediments. The particulate radiocesium concentration in the
surface flow is calculated using an advective transport model of contaminated sediments

flowing on the upland and in the river channel.

Moreover, Tanaka et al. (2013) developed a distributed rainfall and sediment transport
model to reproduce rainfall-runoff and estimate suspended load and associated
radoicesium movement. In the model, radiocesium attached to suspended sediment is
modeled by considering solid particle size distribution. However, that model neglects

some key processes such as sediment resuspension and deposition in river channels.
1.3 Model selection

Different types of model, from lumped conceptual models to more sophisticated
distributed models, have been developed to simulate hydrological and associated
processes; however, models available for the purpose of our environmental study are very
limited. We want to know not only the total amount of contaminants flowing into rivers,
but also where the contaminants originate from and how they are redistributed. Thus, a
distributed model is fitter than a lumped model. Several factors limit the performance of
the models for sediment-cesium transport study (Table 1-1). Firstly, size distribution of
soil particles is important factor because experimental studies demonstrate that the
sorption properties of soil particles is size-dependent and that radionuclide sorption to
soils preferentially occurs with finer particles because they have higher specific surface
areas (He and Walling, 1996). Field studies in Fukushima also confirmed that finer

particles have high radionuclide enrichment ratios and that most radiocesium transported
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in the basin’s fluvial system was carried in a particle-associated form (Tanaka et al., 2014;
Yamashiki et al., 2014). Thus, for modeling ¥’Cs transport along with soil/sediment
particles transport, it is necessary to consider multiple soil particle classes. However, most
of the models mentioned above simulate soil erosion with one single particle class.
Second, extreme flood events have led to punctuated horizontal remobilization of
significant quantities of radionuclides at watershed scale. Studies have reported that
during the Typhoon Roke on Sept. 21-22 2011, an estimated 61% of the total radiocesium
load recorded during August 10 2011, and May 11, 2012 was exported from the Abukuma
River watershed (Yamashiki et al., 2014). This export flux of radiocesium accounted for
about 30-50% of the annual flux in 2011 from Natsui River and the Same River (Nagao
et al., 2013). Therefore. Models with finer time step than a year or day are more helpful
for tracing water-sediment-radiocesium dynamics for each flood event. However, the
time step of the model, such as SWAT model, MOIRA model, SCAT model, is daily, or
monthly or yearly. Moreover, the dominant landscape of the contaminated area in
Fukushima is forest with the characteristic of steep slope, it is quite different from the
agriculture landscape where the SWAT model and AGNPS model were usually applied.
Considering all of those factors, a distributed watershed model with consideration of
multiple solid particle classes to model the rainfall-runoff, soil erosion and transport, and
radiocesim migration at finer spatial and temporal scales is needed. Although HSPF is
well-proven tool to simulate chemical transport and considers multiple solid classes, it is
not an adequate framework for our study. The model is not expected to be fully
compatible with raster GIS without loss of spatial detail because raster cells need to be
aggregated into the sub-basin units that the model supports. This sub-basin approach used
for segmentation in HSPF may prevent the model from being used with fully distributed
parameters (Velleux, 2005). The TREX is a promising model for our study because it can
meet all the requirements mentioned above. The current TREX model combines surface
hydrology and sediment transport with chemical transport features from the WASP/IPX
series of water quality models. Usually, 1D model assumes the steepest slope direction is
flow direction. While, water flow can be 4 directions in TREX model, so, the pathway of

water flow and substance transport is more flexible. Comparing with other models used



in Japan, those are advantages to use this model for the study of radiocesium watershed-

scale migration.

1.4 Objective and structure of this study

Although, the TREX model is better than other models for our study, it is not a prefect
model. The model is an event-based model, which just simulate Hortonian overland flow.
In Japanese forested catchments, due to high infiltration rate of the top soil, Hortonian
overland flow rarely generates. Therefore, it is difficult for the model to simulate
hydrologic processes in our catchment. Although the model was employed for heavy
metal transport simulation, **’Cs deposition and migration processes after the Fukushima
accident is different with common heavy metal. Therefore, the TREX model needs to be
modified firstly for our study. Then, a distributed watershed radiocesium transport model
was developed based on the improved TREX framework, and applied in our study

catchment. Specifically, the objective of our study is twofold:

(1)  toimprove the TREX framework and develop watershed **’Cs transport model

based on the improved TREX framework.

(2)  toanalyze the characteristics of radiocesium migration in a forest catchment in

Fukushima by modeling study.
The structure of this study is described briefly as follows:
Chapter 1. Introduction
Chapter 2. Study area and data collection

This study focused on a small forested headwater catchment, which was heavily
contaminated by radiocesium after the Fukushima nuclear accident. The model input data
includes landuse, soil type, precipitation and meteorological data and etc.. Measured data

were used for the model calibration and validation.

Chapter 3. Improvement of the TREX model for continuous rainfall-runoff simulation

for forested catchments



The original TREX model is an event-based model which can only simulate Hortonian
overland flow. To apply this model in Japanese forested catchments for continuous
simulations, the model needs to be improved. In this chapter, the model was improved by
newly including subsurface flow in topsoil, groundwater flow, and evapotranspiration,
methods to simulate canopy storage and infiltration rate were modified as well. The

enhancement improved applicability of this model in forested catchments.

Chapter 4. Simulation of soil erosion and transport with consideration of multiple solid

classes

Contaminated soil particles, especially finer soil particles, are transport media for
137Cs migration during flood events. Soil erosion and transport processes in the Kuchibuto
River catchment were simulated with considering multiple solid classes. According to
spatial variation of soil erosion, critical erosion areas were identified. Comparisons
between simulated and measured suspended solid concentration, flux and load for 2011
~ 2014 demonstrate that simulated results are acceptable. Simulation results also indicate
that between Mar. 12, 2011, when the accident began, and Dec. 31, 2014, about 5500 t of
clay, 52000 t of silt, 22000 t of sand were eroded and transported to the Abukuma River.
Soil erosion mainly occurred in the middle portion of the catchment, where slopes are

steep and the primary land use is agricultural.

Chapter 5. Modeling *’Cs migration based on a hydrological and sediment erosion

model in a forested catchment

In this chapter, a watershed *’Cs transport model was developed based on the
improved TREX framework. Taking the Kuchituto River catchment as an example, the
model was applied for watershed-scale *’Cs migration simulation. The controlling
factors such as the effect of vegetation canopy/litter layer, multiple solid particle classes,
137Cs downward movement in soil and dissolved and particulate radiocesium in water,
which are important for *¥’Cs migration but were ignored in prior modeling studies in
Fukushima, were considered in our study. Comparisons with measurement in the river
show the simulated *3’Cs concentrations are acceptable. The result that about 90% **’Cs
remained in the catchment indicates artificial decontamination are necessary in the

following years. For simulation period, 0.57 TBq of ¥’Cs was transported from the
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catchment, thus, the average *’Cs reduction rate and reduction ratio by rainfall-runoff
washoff were 1.24 GBg/km?/y and 1.60%, respectively. The 3’Cs reduction rate and
reduction ratio by runoff show spatial distributions related to the spatial variation of the
137Cs contamination level and soil erosion. This finding helped to better understand
watershed-scale 13’Cs transport and fate, and supported useful information for developing

various decontamination strategies in Fukushima.

Chapter 6. Summary and conclusions



Table 1-1. Some characteristics of models for comparison

solid o
models _ _ temporal scale applications
particle size
daily time step; mainly applied in
ANnAGNPS five classes _ ) ) _
continuous simulation agricultural watersheds
typically in mixed
1min -1day; _
HSPF three classes _ ) ) agricultural and urban
continuous simulation
watersheds
daily time step; mainly applied in
SWAT single class _ ) ) _
continuous simulation agricultural watersheds
multiple seconds; the California Gulch
TREX ) )
classes event simulation watershed, US
) monthly; European fresh water
MOIRA single class _ ) )
continuous simulation systems
yearly; several watersheds in
SACT three classes _ ] ) )
continuous simulation Fukushima
) hourly; the Kuchibuto River
WEP single class _ ) ) ) )
continuous simulation watershed in Fukushima
Tanaka’s ) hourly; the Kuchibuto River
single class _ ) ) ) )
model continuous simulation watershed in Fukushima
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Chapter 2
Study area and data collection

2.1 Study area

The study area is the Kuchibuto River catchment (37.51~37.63 N, 140.52~140.73 E),

which is a headwater catchment within the Abukuma River watershed (Figure 2-1).

The Kuchibuto River catchment area is about 137 km?. The elevation ranges from 200
m to 1000 m and average slope is about 9.19°(data source: 90m-SRTM DEM). The
catchment belongs to subtropical humid climate zone and experiences high levels of
annual precipitation. Weathering granite covers top soil resulting in high permeability,
especially in forest which covers more than 60% of the catchment. Thus, this targeted

catchment is a typical Japanese forested catchment.

This catchment is located about 33-49 km northwest of the Fukushima Diichi Nuclear
Power Plant (FDNPP). High 3’Cs levels have been monitored in the catchment (Figure
2-1 and Figure 2-5). Some upstream areas of the catchment are within the evacuation/off-
limits zone. Because of water flow and soil erosion, radioactive substances have being
delivered to the more populated downstream regions that lead to the Pacific Ocean.

Therefore, it is necessary to study the transport and fate of **’Cs in this catchment.

2.2 Data collection

The collected data for the model simulation includes spatial data (Table 2-1) and on-

site observation data.

Topography determines water flow in a catchment. A SRTM-based 90-meter Digital
Elevation Model (DEM) was downloaded (http://glcf.umd.edu/data/srtm/) and used for

generating slope, flow direction, flow accumulation, river links and sub catchments
(Figure 2-1). Channel geometry of river channel (width, bank height, etc.) was defined as

measured by a field survey.
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Land use and soil data were obtained from the Japan Ministry of Land, Infrastructure,

Transport, and Tourism (MLIT) (http://nlftp.mlit.go.jp/ksj/). There are mainly 3 land use

classes (i.e. forest, cropland and paddy field) and the dominant type is forest (Figure 2-
2). Four natural soil types, evolved mainly from granitic parent materials, cover the
catchment: kuroboku soil, granitic forest soil, lowland soil, and gley soil. (Figure 2-3).
Land use and soil properties have been measured and used by previous study (Kinouchi
and Musiake, 2008). The native resolution of landuse and soil type data are about 100 m
and 1000 m respectively. Landuse and soil type data were resampled into 90-m spatial
solution using the majority resampling method within ArcGIS software. Radar
precipitation data from the Japan Meteorological Agency (JMA) was used to specify
rainfall inputs in the model (Figure 2-4). The distribution of *3’Cs was obtained from the

airborne monitoring survey (MEXT, 2013) (Figure 2-5).

On-site measurement data which includes flow discharge, suspended sediment
concentration (SSC) and solid particle size distribution. Totally, there are 19 water
sampling sites in the river channel within the catchment, in which, St. D and St. M are
also observation stations at the down main stream site and middle main stream site
respectively for long term water levels and turbidity observation (Figure 2-1). Water
levels and turbidity have been monitored at the two stations at 10-minute intervals since
June 2011. These measurements are surrogates for flow rate and SSC. Water levels were
monitored using a pressure-transducer gauge and were converted to flow rates using a
rating curve. Turbidity was monitored by an optical sensor (MacVan Analite turbidity
meter, 3000-NTU). Turbidity meter output (in mV) was converted to SSC (in g/l) based
on a relationship between turbidity and laboratory analyses of SSC in stream water
samples (Kinouchi et al., 2015; Yoshimura et al., 2015). Some data used were originally
collected by researchers at the University of Tsukuba. Additional data to define the
relationship between turbidity and SSC was obtained based on turbidity monitoring
performed as part of this study (JFE-Advantec Infinity turbidity meter). During March
and October 2013, suspended solid particle-size distributions were monitored at the
downstream site using a Sequoia Scientific LISST-Streamside meter to measure the
volume of 24 classes of solid particle ranging in size from 1.89pum to 386.38um. The mass

fraction of each suspended sediment size class of interest can be determined from
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measured volume fraction by assuming same particle density of different solids (2.65
ka/l). Thus, the SSC of each solid type can be determined from total SSC by multiplying
it by mass fraction of each size class. Furthermore, SSC and flow rate were used to

estimate the flux of each solid type.

As Kinouchi et al. (2015) introduced, the collected sediment samples from the
downstream, middle stream and/or the upper stream sites (time-integrated or
instantaneous samples) were dried in an oven at 105 °C for 24 h and disaggregated using
a pestle and mortar. And then, radiocesium concentrations in sediment samples were
measured by gamma-ray spectroscopy. Gamma-ray emissions at energies of 662 keV was
measured using a high-purity n-type germanium coaxial gamma-ray detector (EGC25-
195-R, Canberra-Eurisys) coupled to an amplifier (PSC822, Canberra-Eurisys) and a
multichannel analyzer (DSA1000, Canberra). The measured results were radioactive
decay-corrected to the time of sampling. Besides the measured samples in Kinouchi et

al.’s study, additional samples were collected and measured, and used in this study.
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Table 2-1. Collected spatial data for the study

items description data source

topography 90mx90m DEM SRTM

land use about 100mx100m, 6 classes MLIT

soil properties about 1kmx1km, 4 natural soil types MLIT

precipitation data radar precipitation data JMA
resolution is about 1kmx1km

meteorological data air temperature, relative humidity, wind MLIT
velocity and sunshine duration

river link generated from DEM SRTM

* SRTM: Shuttle Radar Topography Mission digital elevation data;

MLIT: the Japan Ministry of Land, Infrastructure, Transport, and Tourism;

JMA: the Japan Meteorological Agency
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Table 2-2. Landuse properties in the Kuchibuto River catchment

kv LAI
areal
land use type
fraction Jan. Feb. Mar. Jul.  Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.
paddy field 8.73% 001 0.01 0.1 0.7 0.8 0.5 05 0.01 0.01 0.01 0.01 0.1 0.5 1.0 20 3.0 3.0 15 1.0 0.01 0.01
cropland land ~ 25.9% 0.1 0.1 0.2 0.8 0.8 0.5 0.5 0.2 0.1 0.2 0.2 0.6 1.0 15 18 20 2.0 1.6 1.0 0.5 0.2
forest 62.6% 0.2 0.2 0.3 0.8 0.8 0.7 0.5 0.3 0.2 1.0 1.0 13 1.8 25 28 3.0 3.0 2.8 23 1.8 1.0
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The outlet of the catchment is located about 2 kilometers below the confluence of the

biggest tributary (referred to hereafter as the “Tributary”) and the main Kuchibuto
River. Above the confluence, the main Kuchibuto River is divided into the “Middle

main stream” and “Upper main stream” in this study.

Figure 2-1. Location, topography and river systems of the Kuchibuto River catchment
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Figure 2-2. Land use in the Kuchibuto River catchment
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Figure 2-3. Natural soil types in the Kuchibuto River catchment
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Figure 2-4. An example of input radar precipitation data (rainfall intensity at 18:00:00
on Jul. 13th, 2011)
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Figure 2-5. The inventory of **’Cs distribution in the Kuchibuto River catchment on
Jul. 2nd, 2011 (the 3rd airborne monitoring survey by MEXT (2013)).
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Chapter 3

Improvement of the TREX model for continuous rainfall-runoff
simulation for forested catchments

3.1 Introduction

Water system is a vital driving force for radioactive substances migrating from one
place to another. Among various processes involved in the water cycle in catchments,
rainfall-runoff is the most influential process for substance transport on land surface.
Therefore, rainfall-runoff simulation is the fundamental work of our radiocesium

migration study.

As mentioned in chapter 1, The TREX model was selected for our study because the
model satisfies our requirements for modeling hydrological transport of radioactive
substances. The TREX model is a rainfall-runoff-sediment and chemical transport model
with features such as spatially distributed modeling approach, two-dimensional flow
routing, well compatibility with GIS data, and capability to simulate sediment erosion
and transport. The model was widely used in flood forecasting (Julien et al., 1995;
England et al., 2007), soil erosion (Julien and Rojas, 2002), and analysis of contaminant
transport and fate (Velleux et al., 2006; 2008).

The hydrological module of the TREX model is original from CASC2D model
(Julien et al., 1995), which is an event-based rainfall-runoff model. The model can only
simulate infiltration-excess Hortonian overland flow. In humid forested catchments, due
to high infiltration rate of the top soil, Hortonian overland flow rarely generates.
Contrarily, subsurface flow, which is formed in surface soil layer, is very important for
runoff generation. This subsurface flow phenomenon is prevailing in Japanese
catchments (Ishihara and Takasao, 1962). Surface soil layer with a depth of several tens-
or-hundreds centimeters commonly exists in Japanese forested catchment. Beneath this
layer, there is a relatively impermeable layer, which consists of fine soil deposits. Water
infiltrated from the surface will be temporally stored in this topsoil layer, and then, the

lateral subsurface flow along its bottom occurs when soil water volume is bigger than
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field capacity. Therefore, it is challenge to apply TREX model for simulation in Japanese
forested catchments (e.g. the Kuchibuto River catchment). Thus, to overcome the
shortcomings of the model for hydrological simulation, the main objective of this chapter
is to improve hydrological module of the model to enable us to simulate rainfall-runoff
processes in forested catchments while taking a full advantage of features of TREX model

to study the migration of radioactive substances in Fukushima.
3.2 Model description

The hydrological module of the TREX model includes precipitation, interception,
infiltration, storage, two-dimensional overland and one dimensional channel flows as
shown in Figure 3-1(Julien et al., 1995; Velleux, 2005, Velleux et al., 2008). As Figure
3-2 shows, we improved this model by considering subsurface flow in a top soil layer,
and change of soil moisture due to the water movement in the ground and from the surface
soil. Infiltration and interception parts were also modified. The modified model will be

described in following sections.

3.2.1 Precipitation

In the model, the rainfall intensity can be assumed to be variable or uniform
depending on data source (e.g. station data or radar precipitation data). When more than
one rain station data are used in estimation of the precipitation, an interpolation scheme
(e.g. the inverse distance weighted mothed) can be used to calculate rainfall intensity for
each computational cell. For our study, we modified the model to read radar precipitation
data every half an hour continuously, and consider rainfall intensity is uniform within 1

km x 1 km grid (spatial resolution of radar data is 1km).

The total gross precipitation (ig) includes both rainfall and snowfall. Snowfall can be
represented as an equivalent precipitation. Snow melt rate can be simply estimated by

temperature degree-day method:

. 1
_ . (3.1)
' = 36200000 % (T ~To)

where, isn IS Snow melt rate (m/s); asn is the degree-day coefficient (mm/degree-day C); T

is temperature (°C); To is base temperature for snowmelt (°C).
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3.2.2 Canopy interception

As precipitation falls to the surface, a portion of the gross precipitation at the surface
may contact vegetative canopy and may be held on foliage by surface tension (Eagleson,
1970). Much of the precipitation falling during the early period of an event may be stored
on vegetative surfaces (Linsley et al., 1982), and the intercepted water can be evaporated
and return to the atmosphere. In hydrological model, the intercepted water is usually
subtracted from the rainfall/snowfall before infiltration is calculated. The original model
gives an interception depth depending on land use type. Canopy interception depends
strongly on vegetation type and stage of development, which can be characterized by the
leaf area index (LAI) (Kozak et al., 2007). We use the method developed by Von
Hoyningen-Huene (1981) to calculate the maximum canopy storage capacity (Smax°),

which is considered as interception depth.

S °=0.935+0.498LAI —0.00575(LAI)’ (3.2)

Net rainfall intensity (in) is calculated as:
o Sma c (3.3)

where, in is net rainfall intensity (m/s); Sc is water stored in canopy (m); At Is time interval

(s).

3.2.3 Evapotranspiration

Evapotranspiration is calculated to update top soil moisture timely, which is an initial
condition of infiltration. In this study, evapotranspiration is estimated by FAO Penman-
Monteith method, which takes grass as a reference, and uses the formula of the reference

evapotranspiration (ETo) (Allen et al., 1998; 2006):

C,
0.408A(R, ~G)+7— "> U, (e, —e,) (3.4)

ET, =
° 3600[A + y(1+C U, )]

where, ETo is a reference evapotranspiration (m/s); Rn is the net radiation (MJ/m?/hour);

G is the soil heat flux (MJ/m?/hour); (es— ea) represents the vapor pressure deficit of the

~27 ~



air (kPa); 4 is the slope of the saturation vapor pressure temperature relationship (kPa/°C);
y is the psychrometric constant (kPa/°C); U2 is daily or hourly wind speed at 2-m height
(m/s); Cn and Cgq are constants. For hourly time step simulation, Ch=37, and C4=0.24 and

0.96 during daytime and nighttime, respectively.

We assumes that evapotranspiration occurs from vegetated and non-vegetated

surface (bare land, or water surface), following the formulation described below.

a) Evapotranspiration from vegetated surface

Potential evapotranspiration rate from vegetated surface (etpl) is given by:
etpl=kv-kc-kl-ET, (3.5)

where, etpl is potential evapotranspiration rate from vegetation (m/s); kv is fraction of
vegetation in each cell (-); kl is relative leaf area index, which is a ratio of LAl and
maximum LAl in one year (-); kc is crop coefficient (-), which is related to vegetation
types, growing season, agricultural practices, and etc.

FAO provides tabulated kc values of different vegetation types in different seasons.
In this study, for simplicity, we divided the period of vegetation growth into two stages
— growing season (from April to October) and non-growing season, and three dominant
vegetation types — tree, grass and paddy are considered. For tree, grass/plant and paddy,
kc are set to 1.2, 1.0, 1.1 in growing season, and 0.9, 0.3, 0.3 in non-growing season,
respectively.

Evapotranspiration from soil in vegetated surface, etrl (m/s), is given by:
etrl=kr(etpl—ET,) (3.6)

where, ET. is evapotranspiration from vegetation canopy (m/s), and given by:

ET, =etpl if (Sc > etplAt) (3.7a)
Sc .
ET, = o if (Sc < etplAt) (3.7b)

kr is coefficient related to soil characteristic:
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kr=1 if (0>0,) (3.83)

0-6
kr= = if (0, >0>6 3.8b
ef _ew I ( f W) ( )
kr=0 if (0<6,) (3.8¢)

where, 0 is soil water content (m3/m?®); 6 is field capacity (m3/m3); 6y is wilting point
(m3/m3).
b) Evaporation from non-vegetated surface

Potential evaporation from non-vegetated surface, etp2 (m/s), is given by:
etp2 = (A—kVv)ET, (3.9
Evaporation from soil in non-vegetation area is given by:
etr2 =kr(etp2—ET,) (3.10)

where, etr2 is evaporation from non-vegetated soil (m/s).

ETs is the evaporation from non-vegetated land surface (m/s), and given by:

ET, —etp2 if (S, > etp2At) (3.119)
ET, = % if (S, <etp2At) (3.11b)

where, Sy is water stored in land surface (m).
Total amount of evapotranspiration ET is the sum of evapotranspiration from canopy
and overland surface stored water (ET¢ and ETs) and evaporation from soil (etrl and etr2).

Soil water content is reduced by the sum of etrl and etr2.

3.2.4 Infiltration
Infiltration is simulated by a single-layer Green-Ampt infiltration model, which

assumes that soil profile is vertical homogeneous.
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f -k, @+229 (3.12)
=
where, f is infiltration rate (m/s); Ks is saturated hydraulic conductivity (m/s); ¢ is suction
head (m); 4@ is soil moisture deficit (m3/m?3); F is infiltration depth (m).
In the model, one constraint condition of infiltration is that if ponding water is not
available for potential infiltration, actual infiltration rate will be equal to water depth

divided by time:

_mincf 3.13
f_mm(f’At) ( )

where, h is surface water depth (m).

Because our study area is hilly catchment with steep slopes, and well developed
drainage system (many small streams, brooks, and even ditches), there is almost no

ponding water. Therefore, we modify constraint condition as:

f =min(f,i) (3.14)

3.2.5 Storage
The model can consider storage capacity both on the land surface and river channel.
Water on the land surface may be stored in depressions because of micro topography

and/or land use (e.g. paddy field). Water in channels may also be stored as dead storage.

3.2.6 Overland flow and channel flow
In this study, we still use the proposed methods to calculate overland and channel

flows (Julien et al., 1995; Velleux, 2005).

Overland flow is routed in two-dimensional and simulated using the diffusive wave
approximation. Flow occurs when the water depth exceeds the storage depth and the
friction slope is bigger than zero. Overland flow is governed by conservation of mass and
conservation of momentum. The two-dimensional continuity equation for gradually-

varied flow over a plane is:
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By i i (3.15)

where, gx, gy are unit discharge x- or y- directions respectively (m?/s); iw is unit discharge

from/to a point source/sink (m/s).

Momentum equations for the x- and y-directions may be derived by relating the net
forces per unit mass to flow acceleration. By neglecting small terms (terms for local and
convective acceleration), the full Saint-Venant equations may be simplified in the

diffusive wave approximation for the x- and y-directions:

oh

Sf =Sf _6_ (316)
X [0 X
oh

sfy=sfoy_5 (3.17)

where, Stx, Sty are friction slope in x- or y- directions respectively (-); Sox, Soy are ground

surface slope in the x- or y-direction (-).

Manning formulation is used to solve the overland flow equations. The depth-

discharge relationships are:

AL (3.18)

qx -
n
IS, s
qy — - y h3 (319)

where, n is manning roughness coefficient (-);

Channel flow is one-dimensional (along the channel in the down-gradient direction)
and also simulated using the diffusive wave approximation. The one-dimensional

continuity equation for gradually-varied flow along a channel is:

AR, (3.20)
ot ox
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where, Ac is channel flow cross-sectional Area (m?); Q is total channel discharge (m®/s);

ar is lateral unit flow (into or out of the channel) (m?%/s);

Based on the momentum equation for the down-gradient direction and neglecting
small terms, the diffusive wave approximation may be used for the friction slope.

Similarly, the Manning relationship was used to solve the channel flow equations:
3 1
AR?S.2 (3.21)

where, R is hydraulic radius of flow (m); St is channel friction slope in the down-gradient

direction (-);

3.2.7 Subsurface flow in top soil
In our modification, we calculate lateral subsurface flow and vertical flow in the top
soil. Lateral subsurface flow is calculated by a simple kinematic storage model (Sloan et

al., 1983). The water balance in soil layer is expressed as:

dz—\th fL —do, —dq, —(etrl+etr2)L (3.22)

where, SW is volume of stored water per unit width (m3/m); L is slope length (m); da; and
dgp are lateral flow and vertical percolation rate per unit overland width (m?/s),

respectively.

According to Darcy’s law, the lateral flow rate is determined as:

2SW .
dg, =cl e K sina 3.23
ql 05 _ef L e slp ( )
SW, =SW — Do, L (3.24)

where, cl is adjustable coefficient of lateral flow rate (-); SWe is drainable volume of water
in the soil layer (m3/m); 6 is saturated water content (m3/m?®); 6 is field capacity (m3/m?);

Ke is efficient lateral hydraulic conductivity (m/s); asip is slope angle (°); D is soil depth

(m).
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Because of soil porosity and characteristic of drainage systems in hillslope, efficient
lateral hydraulic conductivity (Ke) is usually bigger than measured saturated hydraulic
conductivity (Ks) from the small-scale soil matrix (Borah, 2007; Brooks at al., 2004).
Furthermore, because of micro-relief in hillslope, real slope angle sometimes is bigger
than the grid-based computed slope angle asip. In this study, we set Ke as equal to Ks, and
asip Was calculated from grid-averaged elevation data. cl was calibrated with Ks and asip

kept unchanged.

Two kinds of return flow were considered in our modification. As Figure.3-3 shows,
the first one: when the water depth in the top soil exceeds the thickness of the top soil the
interflow in the top soil will return to the ground surface and become overland flow. The
second is if there is river channel in the computational cell, the subsurface lateral flow
will also return and become surface flow. In our hilly catchment, drainage ways are not
limited in rivers, but also very small streams, ditches, and even roads, so, the second type
of return flow is very common. In light of this phenomenon, in the model the lateral water

flow returns to the overland, and joins the overland flow.

Vertical water percolation from topsoil to underlying soil and aquifer layers is

calculated using a storage routing method, which is used in SWAT model (Arnold, 1998).

2 (0,-6, ))

dg, =SW, 1—e[KS (3.25)

3.2.8 Groundwater flow

A linear reservoir method is employed to calculate groundwater flow (zhao, 1997):
dqg,tz :mqg,tl—l—(l_a))dqp (326)

where, dqp is water percolated from top soil (m®s); dgg is groundwater flow (m%/s).
Subscripts t1 and t2 refer to the beginning and end of the time period, respectively. w is
recession coefficient (-).

The whole catchment is divided into many small sub-watersheds. The groundwater

flow joins the channel flow at the outlet of each sub-watershed.
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3.3

Model evaluation

In this study, three metrics were used to evaluate simulation results.

Nash-Sutcliffe Efficiency (NSE):

i(Qiobs _Qisim)
NSE =1——! (3.27)

n

2.(Q™ -Qraa)

RMSE-observation standard deviation ratio (RSR):

len:(Qiobs _ Qisim)
RSR = 1 (3.28)

[E @)

Percent bias (PBIAS):

n

Z(Qiobs _ Qisim)
PBIAS = *100% (3.29)

Z Qiobs

where, Q% and Q*™; are the observed and simulated value, respectively, Q®mean is the

average observed value.

Moriasi et al. (2007) proposed that simulations can be judged as “satisfactory” when

NSE > 0.50, RSR < 0.70, and |PBIAS| < 25% for streamflow and when |PBIAS]| is < 55%

for sediment over a monthly performance evaluation period. As the model evaluation time

period increases, more stringent acceptability criteria may be warranted. However, the

performance metrics and criteria suggested by Moriasi et al. (2007) served as an

established point of reference and were used to evaluate the acceptability of model results

for this study.
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34 Model application and results

The enhanced model was applied in the Kuchibuto River catchment, which was
introduced in chapter 2. As a result of industrial and agricultural activities, the properties
of natural soil have been altered. Thus, besides the four natural soil types, other three soil
types were introduced in our classification of the top soil considering the actual land use,
i.e., sealed soil, where the land use types mainly are residual, road, etc., paddy soil, and
cropland soil. As plough layer exists, the vertical variation of soil properties of paddy and
cropland soil is significant. Therefore, the thickness of topsoil for paddy and cropland soil
was assumed to be less than that of other soil types. Soil properties that used in this study
are listed in Table 3-1. Leaf area index (LAI) and vegetation fraction (kv) were determined

by land use and season (Table 2-2).

Four flood events in 2011 (event 20110704, event 20110819, event 20110919, event
20111005) were selected to calibrate the model. From our preliminary simulations, we
found that cl was sensitive and need to be well calibrated. We used “basin-wide
multipliers” to adjust these parameters (Vertessy, 2000). 10, 15, 20, 25, 30, 40, 45, 50 for
multipliers of cl. Performances of each parameter setting were compared by PBIAS, NSE
and RSR averaged for four events (Figure 3-4). The Figure shows that best result (PBIAS
is closed to 0, and NSE is biggest and RSR is smallest) was obtained when cl = 30, which
means lateral saturated hydraulic conductivity (Ks) and slope angle (asip) need to be
multiplied by 30. The combination gave reasonable results of hydrographs for four events

(Figure 3-5, 3-6, 3-7, and 3-8). Hereafter, we used this combination in further simulations.

Table 3-2 shows the compared evaluation criteria of simulated flow rates by the
original model and improved model. From Figure 3-5 to Figure 3-8, the results that were
simulated using original TREX model with the same parameters were also plotted. The
evaluation criteria and hydrograph indicate that improved model is superior to the original
model, mainly because of the inclusion of subsurface and groundwater flow processes,
and modification of infiltration constraint condition. We take the event 19 September
2011 as an example to analyze the contribution of them. Figure 3-9 compared the
simulated result for different cases. The observed total flow volume in this event (Sep. 19

19:00 ~ 24 0:00) is 8.7x10° m. Simulated total flow volume by the original model (case
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1) was 2.7x10° m?. If infiltration constraint condition was modified only, simulated total
flow volume (case 2) was 5.1x10° m3. For case 3, which included subsurface and
groundwater flow processes and modification of infiltration constraint condition,

simulated total flow volume was 9.0x10°% m2.

Comparisons between measured and simulated flows for 2011 ~ 2014 at the
downstream site and the middle stream site are shown in Figure 3-10 and Figure 3-11
respectively (data collection of flow rates started on Jun. 21, 2011 13:00 and ended on
Oct. 7, 2013 16:00 at the middle stream site and ended on Dec. 31, 2014 24:00 at the
downstream site.). Table 3-3 shows the three evaluation criteria for flow in 2011 ~ 2014.
Because NSE > 0.61, RSR < 0.62, and |PBIAS| < 18% at the middle and downstream sites
in the three years, the simulated flow rates are acceptable. During the simulation period
(i.e. Jan. 1, 2011- Dec. 31, 2014), it is estimated 4.1 x 108 m® water flowed out of the

catchment to the Abukuma River.

35 Summary and conclusions

In this chapter, hydrological module of the TREX model was improved by taking
subsurface flow, groundwater flow, and evapotranspiration into account. Lateral and
vertical subsurface flows were calculated by a simple kinematic storage model and a
storage routing method, respectively. A linear reservoir method was employed to
calculate groundwater flow. Evapotranspiration was estimated by FAO Penman-Monteith

method. Infiltration and interception parts also were modified.

The improved TREX model was applied to the Kuchibuto River catchment,
Fukushima Prefecture, Japan. Four events in 2011 and events in 2012-2014 were selected
to calibrate and validate the model, respectively. The comparisons show the improved
TREX model gave better results than the original TREX with same parameters. The
simulated flow rates for 2011-2014 are acceptable. It is estimated 4.1 x10% m® water
flowed out of the catchment to the Abukuma River during the three years. This improved
TREX model will be further used to study the transport of eroded sediments and

radiocesium in this catchment.
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Table 3-1. Soil properties used in the model.

Soil name D Ks ® s O

kuroboku soil 1.00 7.00x10%  0.15 0.60 0.35

forest soil 1.00 1.00x10° 015 060 0.35
lowland soil 1.00  5.50x107  0.20 0.60 0.35
gley soil 1.00  5.00x107  0.20 0.60 0.35
sealed soil 1.00 1.00x10° 0.15 0.60 0.35
paddy soil 0.50 1.00x10® 0.25 055 0.40
cropland soil 0.50 2.00x10°®  0.20 0.60 0.35

* D: thickness of top soil (m), ¢: suction head (m), Ks: saturated
hydraulic conductivity (m/s), 6s: saturated water content (m*/mq),

Ok field capacity (m3/m?).
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Table 3-2. Evaluation criteria of simulated flow rates

event 20110704 event 20110819 event 20110919 event 20111005
modification original modification original modification original modification original

NSE 0.92 0.09 0.79 -0.25 0.96 0.29 0.73 -0.35

the downstream site  RSR 0.29 0.95 0.46 1.12 0.21 0.84 0.51 1.2

PBIAS (%) 7 57 -8 27 -3 12 -17 47

NSE 0.95 0.70 0.46 0.01 0.98 0.13 0.67 -1.0

the middle stream
_ RSR 0.23 0.54 0.73 0.99 0.14 0.93 0.57 1.43
site
PBIAS (%) -16 39 -17 21 2 16 9 54
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Table 3-3. Evaluation criteria of simulated flow rates

location coefficient 2011 2012 2013 2014
NSE 0.93 0.69 0.91 0.80
the downstream
_ RSR 0.26 0.56 0.30 0.45
Site
PBIAS (%) -9% -18% -17% 11%
NSE 0.96 0.62 0.80 -
the middle stream
. RSR 0.20 0.62 0.45 -
site
PBIAS (%) 5% -10% 14% -

~ 39~



INFILTRATION ¥

A\ 4 ‘4- - : 4" :—. e =
TRANSMISSION B¢
sou Loss

Figure 3-1. Hydrological components of the original TREX model (Velleux et al.,
2008)
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Figure 3-2. Hydrological module of the original TREX model and modification in this

study (E, dai, dgp, dgg are newly included, | and f are modified)

topsoil

Figure 3-3. Two kinds of return flow are considered in the model.
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Figure 3-5. Simulated flow rates of event 20110704 at the downstream site (St.D) and
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Chapter 4

Simulation of soil erosion and transport with consideration of multiple
solid classes

4.1 Introduction

Soil/sediment particles to which radionuclides have sorbed are the transmission
media of primary concern. Soil particles are transported at different rates as a function of
particle size as they move from terrestrial to aquatic systems and from headwater streams
to downstream areas, particularly during rainfall and flood events when soil erosion tends
to be at its highest levels. Therefore, soil erosion and transport must be studied to better
understand the behavior and fate of radiocesium at watershed scale. Although prior
studies of the Kuchibuto River catchment and the larger Abukuma River watershed
focused on modeling radiocesium and soil transport (Tanaka et al., 2013; Yamashiki et
al., 2013; Kinouchi et al., 2015), the models they used either did not consider multiple
solid classes (e.g. Yoshimura et al., 2015; Kinouchi et al., 2015), or utilized very limited
observed data to validate model results (e.g. Tanaka et al., 2013; Yamashiki et al., 2014).
Moreover, those studies did not describe the potential impact that spatial and temporal
variations in soil erosion have on radiocesium. Analysis of the spatial patterns of erosion
allows critical erosion areas to be identified and can inform decision-making to prioritize
soil decontamination efforts and predict future radiocesium transport. Given the
limitations of prior studies, this study uses an enhanced version of the TREX to simulate
radiocesium-contaminated soil erosion and transport at finer spatial and temporal scales
than was possible in prior studies. The advantage of this model is its consideration of
multiple grain sizes to account for preferential sorption of radiocesium to finer particles
and its fine time step (less than one hour) so that it can trace soil/sediment dynamics for
every flood event. The specific objectives of this chapter were to: (1) simulate soil erosion
and transport processes with considering multiple particle size classes; (2) calibrate and
validate the model using nearly 4-years of measurements in the Kuchibuto River
catchment; and (3) identify critical erosion areas within the catchment based on simulated

spatial and temporal distributions of soil erosion.
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4.2 Model description

The hydrological module of the TREX watershed model has been introduced in
chapter 3, so, in this chapter, soil erosion and transport module will be described in the

following sections.

4.2.1 Soil erosion and transport on the upland
Our study also did some minor modifications to simulate soil erosion on the upland.

In the model, the governing equation of upland soil erosion and transport is expressed as:

aACs aC:sqx aCqu
+ +

—e, +e, (4.1)
ot OX

where, Cs is suspended sediment concentration in water (kg/m?3); e is erosion by rainfall

splash(kg/s/m);en is net erosion by water flow(kg/s/m).

The splash erosion rate can be approximated as a function of the square of the rainfall

rate, which is proposed in KINEROS model (Woolhiser et al., 1990):
e, = (1—kv)wp,C,e " 2 if (q > 0) (4.29)

_0 if (4 =0) (4.2b)

where, kv is fraction of vegetation in each cell (-); w is cell size (m); ps is solid density
(kg/m?); in is net rainfall intensity (m/s); q is water flow discharge (m?s); h is surface

water depth (m); Cs, Ch are coefficients(s/m, 1/m).

Overland flow detaches soil particles by exerting a shear stress. Overland flow
typically consists of a combination of shallow flow of large width (sheet flow) and
concentrated flow in small eroding channels (rills) (Wicks and Bathurst, 1996). A way to
describe soil erosion process involves detachment of soil particles by raindrop, transport
of this material to rills by sheet flow, and further detachment and transport of soil particles
by the rill flow (e.g. Foster et al., 1977), and detachment by overland flow is largely
concentrated in the rills. The other way is not separate rill and sheet flows, and use
averaged water depth and velocity of each computational cell to predict overland flow
detachment (e.g. KINEROS model (Woolhiser et al., 1990), SHESED model (Wicks and
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Bathurst, 1996), EUROSED model (Morgan et al., 1998)). In this study we used the later

one. Water flow erosion is the function of water transport capacity:

€h= Qo) WV (Cm _Cs) (4'3)

where, asoil is coefficient, when it is net deposition (Cm < Cs), asoil €quals to 1, otherwise,
it is determined according to soil cohesion (Morgan et al., 1998); vs is solid setting

velocity (m/s); Cm is total sediment transport capacity (kg/m?3).

The transport capacity is important in determining hydraulic erosion. Many
experiments have been conducted to determine Cn. In this model, the Engelund and

Hansen (1967) equation is used to calculate Cp:

hS
C:m = Psoil OOSpS ' (Q_Qo) (44)
G-\ g

Q=5, (4.5)

where, St is friction slope (-); u is flow velocity(m/s); Q, Qo are unit stream power and the
threshold unit stream power (m/s) respectively; dp is solid diameter (m); G is particle

specific gravity (-); Ssoil is coefficient (-); g is acceleration of gravity.

Because Cm was developed for experimental flow conditions (e.g. streams, flumes)
that differ from the shallow surface runoff, the coefficient Ssoil was used as a calibration

factor to adjust total sediment transport capacity.

4.2.2 Sediment resuspension and transport in the river channel
The governing equation of sediment erosion and transport in river channel is

expressed as:

%4‘%:%_% (4.6)
dt dx
where,
‘]e :Vrcsb (47)
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Vo =-c a7t if (J, >V,C.) (4.89)

V, =0 if (J, <v,C) (4.8b)

c— "a~s

where, V is resuspension velocity (m/s), Csp is concentration of sediment at the bottom
boundary (in the bed) (kg/m?), which is updated timely in each time step according to
mass balance of sediments; va is flow velocity (m/s), po is bulk density of bed sediments

(kg/m?3), Jcis sediment transport capacity areal flux (kg/m?/s).

J :Va t (49)

where, Ct is concentration of entrained sediment particles at the transport capacity (kg/m?3),

it is calculated by:

C, =10° _ GG (4.10)
G+(1-G)C,

where, Cy is concentration of entrained sediment particles by weight at the transport
capacity (-), Cw Is expressed by:
G (Va _Vc)sf

cwzo.os(G 1) = RuSs
-1I'[(G-Dgd, ] (G-Dgd,

1 (4.11)

where, V¢ is critical velocity for erosion in channel (m/s); Rn is hydraulic radius of flow

(m).

The deposition flux in river channel can be expressed as a mass rate of particle
removal from the water column over time and the concentration of sediment particles that

are entrained in the flow:

Jd = WVS Pdepcs (412)
where, Pgep is probability of solid setting (-).
The probability can be approximated as (Abramowitz and Stegun, 1972):
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Pdep =1-F(Y)(0.4362X —0.1202X 24+0.9373X 3) if (Y >0) (4.13a)
Pyep =1 P (Y]) if (Y <0) (4.13b)
where
__ 1 (4.14)
1+0.3327Y
1 2
— ~0.5Y 415
F(Y) o e (4.15)

The model gives two options to calculate Y:

for non-cohesive particles (Gessler,1965; 1967; 1971):

= E(M -1 (4.16a)
o T,

Y

where, ¢ is experimentally determined constant ( = 0.57); o is bottom shear stress (N/m?)
Ted,n 1S critical shear stress for deposition of non-cohesive particles, defined as the shear

stress at which 50% of particles deposit (N/m?).
for cohesive particles (Partheniades, 1992):
1 Ty 1277 ¢
Y ==In(0.25(——-1e ") (4.16Db)
o z-cd,c

where, ¢ is experimentally determined constant (= 0.49); 7o is bottom shear stress (N/m?);
Ted,c IS critical shear stress for deposition of cohesive particles, defined as the shear stress

at which 100% of particles deposit (N/m?).
4.3 Results and discussion

4.3.1 Comparison of SS concentration, flux and mass
The hydrological variables in the Kuchibuto River catchment calculated in the

chapter 3 were used for soil erosion and transport simulation. Sensitivity analyses for soil
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erosion model were performed and we found that Cs in eq. 4.2a and fsoil in eq. 4.4 needed
to be calibrated to optimize the model performance. Flood events on Sep. 22 2011 (the
biggest typhoon event) and Oct. 16 2013 were used to parameterize Cr and Ssoil for clay,

silt and sand separately, and the results are shown in Table 4-1.

Instantaneous particle size distributions (PSD) were typically measured on an hourly
basis at the downstream site, although data were not obtained for all flood events due to
equipment problems. Figure 4-1(a) and 4-1(b) are comparisons of simulated and observed
SSCs for calibration periods, and Figure 4-2 shows the SSC of clay, silt and sand during
Jul. 2013 when PSD were obtained. SSCs of water grab samples were used for
comparison. Taking account of temporal-spatial variation, water grab samples from
multiple sites dispersed over the catchment during two flood events in Oct. 2013 were
collected for model validation (Figure 2-1). SSCs of the water samples were measured in
lab., and the results were used to compare with our simulated results as shown in Figure
4-3. Simulated SSCs were agree well against measurement. SSCs for the flood Oct. 14,
2014 were overestimated in general, while at some sites such as St. 3 and St.5 SSCs were
underestimated. The possible reason may be the peaks of SSC at the sites were not
reproduced well, it were earlier or later than real time and the sediment graphs shifted, so
the simulated SSCs didn’t match well with measured data. Long term field measurements
were done at the downstream site (St. D) and the middle site (St. M). For 2011~2014,
|PBIAS| value of TSS flux at the stations were not more than 33% (Table 4-2). As for
2012, NSE and RSR were not satisfied, however, the bias was much closed to 0. Figure
4-4(a) and 4-4(b) show the comparison of simulated and measured SS fluxes for the
calibration events, and Figure 4-5 show the comparison for other big flood events in
2012~2014 at the downstream for model validation. As Figure 4-6 shown, during the
monitoring period (i.e. Jun. 21, 2011 to Dec. 31, 2014), simulated TSS transported from
the downstream site was 78273 tonnes (t) and is in very close agreement with measured
transport (about 81646 t). Thus, simulation results were judged to be acceptable from
above comparisons of SSCs, fluxes and mass. Our simulation results also show from Mar.
12, 2011, when the accident began, to Dec. 31, 2014, an estimated about 5530 t of clay,
51879 t of silt, 22339 t of sand were eroded from the Kuchibuto River watershed and

transport to the Abukuma River. Overland flows have a smaller transport capacity (Cm)
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for sand relative to silt. Thus, the amount of sand was smaller than silt. Although the
transport capacity of clay is larger, the fraction of clay available for transport is very small

(i.e., supply is limited), so the amount of clay was smallest.

4.3.2 Sediment budget

Soil erosion and transport processes from Jan. 1, 2011 to Dec. 31, 2014 were
simulated. Figure 4-7 shows mass balance of SS transport in the catchment for simulation
period. According to our simulated sediment budget, over these four years, 84631 t of SS
was delivered from upland areas to river channels and 80313 t was transported out of the
catchment at its outlet. A relatively small mass of solids remained within the channel at
the end of the simulations, with 3017 t deposited to the channel bed and 3 t remaining in
suspension. The amount of suspended sediment still remaining in river channels at the
end of the simulation period was very small. An appreciable amount of sediment
deposited onto river bed and was largely comprised of sand, representing roughly 12% of
total sand inflow. Because their setting velocity is low, the deposition flux of finer
sediments is generally small and relatively little of material eroded from the watershed
deposits. In contrast, sands have much higher settling velocities and readily deposit in
river channels. Consequently, the “erosion—deposition—resuspension” process for sand
transport is different than the “transport directly” process for clay (Figure 4-7). The same
phenomenon also occurs in upland areas, where eroded sand mainly deposited on hillsides
near the source of erosion. In contrast, clay can be transported for long distances before
settling out of suspension, so that limited clay deposition occurs is mainly distributed in

the floodplain near the river (Figure 4-8).

4.3.3 Critical erosion area identification

The area-specific sediment yield was about 155 t/km?/y. This is within the range of
values estimated other studies. Based on simulations for 2004 and 2005, Itoshiro et al.
(2014) estimated that the annual sediment yield was about 100~200 t/km?y from
tributaries of the Abukuma River watershed. Although weathered granitic material covers
most of the Kuchibuto River catchment and other tributary catchments in the western
Abukuma River watershed, other factors (land use, and etc.) may contribute to soil
erosion and transport variations in those catchments. Even within the Kuchibuto River

catchment, the sediment supplies from different areas are various. According to our
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simulated results in Table 4-3, the Middle main stream area supplied more sediment to
river channel for unit area (about 178 t/km?/y), while the sediment supply ratio (SSR) for
the Upper main stream area was smaller than the middle portion of the catchment (i.e. the
Tributary and the Middle main stream areas). It indicates the middle portion of the
catchment which suffers more serious soil erosion, can be identified as critical erosion
areas. The SSR for subbasin in the critical erosion areas, such as subbasin No. 16, No. 19,
No. 17, No. 8, No. 13, No. 20, No. 21, No. 4, No. 5, and No. 11 (Figure 4-9), were more
than average sediment yield for the whole catchment (i.e. 155 t/km?/y). Spatial
distributions of net erosion and deposition of clay, silt and sand as shown in Figure 4-8

also have the same spatial trend.

Multi-site measurements confirm this finding. Based on the empirical mass budget
for measurements in 2011, approximately 56% of sediment and 64% of water was
generated in the entire catchment passed the middle stream station (St. M) and was
transported downstream. This indicates that the upper portion of the catchment produced
and delivered less sediment than areas further downstream, which generated roughly 44%
but only 36% of the flow.

The topographic and land use characteristics are major controlling factors for the
sediment yield of most small mountainous rivers (Milliman and Syvitski, 1992; Shi et al.,
2014). Agricultural land with steep slope always produced more sediment (Table 4-3). In
Figure 4-10 we can see, in the middle portion of the catchment, slopes are also very steep.
Areas with slopes greater than 15° are rare in upper portions of the watershed but occur
much more frequently in the middle part. According to our simulation, SSR in the areas
with slopes greater than 15° was 412 t/km?/y, while the rest areas was 116 t/km?/y. Steeper
slopes lead to larger friction slopes (Sr) and consequentially big transport capacities (Crm).
Thus, areas with steep slope are more prone to suffer serious erosion. Our results show
that SSR in agricultural land was about 343 t /km?/y, which is much larger than for other
land use types (e.g. about 64 t /km?/y in forest). In forested land, fraction of vegetation
(kv) is usually larger than agricultural land. Another factor is water flow generation. In
forested areas subsurface flow rather than overland flow is expected to be predominant.
This combination of factors act to limit rainfall splash and water flow hydraulic erosion

in forested areas, whereas farmland and paddy field land uses supply and deliver more

~ 60 ~



sediment. From upstream to downstream areas, the increasing portion of agricultural land

intensified soil erosion (Figure 2-2 and Figure 4-8).

4.3.4 Implication for **’Cs migration

Sediment transport processes determine sediment-bound *’Cs migration. *’Cs
inventory in Figure 2-1 shows the northern part of the Kuchibuto River catchment was
more seriously contaminated, especially the Upper main river catchment, where
decontamination work is urgent. However, our finding suggests that soil decontamination
actions in mid-watershed critical erosion areas are also of great priority to reduce soil
erosion induced 3'Cs transport downstream to the Abukuma River. Although **’Cs is less
enriched in coarse solids (silt and sand), their deposited areas can accumulate **’Cs
gradually and become *3'Cs hotspot areas, therefore, the larger deposition areas as shown
in Figure 4-8 may be targeted areas for further 3’Cs field survey. Information about

sediment transport helps to understand **’Cs transport and fate in Fukushima.
4.4 Conclusions

In this chapter, soil erosion and transport processes in the Kuchibuto River watershed
were simulated for the four-year period Jan. 1, 2011 to Dec. 31, 2014, using a TREX
watershed model. Simulated flow rates were found to be acceptable in comparison to
measurements for 2011 ~ 2014 over the catchment. The correspondence between
simulated and measured SS concentrations of water grab samples for multiple sites for
flood events and SS concentrations, fluxes and mass at the stations during 2011 ~ 2014
demonstrates that the simulated results are acceptable. Simulation results also indicate
that between Mar. 12, 2011, when the accident began, and Dec. 31, 2014, about 5500 t of
clay, 52000 t of silt, 22000 t of sand were eroded and transported to the Abukuma River.
Model results also indicate that critical erosion areas are located in the middle portion of
the catchment, where slopes are steep and the primary land use is agricultural. Our study
suggests that soil decontamination actions of critical erosion areas in the middle portion
of the Kuchibuto River watershed are also of the great priority to avoid soil erosion
induced *¥'Cs transport to the Abukuma River. The results of this study are useful for
understanding radiocesium transport at the watershed scale and ultimately for assessing

environmental risks.
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Table 4-1. Properties of sand, silt and clay

Solid types dp(um) G(-) Vs(cm/s) Cr (-) Psait ()
sand(> 63um) 100 2.65 0.8 850 0.001
silt (3 - 63um) 20 2.65 0.0385 1500 0.0035
clay (< 3um) 2 2.65 0.0004 70 0.000003

Table 4-2. Evaluation criteria of simulated TSS flux
location coefficient 2011 2012 2013 2014
NSE 0.91 0.22 0.85 0.57
down stream
RSR 0.30 0.89 0.39 0.65
(St. D)
PBIAS -4% 5% -5% 33%
NSE 0.90 - - -
middle stream RSR 0.32 ] ] ]

(St. M)
PBIAS -5% - -
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Table 4-3. Prioritized SSR and characteristic of landuse and slope in subwatershes

fraction of i
location sub. area  average agricultural sediment SSR
no. (km?)  slope(°) land supply (t)  (t/km?/y)
7 2.8 8.30 0.40 721 64
Middle main stream 16 3.8 10.89 0.48 5162 337
(178 t/km?/y) 19 12.4 10.53 0.25 10990 222
17 3.8 13.28 0.25 3064 203
8 3.9 9.56 0.34 2958 188
13 8.7 11.24 0.24 6224 179
20 6.0 5.68 0.51 4250 178
21 8.4 8.66 0.37 5392 160
18 5.7 5.21 0.61 3098 136
14 6.7 7.72 0.40 3384 127
15 4.2 6.08 0.48 846 50
Upper main stream 3 10.9 8.61 0.24 6190 142
(160 t/km?/y) 1 5.5 9.75 0.20 2719 123
2 5.3 8.24 0.26 2006 95
9 4.7 7.96 0.40 1757 9
6 7.8 10.08 0.15 2595 83
Tributary 4 3.1 12.88 0.04 2592 206
(112 t/km?/y) 5 4.1 10.84 0.20 3025 183
11 11.7 9.61 0.37 8488 181
12 10.5 10.85 0.34 5997 142
10 6.8 7.08 0.41 3174 116
all - 137 9.21 0.32 84631 155

* SSR = Inflow sediment / 4 years / Area
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Figure 4-1 (a). Total SSC at the downstream site (St. D) and the middle stream site (St.
M) for the event on Sep. 22 2011.
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Figure 4-1 (b). SSC at the downstream site (St. D) for the event on Oct. 16 2013.
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Chapter 5

Modeling *'Cs migration based on a hydrological and sediment
erosion model in a forested catchment

5.1 Introduction

The released *’Cs from the Fukushima Daiichi Nuclear Power Plant in 2011 in Japan
has induced serious regional environmental problems and drawn much attention not only
on a local level but also worldwide. Modeling watershed-scale 3’Cs migration is a
profitable method for understanding contaminant transport mechanism, identifying
contaminant sources and sinks, predicting future 3’Cs distribution in the watershed, and
evaluating possible decontamination countermeasures. Although, some prior models
were applied in Fukushima (Yamaguchi et al., 2014; Kitamura et al., 2014; Kinouchi et
al., 2015; Tanaka et al., 2013), ¥'Cs transport along with hydrological processes is still
not well studied. In forest areas, a portion of *3'Cs was initially intercepted by the canopy
and litter layer (Kato, et al., 2012; FAJ, 2012). The interception and retention of this layer
are important processes that affect *’Cs transport and fate. However, the previous studies
on ¥Cs migration simulation in Fukushima did not consider the interception, retention
and wash-out processes of 13’Cs in the vegetation canopy/litter layer. Vertical migration
inhibits $3’Cs horizontal transport across landscapes because such migration associated
with hydrological processes such as rainfall-runoff and soil erosion from upland to rivers
occurs mainly on the ground surface. The unknown factors of $3’Cs downward movement
in previous studies affect the simulation accuracy, particularly in long-term prediction.
Dissolved radiocesium occupies a smaller fraction than particulate radiocesium,
particularly during flooding periods (Sakaguchi et al., 2015; Ueda et al., 2013), which
results in a limited contribution of the dissolved phase to the total amount of radiocesium
delivery. Therefore, prior studies in Fukushima focus mainly on sediment-bound
radiocesium, and ignore the dissolved phase. However, dissolved ¥’Cs should be of
critical importance regarding its uptake to aquatic organisms (Sakaguchi et al., 2015).
Therefore, simulation on both sediment-sorbed and dissolved ¥’Cs can help to better

understand the transport of **’Cs and its ecological influence in fluvial environments. The
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objectives of this chapter are to: (1) develop a watershed **’Cs transport model based on
the improved TREX framework and (2) analyze *’Cs transport characteristics associated

with the hydrological processes by using a case study of the Kuchibuto River catchment.

5.2 Methodology

The hydrology and soil erosion and transport modules of TREX model have been
introduced in chapter 3 and chapter 4. The *’Cs transport module is described in this

section.

As Figure 5-1 shown, the released *'Cs is deposited onto covered forest areas (kv) or
bare soil (1-kv). Once the radiocesium reaches to soil surface, it tends to be adsorbed by
finer solid particles. During flood storms, ¥’Cs trapped by forests will be washed off
gradually (Dc), and become part of the overland flow. *'Cs can be transported in the
interface of the overland water column and top soil (Ds), and downslope along with the
water flow (Da). Because of its physical and biochemical processes, radiocesium also can
move in the soil profile (J). In this study, the physical transport processes of radiocesium

will be described by the model.

5.2.1 Initial **'Cs distribution
137Cs is deposited onto vegetation-covered areas and non-vegetation-covered areas.

137Cs intercepted by the vegetation canopy/litter layer is calculated by

o, =kvil, (5.1)
The remaining portion reaches to the soil matrix, which can be expressed as
log =1y — 1o, = @—kvi)I, (5.2)
or
Iy, =kv(@— )l +A—-kvVIl, =@A—-kvi)I, (5.3)

where, loc is the initial inventory of *Cs trapped by the vegetation canopy/litter layer
(Bg/m?); lo is the initial total **’Cs inventory measured by airborne survey (Bg/m?); los is

the initial inventory of *¥’Cs reaching the soil layers (Ba/m?); kv is the fraction of
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vegetation (-); and f. is the fraction of deposited *’Cs trapped by the vegetation

canopy/litter in vegetation-covered areas (-).

137Cs concentration in soil is an exponential function of soil depth z and can be

estimated by (Kinouchi et al., 2015)

Cy(2)=C,(0)e™ (5.4)
klg,
Cyp(0) = oll—e ] (5.5)

where, Ccn(2) is the *Cs concentration at depth z (Bg/g); k is a relaxation constant (1/m);
ps is soil density (= 2.65x10% kg/m?®); and zo is the soil depth (= 0.05 m).

Thus, the concentration in each soil layer can be averaged by

1
Z, =7,

Cepitayer = Ps _‘:2 Cy (2)dz (5.6)

where, Cep,ilaver is the 137Cs concentration in the soil layer ilayer (Bg/m®); and z1, z, are the

upper and lower boundary depths of layer i (=1, 2... n), respectively.

5.2.2 Cs phases in water

137Cs transport and interactions depend on the chemical phase. The partition
coefficient of 13’Cs is defined as the ratio of the *’Cs concentration in particulate form to
the dissolved phase concentration. The substance transport time from upland to river
mouth in watershed is usually longer than the time for local equilibrium. Therefore, the

local equilibrium was assumed.

K, =M (5.7)

c,dis

where, Kqn is the partition coefficient of 13’Cs to solid particle n (e.g. clay, silt and sand)

(m3/kg); C cpn is the concentration of *3’Cs bounds to solid particle n (Bg/ m®); mn is the
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concentration of solid particle n (kg/m3); and C ¢ 4is is the concentration of dissolved *3’Cs
(Bg/ m3).

C

= (5.8)

c,total

where, fyn is the fraction of ¥*’Cs in the particulate phase associated with solid particle n

(-); and C ¢, wtal is the total concentration of *’Cs (particulate and dissolved) (Bg/ m®).

N
Cc,total :Zlcc,p,n +Cc,dis (59)

Combined eq. (5.7), eq. (5.8) and eq. (5.9):

CC,p,n Kd,nmnCc,dis Kd,nmn
o =3 3 3 5.10a
ZC c,p.n + Cdis Z Kd,nmnC c,dis + Cdis Z Kd,nmn +1 ( . )
n=1 n=1 n=1
and
f _ Cc,dis _ C(:,dis 1
T N — (5.10b)
ZC c,p,n +Cdis ZKd,nmnCc,dis +Cc,dis ZKd,nmn +1
n=1 n=1 n=1

5.2.3 Cs loss from the vegetation canopy/litter layer

The trapped radiocesium by vegetation canopy can reduce by radioactive decay and
by the environmental processes such as translocation and weathering by rainfall, wind,
dew and other factors. This decrease after decay correction, generally known as field loss
(Milbourn and Taylor, 1965; Chadwick and Chamberlain, 1970; Madoz-Escande et al.,
2005), is time-dependent reduction with a feature of rapid initial loss followed by a slower
loss (Fraley, et al., 1993). Loffredo at al. (2014) reported that the field loss of *3’Cs in
Fukushima was strongly influenced by rainfall. The same as canopy, radioactive
substances in litter layer also can be lost by litter decomposition and weathering.
Therefore, in the present study, we assumed that *'Cs in the vegetation canopy/litter layer

reduced by fast and slow methods and can be modeled by a double exponential model
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(Ertel, et al., 1989; Loffredo at al., 2014; Loffredo at al., 2015). The field loss of $3'Cs

from the vegetation canopy/litter layer was estimated as

D, = Ai,C, (5.11)

where, D. is ¥*'Cs loss in the vegetation canopy/litter layer (Ba/s); A is area of
computational cell (m?); in is net rainfall intensity (mm/s); and C, is the concentration of

137Cs from the canopy/litter layer (Bq/m?/mm), which can be calculated by

| 1 2y (tty) (e
C,=C, —=— (==, """ 440 :
SRR (r12 ! ° ) if (1, >0) (5.12a)

ri2

C,=0 if (1. <0) (5.12b)

Cv is a coefficient (1/mm); r12 is the ratio between slow and fast loss (=0.22 (Loffredo at
al., 2015)); A and 4s are constants for fast and slow loss respectively (1/s); t is simulation
time(s); to is start time (s); and I¢ is $*’Cs storage in the vegetation canopy/litter layer

(Bg/m?), which can be updated according to mass balance:

_ Dcx At
c,tl A

(5.13)

where, subscripts t1 and t2 refer to the beginning and end of the time period, respectively;

and At is the time interval ().

5.2.4 Cs in the water column of the overland plane

137Cs in the overland water column in each computational cell is supplied from field
loss of the vegetation layer and eroded sediments from the bottom soil matrix. Conversely,
deposited sediments carry **’Cs to the soil matrix, resulting in a decrease in *Cs
concentration in the water column. Dissolved **'Cs is infiltrated into the soil matrix. If no
overland flow occurs, the washed 3’Cs cannot be transported and instead accumulates in
the top soil. As a result of the lateral water flow, *’Cs can be transported in the lateral
direction. The mass balance of *'Cs in the water column of the overland plane is

calculated by
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o — ol (5.14)
N N

Ds = As (Zvrccb,l fpb,n - szecc,ov fp,n _ViCc,ov fd ) (515)
n=1 n=1

Da = A:(Vx +Vy +Vf )Cc,ov (516)

where, Cc,ov is the total *¥’Cs concentration in the water column (Bg/m?®); Ds is the ©*Cs
vertical transport associated with soil erosion, deposition and dissolved *’Cs to the top
soil layer along with water infiltration, which also includes *’Cs accumulation when on
overland flow generations (Bq/s); Da is the lateral 13'Cs advection (Bg/s); D is the lateral
dissolved 3’Cs transport along with subsurface flow from adjacent soil layers (Bg/s); Ac
and As are the cross-sectional area in the flow direction and surface area, respectively
(m?); fo,n is the particulate *’Cs fraction in the water column (-); fob,n is the particulate
137Cs fraction in the first soil layer (-); vr, Ve and v; are soil erosion, deposition, and
infiltration velocities respectively(m/s); vx, vy and v¢ are flow velocity in the x- or y-
direction and between the overland plane and channel (floodplain), respectively (m/s);

and Voly, is the volume of water (m?3).

5.2.5 Cs in the soil profile on the upland

The interaction of *3’Cs between the first soil layer and overland water involves
particulate *37Cs transport associated with soil erosion and deposition and dissolved **’Cs
migration in the water along with water infiltration and subsurface flow. The *'Cs
vertical dynamics in soil layers are attributed to advection and diffusion resulting from
physical and biochemical processes. Thus, the mass balances in the soil layers are

calculated by

accb,ilayer _ - DS + A‘]ilayer - D| if (ila er _1)
. Yol yer = (5.17a)
ach,ilayer _ A‘Jilayer B DI if (ilayer > 1) 517b
ot Vol (5.17b)

S
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where, ilayer is the layer index of the soil/sediment bed (-); Vols is the volume of the soil
layer (m®); Dy is the dissolved *’Cs lateral transport along with subsurface flow in soil

layer (Bg/s); and Adiiayer is the net *’Cs vertical advection and diffusion in each soil layer
(Ba/s).

ch,ilayer )

A
Jilayer A(Vadv cb ilayer — Vit T (518)

where, Jiyer is 3'Cs advection and diffusion in soil layer ilayer (Bq/s); Vaav is **'Cs
vertical advection velocity (m/s); vait is ¥'Cs diffusion velocity (m?/s); ACcb,ilayer is the
difference of ¥’Cs concentration in the soil layers ilayer and ilayer +1; and Az is

thickness of the soil layer ilayer +1.

DI = Acvl ch,ilayer fdb (519)

where, v; is the lateral flow velocity from soil (m/s); and fqs is the dissolved 3’Cs fraction

in the soil layer (-).

5.2.6 ¥Cs transport in river channel
137Cs transport processes in the river channel are almost same as those in overland

areas:

Ceon A A
h _[Zvrcmh oo sze con pn]VOIW—(vf -vX)Cc,ch\TIW (5.20)
N
CbCh _[sze c,ch pn_zvr cb,ch pbn] AS ) (521)
rr Vol,

where, Ce,ch is the total 13’Cs concentration in the water column in river (Bg/m?®); Ceb,cn is
the total *'Cs concentration in the bottom sediment layer (Bg/m?®); and vx and v are flow

velocity in the x-direction and between the overland plane and channel, respectively (m/s).

5.2.7 Mass transfer and transformation processes (chemical reactions).
The fate of chemicals is potentially influenced by a number of other processes such
as biodegradation and oxidation. For our *’Cs migration study, all transformation

processes were neglected except radioactive decay.
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C,=C.e™" (5.22)

where, Aq is the decay constant coefficient (1/s); and Cu, Cr are the amounts of *3'Cs at

time t1 and t2, respectively;

5.3 Case study in the Kuchibuto River catchment

The Kuchibuto River catchment was heavily contaminated by radiocesium. The 3rd
airborne survey by MEXT reported $¥’Cs inventory in this catchment of about 10°-10°
Bg/m? (see chapter 2 for detailed introduction). Our simulation began on Jun 21, 2011
when the field observation began, which was near the time of 3rd airborne survey by
MEXT on July, 2, 2011. Thus, the surveyed result (Figure 2-5) served as the initial $3’Cs
distribution for our simulations. Several parameters in the model were determined
according prior field studies in this catchment. $3’Cs distribution coefficients (Kq,n) were
set in Table 5-1 by referring to measurements in the Kuchibuto River (Fan et al., 2015).
Land use patterns have a large influence on some soil properties and *¥’Cs downward
migration, resulting in different distributions of **'Cs in the soil profile. Thus, the
relaxation constant (k) and vertical advection and diffusion velocities (Vagy, Vair) varied
according to land use type (Table 5-2) (Takahashi et al., 2015; JAEA, 2015). Since there
was no data for paddy field, the vertical advection and diffusion velocities in paddy field
were set as that in cropland. The areal fractions of the other land use types such as built-
up area and water body are very small, thus, no contribution of these types was assumed
for ¥Cs transport. A survey conducted by Forestry and Forest Products Research
Institute (FFPRI) and Forestry Agency of Japan (FAJ) reported that about 18%-34% of
radiocesium was already in the soil matrix in the vegetation area by early August and
September 2011 (FAJ, 2012). Thus, the fraction of deposited 3'Cs trapped by vegetation
canopy/litter in vegetation-covered areas (fc) was set as 0.8 in our study. Cy and A were
calibrated to match the observation during the calibration period of June and September
2011, when the *¥’Cs fast loss from vegetation is significant at the downstream site as

shown in Table 5-3; the decay constant (14) of 13’Cs was 0.023 year.
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5.3.1 Initial ¥*’Cs distribution over the catchment

According to our calculation, the initial total amount of *3’Cs over the Kuchibuto River
catchment was about 37.12 TBql. An estimated 7.63 TBq of ¥’Cs was trapped in the
canopy/litter layer, most of which was located in the upper stream areas (Figure 5-2). This
means the total deposited **’Cs in the vegetation-covered area was 9.54 TBq, of which
about 1.91 TBq of ¥'Cs (i.e. 20%) have penetrated or washed out from the canopy/litter
layer and reached to the underlying soil matrix three months after the accident. 10 layers
with the thickness of 5 mm for each layer were divided to characterize 3'Cs distribution
in the soil profile. The simulated ¥’Cs distributions in the soil profile followed

exponential function (Figure 5-3).

5.3.2 Comparison of observed and simulated **’Cs concentration

A time-integrated suspended sediment sampler (Phillips et al., 2000) was installed
at the downstream site to collect sediment samples for a certain period. The *'Cs
concentrations of collected samples were measured in lab (this time integrated
concentration is an average concentration for a period). The measured results were plotted
in Figure 5-4 for comparison with our simulated results. Three cases with the same
parameters but different scenarios were calculated as shown in Figure 5-4. The
observation data and our simulation (case 1) agree well except during November and
March 2011. During that period our simulation underestimated the *’Cs concentration of
Suspended Sediment (SS). One possible reason is the effect of dry **Cs deposition from
the atmosphere. That period coincided with winter and early spring, in which the wind
was stronger than that in other seasons as shown in Figure 5-5. Strong wind could have
resuspended and deposited ¥’Cs into the river. Although the total amount of **'Cs
deposition may be small, the total amount of sediment was also quite small during this
period. Therefore, the particulate *3’Cs concentrations of SS were sensitive to the total
and consequently become larger. This is one explanation for our underestimated results.
Moreover, other factors such as wind direction, surface wetness, and natural decreases in
137Cs can affect 13’Cs dry deposition. Because the period was not rainy, the total amount

of ¥¥’Cs loads during that period was smaller than the total during the flood period, which

1 1 TBq = 10° GBq = 10° MBq = 10° KBq = 1012 Bq

~ 85 ~



is our main focus. As shown in Figure 5-6, during November 2011 to April 2012, less
than about 3% of annual ¥'Cs was transported out of the catchment. Thus, the effect of

our underestimation was negligible in the annual **’Cs load estimation.

Figure 5-7 shows the comparisons of simulated and observed *3’Cs concentrations of
SS at the upper stream, middle stream site and downstream sites for three periods,
respectively. The sediment samples were collected and measured by researchers from the

University of Tsukuba and the results can be found in the JAEA annual report (2014).

Figure 5-8 shows the comparisons between calculated and measured instantaneous
particulate 13’Cs concentrations at the downstream and middle stream site in normal flows
and flood storms on Oct. 16 and 25, 2013, respectively. The $¥’Cs concentrations of SS
with different grain sizes were measured during the storms on Oct. 16 2013, Oct. 6 2014
and Oct. 14 2014, and were plotted and compared with simulated data in Figure 5-9. *'Cs
concentrations in 2014 were smaller than simulation. A possible reason is
decontamination work decreased 3’Cs inventory in the upper stream area (JME, 2016).
Both the observed and simulated data showed that finer solid particles had higher
absorption capacities to *’Cs. During the simulation period, the ratio of particulate **'Cs
flowing from the catchment carried by clay, silt, and sand was 17:70:13, respectively,

whereas, the ratio of flux for clay, silt and sand was 7:65:28, respectively.

Sakaguchi et al. (2015) collected water samples from the Kuchibuto River within one
year after the accident and measured size distributions of *3’Cs in river water. Comparing
with the measured water samples data, our simulation underestimated 3’Cs of SS (Figure
5-10). It was non-rainy and normal flow period, thus, the flow rate and sediment
concentration were very small (Table 5-4). 13’Cs concentrations were easily affected by
other factors, e.g. dry deposition from atmosphere as explained above. However, the
dissolved 3'Cs concentrations were well calculated. Our time-integrated dissolved *’Cs
concentrations also well agree with measurements by JAEA (2014) for the two periods at
the three sites in the river (Figure 5-11). Our simulation indicates the dissolved **'Cs

concentrations were generally less than 30 mBg/L in the Kuchibuto River.

By comparing with the observed time-integrated and instantaneous **'Cs

concentration, we concluded the simulated results were generally acceptable.
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To analyze the effects of vegetation and *’Cs downward movement in the soil, two
cases were assumed as shown in Figure 5-4. The simulated result indicates that the
vegetation canopy/litter layer played an important role in *¥’Cs transport, especially at the
early stage of the simulation. If the vegetation effect is not considered, the ¥’Cs
concentration of SS in the river will be underestimated at the early simulation stage (case
3). The 3’Cs concentration in the soil profile changes because of its downward movement
in the soil; otherwise, all *’Cs is accumulated in the surface above the soil. As shown in
Figure 5-4, the error between case 1 and case 2, which considers and does not consider
137Cs downward movement in the soil, respectively, increased as the simulation period

progressed.

The *3’Cs concentration of SS in the Kuchibuto River decreased rapidly from June to
September 2011, and then became relatively stable. By 2014, the level was about 1-10
Bqg/g. According to field measurement at two sites in Fukushima (Matsunaka et al., 2016),
the pre-accident levels of **'Cs in the soil were about 0.558x10% ~ 48.4x10° Bq/g.
Therefore, more than three years later, the **’Cs concentration of SS in the Kuchibuto

River was still 100 times larger than that before that accident.

5.3.3 1¥Cs transport from different components

Figure 5-12 shows 3’Cs transport in the vegetation canopy/litter layer-ground surface-
river components. During the simulation period (i.e. Jun. 21th, 2011-Dec. 31, 2014) *¥'Cs
field loss was about 2.36 TBq (@), and 4.85 TBq of *¥’Cs remained in the vegetation
canopy/litter layer at the end of our simulation. Kato (2012) reported that in a coniferous
forest in Tochigi Prefecture, Japan, an estimated 60% of the total deposited *’Cs
remained in the forest canopy five months after the accident. In our simulation, the
retention ratio of the vegetation layer was similar during the same period in mid-August,
2011, at 59%. Hence, as a stock, this layer still can be decontamination target. A portion
of the field loss was considered as a supplement to the top soil layer, and the remaining
portion was transported to rivers along with water flow and eroded sediments. About 0.59
TBq ¥'Cs was transported from the upland regions to river systems (®), most of which
was transported from the catchment through the river outlet as the particulate phase.
During the 3.5-year study, the *’Cs reduction rate by rainfall-runoff wash-off was 1.24
GBqg/km?ly, and the reduction ratio was 1.6% (Table 5-5). JAEA (2013) estimated the
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137Cs load was 542 MBg/d based on on-site observation at the downstream site from Jun.
21th, 2011 to Jan. 22, 2013. Our simulation shows about 3500 GBq of ¥’Cs was
transported out of the catchment (i.e. 608 MBq/d) during the same period, so, they agree
well. The amount of ¥’Cs that bound to deposited sediments in river channels was very
small, about 4% of the total inflowing *3’Cs from the upland areas. The natural radioactive
decay was about 2.82 TBq (®+®+®). Thus, the *’Cs reduction mainly depended on
radioactive decay. If we consider ¥'Cs reduction by natural radioactive decay, the total
loss of ®*'Cs was 3.39 TBq (D+®+®+®), which indicates that about 90% 3'Cs
remained in the catchment. This estimation confirms the necessity of artificial

decontamination in the following years.

5.3.4 Spatial distribution of *3’Cs transport

Like chapter 4, the catchment was divided into 21 subwatersheds. The **Cs reduction
rate and reduction ratio by rainfall-runoff for these subwatershes were calculated and
summarized in Table 5-5, and appear in Figure 5-13 and Figure 5-14, respectively. The
137Cs reduction rate demonstrates the *3’Cs inventory in the upper part of the catchment
decreased faster than that in the other areas, which corresponds to the initial **’Cs
distribution (Figure 2-5). In contrast, the *’Cs reduction ratio of the subwatersheds in the
middle portion of the catchment was higher, which have similar spatial trends with

sediment supply ratio (Figure 4-9).

Because only several months after the accident, we can consider the temporal change
of 13’Cs during the period of 3rd and 4th airborne surveys by MEXT mainly resulted from
natural decontamination. As we expected, the spatial distribution of the *’Cs change
(Figure 5-15) partially corresponds to our simulated result (Figure 5-14). However, the
total reduction of *3’Cs calculated from the data of airborne surveys (about 2200 GBq) is
much larger than the calculated amount of *’Cs transported out of the catchment (about
245 GBQ) in this period. This large gap may attribute to the uncertainties included in the

results of airborne survey.

The ’Cs contamination level and spatial variation of soil erosion affected the
distribution of the ¥'Cs reduction rate and ratio. Sediment-bound *3'Cs from detached

soil particles is a main source of **’Cs in the water flow; thus, severe soil erosion resulted
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in rapid ¥’Cs reduction (Table 5-5). Although the soil erosion was gentle in the upper
catchment, the 3’Cs concentration of soil particles was higher. Higher concentration
indicates a larger amount of *’Cs per unit of eroded sediment. Consequently, the total
amount of *’Cs reduction in those heavily contaminated subwatersheds was higher. This
contrast supplies more information on *¥’Cs transport behavior beyond the field station
observations. Undoubtedly, the *¥'Cs reduction rate was higher in the upper stream areas.
Nevertheless, decontamination works in the critical *3’Cs-adsorbed sediment erosion zone
including subwatersheds 16, 20, 11, and 8 in the middle portion of the catchment are also
urgently needed, particularly for the assessment of long-term radiocesium environmental
risk.

Figure 5-16 shows the spatial distribution of **’Cs transport in each 90-m
computational cell. The source of transported *3’Cs originated from the hillside and areas
near the river bank (Figure 5-17). As a result of sediment deposition, *3’Cs accumulated
near the source of eroded areas, which may be considered 3'Cs “hotspots” and can be
targeted as areas for future decontamination. The spatial identification of *3’Cs transport
shown in the figures should be helpful for developing various decontamination strategies

in this catchment.
5.4 Conclusions

In this chapter, a watershed *’Cs model was developed based on the improved TREX
framework and was applied in a forested catchment. The conditions of 3’Cs field loss
from the vegetation canopy/litter layer and downward movement in soil in additional to
two ¥'Cs distribution phases in water were considered in the model. The *'Cs
distributions in the computational cells were defined in vegetation canopy/litter and soil
layers. Comparisons between observed and simulated time-integrated and instantaneous
137Cs concentration at stations revealed that the model reproduced **’Cs transport well.
Our simulations showed the total *’Cs reduction was 3.39 TBq by the end of 2014, which
means about 90% **’Cs remained in the catchment. This estimation confirms the necessity
of artificial decontamination in the following years. An estimated 4.85 TBq of *'Cs
remained in the canopy/litter layer, which indicates this layer stored a considerable
amount of radiocesium and can be targeted for decontamination. During the 3.5-year-

study, 0.57 TBq of *'Cs was transported from the catchment. It mainly carried by eroded
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suspended sediment. During the period, the average *3'Cs reduction rate and reduction
ratio by rainfall-runoff wash-off were 1.24 GBg/km?/y and 1.6%, respectively. Both of
values show spatial distributions related to the spatial variation of the *’Cs contamination
level and soil erosion. The spatial variation implies: the *’Cs reduction rate was higher
in the upper stream areas, nevertheless, decontamination works in the critical erosion zone
in middle portion of the catchment are also urgently needed, particularly for the
assessment of long-term radiocesium environmental risk. The sinks of *’Cs, which
accumulated an appreciable amount of ¥’Cs owing to sediment deposition, can be
targeted areas for future decontamination. The results of this study helped us to
understand the 3’Cs transport behavior and fate better and should be useful for decision-

making.
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Table 5-1. Kq value for different solids (ml/g)

Clay (<3um) Silt (3-63um) Sand(>63um)

1062 1059 10°¢

Table 5-2. Parameters related to land use type

Land use k(1/cm)  Vaa (cmly)  Vair(cm?ly)

Paddy field 0.7 0.04 0.006
Cropland 1.2 0.04 0.006
Forest 0.6 0.09 0.016

* K, Vaav and Vit were determined by referring prior field
measurements (Takahashi et al., 2015; JAEA, 2014).

Table 5-3. Calculated parameters related to field loss
s

Cv /1f

0.05 3.5x10-2 0.5x10-3

*Jswas set by referring Loffredo et al.” results (2015).

Table 5-4. Field measured flow rates and SSC for Sakaguchi’s sampling data

Sampling time Flow rate(m?/s) Sediment concentration(g/l)
31-Jul-11,10:00-12:00 2.8 0.04~0.06
12-Dec-11,09:00-11:30 1.7 0.02
03-May-12,09:30-11:00 2.6~2.8 0.018~0.032
02-Aug-12,09:30-11:00 15 0.018
02-Dec-12,10:30-12:00 1.9 0.014
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Table 5-5. *¥'Cs reduction by wash-off in subwatershes

deposited $3’Cs  1¥’Cs reduction  reduction rate  reduction

sub.No. )
(GBq) (GBq) (GBg/km?ly) ratio (%)
1 2370.5 39.95 2.06 1.70
2 1950.8 28.07 1.52 1.45
3 5274.0 92.27 2.42 1.76
4 861.7 11.08 1.01 1.28
5 1152.7 15.85 1.09 1.38
6 5784.0 54.91 2.00 0.98
7 817.8 9.50 0.96 1.17
8 891.7 19.75 1.44 2.18
9 1166.8 19.23 1.18 1.67
10 1614.3 29.51 1.24 1.80
11 2474.1 58.90 1.43 2.38
12 2135.1 38.44 1.04 1.79
13 1690.3 24.79 0.81 1.50
14 1838.9 25.90 1.11 1.38
15 798.9 6.72 0.46 0.83
16 707.7 20.01 1.49 2.82
17 648.3 11.74 0.89 1.83
18 1013.2 21.47 1.08 2.08
19 1904.5 14.65 0.34 0.75
20 794.4 23.54 1.13 2.91
21 1228.2 26.65 0.90 2.15
whole catchment 37117.9 592.93 1.24 1.60

* subwatersheds are shown in Figure 5-13.
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Figure 5-1. Schematic diagram of *’Cs migration in each computational cell.
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Figure 5-2. Calculated distribution of trapped 13’Cs by the vegetation canopy/litter layer
(IOc).
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Figure 5-3. Calculated average initial $3’Cs concentration in the three main types of

land use in the catchment.
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particles (**'Cs downward movement was considered).

Figure 5-4. Comparison of simulated and observed *’Cs concentration of Suspended Sediment (SS) at the downstream site (**’Cs

concentration is averaged value for a certain period)

* The measurements were done by research group from the University of Tsukuba.
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The total amount of SS and **’Cs transport from the downstream site were about
1300 t and 14 GBq respectively during the period Nov. 1 2011 to Apr. 1 2012
(dash line).

Figure 5-6. Observed accumulative SS and **’Cs transport from the downstream

site (St. D)
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Figure 5-12. Mass balance of *3’Cs transport during the simulation period (units: TBq)
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Figure 5-13. Spatial distribution of **'Cs reduction rate by rainfall-runoff wash-off
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Figure 5-14. Spatial distribution of **’Cs reduction ratio by rainfall-runoff by the end of
2014
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Figure 5-15. Percentage change of **’Cs inventory from Jul. 2 to Nov. 5 in 2011,
monitored by 3rd and 4th airborne survey, respectively (not includes radioactive decay).

(Negative value means **'Cs inventory decreasing.)
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Figure 5-16. Spatial distribution of *3’Cs dynamics on the upland regions (negative
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Chapter 6
Summary and conclusions

6.1 Summary

[chapter 31 The two-dimensional runoff, erosion and export (TREX) model was
improved to simulate Fukushima derived 3’Cs transport associated with hydrological
processes in the Kuchibuto River catchment. For our continuous hydrological simulation
in a typical Japanese forested catchment, the model was firstly improved by considering
additional hydrologic processes such as evapotranspiration, subsurface and groundwater
flows. Lateral and vertical subsurface flows were calculated by a simple kinematic storage
model and a storage routing method, respectively. A linear reservoir method was
employed to calculate groundwater flow. Evapotranspiration was estimated by FAO
Penman-Monteith method. Infiltration and interception parts also were modified
according to the characteristic of our study catchment. The improved model reproduced
better simulated flow rates by comparing with the original model. Simulated flow rates
were found to be acceptable in comparison to measurements for 2011 ~ 2014 at the

downstream and middle stream sites.

[ chapter 4] Soil erosion and transport for multiple particle size classes were
simulated by the model. Critical erosion areas were identified by the spatial distribution
of net soil erosion. Comparisons between simulated and measured suspended solid (SS)
concentration of water samples from multiple sites, and field measured SS concentration,
flux and mass at station near the outlet for 2011 ~ 2014 demonstrate that simulated results
are acceptable. Model results indicate that from Mar. 12, 2011, when the accident began,
to Dec. 31, 2014, about 5500 tonnes of clay, 52000 tonnes of silt, 22000 tonnes of sand
were transported out of the basin. Soil erosion is estimated to have been most prevalent
in the middle portion of the watershed where slopes are steep and the main land use is

agricultural.

[ chapter 5] Watershed *’Cs migration model was developed based on the improved

TREX model with consideration of the effect of vegetation canopy/litter layer and
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unequal adsorption capacities of different solid particles. Two *’Cs distribution phases
in water and ‘¥’Cs downward movement in soil were also considered in the model.
Comparisons between observed and simulated (time-integrated and instantaneous) *¥’Cs
concentration at the station sites demonstrated the model reproduced **’Cs transport well.
Our simulations show about 4.85 TBq of *’Cs remained in the vegetation canopy/litter
layer, and 3.39 TBq of ¥’Cs was lost by rainfall-runoff wash-off and natural radioactive
decay in the catchment by the end of 2014, which means about 90% 3Cs still remained
in the catchment. This estimation confirms the necessity of artificial decontamination in
the following years. During the simulation period, the average **’Cs reduction rate and
reduction ratio by wash-out were 1.24 GBg/Km?/y and 1.6%, respectively. Radiocesium
transport shows spatial heterogeneity because of spatial variation of the 'Cs

contamination level and soil erosion.
6.2 Conclusions
Based on the results of this study, we can conclude:

(4) The model calculated acceptable flow discharges, SS and *3’Cs concentrations at the
observation sites in the Kuchibuto River catchment during the simulation period (Jan.
1, 2011 — Dec. 31, 2014). This case study shows the model is a good tool for study of
137Cs transport along with hydrological processes at the watershed scale in Fukushima,

Japan.

(5) For the case of the Kuchibuto River catchment, about 5500 t of clay, 52000 t of silt,
22000 t of sand along with 4.1 x 108 m® water were transported to the Abukuma River
from Mar. 12, 2011, when the accident began, and Dec. 31, 2014. The area-specific
sediment yield was about 155 t/y/km? according to our simulated sediment budget.
By the end of 2014, the total *¥'Cs reduction was 3.39 TBq (including natural
radioactive decay), which means about 90% *’Cs remained in the catchment. This
estimation confirms the necessity of artificial decontamination in the following years.
An estimated 4.85 TBq of *Cs remained in the vegetation layer. Hence, as a stock,
this layer still stored a considerable amount of radiocesium. During the 3.5-year study,
0.57 TBq of *¥’Cs was transported from the catchment. It mainly carried by eroded

suspended sediment. During this period, the average '*’Cs reduction rate and
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reduction ratio by rainfall-runoff wash-off were 1.24 GBg/km?y and 1.6%,

respectively.

(6) The *’Cs reduction rate and reduction ratio by rainfall-runoff wash-off show spatial
distributions related to the spatial variation of the *3’Cs contamination level and soil
erosion. The ¥'Cs reduction rate was higher in the upper stream areas, which
corresponds to the initial *3’Cs distribution. In contrast, the **’Cs reduction ratio and
sediment supply ratio of the subwaterhseds in the middle portion of the catchment
were higher, which indicates that decontamination for critical erosion areas in the
middle portion of catchment is also of the great priority. The sinks of *¥'Cs, which
accumulated a considerable amount of 3’Cs owing to sediment deposition, can be
targeted areas for decontamination. The results of this study are useful for
understanding transport behavior and fate of radiocesium and ultimately for assessing

environmental risks at the watershed scale.
6.3  Future works

Radiocesium will persist in the environment for long time. Prediction of long-term
transport and fate of *3’Cs is an urgent work for radiocesium management. In one respect,
without artificial decontamination, how much *’Cs will reduce under natural rainfall
conditions in the next years? If artificial decontamination work will be conducted, what
will happen when different decontamination strategies are made? Different scenarios can
be assumed and simulated by models to evaluate the effects of countermeasures to reduce
the radiocesium contamination levels. Therefore, prediction of ¥'Cs transport and fate
and assessment of efficiency of different countermeasures by the model are continuous

works for our study.
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