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A numerical model capable of simulating the transfer of 137Cs in rivers associated with transport of fine
sediment is presented. The accident at Fukushima Dai-ichi Nuclear Power Plant (FDNPP) released ra-
dionuclides into the atmosphere, and after fallout several radionuclides in them, such as radiocesium
(134Cs, 137Cs) and radioiodine (131I) were adsorbed on surface soil particles around FDNPP and trans-
ported by surface water. To understand the transport and deposition of the radioactive contaminant
along with surface soil particles and its flux to the ocean, we modeled the transport of the 137Cs
contaminant by computing the water flow and the associated washload and suspended load transport.
We have developed a two-dimensional model to simulate the plane flow structure, sediment transport
and associated 137Cs contaminant transport in rivers by combining a shallow water flow model and an
advectionediffusion equation for the transport of sediment. The proposed model has been applied to the
lower reach of Abukuma River, which is the main river in the highly contaminated area around FDNPP.
The numerical results indicate that most 137Cs supplied from the upstream river reach with washload
would directly reach to Pacific Ocean. In contrast, washload-oriented 137Cs supplied from the upstream
river basin has a limited role in the radioactive contamination in the river. The results also suggest that
the proposed framework of computational model can be a potential tool for understanding the
sediment-oriented 137Cs behavior in rivers.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The Great East Japan Earthquake of 11 March 2011 seriously
damaged infrastructure, buildings and nature in Japan. The most
notable damage from the earthquake and subsequent tsunami was
the accident at Fukushima Dai-ichi Nuclear Power Plant (FDNPP).
As a result of this accident, radionuclides were released from
FDNPP into the atmosphere, and a portion of them deposited on the
land in a wide area around FDNPP (Fig. 1a). Several radionuclides in
them, such as radiocesium (134Cs and 137Cs) and radioiodine (131I),
were strongly adsorbed on surface soil particles (Kato et al., 2012).
It indicates that the contaminated soils on land surface by this ac-
cident would be a main source of the radioactive contaminant
transfer in the natural environment. As in the accident at the
Chernobyl nuclear power plant (Zheleznyak et al., 1992), the ra-
dionuclides adsorbed on soil particles in the watershed are
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transported with the soil particles to the ocean through the river
channel networks. Therefore, the transport of soil particles on the
watershed area caused by rainfall, landslides and water flow on the
ground surface is an important factor in determining the sediment-
bound radiocesium and radioiodine behaviors in the natural envi-
ronment. Effective decontaminations of the region around FDNPP
and future managements related to the contaminant tracing
require the evaluation of the impact of radioactive contaminant
transport associated with sediment transport from the river basin
to the river and ocean area. Cesium-137 adsorbed on soil particles
especially has more long-term impact to the environment since the
half-life of 137Cs is about 30 y which is longer than the half-life of
134Cs and 131I. Therefore, the long-term behavior of 137Cs in the
environment has to be monitored and predicted. Computational
models can be a powerful tool for this purpose; hence this study
focuses on the modeling of 137Cs transport in rivers.

It is essential to understand the characteristics of 137Cs
adsorption by sediment particles in order to model 137Cs contam-
inant transport associated with sediment transport. He andWalling
(1996) showed that small sediment particles preferentially adsorb
137Cs and 210Pb. Because of large specific surface area and
g of 137Cs contaminant transfer associatedwith sediment transport in
.doi.org/10.1016/j.jenvrad.2014.05.012
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Fig. 1. Location of a) Abukuma River and b) the targeted river reach in present computations. The 3rd Airborne Monitoring Survey Data (http://radioactivity.nsr.go.jp/en/) was used
to show the inventory of 137Cs on the land surface in a). KP represents the distance from the river mouth in kilometers.

T. Iwasaki et al. / Journal of Environmental Radioactivity xxx (2014) 1e112
characteristics of fine sediment, it tends to have higher concen-
trations of 137Cs than coarse sediments. This suggests that the
transport of small sediment particles is a significant part of
contaminant transport. Therefore, understanding the movement of
fine sediment particles is necessary to determine 137Cs behavior in
river environments and the evaluation of contaminant flux to the
ocean.

In general, the sediment transport in rivers can be classified
into three types: bedload, suspended load and washload. Bedload
is the portion of sediment that is transported near the riverbed by
rolling, sliding and saltation. Suspended load and washload are
sediments that are carried in the water column. Sediment trans-
ported as suspended load can actively exchange between the bed
and the water column, hence suspended load significantly affects
bed evolutions in rivers, especially during flood events. Such large
bed evolutions can erode the contaminated soils on the surface of
river bed and floodplains. Consequently, the active sediment ex-
changes between river bed/floodplain and water column have a
great role to the transport of 137Cs which are adsorbed on soil
particles due to the initial fallout, and also the re-suspension of
contaminated sediments in rivers. In contrast, the amount of
deposition of sediment transported as washload to the river bed is
usually small. In other words, washload has a negligible effect on
bed evolutions in rivers. However, since there is a power law
relation between flow discharge and sediment concentration in
the water column (Glysson, 1987), the flux of washload to the
ocean is considerably larger during flood events. Fine sediment
particles, which have a small settling velocity, tend to be trans-
ported as suspended load or washload, since the shear velocity
often becomes large enough during flood events to exceed the
sediment settling velocity. This indicates that a large-scale flood
can transport to the river, and finally to the ocean, large amounts
of suspended load and washload that contain high concentrations
of 137Cs contaminants. In addition, although the role of washload
to the river bed evolutions is generally small, the washload has an
important role in the formation of floodplains (Garcia, 2008). To
understand how radioactive contaminants were transported in
rivers and were deposited on the river bed and floodplains, it is
Please cite this article in press as: Iwasaki, T., et al., Computational modelin
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more important to model the suspended load or washload than to
model the bedload. Sediment transport models based on particle
techniques are obviously suitable for tracing particle movements
in rivers (Cooper et al., 2012). However, it is still not practical to
apply Lagrangian models to real rivers for long-term prediction,
due to the huge computational efforts. Therefore, Euler-type ap-
proaches are preferable. Such approaches generally model the
transport of sediment and associated radionuclides by using an
advectionediffusion equation with a sink and source term (Onishi,
1981).

This paper proposes a computational model for simulating the
137Cs transport associated with the fine sediments which is usually
transported as washload in rivers. A two-dimensional approach
has been applied to simulate the behavior of washload-oriented
137Cs in the river and the spatial pattern of deposited 137Cs on
the river bed, and estimate the flux of the 137Cs from the river to
the ocean. The water flow is simulated by a two-dimensional
shallow flow model, and the transport of suspended load is
modeled by an advectionediffusion equation with a sink and
source term. We applied the proposed model to the lower reach of
Abukuma River shown in Fig. 1b, which is the main river in the
vicinity of FDNPP accident area (Fig. 1a). Since the 137Cs inventory
of the targeted river reach is quite lower than the inventory of the
upper reach of Abukuma River, as shown in Fig. 1a, the supplied
sediment from the upper reach, which is highly contaminated,
might have a crucial impact on the 137Cs behavior in the lower
river reach. By using the proposed model, we investigate the role
of sediment-oriented 137Cs supplied from the upstream river basin
to the lower reach. In addition, the model performance for
capturing 137Cs in rivers is discussed by comparing the simulated
distribution of deposited 137Cs in the river and the field observa-
tion (Japan Atomic Energy Agency, 2013a) taken by an unmanned
helicopter (Sanada and Torii, submitted). The transport charac-
teristics of 137Cs associated with washload transport in Abukuma
River are discussed based on the budget of 137Cs between the
input flux from upstream end, deposition on the bed of the river
region, storage in the water column as particulate phase and the
outflow flux to Pacific Ocean.
g of 137Cs contaminant transfer associatedwith sediment transport in
.doi.org/10.1016/j.jenvrad.2014.05.012
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2. Methods

2.1. Computational techniques

Flows in rivers form complex three-dimensional turbulent
structures that are difficult to solve with present computational
resources. To accurately predict such flows, three-dimensional
hydrodynamic models with suitable turbulence closures have to
be adopted (Nabi et al., 2012). However, the use of such computa-
tional models is limited to research, and those models are
employed to understand fundamental micro-scale physical phe-
nomena. It is computationally demanding and inadequate for
practical applications associated with river engineering. As a rem-
edy for this obstacle to simulate the real rivers, reduced-dimension
models, such as one- or two-dimensional models, have to be
applied.

Here, we use a two-dimensional model with a shallow-flow
assumption to simulate the flow. The shallow-flow assumption, a
hypothesis inwhich the horizontal scale of the flow is much greater
than the vertical scale, allows us to neglect the vertical flow
structures (Saint-Venant, 1871). By integrating the three-
dimensional hydrodynamic equations, the shallow-flow equations
can be derived. The governing equations for the two-dimensional
shallow flow in a generalized curvilinear coordinate system are
shown as follows (Jang and Shimizu, 2005);
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in which;

Cd ¼ gn2

h1=3
(4)

where, t is the time, x and h are the curvilinear coordinates, and ux

and uh are the contravariant components of depth-averaged ve-
locity in x and h-directions, respectively. g is the gravitational ac-
celeration (¼9.8 m/s2), h is the water depth, H is the water level, n is
Manning's roughness coefficient, xx, xy, hx and hy are the coordinate
transformation metrics from the Cartesian coordinate system to a
generalized curvilinear coordinate system and J is the Jacobian.
Coefficients of a1 to a6 are required as result of transforming the
velocity components from the Cartesian coordinate system to a
generalized curvilinear coordinate system. The velocity compo-
nents for a moving coordinate system shown by Jang and Shimizu
(2005) are neglected because of employing fixed grid system in the
present model. Dx and Dh are the turbulent diffusion terms in x and
h-directions, defined as follows:
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where, xr and hr are coefficients that show the ratio of local grid size
between the generalized curvilinear coordinate system and the
Cartesian coordinate system. The eddy viscosity coefficient, nt, was
evaluated by a zero-equation turbulence closure model as

nt ¼ au*h (7)

where, a is a model constant that is given the value of 0.2 in the
present study (Kimura et al., 2009), and u* is the shear velocity
which is calculated by assuming a uniform flow locally with Man-
ning's roughness rule as follows.

�u*
V

�2
¼ gn2

h1=3
(8)

where, V is the absolute depth-averaged velocity.
The evolution of the bed in rivers is the result of erosion and

deposition of sediment. Sediment transported near the river bed is
called bedload. The main forces controlling bedload transport are
gravitation, lift, drag and the force of interparticle collisions. In the
case of suspension of sediment, turbulence structures generated in
the vicinity of the river bed, such as horseshoe vortices, signifi-
cantly affect sediment erosion from the river bed and play a great
role in the saltation mechanism of sediment particles (Nabi et al.,
2013a, b). Turbulence structures such as boils contribute to the
suspension of fine material (Venditti and Bennett, 2000; Best,
2005).

The interaction between sediment particles in the water column
has only minor importance, because of the relatively low concen-
tration of sediment. Such interaction between the particles is an
important factor in the movement of sediment particles near the
bed (bedload), because of the high concentration of sediment be-
side the river bed. The interaction between particles makes the
solution of interparticle interaction inherently complex. Consid-
ering the suspended load transport as flux is an alternative solution
that has been widely used in previous applications (e.g. Kimura
et al., 2010). In this technique, the sediment transport in suspen-
sion is considered as a flux and solved as concentration. These
techniques are computationally efficient and avoid the need for
great computational resources. In the present study, we solve only
for washload and suspended load, as they are the most important
parts in the transport of 137Cs contaminants. The bed evolution and
the volumetric conservation of the suspended load can be given by
the volumetric balance of the sediment flux.

The bed level can be updated by considering the volumetric
balance of suspended load between the upward flux of suspended
load from the bed and the settling flux of suspended load by gravity
as follows.

ð1� lÞ v
vt

�
z
J

�
¼ qsu � cbwf

J
(9)

where, z is the bed elevation, qsu is the volumetric upward flux of
suspended load from the bed, cb is the reference concentration of
the suspended load which is defined as the volumetric concen-
tration near the bed, wf is the settling velocity of the sediment
particles and l is the porosity of the river bed given as 0.4 which is
in a range of general value of the river bed (Atkins and Mcbride,
1992), since the governing equations used in this framework
g of 137Cs contaminant transfer associatedwith sediment transport in
.doi.org/10.1016/j.jenvrad.2014.05.012
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were derived for the case of non-cohesive sedimentary bed.
Although three-dimensional flow structures, for instance, sweeps,
considerably affects the particle deposition to the river bed (Nino
and Garcia, 1996), such effects are completely neglected due to
limitation of horizontal two dimensional approaches for computing
the flow field used in this study.

The formula proposed by Itakura and Kishi (1980) was applied
to evaluate the volumetric upward flux of suspended load from the
bed. They derived this formulation based on a dynamics focusing
on the turbulence-driven pick-up of sediment particles from the
bed and the flume experimental data as follows:
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where, r is the density of water given as 1000 kg/m3, rs is the
density of sediment given as 2650 kg/m3, t* is the Shields number
and the model constants have been defined as h0 ¼ 0.5, a* ¼ 0.14
and K ¼ 0.008.

The settling velocity of the sediment particles was obtained by
using the empirical formula proposed by Rubey (1933) as follows.
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where, s is the specific weight of sediment in fluid and n is the ki-
netic viscosity coefficient given as 0.01 cm2/s.

The suspended load concentration near the bed herein is ob-
tained with a hypothesis that the vertical profile of the suspended
load concentration has an exponential distribution as follows
(Wongsa and Shimizu, 2004):

cb ¼ b

1� e�b
c (14)

with,

b ¼ 6
k
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where, c is the depth-averaged suspended load concentration and k

is the von K�arm�an constant (¼0.4).
The transport of sediment as washload and suspended load is

calculated by using an advectionediffusion equation as follows:
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where, Dt is the diffusion coefficient of suspended load concen-
tration in thewater column, which is approximated to be equal to vt
(Rouse, 1937).

In the Basin of Abukuma River, the upper part of watershed area
was highly contaminated by the accident of FDNPP as shown in
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Fig. 1a. Therefore, the soil particles which will be eroded from such
land surface have high 137Cs concentration, and will be transported
from the river basin to the river channel network. It indicates that
the supply of sediment from the upper reach of Abukuma River has
an important role in the behavior of 137Cs in the lower river reach.
This study focuses on how the sediment is transported from highly
contaminated area and affects the 137Cs transport and deposition in
the lower reach of Abukuma River. For this purpose, we neglect the
initial fallout of 137Cs in the lower reach of Abukuma River and the
supply of sediment from different origins such as the tributaries,
lateral input and the river bed. In addition, the adsorption/
desorption of 137Cs to/from the sediment particle is not taken into
account. These assumptions allow us to calculate the deposition
amount of 137Cs on the river bed by multiplying the 137Cs concen-
tration in the supplied sediment from the upstream end to the
sedimentation rate in the computational cells. The amount of 137Cs
deposited in a computational cell can be calculated as follows:

Dcs ¼ Edepð1� lÞGcsrs (17)

where, Dcs is the amount of the deposited 137Cs, Edep is the
deposited layer thickness of sediment, Gcs is the adsorption con-
centration of the 137Cs on sediment supplied from the upstream
boundary.

In solving the governing equations of flow, a finite difference
method is applied. A splitting technique is used to solve the
shallow-flow equations (Jang and Shimizu, 2005). The continuity
equation and the non-advection terms in themomentum equations
are solved implicitly, while the advection terms are treated
explicitly. A first-order upwinding scheme has been adopted for the
advection terms of the momentum equations. To obtain a conser-
vative discretization for the sediment, a finite-volume method has
been adopted for solving the advectionediffusion equation of
washload and suspended load. A first-order upwinding schemewas
also adopted to calculate the flux of washload and suspended load
at the cell boundaries to avoid computational instability.

2.2. Study river and model parameterization

The proposed model was applied to Abukuma River, which is
the main river in the highly contaminated areas around FDNPP
(Fig. 1a). Our target river reach is the lower part of Abukuma River
from KP 2.4 to KP 33.4 as shown in Fig. 1b. KP represents the dis-
tance from the river mouth in kilometers. The flow close to the
downstream end of the river reach is affected by the tidal influence
by Pacific Ocean. In the period of 22e24 September 2011, a large-
scale flood occurred. The flood was reported to be on a scale
comparable to that of the biggest flood on record for Abukuma
River (Nippon Koei, 2012). The hydrograph of observed discharge
during the flood at Marumori station (Fig. 1b) is shown in Fig. 2
(Water Information System, 2013). Since the large-scale flood had
a significant impact on the sediment transport and bed evolution in
the river, the amount of 137Cs transport associated with sediment
transport might also be large. The hydrograph of observed
discharge is given for the upstream boundary. At the downstream
boundary, the observed sea level fluctuations were obtained. The
average grid dimensions for the computations are 20 m longitu-
dinally by 8.7 m transversely.

Since, for the transport of 137Cs, only the sediment in the water
column (washload and suspended load) is taken into account, the
concentration of the sediment in water column at the upstream
boundary is required in order to obtain the input amount of the
sediments. For this purpose, an empirical power law function be-
tween the flow discharge and the concentration of sediment was
adopted at the upstream end. Fig. 3 shows the relation between the
g of 137Cs contaminant transfer associatedwith sediment transport in
.doi.org/10.1016/j.jenvrad.2014.05.012
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flow discharge and the concentration of sediments which might
include both washload and suspended load at Marumori station
measured during the mentioned flood (Nippon Koei, 2012).
Although hysteresis feature has been reported between the flow
discharge and the concentration of sediments (Smith and
Dragovich, 2009), the following relation can be derived from this
measurement data at Marumori station.

Cupstream ¼ 7:79� 10�8Q1:02 (18)

where Cupstream is the volumetric concentration of the sediments at
the upstream boundary and Q is the flow discharge. Eq. (18) shows
a preferable agreement with the measured data as shown in Fig. 3,
and thus the concentration of sediments observed in the flood can
be given by using this equation. The sediment in the computation
was assumed to have a uniform diameter of 0.0267 mm which is
the averaged value of the measured grain size distribution of sed-
iments in the water column during the flood (Nippon Koei, 2012).
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with the measurement.
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As we here deal with 137Cs radionuclides, the concentration of
137Cs in the supplied sediment is the most important parameter in
determining the inventory of 137Cs in the river and the flux of 137Cs
in the computation. Because of lack in measurement data of 137Cs
concentration for that flood, we set the boundary condition for
137Cs concentration using the data of suspended load sampled after
the flood, in 7th, December, 2012. The 137Cs concentration of sus-
pended load in this term is in the range from 7 kBq/kg to 11 kBq/kg
in this river reach (Japan Atomic Energy Agency, 2013b). On the
basis of this measurement data, we herein set the concentration of
137Cs of the supplied sediment from the upstream boundary as
10 kBq/kg.

To provide the initial bed geometry in the computations, the
light detection and ranging (LiDAR) data, which are detailed bed
elevation data and the cross sectional river bed survey data, were
used. In order to give initial bed geometry of the floodplains we
used the bed elevation LiDAR data which was measured in May and
June, 2011 (CTI Engineering, 2011) with a spatial resolution of 5 m.
The cross-sectional survey data of river bed elevation, measured at
200 m longitudinal intervals in 2011 (CTI Engineering, 2012), were
used to give the initial bed geometry of river bed where LiDAR data
are not available because of existing water. Fig. 4a shows the initial
bed elevation in the middle of the river reach, and Fig. 4b is the
cross sectional bed geometry at KP24 (see Fig. 1a). The cross
sectional bed geometry of Abukuma River is a typical compound
channel which consists of a low water channel and floodplains
within the river embankment (Fig. 4b). Hereafter, we defined “river
bed” as the bed of low water channel, and “floodplains” as the area
of both side of the low water channel.

Manning's roughness coefficient in rivers is not constant in
space and time. In general, this coefficient has been calculated from
the measured water level in order to determine the roughness of
the bed surface. For determining Manning's roughness coefficient,
we employed one dimensional non-uniform flow equations (e.g.
Wu, 2007). By obtaining observed flow discharge, water level and
measured bed geometry to the non-uniform flow model, we can
calibrate Manning's roughness coefficient which reproduce the
observed water level. In this computation, the water level
measured in the 1986 flood was used for calibrating Manning's
roughness coefficient in the lower reach of Abukuma River. The
given Manning's roughness coefficient is shown in Table 1 (CTI
Engineering, 2007).

3. Results and discussions

3.1. Transport and deposition of 137Cs

Fig. 5 shows simulated temporal change of several 137Cs fluxes;
the supplied flux from the upstream end, outflow flux to the coastal
area, storage flux as the particulate matter in the river water and
the deposition flux on the bed of the river (low water channel and
floodplains). The temporal change of supplied 137Cs flux from the
upstream end corresponds to the given flow discharge, since we
employed a power law relation to estimate the concentration of the
sediments in the water column and constant 137Cs concentration in
time. The simulated outflow flux of 137Cs to the coastal area shows
mostly a similar temporal variation to that of the upstream end, but
includes a time lag. This time lag, between the each peak of the flux,
is approximately 4.5 h. It indicates that amajor part of the upstream
137Cs, associated with the washload, reaches to the river mouth
within 4.5 h. A balance between the supplied and outflow fluxes
gives the amount of sediment and related 137Cs which is stored and
deposited on the bed of the river.

The budget of 137Cs in the river reach at the end of the
computation is shown in Table 2. The percentage of the outflow
g of 137Cs contaminant transfer associatedwith sediment transport in
.doi.org/10.1016/j.jenvrad.2014.05.012



Fig. 4. a) birds eye view of the initial bed geometry in the middle of the targeted river reach (see Fig. 1b), and b) cross-sectional bed geometry in KP24.4. The bed geometry in cross
section in Abukuma River shows a typical compound channel, and term of “river bed” and “floodplain” are defined as the bed of low water channel and the floodplain as shown in
b).
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137Cs flux to the supplied 137Cs flux is about 98.1%, while only 0.77%
137Cs supplied from the upstream end can remains on the bed in the
river. Since the deposited amount of 137Cs on the bed is quite small,
137Cs storage associated with the particulate matter in the water is
strongly controlled by the balance of the supplied and outflow 137Cs
flux. In contrast, it is worth to focus on the temporal change of the
deposited amount of 137Cs on the bed of the river reach. In the
increasing stage of discharge, the deposition flux of 137Cs becomes
negative; it means that the re-suspension of 137Cs is dominated.
However, such tendency is limited and 137Cs mostly deposits as
shown in Fig. 5. Fig. 5 also indicates that the deposition 137Cs flux to
the bed of the river tends to increase during the decreasing stage of
discharge.

For the detailed understanding of the 137Cs deposition to the bed
of the river, we show the simulated spatial pattern of deposited
137Cs in the river reach in Fig. 6. The results in Fig. 6 are associated
with a) near peak discharge, b) the falling stage of discharge
hydrograph and c) the end discharge hydrograph, shown by points
A, B and C in Fig. 2, respectively. The computational results for peak
discharge (Fig. 6a) show that the deposition of 137Cs on the river
bed is quite small before the discharge reaches its maximum. A
small amount of 137Cs deposition can be found on the floodplain or
near the river embankment. However, in the decreasing discharge
stage, the inventory of 137Cs on the floodplain increases, as shown
in Fig. 6b. The decreasing flow discharge corresponds to the
decreasing water level in the river. When the water level on the
floodplain decreases, the water depth becomes smaller and the
flow velocity decreases; hence, the fine sediment in washload
partly deposits on the floodplain. This phenomenon is associated
with the relatively low shear velocity that occurs mainly in shallow
flows. This low shear stress is insufficient to keep the sediment in
Table 1
Manning's coefficient, n, used in the computations. The locations of KP are shown in
Fig. 1b.

Manning's coefficient KP

2.4e5 5e8.2 8.2e20 20e24.4 24.4e33.4

Low-water channel 0.022 0.022 0.025 0.034 0.031
Floodplain 0.055 0.041 0.038 0.036 0.033
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suspension. In general, Rouse number, R, is a governing parameter
to classify the mode of sediment transport defined as follows:

R ¼ wf

ku*
(19)

From the definition of Rouse number, the low shear velocity
gives high Rouse number. By using this parameter, we discuss the
deposition of the sediments on the river bed and the floodplain,
which are supplied as washload from the upstream boundary.

There is a threshold Rouse number determining the mode of
sediment transport between washload and suspended load, for
instance 0.8 (Hean, 2008). This empirical law has shown that in the
flow condition which Rouse number is lower than the threshold
value, sediment particles tend to be transported as washload and
rarely deposit on the bed. In contrast, the mode of sediment
transport may be suspended load in case of high Rouse number, and
in this case the sediment particles of suspended load can exchange
the sediment with the bed. Since Rouse number is included in both,
the volumetric upward flux of suspended load from bed (Eq. (10))
-10
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Fig. 5. Temporal changes of several 137Cs flux in the targeted river reach. Left axis is for
the supplied flux from the upstream end, the outflow flux to the coastal area and
storage flux as particulate matter in water, while right axis is for the deposition flux in
the river.
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Table 2
The budget of 137Cs in the targeted river reach at the end of computation.

Amount of 137Cs
(GBq)

Percentage to the
supplied 137Cs (%)

Supplied from the upstream end 3351 100
Outflow to the coastal area 3288 98.1
Deposition in the river 25.7 0.77
Particulate matter in the water 42.2 1.26
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and the vertical profile of suspended load concentration (Eq. (14)),
such phenomenon can be captured in the proposed model. Fig. 7
shows the Rouse number dependency to the volumetric upward
flux of suspended load from bed and the suspended load concen-
tration near the bed normalized by the depth-averaged concen-
tration under the present condition. Decreasing Rouse number
significantly increases the upward flux of suspended load from the
bed, and approximates the normalized suspended load concen-
tration near the bed to unit which means the vertical profile of
suspended load is uniform. Since the upper limit of Rouse number
which corresponds to the critical Shields number given by Iwagaki
formula (Iwagaki, 1956) in the present condition is approximately
0.2, and it is significantly smaller than the threshold Rouse number,
the mode of sediment transport in the present calculation will be
washload or suspended load, after the sediment particle once starts
to move.

Fig. 8 shows the computed temporal changes of Rouse number
on the floodplain and in the low water channel (defined in Fig. 6a).
In the low water channel, the Rouse number is sufficiently small
and the sediment transport remains as washload. Therefore, the
associated 137Cs cannot deposit on the river bed, as shown in Fig. 6.
However, on the floodplain, the Rouse number increases in the
falling stage of discharge, and finally the Rouse number becomes
over the upper limit. It causes significant deposition of the sedi-
ment which is supplied from the upstream boundary as washload,
thus, 137Cs deposits on the floodplain. Consequently, the floodplain
is partially contaminated by the deposition of fine sediment with a
high concentration of 137Cs (Fig. 6c), although the simulated
Fig. 6. Simulated spatial distribution of deposited 137Cs in the computation for Abukuma Riv
in Fig. 2. P1 and P2 are the representative points in the low water channel and floodplain, to s
bottom to top of the figures.
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inventory of 137Cs on the floodplain is not considerably high
compared with the measured inventory on the ground surface
around FDNPP shown in Fig. 1a.

3.2. The spatial pattern of 137Cs deposition on the floodplain

The simulated budget of 137Cs in the river reach shows that the
amount of 137Cs deposition on the bed of the river is quite small in
comparison to the total supplied 137Cs from the upstream boundary
during the flood event. However, this is not equivalent to indicate
that the impact of this flood to the 137Cs deposition is negligible. As
indicated by the computed results in Fig. 6, parts of floodplain
might be contaminated by 137Cs associated with washload depo-
sition. This impact can be roughly found from the airborne moni-
toring survey of the air dose level around FDNPP before and after
the flood, conducted from May to July, 2011 (3rd monitoring) and
from October to November, 2011 (4th monitoring), respectively
(Ministry of education, culture, sports, science and technology,
2011). Fig. 9a shows the 137Cs inventory estimated by the 3rd
monitoring around the river reach, and this inventory corresponds
to the measurements before the flood. As shown in Fig. 9a, 137Cs
inventory in the river was not considerably high before the flood.
The general tendency is that 137Cs inventory in the south part was
higher than 137Cs inventory in the north part. The 137Cs inventory
before the flood was mainly determined by the initial fallout due to
the accident of FDNPP. In contrast, Fig. 9b shows the difference of
the 137Cs inventory between 3rd and 4th monitoring survey, which
was plausibly caused by the 137Cs deposition during the flood. This
figure clearly shows that 137Cs inventory in the river significantly
increased after the flood. In addition to these airborne surveys of air
dose level, more detailed spatial pattern of 137Cs inventory was
estimated from the air dose level measurements by an unmanned
helicopter in January, 2013 as shown in Fig. 10a (Sanada and Torii,
submitted). Since between FDNPP accident to January 2013 this
flood was the solitary flood in which the water level could cover to
the floodplains, the difference between the measurements by the
helicopter and by the 3rd monitoring survey also corresponds to
er. Figures a), b) and c) correspond to the calculation results for times A, B and C shown
how the local features of the calculation results in Fig. 8. The flow direction is from the
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Fig. 7. Rouse number dependency of the volumetric upward flux of suspended load
from the bed (red-solid line) and the suspended load concentration near the bed
normalized by the depth-averaged suspended load concentration (blue-dash line) in
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upper limit of Rouse number to sediment transport which corresponds to the critical
Shields number given from Iwagaki formula (Iwagaki, 1956) is about 0.2.
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the 137Cs deposition during the flood. This difference, as shown in
Fig. 10b, greatly contributes in understanding the detailed spatial
pattern of 137Cs deposition during the flood compared to Fig. 9b,
and clearly demonstrates that the floodplain in the lower reach of
Abukuma River is partially contaminated by 137Cs from the upper
reach. These comparisons indicate that the flood might have an
important role in 137Cs inventory in the lower reach of Abukuma
River. By comparing 137Cs inventory from the simulation and from
the measurements, we discuss the model performance in repli-
cating the 137Cs deposition and show the importance of the
washload to 137Cs deposition in the river.

Firstly, we compare the total 137Cs inventory after the flood.
Since the initial fallout of 137Cs is not included in the simulation,
estimated inventory by the helicopter survey, and the sum of
simulated inventory and estimated inventory by the 3rd moni-
toring are compared at the grid point as shown in Fig. 11a. A
comparison between measured 137Cs inventory by the helicopter
and by the 3rd monitoring is also shown in Fig. 11a. The grid res-
olution for this comparison is 100 mwhich is determined from the
spatial resolution of the helicopter survey. This figure clearly
demonstrates that there is a correlation between the inventory by
 0.01
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Fig. 8. Temporal changes in Rouse number in the low water channel (P1) and on the
floodplain (P2). The locations of P1 and P2 are shown in Fig. 6a.
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the helicopter survey and the 3rd monitoring survey, and the
deposition of washload play a minor role in the deposition of 137Cs
within the river. This result indicates that the initial fallout, which is
not considered in the computation, is a main source of the 137Cs
deposition in the river. In addition to this comparison, in order to
focus on the role of washload to 137Cs deposition within the river,
we compare the computational results with the measured 137Cs
deposition during the flood in Fig. 11b. This figure demonstrates
quite low correlation between the simulated and measured 137Cs
inventory, however, it seems that the relation between the simu-
lated and measured 137Cs inventory shows two trends; partially
predicted and totally unpredicted. The simulated results are mostly
underpredicted; over 85% points are located under the line of 20%
of the measured 137Cs inventory, and these points show quite low
correlations. In contrast, some points are located around 50% of the
measured 137Cs inventory. It means that in the limited area, the
washload deposition has an important role in 137Cs deposition in
the river. Fig. 12 shows the spatial distribution of the 137Cs in-
ventory ratio between the simulation and the measurements
shown in Fig. 11b. The areas where the ratio of the simulated 137Cs
inventory to the measured inventory becomes relatively high are
mainly located on the floodplains and in the inner area of bends as
shown in Fig.12 by the arrows. As explained in the previous section,
the Rouse number increases sufficiently on the floodplain and de-
posits the washload in the falling stage of discharge hydrograph. In
addition, the inner part of bends on the floodplains would be a dead
zone where the Rouse number tends to be large due to flow re-
circulations (Ferguson et al., 2003). Consequently, such places
where Rouse number tend to be sufficiently large for deposition of
fine sediments even in flood events may be partially affected by
washload-oriented 137Cs supplied from the upstream river reach.
These results provide the possibility to specify the accumulation
areas of sediment-oriented radioactive contaminants, and thus
important information for the continuous decontaminant works in
the river.

The low correlation between the washload-oriented 137Cs
deposition in the simulation and the measurements is caused by
the fact that the initial fallout is a main source for the 137Cs depo-
sition in the river. The resolution of 137Cs inventory measurements
by the helicopter survey and the 3rd monitoring is quite different.
The spatial resolution is approximately in the order of 100m for the
helicopter survey and few hundred meters for the 3rd monitoring
survey. It means that the difference of 137Cs inventory between
them is not the exact amount of deposition during the flood.
Especially, the low spatial resolution for the 3rd monitoring play a
considerable role in diffusing the spatial pattern of 137Cs inventory
compared to the inventory by the helicopter survey. Thus, it is hard
to extract a detailed pattern of 137Cs deposition during the flood,
and the measured 137Cs deposition during the flood (Fig. 10b)
would have a considerable error for the present comparison. In
order to understand the role of sediment transport in the 137Cs
behavior in the river accurately, the detailed measurement to
capture the spatial pattern of 137Cs deposition within the river is
required.

3.3. Model limitation

The numerical results suggest that the proposed simple model
for calculating flow, sediment transport and radiocesium transport
can be a potential tool for understanding the sediment-bound
radioactive contaminant behavior in the rivers. However, for a
detailed understanding of the behavior of radionuclides in the
rivers, further improvement of the model is needed. Although in
the simulated reach of Abukuma River, the difference of spatial
accuracy for measuring the 137Cs inventory by the helicopter and
g of 137Cs contaminant transfer associatedwith sediment transport in
.doi.org/10.1016/j.jenvrad.2014.05.012



Fig. 9. a) Cesium-137 inventory by 3rd airborne survey of air dose level (http://radioactivity.nsr.go.jp/en/), b) difference of the inventory between 3rd and 4th monitoring survey
(Ministry of education, culture, sports and science technology, 2011). 137Cs3rd and 137Cs4th denote the 137Cs inventory estimated by the 3rd and 4th monitoring survey, respectively.
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the 3rd monitoring is a reason for the underestimation, the model
used in this computation also has limitations in terms of applica-
tion to realistic sediment transport phenomena in rivers. In this
simulation, the transport of sediment in the water column is
modeled as transport of uniform fine sediment. However, because
of the grain size dependency for the radiocesium adsorption,
considering the grain size distribution of sediment would be
important even though the fine sediment particle has high radio-
cesium concentration. In addition, bedload transport has consid-
erable role in the morphological changes of river bed, for instance,
Fig. 10. a) Cesium-137 inventory estimated by an unmanned helicopter survey for the air do
difference of the inventory between estimated by the helicopter survey and the 3rd monit
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formation and development of ripple, dune, sandbar and
meandering. Therefore, the modeling of grain size distribution of
sediment is required in realistically capturing sediment transport
and bed evolution in rivers, thus understanding the interaction
between such morphodynamic phenomena in rivers and the
radiocesium behaviors. In addition, the field measurements,
focused on radionuclides adsorbed on the sediment particles,
suggesting that sediment with small diameter, which is transported
as suspended load, also has high concentrations of radionuclides
(Tanaka et al., submitted). Although the concentration of 137Cs
se level (Sanada and Torii, submitted) around the targeted river reach, (137Cshelicopter) b)
oring.

g of 137Cs contaminant transfer associatedwith sediment transport in
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Fig. 11. Comparison of 137Cs inventory, a) between estimated inventory by the helicopter survey, and the sum of calculated inventory (137CsCal) and estimated inventory by 3rd
monitoring, b) between the calculated inventory and the measured inventory during the flood.
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associated with sediment in suspended load is less than that in
washload, the impact of the transport of radionuclides associated
with suspended load on the river and ocean cannot be neglected.
Consequently, at least some combination of washload and sus-
pended load transport should be included in the model. This can be
realized by the incorporation of a mixed grain size transport model.

A computational issue also exists for long-term prediction of the
transport of radioactive contaminants on different spatial scales.
The present study simulated only one flood event, with duration of
4 d. Although the two-dimensional approach adopted in this study
is a powerful tool for simulating radiocesium transport and depo-
sition in rivers, the computational costs are still large and the
computations cannot be applied to large spatial and temporal
scales. However, as observed in the accident of Chernobyl nuclear
Fig. 12. The ratio of calculated 137Cs inventory to the measured 137Cs inventory during
the flood. The arrows show the areas where the agreement between the calculation
results and the measurements is relatively high, while in other areas, the model totally
unpredicted the measured 137Cs inventory.
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power plant, the runoff rate of radiocesium into the river per a year
to the total amount of radiocesium deposited on the surface soils of
river basin is merely order of 0.01e1% (International Atomic Energy
Agency, 2006). It means that in the river around FDNPP, the transfer
of radioactive contaminants associated with sediment transport
from river basin to oceanwill also continue for a few decades. For a
comprehensive understanding of such large-scale, long-term
radionuclide transport, different computational techniques are
required. One solution is to reduce the computational effort by
using one-dimensional approaches. One-dimensional models have
been effectively used to simulate longitudinal flow and bed evo-
lution in rivers. Using one dimensional models may greatly
contribute to evaluate long-term radiocesium flux to the ocean and
amount of radiocesium in the whole river region of river network.
However, since one dimensional models deal with cross-sectional
averaged flow, sediment transport and bed evolution in rivers, it
is hard to discuss the plane distribution of the radiocesium and
most importantly the possibility of accumulation of radioactive
contaminant in the river reaches. An outcome of this difficulty is to
use an effective computational technique by combining one- and
two-dimensional models. The one-dimensional model can be used
for large-scale simulations, while the two-dimensional model sol-
ves the regions where detailed spatial calculations are necessary
(Chen et al., 2012). This problem can also be solved by applying
parallel computing techniques, using Message Passing Interface.
Such models will greatly contribute to simulate the long-term,
large-scale problems and temporal and local-scale problems of
the radiocesium behavior in rivers spontaneously.

Lastly, for an accurate estimation of radioactive contaminant
transport and verification of the current model, detailed field
measurements are necessary. For instance, the concentration of
radionuclides absorbed by the sediment in this simulation is ob-
tained from measurements under usual flow conditions. Because
flood events have large impacts on radioactive contaminant
transport in the natural environment, data should be measured
during the flood events. Detailed field measurements for giving
accurate initial and boundary conditions would greatly contribute
to the improvement of the model results.

4. Conclusions

This paper presents a computational model for simulating the
transport of 137Cs associated with the fine sediment which is
generally transported as washload in rivers during flood events on
the basis of a plane two-dimensional approach. We applied this
model to a large-scale flood event on Abukuma River, which is the
g of 137Cs contaminant transfer associatedwith sediment transport in
.doi.org/10.1016/j.jenvrad.2014.05.012
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main river in the highly contaminated area around FDNPP, to un-
derstand the transport and deposition process of 137Cs and to es-
timate the flux of 137Cs to Pacific Ocean. The computational results
suggest that the supplied 137Cs associated with washload from the
upstream river basin would mostly reach to the ocean directly, and
deposition amount of 137Cs in the river is quite small. However, the
bed surface of floodplain and inner area of river bends are partially
contaminated by washload-oriented 137Cs in the decreasing stage
of hydrograph, because Rouse number at these area increases suf-
ficient large for depositing the washload to the bed. These results
indicate that the washload-oriented 137Cs supplied from the up-
stream river basin has a limited role to the 137Cs behavior in the
river.

For further improvement of the results, the sediment transport
and bed evolution model should be extended to a mixed-sediment
model for capturing realistically sediment transport phenomena in
rivers and understanding the interaction of morphodynamics of
river bed and the behavior of radioactive contaminants. In addition,
detailed field measurements, for instance the concentration of ra-
dionuclides in the sediment during large-scale flood events, greatly
contribute to accurate initial and boundary conditions, therefore
improving the model results.
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