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Abstract: Sediment connectivity characterizes the physical transfer of sediment through different
geomorphic compartments in catchments due to sediment detachment, transport and deposition.
Quantifying and modelling sediment connectivity is therefore a key prerequisite to improving our
understanding of the dispersion of particle-borne contaminants, especially in catchments exposed to
highly erosive climates. The objective of this study is to provide novel insights into typhoon impacts
on sediment connectivity from hillslopes to rivers. The dispersion of particle-bound cesium-137

(*¥"Cs) was investigated in two coastal catchments draining the main contamination plume from the
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Fukushima Daiichi Nuclear Power Plant accident. Five sampling campaigns were carried out from
November 2011 to November 2015, after each typhoon season. The spatial and temporal evolution of
137Cs contamination was investigated through the calculation of *’Cs enrichment ratios in sediment
relative to nearby soils. Rainfall erosivity (Elso) associated with the main typhoons that occurred prior
to each sampling campaign were computed, mapped, and finally used to improve a topographic-based
Index of Connectivity. From 2011 to 2015, mean contamination levels in Mano and Niida catchments
decreased from 11.9 kBq kg™ to 3.3 kBq kg* and from 34.1 kBq kg™ to 8.0 kBq kg™, respectively.
Regional mean Els ranged from 262 MJ mm ha* h? for typhoon Jelawat (2012) to 1695 MJ mm ha'
h for typhoon Roke (2011). Typhoons Roke (2011) and Etau (2015) showed the highest connectivity
from contaminated sources to the rivers, and induced a significant export of sediment to the ocean. In
2013 a slight increase in *¥Cs levels in river sediments occurred, likely resulting from the first step in
decontamination works and the occurrence of two consecutive typhoons. Importantly, this research
provides new insights into the connectivity of the main sources of sediments contaminated with
radiocesium in Fukushima Prefecture and their temporal evolution, which will help with ongoing

decontamination efforts.

1. Introduction

Sediment connectivity corresponds to the physical transfer of sediment from a source to a sink through
sediment detachment, transport and deposition processes (Croke et al., 2013; Fryirs, 2013). This
transfer is controlled by the type of sediment movement between catchment morphological
compartments (i.e. within hillslopes, between hillslopes and river channels, and within river channels)
(Bracken et al., 2013). Sediment connectivity encompasses two interrelated components: structural
connectivity, which describes the physical links between compartments (i.e. morphology), and
functional connectivity, which relates to the processes involved in sediment movements (e.g. erosion
processes, transport, and energy vectors as water or wind) (Bracken et al., 2015). Sediment
connectivity is the culmination of multiple processes, from particle detachment to deposition, where
different systemic compartments may potentially act as a sediment source, pathway or sink

(Wainwright et al., 2001; Parsons et al., 2006). Importantly, sediment connectivity changes in space
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and time depending on the frequency-magnitude distribution of the detachment and transport
processes, the spatial and temporal feedbacks between these processes, and the dominant mechanisms
of sediment detachment and transport (Bracken et al., 2015). Although recent system-based research
improved our understanding of sediment sources, transfer processes and sinks in catchments (e.g.
Heckmann and Schwanghart, 2013; Lépez-Vicente et al., 2013), sediment connectivity remains

difficult to quantify, model and validate.

The Tohoku tsunami, induced by the March 2011 earthquake, impacted the Fukushima Daiichi
Nuclear Power Plant (FDNPP) resulting in the largest release of radionuclides since the Chernobyl
accident (Chino et al., 2011). Approximately 20% of these radionuclides were deposited within the
Fukushima Prefecture (Kawamura et al., 2011; Kobayashi et al., 2013; Groéll et al., 2014). Currently,
radiocesium (***Cs and *3'Cs) presents the most serious short and long-term health risk (Kitamura et
al., 2014; Saito et al., 2015). In June 2011, soils characterized by *'Cs activities exceeding 100 kBq
m?2 covered ~3000 km2 in the region (MEXT, 2011). As radiocesium is strongly-bound to fine soil
particles (i.e. clays and silts) (Tamura et al., 1964; Motha et al., 2002), the transfer of this contaminant
from hillslopes to rivers is likely to be strongly influenced by sediment connectivity between

catchment compartments.

The Fukushima Prefecture is characterized by high-relief topography and is subject to two main
seasonal hydro-sedimentary regimes; spring snow melts and wet summers often typified by typhoon
events known to produce catastrophic floods in tropical areas (Imamure and Van To, 1997; Cheng et
al. 2005). The succession of these seasonal events leads to the erosion of contaminated soils and then
to the export of radioactive material to the coastal plains (Chartin et al., 2013; Evrard et al. 2013). In
particular, typhoon Roke (September 2011) resulted in elevated radiocesium concentrations sampled

in suspended riverine material in the Fukushima Prefecture (Nago et al., 2013; Ueda et al., 2013;
Mouri et al., 2014). Most of the rivers monitoring devices were damaged during the earthquake and
tsunami, and river monitoring was only operational in the Abukuma River basin (5172 km?2) that drains
moderately contaminated soils. For this basin, more than 60% of the total radiocesium flux transported

between August 2011 and May 2012 occurred during typhoon Roke (Yamashiki et al., 2014).
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Recently, several river monitoring devices were also damaged during typhoon Etau in September

2015.

To counter the lack of river monitoring devices, alternative methods of tracking the contamination
dispersion from hillslopes to rivers channels have been developed within coastal catchments draining
the pollution plume. Sediment fingerprinting techniques used the spatial pattern of radioactive fallout
(i.e., the variable 1°MAg:13’Cs activity ratio) in soils to trace the export of riverine sediment (Chartin et
al., 2013; Lepage et al., 2014a). Another technique consisted of measuring radioactive dose rates on
soils and recently deposited river sediments (e.g. mud drapes on channel-bed sand) (Evrard et al.,
2013; Evrard et al., 2014). This showed that the succession of the hydro-sedimentary events (i.e.
typhoons and snowmelt runoff) led to the rapid decrease of radiation dose levels in river sediment in
2011-2012, and an increase after the 2013 typhoons due to renewed soil erosion. These tracing
approaches provide complementary methods to characterise sediment connectivity between hillslopes
and rivers channels in the absence of sediment monitoring devices, but a method to quantify spatial

variations of sediment connectivity in time is still lacking.

The development of geomorphometric indices by means of G1S-based methods provides a way to
identify and delineate areas with potential erosion and deposition, and dominant pathways between
catchment compartments, contributing to sediment connectivity assessment in various contexts (e.g.
Lane et al., 2009; Heckmann and Schwanghart, 2013). In ungauged coastal catchments of Fukushima
Prefecture, a connectivity index identified the most potential contributive source areas of contaminated
sediments (i.e. croplands located in valley bottoms and coastal plains) (Chartin et al., 2013). However,
this index was originally designed to assess connectivity based on landscape information only (i.e.
morphology and land cover), mainly describing the structural component of sediment connectivity
without an effective integration of rainfall event characteristics, a functional component of sediment
connectivity (Borselli et al., 2008). The principal limitation of this approach is that it only describes an
intrinsic property of the landscape that is independent of the forcing events. In areas characterized by
temperate climate regimes or for long-term average connectivity assessments, this limitation is

acceptable. However in the context of tropical areas where the forcing events can differ by several
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orders of magnitude, the amplitude of the transport agent may solicit different levels of connectivity

and therefore imply very different hydro-sedimentary dynamics.

In this context, the objective of the paper is to provide novel insights into typhoon impacts on spatial
and temporal evolution of sediment connectivity in coastal catchments contaminated with radiocesium
in the Fukushima Prefecture (Japan). . First, the examination of five sediment sampling campaigns
after each typhoon season since the FDNPP accident, from 2011 to 2015, provides a foundation for
understanding sediment connectivity through the calculation of *3’Cs enrichment ratios (ER). Second,
spatial variability of typhoon rainfall erosivity is studied for the most intensive typhoons that occurred
prior to each sampling campaign. Finally, a topography-based index of connectivity is refined by
integrating typhoon event rainfall erosivity as functional connectivity parameter, and comparing it to
the ¥’Cs ER. This research provides more understanding on the impact of typhoons on radiocesium
transfer necessary for improving the management of post-accident radiocesium fallout in the

Fukushima region.

2. Materials and methods

2.1. Study area

Most of the terrestrial fallout from the FDNPP accident occurred over the eastern part of the
Fukushima Prefecture (Fig. 1). Soil contamination > 10 kBq kg* of **’Cs occurred mostly within small
catchments (< 700 km?) draining to the Pacific Ocean, with the highest contamination levels in the
coastal mountain range located northwest of the FDNPP. These coastal catchments are typical for
Japan, dominated by steep forested hillslopes in upstream mountainous areas (up to 1000 m elevation),
and by paddy fields and built-up areas in valley bottoms and coastal plains. River profiles are short,
steep and strongly incised due to the geomorphological and hydrological contexts with the Japan
archipelago being long and narrow, geologically young, tectonically active, and subject to a wet
climate. Japanese catchments are frequently subject to heavy rainfall events (i.e. tropical storms and

typhoons) (Laceby et al., 2016) likely leading to short-duration floods with high concentrations in
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contaminated sediments (Yamaguchi et al., 2014; Evrard et al., 2015). Moreover, the ratio of bedload

to total load transported by Japanese rivers can reach 0.6 to 0.8 (e.g. Ohmori, 1991; Oguchi, 1997).

The climate in the study area is characterized by a hot and humid summer with monsoonal activity in
June-July and convective storms and an active typhoon season occurring mainly from July to October.
The region receives ~1420 mm y* of precipitation and rainfall erosivity is 3696 MJ mm ha* h* yr?
(Laceby et al., 2016) with the majority of precipitation (60%) and rainfall erosivity (86%) occurring
between June and October (Fig. 2). Typhoons are responsible for 22% of the annual precipitation (422
mm yr?) and 40% of the annual rainfall erosivity (1462 MJ mm ha* h* yr?) (Laceby et al., 2016). The
typhoons that occurred in the study area right prior each sampling campaign related to this study are
identified in Figure 2: typhoon Roke (2011), typhoon Jelawad (2012), typhoons Wipha and Francisco

(2013), typhoons Phanfone and VVongfong (2014), and typhoon Etau (2015).

Based on the geomorphological and climatic contexts of the eastern region of the Fukushima
Prefecture, two representative coastal catchments were investigated, (i.e. the Mano and Niida
catchments), covering ~450 km2 North West of the FDNPP (Fig. 1). These steep short rivers originate
in the coastal mountain range, from an upstream altitude of 700 to 900 m a.s.l and drain into the
Pacific Ocean (Fig. 3a). The upstream sections of the Mano and Niida catchments are the most
contaminated with *¥’Cs, with contamination decreasing downstream towards the coastal plain (Fig. 1)
(Chartin et al., 2013). The three main land uses, forests (deciduous and evergreen), croplands
(predominantly rice paddies) and built-up areas, cover 73%, 12% and 15% of the study area

respectively (Fig. 3b).

2.2.  Enrichment ratios (ER) in 3’Cs of river drape sediments
Lag deposit sediment samples (i.e. mud drapes deposited on channel-bed sand) were collected along
the main rivers draining the Mano and Niida catchments and some of their major tributaries after each
typhoon season between 2011 and 2015. At each sampling site, five to ten surface scrapes of deposited
sediment, collected along a 5 m river reach with a plastic spatula, were composited into one sample.

Upon returning to the laboratory, the samples were oven-dried (60 °C) for 48 h and then dry-sieved
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(<2 mm). These samples were then ground to a fine powder, weighed, packed into 15 ml pre-tared

polyethylene containers and sealed airtight prior to analyses.

187Cs activities were determined by gamma spectrometry using low-background coaxial N- and P-
types HPGe detectors. Counting time of soil and sediment samples varied between 3x10* and 8x10*s.
The ¥"Cs activities were measured at the 661 keV emission peak; errors reached ca. 5% at the 95%
confidence level. All measured counts were corrected for background levels measured at least every 2
months as well as for detector and geometry efficiencies. Results were systematically expressed in Bq
kg™ of dry weight. Counting efficiencies and quality assurance were conducted using certified
International Atomic Energy Agency (IAEA) reference materials prepared in the same containers as

the samples. All radionuclide activities were decay-corrected to March 15, 2011.

The ¥"Cs ER provides a quick and robust indication of the magnitude of *’Cs contamination of the
sediments compared with the local background contamination of soils. Hence sediments either have
enriched (ER > 1) or depleted (ER < 1) ¥’Cs activities relative to their most proximal sources
depending on source and sink dynamics for nearby soil sources areas. ER values were calculated with

all activities decay-corrected to March 15, 2011, as follows (Eq .1):

137¢s activity (i—;l)in the sediment sample

ER =

1)

137¢s background activity (Bq/kg) in nearby soil sources

The ¥"Cs background activity in soils was determined for the whole study area through a mapping
procedure based on a set of 2200 observations sampled in June and July 2011 and provided by the
Japanese Ministry of Education, Culture, Sports, Science and Technology (MEXT). Detailed
information about the Cs background mapping procedure is reported in Chartin et al. (2013). The $*'Cs
background activity used in the ER calculation (eq. 1) was the mean valuepredicted for pixels located

under cropland in the 100 m? area surrounding each of the river sampling sites.

2.3.  Principles of the connectivity index

The connectivity index (IC) developed by Borselli et al., (2008) originally depicts the general

structural connectivity that potentially occurs between different parts of a catchment (i.e. sources and
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sinks). The basic form of the connectivity index is a ratio between an upslope component (D) and a

downslope component (Dan; Borselli et al., 2008):
Dyp
IC =log10(5 ) )
dn

The IC value is defined in the range of -« ; +o0, with the higher the IC values indicating a lower
potential for sediment produced upslope to be deposited in nearest downstream sinks. The upslope
component (Dyp) corresponds to the potential that sediment produced in the upslope contributing area

be routed to the considered downstream pixel area. Dy, is estimated as follows:
Dy, =vVAS W (3)

Where A is the upslope contributing area (m2), S is the average slope gradient (m/m) of the upslope
contributing area, and W is the average weighting factor of the upslope contributing area (see § 2.5).
The downslope component (Dan) Characterizes the potential that the sediment, which is routed through
the considered pixel area, has to be then transported downstream to the nearest sink along the flow

path. Dgnis estimated as follows:

d;
SiW;

Dgn = 2 (4)

Where di is the length of the flow path along the i"" cell according to the steepest slope (m), Si and Wi

are the slope gradient and the weighting factor of the i"" cell respectively.

2.4. Refinement to the index of sediment connectivity

Three changes were made to the model depicted above: i) thresholds were applied to the slope factor
to adapt the model to the context of mountainous catchments (Cavalli et al., 2012), ii) the C-factor, as
defined in the USLE equation (Wischmeier and Smith, 1978; Renard et al., 1997) and introduced in
the calculation of the first version of the index (Borselli et al., 2008), was used as a weighting factor
but was adapted from one typhoon event to another accordingly to the observed evolution of
vegetation cover, and iii) a rainfall erosivity weighting (Rt) factor was added as a second weighting

factor to account for the specificity of typhoon events (i.e., event frequency, intensity and rainfall
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amount). In this work, we focused on the main typhoons that occurred prior to each sampling
campaign (i.e., Roke in 2011, Jelawad in 2012, Wipha and Francisco in 2013, Phanfone and VVongfong
in 2014 and Etau in 2015) (Fig. 2). Two events were chosen for years 2013 and 2014 as these events
occurred very close in time. So, the revised version of the IC model (ICrv) used here corresponds to

the following ratio:

VASCR;
[Crey = loglO( q; t) (5)

iSl' C; Rt;
Slope factor

Morphometric parameters (A, S) were derived from a Digital Elevation Model (DEM) with a 10 m
resolution provided by the Geospatial Information Authority of Japan (GSI) from the Ministry of
Land, Infrastructure, Transport and Tourism (http://www.gsi.go.jp/; Fig. 1). This DEM was derived
from LIDAR airborne monitoring surveys. A minimum threshold value of 0.005 m/m was applied to
the slope layer to avoid infinite values in Eq. 4 (Borselli et al., 2008), and a maximum threshold value

of 1 m/m was applied to avoid a bias (very high IC values) on the steepest slopes (Cavalli et al., 2012).
Cover factor

The Cover factor (C-factor) accounts for the effects of plants, soil cover, soil biomass, and soil
disturbing activities on soil erosion (i.e. particle detachment)(Wischmeier and Smith, 1978; Renard et
al., 1991; Renard et al., 2007). It also accounts for the effects of vegetation on water infiltration.
Values were determined based on terrain observations made during each fieldwork campaign and data
found in the literature (Kitahara et al., 2000; Shiono et al., 2002; Yoshikawa et al., 2004). A C-factor
value of 0.01 was applied to forested areas, and 1 to bare soils and built-up areas for the experiment
period. Values for cropland areas were 0.38 for 2011, 0.17 for 2012 and 0.04 for the remaining years.
These values were applied to land use classes determined by a multitemporal and multispectral

classification of images from SPOT-4 and SPOT-5 satellites (Chartin et al., 2013).

Rainfall erosivity factor
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To calculate rainfall erosivity, precipitation data recorded in 10 minute intervals between 2011 and
2015 was downloaded from 40 monitoring stations located within 100 km of the FDNPP that are
operated by Japan Meteorological Agency’s Automated Meterological Data Acquisition System
(AMeDAS). The Rainfall Intensity Summarisation Tool (RIST) software (USDA, 2013) was used to
determine the rainfall erosivity (Elso) of each typhoon (Laceby et al., 2016). Rainfall erosivity is a
product of the energy (E) of the rainfall event and its maximum 30-minute intensity (lso) (Renard and
Freimund, 1994). RIST was used to calculate the rainfall erosivity for 3 days before and 3 days after
each typhoon event to ensure that all the potential rainfall erosivity associated with the event was

included.

The criteria used to identify the erosive events were: 1) cumulative rainfall of an event was >12.7mm;
and 2) rainfall accumulations <1.27mm for a 6 hour period separated events into two different periods.

These criteria isolated the period of the typhoon events for which Els, were calculated via:
0
E130 == (Z ervr> 130 (6)
r=1

with e, representing rainfall energy per unit depth of rainfall in MJ ha™* mm, v, is the volume of
rainfall (mm) during a given time period (r), and Iz is the maximum rainfall intensity over a 30 minute

period of the rainfall event (mm h). For each time interval, e, is calculated as:
er = 0.29[1 — 0.72(-0-05i)] (7
with ir being the rainfall intensity for the time interval (mm h) (Brown and Foster, 1987).

The El3 was then mapped based on the values computed for all the stations located within the 100 km

area around the FDNPP (see § 2.6). Then, we computed the rainfall weighing (R:) factor as follows:

_ Elxg
Ry

Elzomax

(8)

10
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Where Elsomax is the maximum Elso value predicted amongst the five considered typhoon events within
the restricted area of the study catchments. This normalization of the R, factor allows to avoid bias

induced by high Elso values, and to provide same range values as for S and C factors.

2.5.  Mapping the rainfall erosivity factor

The Elso values were used to compute maps of typhoon erosivity at a resolution of 250 m over the
eastern part of the Fukushima Prefecture. A regression approach, based on relationships established
between the Elso data and spatially distributed covariates, was used to produce these maps. The
covariates used in the modelling procedure were morphometric attributes (elevation, slope and
aspect), climatic data (monthly mean rainfall and mean temperature), distance to the coast and
geographical coordinates. Detailed information about the source data and the computation of the

covariates layers is provided in Laceby et al. (2016).

The spatially continuous covariates were rescaled at a 250 m resolution in ArcGIS10 (ESRI, 2011)
with bilinear interpolation. The spatial distribution of typhoon rainfall erosivity in the eastern part of
the Fukushima prefecture was then modelled with Generalized Additive Models (GAM; Hastie ad
Tibshirani, 1986). GAMs were fitted on five datasets, i.e., Elsg values computed for typhoon Roke
(2011), typhoon Jelawad (2012), typhoon Etau (2015), and sums of Els values computed for typhoons
Wipha and Francisco (2013), and for typhoons Phanfone and VVongfong (2014). The GAM technique
is a generalization of linear regression models in which the coefficients can be a set of smoothing
functions, accounting then for the non-linearity that could exist between the dependent variable and
covariates. GAM specifies a distribution for the conditional mean p(Y) and a link function g relating

this latter to an additive function of the covariates:

gluM] = a+ fiXi + frXo + -+ fXp )

where Y is the dependent variable, X1,X2,...Xp represent the covariates and the fi's the smooth (non-

parametric) functions.

11
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Based on Els data computed for the 40 rain stations, GAMSs were fitted to spatially model the rainfall
erosivity of the selected typhoons over the eastern part of Fukushima prefecture including the two
investigated catchments (Fig. 1). A Gaussian distribution model incorporated the conditional mean
K(Y) and a log-linear link function g() = log(p) was implemented due to the predominant logarithmic
distribution of the data. The GAM models were built using regression splines, and the smoothing
parameters were estimated by penalized Maximum Likelihood to avoid an over-fitting (Wood, 2001).
A leave-one-out cross-validation procedure was applied to each fitted models, and then mean error

(ME) and root mean square error (RMSE) were calculated to quantify their goodness of fit.

3. Results and discussion

3.1. Evolution of radioactive contamination in river drape sediments

Evolutions of *’Cs contents and **’Cs ER of river sediment deposits were examined to investigate the
evolution of sediment connectivity between contaminated hillslopes and river channels (Figs. 4 and 5).
Mean contamination levels of the sediments in the Niida river were 2 to 3 times higher than in the
Mano river (Fig. 4). This reflects the differences observed between the contamination background of
soil sources within the two catchments (Fig. 1). Mean sediment contamination decreased substantially
from 2011 to 2012 and from 2014 to 2015, with a more slight decrease from 2012 to 2013 (Fig. 4).
From 2011 to 2015, mean contamination levels in Mano catchment and Niida catchment decreased
from 11.9 kBq kg* (SD 6.8; n=5) to 3.3 kBq kg™ (SD 2.0; n=18) and from 34.1 kBq kg* (SD 29.0;
n=16) to 8.0 kBq kg™ (SD 5.5; n=19), respectively. The only exception is a slight increase of mean
sediment contamination observed from 2012 to 2013 in the Niida River (from 17.7 kBq kg (SD 14.5;

n=18) to 20.4 kBq kg™ (SD 15.3; n=22)).

Following the first typhoon season occurring after the FDNPP accident, ER values were
predominantly greater than 1.5 in both catchments (red dots in Fig. 5) confirming dynamic sediment
regimes that connected hillslopes to rivers, and that a massive export of contaminated particles

occurred. This observation can locally be reversed in the upstream part of catchments (river sediments

12
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had lower *'Cs activities than nearby soils), especially where valley bottoms are narrow and

uncultivated and, consequently, scarce sediment source areas (Fig. 3).

From 2011 to 2012, ER values of most samples from mountainous upstream areas (brown to white
areas in Figure 5) decreased (median value of ER evolved from 1.8 to 0.7 from 2011 to 2012). A slight
increase of ER values occurred in 2013 (median ER = 0.8) just after two consecutive typhoons (Wipha
and Francisco) for most of the samples analysed in both catchments, confirming the observations that
hillslope soil erosion processes were renewed (Evrard et al., 2014). From 2013 to 2015, ER values of
most samples from both catchments decreased (median ER = 0.4 for year 2015). A new element to
take into account for this period is the very rapid progress of the decontamination works that have
remobilized contaminated material by erosion processes that were formerly protected by the post-
accident vegetation regrowth, and then rapidly removed the contamination from the surface of the

areas covered by non-permanent vegetation.

3.2.  Typhoon characteristics and mapping

Erosivity of the most intense typhoons that occurred prior to each sampling campaign was computed
for the meteorological stations located within the 100 km area around FDNPP (Table 1). Mean Els
values ranged from 262 MJ mm ha h** (SD 197; n=36) for typhoon Jelawat in 2012 to 1695 MJ mm
hal h! (SD 1066; n=39) for typhoon Roke in 2011. GAMs were fitted to the observed values.
Validation procedure of the models resulted in R? varying between 0.83 and 0.95, and predicted values

showed similar distributions to those of observed values (Table 1).

The rainfall erosivity maps (Elso in MJ mm ha* h'?) are depicted at two different scales, the 100 km
buffer area around FDNPP and the two investigated catchments in Figure 6A and Figure 6B,
respectively. At the regional scale, all the typhoons except Jelawat (2011) showed the same general
spatial pattern with typhoon erosivity strongly decreasing from the coast (east) to the inland areas
(west) (Fig. 6A). This reflects the role of the Pacific Ocean on driving tropical storms and typhoons.
Accordingly, the coastal plain and coastal mountainous ranges, including the FDNPP and a large part

of the contamination plume with high levels of **’Cs contamination, were submitted to greater typhoon
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erosivity than the less contaminated Abukuma River valley. This spatial pattern was also observed at
the regional scale for monthly mean rainfall erosivity during wet and typhoon season (from June to

October), i.e. during the most erosive annual period (Laceby et al., 2016).

At the scale of the two investigated catchments, rainfall erosivity decreased from the coastal plains to
the upslope mountainous areas for the typhoon Roke (2011), typhoons Wipha and Francisco (2013)
and typhoons Phanfone and VVongfong (2014) (Fig. 6B). Typhoons Jelawat (2012) and Etau (2015),
the least and the most erosive events respectively, had a positive gradient of rainfall erosivity from the
coast to the mountain range. According to the typhoon erosivity maps, the Mano and Niida catchments
were submitted to rather similar rainfall erosivity for each individual event, e.g. mean Els was 653 MJ
mm ha h* (SD 146) and 608 MJ mm ha* h*! (SD 209) for Mano and Niida catchments respectively

during the Wipha/Francisco event of 2013.

The relative intensity of the different typhoon events at the catchment scale appeared quite different
from the one observed at the regional scale. According to the observed and predicted Elzo values
(Table 1), typhoon Roke (2011) and typhoon Etau (2015) had similar mean erosivities at the regional
scale, i.e. mean observed values of 1695 MJ mm ha* h' and 1581 MJ mm ha h™ respectively.
However, the SD was higher for typhoon Etau (SD 1577) than for typhoon Roke (SD 1066) indicating,
in these cases of right skewed distributions, that the erosivity magnitude of typhoon Etau had locally
reached higher values than maximum values observed for typhoon Roke. Indeed, mean predicted
values for typhoon Etau (2015) were two times higher than those for typhoon Roke (2011) at the scale
of the two studied catchments. For example, we predicted mean Elso values of 4299 MJ mm hat ht
(SD 1702) for Typhoon Etau and 2099 MJ mm ha* h*! (SD 520) for Typhoon Roke (Table 2). This

could possibly be explained by the characteritiscs of these different events (e.g. path, speed, intensity).

3.3.  Revised Index of Connectivity (ICrev) and relationship with *Cs

Enrichment Ratios (ER)

The Elsp maps were used to compute the revised Index of Connectivity (ICry) for the five typhoon

events (Fig. 7). The I1C,y maps corresponding to the different typhoon events all identify croplands and
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350  built up areas as the most potentially connected sediment source areas to the river network. However,
351 the calculated connectivity indices display very different values depending on the evolution of the
352  vegetation cover (C-factor), but most importantly, on the differences in rainfall erosivity between
353  events (Table 3). Although both events were characterized by equivalent C-factors, 1C. values were
354  higher for the more intense typhoon Etau (mean of -7.2; SD 1.5 in Mano catchment) than for the less
355 intense typhoon Wipha and Francisco (mean of -8.7; SD 1.4 in Mano catchment) (Table 2, Fig. 7). In
356  addition, maps of the IC show variations in sediment connectivity reflecting the spatial

357  characteristics of the event erosivity as depicted in Figure 6B. For example, the connectivity index
358  associated with typhoon Etau (2015) increased from coastal plain to upstream mountainous areas
359  while, on the contrary, connectivity index computed for typhoons Phanfone and VVongfong (2014)

360 decreased in this same direction.

361  We compared the index values computed for the five typhoons events to ER values (Fig. 8). For all the
362  events, except typhoons Phanfone and VVongfong in 2014 in the Niida catchment, a negative

363  exponential relation was observed between ICv and ER values. Accordingly, these results clearly

364 indicate that the higher the connectivity, the lower the potential for contaminated sediment, from

365  nearby source areas, to be deposited at locations sampled downstream (Borselli et al., 2008).

366  Coefficients of correlations between ICy and ER values ranged between 0.01 in Mano catchment for
367  typhoons Phanfone and Wongfong (2014) to 0.44 in Niida catchment for typhoon Etau (2015; Fig. 8).
368 A coefficient of correlation of 0.01 was also observed in Mano catchment for typhoon Roke (2011)
369  but cannot be considered as representative considering the low number of observed sites (n=5). The
370  strongest relationships between ICy and ER values were observed for the two most erosive typhoons
371  (Roke and Etau) with the Mano and Niida catchments having a R? of 0.29 and 0.44 respectively for
372 typhoon Etau in 2015. Typhoon Roke was the first major typhoon after the FDNPP accident leading to
373  the widespread erosion of initially contaminated soil sources and their export to the Pacific Ocean

374  (Fig. 4; Yamashiki et al., 2014). Etau was the most intense typhoon that occurred at the Mano and

375  Niida catchments scale since the accident likely leading to the flush of recently eroded material and

376  also temporary stored contaminated material within the channels to the Pacific Ocean (Fig. 4). The
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Mano catchment showed mainly lower coefficients of correlation than Niida catchment except for the
typhoon Wipha and Francisco in 2014. The Mano catchment was originally less contaminated and had
much more narrow upstream valley bottoms and also less cultivated areas than in Niida catchment (i.e.
less potential connected source areas) (Fig. 1; Fig. 3). This may explain why the relationships

observed between ICy and ER values for Mano catchment were lower than in the Niida catchment.

The results are contrasted, particularly for the less intense rainfall events. Even though, it is now well
accepted that rainfall erosivity has a strong influence on sediment connectivity, sediment detachment,
transport and deposition processes are complex and subject to multiple forcing that interact non-
linearly in time and space. In our context, among other factors, we can cite the spatial heterogeneity of
the background contamination (including the progressive decontamination works), the multiplicity of
erosion processes that can either affect contaminated surface materials (e.g. surface hillslope erosion)
or non-contaminated materials (mass movement, bank erosion), or the complex succession of events
of different magnitude that imply progressive deposition and re-entrainment processes. This
complexity explains that the relationship between connectivity and rainfall erosivity can only be
qualified for the more intense typhoons that occurred in the area: Roke and Etau, but which also
demonstrates the importance to incorporate the characteristics of the forcing agents when modelling

water and sediment connectivity.

Future research should strive to improve ER and 1Crev modelling approaches and examine the impact
and limitations of these potential factors that may be influencing the relationship between ER values
and connectivity. Importantly, this research represents a significant first step towards incorporating the
erosivity of rainfall directly into sediment connectivity indices, which is important in regions similar

to Fukushima, where nearly half of the rainfall erosivity is derived from major rainfall events.

4. Conclusion

Typhoons are major drivers for soil erosion, and also for potential dispersion and downstream transfer

of particles bound contaminants. Here, the downstream dispersion of sediments contaminated with
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radiocesium was investigated after five consecutive typhoon seasons (from 2011 to 2015) in two

ungauged catchments draining the main contamination plume of Fukushima Prefecture.

From 2011 to 2015, mean contamination levels in Mano and Niida catchments decreased from 11.9
kBq kg* to 3.3 kBq kg and from 34.1 kBq kg™ to 8.0 kBq kg, respectively. Mean sediment
contamination strongly decreased early after the accident, from 2011 to 2012, and then, to a lesser
extent, between 2014-2015. In particular, it was demonstrated that the catchment systems and their
contaminated sediment connectivity had higher correlations for events with the highest rainfall
erosivity. Indeed, the highest correlations between the revised Index of Connectivity (ICrev) and the
sediment ER in **’Cs were observed for the most erosive typhoons, i.e. Roke in 2011 and Etau in
2015. These two typhoons resulted in a high level of connectivity between sources of eroded
contaminated particles and the river systems, and contributed greatly to the export of contaminated
material to the Pacific Ocean. In 2013, a slight increase in ¥'Cs levels in river sediments was
observed, likely resulting from the beginning of the decontamination works and the occurrence of two
consecutive typhoons (Wipha and Francisco). From 2013 to 2015, the typhoon events resulted in the
dilution of the **'Cs signal in river sediments by inputs of different non-contaminated subsoil sources
and decontaminated surface sources relative to contaminated surface source contributions.

Although it remains difficult to fully validate sediment connectivity models with complex metrics of
radiocesium downstream migration (ER values), this interpretation, based on both ICrev and ER
values, demonstrates the importance of including individual storm erosivity and detailed vegetation
cover information when quantifying sediment connectivity indices. These results indicate that the
calculation of ICrev may provide a very useful tool to improve the estimation of particle-borne

contaminant fluxes during extreme events, particularly in ungauged catchments.
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570  Table 1. Observed and predicted rainfall erosivity mean and standard deviation (SD) (Els in MJ mm ha* ht) for major events that occurred during each

571  typhoon season since the nuclear accident within the 100 km area around the FDNPP, and parameters describing performance of the GAMSs used to map Elso
572 inthe area.

Typhoon Date Number of Observed Elso Predicted Elso Model performance

event stations Mean SD Mean SD ME RMSE R?

Roke Sept. 8-22, 2011 39 1695 1066 1706 1005 11.6 289.0 0.89
Jelawat Sept. 20 - Oct. 1, 2012 36 262 197 269 168 7.4 80.3 0.83
Wipha & Francisco Oct. 9-26, 2013 39 549 317 551 298 2.1 80.8 0.89
Phanfone &Vongfong Sept. 28 - Oct. 14, 2014 40 1034 759 1033 721 3.5 159.6 0.95
Etau Sept. 6 - 9, 2015 40 1581 1577 1554 1489  -26.4 588.0 0.86
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580

Table 2. Mean rainfall erosivity (Elsoin in MJ mm ha* h) and standard deviation (SD) of major
events that occurred during each typhoon season since the FDNPP accident for Mano and Niida
catchments (statistics were computed by zonal statistics tool in ArcGis 10.3 and based on Els maps

presented in Figure 6B).

Typhoon Date Mano catchment Niida catchment
event Mean Elsg SD Mean Elzg SD
Roke Sept. 8-22, 2011 2099 520 1826 646
Jelawat Sept. 20 - Oct. 1, 2012 187 62 209 67
Wipha & Francisco Oct. 9-26, 2013 653 146 608 209
Phanfone & Vongfong Sept. 28 - Oct. 14, 2014 1469 941 1231 941
Etau Sept. 6 - 9, 2015 4299 1702 4124 1602
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581  Table 3. Mean revised Connectivity Index (ICry) and standard deviation (SD) of major events

582  occurred during each typhoon season since the FDNPP accident for the Mano and Niida catchments
583  (Statistics were computed by zonal statistics tool in ArcGis 10.3 and based on 1C.y maps presented in
584  Figure 7).

Typhoon Dat Mano catchment Niida catchment
ate

event Mean iCrev SD Mean Icrev SD
Roke Sept. 8-22, 2011 -7.6 1.3 -7.8 14
Jelawat Sept. 20 - Oct. 1, 2012 -9.8 15 -9.8 1.4
Wipha & Francisco Oct. 9-26, 2013 -8.7 1.4 -8.8 14
Phanfone & Sept. 28 - Oct. 14, 2014 8.2 1.4 -8.4 14
Vongfong
Etau Sept. 6 - 9, 2015 -7.2 15 -7.2 1.4
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Figure captions

Figure 1. Spatial variability of the radiocaesium contamination plume in the eastern part of Fukushima
Prefecture with locations of the 40 meteorological stations within a 100 km buffer around the FDNPP
(dashed line) and the two investigated catchments (full black line).**’Cs activities are decay corrected
to March 11 2011 (Chartin et al., 2013)

Figure 2. Mean daily rainfall from the 40 meteorological stations located in the 100 km buffer around
the FDNPP (Fig.1) from March 2011 to November 2015 (FW indicates field work sampling
campaigns; tropical storms and typhoons are highlighted by the dashed arrows).

Figure 3. Elevation (A) and dominant land cover classes (B) for the Mano and Niida catchment.

Figure 4. Box-plots of *¥’Cs contamination (in kBq kg?) in sediment sampled in Mano and Niida
rivers after each typhoon season since the FDNPP accident ¥'Cs activities are decay corrected to 11
March 2011; outliers were excluded from the datasets and the red dots in the box plots indicate the
mean concentrations.

Figure 5. Sediment enrichment ratio (ER) values measured after each typhoon season since the
FDNPP accident.

Figure 6. Rainfall erosivity (Elso in MJ mm ha* h') of the most intensive typhoons that occurred prior
each sampling campaigns since the FDNPP accident for the catchments containing the main
radioactive contamination plume (A) and for the two investigated catchments (B).

Figure 7. The revised connectivity index (ICrev) for the typhoons that occurred prior each sampling
campaign since the FDNPP accident.

Figure 8. Relationships between the revised Index of Connectivity (ICrev) and the Enrichment Ratio
values (ER*) for sediment sampled the Mano river (grey) and the Niida river (black).
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FDNPP ROKE
accident
180
160
WIPHA & PHANFONE &
140
FRANCISCO VONGFONIG

120

1

1
100 | i .:)
| JELAWAT | :
v , v

80

Rainfall (mm)

60 !
v
40

20

MM

LMY P Ll
2013-09-01 2014-03-01 2014-09-01

AL

WA ALl
2013-03-01

2015-03-01

A

0 ™ 1
2015-09-01

635 OO M0l omane 201901
636
637
638
639
640
641
642
643
644
645
646
647
648
649

650

30



651  Figure 3
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658  Figure 4.
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