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Abstract

Rainfall-induced floods and suspended sediments impact both water quality
and human well-being. Besides the impact of soil erosion on the environment,
the soil itself is a very fragile and valuable resource due to the difference
between soil formation and deterioration rates. Japanese catchments are
vulnerable to flood and sediment-related disasters as steep slope catchments
are under torrential rainfall despite forests being the dominant land use types.
This study utilized the Soil and Water Assessment Tool (SWAT) and
assessed the high-sediment-yield areas, identified the main factors for high
sediment yield, evaluated the effectiveness of filter strips in retaining the
sediment from steep slope areas, and analyzed the pre-event and within-
event conditions on the simulation of the sub-daily hydrological model. The
model results showed that SWAT is a reliable model to simulate sediment
transport successfully pointing out the high sediment yield hotspot areas. The
slope is the most influencing factor for the high sediment and consequently,
steep slopes along the river are the most critical areas for sediment
production. The slope gradient effects are varied with different land use and
soil types. Deciduous forests with a slope gradient greater than 45% rise are
the areas with the highest soil erosion rate. Regosol soil types showed the

highest soil erosion rate as the slope became steeper. The sediment filter



strips revealed to be effective for trapping the sediments transported from
the steep slope, with the 5-m width strip in the five highest sediment yield
subbasins retaining 14% of the total sediment transported at the catchment
main outlet. Additionally, the SWAT model can satisfactorily simulate high-
flow events despite the model performance being related to the event
conditions and characteristics. Moist antecedent conditions with low total
precipitation events’ streamflow and suspended sediment are simulated
satisfactorily by the sub-daily model. The sub-daily event-based model
provides better simulation than the time-continuous daily model in high-flow
events simulation. The transported sediment during the high-flow events is
influenced not only by the total precipitation of the event but also by the
spatial variation of precipitation in the catchment, where the concentrated
precipitation in high sediment yield subbasin events transported a higher
amount of sediment than the other events. Therefore, future studies focusing
on the spatial precipitation input data on the sub-daily model simulation are
preferable. As the steep slope is the highest influencing factor on sediment
yield, the influence of the topography input data resolution on the catchment

sediment simulation should be addressed in the future.
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Chapter 1 Introduction

1.1 Background

Soil is a nonrenewable resource, and the difference between the soil formation
rate from natural geological processes and the possible rate of soil deterioration makes
the soil a very fragile and valuable resource (Kirkby & Morgan, 1980). As the present
soil erosion rates are higher in magnitude than soil formation, it has been a major threat
to food security and the sustainability of ecosystems (Wuepper et al., 2019).

Soil erosion hampers the United Nation's (UN) Sustainable Development Goals
(SDGs) in numerous ways. For instance, the Food and Agriculture Organization claimed
that soil erosion threatens food security by hindering the production of nutritious foods,
promoting ecosystem degradation, influencing water supplies, causing damage to urban
infrastructure, contributing to poverty, and leading to migration. Sedimentation in
reservoirs decreases their storage capacity and lowers their drinking water quality,
thereby impacting clean water and sanitation. Moreover, the sediments washed away
from upland areas, transported by rivers, and deposited in coastal areas, can exacerbate
coral reef cover, affecting the life below water (Borrelli et al., 2020; UN General
Assembly, 2015).

Climate, soil characteristics, topography, and ground cover are the principal
factors affecting water erosion. Soil erosion intensity varies on the precipitation intensity,
duration, total amount, and size of droplets (Gray & Leiser, 1982; Lull, 1959). Soil
structure and texture, organic matter content, and permeability determine the soil
erodibility (Bonilla & Johnson, 2012; Wischmeier & Mannering, 1969). A large part of

the runoff velocity is determined by the slope length and steepness, thus being critical in



soil erosion potential (Liu et al., 2000). Ground cover, including natural and
anthropogenic structures, influences surface runoff and erosion (Ilay & Kavdir, 2018;
Zhou et al., 2008).

1.1.1 Assessment of soil erosion in steep slope catchments

Forested catchments play a vital role in high-quality water supplies and provide
slope stability and erosion control worldwide (Barten & Ernst, 2004; Marden, 2012;
Webb et al., 2012). However, forested catchments tend to exist in regions with high
precipitation, which could increase material discharge into streams (Brooks et al., 1991;
Hancock et al., 2017). This is the same for Japan's steep, forested catchments with high
precipitation, which transport mass sediment yield and cause flood and sediment disasters
(Uchida et al., 2017; Hayashi et al., 2022). During intense rainfall, steep slope catchments
with unstable soil are prone to debris flow, which can block the waterway, thereby making
the urban runoff flow into the drainage channel difficult, which consequently causes

flooding in the urban areas (Hua, 2024).

Soil erosion assessments are mainly carried out by either experimental measurements or
erosion prediction models (Gholami et al., 2021; Ketema & Dwarakish, 2021; Salumbo,
2020; Wakiyama et al., 2010). The use of erosion models has increased over time as they
can provide wide-area and long-term assessment at a low cost. Moreover, modelling can
provide simulation scenarios (management scenarios, land use and climate change
scenarios), which are helpful for effective watershed management (Pandey et al., 2016;

Salumbo, 2020).



1.1.2 Soil conservation strategies and management practices for steep slope
catchments

Soil and water quality conservation in catchments with steep slopes requires
controlling soil erosion and sediment yield. Implementing efficient soil conservation and
management techniques can greatly reduce erosion and improve the long-term viability
of these landscapes (Mekonnen et al., 2015). One of the most effective soil conservation
measures is establishing and maintaining vegetative cover, as plants and trees help
stabilize the soil with their root systems, reduce the speed of surface runoff, and increase
water infiltration into the soil (Morgan, 2005). On steep slopes, a combination of trees,
shrubs, and grasses is frequently utilized to create a protective canopy (Montgomery,
2007). For example, in contour planting, crops are planted along the contour lines of the

slope to help reduce soil erosion by slowing down water runoff (Gyssels et al., 2005).

Managing steep slope catchments requires the application of appropriate land use
practices. By incorporating trees and shrubs into agricultural systems, agroforestry
improves soil stability and lowers erosion (Walling, 1983). Furthermore, avoiding soil
disturbance through plowing, or "no-till" farming, contributes to preserving soil structure

and lowering erosion (Lal, 2001).

In addition to vegetation and land use practices, structural measures such as terracing,
check dams, and retaining walls play a significant role in soil conservation (Pimentel &
Kounang, 1998). Terracing can reduce the gradient and slows down water flow, thereby
reducing erosion. Moreover, small barriers like check dams help in trapping sediments
and reducing the velocity of water. Additionally, retaining walls provide support to the

soil and prevent it from sliding down the slope (Morgan, 2005). However, these structures



need to be designed carefully according to the specific conditions of the catchment

(Pimentel & Kounang, 1998). Table 1 summarizes an assessment of best management

practices by different modelling approaches from previous studies.

Table 1 Summary of previous studies on the assessment of best management practices

Study area Methodology =~ Management practices Main finding References
assessed
Nashe Watershed, SWAT Filter  strip, Stone/soil Stone/soil bunds and Leta et al
Ethiopia bunds, terracing reduce the (2023)
Contouring, terracing maximum sediment yield
Mill River, Canada  SWAT, Riparian  buffer strips, 50-m buffer width is the Sirabahenda
ANFIS assess the different buffer most effective et al. (2020)
strips width
Joumine watershed, SWAT Detention/ sediment ponds, Ponds and buffer strips are Mtibaa et al.
Tunisia Contour ridges, Grass strip the most effective, contour (2018)
cropping, No-till farming, ridges are effective for
Buffer strips gentle slope
Big Sunflower SWAT Vegetated filter  strips, Combined management Nepal &
River  watershed, Grade stabilization  practices are more effective  Parajuli
Mississippi river structures, Grasses than individuals (2022)
waterways, Combined
management practices
Upper Gilo SWAT Filter  strip, Terracing, Contouring is the most Zantet
watershed, Ethiopia Contouring beneficial oybitet et al.
(2023)
Experimental plot Physically Vegetative filter strip sediment trapping efficiency Wu et al
based is more sensitive to slope (2023)
multifaceted gradient, inflow discharge,
model and VFS length



Study area Methodology Management practices Main finding References
assessed
Baitarani SWAT Conservation tillage, Structural management Uniyal et al.
watershed, India contour farming, contour practices are the most (2020)
bunding, bench terracing, effective, combined
loose boulder check dams, management practices
grade stabilize structures, decrease surface runoff and
streambank  stabilization increase subsurface flow
structures, contour stone
bunding
Experimental plot Vegetative Assessment of filter strip effective BMPs even in Zhang et al.
filter strips length steep, short-slope conditions  (2023)
modeling
system
Gojeb  watershed, SWAT Reforestation of bare land, Hillside terraces have the Anteneh et
Ethiopia hillside terraces, grassed highest efficiency al. (2023)
filter strips
Upper Blue Nile SWAT Filter strips, stone bund, Filter strips are the most Betrie et al.
Basin, Ethiopia reforestation effective (2011)
Daketa sub-basin, SWAT Filter strips, grass Grass waterways are the Hassen etal.
Ethiopia waterways, Terracing most effective (2022)

Note: SWAT (Soil and Water Assessment Tool), ANFIS (Adaptive Neuro-Fuzzy

Inference System), BMPs (Best Management Practices)

1.1.3 Temporal resolution in hydrological modeling

The temporal resolution in hydrological modelling is crucial for accurately

capturing hydrological processes and achieving reliable simulation results (Ficchi et al.,

2016). Temporal resolution refers to the time step used in the model to simulate various

hydrological processes. Studies have shown that different temporal resolutions can



significantly impact the model's output and its ability to represent actual phenomena in

reality (Abbaspour et al., 2015; Arnold et al., 1998; Neitsch et al., 2011).

Daily temporal resolution is commonly used in hydrological modelling, including
Soil and Water Assessment Tool (SWAT), due to its balance on computational efficiency
and accuracy (Gassman et al., 2007; Srinivasan & Sathiya, 2010). Daily time steps are
used to capture seasonal variations and long-term trends in hydrological processes
without being overly demanding in terms of data and computational resources. However,
certain hydrological events, like peak runoff during intense storms, may not be well-
represented at a daily resolution (Di Luzio et al., 2005; Jeong et al., 2010). In extreme
runoff events, finer temporal resolutions, such as sub-daily or hourly, can capture a more
detailed representation of hydrological processes, especially for the peak flows and the
timing of runoff events (Tan et al., 2020). However, the increase in data requirements and
the computational demands of sub-daily simulations can be a limiting factor for their

widespread use (Brighenti et al., 2019).

1.2 Objectives
The main objective of this study is to assess the sediment yield variation and its

influencing factors in a steep flood-vulnerable catchment.

The specific objectives are to identify high sediment yield areas, investigate the
main influencing factors for high sediment yield, assess the effectiveness of filter strips
in retaining sediment, and evaluate the performance of the hourly SWAT model for

extreme events in relation to the pre-antecedent conditions of the events.
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Chapter 2 Materials and method

2.1 Study area

The Takahashi River catchment, with an area of 2670 km?, is located in the
Okayama Prefecture of western Japan (Figure 2). The main river’s total length is 111 km.
The major tributaries of the Takahashi River are the Takahashi, Nariwa, and Oda Rivers.
The catchment elevation ranges from 0 to 1264 m above sea level. Takahashi River
originates from the forested steep slopes of mountainous areas and finally enters the Seto

inland sea at Kurashiki City.
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The Takahashi catchment is a forested catchment with 84% forest cover, with
deciduous forests at 43.74 % and evergreen at 41.05% (Figure 3). As the hydrological
processes of different types of forests differ significantly, the study area had to be divided
according to land use in various modelling works (Wang K. et al., 2022). The catchment
mean slope is 30% and is characterized by a steep slope greater than 15%, occupying
79.15% of the catchment area (Figure 4). The dominant soil type is cambisols,
representing 67.25 % of the catchment area (Figure 5). The other soil types are regosols
(12.06%), andosols (10.52%), and gleysols (8.83%). The andosols and most cambisols
soil areas are found in the Takahashi and Nariwa tributaries, whereas the Oda tributary
mainly comprises gleysols and regosols. The mean annual precipitation across the
catchment from 1990 to 2022 is 1328 mm. Takahashi catchment is undergoing increasing

precipitation due to climate change, according to historical precipitation data (Figure 6).
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The Takahashi catchment's geological setting is 58.3% igneous rock, 36.5%
sedimentary rock, and 5.2% metamorphic rock. Based on the Ministry of Land,
Infrastructure, Transport and Tourism (MLIT) classification, the Takahashi catchment’s
geology has 13 subcategories, with granite and rhyolite composing 44% of the catchment
area (Figure 7). The studied catchment has limestone areas, mainly in parts of the

Takahashi and Nariwa tributaries.
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The studied catchment experienced a devastating flood disaster in 2018 due to the
significant amount of cumulative precipitation over 48 hours rather than the rainfall
intensity per hour (Nishimura et al., 2020). Shakti et al. (2020) proved that the Rainfall—
Runoff-Inundation (RRI) model is suitable for evaluating the flood inundation analysis
of flood-prone river basins, including the Oda tributary of the Takahashi River system.
Meanwhile, Nihei et al. (2019) compared the flooding situation of the Oda River in
Okayama Prefecture in 2018 and the Kinugawa River in the Ibaraki Prefecture in 2015.
Although the Kinugawa River’s inundation area was four times that of the Oda River, the
inundation volume was similar because the inundation depth of the Oda River was 5.38

m, which was greater than that of the Kinugawa River at 3.01 m. Along with heavy
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rainfall and flooding, major rivers in the Okayama Prefecture experienced high sediment

yield (Nishimura et al., 2020).

The Takahashi catchment's geographical setting, with its climatic and vulnerable
conditions, provides an ideal condition for studying sediment dynamics in steep slope
catchments and the impacts of extreme weather events on flood-related disasters. Finer
temporal resolutions are favourable for modelling high-flow events, however, data
scarcity, especially for sediment, limits high-temporal modelling research (Jeong et al.,
2011; Tan et al., 2020). Therefore, the availability of hourly observed data for the
Takahashi catchment offers optimal conditions for studying high-flow events in sediment

transport.

2.2 Soil and water assessment tool

SWAT is a semi-distributed, continuous time-scale model developed by the
United States Department of Agriculture (USDA) Agricultural Research Service. The
model is used to assess the impacts of land management practices on hydrological
components and water quality and has been successfully applied to small and continental
scales. It is widely used in large, complex watersheds for simulating long-term impacts
therein (Arnold et al., 2012). SWAT requires topography, soil property, land use, and
meteorological data, such as precipitation, maximum and minimum air temperature,
relative humidity, wind speed, and solar radiation, as input data for the simulation of
hydrological components at different time steps. SWAT detaches catchments into
subbasins. Subbasins are then dissociated into hydrological response units (HRUs). An
HRU is a unit formed by homogeneous land use, soil, and topography (Neitsch et al.,

2011).
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SWAT divides the hydrological cycle into a land phase and a routing phase. The
land phase computes the hydrological balance and sediment yields on a daily scale. The
land phase of the hydrologic cycle of the SWAT model is based on the water balance

equation described in Eq (1):
SWe = SW, + Z;::l(Rday - qurf —E, — Wseep — ng) (D

where SW; is the final soil water content (mmH,0), SW, is the initial soil water content
(mmH,0), t stands for time (days), Ryqy is the amount of precipitation on day i
(mmH;0), Qs is the amount of surface runoftf on day i (mmH;0), wg,,,, is the amount
of percolation and bypass flow exiting the soil profile bottom on day i (mmH,0), and

Qgw 1s the amount of return flow on day i (mmH,0).

SWAT provides two options for simulating the infiltration and surface runoff: the
SCS Curve Number method and the Green and Ampt Mein Larson method. SCS Curve
Number is an empirical model used for the daily time step, while Green and Ampt Mein
Larson is a physically-based model used for the sub-daily time step. SWAT can perform
hydrologic routing with two main methods: variable storage routing and Muskingum
routing methods. Variable storage routing considers the outflow volume assigned as the
total inflow volume and storage volume. The Muskingum routing method calculates the
storage volume as the combination of the wedge and prism storage in the channel, which
is a suitable routing method for high-flow flood events. In SWAT, the upland soil erosion
is calculated by the empirically developed MUSLE equation on a daily scale, whereas the
splash erosion model considering the soil detachment by rain drop’s kinetic energy is
used to simulate a sub-daily scale erosion. Detailed sub-daily sediment simulation

algorithms are provided in Jeong et al. (2011).
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2.3 Assessment of model performances

The coefficient of determination (R?) and Nash—Sutcliffe efficiency (NSE) are
widely used statistical indexes for assessing the accuracy of model simulations (Aloui et
al., 2023; Bressiani et al., 2015; Gassman et al., 2007; Gassman et al., 2014; Tan et al.,
2019; Tan et al., 2020; Tuppad et al., 2011; Verma et al., 2022). R? shows the degree of
linearity between observed and simulated data and ranges from 0 to 1. If its value is closer
to 1, the simulated data have a good agreement with the observed data. Meanwhile, NSE
is a normalized statistic that assesses the relative amount of residual variance in
comparison with the measured data variance. NSE can take measurement uncertainty into
account and is good for use with continuous long-term simulations and can be used to
assess how well a model simulates trends for the output response of concern. Furthermore,
percent bias (PBIAS) is used to determine the average model simulation bias. Positive
PBIAS values indicate underestimation, whereas negative values indicate overestimation.
PBIAS is recommended for use with other statistical indicators to determine a model’s
performance (Moriasi et al., 2015). The equations for R?, NSE, and PBIAS are expressed

in Egs (3)—(5), respectively:

[XiL,(0;-0)(Pi—P)]?

2
k"= Y ,(0;-0)2 X1, (Pi—P)? (3)
— _ Z?:l(oi_Pi)z
NSE =1 -5 00 4)
PBIAS = 100 X % 5)
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where 0; represents the observed data, P; represents the simulated data, O is the mean of
the observed data, and P is the mean of the simulated data. The model performance

evaluation criteria reported in Moriasi et al., (2015) are tabulated in Table 2.

Table 2 Model performance evaluation criteria stated in Moriasi et al. (2015)

Statistical Output Very Good Good Satisfactory Not
indices Satisfactory
streamflow R2>0.85 0.75<R?<0.85 0.6 <R2<0.75 R2<0.6
2
N sediment R2>0.8 0.65<R*<0.8 0.4 <R*<0.65 R*<04
streamflow NSE > 0.8 0.7<NSE<0.8 0.5<NSE<0.7 NSE<0.5
. sediment NSE > 0.8 0.7<NSE<0.8 0.45<NSE<0.7 NSE <0.45

streamflow PBIAS <45 +5<PBIAS<+10 +10<PBIAS<=+15 PBIAS>+15
PBIAS
sediment PBIAS <+10 +10<PBIAS<+15 =15<PBIAS<+20 PBIAS>=+20

Note: These criteria are set for streamflow at daily, monthly, and annual scales and the

sediment at a monthly scale.
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Chapter 3 Annual and spatial variations of sediment yield

3.1  Background and objectives

The inner region of Southwest Japan is often damaged by slope failures and debris
flow disasters, whereas the outer region of Southwest Japan is common to typhoon-
induced deep-seated landslides owing to the difference in geology (Hayashi et al., 2022).
Several studies reported that the torrential rainfall occurred in western Japan in 2018 July,
created severe flooding and sediment disasters, particularly in many river basins of
Hiroshima and Okayama prefectures (Yoshida, 2018; Amano et al., 2021; Nihei et al.,
2019; Shakti & Kamimera, 2019; Nishimura et al., 2020; Nohara et al., 2020; Shakti et
al., 2020). Ministry of Land, Infrastructure, Transport, and Tourism (MLIT) reported
2581 occurrences of sediment disasters in the heavy rainfall of July 2018, nearly 2.5 times

the annual average and primarily in western Japan (Hayashi et al., 2022).

According to a survey report from the Japanese government cabinet office (2020),
the most serious water-related problem due to climate change is frequent floods and
landslides. Consequently, the respondents wish for the government to focus on
developing flood and sediment disaster prevention facilities. MLIT gives precise
forecasts for a few hours ahead of flooding based on the upstream water level. Although
forecasts have improved, it is not always possible to predict the exact timing of the rain
that triggers these climate-related disasters (Disaster Management Bureau, 2018). When
residents go to evacuate, there are often few hours between the forecast and the evacuation,
or the evacuation has already become challenging owing to severe rain. The immediate

evacuation action becomes more difficult especially if it happens to be at late night (Ma
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et al., 2021; Nohara et al., 2020). This highlighted the importance of early alarm systems

for flood and flood-related disasters like sediment disasters.

Policymakers require information on the extent and place of disasters when setting
sediment disaster countermeasures (de Vente et al., 2006). Because sediment budgets are
site-specific, both spatial and temporal variations of sediment transport are important for
understanding the sediment transport mechanisms from headwaters to river channels
(Wang J. et al., 2022). Subsequently, identifying sediment hotspot areas is crucial for the
prevention of and planning and preparedness for flood and sediment disasters. Further,
understanding the location and scope of erosions is essential to achieving the UN SDGs

and the UN strategies for soil conservation (Borrelli et al., 2020).

In this study, we aim to evaluate the SWAT model's applicability to simulate
streamflow and suspended sediment yield in a steep, geologically complex forested
catchment, identify high-sediment-contribution areas in the catchment susceptible to

sediment disasters, and assess the sediment yield variations between dry and wet years.

3.2 Materials and method

3.2.1 Data collection and model implementation

SWAT 2012 (Rev. 685) along with a QGIS interface simulated the daily
streamflow and sediment load from 2002 to 2007 in this study. The basic data input for
topography was derived from the National Aeronautics and Space Administration’s 30-
m Shutter Radar Topography Mission Digital Elevation Model (DEM). DEM was used
to delineate the stream network and the catchment, and derive the slope of the terrain.

High-resolution with 10-m land use data for 2006 from the Japan Aerospace Exploration
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Agency was used for land use input. Soil data were obtained from MLIT. The daily
meteorological data from 11 weather stations, as shown in Figure 2, (11 stations for
precipitation, 6 stations for temperature, relative humidity, solar radiation, and wind
speed) surrounding the catchment obtained from the Japan Meteorological Agency and
the National Agriculture and Food Research Organization were input into the model.
Moreover, water management policies in watersheds, including reservoirs, are important
for model accuracy (K. Wang et al., 2021). Although several reservoirs stand on the
branches of the Takahashi and Nariwa tributaries, the Chiya and Koumoto reservoirs on
the upstream of the Takahashi tributary and the Shin-nariwa reservoir on the Nariwa
tributary were considered because of their locations, water storage capacity, and data

availability (Figure 2).
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Figure 8 Daily precipitation during the calibration and validation years

The study area was divided into 27 subbasins and 2689 HRUs. In creating HRUs,
four slope bands were set (<15%, 15%—-30%, 30%—45%, and >45%). The model had a

three-year warm-up period, and the simulated model was calibrated from 2002 to 2004
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and validated from 2005 to 2007. The daily precipitation during the calibration and
validation years are as shown in Figure 8. Based on the long-term mean precipitation data,
the model simulation years could be categorized into dry years (2002, 2005, and 2007)
and wet years (2003, 2004, and 2006). Leta et al. (2017) suggested that simultaneous
multisite calibration is preferable in catchments with large spatial variations of soils, land
uses, and geology, which consequently have spatial differences in streamflow-generating
processes. Because Takahashi is a catchment with high spatial heterogeneities, the daily
observed streamflow data from three hydrological stations (Sakazu, Yagata, and Hiwa)
and daily observed sediment data from the Sakazu station were used for calibration and
validation. The streamflow observed data were acquired from MLIT, and the sediment
data were obtained from the Okayama River Management Office. The potential
evapotranspiration was applied using the Penman—Monteith method, and the stream
channel sediment routing was performed using the simplified Bagnold equation in this
study. The model was calibrated and validated using the auto calibration SWAT-CUP
SPE program considering the sensible water balance components of the catchment and

the observed data.

33 Results and discussions

3.3.1 Parameterization and model performance assessment

According to the literature and calibration manual, eleven parameters for
streamflow and seven parameters for sediment were selected for calibration (Abbaspour
et al., 2015; Arnold et al., 2012; Ashine & Tadesse Bedane, 2022). The calibrated

parameters and the best-fit values are tabulated in Table 3.
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Table 3 Calibrated parameters for daily streamflow and sediment

Modification Parameter Description Minimum Maximum Fitted Remark
type Name
Flow T CN2 SCS runoff curve -0.2 0.1 -0.018 FRSD
number 0.04 FRSE
-0.05 GRAS,
RICE
-0.1 AGRL
-0.159 BARR
-0.2 URBN
v RCHRG DP  Deep aquifer 0.25 0.35 0.31
percolation fraction
v ESCO Soil evaporation 0.15 0.8 0.181 FRSD,
compensation FRSE
factor 0.675 AGRL,
RICE
0.66 GRAS
0.8 BARR,
URBN
T SOL K Saturated hydraulic ~ -0.2 0.2 -0.098
conductivity
r SOL AWC  Available water -0.2 0.2 0.011
capacity of the soil
layer
r SOL BD Moist bulk density ~ -0.2 0.2 0.018
v GWQMN Threshold depth of 150 3000 200%* 1-5,10-
water in the 21,24-
shallow aquifer 27
required for the 2000 6-9
return flow to occur 3000 22,23
(mm)
\% CH N2 Manning’s “n” 0.02 0.1 0.069 1-5,10-
value for the main 21,24-
channel 27
0.055 6-9
0.068 22,23
v ALPHA_BF  Baseflow alpha 0.2 0.7 0.375
factor (days)
r HRU_SLP Average slope -0.35 -0.1 -0.28
steepness
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Modification Parameter Description Minimum Maximum Fitted Remark
type Name
v CANMAX Maximum canopy 5 25 11.2

storage
Sediment v CH COVl1 Channel erodibility ~ 0.01 0.06 0.037
factor
v CH _COV2 Channel cover 0.01 0.1 0.057
factor
v USLE P Support practice 0 0.5 0.005
factor
r USLE C Minimum USLE -0.25 0.25 0.018 RICE
cover factor
0.01 FRSD,
FRSE,
GRAS
T PRF _BSN Peak rate 0 1 0.85
adjustment factor
for sediment
routing in the main
channel
v SPCON Linear parameter 0.001 0.01 0.009
for calculating the
maximum amount
of sediment that
can be reentrained
during channel
sediment routing
v SPEXP Exponent 1 1.5 1.39
parameter for
calculating
sediment
reentrained during
channel sediment

routing

Note: r indicates that the parameter value is changed relatively, and v indicates that the

default parameter is replaced, * represents the value for limestone-influenced subbasins.

[13¥e2]

During the calibration stage, Manning's “n” roughness of the main channel

(CH_N2) and threshold depth of water in the shallow aquifer required for the return flow
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to occur (GWQMN) variably depending on the tributary, and the SCS runoff curve
number (CN2) and soil evaporation compensation factor (ESCO) showed variations
between different land use types. Groundwater flow from the shallow aquifer to the river
occurred when the GWQMN values were lower than or equal to the water depth in the
shallow aquifer. The Takahashi and Nariwa tributaries were limestone-influenced areas.
According to the observed data from Hiwa station, the model was calibrated to have an
increased shallow aquifer flowing into the Takahashi and Nariwa tributaries by setting a
low GWQMN value of 200. The Oda tributary and subbasins 22 and 23, which are close
to the outlet of the Takahashi River into the Seto inland sea, showed the highest GWQMN
values (2,000 and 3,000, respectively). Wang et al. (2019) stated that the karst structures
in limestone areas have great permeability and make underground runoff more prevalent
than surface runoff. Consequently, the water cycle in limestone environments differs from

that in non-limestone areas.

Table 4 Statistical performance of the SWAT model for calibration (2002 - 2004) and

validation (2005 - 2007)

Stations Hiwa Yagata Sakazu (streamflow) Sakazu (Sediment)
Index calibration  validation calibration  validation calibration  validation calibration  validation
NSE 0.68 0.69 0.62 0.57 0.7 0.64 0.46 0.47

R? 0.74 0.73 0.68 0.68 0.73 0.68 0.55 0.48
PBIAS 14.7 9.2 14.7 8.9 -8 -14.8 14.3 -19.7

The statistical indexes for the model calibration and validation years, as shown in

Table 4, were satisfactory, according to Moriasi et al. (2015). The calibration year for
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streamflow resulted in NS values of 0.61, 0.68, and 0.7 and validation values of 0.56, 0.7,
and 0.65 for the Yagata, Hiwa, and Sakazu stations, respectively. Sediment calibration
and validation NS values at Sakazu station were 0.49 and 0.46, respectively. According
to the PBIAS values, the model underestimated the streamflow of Yagata and Hiwa and
overestimated that for Sakazu. The sediment PBIAS showed that the model
underestimated the sediment for the calibration years and overestimated that for the

validation years.
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Figure 9 Calibrated and simulated daily streamflow and sediment
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Figure 9 shows the goodness of fit between the observed and simulated
streamflow and sediment yield. The year 2004 had a unique precipitation period among
all the simulated years. Generally, the studied area receives heavy rain in summer when
typhoons occur. However, 2004 had a prolonged rainy period, which started from the end
of spring to early autumn. The model underestimated the sediment in calibration years,
which could be due to the prolonged rainy period. Some of the peaks in the figure did not
completely match. This part of the flow can be considered as the water discharged into
the river through the drainage system during the period. As the drainage system usually
responds very quickly, this leads to a higher peak value (Wang K. et al., 2021). Overall,

the results of the model are credible.

3.3.2 Water balance components

The SWAT model can estimate the water balance components of the catchment.
The overall water balance components of the Takahashi catchment in relation to
precipitation were found to be evapotranspiration (42%), return flow (18%), lateral flow
(17%), surface runoff (15%), and deep aquifer recharge (8%). The annual water balance
components showed that the high precipitation years 2004 and 2006 had a higher
contribution of surface runoff to streamflow than the remaining years (Figure 10b).
Seasonally, summer received the highest precipitation mainly due to the occurrence of
typhoons and showed relatively higher evapotranspiration and surface runoff. The lowest
evapotranspiration and surface runoff occurred in winter, owing to the season's low

precipitation and average temperature (Figure 10a).
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3.3.3 Annual and seasonal variations of sediment load
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Figure 11 Annual sediment output variations by subbasins

Figure 11 shows the sediment output variations by subbasins. Among the 27
subbasins, 10 exhibited slight changes in sediment output over the years, and 17
(particularly subbasins 20, 21, 22, and 27) showed pronounced fluctuations. Although

subbasins 16 and 18 showed a high sediment output throughout the years, subbasins 20,
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21, 22, and 27 showed the highest sediment output in wet years. The subbasins with
consistently low sediment output are located in the Takahashi tributary headwater regions,

whereas those with the highest fluctuations are located in the Nariwa tributary.
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Figure 12 Sediment output variations (a) monthly, (b) annually
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The annual average observed sediment output was 19,518.6 tons yr !, while the

I, reflecting an 8% underestimation by the model.

simulated value was 17,974.5 tons yr~
However, the observed and modeled sediment outputs were comparable regardless of this
difference. The sediment load showed a high correlation with the total precipitation and
the precipitation pattern and intensity. Sediment transport peaked from late spring to mid-
autumn (May—September) (Figure 12a). Among the wet years, 2004 is unique with a
prolonged rainy period, having the highest sediment output (38,705.5 tons) and
precipitation (1,755 mm) (Figure 12b). High precipitation was also recorded in 2006
(1,652 mm) and 2003 (1,503 mm), and the simulated sediment output was 22,665.7 and
21,781.5 tons, respectively, which are considerably lower than that recorded in 2004 and

implies that sediment production is influenced by precipitation patterns and intensities,

leading to variations even in years with comparable total precipitation.
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Figure 13 Simulated daily sediment load of 2018
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The calibrated model was used to simulate the year 2018, which experienced a
devastating flooding disaster (Figure 13). During this catastrophic event, the daily
precipitation reached 177 mm. The model successfully captured the extreme precipitation
event, simulating a peak sediment output of 12,220 tons on July 6. This peak sediment
output was higher than the annual sediment load during dry years, which is typically less

than 10,000 tons.

3.3.4 Spatial variation of sediment yield
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Figure 14 Sediment yield spatial variations by (a) subbasins, (b) HRUs

The simulated average annual sediment yield of the catchment was 0.55 tons ha™!
yr 1. The average annual spatial variation of the sediment yield per subbasin is shown in

Figure 14(a). The Takahashi tributary subbasins showed the most negligible sediment
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yield among the three main tributaries. Except for the subbasins 1 and 5, Takahashi

tributary subbasins have sediment yields <0.25 tons ha™! yr!. Meanwhile, the Nariwa and

Oda tributary subbasins have moderate to the highest sediment yield, ranging 0.75-2 tons

ha™! yr!, except for the subbasin 7 and 15 with sediment yield values of <0.25 tons ha™

yr ! In subbasins with high sediment yield, the hotspot areas mainly include HRUs

located along the river channel (Figure 14b). It turned out that the steep slopes (>60%)

along the river channel, particularly in the Nariwa tributary, were these high sediment

yield areas.
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The average annual sediment yield variation between dry and wet years was

significant with 0.24 ton ha™! yr ! in dry years and 0.9 ton ha™! yr'! in wet years. In dry

years, the studied catchment's sediment yield was <1 ton ha™! yr~! (Figure 15a), while it
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increased substantially in wet years, reaching up to 3 ton ha ! yr! in subbasins 6 and 19
(Figure 15b). The Takahashi tributary exhibited less variation compared to the Oda and
Nariwa tributaries. The sediment yield in the Nariwa and Oda tributary subbasins,
increased drastically to 1.1-3 ton ha! yr ! in wet years, from 0.25 and 1 ton ha™! yr ! in

dry years. Subbasins 6 and 19 are the most critical subbasins under high precipitation as

their sediment yield in wet years is nearly threefold of that in the dry years.

3.4  Conclusions

The study examined the detailed annual and spatial variations of sediment yield
in the steep, geologically complex, forested Takahashi River catchment. The SWAT
model is found to be a reliable tool for simulating streamflow and sediment yield, with
satisfactory calibration and validation results at multiple hydrological stations. The
distinct geological and topographical features of the Takahashi catchment significantly

influenced the catchment’s hydrology and sediment yield variations.

The results showed that sediment yield is highly sensitive to annual precipitation
patterns and intensity, with wet years producing significantly higher sediment loads
compared to dry years. The steep slope along the river channels, particularly in the Nariwa
tributary, were identified as sediment hotspots. These areas exhibited pronounced
fluctuations in sediment output, highlighting the need for targeted sediment disaster

prevention measures.

This study contributes valuable insights into sediment transport mechanisms,
which are crucial for developing comprehensive flood and high-sediment-yield

prevention plans. By understanding sediment dynamics and spatial variations, we can
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better prepare for and mitigate the impacts of extreme weather events, contributing to the

sustainability and resilience of vulnerable regions.
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Chapter 4 Analyzing the impacts of influencing factors and slope

gradient

4.1  Background and objectives

Sediment yield is a critical environmental concern in many catchments, affecting
water quality, reservoir capacity, and aquatic ecosystems. Various factors influence
sediment yield, including natural and human-induced factors. The slope is one of the
primary factors, where steeper slopes generally lead to higher sediment yields due to
increased runoff velocity and erosive power. Additionally, land use practices, soil type,
vegetation cover, and rainfall intensity significantly impact sediment yield (X. Liu et al.,
2008). For instance, in the Upper Gilo Watershed, the sediment yield varies with the slope
gradient, rainfall patterns, and the degree of vegetation cover, emphasizing the need to

consider these variables in sediment yield estimation models (Zantet oybitet et al., 2023).

Several management strategies are essential for reducing sediment yield, with best
management practices (BMPs) playing a vital role. Practices such as check dams,
vegetation planting, and fencing have shown effectiveness in controlling sediment and
nutrient yield. Several management practices, like contouring, terracing, grassed
waterways, and filter strips, have also been evaluated for their potential benefits. These
practices work by reducing runoff velocity, enhancing sediment deposition, and
improving water infiltration, thereby minimizing sediment transport to water bodies (X.

Liu et al., 2008; Walia et al., 2023).

The impact of slope steepness on sediment yield is extremely significant. Slope
gradient significantly influences the velocity and volume of runoff, thus affecting

sediment transport and deposition. Studies have shown that steeper slopes tend to have
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higher sediment yields due to increased runoff velocity and erosive power. Conversely,
gentler slopes promote better water infiltration and sediment deposition (Zhao et al.,
2022). Management practices like terracing and contouring are particularly effective on
sloped lands as they reduce the slope length and gradient, thereby decreasing runoff speed

and enhancing sediment retention (X. Liu et al., 2008; Walia et al., 2023).

Various management practices are commonly applied to catchments to evaluate
their sediment trapping capacity for different management practices. SWAT model offers
several conservation management operations like terracing, contouring, buffer and filter
strips, strip cropping, and grassed waterways. A filter strip, known as a vegetative filter
or buffer strip, is a densely vegetated strip placed to intercept runoff and filter the
pollutants from upslope areas. Filter strips minimize the amount of pollutants by slowing

down overland flow and causing particulates to be deposited (Arnold et al., 2012).

Among the management practices, contour ridges and grass strip practices are the
most effective for a gentle slope, while the effectiveness of buffer or filter strips depends

on the strip width regardless of the slope (Mtibaa et al., 2018; Nasri, 2007).

This study is conducted to identify and analyze the factors influencing sediment
yield and evaluate the slope gradient effect on sediment yield under varying land cover
and soil types. Additionally, the study aims to assess the sediment retention capacity of
filter strips of different widths and their effectiveness in reducing sediment yield in high-

sediment-yield subbasins.
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4.2 Materials and method

4.2.1 Identifying influencing factors on sediment yield

We conducted principal component analysis (PCA) on the HRU sediment yield to
understand the correlations between different components and identify the factors that
influence sediment yield. In PCA, we considered land attribute variables related to soil
erosion, including topography, soil, and land use. The components analyzed include CN
(daily average curve number), Slope (slope percent rise of HRUs), USLE K (soil
erodibility factor), Sol AWC (available water capacity of the soil layer), Sol BD (soil
moist bulk density), Sol K (saturated hydraulic conductivity of soil) and SYLD (sediment

yield).

4.2.2 Sediment filter strips scenarios

Filter strips are effective for reducing traditional nonpoint source pollutants.
However, several factors must be considered when designing filter strips, such as
vegetation characteristics, slope, soil, and strip width (Boger et al., 2018; Zhang et al.,
2023). The simulation in this study focused on the filter strip width while the other
parameters were kept constant as the SWAT model default. The efficiency of various
filter strip widths for retaining sediments in terms of subbasins and the entire catchment
is assessed. The calibrated model is used as the baseline scenario. The sediment filter
strips are set up in five subbasins with the highest-sediment-yield HRUs of slopes greater
than 15%. It is expected that these strips will decrease the sediment output of not only

those five individual subbasins but also the entire catchment to a certain extent.
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4.3 Results and discussions

4.3.1 Factors influencing high sediment yield

The PCA results (Figure 16) indicated that PC1 and PC2 could explain 44 % and
21% of the variables. PC1 showed strong positive correlations between soil properties
and CN but a weak correlation with SYLD. PC2 showed a strong positive correlation
between Slope and SYLD, indicating that as the slope increases, the sediment yield
increases. PC3 explained the correlations between Sol AWC and Slope, but this
combination showed the weakest correlation with SYLD among all PCs. PC4 showed the
second strongest positive correlation between CN and SYLD after PC2. Therefore, Slope

and CN influence sediment yield the most.

PC1(44%) PC2(21%) PC3(15%) PC4(10%)
0.90

0.75

0.45
USLE_K 0.43 -0.4 —0.4
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sol_BD | 7, 017  -0.21
- —0.15

- —0.45
—--0.60

Figure 16 Correlation coefficient of the principal component analysis
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According to the PCA results, the sediment yield of the studied catchment is
highly influenced by the slope and daily average CN—the main variables that affect
surface runoff. In SWAT, the daily average CN is adjusted based on the soil moisture
content and land use (Arnold et al., 2012). Several studies have shown that types of land
use significantly affect sediment yield (G. Liu et al., 2022; Regasa & Nones, 2023;
Sadhwani et al., 2022; Shrestha et al., 2022). However, in this study, the effect of slope
sediment yield is higher than that of land use types, making the catchment highly
vulnerable to sediment disaster under high precipitation. The factors that control sediment
yield vary among catchments, depending on the features of the catchments and their
environmental properties. For instance, in eastern US watersheds, due to the low relief of
the region, the glacier history and temperature are the most influencing variables for
sediment yield, and topography, precipitation, and land use only slightly affect sediment

yield (Ahamed, 2014).

4.3.2 Slope gradient effect on sediment yield by different land cover and soil
types

The slope gradient effects on sediment yield variations are illustrated in Figure 17,
where the average sediment yield of the slope gradients 0%—15%, 15%—-30%, 30%—45%,
and >45% are 0.15, 0.42, 0.6, and 1.25 ton ha™! yr'!, respectively (Figure 17a). Overall,
sediment yields are noticeably higher in the steeper slope classes for all land covers
(Figure 17b). Among all the land covers, bare land at a slope of >45% indicated the
highest average sediment yield at 2.2 ton ha™! yr !. Rice, agricultural, and bare land have
the highest sediment yield variations against the slope gradient increase. In contrast to

bare and agricultural lands, urban areas show the least sediment yield variations against

47



the slope gradient, which is potentially due to infrastructure that can reduce erosion such
as stormwater management systems. Deciduous forests, evergreen forests, and grasslands
have comparatively modest sediment yield. Between the major land covers—deciduous
and evergreen forests—of the studied catchment, the difference in sediment yield is
significant. Evergreen forests have a higher sediment yield than deciduous forests with
an increase in slope gradient. However, deciduous forests revealed a notably large range
of sediment yield as it becomes steeper with the sediment yield reaching as high as 7.2

tons ha ! yrl.
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48



The sediment yield variations by slope gradients at different soil types are shown

in Figure 17(c). Acrisols, cambisols, and gleysols showed a steady increase in sediment

yield with an increasing slope gradient. The sediment yield in andosols increases slowly

with increasing slope gradient. Regosols showed a drastic increase in sediment yield with

slope steepness with an average sediment yield being 0.23, 0.66, 1, and 2.1 ton ha ! yr!

with slope 0%—15%, 15%-30%, 30%—45%, and >45%, respectively.
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High sediment yield for the steep slopes of deciduous forests can be influenced,

not-withstanding the fact that 31% of this land area type is within the slope gradient of

>45%, whereas that of evergreen forests is 23% (Figure 18a). Moreover, deciduous

forests showed a broad range in sediment yield with increasing slope (Figure 18b),

indicating that for steeper slopes, although most of the deciduous forest has low sediment

yield, extreme sediment yield occurs in some parts. Therefore, the deciduous forest steep

slope gradient (>45%) in the studied catchment should be prioritized for implementing
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soil conservation measures. Besides the slope gradient, the high variation in sediment
yield of the deciduous forest could be due to external factors arising from forest
management activities. Forest management operations like fewer or no thinning
operations result in higher soil loss (Razafindrabe et al., 2010). The forest environmental
conditions related to forest management (stand height, species composition and density,
root density, litter, and understory vegetation) have a strong influence on sediment yield
(Shinohara et al., 2019; Wen et al., 2021). According to Miyata et al. (2009), forest floor
coverage can significantly reduce 95% of soil erosion compared to an uncovered forest.
The external factors discussed in this section could not be modeled because of the un-

availability of detailed data for such a large-scale catchment.

4.3.3 Sediment retention capacity of filter strips

The high-sediment-yield HRUs are mainly located along the river channel of the
subbasins 6, 16, 18, 19, and 20 (Figure 14b). Among them, subbasin 16 and 18 are the
input subbasins to the Shin-nariwa reservoir. The sediment retention capacity of filter
strips with different width for subbasins with high-sediment-yield HRUs is depicted in
Figure 19. The results showed that the sediment retention capacity increases as the filter
strip becomes wider. The filter strips in subbasins 16 and 18 can reduce the sediment
input to the Shin-nariwa reservoir up to 34%. While being adjacent subbasins, 19 and 20
exhibited the same trend for sediment retention; however, subbasin 6 is unique as a 1-m-
wide filter strip in that subbasin revealed no substantial reduction in the sediment yield.
Nonetheless, the sediment retention capacity in subbasin 6 increased considerably with
increasing strip width, starting from 18.5% retention for 2-m-wide strip and eventually

realizing 60% retention for 10-m-wide strip. The filter strips in subbasins 19 and 20 are
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effective for trapping sediments, exhibiting 34% retention for 1-m-wide strip and
reaching 69% for 10-m-wide strip. The results showed that making filter strips, in
particular, in the subbasins with the five highest sediment yields can decrease the
sediment outputs of the individual subbasins and overall catchment. The filter strips from
those specific subbasins can reduce the entire catchment’s sediment output from 8.5% to
17.3%. Additionally, a 5-m-wide strip demonstrated the highest efficiency, exhibiting
14% sediment retention in overall catchment sediment output. This is because the
sediment retention capacity increase was significant (1% to 2%) when using up to 5-m-

wide filter strip and was only marginal (<1%) when using a strip of width >5 m.
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Figure 19 Sediment retention capacity of the filter strips by varying width

The sediment retention capacity exhibited by strips with various widths agreed

with the results reported in previous studies by Sirabahenda et al. (2020) and Zhang et al.
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(2023). Their results showed that the trapping efficiency flattened after a certain threshold,
and once the filter strip width was larger than the threshold limit, the retention capacity
increased only marginally with increasing width. The most effective filter strip threshold
width in the studied catchment was relatively smaller than that used in the study by
Sirabahenda et al, (2020) in the Mill watershed, where a 50-m-wide strip exhibited the
most significant retention. Zantet oybitet et al, (2023) found that in the Upper Gilo
Watershed, Ethiopia, placing filter strips in the entire catchment could reduce sediments
by 34.9% with a 10-m-wide strip and 52% with a 30-m-wide strip. Filter strips with
widths of 5, 10, 15, and 20 m could decrease the watershed level sediment to 22%, 25%,
28%, and 30%, respectively, when they were introduced in cropland along the main
channel in the Joumine watershed (Mtibaa et al., 2018). Therefore, compared with
previous studies, the filter strip practice was more effective in the Takahashi catchment,

wherein selective subbasins could hold the sediment by 17.3% with a 10-m-wide strip.

4.4 Conclusions

The study's findings highlighted the important factors influencing sediment yield
in Takahashi catchment and the impact of slope gradient by land cover and soil types.
Principal Component Analysis (PCA) revealed that slope and daily average curve number
(CN) are the primary variables affecting sediment yield. The analysis demonstrated that
steeper slopes, especially those above 45%, contribute significantly to higher sediment
yields across various land covers, with bare land and agricultural areas showing the most

substantial variations.

Specifically, the study found that the average sediment yield increases from 0.15

ton ha™! yr! for slopes between 0%—-15% to 1.25 ton ha™! yr ! for slopes greater than
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45%. Among different land covers, bare land exhibited the highest sediment yield at
steeper slopes, reaching up to 2.2 ton ha™! yr !, In contrast, urban areas showed the least
variation in sediment yield with slope gradient due to effective infrastructure for erosion

control.

The effectiveness of sediment filter strips was also evaluated, indicating that wider
strips significantly enhance sediment retention, particularly in high-sediment-yield
subbasins. A 10-meter-wide filter strip can reduce sediment yield by up to 69% in certain
subbasins. Implementing 5-meter-wide strips was found to be the most efficient, reducing
sediment output by 14% across the catchment. The sediment retention capacity increases

were significant up to 5 meters in width, beyond which the increase was marginal.

These results provide valuable insights for developing effective sediment
management practices and highlight the need for strategies considering the specific
characteristics of catchments and their environmental properties. The study underscores
the importance of integrating land use planning and slope management in sediment
control measures to mitigate the adverse impacts of sediment yield on water bodies and

related ecosystems.
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Chapter 5 High-temporal resolution modelling of extreme

hydrological events

5.1  Background and objectives

The calibration of a hydrological model can be mainly categorized into two, based
on the calibration scheme: time-continuous and event-based calibration. There are several
event-based hydrological and sediment yield models. However, those models have the
drawbacks that they are data intensive and typically used in small-scale farmland or
catchment sediments (Pandey et al., 2016). Among many hydrological models, although
the Soil and Water Assessment Tool (SWAT) model is not designed specifically for flood
and extreme events, it can capture the events and is used for simulating hydro-climatic

extreme conditions in the previous studies (Tan et al., 2020).

Table 5 Hourly suspended sediment simulation studies by SWAT

References Studied  Climatic area (km?) Process Calibration
country  zone calibrated scheme

Kaffas et al. Greece  Subtropical 840 streamflow, Split-site

(2018) sediment

Meaurio etal.  Basque  Temperate 4.6 streamflow, Event-

(2021) country sediment based

Lee et al. South Temperate 52 streamflow, Split-site

(2024) Korea sediment
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Numerous studies use the hourly precipitation data input to simulate the daily
streamflow and suspended sediment transport. Brighenti et al. (2019) reviewed the 28
hourly SWAT studies and found that majority of the studies used hourly SWAT
simulation to simulate the hourly streamflow, however, few studies applied hourly SWAT
to suspended sediment simulation as shown in Table 5 (Kaffas et al., 2018; Lee et al.,
2024; Meaurio et al., 2021). Additionally, the previous hourly suspended sediment studies
were in catchment areas < 1000 km?, which means the catchment area exhibits less spatial

heterogeneity, especially in terms of the precipitation across the catchment.

When planning for the flood mitigation measures and flood risk analysis, it is
critical to consider the flood exceedance probability of the studied catchment (Apel et al.,
2006; Todini & Reggiani, 2024). The probability of the occurrence of the events based
on the historical record data is important when making management and preparedness

plans for extreme events (Van Kempen et al., 2021).

The objectives of this study are to assess the accuracy of hourly SWAT modeling
in simulating high-flow events for streamflow and sediment with consideration of the
exceedance probability in the events selection processes and identify the influence of pre-

event antecedent conditions on the model performance.

5.2 Materials and method

Based on the observed data from 2002 — 2007, we selected the events with a daily
average flow greater than 500 m>/s. Therefore, a total of ten extreme events with a flow
greater than 500 m>/s are observed, as listed in Table 6. The annual exceedance of the
probability of the events ranged from 15% to 90%, which indicates that the study covers

the high-flow events very well. When separating calibration and validation, the events are

57



well considered based on the exceedance probability so that it will not lead to a bias

towards either low or high flow.

Table 6 Selected events for calibration and validation

Event Event Occurrence highest flow suspended Annual
number (m?/s) sediment exceedance
(mg/l) probability (%)

I July 12 to 15, 2003 2235.81 102.7 50

; I May 15 to 18, 2004 1715.34 116.1 55

§ I Sep 7t0 9, 2004 834.7 127.7 75

5; v Oct 19 to 23, 2004 3268 188.6 30
\Y June 22 to 27, 2006 1107.54 159.8 70
VI Aug 30to Sep 1,2004 817.41 192.2 75

_ VII Sep 28 to Oct 1,2004  2025.95 181 50

§ VIII Sep 4 to 8, 2005 1437.74 129.9 55

§ IX July 16 to 23, 2006 3973.25 125.7 15
X July 11 to 18, 2007 1253.12 98.9 60

The selected events can be categorized into three groups depending on the pre-
antecedent condition and the precipitation during the events: Group A (moist antecedent
condition and low total precipitation events), group B (dry antecedent condition and high
total precipitation events), and group C (extreme precipitation pattern with moderate total
precipitation events). The events I, II, VII are in group A, the events IV, VIII, IX are in

group B, and events II, V, VI are in group C, respectively. Event X is considered an outlier
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event where the model performance did not correspond to any other events, which can be

either due to some unknown human impacts during the events or observed data quality.

53 Results and discussions

5.3.1 Assessment of sub-daily model performance

The calibrated parameters and the calibration ranges are shown in Table 7 and the
hourly calibration and validation results of the extreme events are shown in Figure 20.
Overall, it is found that the model can simulate the hourly streamflow and suspended
sediment satisfactorily. The statistical indexes of the calibrated and validated events are
expressed in Table 8. As stated in Tan et al. (2020), there is no standard evaluation criteria
for the extreme-based calibration and validation. Therefore, the standard from Moriasi et
al. (2015) was used. However, we need to note that the standard criteria in Moriasi et al.
(2015) are set for streamflow at daily, monthly, and annual scale and the sediment at

monthly scale.

Within the calibration events, events I and III are satisfactorily simulated from the
model with the streamflow NSE values of 0.59 and 0.51, and the sediment NSE values of
0.58 and 0.51, respectively (Table 8). Contrarily, events Il and V showed unsatisfactory
for both streamflow and sediment with the streamflow NSE 0.2 and 0.49, and the
sediment NSE 0.42 and 0.21, respectively. Event IV simulated the streamflow
satisfactorily with the NSE value 0.69, however, unsatisfactorily for sediment simulation

with 0.07.
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Table 7 Calibrated parameters for hourly high-flow events' streamflow and sediment

Modification Parameter Description Minimum Maximum Fitted Remark
type Name
Flow r CN2 SCS runoff curve -0.1 0.1 -0.018 FRSD
number -0.009 FRSE
0 0.25 0.13 URBN
0.14 BARR
0.15 AGRL
0.07 RICE
0.13 GRAS
v RCHRG DP  Deep aquifer 0.2 0.35 0.33
percolation fraction
v ESCO Soil evaporation 0.2 0.8 0.31
compensation
factor
r SOL K Saturated hydraulic  -0.15 0.15 0.017
conductivity
r SOL AWC Available water -0.2 0.2 0.05
capacity of the soil
layer
r SOL BD Moist bulk density ~ -0.1 0.1 0.01
v GWQMN Threshold depth of 100 1500 418
water in the
shallow aquifer
required for the
return flow to
occur (mm)
v CH_N2 Manning’s “n” 0.04 0.1 0.059
value for the main
channel
r HRU_ SLP Average slope -0.25 0 -0.1
steepness
A ALPHA BF  Baseflow alpha 0.5 1 0.71
factor (days)
% MSK_COl Calibration 0.03 0.15 0.13
coefficient for
normal flow
% MSK_CO2 Calibration 0.04 0.15 0.12

coefficient for low

flow
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Modification Parameter Description Minimum Maximum Fitted Remark

type Name

v MSK X Weighing factor 0.05 0.3 0.3
for inflow and
outflow

v CNCOEF Plant ET curve 1 2 1.98
number coefficient

v GW_REVAP  Groundwater 0.02 0.08 0.027
“revap” coefficient

Sediment v CH_COV1 Channel erodibility ~ 0.01 0.4 0.24

factor

v CH_COV2 Channel cover 0.01 0.2 0.069
factor

v C_FACTOR  Cover and 0.002 0.012 0.006
management factor
for overland flow
erosion

v ADJ PKR Peak rate 0.5 1.5 1.11
adjustment factor
for sediment
routing

v EROS_SPL Splash erosion 0.9 2 1.17
coefficient

v RILL MULT  Rill erosion 0.5 0.75 0.71
coefficient

v CH_D50 Median particle 10 60 11.25
diameter of main
channel (mm)

v OV_N Manning’s n 0.5 2 1.8

overland flow

Note: r indicates that the parameter value is changed relatively, and v indicates that the

default parameter is replaced
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Figure 20 Observed and simulated hourly calibration and validation events
Table 8 Statistical performance of the hourly model
Event Streamflow Sediment
NSE PBIAS NSE PBIAS
I 0.59 26.7 0.58 6.45
II 0.2 49.23 0.42 -10.34
=
S
I I 0.51 -13.88 0.51 -2.76
=
S vV 0.69 30.58 0.07 34.81
\% 0.49 16.53 0.21 -54.94
VI -0.09 8.49 0.54 -27.55
viI  0.59 34.14 0.57 4.54
=
)
:§ VI 0.83 14.34 0.41 24.54
=
> X 071 27.99 -0.05 -29.1
X 0.15 42.88 -0.69 -33.9
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Within the validation events, events VII and VIII are satisfactory for both
streamflow and sediment, where it performed the NSE streamflow 0.59 and 0.83, and the
sediment 0.63 and 0.83, respectively. Event X is the only event with both unsatisfactory
streamflow and sediment simulation. Event VI is unsatisfactory for streamflow with -0.09,
however, satisfactory for sediment with 0.54. Reversely, the model simulation for event

IX is satisfactory for streamflow with NSE 0.71 whereas unsatisfactory for sediment with

-0.05.
5.3.2 Simulation of historical extreme events
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Figure 21 Simulated streamflow and suspended sediment during the high-flow events

occurred in (a) 2011, (b) 2018

The studied area experienced two significant high-flow events according to the

observed streamflow data: one in 2011 with the observed streamflow of 5,112 m3/s and
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the other event in 2018 with the highest observable streamflow of 4,852 m?/s. For 2018,
the streamflow mentioned here is only the highest observable streamflow as there was
high flow and flooding during the event, and the gauging station was out of functioning.
The NSE and PBIAS values for 2011 events were 0.85 and 23, whereas NSE and PBIAS
values for 2018 were 0.82 and 8.7, respectively, for the streamflow. The model simulated
the maximum suspended sediment concentration of 2011 as 150 mg/L and 2018 as 124

mg/L (Figure 21).

5.3.3 Relationship of pre-event antecedent conditions and the model

performance

The hourly model simulation is satisfactory for group A in both streamflow and
sediment (Figure 22). In group B, it showed that streamflow simulation is satisfactory but
unsatisfactory for the sediment. The events for group C act reversely between streamflow
and sediment. Although the values are unsatisfactory, if the performance in streamflow
is acceptable, the performance in the sediment is unacceptable, like event V, and vice
versa in events Il and VI. Therefore, in streamflow simulation, the hourly model in SWAT
provides satisfactory performance on the events with moist antecedent conditions and low
total precipitation events and the events with dry antecedent conditions and high total
precipitation events. However, the model performance for sediment simulation is

satisfactory for the moist antecedent conditions and low total precipitation events.
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Figure 22 Pre-antecedent conditions of the events, the total precipitation, the precipitation

intensity during the events and the transported sediment during the events (IP avg:

Average precipitation intensity during the event, IP max: Maximum precipitation

intensity during the event)

According to Figure 22, the sediment transported during the events is influenced

by both the total precipitation and the precipitation intensity. Generally, the sediment

followed the trend of the total precipitation. However, there are some exceptional events.

Event VI has lower total precipitation than event VIII but has higher sediment transport

than event VIII. The results showed the influence of the precipitation intensity during the

event as the maximum precipitation intensity of event VI is much higher than event VIII.
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The total precipitation and precipitation effects can be clearly visible in the 2018 event,
with the highest sediment transported among all the other events. Although the suspended
sediment concentration simulated in 2018 is lower than in 2011, the total sediment
transported is high due to the longer event period, and there were two peaks, as shown in
Figure 21. The results are consistent with the findings of Wang et al. (2018), where higher
runoff and sediment yield occurred in high-intensity rainfall compared to low and

moderate rainfall intensities

5.3.4 The influence of the precipitation spatial variations on the events

transported sediment
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Figure 23 Total precipitation observed in each meteorological station and the sediment

yield
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As the studied catchment has high spatial heterogeneity in precipitation, the total
precipitation during each event by stations and the sediment yield during the events are
illustrated in Figure 23, to assess the influence of precipitation spatial variations on the
sediment yield. It was found that Tojo and Saya stations have strong influence on the
sediment transport in the Takahashi catchment. The sediment yield was high when the
total precipitation in Tojo or Saya station was relatively high as in events I, 11, IV, VI, and
IX, whereas the sediment yield is low when the total precipitation of Tojo or Saya station
is low as in the events III, and V. This can be related to the fact that Tojo and Saya stations
are in the high sediment yield subbasins of Takahashi catchment based on the sediment

yield spatial variations results from Figure 14(a).

54  Conclusions

This study evaluated the performance of the SWAT model for simulating extreme
hydrological events at a high temporal resolution within the Takahashi catchment. The
model performance varied significantly depending on the pre-antecedent moisture

conditions and precipitation patterns of the event.

The sub-daily model showed satisfactory performance for events with moist
antecedent conditions and low total precipitation (Group A) and events with dry
antecedent conditions and high total precipitation (Group B). However, for events with
extreme precipitation patterns and moderate total precipitation (Group C), the model
performance was less consistent, often showing a trade-off between satisfactory

simulation of streamflow and sediment.

The calibrated sub-daily model was applied to simulate historical extreme events

in 2011 and 2018. It showed that the 2018 events transported the highest sediment load
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amongst all the events simulated in this study. Analysis revealed that sediment transport
was not substantially proportional to total precipitation. Although the sediment
transported during the events generally followed the trend of total precipitation, it is found
that the precipitation intensity highly influences the sediment transport in some events.
Due to high spatial variations in precipitation across the catchment, stations like Tojo and
Saya significantly influenced sediment yield, indicating that localized heavy precipitation
in high sediment yield subbasins could drive sediment transport more than overall

precipitation amounts.

In conclusion, while the SWAT model demonstrates potential for simulating
extreme hydrological events at a high temporal resolution, its performance depends on
the specific characteristics of each event. Moreover, the importance of the spatial
variations of precipitation is highly noticeable in modeling extreme events in large

catchments.
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Chapter 6 Discussion and conclusion

6.1 Effects of rock types on the hydrological and sediment yield in the studied
catchment

As geological information was not considered during model setup, the SWAT
model may be inaccurate when simulating groundwater systems. This is significant in
modeling limestone-dominated catchments with complicated surface and groundwater
interactions as limestone circulates water similarly to surface streams in normal
conditions and functions similarly to confined flow conditions under flood conditions
(Baffaut & Benson, 2009; Sear et al., 1999). There have been several methods used in the
SWAT modeling of groundwater-dominated catchments. Some studies combined field
investigations with SWAT to simulate limestone-dominated watersheds. For instance,
Jakada and Chen (2020) used the tracer test and Senent-Aparicio et al. (2020) used the
chloride mass balance method together with SWAT for limestone watersheds. Other
studies modified the linear reservoir module in groundwater flow in the SWAT into
multiple reservoir modules for modeling the interbasin groundwater flows in karstic areas.
For example, Nerantzaki et al. (2015), Nguyen et al. (2020), and Nikolaidis et al. (2013)
applied a modified two-reservoir module and Wang et al. (2019) used a modified three-
reservoir module, considering a nonlinear relationship between groundwater recharge and

discharge.

The SWAT model satisfactorily simulated the Takahashi catchment with 5.3% of
limestone area. The calibration strategy practiced in this study was similar to one of the
calibration schemes used in Sanchez-Goémez et al. (2022), where the GWQMN parameter

was calibrated specially for the high-groundwater-contribution regions formed by
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carbonated rocks. In the studied catchment, field observations revealed that the Takahashi
tributary is a catchment with karst groundwater flow. Groundwater flow from the
limestone directly contributes to the Takahashi tributary (Figure 7). Similar to the
Takahashi tributary, the Nariwa tributary has a low GWQMN value, and thus, high
groundwater flow. However, the high groundwater flow in the Nariwa tributary is

attributed to the effects of limestone or the very steep slope.

The geologically complex Takahashi catchment's sediment yield is higher than
the Hii River and Ishikari River in Japan, which are reported to be 0.27 tons ha ! yr ! and
0.11 tons ha ! yr'!, respectively (Duan et al., 2015; Somura et al., 2012). Lithology and
geomorphology significantly impact sediment output (de Vente et al., 2011; Li et al.,
2019; Shi et al., 2014; Wang et al., 2015; Zhang et al., 2022). The effects of rock types
on the sediment yield in the Takahashi catchment were reported. Therein, sandstone-
dominated subbasins tended to have high sediment yields, such as subbasins 6, 14, 20,
and 21. The sandstone found in high-sediment-yield subbasins was tertiary sandstone,
which was not resistant to erosion. According to the landslide warning areas issued by
MLIT, slope failures and landslides were dominant in these subbasins. Meanwhile, the
granite and limestone-dominant subbasins of the Takahashi catchment showed low
sediment yields. These findings agree with previous studies. For instance, Gomi et al.
(2005) showed that sandstone-dominated catchments have higher sediment yields than
other geologies. Meanwhile, rhyolitic rocks are extremely resistant to erosion, whereas
granites have the lowest sediment yield potentials (Clapp et al., 2002; Karki & Shibano,
2007; Ono et al., 2011). Li et al. (2019) reported that the carbonate rocks in karstic regions

have less runoff and consequently have low sediment yields. The chalk stream catchment

73



shows lower sediment yields than the others even though the major land use was by

agriculture (Heywood & Walling, 2003).

6.2 Sediment yield influencing factor variations in catchments under climate change

Catchment sediment yield is influenced by a variety of factors, and these can be
significantly altered under the impacts of climate change. One of the main factors under
climate change is the precipitation patterns. Changes in the intensity, frequency, and
duration of rainfall events can lead to increased erosion and sediment transport
(Gonzalez-Hidalgo et al., 2012). More intense rainfall can result in greater runoff, which
in turn can increase the soil detachment and transportation from the upland area to the

river system (Sun et al., 2021).

Temperature changes also play an important role in sediment yield variations. The
increase in temperature can accelerate the soil erosion rate by affecting soil moisture
content, vegetation cover, and soil structure (Poesen et al., 2003). Higher temperatures
can increase the evapotranspiration rates, reduce the soil moisture and making soils more
susceptible to erosion (Lal, 2001). Additionally, temperature changes can impact the type
and distribution of vegetation, which is the protection to the ground cover (Garcia-Ruiz

et al., 2015).

The changes in the precipitation and temperature can also alter the river flow
regimes, which can contribute to variations in sediment yield (Milly et al., 2005). Changes
in flow regimes can affect the sediment transport capacity of rivers, with potential
increases in flood frequencies leading to higher sediment yields during storm events
(Walling & Fang, 2003). Additionally, temperature increase can change the snowmelt

patterns, resulting in alteration of the timing and magnitude of river flows, thereby
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affecting sediment transport processes (Barnett et al., 2005). In addition to the natural
climate change phenomenon, human interventions aimed at adapting to climate change,
such as the construction of dams and reservoirs, can also significantly modify sediment
yield in catchments, by altering the sediment trapping and releasing timing and magnitude

(Syvitski et al., 2005; Vorosmarty et al., 2003).

6.3 Direction for future studies

According to Figure 9, we can see that some of the high-flow events are
underestimated by the mode, especially in the sediment yield. Seasonal calibration can
reduce the uncertainties in the hydrological model in simulating the streamflow (Cibin et
al., 2010; Fu et al., 2015). In this study, seasonal calibration may improve the streamflow
simulations. However, if we look at the simulated hydrograph, we can see that most high-
flow events with the observed high sediment load are not always associated with high
streamflow (especially the events in 2003 and 2004). In those events, although the
streamflow was not high, the sediment concentration was high, which led to the high
sediment load. This can be caused by other processes that the current model cannot
consider in the simulation, such as debris flows and landslides. Chiang et al. (2021) and
Lu & Chiang, (2019) studies stated that SWAT-TWN, a modified version of SWAT
integrated with landslide simulation for sediment, provides better simulation than the
standard SWAT in Taiwan. The landslide mechanisms differ significantly from place to
place due to various factors such as geological formations, climate, topography, land use,
and human activities (Crosta & Frattini, 2008; Cruden & Varnes, 1996; Dai et al., 2002;
Glade et al., 2005). Therefore, in the future, integrating the compatible debris flow and
landslides algorithm into the SWAT model may improve the model simulation,

particularly for steep and heavy precipitation catchments like the studied catchment.
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The studied catchment exhibits significant spatial variation in precipitation.
According to Chordia et al. (2022), the impact of precipitation on streamflow simulation
is more pronounced in areas with steep slopes compared to the influences of topography
and land cover. Additionally, the steep slopes significantly influence the sediment yield
in the catchment. Therefore, utilizing finer spatial resolution precipitation input data,

along with high-resolution topography, may help reduce model uncertainties.
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