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Abstract: In recent years, extreme weather phenomena have occurred worldwide, resulting in many
catastrophic disasters. Under the impact of climate change, the frequency of extreme rainfall events
in Taiwan will increase, according to a report on climate change in Taiwan. This study analyzed
riverbed migrations, such as degradation and aggradation, caused by extreme rainfall events under
climate change for the Choshui River, Taiwan. We used the CCHE1D model to simulate changes in
flow discharge and riverbed caused by typhoon events for the base period (1979–2003) and the end of
the 21st century (2075–2099) according to the climate change scenario of representative concentration
pathways 8.5 (RCP8.5) and dynamical downscaling of rainfall data in Taiwan. According to the
results on flow discharge, at the end of the 21st century, the average peak flow during extreme
rainfall events will increase by 20% relative to the base period, but the time required to reach the
peak will be 8 h shorter than that in the base period. In terms of the results of degradation and
aggradation of the riverbed, at the end of the 21st century, the amount of aggradation will increase
by 33% over that of the base period. In the future, upstream sediment will be blocked by the Chichi
weir, increasing the severity of scouring downstream. In addition, due to the increased peak flow
discharge in the future, the scouring of the pier may be more serious than it is currently. More detailed
2D or 3D hydrological models are necessary in future works, which could adequately address the
erosive phenomena created by bridge piers. Our results indicate that not only will flood disasters
occur within a shorter time duration, but the catchment will also face more severe degradation and
aggradation in the future.

Keywords: aggradation; CCHE1D; climate change; degradation; dynamical downscaling;
flow discharge; migration; riverbed; sediment

1. Introduction

Global climate change has led to changes in the spatial and temporal distribution of precipitation,
evaporation, and runoff, which in turn contribute to environmental issues such as frequent droughts,
increased flooding, waterlogging disasters, and aggravated soil erosion [1]. At the present time, one of
the main problems in soil erosion research around the world is to assess the impact of climate change
on sediment cycling [2]. It is expected that the increase in global precipitation will affect the extent,
frequency, and magnitude of soil erosion and sediment redistribution [3,4]. This could lead to more
severe hydrological cycles [5] and increased rainfall erosivity [6]. Nevertheless, contrasting impacts
have recently been found in different parts of the world. Zhao et al. [7] observed that owing to
anthropogenic causes, the sediment export from the Loess Plateau of China has increased significantly,
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but with the recent climate change, stream flow and sediment load have decreased enormously. Foster
et al. [8] analyzed changes in sediment transport for the Karoo uplands, South Africa, and found that
the sediment yield has generally increased over the past decades, which is related to factors such as
the increase in the frequency of high magnitude rainfall events.

Numerical models have been employed in engineering studies to predict the flow discharge
and riverbed migrations along rivers. Several 1-D models have been proposed, and each model
has its advantages and limitations [9]. The use of these models requires the proper simulation of
hydraulic conditions [10]. The development of 1-D models is mainly focused on numerical aspects of
the advection–dispersion equation [11–13] and exchange with dead zones [14–16]. Some 1-D models,
such as the SIMCAT [17], QUAL2KW [18], and Multiphysics software COMSOL [19], are limited
to steady flow conditions, while other models, such as the OTIS [20], CCHE1D [21], MIKE 11 [22],
SD model [23], HEC-RAS [24], and ADISTS [25], can simulate unsteady flows and solute transport.
In general, the validation testing focuses on theoretical situations or simplified river geometries in
limited spatial and temporal scales [26].

Climate change is an important issue that has attracted growing attention in recent years.
The report of the International Panel on Climate Change (IPCC) noted that rises in temperature
and sea level are ongoing and that appropriate adaptations to reduce disaster risk are necessary [1].
In the current changing environment, both the probability of the occurrence of a strong typhoon
and the rainfall intensity during a typhoon event will increase [27–29]. Many studies have
explored the potential effects of different climate change scenarios on runoff and sediment yield
in catchments [30–34]. In addition, there are also several studies focused on the impact of a
changing climate on fluvial hydro-morphodynamics, as well as on the uncertainties related to future
scenarios [35–41]. According to the Taiwan climate change report, the frequency of extreme rainfall
events has also increased in the past 20 years in Taiwan [42]. Under the impact of climate change,
extreme rainfall events will become more frequent, and riverbed migrations, such as degradation and
aggradation, will become more serious, possibly affecting existing constructions and land use, and
even human life and property. Therefore, the objectives of this study were to calibrate and validate a
general one-dimensional channel network model for the Choshui River in western Taiwan and to assess
changes in flow discharge and riverbed caused by typhoon events for the base period (1979–2003)
and the end of the 21st century (2075–2099) according to the climate change scenario and dynamical
downscaling of rainfall data in Taiwan.

2. Study Area

The Choshui River, located in western Taiwan, originates from the saddle between the main peak
and east peak of Mount Hehuan. It flows through Nantou County, Chiayi County, Yunlin County,
and Changhua County before reaching the Taiwan Strait. Having a mainstream about 187 km long,
it is the longest river in Taiwan, and it has an average slope of 0.53%. The main tributaries of Choshui
River are the Danda River, Jyunda River, Chenyoulan River, Tonpuze River, and Chingshui River.
The Choshui River catchment covers an area of about 3157 km2, which is the second largest catchment
area in Taiwan. The topography slopes downward from east to west and the area of elevation >1000 m
accounts for 64% of the catchment area. The slope decreases from east to west, and the area of slope
>29% accounts for 62.5%, with an average slope of 54.5% (Figure 1).

The Choshui River catchment is characterized by friable Miocene and Pliocene sedimentary,
metasedimentary, and low-grade metamorphic rocks and Quaternary alluvium deposits [43]. The soil
cover in this area is mainly composed of colluvial soil, alluvial soil, and lithosol, with some yellow soil
and laterite [44]. The Choshui River catchment can be divided into upstream and downstream areas
at the Chunyun Bridge. The upstream area is well-covered with vegetation; the total area of natural
forest and artificial forest is about 470 km2, accounting for 92% of all land use. In the downstream area,
agriculture occupies 1530 km2, accounting for 85.5% of the land use, and the construction area is about
56 km2, accounting for 3.14%.
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The annual average rainfall in the Choshui River catchment is 2200 mm, but the spatial distribution
of rainfall varies greatly. The annual rainfall in the upstream area can average 2500 mm, in contrast
to 1100 mm in the downstream area and only 830 mm in the coastal area. The flow discharge of
the Choshui River varies enormously between wet and dry seasons. About 80% of the total flow
discharge is discharged during the wet season (May–October) [45]. According to [46], from the
convergence of the Choshui River and the Chingshui River to the estuary, the flow discharges of the
five-, 10-, 50-, and 100-year recurrence intervals are 0.65 × 104, 1.11 × 104, 1.44 × 104, 2.27 × 104,
and 2.66 × 104 m3/s, respectively.
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Figure 1. Choshui River catchment of Taiwan.

3. Data and Methods

3.1. CCHE1D Model

The National Center for Computational Hydroscience and Engineering of the University of
Mississippi has developed a general one-dimensional channel network model that can simulate steady
and unsteady flows and sedimentation processes in dendritic channel networks, including fractional
sediment transport, riverbed aggradation and degradation, riverbed materials, bank erosion, and the
resulting channel morphologic changes [21], which is called the CCHE1D model. The CCHE1D model
solves the Saint–Venant equation and applies the implicit Preissmann four-point finite-difference
and discrete-governing equation. A linear iterative method was developed in the model for the
discrete-governing equation, which is solved by the double-sweep method. The one-dimensional
hydraulic governing equations are as follows [47,48]:

Continuity equation:
∂A
∂t

+
∂Q
∂x

= q (1)
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Momentum equation:

∂

∂t

(
Q
A

)
+

∂

∂x

(
βQ2

2A2

)
+ g

∂h
∂x

+ g
(

S f − S0

)
= 0 (2)

where x and t are the spatial (m) and temporal (s) axes, A is the flow area (m2), Q is the flow discharge
(m3/s), q is the side discharge per unit channel length (m2/s), h is the water surface elevation (m), Sf and
S0 are the friction slope and riverbed slope (m/m), β is the correction factor due to the non-uniformity
of velocity distribution in the cross section, and g is the gravitational acceleration (m/s2).

In addition, when the inertial force is small, the diffusion wave model can be used for the hydraulic
routing. In general, when the Froude number is less than 0.5, the first two items on the left side of
Equation (2) can be ignored. Then the momentum equation can be rewritten into the diffusion wave
model, and the equation is as follows:

∂h
∂x

+ S f − S0 = 0 (3)

Equation (3) can still be used when the Froude number is larger than 0.5 if the simulation case is
close to a uniform flow, because the first two items on the left side of Equation (2) will be sufficiently
small to be ignored.

In terms of the sediment transport model, the CCHE1D model uses the non-equilibrium sediment
transport concept to calculate the non-uniform sediment transport in the river. The equation for the
non-equilibrium and non-uniform sediment transport control of total load is expressed as follows:

∂(ACtk)

∂t
+

∂Qtk
∂x

+
1
L
(Qtk − Qt∗k) = qlk (4)

where Ctk is the section-averaged sediment concentration of size class k (kg/m3), Qtk is the actual
sediment transport rate (kg/s), Qt*k is the sediment transport capacity or the so-called equilibrium
transport rate (kg/s), L is the non-equilibrium adaptation length of sediment transport (m), and qlk
is the side inflow or outflow sediment discharge from bank boundaries or tributary streams per unit
channel length (kg/m/s).

The CCHE1D model offers the following four sediment discharge formulas for calculation:
(1) SEDTRA module [49]; (2) Wu et al. formula [50]; (3) Modified Ackers and White’s 1973 formula [51];
and (4) Modified Engelund and Hansen’s 1967 formula [47]. In this study, we used the Wu et al.
formula for our analyses because it is the most suitable formula for Taiwan, according to previous
studies [52,53].

3.2. Parameter Setting for the Model

This study used the measured profile data of the Choshui River (2004, 2008, and 2012), provided
by the 4th River Management Office of Taiwan, to build the model and set parameters. We used
the measured profile data of 2004 as the initial topography for flood event simulations after 2004.
Then the measured profile data of 2008 were used for calibrating the model, and those of 2012 were
used for validation. We simulated the mainstream of the Choshui River for about 76 km from the
Shuanglong Bridge (5 km upstream of the Yufeng Bridge) to the estuary. The tributary of the Choshui
River, the Chingshui River, for about 13 km from the Longmen Bridge to the convergence with the
mainstream was also simulated, and the results were used as the input data for the Choshui River.

This study used flow discharge during the wet seasons from 2004 to 2007 as the model calibration
and continued to use flow discharge during the wet seasons from 2008 to 2011 as the validation.
We used the change of time series in flow discharge during the period of the wet season for simulations.
Flow discharge observed at the Yufeng Bridge station was used as the upstream boundary condition
of the Choshui River, while flow discharge observed at the Tongtou station (2.5 km upstream of the
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Longmen Bridge) was used as the upstream boundary condition of the Chingshui River. However,
the Tongtou station was abandoned on 31 August 2009, so for points later than that, we used the flow
discharge observed at the Longmen Bridge station (Figure 1). For the downstream, the open boundary
method was applied for simulations.

Data of the grain size distribution of the riverbed of the Choshui River were measured in 2007,
while those of the Chingshui River were measured in 2008 [46,54]. Manning’s roughness coefficients
for a riverbed of 0.029–0.044 were used, as recommended in government reports [46,54]. We applied
the rating curves of flow discharge and sediment discharge to calculate the input of sediment, and also
considered wash load in the calculations (Figure 2). Correlation coefficients (r2) of rating curves for the
Choshui River and the Chingshui River are 0.58 and 0.47 respectively. Although the r2 is not very high,
this study is mainly focused on riverbed migrations caused by heavy rainfall, which show a better
correlation between flow discharge and sediment concentration when flow discharge is high (Figure 2).
For the other general parameters for sediment transport simulation, this study set the suspended load
adaptation coefficient (α) as 1.0, bed load adaptation length (L) as 1000 m, and mixing layer as 2.0 m.
According to [46], nine groups of representative particle sizes were selected, ranging from 0.001 to
1000 m, and a porosity of 0.4 was used. Yeh et al. [50] have made a sensitivity analysis on parameters
of CCHE1D model in the Choshui River and found that the sensitivity of most parameters is not
high. Only the thickness of mixing layer is sensitive to the degradation and aggradation of riverbed.
This study followed the model parameters suggested by them for the parameter setting to get the most
accurate results.
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Figure 2. Rating curves of flow discharge and sediment concentration for (a) the Yufeng Bridge
station (1994/2–2013/5), and (b) the Tongtou station (1994/6–2009/8) and the Longmen Bridge station
(2009/10–2013/5).

3.3. Assessing Degradation and Aggradation Conditions of Rivers under Climate Change

The resolution of the general circulation model (GCM) used for climate estimation and simulation
is usually 100–200 km. Consequently, it is difficult to identify the structure of a typhoon with a radius of
less than several hundred kilometers. Owing to the low spatial resolution of the model, it is impossible
to reasonably simulate the extreme weather system with a physical model, and it is impossible to carry
out extreme weather estimation under climate change [55,56]. Therefore, this study used a climate
projection simulated from the high-resolution (approximately 20 km horizontal resolution) atmospheric
general circulation model (AGCM) developed by the Meteorological Research Institute (MRI) under
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the Japan Meteorological Agency (JMA) [57]. The low boundary drive by ensemble mean sea surface
temperature (SST) of the climate change scenario of representative concentration pathways 8.5 (RCP8.5)
in Coupled Model Intercomparison Project Phase 5 (CMIP5) [58] is called MRI-AGCM. This model
has been validated for the simulation of typhoon generation [59,60]. However, the 20-km horizontal
resolution still could not necessarily reflect the precipitation intensity caused by topographical effects
in Taiwan. Therefore, the MRI-AGCM data were dynamically downscaled using the Weather Research
and Forecasting Model (WRF), proposed by the US National Center for Atmospheric Research (NCAR),
to obtain more realistic rainfall data for Taiwan with spatial and temporal resolutions of 5 km per hour.

Based on the downscaled rainfall data, there were 87 typhoons during the base period (1979–2003)
and will be 43 typhoons in the last quarter of the 21st century. We selected eight typhoons in the
base period and four typhoons at the end of the century, which accounted for the top 10% of the total
rainfall for the Choshui River catchment among all typhoons in the two periods, to discuss the impact
of climate change on riverbed migrations.

4. Results and Discussion

4.1. Model Calibration and Validation

This study used flow discharge during the wet seasons from 2004 to 2007 as the model calibration
and continued to use flow discharge during the wet seasons from 2008 to 2011 as the validation.
The total times for both periods of calibration and validation were 18,790 and 16,590 h, respectively.
Figure 3 shows the comparison result between calibration and validation of the measured and
simulated flow discharges at the Chunyun Bridge. We can find that the simulated peak flow discharge
during typhoons is underestimated both in calibration and validation. Even so, trends of simulated
and measured flow discharge are similar. The maximum percent errors of peak discharge (EQp) are
−1.98% in the calibration and −9.50% in the validation. Overall, the coefficient of efficiency (CE) of the
CCHE1D model in the calibration and validation are 0.85 and 0.83, respectively, indicating that the
CCHE1D model can accurately simulate the rise and decline of peak discharge; therefore, we can use
this model for simulating sediment transport under climate change scenarios.
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In terms of degradation and aggradation in the river, this study used the measured profile data
of 2004 as the initial topography for flood event simulations after 2004. Then the measured profile
data of 2008 were used for calibrating the model and the measured profile data of 2012 were used for
validation. Figure 4a shows the calibration result of the riverbed changes during 2004–2008 using the
lowest point of each section along the river. The CCHE1D model can reasonably reproduce the process
of degradation and aggradation in the river. Figure 4b shows the validation results of the riverbed
changes for 2008–2012. It can be found that if this set of parameters is used, although the aggradation
in downstream was underestimated, the riverbed changes in degradation and aggradation for most
parts could be well validated. This represents that the CCHE1D model can truly grasp characteristics
of degradation and aggradation in the Choshui River, so this model can also be used to simulate the
degradation and aggradation in the river under climate change scenarios.
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4.2. Peak Flow Discharge during Typhoons under Climate Change

Based on the downscaled rainfall data, there were 87 typhoons during the base period (1979–2003)
and will be 43 typhoons in the last quarter of the 21st century (2075–2099). Table 1 shows the simulation
results of peak flow discharge of each of the top 20 typhoons during the two periods, accounting for
the top 20 of the total rainfall amounts for the Choshui River catchment among all typhoons, at the
Chunyun Bridge. According to the government report [44], the peak flow discharge of the 100-year
recurrence interval (Q100) in the Choshui River before the Chingshui River merges with it is 25,394
m3/s, which was used as the basis for the design of levees. We can find from the simulation results that
the peak flow discharge during two typhoon events in the base period is greater than Q100, while the
peak flow discharge during three typhoon events at the end of the 21st century is greater than Q100.
This result indicates that, relative to the base period, the Choshui River is more likely to have a flood
overflow at the end of the 21st century.

In addition, the peak flow discharge of the two-year recurrence interval (Q2) in the Choshui River
before the Chingshui River merge point is 5829 m3/s [44]. The peak flow discharge caused by two
typhoon events in the base period is less than Q2, and the peak flow discharge of six typhoon events
at the end of the 21st century is less than Q2. This result suggests that the flood disasters caused by
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extreme rainfall events will be less frequent at the end of the 21st century than in the base period.
We could assess from the above results that the sediment transport in the Choshui River was more
frequent in the base period than it will be at the end of the 21st century; however, at the end of the 21st
century, the severity of sediment migration will be more obvious than that in the base period.

Table 1. Simulation results of peak flow discharge of each of the top 20 typhoons during the two
periods at the Chunyun Bridge.

Event Ranking Base Period (m3/s) End of the 21st Century (m3/s)

1 16,325 14,000
2 27,005 ** 26,873 **
3 20,897 29,513 **
4 10,015 13,278
5 25,577 ** 27,600 **
6 7422 15,706
7 23,515 23,062
8 8788 11,561
9 23,195 14,170

10 11,830 22,305
11 11,620 17,313
12 14,842 11,857
13 5071 * 9660
14 8931 8662
15 6519 5045 *
16 9048 2794 *
17 7128 2175 *
18 7977 3716 *
19 9437 3730 *
20 5341 * 1068 *

* represents that the peak flow discharge is less than that of the two-year recurrence interval (Q2 = 5829 m3/s).
** represents that the peak flow discharge is greater than that of the 100-year recurrence interval (Q100 = 25,394 m3/s).

Here we selected the top 10% typhoons during the base period (1979–2003; n = 8) and during the
end of the 21st century (2075–2099; n = 4), respectively, according to the total rainfall for the Choshui
River catchment, for the following discussion on peak flow discharge along the whole reach of the
Choshui River. The average peak flow discharges at the Yufeng Bridge in the base period and at the
end of the 21st century are 17,443 and 20,916 m3/s, respectively. On average, it takes about 48 and 40 h
to reach the peak values. We can notice that the average peak flow caused by extreme rainfall events at
the end of the 21st century will increase by 20% from the base period, but the time required to reach
the peak at the end of the 21st century will be 8 h shorter than that in the base period. It means that we
will face greater flood events and need more urgent response time in the future. Figure 5a shows the
simulation result of the most severe flood event at the end of the 21st century (peak flow discharge =
29,513 m3/s at the Chunyun Bridge). During the most severe flood event at the end of the 21st century,
the locations where the overflow may occur are the estuary and the confluence of the Choshui River
and Chingshui River (Figure 5b,c). Generally, in the case of normal energy transfer, energy transfer
from upstream to downstream will be affected by topography and other factors, and energy will be
lost, resulting in a lower water level downstream than upstream. The above water level is the result of
quantitative simulations; however, the real situation is a dynamic flow. Therefore, the real downstream
water level may be lower than the simulation result of the quantitative flow owing to energy losses,
but it is still necessary to pay attention to flood control safety.
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4.3. Changes in Degradation and Aggradation of the Riverbed under Climate Change

Changes in degradation and aggradation of the riverbed of the Choshui River under climate
change scenarios are shown in Figure 6. The Choshui River can be divided into three simulation
zones according to the artificial weir and the intersection of the main stream and tributary: (I) the
estuary to the Chunyun Bridge; (II) the Chunyun Bridge to the Chichi weir; (III) the Chichi weir to the
Shuanglong Bridge. It can be found from the results that zone I presents a slight aggradation from
the base period to the end of the 21st century; however, the problem of pier scouring still requires
attention. Zone II is located at lower reaches of the Chichi weir, so the riverbed suffers from strong
changes in degradation and aggradation. At the end of the 21st century, the degree of degradation
will be more serious than that in the base period. Because of the effect of the Chichi weir, zone III
has obvious sediment accumulation in the upper part of the weir, resulting in the aggradation of the
riverbed in the area. However, the location of the Yufeng Bridge shows clear degradation. Overall,
the simulation results show that the entire area of simulated reaches is aggraded and that the amount
of aggradation increases by about 33% at the end of the 21st century as compared with the base period.

Li et al. [61] pointed out that the landslide volume in the Choshui River catchment will increase
by 14% at the end of the 21st century, relative to that of the base period. This should also be reflected in
the results of degradation and aggradation of the riverbed. Landslides in the Choshui River catchment
will increase in the future, and landslide materials will accumulate in rivers. On the other hand,
the increase of peak flow discharge in the future will severely flush the surrounding structures and
downstream areas, which may cause crises such as damaged bridges and dam dumping.
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change scenarios.

Although degradation and aggradation of the riverbed are natural phenomena of a river, under the
effect of climate change, the rainfall pattern will change to short duration-high intensity rainfall in the
future [27–29]. This change will result in more serious degradation and aggradation of the riverbed in a
catchment than occurs in the present situation. It could be imagined that not only will the response time
during flood events be shortened, but also more serious riverbed migrations will occur in the future.

5. Conclusions

This study used the flow discharge during the wet seasons from 2004 to 2012 for calibration and
validation of the CCHE1D model, a general one-dimensional channel network model that can simulate
steady and unsteady flows and sedimentation processes in dendritic channel networks, along the
Choshui River in western Taiwan. The CCHE1D model was used for simulating changes in flow
discharge and riverbed caused by typhoon events for the base period (1979–2003) and the end of
the 21st century (2075–2099). According to the climate change scenario of RCP8.5 and dynamically
downscaled rainfall data in Taiwan, from the base period to the end of the 21st century, average peak
flow caused by extreme rainfall events will increase by about 20%, but the time required to reach the
peak at the end of the 21st century will be 8 h shorter than that in the base period. For the same time
period, the amount of aggradation along the Choshui River will increase by about 33% from the base
period to the end of the 21st century. Upper and lower parts of the Chichi weir will show large changes
in aggradation and degradation, respectively, and the pier may suffer from serious scouring owing
to the increase in peak flow discharge in the future. Our results could provide useful information to
related authorities for the decision making on plans of public construction and land use in a changing
climate. In future works, it is essential to use 2D or 3D hydrological models to adequately address
problems such as the erosive phenomena created by bridge piers.
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