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Abstract: This study is to investigate morphological changes in the Tamsui River Estuary in Taiwan
driven by multiple physical processes, such as river flows, tides, waves, and storm surges, and
then to study the impacts of sediment flushing operated at the Shihmen reservoir upstream on the
river estuary. An integrated coastal and estuarine processes model (CCHE2D-Coast) (Center for
Computational Hydroscience and Engineering Two-Dimensional-Coast) was validated by simulating
these physical processes in the estuary driven by three historical typhoons in 2008. The site-specifically
validated model was then applied to simulate morphological changes in the estuary in response
to reservoir sediment flush scenarios from the upstream. For the impact assessment of sediment
flushing, a synthetic hydrological event was designed by including a historical typhoon and a typical
monsoon. It was found that during the typhoon, the sediments will be mostly deposited in the
estuarine river reach of Tamsui and the Wazihwei sandy beach. During the monsoon period, most of
the sediments tend to be deposited in the second fishing port of Tamsui, the northern breakwater,
and the estuary, while the Wazihwei sandy beach in the river mouth would be scoured by backflow.
Simulations of the complex flow fields and morphological changes will facilitate the best practice of
sediment management in the coastal and estuarine regions.

Keywords: coastal process model; wave; sediment transport; morphological change; coastal and
estuary management

1. Introduction

Heavy rainfall, waves, storm surges, and high tides during cyclone (typhoon or hurricane)
periods cause hazards, such as flooding/inundation and shoreline erosion in coastal areas. A full
understanding of the behavior of water bodies and their movement in estuarine areas during cyclone
periods is essential for flood control, disaster mitigation, coastal erosion protection, and coastal structure
preservation. Integrated coastal and estuarine process models (ICEPM) can simulate multiple physical
processes, such as tides, waves, surges, river flows, wind, sediment transport, and morphological
changes, e.g., [1-5]. They are applicable to study hydrodynamic and morphodynamic processes in
response to what-if scenarios of coastal protection practices, and, therefore, facilitate safety assessment
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of estuarine areas and the determination of coastal management measures to prevent or reduce disasters
and to stabilize shorelines.

Surrounded by seas on all sides, Taiwan is subjected to 3—4 typhoons on average per year. The
Tamsui River is the largest river in northern Taiwan, and variations of erosion and deposition on the
river bed are closely related to flows and sediment transport in the adjacent marine waters (Figure 1).
In recent years, owing to the construction of the Taipei Port, the littoral drift in the estuary and adjacent
coastal areas has been gradually changed, which affects the adjacent coastal terrain and landscape [6].
In addition, serious siltation occurs in the Shihmen Reservoir upstream of the Tamsui River, with
the total siltation in the Shihmen Reservoir reaching 1.86 million m? by the beginning of 2017—a
volume accounting for 32.6% of the designed water-storage capacity of the reservoir [7]. To alleviate
the reservoir siltation problem, meet the industrial water demand, and extend the reservoir life, the
Water Resources Agency of the Ministry of Economic Affairs plans to add a desilting tunnel under
the water storage limit of the Shihmen Reservoir at the Amuping and Dawanping areas [8]. The
Amuping desilting tunnel is expected to be completed by 2022, and it will lead to changes in the amount
of sediment transport in the Tamsui River and indirectly affect the sediment transport equilibrium
between the river and the sea.
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Figure 1. Tamsui River catchment of Taiwan.

For assessing the impact of sediment management plans, such as reservoir sediment flushing, on
the sediment transport and morphological changes in the Tamsui River Estuary and its adjacent coasts,
it is necessary to apply numerical models to predict the spatiotemporal redistribution of sediments
from the reservoir into the areas downstream. For this impact assessment of sediment flushing, it is
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important to apply a validated numerical model, which can demonstrate its capability to reproduce
flows, waves, sediment transport, and morphological changes in the estuary. This requires integrated
coastal and estuarine processes modeling by taking into account all the hydrological forces, such as
river flows, tides, waves, storm surges, and wind-induced currents, along with the movement of
sediment in the river and that flushed from the reservoir.

In the shallow coastal zone, the flow near the bottom, which drives sediment transport and causes
bed changes, is composed mainly of wave motion and mean currents. The mean current in coasts
and estuaries may be a combination of tidal flows, river flows, wave-phase-averaged currents, etc.
Interaction of wave and current is a highly nonlinear process, particularly in coastal and estuarine
areas. Since the 1970s, many studies have been conducted by experimental methods to explain the
wave—current boundary layer interaction ([9-23]) on the theoretical side. Wave—current interaction
can be simulated by using the so-called wave-phase-resolving numerical models [24,25], which
are usually computationally costly. For long-term and large-scale simulations, the phase-averaged
models [26,27] are often used to provide engineering answers to coastal problems, such as dredging,
erosion, flooding/inundation, etc.

It is important to simulate sediment transport and morphological changes by taking into account
the combination of wave and current. The high shear velocity within the bottom boundary layer
produces strong turbulence and large bed shear stresses impacting on the current, bringing increased
bottom resistance in the presence of combined flow [28]. Hence, the combined wave-current flow
is the basic element on sediment transport, mixing processes, diffusion, and other important coastal
phenomena. Therefore, some researchers determine physical mechanisms by analyzing the combined
flow over smooth or rough beds, both experimentally and numerically [29,30].

By developing the numerical models and experiments, researchers have analyzed that the sandpit
morphodynamics might be caused by wave transformation, refraction, and diffraction induced by
the pit itself. Van Rijn [31] developed a mathematical model to predict the sedimentation of dredged
channels by waves and currents. Roos et al. [32] developed an idealized process-based morphodynamic
model for the evolution of large-scale sandpits in a tide-dominated offshore environment. Benedet and
List [33] use a numerical model to evaluate the effects of bathymetric features, such as dredged borrow
areas, on the formation of erosion hot spots. Faraci et al. [34] conducted experimental to explain the
possibility of exploiting sandpits at intermediate and shallow water depths.

Most of the existing storm-surge models can be used to simulate the storm surge-induced coastal
flooding, such as the POM (Princeton Ocean Model) [35], SLOSH (Sea, Lake and Overland Surges from
Hurricanes) [36,37], and SHORECIRC (Quasi-3D NearSHORE CIRCulation Model) [38,39] models, but
they are unable to consider sediment transport processes and bed variations when simulating coastal
hydrodynamics. Since 1996, scholars have developed the ICEPM to simulate dynamic changes in
coastal morphology, including shoreline changes, erosion, barrier breaching, and dam break [1,40-43].
This model is an integrated product of the wave spectrum, tidal current with wave effects (considering
the radiation stress effect), sediment transport, and bed variation models with the computing process.
By introducing an empirical sediment transport formula, the ICEPM allows calculating long-term
morphological changes [2,3], whereas the computational period and relevant parameters need to
be verified using actual data of morphological changes. Some researchers also estimate long-term
changes in estuaries and lagoons using empirical semi-numerical approaches, such as tidal averaging
and rapid morphologic assessment [4]. However, such types of tidal-averaging models mostly adopt
the tidal phase averaging for computing, and thus, are unable to effectively simulate the maximum
waves and surges caused by a typhoon and the resulting flooding event. Moreover, the abundant
rainfall brought by a typhoon will lead to an increase in the upstream flood volume, which in turn will
transport more sediment to the estuary, thereby making the estuarine flow field more complicated. To
find maximum sedimentation and erosion is one of the important tasks in the impact assessment of
hazardous typhoons and sediment flushing operations upstream the estuary. For the purpose, it is
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necessary to simulate all the hydrodynamic and morphodynamic processes in the estuary, including
wave dynamics, river hydrology, oceanography, and sediment transport mechanics.

CCHE2D-Coast [5,44] is an integrated ICEPM model, capable of simulating these multiple coastal
and estuarine processes. By using empirical sediment transport formulas, this model can simulate
sediment transport driven by waves and currents in coasts and estuaries, and, therefore, enable the
simulation of morphological changes in a wide region from the river upstream to the river mouth, and
coasts. Through many years of development, validation, and improvement, this model demonstrated
its applicability to help engineering planning and design of coastal flood and erosion protection by
considering complex hydrological and morphological conditions in estuaries [3,5,45]. The wave model
of CCHE2D-Coast has the following major features: (1) It simulates deformation and transformation of
irregular waves in coastal and estuarine conditions, including wave breaking, refraction, diffraction,
and interaction of wave and current at river mouth [27]; (2) it considers the effect of wave roller
due to breaking to compute more accurate radiation stresses to include the effect of varying vertical
mean current structure in the surf zone. The sediment transport model takes into account the effect
of combined waves and currents in an estuary [5]. This model has been successfully applied to
study the sediment transport and flood flows in the Touchien River Estuary, Hsinchu, Taiwan, and it
has provided numerical results of flow and morphological changes under the conditions of various
planning scenarios [5,45]. Therefore, this model was selected to simulate sediment transport and
morphological changes in a river estuary such as Tamsui River Estuary, which are mainly driven by
coastal waves, tidal currents, and river inflows.

Since the construction of the Taipei Port in 1993, the Tamsui River estuary has undergone changes
in the type of sediment movement. According to the statistics of Shihmen Reservoir’s discharge and
sediment delivery ratio during 2006-2017, the sediment delivery ratio has been tending to increase
since the desilting tunnel of Shihmen Reservoir was put into use for the first time in 2013 [8]. The
Amuping desilting tunnel of Shihmen Reservoir is expected to be completed in 2022, and it will further
change the conditions of the water-sediment at the Tamsui River estuary. Therefore, this study used
CCHE2D-Coast to explore the changes in the scouring and aggradation of the Tamsui River estuary
after the opening of the Amuping desilting tunnel.

The rest of the paper is organized as follows: Section 2 provides a brief introduction of the
integrated coastal and estuarine processes model, CCHE2D-Coast. Section 3 gives more information
on the model for the study area, the Tamsui River estuary. Section 4 is for model validation and model
skill assessment results by simulating hydrodynamic and morphological changes through the 2008
typhoon season. Section 5 provides simulation results and discussions for sediment flushing from the
Shihmen reservoir. Finally, Section 6 concludes the paper and gives some preliminary suggestions on
the management of flood and sediment in the estuary.

2. Brief Description of the Integrated Coastal and Estuarine Model

An integrated river/coastal/estuarine process modeling system, CCHE2D-Coast [5,44], was used
to simulate the coupled hydrodynamic and morphodynamic processes driven by waves, tides, storm
surges, and sediment transport for assessment of flooding and sedimentation in the Tamsui River
Estuary (Figure 2). CCHE2D-Coast contains a number of submodels for simulating the deformations
and transformations of irregular/multidirectional waves, tropical cyclonic barometric pressure, and
wind fields along storm tracks, tidal, and wave-induced currents, and morphological changes. For
computing irregular waves, a multi-directional spectral wave action equation was adopted in the
wave spectral module. It is capable of modeling wave deformation/transformation processes from
deepwater to shallow water for nonbreaking and breaking waves, including wind-generated waves
and whitecapping effects. For coastal structures, the wave model can take into account the transmission
effect of wave energy through a permeable structure (e.g., a rubble mount breakwater). The flow model
was used to simulate multi-scale hydrodynamic processes of free-surface water flows, such as river
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flows, tidal currents, nearshore currents, and storm surges. A non-orthogonal structured grid was
used for all simulation models of waves, currents, sediment transport, and morphological changes.
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Figure 2. CCHE2D-Coast is a fully integrated numerical model system for simulating waves, currents,
and morphological changes.

In the current module, the two-dimensional (2-D) depth- and shortwave-averaged shallow water
equations with wave forcing were employed to simulate the flows driven by wave radiation stresses,
tides, storm surges, river inflows, the Coriolis force, and turbulence in surf zones. This hydrodynamic
model provides users with two options to calculate the wave radiation stresses: one is the traditional
wave stress formulations by means of the sinusoidal wave assumption of the linear small-amplitude
wave theory; another is the improved radiation stresses formulae derived from the non-sinusoidal
wave assumption, which enables the three-dimensional (3-D) features of vertical current structures
(e.g., surface rollers or undertow currents) in the surf zone to be taken into account [44].

In the sediment transport submodel, empirical sediment transport models were used to calculate
the sediment transport rates of bed materials and the suspended sediment under the conditions
of combined waves and currents. A unified sediment transport model [3] was used to calculate
the sediment flux from upstream rivers to estuaries and coasts to consider the sediment transport
seamlessly from the non-wave environment at a river to the wave—current interaction area at an estuary
and a wave-dominant coastal zone. The local sediment transport rate vector E can be written as
follows:

- Tm — Tc

g=4q.t 4y =

(Acﬁ + AwFD;b) 1)

where E . and Ew are the local sediment transport rates due to current and wave, respectively. 7, is the
maximum bottom shear stress which has been modified to consider the difference of the stress in river
flows and nearshore currents, 7. is the critical shear stress for moving bed materials, p is the water
density, g is the gravitational acceleration, u is the velocity vector of mean current, ;b is the wave
orbital velocity at the bottom, A, and Ay, are the empirical coefficient for sediment transport driven by
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mean currents and waves, respectively, Fp is a direction function (= —1 for offshore, +1 for onshore).
By using computed mean velocity and wave orbital velocity, the maximum bottom stress is calculated
as follows: ,
| @
where Cy is the bottom friction coefficient due to current and wave [44]. For detailed information
on the sediment transport model, one may further refer to Ding and Wang (2007) [3] and Ding et al.
(2016) [44].

Morphological changes were computed based on the mass balance of sediments, in which the
diffusive transport for the anisotropic downslope gravitational effect was also included [41]. The
wetting and drying process was properly modeled to handle water level variations and bed changes.

This integrated processes model (CCHE2D-Coast) provides a variety of boundary conditions for
computing wave actions, currents, sediment transport, and morphological changes. On the offshore
boundary, wave spectral energy density was given by using the parametric wave spectrum defined

Tm = pCf';l\ + Eb

by observed wave parameters in offshore buoys. Tidal levels were also specified on the offshore by
using observed water level data or astronomical tidal level predictions. For river inflows upstream,
hydrographs (time histories of discharge) can be given by observation data at hydrological stations
or other model estimations. On the boundaries upstream for inputting river inflows, one may also
give sediment transport fluxes based on measured (or planned) sediment release/flushing rates from
hydraulic structures upstream, such as dams and reservoirs. The sediment transport fluxes can also be
calculated by using a sediment transport formulation, such as Equation (1), by assuming the state of
sediment transport through the boundaries is close to equilibrium. In general, it is assumed that no
bed changes along the offshore boundaries occur through the computational period. More specific
information on the boundary conditions for the present study in the Tamsui River Estuary is provided
in the following sections.

The simulations performed with this integrated model are also supported by a user-friendly
interface (CCHE2D-GUI) [46], which assists users to generate computational grids, specify boundary
conditions and model parameters, and monitor and visualize the simulation results. All the submodels
work with the same computational grid. Thus, the wave and flow models run on the same computational
cores, passing information between submodels through the local memory/cache. It does not need to
switch any additional executable codes during computations. All simulations are performed efficiently
onaPC.

CCHE2D-Coast has been validated by simulating waves and storm surges induced by hurricanes
in the Gulf of Mexico and investigating the impact of sea-level rise on morphological changes in the
Touchien River estuary, Hsinchu, Taiwan [5]. The validated CCHE2D-Coast model was applied to the
feasibility studies of coastal protection plans, such as those for river channel dredging and layout of
new coastal structures in the Touchien River Estuary [45].

3. Study Area and Construction of the Numerical Model

3.1. Study Area

The Tamsui River is the largest river in northern Taiwan, which is composed of major tributaries,
such as the Dahan River, Xindian River, Keelung River, and Sanxia River, with a total drainage area of
2726 square km (Figure 1). The main stream of the Tamsui River is 24 km long, with the Dahan River
and Xindian River confluencing at Jiangzicui (on whose two banks the Xinzhuang and Manka districts
are located), and the Keelung River confluencing downstream at Guandu. It forms sandbars under the
Huajiang Bridge as well as at Guandu and Zhuwei along the flow path, which are the most important
northern reserve for waterfowl and mangrove.

The amount of sediment transport of the whole Tamsui River basin is approximately 9.28 million
m? per year. However, due to presence of the Shihmen Reservoir, Feitsui Reservoir, and sediment
barriers, the actual amount of sediment transport in the middle reaches is approximately 1.85 million
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m? per year, of which about 85% corresponds to the suspended load transport—1.25 million m? per
year, whereas the bedload transport rate is 0.185 million m? per year. The peak discharge at Tamsui
River estuary can reach more than 2000 m3/s under typhoon rainstorms, making the Tamsui River one
of the main sediment sources of the coastal waters [6]. The river section from the estuary to the Xinhai
Bridge of the Dahan River is a tideway, where the water level of the river changes with the rise and fall
of the tidal level in the sea, accompanied by a reciprocal movement of the river water flow with the
tidal movement. There is a close relationship between the scouring and aggradation balance and the
sediment transport behavior of the adjacent coastal waters. Either the invasion of a typhoon or the
sediment discharge of the upstream reservoir, they all lead to morphological changes in the Tamsui
River estuary.

To explore the effect of the Shihmen Reservoir sediment discharge on the Tamsui River estuary, this
study selected the Guandu Bridge on the Tamsui River as the upstream boundary, with the selected sea
area ranging from the north-bank TNO8 section of the Tenth River Management Office to its south-bank
TS35 section, where the total shore length was 21 km. The study area extended seawards from 3 to
5 km (water bottom elevation of —20 m). The simulation range included the Tamsui, Bali, and Linkou
districts, with the coast comprising a mixed terrain of sand and rock. There are many concave bays
along the coast, and beaches are developed in the coves, such as the strip-shaped sandy beaches of
Qianshui Bay, Zhouzi Bay, and Shalun. Owing to the complicated longshore currents, the sand shore is
susceptible to erosion. In the Tamsui River estuary, the southern shore between Bali and Linkou is
affected by the development of Taipei Port and the estuarine sediment transport, and as a result, the
Bali section of the shore in the northern section of the port is currently subjected to siltation. In contrast,
the south side of the port (Linkou section) shows an erosion trend. The overall coastal situation within
the study area is presented in Figure 3.
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+ Gauging station

Landmark
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station

,,,,,,,,,,,,,,, u Estuary Tide Gauge

............ Taipei Port » S AN
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Figure 3. Study region, simulation region, and relevant monitoring sites.
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3.2. Model Configuration

The numerical elevation data used in this study were measured by the Institute of Harbor
and Marine Technology, Ministry of Transportation and Communications [47]. The complete
topo-bathymetric data was available for the years of 20062013, covering the river channel from
the Guandu Bridge to the estuary and also covering the area that extended seawards approximately
3-5 km (water bottom elevation of —20 m); the selected sea area ranged from the north-bank TN08
section of the Tenth River Management Office to its south-bank TS35 section. If the monitoring data
of this region were used to explore estuarine changes, the sea area would be too small to reflect the
characteristics of waves and currents properly. Thus, the north shore of this sea area was extended to
Linshanbi (with the corresponding topo-bathymetric data of the year 2008). The river flow path was
adjusted using satellite image data, and the 2008 events of Typhoon Fung-Wong, Typhoon Sinlaku,
and Typhoon Jangmi were included in this study as validation cases to verify the relevant parameters
of the model.

The simulation model boundaries shown in Figure 3 cover the study area expanding 40 km
and 30 km in the east-west and north—south directions, respectively. Non-orthogonal quadrilateral
meshes were generated by using CCHE-GUI [46] with the total number of 156,349 nodes (289 x 541)
in the computational domain. The grid resolutions varied from 20 m at the river mouth to 500 m in
the offshore. The eastern boundary crossed the Linshanbi station, while the western boundary lay
approximately at the Zhuwei Fishing Port station. The southern boundary of the river was placed at
the Guandu Bridge.

The monitoring data at the east and west boundaries were measured by two tide-gauge stations
of the Central Weather Bureau, the Linshanbi station and the Zhuwei Fishing Port station, respectively
(Figure 3). The monitoring data at the north boundary included wind speed, wind direction, and
waves, all adapted from the monitoring data of the outside sea area of the Taipei Port. For the southern
boundary, the data were obtained by simulating the hydrograph of flow and sediment concentration at
the Guandu Bridge based on CCHE1D, a verified numerical model suited for modeling the scouring
and aggradation in one-dimensional river channels. The upstream boundary data in CCHE1D were
derived from the measured hydrograph of flow and sediment concentration at the Shihmen Reservoir;
the downstream boundary data were the measured tidal level in the Tamsui River estuary [6]. The
bed particle size was adapted from the survey led by the Tenth River Management Office titled
“Evaluation of the Impacts of Tamsui River Sediment Transport on Adjacent Coasts” and taken as the
median particle size d5p = 0.2 mm. For sediment transport, its total load was calculated. The Manning
roughness coefficient was set to 0.02 in the outside sea area and 0.025 in the river area.

4. Numerical Model Validation and Statistic Error Analysis

This study used the 2008 events of Typhoon Fung-Wong, Typhoon Sinlaku, and Typhoon Jangmi
to carry out the model validation. The starting and ending times of each typhoon event are listed in
Table 1. The topo-bathymetric data used in the model were measured using single-beam echosounders
in May 2008. The tidal levels at the west and east boundaries were given by measured tidal gauge
data at the Linshanbi and Zhuwei Fishing Port stations. The wind data measured at the Taipei Harbor
meteorological station were used to generate time-dependent and spatially-uniform wind fields. The
peak flows in the three typhoon-induced flood events were 3798, 6476, and 7332 m?/s, respectively,
whereas the sediment concentration was controlled by the sediment discharge operation of the stream
Shihmen Reservoir, with the maximum concentration of 45,042 kg/s occurring during the period of
Typhoon Sinlaku (Figure 4). It was assumed that the flow at the Guandu Bridge was 50 m?/s, and the
sediment concentration was 0 kg/s in the absence of flood drainage at the reservoir. The simulation
period ranged from 17:00 on 23 July 2008 to 00:00 on 1 October 2008, totaling 1675 hours. The model
was spun up by computing the tide flows from 17:00 on 23 July 2008 before introducing Typhoon
Fung-Wong, in which the time step was set to 30 s. After the spin-up, the wave—current interaction for
modeling morphological changes was conducted for 66 days until the end of Typhoon Jangmi at 00:00
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on 1 October 2008. Then, the time step for computing flows was changed to 10 s; the time step for
updating bed elevations was 100 s. The wave field was recomputed every one hour based on the latest
flow field.

Table 1. Starting and ending times and duration of the typhoon events used in model validation.

Typhoon Name Starting Time Ending Time Duration (day)
Typhoon Fung-Wong 26 July 2008 7:00 30 July 2008 0:00 4
Typhoon Sinlaku 10 September 2008 23:00 18 September 2008 0:00 7
Typhoon Jangmi 26 September 2008 23:00 1 October 2008 0:00 4
8000 — Typhoon Sinlaku Typhoon Jangmi 50,000
7000 F Discharge RN |
E Sediment Flux “‘ \ 440,000 &
@ 6000 F r | h ’ ks
E 5000 .' H J 130,000 %
& 4000 . Typhoon Fung-Wong ,l; ‘ { £
£ 3000 IL[ w U | 20,000 g
2 E | =
a 2000 F ’ | 3
i ‘l, il‘ l\l | ‘““ {10,000 §
1000 |- PW} fLM l
E L. . . . L L w"l\
0 1

. 0
31 Jul 2008 10 Aug 2008 20 Aug 2008 30 Aug 2008 09 Sep2008 19 Sep 2008 29 Sep 2008
Figure 4. Time series of river flow and sediment concentration at the Guandu Bridge (validation cases).

To quantify the difference between the calculated results and the observed values, this study
employed the four parameters, such as the root-mean-square error (RMSE), the Pearson correlation
coefficient (r), the scatter index (SI), and the normalized bias (NB). The calculation results of these
parameters at three stations (the locations are marked in Figure 3) are listed in Table 2. The RMSE was
used to quantify the deviation between the simulated and observed values; r was used to evaluate the
correlation between the simulated and observed values; SI was the ratio of the standard deviation
between the simulated and observed values to the mean of the observed values; the indicator NB
evaluated the extent to which the calculated results were overestimated or underestimated relative to
the true values. RMSE, r, SI, and NB can be calculated using the following expressions:

N
Zizl Ei2

RMSE = N 3)

__ IL(m-m(0,-0) "

\/Zi‘\il(mi - m)Z i‘il(oi - 5)2

% Z?;(Ei - E)z

SI = (5)
LN o4
N
_ 1%1 Zi:l E; ©)
LN ol

where E; is the error between the simulated value m; and observed value O; in the simulation time
series, i.e., m; — O;; N is the total number of the observations; E is the average error of the simulated
value expressed as (1/N) Z£1|Ei|} O is the average observed value expressed as (1/N) Zi 10p;mis
the average simulated value expressed as (1/N) fi 1 M.
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Table 2. Calculated results of the root-mean-square error (RMSE), the Pearson correlation coefficient

(r), the scatter index (SI), and the normalized bias (NB) for tidal level, wave height, and wave period in

the typhoon events at three stations: Tamsui River Estuary tide gauge (a.k.a. Estuary Tide Gauge),

Observation pile outside the Taipei Port (a.k.a. Observation Pile), and Third dock Inside the Taipei Port

(a.k.a. Third Dock Gauge), of which locations are shown in Figure 3.

Starting Ending Typhoon Monitoring  Monitoring RMSE SI NB
Time Time Name Site Data Type (m)
Estuary Tide  joijevel 010 099 016 0.04
Gauge
Obs’if;:tlon Tidallevel 034 099 019 046
30 July Typhoon .
27 July 2008 Third Dock . B
2008 Fung-Wong Gauge Tidal level 0.32 1.0 0.71 0.35
Observation  Significant
Pile wave height 059 065 0.61 -0.17
Obser.vatlon Slgmflca}nt 158 0.67 031 ~013
Pile wave period
Estuary Tide  mjoijevel 016 099 016 0.3
Gauge
Observation  nyiljevel 026 099 019 028
’ Typhoon Pile
12 September Sinlaku :
October ’ Third Dock .
2008 2008 TyphOOp Gauge Tidal level 035 099 071 -0.34
Jangmi Ob ti Significant
servation ignifican
Pile wave height 042 093 033 0.13
Obser'vatlon Slgmflca'nt 0.58 0.92 012 —001
Pile wave period

In the simulation range, tidal level gauges were installed in the Tamsui River estuary, the third
dock in the Taipei Port, and the observation pile outside the Taipei Port, as shown in Figure 3. Only
at the observation pile outside the harbor at the estuary, were waves measured. In the Typhoon
Fung-Wong event, the Shihmen Reservoir was operated for flood drainage and sediment discharge
from 18:00 on 27 July 2008 to 23:00 on 29 July 2008, which resulted in a rapid increase in the water flow
and sediment transport in the river channel.

The overall r values shown in Table 2 indicate a very strong correlation in tidal levels and
wave parameters (wave heights and periods) between the observations and simulations at the four
measurement stations. The simulation results in Figure 5a show that the simulated water levels at the
estuary tide gauge were quite close to the measured values (RMSE = 0.10 m; NB = 0.04). Figure 5b
presents the simulated and measured water levels at the same location from September 13 to October
1—covering the period of Typhoon Sinlaku and the period of Typhoon Jangmi (RMSE = 0.16 m;
NB = 0.13). Although the RMSE values were small relative to the tidal range in the area (2.0-3.0 m),
the differences in the water levels were due to the effect of river inflows.
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Figure 5. Comparison of simulated and observed water levels at the Estuary Tide Gauge during (a)
Typhoon Fung-Wong as well as (b) Typhoon Sinlaku and Typhoon Jangmi.

The simulated water levels at the other two gauges were also close to the measured data. The
maximum RMSE was 0.35 m at the third dock gauge inside the harbor, calculated during the period of
Typhoons Sinlaku and Jangmi. The values of NB varied from —0.34 at the third dock gauge inside the
harbor to +0.46 at the observation pile outside the harbor. It means that the model underestimated the
water levels inside the harbor but overestimated outside. The reason for the errors could be because
two gauges are too close to breakwaters of the harbor. So the measurements of the water levels may
contain the effect of reflections of the structures.

In the simulation range, only one buoy was installed near the Taipei Port at a site with water
bottom elevation of approximately —10 m (Figure 3) for wave parameter measurement. Figure 6
presents the simulated and actual results of wave height and wave period during the periods of
Typhoon Sinlaku, and Typhoon Jangmi. The results show that the wave height reached 4 m during the
period of Typhoon Jangmi but varied between 0.4 and 0.6 m in the non-typhoon period. However,
during the transition period from Typhoon Sinlaku to Typhoon Jangmi (Figure 6), the RMSE between
the simulated and observed values of the significant wave height was only 0.42 m, the r value was
0.93, and the SI value was 0.33, with the simulated values tending to be slightly overestimated (NB
= 0.13); the RMSE, r, SI, and NB between the simulated and observed values of the significant wave
period were 0.58 m, 0.92, 0.12, and —0.01, respectively, with the simulated values slightly lower than
the observed ones. As expressed by the above quantitative indicators, CCHE2D-Coast could effectively
reproduce the changes in water level, wave height, and wave period during typhoon-induced flooding
periods and non-typhoon periods.

The topo-bathymetric data used in the analysis were measured by using the single-beam
echosounders in 1 May 2008 and 31 October 2008. It may accurately reflect the morphological
changes caused by Typhoon Fung-Wong, Typhoon Sinlaku, and Typhoon Jangmi. The total discharge
of the Shihman Reservoir in three typhoon-induced flood events, respectively, were 142.83, 622.24,
and 237.36 million m® with the total sediment discharge of 3.45 million tons. Figure 7a shows that
the changes in the nearshore seabed did not comply with the sediment transport mechanism due to
the anthropogenic disturbance. However, the morphological changes in the river estuary were from
reasonable patterns of deposition and erosion. As indicated in Figure 4, the sediment was transported
in a large quantity to the estuary and channel bed, where it was deposited due to the large river flow
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during the typhoon periods. The farthest deposition site had the water bottom elevation of —10 m;
meanwhile, the significant morphological variation occurred within water bottom elevation of -5 m.

(a) Comparison of Significant Wave Heights at Observation Pile
]
Numerical simulatio

5 ——a—— Observed data

PR rrrTE P L ¢ ied bt a s PP T

Typhoon|Jangmi

Hs (m)

13 Sep 2008 17 Sep 2008 21 Sep 2008 25 Sep 2008 29 Sep 2008

(b) Comparison of Significant Wave Periods at Observation Pile

Numerical simulation
———— Observed data

Typhoon Sinlaku

0

TyphoonJangmi

Ts (s)

13 Sep 2008 17 Sep 2008 21 Sep 2008 25 Sep 2008 29 Sep 2008

Figure 6. Comparison of simulated and observed results of (a) significant wave heights and (b)
significant wave periods at the Observation Pile.

(] [ [

(a) Measured bed changes in the time period (b) Simulated bed changes through the same
from 1 May 2008 to 31 October 2008 period

Figure 7. Comparison of measured and simulated topography of the Tamsui River estuary. (DZ = bed
change, contour line is bed elevation. The unit is meter for both).

Figure 7b indicates the bed changes simulated by the CCHE2D-Coast model through the same
period from May to October of 2008. Comparing it with the observations in Figure 7a, the simulated
bed changes have a good agreement with the observed one. The morphological changes in the tidal
river reach from the river upstream of the Guandu Bridge to the river mouth have consistent variations
with the field measurement. The similar depositions which occurred in the river bend were close to
the concave bank and a large area of the river mouth. Although the model captures the features of
the scouring and erosion close to the center of the bend, the simulated deposition at the river mouth
was overestimated; the field observation showed more settling of river sediments at the south side.
The simulated results also showed the less sedimentation inside the Taipei harbor. The dredging may
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be conducted near the breakwater in this period; however, the proposed model did not incorporate
the effect of the anthropogenic activities. Moreover, the obvious difference in the bed change at the
north shore of the river mouth could be found. The simulated erosion was driven by the simulated
tidal currents and nearshore currents due to waves, while the sea bed was assumed as erodible due to
lacking data. Overall, the numerical model produced reasonable results on the morphological changes
in a wide range of the Tamsui River estuary. The current developed numerical models for simulating
the sediment transport and morphodynamic processes are still challenging, a few factors, e.g., using
spatially-varying bed materials, inclusion of dredging, sand mining activities, and fractional sediment
transport load, would be further considered in the future work.

5. Simulation Results and Discussion on Scenario of Sediment Flushing

5.1. Effect of Sediment Concentration on the Topography

According to the 2012 Report “Hydraulic model studies for sediment sluicing and flood diversion
engineering of Shihman Reservoir” released by the Water Resources Planning Institute, the sediment
delivery ratio (outflow sediment volume/inflow sediment volume of the Shihmen Reservoir) of the
reservoir after the construction of the Amuping desilting tunnel could be as high as 55.2% [48]. In
addition, the statistics of the sediment discharge amount from the afterbay of the Shihmen Reservoir
from 2006 to 2017 revealed that in 2013, a total of 2.987 million tons of sediment was discharged from
the reservoir during the Typhoon Soulik period, which was the highest discharge amount of sediment
in recent years [49]. Therefore, this study adopted the case of the Typhoon Soulik as the base scenario
with the sediment delivery ratio of 35% according to field observation.

Typhoon Soulik impacted the study area from 01:00 on 12 July 2013, to 23:00 on 19 July 2013.
Therefore, the scenario from 00:00 on 1 July 2013, to 00:00 on 12 July 2013, was considered here to serve
as a starting scenario, in which the time step for flow field calculation was set to 30 s, and the time step
for wave field calculation was set to 7200 s. The situation from 30:00 on 12 July 2013, to 23:00 on 19 July
2013, was the case scenario, in which the time steps for flow field calculation and wave field calculation
were set to 30 s and 7200 s, respectively, and the time step for bed calculation was set to 100 s. The
topo-bathymetric data used in the model for the case scenario was measured in May 2013. The west
and east boundaries were the tidal level data measured at the Linshanbi and Zhuwei Fishing Port
stations. For the south boundary, the current scenario without use of the Amuping desilting tunnel
and the case scenario with the use of the Amuping desilting tunnel are shown in Figure 8.

7000 40,000
6000 | Discharge 35000
Tl o
— | ] =
L 5000 - . Sediment Flux In the case scenario of Typhoon Soulik =q‘ 30,000 g’
E Sediment Flux in a hypothetic scenario using [ q 9 25,000 x
o 4000 F1 . the Amuping desilting tunne under Typhoon Soulik [ =
8 I 1 20,000 &
© 3000 | f c
£ [ 1 15,000 &
22000 L s | -
a | ) 1 10,000 B
I LN AR AL n
1000 ¢ I W A L L O A L L 7 5000
0 JaooQV NSV SV LTS | 0
02 Jul 2013 05 Jul 2013 08 Jul 2013 11 Jul 2013 14 Jul 2013 17 Jul 2013 20 Jul 2013

Figure 8. Time series of river flow and sediment concentration at the Guandu Bridge.

In the current scenario with Typhoon Soulik, the instant the estuary flow reached 5652 m>/s was
when the high tide began to ebb (15:00 on 13 July 2013). At this time, the flood elevation reached its
maximum in each area. The water levels in the river channel were approximately 1.2-1.3 m with a
significant wave height of 0-0.4 m; the water levels in the outside sea area were approximately 1-1.2 m
with a significant wave height of approximately 0.6-1.2 m, and the estuary was subject to a very
complicated flow field (Figure 9) due to waves, tides, and the upstream flood. By 00:00 on 15 July 2013,
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Typhoon Soulik had moved away from the study area. When the flow in the estuary was 257 m?/s, the
water levels in the estuary and the outside sea area were between 0-0.2 m, and the significant wave
height was approximately 0-0.4 m, as shown in Figure 10.

(a) Distribution of water level and flow (b) Distribution of significant wave height

velocity and significant wave direction

Figure 9. The flow was 5652 m3/s at 15:00 on 13 July 2013, when the tide began to ebb.

WL (m)

1.2

Hs=20m

Cumrent = 1.0 mfs

(a) Distribution of water level and flow (b) Distribution of significant wave height

velocity and significant wave direction
Figure 10. The flow was 257 m3/s at 00:00 on 15 July 2013 when the tide was slack.

In response to Typhoon Soulik, the Shihmen Reservoir was operated to tentatively discharge the
floodwater at 21:00 on 12 July 2013. The flow at the Guandu Bridge was approximately 273 m?/s. At
this time, the sediment flux of the estuary was dominated by littoral drift, which moved in the same
direction as the longshore currents (Figure 11a). At 12:00 on 13 July 2013, due to the flood control
and discharge operation of the Shihmen Reservoir, the flow at the Guandu Bridge reached 5786 m3/s,
together with the sediment flux of 33,443 kg/s (Figure 8). At this moment, the estuarine sediment flux
was dominated by the river-transported sediment (Figure 11b). The sediment was then transported by
the upstream river flood to the estuary, reaching as far as the offshore around the area with the bed
elevation of —25 m. The high sediment load was mainly concentrated on the river channel close to
the right bank. At this flood peak, the computed unit-width sediment transport flux can reach up to
2.1x1073 m3/s/m, or 5.57 kg/s/m.
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Unit Width = 0.01 mls e Unit Width = 0,01’ més
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(a) 12 July 2013 21:00 (b) 13 July 2013 12:00
Figure 11. Comparison of sediment flux (qs) at different times.

As shown in Figure 12, the bed changes were between —0.36 and 0.48 m, and the maximum
scouring depth of —0.8 m was present at a site 6500 m far away from the Guandu Bridge. Aggradation
occurred at a distance of 6800 m to the Guandu Bridge, with the aggradation height reaching 1.4 m.
Due to the flood drainage of the Shihmen Reservoir and the flow path characteristics, the channel
of the river section 2500—4000 m away from the Guandu Bridge was scoured by 0.25 m on average,
while the right bank (the Tamsui mangrove reserve) was subject to aggradation. The right bank of the
estuary (5600—5800 m away from the Guandu Bridge) was also subjected to scouring, with an average
scouring depth of 0.12 m. Scouring and aggradation alternated in the region from the left bank of
the estuary to the north breakwater of the Taipei Port, with parts of the sediment transported by the
backflow to the sand spit of the Wazihwei area.
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Figure 12. Simulated bed changes caused by Typhoon Soulik in the current situation. (DZ = bed change).

However, after the construction of the Amuping desilting tunnel, the sediment delivery ratio
will be increased by 20.2% compared to the current situation. The sediment amount transported
downstream will not be significantly increased if the flow is maintained unchanged. The river channel
was divided into three zones for comparison. The results showed that the amount of sediment
deposition would, respectively, increase around 2627 m? and 170 m® in ZONE I and ZONE II, whereas
that would decrease 240 m® in ZONE III, compared to the current situation as indicated in Figure 13.
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Figure 13. Simulated bed changes caused by Typhoon Soulik when the Amuping desilting tunnel is

in operation.

The change in the sediment volume is minor with the operation of the Amuping desilting
tunnel. However, the operation of the tunnel leads to the Reservoir Hydraulic Slag Removal volume
from 1.13 X 10° m3 to 1.78 x 10° m3. It implies that the consideration of the Amuping desilting
tunnel is helpful for alleviating the Shihmen Reservoir siltation with a minimal disturbance of the
estuarine environment.

In summary, aggradation during the Typhoon-induced flood period occurred mainly at sites
4000-5300 m away from the Guandu Bridge (Figure 12b) and in the outside sea area of the second
fishing port of Tamsui; scouring occurred mainly at sites 2500-4000 m and 5600-5800 m away from the
Guandu Bridge, and in particular the Tamsui Ferryboat Wharf was in the latter range.

5.2. Morphological Changes during the Flood and Monsoon Periods

Changes in estuarine scouring and aggradation are closely related to the sediment transport
behavior of the adjacent sea area. The currents generated by waves and tides provide a driving force
for coastal sediment transport. The littoral drift at the mouth of the Tamsui River is affected by the
southwest monsoon in summer, and the longshore currents move northward with the littoral drift; in
winter, the region is under the influence of the northeast monsoon, and the longshore currents move
southward with the littoral drift. When typhoon rainstorms arrive, the upstream Shihmen Reservoir
has to perform flood discharge operations for flood control and aggradation prevention. Therefore,
there is a large amount of rainfall and reservoir-discharged floodwater in the upper reaches, and
the energy generated by the upstream flood discharge is much larger than the ocean current energy,
making the upstream flow the main factor responsible for morphological changes and water level rise
in the Tamsui River estuary.

To understand the difference between the monsoon period and the Typhoon-induced flood period
in causing morphological changes in the Tamsui River estuary, this study simulated the bed changes
with the scenarios of the monsoon period from 1 December 2009, to 28 February 2010, and Typhoon
Aere in 2004. The former scenario caused the largest water level in the Tamsui River Estuary tide gauge
while the latter one led to the largest recorded flood event in the study region. Thus, such consideration
would be helpful to explore the difference between the monsoon period and the Typhoon-induced
flood period in causing morphological changes in the Tamsui River estuary. This typhoon caused
the largest recorded flood event in the study region, with the maximum discharge rate of Shihmen
Reservoir reaching 8366 m3/s, between Qsy and Q9. Notice that Qsy and Q;gg denote the 50-year
and 100-year return periods of discharge, respectively. Additionally, the values of Qsp and Qg at
the cross-section No. T075 were respectively 7800 m3/s and 8400 m?3/s. The cross-section No. T075 is
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located about 10.6 km downstream of the Shihmen Reservoir. As shown in Figure 14a, during the
monsoon period, the upstream sediment source was reduced in strength owing to the small river flow,
and thus, the morphological changes in the estuary were mainly determined by littoral drift. Under
the influence of the northeast monsoon, littoral drift would form a northeast-southwest-oriented
rod-shaped aggradation pattern to the north of the second fishing port, and the sediment will be
gradually transported into the second fishing port owing to the impact of the tide. When the currents
flowed to the north breakwater of the Taipei Port, backflow was generated due to the breakwater
obstruction, transporting the sediment of the Wazihwei sand spit to the left bank of the estuary.
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(a) End of the monsoon period (b) End of the typhoon period
Figure 14. Diagram of morphological change in the Tamsui River estuary. (DZ = bed change).

During the Typhoon-induced flood period, owing to the rainfall and the flood discharge of the
Shihmen Reservoir, the sediment was transported by the flood. Concave banks were dominant in the
river channel 2500-4000 m away downstream from the Guandu Bridge and the flow was fast in this
section, which was subjected to scouring; the river channel 6000-7000 m away from the bridge was
also subjected to scouring, mainly owing to the bed type. However, the riverine section within 2500 m
downstream of the Guandu Bridge and the estuarine section within 2500 m seaward from the river
mouth (7500-10,000 m downstream of the Guandu Bridge) were mainly subjected to aggradation. The
sediment in the outside sea area was affected by the sea currents, and parts of the sediment spread to
the Wazihwei sand spit owing to longshore currents (Figure 14b). A comparison of the simulation
results under the two scenarios of Typhoon Soulik and Typhoon Aere revealed that the growth of
the Wazihwei sand spit was affected by the amount of flood discharge during the typhoon-induced
flood period, while the aggradation in the second fishing port was mainly attributed to the littoral drift
during the monsoon period.

6. Conclusions

To evaluate the trend of riverbed change by numerical modeling, the relevant model parameters
were first validated using the 2008 events of Typhoons Fung-Wong, Sinlaku, and Jangmi, allowing
the CCHE2D-Coast model to effectively reproduce the complex flow fields and sediment transport
processes at the Tamsui River estuary, such as flooding, erosion, and aggradation along the coast,
along with scouring of the estuarine sandbar. Next, this model was used to explore the effects that the
operation of the Amuping desilting tunnel of Shihmen Reservoir would have on the downstream river
channel, and to compare the sediment transport characteristics in the Tamsui River estuary during
typhoon-induced flood and a period with the monsoon.

The results showed that for sediment transport during the typhoon-induced flood period, the
upstream flood transported a large amount of sediment to be deposited in the estuary, and parts of
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sediment were transported by currents to the Wazihwei sand spit where they were deposited. Under
the condition that the flow is kept unchanged and the sediment concentration is increased (after the
construction of the Amuping desilting tunnel), the sediment transport capacity of the river water
will be reduced, which in turn would increase the degree of aggradation in the river channel while
slowing down of aggradation in the estuary. During the monsoon period, sedimentation was mainly
determined by ocean currents, and the transport was also subject to coastal topo-bathymetry, coastal
structures, and tidal currents. The sediment is deposited in the outside area of the second fishing port
of Tamsui, the north breakwater of the Taipei Port, and in the estuarine areas. The Wazihwei sand spit
would be subject to aggradation due to backflow. As to whether these processes would further lead
to long-term morphological changes in the Wazihwei sand spit, it is necessary to address the issue
by incorporating numerical modeling with topo-bathymetric data and satellite imagery in the future.
Meanwhile, the Wazihwei area is in a nature reserve, and the effectiveness of conducting sediment
management to maintain the sandbar area also can be evaluated by numerical modeling.

This numerical simulation study reproduced the changes in hydrodynamics and morphodyanmics
of the Tamsui River estuary and will facilitate the management of sediment transport in the Tamsui
River Estuary driven by multiple coastal and estuarine processes, such as waves, tidal currents, and
river flows.
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