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In this study, an integrated coastal process model was applied to assess impact of coastal flooding and sedimentation in an estuary in Taiwan and to evaluate performance of proposed engineering plans for flood prevention and sedimentation management. This in-situ validated model was used to simulate and predict hydrodynamic processes and morphological changes induced by multiple hydrological forcing such as river flood flows, waves, tides, and storms surges from rivers to the estuary and its adjacent coasts. Simulation results quantified coastal flooding risks, erosions, sedimentation, and channel refilling. Predicted dynamic responses to typhoons and monsoons were utilized for identifying the most effective engineering plan to reshape the geometry of the estuary. After the selected engineering plan was accomplished, this model was applied again to further predict morphological changes in the newly-developed estuary. This paper demonstrates effectiveness of a simulation-based coastal and estuary planning approach to manage flood and sedimentation driven by complex physical processes from river flows, waves, tides, and sediment transport.
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Introductions 
Hazardous tropical cyclones (typhoons and hurricanes) can be devastating by causing flooding water inundations, shoreline erosions, navigation channel refilling, and casualties. Multi-scale physical forcing driven by storms can cause severe morphological changes (erosion and deposition) due to massive sediment transport in coastal zones and sediment flushing from river upstream conveyed by river flood waters. For better management and planning of coastal hazards due to typhoons or hurricanes, a holistic impact assessment of flood and sedimentation is needed to take into account spatiotemporally-varying conditions of wave dynamics, river hydrology, oceanography, and meteorology. 
To evaluate performance of engineering strategies (including installations of soft and hard structures) for protection of coasts and estuaries, it is also important for simulation-based models to be able to quickly produce prediction results of long-term hydrodynamics and morphological changes driven by long-term hydrological conditions of river flows, tidal currents, and waves. Generally, impact assessments of flooding and sedimentation require better integrated physical process models with capabilities of high-performance computing and multi-scale process modeling.
In general, integrated coastal process modeling is to sequentially compute wave fields, flow fields, and bed elevation changes by using wave-action (spectral) models, flow models with wave effects (radiation stresses), and sediment transport models (e.g. Reniers et al. 2004, Roelvink 2006, Ding et al. 2016, Sánchez et al. 2014). By this iterative procedure through wave-current-morphology models, it is possible to simulate morphological changes by using an empirical sediment transport model. However most existing coastal process models do not integrate modeling of storm surges and waves due to cyclonic wind and atmospheric pressure depression. Simulations of storm surges driven by tropical cyclones need to use storm-surge models (Blumberg and Meller 1987, Westerink et al. 1993, Jelesnianski et al 1992, Sun et al. 2013). To compute wave deformation and transformation processes from oceans to coastal areas, all the above-mentioned models need to couple with a “third-party” wave-action model. 

In this study, an integrated coastal and oceanic process model, CCHE2D-Coast (Ding et al. 2013, 2016) is applied to simulate coastal flooding and sedimentation due to typhoons and river floods in the Touchien estuary in Taiwan and to evaluate performance of proposed engineering plans for flood prevention and sedimentation management. This site-specific validated model is used to simulate and predict hydrodynamic processes and morphological changes induced by synthetic storms events including multiple hydrological forcing such as river flood flows, waves, and tides in the estuary and its adjacent coasts. Simulation results can quantify coastal flooding risks, erosions, sedimentation, and channel refilling. Predicted dynamic responses to synthetic events are utilized for identifying the most effective engineering plan to reshape the geometry of the estuary for providing better protection against coastal flood, erosion and sedimentation. This model is further applied to predict morphological changes in the newly-developed estuary after the selected engineering plan was completed. And a revalidation of the model is presented by comparing the prediction results with recent observation data including satellite images of the estuary. 
Integrated Coastal and Oceanic Process model - CCHE2D-Coast

An integrated river/coastal/oceanic process modeling system, CCHE2D-Coast (Ding et al. 2013, 2016) enables used to simulate coupled hydrodynamic and morphodynamic processes driven by waves, tides, storm surges, and sediment transport for assessment of flooding and sedimentation in coasts and estuaries. CCHE2D-Coast contains a number of submodels for simulating 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 is 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 also takes into account the transmission effect of wave energy through a permeable structure (e.g. rubble mount breakwater). The current model is to simulate multi-scale hydrodynamic processes of free-surface water flows such as river flows, tidal currents, nearshore currents, and storm surges. All the submodels are written by Fortran and C. A non-orthogonal grid is used for all simulation models for waves, currents, sediment transport, and morphological changes. 
In the current module, the two-dimensional (2-D) depth˗ and shortwave˗averaged shallow water equations with wave forcing are employed to simulate flows driven by wave radiation stresses, tides, storm surges, river inflows, the Coriolis force, and turbulence in surf zones, tidal zones, and ocean waters. This hydrodynamic model provides users with two options to calculate wave radiation stresses: one is the traditional wave stress formulations by means of sinusoidal wave assumption by the linear small-amplitude wave theory; another is the improved radiation stresses formulae derived from the non-sinusoidal wave assumption which enables to take into account the three-dimensional (3-D) features of vertical current structures (e.g. surface rollers or undertow currents) in the surf zone. 

In the sediment transport submodel, empirical sediment transport models are used to calculate the sediment transport rates of bed materials and suspended sediment under the conditions of combined waves and currents. A unified sediment transport model (Ding and Wang 2008) is used to calculate the sediment flux from upstream rivers to estuaries and coasts to consider seamlessly the sediment transport from a non-wave environment at a river, to a wave-current interaction area at an estuary and a wave-dominant coastal zone. Morphological changes are computed on the basis of the mass balance of sediments in which the wetting and drying process is properly modeled to handle tidal variations and bed changes. 

Simulations by using this integrated model are also supported by a user-friendly interface (CCHE2D-GUI) (Zhang 2013) which assists users to generate computational grids, specify boundary conditions and model parameters, and to monitor and visualize 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 local memory/cache. It does not need to switch any additional executable codes during computations. All simulations are performed efficiently on a PC.
Evaluation of Engineering Plans for Flood Prevention and Sedimentation Management in Touchien Estuary
Study Site, Computational Domain, and Model Validation
The study site called Touchien Estuary is located at the west coast of Taiwan (Figure 1), which has a 1.0-km wide river mouth, a rivermouth bar, and two rivers (Touchien and Fengshan Rivers). During storms or typhoons, this estuary has equally important hydrodynamic and morphological processes driven by tides, waves, and river floods. Sediments transport results from river flows, tidal currents, and wave breaking across the surf zone. Morphodynamic processes in the estuary are of multiple-scale motions and therefore complex. Due to hazardous weather conditions by typhoons and river floods, the local coastal communities with a dense population are constantly threatened by coastal flooding and inundations, and property damage. Hence, several engineering conceptual plans for flood prevention and erosion protection in the area were proposed by the local engineers. In order to identify the most desirable plan for the purpose of flood and erosion protection for the estuary, the integrated coastal process model, CCHE2D-Coast, was utilized to evaluate performance of the engineering plans by simulating hydrodynamic and morphodynamic processes in responses to short-term tropical storm events and long-term monsoons. A computational domain, as shown in Figure 1(a), covering the estuary, two rivers, adjacent coasts, and coastal structures (harbors), was used in simulations for model validation and engineering plan assessment. This non-orthogonal structural grid was generated to cover the entire estuarine and coastal areas. Figure 1(b) shows a close-up of the non-orthogonal mesh in the estuarine area in which several interesting sites are marked as monitoring stations for numerical result outputs. 
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Figure 1 A non-orthogonal mesh covering the estuary and coast

Through simulating morphological changes driven by a total of 9 typhoons which made landfall in Taiwan from 2004 to 2006, the CCHE2D coastal model was validated. To do so, the bathymetrical data for the estuary obtained from the observations in 2004 were used to generate bed elevations in the computational mesh. The hydrological conditions of tropical storms and typhoons through the three years were applied to the simulations. The river inflows, tides, storms surges, and waves at offshore were specified as boundary conditions. The model successfully reproduced the long-term morphological changes in the river mouth such as sandy bar erosion, offshore bar migration, sedimentation in the estuary, and river channel refilling. The details on the model validation in the area were reported in Ding et al. (2008 and 2013). The major findings from the model validation are summarized as follows:
(1) Long-term morphodynamic simulations correctly reproduced the erosion and breaching that occurred in the river mouth bar;

(2) Simulations reproduced erosion pattern at the head of the Beiliao island (in the middle of the estuary), even though the computed erosions are underestimated in comparison to the observation;


(3) Simulated sand depositions in the south bank of the river mouth show a consistent deposition pattern with the observations; 


(4) Morphodynamic simulations produced a similar offshore bar development; yet, the size of the predicted offshore bar is larger than the observations; and 


(5) The simulated deposition in the Touchien River is in agreement with the observed morphological changes. Simulations in the Fengshan River reach show overestimated deposition. 


Finally, accuracy of the model to simulate morphological changes was investigated by comparing the bed changes in all the measurement stations in the estuary. Ding et al. (2008) reported that the average absolute error of bed changes was found to be ±37 cm. Even though comparisons were made in this large estuarine area including the river reaches, the predication accuracy is still in a reasonable range which is acceptable for the engineering practical applications. Through the successful model validation, this site-specific validated model was applied for assessment of engineering plans for flood prevention and erosion protection. 
Model Application to Coastal and Estuarine Planning 

There are six engineering conceptual plans proposed to regulate the Touchien Estuary for the purpose of flood prevention and erosion protection. Including the case of the present conditions in 2007 (status quo, Case 1), a total of seven cases were evaluated by simulating the flows and morphological changes over a long-term period. The detailed descriptions of the engineering plans are shown in Figure 2. The engineering countermeasures adopted against flooding and erosion are (1) installation of a 7.0-m high dike to protect the south bank of the Touchien River in Cases 2, 3, 4, and 7; (2) dredge of the channel of a branch in the north of Jiugang Island in Cases 3, 4, and 6; (3) removal of Beiliao Island in the estuary in Cases 6 and 7; and (4) installation of a jetty to separate two river flows in the river mouth in Case 5. In order to investigate the performance of these engineering plans, simulations of hydrodynamic and morphodynamic responses to a hypothetical extreme typhoon event and a monsoon event were performed. 

As shown in Figure 3, the hypothetical computational period for evaluation of the plans contains a typhoon and a monsoon. This typhoon event with a 100-year return period was determined beforehand by using the historical data of typhoons passing through the island from 1897 to 2001. Driven by the 100-year typhoon, a hypothetical 100-year flood was assumed to take place in the two rivers upstream for 56 hours. Two hydrographs representing the 100-year flood at the two inlet cross sections of the two rivers were obtained by a one-dimensional river flood simulation covering two river reaches from a mountain area to the estuary section. The maximum peak discharges in the Touchien River reached 7,072 m3/s, at 13th hour, and another peak flood in the Fengshan River at 1,872m3/s, flew down to the estuary one hour later. In the monsoon period, the two small discharges for a dry season were assumed to apply to the two rivers, i.e., 4.75 m3/s in the Touchien River and 2.22 m3/s in the Fengshan River.
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Figure 2 Engineering Plans for Flood and Erosion Protection in Touchien Estuary
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Figure 3 Hypothetical hydrographs to represent a 100 year flood and a dry season in a monsoon

Tidal elevations, during Typhoon Haitang (7/21-7/23/2005) and a three-month-long monsoon from 12/01/2006 to 3/1/2006, were used as the offshore tidal boundary conditions in the hypothetical typhoon-monsoon event. The largest tidal range of the spring-neap tides was almost 5 m. The wave properties, i.e., significant wave height, period, and wave mean direction, for the offshore boundary conditions of the CCHE2D-Coast model were extracted from the computed results by SWAN wave model in a large regional grid. The maximum significant wave heights in the events reached almost 7.0 m. Wind effect was also included in the hydrodynamic simulations by using the measured data of wind speeds and directions. Figure 4 (a) and (b) show respectively a computed wave field (significant wave heights and mean directions) and currents at the time of the peak flood (t=12 h). Figure 4 (a) shows a computed wave field by the wave spectral model in the estuary including the installation of structures (breakwaters and dikes). Figure 4 (b) presents the computed currents and water elevations driven by the wave field shown in Figure 4 (a), tides, river floods, in which the breaching and the overbank flooding were predicted at the rivermouth bar. The currents at the peak flood indicate a combined flow field at the moment by river flood, alongshore current, and tidal current. Figure 5(a) shows another flow field and the corresponding estuary shape at an ebb tide after this 100-year flood and storm has gone. It is found that the rivermouth bar breaching and rivermouth widening occurred due to the extreme flood. Figure 5 (b) depicts the computed morphological changes in the estuary after the 100-year storm and flood, which quantitatively shows the coastal erosions in the river mouth, the breaching in the river mouth bar, the river mouth widening, and the offshore bar development due to the river sediment flushed down to the offshore. 

Figure 6 further depicts the time histories of water elevations at the seven monitoring stations, of which locations are shown in Figure 6(a). Since the peak flood was coincident with a high tide at the coast, it induced severe inundations in the estuary as shown in Figure 4(b). The impacts of the hydrological forcing can be found from the variations of the water elevations: For example, by comparing the water elevations at the peak flood (t=12h), it is found that the storm resulted in an approximately 1.5-m high surge at the river mouth. However, the water stage at the Touchien upstream can reach to 14 m due to the upstream flood, storm surge, wave set-up, and tide. 

The highest water stage is an important index to evaluate the impact of storm/flood waters in the estuary. By selecting several representative locations in the estuary, the highest water stages were extracted from the time histories of the computed water elevations. In Case 1 (the status quo case), Figure 7 presents the highest (peak) water stages at Nanliao, where is the most vulnerable location for flooding. The red dash line in the figure is the design dike high (+7.0m) at the south bank of the Touchien River.
Based on the evolutions of the bed elevations at the selected stations in the estuary, the accumulated seasonal bed changes after the two events, i.e., 100-year storm and 3-month monsoon, are calculated and shown in Figure 8. The features of the bed changes in the estuary are summarized as follows: 
(1) River flood flows can cause river mouth erosion;

(2) Waves in the monsoon induce alongshore sediment transport toward to the river mouth, and make deposition; 

(3) Periodical morphological changes occur in the river mouth. This morphodynamic mechanism in the river mouth is in agreement with the coastal and estuarine morphological processes in the area; 

(4) After the whole period, erosion is predicted in Beiliao, Nanliao, and two river flow inlets; and

(5) Deposition occurs in the Jiugang channel, created solely by the storm. It indicates that the Jiugang channel has a potential risk of refilling by sediment conveyed by river flood water.
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(a) Computed wave heights and mean directions           (b) Computed currents and water elevations

Figure 4 Computed currents and water elevations at the flood peak (t=12h)
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(a) Computed ebb current                         (b) Bed changes, bed elevations, sediment fluxes

Figure 5 Computed currents, bed changes, bed elevations, and sediment fluxes at the end of the 100-year flood and storm (t=27 h)
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(a) Monitoring Stations                    (b) Time Histories of Water Elevations

Figure 6 Time histories of water elevations at seven monitoring stations 
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Figure 7 Highest water stages in Case 1 at seven monitoring stations in the 100-year storm
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Figure 8 Seasonal bed changes in Case 1

All six engineering plans have been investigated by simulating hydrodynamic and morphodynamic responses to the above-mentioned hypothetical storm-monsoon event. In order to find out the best plan for flood prevention purposes, the highest water stages at the selected monitoring stations for all the cases are shown in Figure 9. Some preliminary remarks are given as follows: 


Removal of Beiliao Island can lower the flood water elevations. This engineering plan has better flood protection than Case 4 (the Jiugang Channel dredged). The highest water stages in the monitoring stations in Case 7, i.e., Beiliao, Nanliao, Jiugang, and Touchien upstream, are lower than these in Case 4. They are also the lowest in all the cases. In comparison with Case 4, it is found that the removal of Beiliao Island can make the highest water stage lower by 0.63m at Beiliao, 0.79m at Nanliao, 0.24m at Jiugang, and 0.19m at Touchien upstream. In Case 4, dredging the Jiugang channel and diverting flood waters can slightly alleviate flooding downstream (0.13m lower at Nanliao; 0.10 m lower at Beiliao). By comparing this effect with the dredged Jiugang channel in Case 4, the removal of the Beiliao Island can effectively reduce water stages in the estuary. Therefore, Case 7 (Dike + island removal) could be the best plan over the seven cases (including Case 1 which is doing nothing) to prevent potential flooding of the Touchien Estuary.


Morphological changes in the computational period are divided into three parts: (1) the accumulative bed change over the entire period induced by the storm and monsoon; (2) the bed change induced by the 100-year storm only; and (3) the bed change caused by the monsoon only. As shown in Figure 10, both two seasons (storm and monsoon) could induce erosions on the upstream Touchien and Fengshan inlet cross-sections in almost all the cases. Erosion by the storm flood is especially prominent in the morphological changes upstream. It means that the upstream river beds are degraded in all the periods.


Bed elevation changes in the Jiugang Channel in Figure 10 indicate that the north channel of the Jiugang Island is always aggraded in both storm and monsoon seasons. However, in Cases 3, 4, and 6, in which the Jiugang channel is planned to be dredged, the storm flood water can trigger rapid deposition (more than 2 m) on the dredged channel bed. With the exception of the cases that the land reclaimed by placing a 7-m high dike in Nanliao (hard structure), the river bed at Nanliao is slightly eroded in Cases 1, 4, 5, and 7 in the monsoon; the bed degradation is then slow, approximately 15 cm over the whole season. However, in Case 7, in which the Beiliao Island is planned to be removed, the flood in the storm can make more deposition on the dredged river bed near Nanliao than the monsoon does. Similarly, because of the removal of Beiliao Island, only Case 6 and Case 7 can cause deposition on the river bed near Beiliao where the bed is dredged. All the other cases have erosions on the bed at the same location. 


The complicated morphological changes occurring in the river mouth indicate that the bed changes in the river mouth bar are periodical. In Case 1 – Case 4, the river flood flow always results in erosion in the river mouth, but tidal currents and alongshore currents in the monsoon make depositions. The net bed aggradation at the station can be found in Case 1 and Case 2. Case 3 resulted in net bed degradation. Only Case 4 shows almost no bed changes. In contrast, in Case 5, the storm creates deposition on the river mouth, but the monsoon causes erosion. Due to the jetty, Case 5 shows an opposite trend of the bed change on the river mouth. In Case 6 and Case 7, due to the removal of the Beiliao Island, two seasons result in erosions on the river mouth bar.
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Figure 9 Comparisons of highest water stages in the seven cases at six selected stations 


By summarizing the above analysis of flood water stages and bed changes for all the seven cases, it is found that the planned dike with the Beiliao Island removed in Case 7 can better prevent inundation of the estuarine area of the Touchien River. 


As for morphological changes, it is found that the bed changes upstream of the rivers in Case 7 have a similar pattern to Case 4; whereas, the bed changes inside the estuary are similar to the changes in Case 6. However, simulation results show that the storm flood brings sands down to the estuary, and sands are readily deposited into the dredged river bed due to the removal of Beiliao Island. Therefore, longer-term simulation in Case 7 may be needed in the future since this hypothetical storm-monsoon long-term event may not be long enough to establish dynamic equilibrium morphology in the estuary.
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Figure 10 Seasonal bed changes of the seven cases at selected stations

Model REvalidation by simulating morphological changes after construction was Completed
Based on the engineering plan No. 7 discussed in the previous sections, the final engineering plan for regulating flows and sediments was approved to be constructed (WRA-SRMO-NCTU 2016). To confirm the model’s predictability for the final plan and to develop a new site-specific integrated process model for the newly established estuary, this model was further validated by simulating hydrodynamic processes and morphological changes driven by several extreme events in 2012. 


As shown in Figure 11, on the final estuary design plan, the inner island (Beiliao Island) has been removed; the estuary was further dredged. Four T-shape headlands on the south bank and a jetty at the tip of the Jiugang Island were constructed. Meanwhile, the north passage (Jiugang Channel) was widened and further deepened. A new computational grid with a size of 320×486 (a total of 155,520 nodes) was generated by modeling the newly constructed structures and the new bathymetry. This non-orthogonal mesh has a varying spatial resolution from 1 m around the structures to 50 m at offshore, which accurately represents the shapes of the headlands, the jetty, and the fishery harbor at the coast. Meanwhile, the crest heights of the structures were taken into account in the grid bathymetry, for which the areas of the structures are considered as non-erodible materials. 
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Figure 11 Current estuary and computational grid
For predicting morphological changes in the newly established estuary, the topobathymetric data in 2012 when the constructions were just completed is used to generate the initial bathymetry of this estuary. As listed in Table 1, five extreme hydrological events in 2012 and 2013 are selected for the simulations, in which one heavy rain event occurred in 2012, one typhoon (Saola) in 2012, and three typhoons (Soulik, Trami, and Fitow) in 2013. The simulation also includes a period of two weeks before Typhoon Saola for spin-up of the model to produce an initial flow field for computing morphodynamic processes. The total simulation duration is about four months. 
Two hydrographs in the two rivers (Touchien and Fengshan) (Figure 12) were obtained from observation data at upstream hydrological stations (WRA-SRMO-NCTU 2016), in which the peak discharge in Touchien reached 8,560 cms in Typhoon Soulik and the peak discharge in Fengshan was 3,552cms in Saola. The tidal elevations at the north and south boundary were interpolated from three tide gages at the Hsinchu Fishing Port (at the river mouth), the Zhu-Wei Fishing Port (at the north of study site), and the Wai-Pu Fishing Port (at the south of the study site) (WRA-SRMO-NCTU 2016). The wind and wave data at Hsinchu Fishing Port were used for simulation conditions. The interaction between wave and current was once every one hour. The time step of hydrodynamic simulation was 20 s. In the spin-up period, small discharges in two rivers (49.4 cms in Touchien, and 82.6 cms in Fengshan) were specified.  Computed water surface elevations during the spin-up period are compared with the observation data (Figure 13). It indicates that the hydrodynamic model of CCHE2D-Coast reproduced the flow fields in the estuary and coasts very well. Moreover, we also found complex tidal current pattern exists in the estuary and the coasts including the harbor. During flood tides, flood currents can reach the Touchien River upstream through both the north and south channels.  During ebb tides, river flows with ebb currents flow through the estuary, joining ebb tides at the offshore. At low tidal levels, sand bars dispose at the river mouth. Simulation results confirmed that tidal currents don’t impact the structures (newly-installed headlands) located at the south river bank.

Table 1 Selected events for simulations of morphological changes
	No.
	Event
	Start
	End
	Duration (hour)

	0
	0612 Rain initial
	5/29/12 0:00
	6/11/12 23:00
	335

	1
	0612 Rainstorm
	6/12/12 0:00
	6/13/12 20:00
	380

	2
	Typhoon Saola
	8/1/12 13:00
	8/4/12 2:00
	442

	3
	Typhoon Soulik
	7/12/13 15:00
	7/16/13 4:00
	528

	4
	Typhoon Trami
	8/20/13 12:00
	8/24/13 1:00
	614

	5
	Typhoon Fitow
	10/6/13 0:00
	10/7/13 9:00
	648
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Figure 12 Hydrographs in the two rivers during the events
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Figure 13 Comparisons of water surface elevations at three stations: (a) Hsinchu tide gage (St. 24), (b) Chu-gang Bridge (St. 22), and (c) Jiu-gang Bridge (St. 21). The station numbers are shown in the map of the initial bathymetry. 

Simulation of morphological changes coupled with hydrodynamic modeling started with a rain storm event, and went through all the four other typhoons as listed in Table 1. The initial bathymetry was given by an observed dataset survey in 2012. As shown in Figure 14, sediments from rivers started to deposit at the river mouth, and a new sand bar is being developed along with the sediment supply from the river floods. Even though the river bed in the estuary downstream the Jiugang Island has been dredged right after the structures were installed, the growing sedimentation in the estuary starts to create two flow passages downstream the Touchien River. To confirm how much this predicted morphology is close to the reality, we have found a satellite image (Figure 15) taken on July 29, 2013 at a low tide which clearly shows similar flow passages have been developed. This gives a strong confirmation that this integrated coastal process model not only enables to facilitate detailed designs of coastal structures for flood prevention and sedimentation management, but also is capable of predicting morphological changes after the structures were installed. Figure 16 presents the total accumulative morphological changes after all the extreme events were gone through. It confirms the jetty’s performance to divide the Touchien river flow and sediments. It also shows that the T-shape headlands play a role on bank protection by pushing flood waters and sediments to the main channel of Touchien River, but severe erosion occurs downstream the headlands. It is also worthwhile to mention that the satellite image in Figure 15 also indicates a deep channel was developed at the south bank. Although we didn’t have detailed comparisons of river cross sections, the water surface elevations were compared with the observations (Figure 17). At St. 22 (Jiu-Gang Bridge), the results show there is a great amount of water surface elevation increase due to the sedimentation in the area. The consistence of morphology between the prediction and the satellite image shows the model is reliable for estimating long-term morphology evolution in this estuary.
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Figure 14 A flow pattern showing flow passages at a low tide after the rainstorm event
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Figure 15 A satellite image on July 29, 2013 showing the flow passages at a low tide
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Figure 16 Predicted morphological changes after Typhoon Fitow in 2013
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Figure 17 Comparisons of water surface elevations at Sts. 24 and 22
CONCLUSIONS

In this study, an integrated coastal process model, CCHE2D-Coasst, was applied to simulate coastal flooding and sedimentation in the Touhcien estuary in Taiwan and to evaluate performance of proposed engineering plans for flood prevention and sedimentation management. The high-resolution computational grid was generated to accurately model the geometry of the estuary and in-stream structures (jetty and headlands). This site-specific validated model was used to predict morphological changes induced by multiple hydrological forcing such as river flood flows, waves, and tides in the estuary and its adjacent coasts. Based on synthetic events combined by typhoons and monsoons, offshore waves and river flood flows, simulation results quantified coastal flooding risks, erosions, and sedimentation in the estuary. Predicted dynamic responses to typhoons and monsoons were utilized for identifying the most effective engineering plan (Case 7) to reshape the geometry of the estuary by means of dredging bed, installing in-stream structures. 

After the selected engineering plan was accomplished, this model was applied again to simulate morphological changes in the newly-developed estuary. Simulated water levels are in good agreement with the measurements during the storm events in 2012.The computed bed changes driven by the selected four storm/typhoon events are similar to the observation. Simulations of morphological changes from 2012 to 2013 have successfully predicted the development of sand bars, new flow passages, scouring, and sedimentation in river channels by comparing with a satellite image. 
It is also found that the synthetic storm events overpredicted morphological changes in the south passage of the Touchien River. To improve the model validation in the future, simulations of sediment transport have to go through all the events (including all the tidal cycles and monsoons) occurred in 2012 and 2013.
This paper demonstrates effectiveness of a simulation-based coastal and estuary planning approach to manage flood and sedimentation driven by complex physical factors from river flows, waves, tides, and sediment transport from rivers to estuary and coast. 
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		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 1)

14.37365

3.3313

3.82866

6.18

8.18688

6.6739

10.4888



		Touchien Inlet		-0.8557393		-0.0043576

		River Mouth		-0.51828		0.59546

		Beiliao Island		-0.90107		0.00364

		Fengshan Inlet		-0.2065718		-0.01888774

		Nanliao		0.001981		-0.152856

		Jiugang Channel		0.2846		0.00873



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 1

-0.8600969

0.07718

-0.89743

-0.22545954

-0.150875

0.29333



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 2)

14.6103

3.32842

3.8547

6.96511

8.21141

8.1311

11.0748



		Touchien Inlet		-0.8045212		-0.0119168

		River Mouth		-0.58983		0.809646

		Beiliao Island		-1.71087		0.03716

		Fengshan Inlet		-0.1985903		-0.0210109

		Nanliao		0		0

		Jiugang Channel		0.09		0.12611



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 2

-0.816438

0.219816

-1.67371

-0.2196012

0

0.21611



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 3)

14.6669

3.33095

3.83785

6.87163

8.20641

8.06471

11.1433



		Touchien Inlet		-0.8017678		-0.0167148

		River Mouth		-0.58814		0.42244

		Beiliao Island		-1.65337		0.0349

		Fengshan Inlet		-0.199269		-0.020495

		Nanliao		0		0

		Jiugang Channel		2.37655		0



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 3

-0.8184826

-0.1657

-1.61847

-0.219764

0

2.37655



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 4)

14.5064

3.32858

3.76933

6.10209

8.18779

6.61537

10.8089



		Touchien Inlet		-0.8358954		-0.0054663

		River Mouth		-0.50067		0.49251

		Beiliao Island		-0.85002		0.00075

		Fengshan Inlet		-0.1991931		-0.02082244

		Nanliao		0.022118		-0.143822

		Jiugang Channel		2.14876		0.0001



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 4

-0.8413617

-0.00816

-0.84927

-0.22001554

-0.121704

2.14886



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 5)

14.4192

3.32871

3.74253

6.42164

8.19386

6.89406

10.5803



		Touchien Inlet		-0.8553487		-0.0048472

		River Mouth		0.819694		-0.456848

		Beiliao Island		-0.72043		0.00015

		Fengshan Inlet		-0.2140671		-0.021534

		Nanliao		-0.020275		-0.153251

		Jiugang Channel		0.35041		0.01039



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 5

-0.8601959

0.362846

-0.72028

-0.2356011

-0.173526

0.3608



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 6)

14.5147

3.32955

3.81597

5.53305

8.17699

7.10122

10.8007



		Touchien Inlet		-0.8209756		0.3273756

		River Mouth		-0.4615		-0.12495

		Beiliao Island		0.270799		0.066991

		Fengshan Inlet		-0.2016633		-0.02250509

		Nanliao		0		0

		Jiugang Channel		2.20617		0.00136



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 6

-0.4936

-0.58645

0.33779

-0.22416839

0
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		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 7)

14.3162

3.32845

3.77517

5.47185

8.18795

5.8333

10.3384



		Touchien Inlet		-0.8463285		0.0022318

		River Mouth		-0.44448		-0.07572

		Beiliao Island		0.03638		0.122782

		Fengshan Inlet		-0.1985491		-0.0226964

		Nanliao		0.184455		-0.037701

		Jiugang Channel		0.32483		0.00023



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 7

-0.8440967

-0.5202

0.159162

-0.2212455

0.146754

0.32506
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Highest WL

		

		Highest Water Elevation at Selected Stations

		Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

		1		14.37		3.33		3.83		6.18		8.19		6.67		10.49

		2		14.61		3.33		3.85		6.97		8.21		8.13		11.07

		3		14.67		3.33		3.84		6.87		8.21		8.06		11.14

		4		14.51		3.33		3.77		6.10		8.19		6.62		10.81

		5		14.42		3.33		3.74		6.42		8.19		6.89		10.58

		6		14.51		3.33		3.82		5.53		8.18		7.10		10.80

		7		14.32		3.33		3.78		5.47		8.19		5.83		10.34
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For Case 6

				Initial Bed Elevations at Selected Stations

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.89717		-20.89803		-1.14072		2.7097		0.22543		0.45669		1.93682

				2		0.89717				-1.14072		2.7097		0.22543		7		1.93682

				3		0.89717				-1.14072		2.7097		0.22543		7		0.483

				4		0.89717				-1.14072		2.7097		0.22543		0.45669		0.59

				5		0.89717				-1.14072		2.7097		0.22543		0.45669		1.93682

				6		0.89717				-1.14072		-1.06817		0.22543		7		0.59

				7		0.89717				-1.14072		-1.06817		0.22543		0.45669		1.93682

				Bed Elevations after 100-year Storm (t = 30 h)																		By Storm

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel				Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.0414307				-1.659		1.80863		0.0188582		0.458671		2.22142				1		-0.8557393		-0.51828		-0.90107		-0.2065718		0.001981		0.2846

				2		0.0926488				-1.73055		0.99883		0.0268397		7		2.02682				2		-0.8045212		-0.58983		-1.71087		-0.1985903		0		0.09

				3		0.0954022				-1.72886		1.05633		0.026161		7		2.85955				3		-0.8017678		-0.58814		-1.65337		-0.199269		0		2.37655

				4		0.0612746				-1.64139		1.85968		0.0262369		0.478808		2.73876				4		-0.8358954		-0.50067		-0.85002		-0.1991931		0.022118		2.14876

				5		0.0418213				-0.321026		1.98927		0.0113629		0.436415		2.28723				5		-0.8553487		0.819694		-0.72043		-0.2140671		-0.020275		0.35041

				6		0.0761944				-1.60222		-0.797371		0.0237667		7		2.79617				6		-0.8209756		-0.4615		0.270799		-0.2016633		0		2.20617

				7		0.0508415				-1.5852		-1.03179		0.0268809		0.641145		2.26165				7		-0.8463285		-0.44448		0.03638		-0.1985491		0.184455		0.32483

				Bed Elevations after 100-Year Storm and Monsoon																		By Storm and Monsoon

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel				Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.0370731				-1.06354		1.81227		-0.00002954		0.305815		2.23015				1		-0.8600969		0.07718		-0.89743		-0.22545954		-0.150875		0.29333

				2		0.080732				-0.920904		1.03599		0.0058288		7		2.15293				2		-0.816438		0.219816		-1.67371		-0.2196012		0		0.21611

				3		0.0786874				-1.30642		1.09123		0.005666		7		2.85955				3		-0.8184826		-0.1657		-1.61847		-0.219764		0		2.37655

				4		0.0558083				-1.14888		1.86043		0.00541446		0.334986		2.73886				4		-0.8413617		-0.00816		-0.84927		-0.22001554		-0.121704		2.14886

				5		0.0369741				-0.777874		1.98942		-0.0101711		0.283164		2.29762				5		-0.8601959		0.362846		-0.72028		-0.2356011		-0.173526		0.3608

				6		0.40357				-1.72717		-0.73038		0.00126161		7		2.79753				6		-0.4936		-0.58645		0.33779		-0.22416839		0		2.20753

				7		0.0530733				-1.66092		-0.909008		0.0041845		0.603444		2.26188				7		-0.8440967		-0.5202		0.159162		-0.2212455		0.146754		0.32506

																						By Monsoon

																						Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

																						1		-0.0043576		0.59546		0.00364		-0.01888774		-0.152856		0.00873

																						2		-0.0119168		0.809646		0.03716		-0.0210109		0		0.12611

																						3		-0.0167148		0.42244		0.0349		-0.020495		0		0

																						4		-0.0054663		0.49251		0.00075		-0.02082244		-0.143822		0.0001

																						5		-0.0048472		-0.456848		0.00015		-0.021534		-0.153251		0.01039

																						6		0.3273756		-0.12495		0.066991		-0.02250509		0		0.00136

																						7		0.0022318		-0.07572		0.122782		-0.0226964		-0.037701		0.00023
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		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 1)

14.37365

3.3313

3.82866

6.18

8.18688

6.6739

10.4888



		Touchien Inlet		-0.8557393		-0.0043576

		River Mouth		-0.51828		0.59546

		Beiliao Island		-0.90107		0.00364

		Fengshan Inlet		-0.2065718		-0.01888774

		Nanliao		0.001981		-0.152856

		Jiugang Channel		0.2846		0.00873



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 1

-0.8600969

0.07718

-0.89743

-0.22545954

-0.150875

0.29333



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 2)

14.6103

3.32842

3.8547

6.96511

8.21141

8.1311

11.0748



		Touchien Inlet		-0.8045212		-0.0119168

		River Mouth		-0.58983		0.809646

		Beiliao Island		-1.71087		0.03716

		Fengshan Inlet		-0.1985903		-0.0210109

		Nanliao		0		0

		Jiugang Channel		0.09		0.12611



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 2

-0.816438

0.219816

-1.67371

-0.2196012

0

0.21611



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 3)

14.6669

3.33095

3.83785

6.87163

8.20641

8.06471

11.1433



		Touchien Inlet		-0.8017678		-0.0167148

		River Mouth		-0.58814		0.42244

		Beiliao Island		-1.65337		0.0349

		Fengshan Inlet		-0.199269		-0.020495

		Nanliao		0		0

		Jiugang Channel		2.37655		0
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Bed changes in Case 3

-0.8184826

-0.1657

-1.61847
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		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 4)

14.5064

3.32858

3.76933

6.10209

8.18779

6.61537

10.8089



		Touchien Inlet		-0.8358954		-0.0054663

		River Mouth		-0.50067		0.49251

		Beiliao Island		-0.85002		0.00075

		Fengshan Inlet		-0.1991931		-0.02082244

		Nanliao		0.022118		-0.143822

		Jiugang Channel		2.14876		0.0001



By Storm and Monsoon

By Storm
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Water Stage (m)

Bed changes in Case 4

-0.8413617

-0.00816

-0.84927

-0.22001554

-0.121704

2.14886



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 5)

14.4192

3.32871

3.74253

6.42164

8.19386

6.89406

10.5803



		Touchien Inlet		-0.8553487		-0.0048472

		River Mouth		0.819694		-0.456848

		Beiliao Island		-0.72043		0.00015

		Fengshan Inlet		-0.2140671		-0.021534

		Nanliao		-0.020275		-0.153251

		Jiugang Channel		0.35041		0.01039



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 5

-0.8601959

0.362846

-0.72028

-0.2356011

-0.173526

0.3608



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 6)

14.5147

3.32955

3.81597

5.53305

8.17699

7.10122

10.8007



		Touchien Inlet		-0.8209756		0.3273756

		River Mouth		-0.4615		-0.12495

		Beiliao Island		0.270799		0.066991

		Fengshan Inlet		-0.2016633		-0.02250509

		Nanliao		0		0

		Jiugang Channel		2.20617		0.00136



By Storm and Monsoon
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By Monsoon

Water Stage (m)

Bed changes in Case 6

-0.4936

-0.58645

0.33779

-0.22416839

0
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		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 7)

14.3162

3.32845

3.77517

5.47185

8.18795

5.8333

10.3384



		Touchien Inlet		-0.8463285		0.0022318

		River Mouth		-0.44448		-0.07572

		Beiliao Island		0.03638		0.122782

		Fengshan Inlet		-0.1985491		-0.0226964

		Nanliao		0.184455		-0.037701

		Jiugang Channel		0.32483		0.00023



By Storm and Monsoon
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Bed changes in Case 7
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-0.5202

0.159162
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River Mouth

Case No.

Water Elevation (m)

3.82866
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3.83785

3.76933

3.74253
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Highest WL

		

		Highest Water Elevation at Selected Stations

		Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

		1		14.37		3.33		3.83		6.18		8.19		6.67		10.49

		2		14.61		3.33		3.85		6.97		8.21		8.13		11.07

		3		14.67		3.33		3.84		6.87		8.21		8.06		11.14

		4		14.51		3.33		3.77		6.10		8.19		6.62		10.81

		5		14.42		3.33		3.74		6.42		8.19		6.89		10.58

		6		14.51		3.33		3.82		5.53		8.18		7.10		10.80

		7		14.32		3.33		3.78		5.47		8.19		5.83		10.34
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For Case 6

				Initial Bed Elevations at Selected Stations

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.89717		-20.89803		-1.14072		2.7097		0.22543		0.45669		1.93682

				2		0.89717				-1.14072		2.7097		0.22543		7		1.93682

				3		0.89717				-1.14072		2.7097		0.22543		7		0.483

				4		0.89717				-1.14072		2.7097		0.22543		0.45669		0.59

				5		0.89717				-1.14072		2.7097		0.22543		0.45669		1.93682

				6		0.89717				-1.14072		-1.06817		0.22543		7		0.59

				7		0.89717				-1.14072		-1.06817		0.22543		0.45669		1.93682

				Bed Elevations after 100-year Storm (t = 30 h)																		By Storm

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel				Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.0414307				-1.659		1.80863		0.0188582		0.458671		2.22142				1		-0.8557393		-0.51828		-0.90107		-0.2065718		0.001981		0.2846

				2		0.0926488				-1.73055		0.99883		0.0268397		7		2.02682				2		-0.8045212		-0.58983		-1.71087		-0.1985903		0		0.09

				3		0.0954022				-1.72886		1.05633		0.026161		7		2.85955				3		-0.8017678		-0.58814		-1.65337		-0.199269		0		2.37655

				4		0.0612746				-1.64139		1.85968		0.0262369		0.478808		2.73876				4		-0.8358954		-0.50067		-0.85002		-0.1991931		0.022118		2.14876

				5		0.0418213				-0.321026		1.98927		0.0113629		0.436415		2.28723				5		-0.8553487		0.819694		-0.72043		-0.2140671		-0.020275		0.35041

				6		0.0761944				-1.60222		-0.797371		0.0237667		7		2.79617				6		-0.8209756		-0.4615		0.270799		-0.2016633		0		2.20617

				7		0.0508415				-1.5852		-1.03179		0.0268809		0.641145		2.26165				7		-0.8463285		-0.44448		0.03638		-0.1985491		0.184455		0.32483

				Bed Elevations after 100-Year Storm and Monsoon																		By Storm and Monsoon

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel				Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.0370731				-1.06354		1.81227		-0.00002954		0.305815		2.23015				1		-0.8600969		0.07718		-0.89743		-0.22545954		-0.150875		0.29333

				2		0.080732				-0.920904		1.03599		0.0058288		7		2.15293				2		-0.816438		0.219816		-1.67371		-0.2196012		0		0.21611

				3		0.0786874				-1.30642		1.09123		0.005666		7		2.85955				3		-0.8184826		-0.1657		-1.61847		-0.219764		0		2.37655

				4		0.0558083				-1.14888		1.86043		0.00541446		0.334986		2.73886				4		-0.8413617		-0.00816		-0.84927		-0.22001554		-0.121704		2.14886

				5		0.0369741				-0.777874		1.98942		-0.0101711		0.283164		2.29762				5		-0.8601959		0.362846		-0.72028		-0.2356011		-0.173526		0.3608

				6		0.40357				-1.72717		-0.73038		0.00126161		7		2.79753				6		-0.4936		-0.58645		0.33779		-0.22416839		0		2.20753

				7		0.0530733				-1.66092		-0.909008		0.0041845		0.603444		2.26188				7		-0.8440967		-0.5202		0.159162		-0.2212455		0.146754		0.32506

																						By Monsoon

																						Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

																						1		-0.0043576		0.59546		0.00364		-0.01888774		-0.152856		0.00873

																						2		-0.0119168		0.809646		0.03716		-0.0210109		0		0.12611

																						3		-0.0167148		0.42244		0.0349		-0.020495		0		0

																						4		-0.0054663		0.49251		0.00075		-0.02082244		-0.143822		0.0001

																						5		-0.0048472		-0.456848		0.00015		-0.021534		-0.153251		0.01039

																						6		0.3273756		-0.12495		0.066991		-0.02250509		0		0.00136

																						7		0.0022318		-0.07572		0.122782		-0.0226964		-0.037701		0.00023
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		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 1)

14.37365

3.3313

3.82866

6.18

8.18688

6.6739

10.4888



		Touchien Inlet		-0.8557393		-0.0043576

		River Mouth		-0.51828		0.59546

		Beiliao Island		-0.90107		0.00364

		Fengshan Inlet		-0.2065718		-0.01888774

		Nanliao		0.001981		-0.152856

		Jiugang Channel		0.2846		0.00873



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 1

-0.8600969

0.07718

-0.89743

-0.22545954

-0.150875

0.29333



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 2)

14.6103

3.32842

3.8547

6.96511

8.21141

8.1311

11.0748



		Touchien Inlet		-0.8045212		-0.0119168

		River Mouth		-0.58983		0.809646

		Beiliao Island		-1.71087		0.03716

		Fengshan Inlet		-0.1985903		-0.0210109

		Nanliao		0		0

		Jiugang Channel		0.09		0.12611



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 2

-0.816438

0.219816

-1.67371

-0.2196012

0

0.21611



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 3)

14.6669

3.33095

3.83785

6.87163

8.20641

8.06471

11.1433



		Touchien Inlet		-0.8017678		-0.0167148

		River Mouth		-0.58814		0.42244

		Beiliao Island		-1.65337		0.0349

		Fengshan Inlet		-0.199269		-0.020495

		Nanliao		0		0

		Jiugang Channel		2.37655		0



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 3

-0.8184826

-0.1657

-1.61847

-0.219764

0

2.37655



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 4)

14.5064

3.32858

3.76933

6.10209

8.18779

6.61537

10.8089



		Touchien Inlet		-0.8358954		-0.0054663

		River Mouth		-0.50067		0.49251

		Beiliao Island		-0.85002		0.00075

		Fengshan Inlet		-0.1991931		-0.02082244

		Nanliao		0.022118		-0.143822

		Jiugang Channel		2.14876		0.0001



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 4

-0.8413617

-0.00816

-0.84927

-0.22001554

-0.121704

2.14886



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 5)

14.4192

3.32871

3.74253

6.42164

8.19386

6.89406

10.5803



		Touchien Inlet		-0.8553487		-0.0048472

		River Mouth		0.819694		-0.456848

		Beiliao Island		-0.72043		0.00015

		Fengshan Inlet		-0.2140671		-0.021534

		Nanliao		-0.020275		-0.153251

		Jiugang Channel		0.35041		0.01039



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 5

-0.8601959

0.362846

-0.72028

-0.2356011

-0.173526

0.3608



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 6)

14.5147

3.32955

3.81597

5.53305

8.17699

7.10122

10.8007



		Touchien Inlet		-0.8209756		0.3273756

		River Mouth		-0.4615		-0.12495

		Beiliao Island		0.270799		0.066991

		Fengshan Inlet		-0.2016633		-0.02250509

		Nanliao		0		0

		Jiugang Channel		2.20617		0.00136



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 6

-0.4936

-0.58645

0.33779

-0.22416839

0

2.20753



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 7)

14.3162

3.32845

3.77517

5.47185

8.18795

5.8333

10.3384



		Touchien Inlet		-0.8463285		0.0022318

		River Mouth		-0.44448		-0.07572

		Beiliao Island		0.03638		0.122782

		Fengshan Inlet		-0.1985491		-0.0226964

		Nanliao		0.184455		-0.037701

		Jiugang Channel		0.32483		0.00023



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 7

-0.8440967

-0.5202
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Jiugang Channel

Case No.

Water Elevation (m)

10.4888
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11.1433
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10.3384



Highest WL

		

		Highest Water Elevation at Selected Stations

		Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

		1		14.37		3.33		3.83		6.18		8.19		6.67		10.49

		2		14.61		3.33		3.85		6.97		8.21		8.13		11.07

		3		14.67		3.33		3.84		6.87		8.21		8.06		11.14

		4		14.51		3.33		3.77		6.10		8.19		6.62		10.81

		5		14.42		3.33		3.74		6.42		8.19		6.89		10.58

		6		14.51		3.33		3.82		5.53		8.18		7.10		10.80

		7		14.32		3.33		3.78		5.47		8.19		5.83		10.34
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For Case 6

				Initial Bed Elevations at Selected Stations

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.89717		-20.89803		-1.14072		2.7097		0.22543		0.45669		1.93682

				2		0.89717				-1.14072		2.7097		0.22543		7		1.93682

				3		0.89717				-1.14072		2.7097		0.22543		7		0.483

				4		0.89717				-1.14072		2.7097		0.22543		0.45669		0.59

				5		0.89717				-1.14072		2.7097		0.22543		0.45669		1.93682

				6		0.89717				-1.14072		-1.06817		0.22543		7		0.59

				7		0.89717				-1.14072		-1.06817		0.22543		0.45669		1.93682

				Bed Elevations after 100-year Storm (t = 30 h)																		By Storm

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel				Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.0414307				-1.659		1.80863		0.0188582		0.458671		2.22142				1		-0.8557393		-0.51828		-0.90107		-0.2065718		0.001981		0.2846

				2		0.0926488				-1.73055		0.99883		0.0268397		7		2.02682				2		-0.8045212		-0.58983		-1.71087		-0.1985903		0		0.09

				3		0.0954022				-1.72886		1.05633		0.026161		7		2.85955				3		-0.8017678		-0.58814		-1.65337		-0.199269		0		2.37655

				4		0.0612746				-1.64139		1.85968		0.0262369		0.478808		2.73876				4		-0.8358954		-0.50067		-0.85002		-0.1991931		0.022118		2.14876

				5		0.0418213				-0.321026		1.98927		0.0113629		0.436415		2.28723				5		-0.8553487		0.819694		-0.72043		-0.2140671		-0.020275		0.35041

				6		0.0761944				-1.60222		-0.797371		0.0237667		7		2.79617				6		-0.8209756		-0.4615		0.270799		-0.2016633		0		2.20617

				7		0.0508415				-1.5852		-1.03179		0.0268809		0.641145		2.26165				7		-0.8463285		-0.44448		0.03638		-0.1985491		0.184455		0.32483

				Bed Elevations after 100-Year Storm and Monsoon																		By Storm and Monsoon

				Case		Touchien Inlet		Offshore		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel				Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

				1		0.0370731				-1.06354		1.81227		-0.00002954		0.305815		2.23015				1		-0.8600969		0.07718		-0.89743		-0.22545954		-0.150875		0.29333

				2		0.080732				-0.920904		1.03599		0.0058288		7		2.15293				2		-0.816438		0.219816		-1.67371		-0.2196012		0		0.21611

				3		0.0786874				-1.30642		1.09123		0.005666		7		2.85955				3		-0.8184826		-0.1657		-1.61847		-0.219764		0		2.37655

				4		0.0558083				-1.14888		1.86043		0.00541446		0.334986		2.73886				4		-0.8413617		-0.00816		-0.84927		-0.22001554		-0.121704		2.14886

				5		0.0369741				-0.777874		1.98942		-0.0101711		0.283164		2.29762				5		-0.8601959		0.362846		-0.72028		-0.2356011		-0.173526		0.3608

				6		0.40357				-1.72717		-0.73038		0.00126161		7		2.79753				6		-0.4936		-0.58645		0.33779		-0.22416839		0		2.20753

				7		0.0530733				-1.66092		-0.909008		0.0041845		0.603444		2.26188				7		-0.8440967		-0.5202		0.159162		-0.2212455		0.146754		0.32506

																						By Monsoon

																						Case		Touchien Inlet		River Mouth		Beiliao Island		Fengshan Inlet		Nanliao		Jiugang Channel

																						1		-0.0043576		0.59546		0.00364		-0.01888774		-0.152856		0.00873

																						2		-0.0119168		0.809646		0.03716		-0.0210109		0		0.12611

																						3		-0.0167148		0.42244		0.0349		-0.020495		0		0

																						4		-0.0054663		0.49251		0.00075		-0.02082244		-0.143822		0.0001

																						5		-0.0048472		-0.456848		0.00015		-0.021534		-0.153251		0.01039

																						6		0.3273756		-0.12495		0.066991		-0.02250509		0		0.00136

																						7		0.0022318		-0.07572		0.122782		-0.0226964		-0.037701		0.00023





For Case 6
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For Case 7
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By Storm and Monsoon
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		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 1)

14.37365

3.3313

3.82866

6.18

8.18688

6.6739

10.4888



		Touchien Inlet		-0.8557393		-0.0043576

		River Mouth		-0.51828		0.59546

		Beiliao Island		-0.90107		0.00364

		Fengshan Inlet		-0.2065718		-0.01888774

		Nanliao		0.001981		-0.152856

		Jiugang Channel		0.2846		0.00873



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 1

-0.8600969

0.07718

-0.89743

-0.22545954

-0.150875

0.29333



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 2)

14.6103

3.32842

3.8547

6.96511

8.21141

8.1311

11.0748



		Touchien Inlet		-0.8045212		-0.0119168

		River Mouth		-0.58983		0.809646

		Beiliao Island		-1.71087		0.03716

		Fengshan Inlet		-0.1985903		-0.0210109

		Nanliao		0		0

		Jiugang Channel		0.09		0.12611



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 2

-0.816438

0.219816

-1.67371

-0.2196012

0

0.21611



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 3)

14.6669

3.33095

3.83785

6.87163

8.20641

8.06471

11.1433



		Touchien Inlet		-0.8017678		-0.0167148

		River Mouth		-0.58814		0.42244

		Beiliao Island		-1.65337		0.0349

		Fengshan Inlet		-0.199269		-0.020495

		Nanliao		0		0

		Jiugang Channel		2.37655		0



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 3

-0.8184826

-0.1657

-1.61847

-0.219764

0

2.37655



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 4)

14.5064

3.32858

3.76933

6.10209

8.18779

6.61537

10.8089



		Touchien Inlet		-0.8358954		-0.0054663

		River Mouth		-0.50067		0.49251

		Beiliao Island		-0.85002		0.00075

		Fengshan Inlet		-0.1991931		-0.02082244

		Nanliao		0.022118		-0.143822

		Jiugang Channel		2.14876		0.0001



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 4

-0.8413617

-0.00816

-0.84927

-0.22001554

-0.121704

2.14886



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 5)

14.4192

3.32871

3.74253

6.42164

8.19386

6.89406

10.5803



		Touchien Inlet		-0.8553487		-0.0048472

		River Mouth		0.819694		-0.456848

		Beiliao Island		-0.72043		0.00015

		Fengshan Inlet		-0.2140671		-0.021534

		Nanliao		-0.020275		-0.153251

		Jiugang Channel		0.35041		0.01039



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 5

-0.8601959

0.362846

-0.72028

-0.2356011

-0.173526

0.3608



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 6)

14.5147

3.32955

3.81597

5.53305

8.17699

7.10122

10.8007



		Touchien Inlet		-0.8209756		0.3273756

		River Mouth		-0.4615		-0.12495

		Beiliao Island		0.270799		0.066991

		Fengshan Inlet		-0.2016633		-0.02250509

		Nanliao		0		0

		Jiugang Channel		2.20617		0.00136



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 6

-0.4936

-0.58645

0.33779

-0.22416839

0

2.20753



		





		Touchien Inlet

		Offshore

		River Mouth

		Beiliao Island

		Fengshan Inlet

		Nanliao

		Jiugang Channel



Case

Water Stage (m)

Peak Water Stages in the storm (Case 7)

14.3162

3.32845

3.77517

5.47185

8.18795

5.8333

10.3384



		Touchien Inlet		-0.8463285		0.0022318

		River Mouth		-0.44448		-0.07572

		Beiliao Island		0.03638		0.122782

		Fengshan Inlet		-0.1985491		-0.0226964

		Nanliao		0.184455		-0.037701

		Jiugang Channel		0.32483		0.00023



By Storm and Monsoon

By Storm

By Monsoon

Water Stage (m)

Bed changes in Case 7

-0.8440967

-0.5202

0.159162

-0.2212455

0.146754

0.32506




