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MODELING COASTAL AND ESTUARINE PROCESSES FOR COASTAL FLOOD
MANAGEMENT AND EROSION PROTECTION AGAINST STORMS

Yan Ding', Sam S. Y. Wang?, Keh-Chia Yeh?, and Hung-Kwai Chen*

Abstract: This paper presents a systematical approach to design an estuary by modeling
coastal and estuarine processes for engineering application purposes of flood management
and erosion protection against storms. A well-established coastal modeling system,
CCHE2D-Coast, was used for simulating hydrodynamic and morphodynamic responses to
short- and long-term hydrological conditions including river floods, extreme storms, and
monsoon events. Several engineering design plans were comprehensively evaluated
throughout based on the computed flood stages and erosion patterns in the estuary. The long-
term morphodynamic simulations revealed the morphological stability of the design plans in
terms of seasonal bed elevation changes. This paper demonstrates this systematical
numerical simulation approach can facilitate the best engineering practices for coastal flood
and erosion management under complex hydrological and geomorphic conditions driven by
river floods, storms, and hurricanes/typhoons.

Keywords: Coastal/Estuarine Processes Modeling; Flood Management; Erosion Protection,
Coastal/Estuary Design.

INTRODUCTION

Coastal flo ods during hazardous storms and hurricanes/typhoons ¢ an be devastating by
causing inundations, severe erosions, and even casualties in coastal a nd e stuarine regions.
Full assessment of the impacts of storms on coastal/riverine flooding, inundation, sedi ment
transport, and shoreline erosion (including river degradation) is of vital importance in b est
engineering practices for flood management, erosion protection, and environmental impact
assessment. It has b een found that numerical modeling of co astal and estu arine p rocesses
driven by tide, st orm wave, river flood, = wind, and sedi mentt ransport provides a
comprehensive assessment appro ach for engi neers, m anagers, and decision m akers to
systematically evaluate the performance of engineering application projects for management
of flood water stages and morphological changes.

In a short-t erm stor m period ora long-term seasonal monsoon period, the complex an d
unsteady flows in rivers, coasts and estuaries generally ind uce signifi cant te mporal/spatial
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changes of bed elevations in river mouths, tidal inlets, and coastlines. Being able to compute
detailed y et large-scale h ydrodynamic and morphodynamic processes in time and space
during th e hydrological ev ents, processes-based numerical simulation becomes an efficient
and effective way to systematically access short and long-term impacts of storms, tides, and
river floods. By means of short-term simulations of coastal and estuarine processes driven by
storm events, most dangerous flo od stages and maximum eros ions/depositions canb e
computed to evaluate the security sta tus of co asts and estuaries fo r protecting co astal
communities fro mb eing inundated and eroded. On the oth er hand, lon  g-term
morphodynamic simulations for y early-long storm and monsoon events can reveal the long-
term morphological stability in the coastal and estuarine areas.

This pap er presen ts an engin eering appli cation of CCHE2D -Coast, w hich is an integrated
coastal and estuarine processes model (Ding et al 2006; Ding and Wang 2008) to simulate
hydrodynamic and morphodynamic responses tov arious h ydrological conditionsb y
typhoons, waves, and storm-induced river floods at an estuary located at the west coast of
Taiwan. This estuary, which is a medium-sized estuary, has equally imp ortant coastal and
estuarine processes driven by tides, waves, riv er inflows, and w inds. The sediments can be
transported into the estuary by means of river flows, tidal currents, wave breaking across the
surf zone, and typhoon/storm surges. The coastal and estuarine morphodynamic processes are
of multiple-scale motions and therefore very complex.

In the study, dealing with six engineering conceptual plans for flood management and erosion
protection in th e es tuary, the si te-specifically val idated CCHE2D-Coast was u tilized to
simulate hydrodynamic and morphodynamic responses to sh ort- and lon g-term hydrological
conditions. In the short-term hydrological condition containing a 100-year storm and a three-
month-long m onsoon, numerical re sults about the highest water stages and morphological
changes in the es tuary driven by these hy pothetical stor m and monsoon events en able
engineers to identify the most desirable plan for fl ood prevention and erosion protection in
the local area. In the long-term morphodynamic simulation under a hypothetical hydrological
condition by repeated storm and monsoon events, morphodynamic stability over a long-term
period in the selected design was investigated by evaluating seasonal morphological changes
in the estuary. To do so, the systematical performance of the design plans for management of
flood a nd sedi ment was ev aluated b y t he nu merical results of flood sta ges an d e rosions
through both short- and long-term simulations. The assess ment results in terms of numerical
simulations faci litated the lo cal enginee rs and managers to find th e most cos t-effective
engineering design for coastal and estuarine defense against complex hydrological conditions
such as storm waves, surges, high tides, and river floods, as well as erosion/deposition.

COASTAL AND ESTUARINE PROCESSES MODEL - CCHE2D-COAST

The co astal and estuarine processes model, C CHE2D-Coast, w hich was de veloped in the
National Center fo r C omputational Hydroscience a nd Engine ering (N CCHE) at The
University of Missi ssippi, has bee nused for si mulations of waves, ¢ urrents, sediment
transport, and m orphological ¢ hanges in various coas ts and es tuaries for the purpos e of
coastal erosion protection and flood water management (Ding e t al. 2006, Ding a nd Wang
2008). Th is model h as systematically i ntegrated three m ajor submodels for simulating
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irregular wave deformations, tidal and wave-induced currents, sediment transport, and coastal
morphological changes. As for the simulations of irregular waves, a multi-directional spectral
wave-action ba lance equation wit h the diffraction effect terms was adopte d in the wave
spectral module. The h ydrodynamic module is c apable of simulating tid al currents, riv er
flows, and nearshore currents induced by short waves (i.e. wind waves and storm waves). The
morphodynamic module is to compute morphological c hanges due to sedim ent transport
under the conditions of the combined waves and currents. The module can take into account
various co astal st ructures, e.g., groins, offshore breakwa ters, artif icial headl ands, je tties,
artificial reefs (submerged dikes in coasts), as well as wetting/dry processes in computational
domain.

This integrated modeling system has been extensively validated by simulating waves, wave-
induced currents, and morphological changes in coastal applications in various laboratory and
field scales. F or example, the wave spectral m odel h as been validated by si mulating th e
refraction-diffraction effect asr andom wa ves p ropagate througha mounted sh oal ina

laboratory wave flume (Ding et al. 2004, Ding et al 2006). The hydrodynamic model was also
validated by computed wave-induced longsh ore currents in a larg e-scale wave test facility
(Hamilton and Eberso le 2001), and tid al currents in H udson River, New York (Ding and
Wang 2008). The validations of the morphodynamic model were achieved in simulating local
morphological changes around a detached breakwater driven by waves (Ding et al 2006), and
a long-term bed changes in Touchien Estuary, Taiwan, driven by river fl oods, storm waves,
and tidal currents (D ing et al 2008). These validation cases ha ve dem onstrated that this
integrated modeling system has various capabilities and reliable simulation accuracy to solve
engineering application problems for the practical purposes of erosion protection and coastal
flooding/inundation management.

AN ENGINEERING PROJECT FOR FLOOD MANAGEMENT AND EROSION
PROTECTION

Engineering Project Site and Coastal Design

Hereafter, an engineering application of CCHE2D-Coast is presented to simulate coastal and
estuarine processes in responses to short- a nd long-term hy drological conditions dri ven by
storm wav es, tid es, and river flood s at the To uchien estuary located at the west coasto f
Taiwan (Figure 1). Due to the r apid industrial and urban development, the local coastal
communities with a dense population suffer from flooding and inundations, channel refilling
in harbors, and property damages by shoreline erosions. They are in urgent need of a safe and
attractive environment for flood protection and estuary/coastal stabilization. Thus, engineers
have submitted six designs, which are sketched in Figure 2. Case 1, which is not shown in the
figure, is considered as the status quo (or do- nothing) case. Most of these designs are bas ed
on theories and/or experience of the design engineers. Ba sically, they include: (a) building a
7-m high d ike pr oposed to provide flood protection to the south b ank with two optimal
configuration variations. One is to follow the bank, and the other is a relatively straight line,
so that the area in the lee of the dik e can b e used for reclam ation; (b) deepening a channel
north of the Ji ugang Island by dredging; and (c) removing a sand ba r (Beiliao Island) and
constructing a jetty to separate the flows for the two rivers. A s one can see fro m Figure 2,
each design was a combination of some of these three basic aspects, which were noted below
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the schematics of each case. Apparently, without an objective and scientific measuring tool or
technique, it was difficult to make the final selection.

River Mouth Bar

\‘-.-n."? . SN =5 ;" / ' ’ igVS;'lraI'l
‘ VR S

.
.
Loim

Touchien

‘ River
Figure 1 Interactions of various physical forcig in Touchien Estuary: the arrows
indicate flow directions driven by wave, tide, and river inflow.

The N ational Center for Co mputational Hy droscience an d Engin eering (N CCHE) at th e
University of Mississippi was asked to apply the latest co mputational simulation technology
to simulate the performances of all six designs, both short- and long-term, subject to selected
storm/typhoon and monsoon events from the local historical data, so t hat the “best” design
can be determined by comparing the over-all performances of the six designs. An integrated
coastal and estuarine modeling sy stem, C CHE2D-Coast, is therefore, selected to assess the
performance of the six deign cases and one s tatus-quo case (Case 1). At first, utilizi ng a
portion of the field data collected, the model parameters of basic modules and the integrated
package were carefully calibrated. This is an very important step, because it brings the locally
unique and site-specif ic characteristics ( both geophysical and hy drological) into th e
simulation m odels. Records fro m past hydrological ev ents (e.g. floods, storms, typhoons,
etc.) and the response of the site were used to validate CCHE2D-Coast or “Hind-Casting” the
model’s capability of re producing the field processes realistically. One may refer to Ding et
al (2008) for t he details on the site-specific model validation. The results of t he validation
tests would be used also to enhance our understanding of the coastal and estuarine flow and
sediment tr ansport pro cesses. Som e of t he si mulated field pro cesses, du eto various
hydrological forcings, including water stages and overtopping along the banks of the estuary,
river bed and bank to e erosions, sand bar growth and br eaching, etc., have not on ly further
enhanced o ur knowledge of the estua rine resp onses to different hy drological forcings, bu t
also strengthened our confidence to apply the CCHE2D-Coast to predict the performances of
new designs under a variety of hydrological forcings.

A non-orthogonal mesh covering the Touchien River and the Fengshan River, the estuary, a
fishery harbor, and a few kil ometer-long ad jacent coasts fac ing to Taiwan Strait was
generated for testing the six designs (please see Figure 2 in Ding et al (2008) for the details of
the mesh). This mesh was modified more or less according to the installed structures in each
case of th e design. Th e required boundary conditions are: (1) att he inlets of two rivers,
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hydrographs were g enerated by a one-dim ensional model of the N ational Chaio Tung
University in Tai wan; and (2) at the offshore bo undaries, the incident wave, tidal elevation,
and currents were provided by the National Cheng Kung University in Taiwan. Both offshore
boundary hydrographs and those at river inlets are time series with different scales and being
varied with hydrological events. As a result, the flow fields inside the estuary, especially near
the river mouth are rather complicated.

Engineering Installations: Dike (+7.0-m high) Dike (+7.0-m high); Dredge of Channel

Figure 2 Engineering Plans for Flood and Erosion Protection in Touchien Estuary

Because there is a significant difference in sediment transport in coast and river, a total load
sediment transport form ulation w hich tak es into accountt ransition effect of sediment
transport fro m river in to co ast w as propo sed and used to calculate s ediment fluxes an d
morphodynamic c hanges. Th e co astal morphodynamic model was v alidated by c omparing
the computed morphological ch anges w ith the measured bed elev ation ch anges. The

measurement area in 20 06 covered the Touchien estuarine area and the tidal reaches of the
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two rive rs. Fro m th e va lidation results (Ding et al. 2008) the | ong-term morphodynamic
simulations and migration of offshore bars, morphological changes in th e estuarine area and
upstream river reaches observed at the site were in agreement with those observations.

Short-Term Simulations for Evaluation of the Designs

The simulation of the p erformance of each design case should be done in three steps: (1)
Using the hydrographs of a sel ected single event such as an extreme flood, a ty phoon, or a
monsoon season; (2) using a combination of a few events mentioned above over a relatively
short period, such as ay ear or 6 months; and (3) using a combination of a representative
hydrological event of a long or longer period such as 3 to 10 years. The last step is intended
primarily for testing the design’s effectiveness on sustainability from the long-term point of
view. The prac tical an d cost-effective a pproach to predictth e long-term outcome o f
morphological changes of a conceptual design is not to run the simulation model in real time
over the specified period, but ra ther a carefully designed synthetic hy drograph over a short

period to p roduce an equiv alent outcome. T hisis especially advisable if the si mulated
outcomes of different designs are used for comparison purposes.

In t he present study, the synthetic hydrographs are co mbinations of several hydrological
events which occurred in the p ast years such as t yphoons, storm surges, floods, monsoons,
and normal tides and river flows (Figure 3). The reason to use the past hydrological events is
the availability of re corded data, bo th the hydrological forcing conditi ons and resp onses of
the estuary.In ordert oraiseth elevel of t estcrit eria, one may want to choose w orse
hydrological events as elements to construct the synthetic hy drographs. As shown in Figure
3, for an exa mple, one set of th e hydrographs contains a s hort-period stor m-induced “100
year” flood and a three-month-long monsoon season. It was used as a short-term hydrological
condition for all the design tests. Similar hydrographs can be also synthesized by combining
extreme ty phoons, floods, monsoons, and base fl ows as needed. Mo st of the h ydrological
events utilized were from past records.

8000 e Touchien River 10 e Touchien River

I~ e Fengshan River ~ 9 e Fengshan River
%ﬁ 7000 N E .
3 6000 I \ g 7
2 5000 / \ 5 6
5 4000 / \ £ 5
’; 3000 / \ ; ;1
A 2000 4 N\ 8 2
1000 | e \ :
0 4 ; t 0

0 10 20 30 30 50 70 90
Hour Hour

100-year flood Monsoon - l
1

- |-

Figure 3 Hypothetical hydrographs to represent a 100 year flood and a 3-month monsoon

By applying this short-term hydrological event to evaluate all the design plans, CCH E2D-
Coast produced the hydrodynamic and morphodynamic responses to the 100-year storm and
the 3-month-long monsoon. For Case 1, it was seen from Figure 4, that the simulated highest
water stages during the “100-year” flood p eriod exceeded the proposed dike height (7-m) at
several locations. This finding indicated at least that just by building a 7-m dike alone would
not provide the flood protection ob jective set fo r the project. It explained why most of the
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conceptual designs suggested additional engineering measures to supplement the construction
of such a dike.

=
&
5]

14.37
14 F Design Dike High (+7.0m) at Nanliao

c—mwan

BLo ki
535

c,
Water Stage (m)

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

Figure 4 Highest water stages at seven monitoring stations in the 100-year storm (Case 1)

After a comprehensive evaluation of all 6 designs' effectiveness or performance subjected to
the same synthetic (or hypothetic) hydrographs, the resulting highest water stages at the most
important location (i.e. Nanliao station) in the estuary are plotted in Figure 5. It was found
that the design Case 7 (i.e., to build a 7-m dike tog ether with the removal of th e Bei liao
Island) would result in h aving the lowest water stage at the Nanliao location in the estuary,
where the highest water stage would be reduced to 5.8-m (less than the 7-m dike high).
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Figure 5 Comparisons of highest water stages of the six cases at Nanliao Station

Long-Term Morphological Change Predictions

There w as one more testto cond uct before the most effective d esign is selected for
construction: that was the effectiveness of the design to sustain the long-term stability of the
Touchien Estuary and the coastal line nearby. For this purpose, another set of hydrographs
was constructed or synthesized. It was a combination of three ty phoons (the Haitang, Matsa,
and T alim happened in th e summer of 2005 (D ing et al. 2008)) and one 3- month long
monsoon season, as shown in Figure 6. In order to determine the long-term morphodynamic
evolutions on the bed and banks of the estua ry as w ell as the coastal zone ne arby due to
repeated hydrological events, it was decided to run the simulations repeatedly using the same
hydrographs with new m orphological conditions after ea ch cycle, ra ther th an re construct
hypothetic hydrographs for each year. The morphodynamic responses of Case 7 for the long-
term hy drological ev ents are presen ted in Figure 7. The sim ulated morphological changes
after the first storm is given in Figur e 7a, which shows erosions occurred at the river mouth
and de positions i n the area o f't he rem oved isla nd. One sees also san d ba rs have been
developed in the vicinity of the tip of jetties of the harbor. Figure 7b shows the simulated bed
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changes after t he first monsoon, which d isplayed the offshore sand bar migrations and
scouring near t he tip of je tties. Iti s also seen that sed iment d epositions are in sever al
locations in the estuary and at th e river mouth. During the following sto rms and monsoons,
similar morphological activities are shown in Figure 7c and 9d. From the results of long-term
simulations, the trend of overall bed changes indicates that the bed and bank erosions and
sedimentations, the sand bar formation, breaching and migration, have exhibited a periodic
behavior and the trend of net morphodynamic changes of th e bed and bank elevations were
either in creasing or d ecreasing as ymptotically dep ending on t he mitigating eng ineering
project designs.

6000.0 Touchien River
) — — —Fengshan River
2 5000.0 /\]\ g
£ 40000
S 30000 - / \
£ 2000.0 7 N \
5 10000 NN jp\ N

0.0 e = T
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(c) After the third storm

(d) After the third monsoon
Figure 7 Computed seasonal bed changes and bed elevations (Unit: m)
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From the bed elevation changes at Beiliao station as sho wn in Figure 8 , It is found that the
variations of the bed elevations in the first storm season are fastest in the whole period; then
the changes of bed elevations in the following storms tend to be less and less, and eventually
stable. The seasonal changes of bed elevations show the following important characteristics:
(1) The sto rm always creates more sign ificant b ed ch anges th an the monsoon; (2) The
monsoon plays an important role of a recovery forcing to compensate the bed changes by the
storm does; (3) The variations of the bed changes tend to be less and less along with the
increase of time; (4) The bathy metry in the estuary responding to the hypothetical/periodical
events (boundary conditions) can reach a dynamic equilibrium state; (5) After Beiliao [sland
is removed, sands from upstream will d eposit in the areas of the Beiliao Island in almost all
the seasons. Bed elevation at the Beiliao will be lift up to 1.30m af ter th e thr ee st orm-
monsoon-cycles simulations.

Beiliao Island (Design Case 7)
[ eemeaaa. Beiliao Island (Status-Quo Estaury)
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Figure 8 Long-term overall bed elevation changes at Beiliao Island in the estuary

CONCLUSIONS

This paper presents a sy stematical approach to design coasts and est uaries by means of an
integrated coastal and estuarine process modeling technology, for coastal flood management
and erosion protection against storms and hurricanes or typhoons. An engineering application
project is demonstrated t o find t he most effective d esign plan fo r flo od prev ention an d
erosion protecti on in ane stuary by systematically sim ulating waves, currents, sedi ment
transport, and morphological change. In the project, dealing with six engineering conceptual
plans and a status-quo case, th e site-speci fically validated CCHE2D-Coast w as utilized to
simulate h ydrodynamic and morphodynamic responsesto both  short- and long-ter m
hydrological conditions. In the short-term hy drological ¢ ondition containing a hy pothetical
100-year storm and a th ree-month-long monsoon, numerical results about the high est water
stages, floo d flow propag ation, and morphological changes in the estuary driven by the
hypothetical storm and monsoon events enabled engineers to identify the most desirable plan
(i.e. Case 7) for flood prevention and erosion prot ection. In the long-term morphodynamic
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simulation u nder a hypothetical hydrological condition by repeat ed extr eme s torm and
monsoon events, morphodynamic stability over a long-term period in the s elected design
(Case 7) was investigated by evaluating seasonal morphological changes in the estuary. To do
so, t he p erformance o fthe d esign pl ans for management of flood and sed iment w as
systematically e valuated through both short- and long-term simulations. It is demonstrated
that the nu merical modeling of coastal and estuarine pr ocesses by CCHE2D-Coast can
facilitate en gineers, re searchers, and coastal plannersto f ind the mos tcos t-effective
engineering design for coastal and estuarine defense against complex hydrological conditions
such as stor mwav es, su rges, h ight ides, andri ver floods, as wellas sediment
erosion/deposition.
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