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MORPHODYNAMICS OF HUE TIDAL INLETS, VIETNAM

Nghiem Tien Lam', Marcel J. F. Stive”, Henk Jan Verhagen®, and Zheng Bing Wang*

ABSTRACT: Morphodynamics of a tidal inlet system on a micro-tidal coast in a tropical
monsoon influenced region is modelled and discussed. Effects of tides, waves, river flows and
system configuration on the inlet morphologies are investigated with the aid of process-based
state-of-the-art numerical models. Seasonal and episodic behaviour of the inlet system under the
influence of the forcing processes is then described, modelled and explained.

1. Introduction

Tidal inlets are a common feature found along barrier coasts throughout the world. About 13
percent of the world’s continental coastline consists of barriers interrupted by tidal inlets giving
access to the back barrier bays or lagoons (Schwartz, 1973). Tidal inlets play an important role in
exchanging water and providing a navigational pathway for ships and small boats to travel
between the open oceans and sheltered waters. The importance of inlets is demonstrated by the
increasing interests and the large number of inlet improvement activities for navigation such as
the construction of jetties and breakwaters, dredging of channels, and the operation of sand
bypassing facilities (FitzGerald, 2005). Therefore, they have been the subject of investigation
since the early twentieth century (e.g., Lorentz, 1926; O’Brien, 1931; Escoffier, 1940). However,
tidal inlets which are under the influence of episodic river flows and/or the seasonal climatic
variation are much less studied. Although a few studies have been carried out on the seasonal
variation of tidal inlet such as the seasonal opening of tidal inlets (Tanaka et al., 1996; Elwany et
al., 1998; Ranasinghe and Pattiaratchi, 1999), morphodynamics and behaviour of tidal inlets in
the tropical monsoon areas like in the Central Coast of Vietnam are still poorly understood. Many
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questions concerning inlet behaviour in this area such as inlet channel migration (Figure 2) or the
problem of whether to or not to close a newly opened breach, have not been answered. This paper
presents some results in an effort to explain the behaviour of the tidal inlet system in this area.

1.1. Study area

The tidal inlets of Hue, namely Thuan An and Tu Hien, are located in Thua Thien-Hue province
on the Central Coast of Vietnam (Figure 1). The inlets connect a large lagoon system, the Tam
Giang-Cau Hai lagoon, to the sea. The Tam Giang-Cau Hai lagoon is a series of connected
lagoons with the total surface area of 220 km”. As the lagoon and inlet system is providing the
living resources for about 300,000 inhabitants in the surrounding area, the system state is very
important in terms of navigation, aquaculture, agriculture, fishery and coastal inundation in the
area.
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Figure 1 Map of the lagoon and inlet system in Thua Thien-Hue province, Vietnam

1.2. Geographical conditions

Located in a tropical monsoon influenced area, the morphology of the inlets is controlled not only
by interacting marine processes such as tides, wave climate, coastal currents, but also by strong
river discharges. The influences of these governing factors are controlled by the monsoon
climatic regime.
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Figure 2 Bathymetry and lines showing historical changes of Thuan An channel

1.2.1. Northeast or winter monsoon season

The northeast monsoon prolongs from mid-October through February after crossing the warm
and humid South China Sea, it brings abundant precipitation to the coastal mountains of Central
Vietnam. Also from early September through November typhoons commonly strike along this
coastline. The typhoons drive in from the east and rapidly dissipate to rain-storms when spoiled
by the Truong Son Mountain Range. Northeast winds and typhoons create a flood season lasting
from September through December. Although the flood season lasts only four months, it accounts
for more than 70% flow volume in a year. The heavy precipitation that normally accompanies
typhoons causes inordinate river floods in the Huong river basin. The topographic characteristics
of the basin which is steeply highly sloping promotes that the flood water is rapidly discharged to
the coast and thereby inundating the narrow coastal plain. Water height difference at two sides of
the inlets may reach 2 m, creating very high flow velocity in the inlets and causing dramatic
changes to the inlets. Also if the process of scouring the inlets is too slow then the water may
overflow the sand barrier and create breaches at the weakest points to allow additional discharges.
A tropical depression in early November 1999 with the maximum rainfall intensity of
120mm/hour has produced a serious flooding of the central coastal provinces of Vietnam that
killed 324 people and caused an economic loss of 112 million US dollars (Huynh et al., 1999).
The flood also scoured tidal inlet channels. The cross-sectional area of the Thuan An inlet has
increased from 3250 m? to 6200 m’, and the cross-sectional area of the Tu Hien inlet has
increased from to 600 m* to 1800 m”. The flood also breached the sand barrier at Hoa Duan to
create a new inlet with a cross sectional area of 1750 m? (F igure 3). In the northeast monsoon
season, northeast winds create a rough sea with dominant waves coming from E, NE or NW.
Northeast monsoon waves usually cause coastal erosion.
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Figure 3 Configuration changes of Thuan An inlet

1.2.2. Southwest or summer monsoon season

The rest of the year is the period of the dry season lasting for eight months when river flows
significantly diminish. Especially, when the southwest monsoon takes over from May until
September, when the southwest winds after passing the Truong Son Mountain Range have been
dried out and become very hot, river flows become lowest. In this season, dominant waves are
from SE inducing longshore sediment transport north-westward in the coasts near the Thuan An
inlet. Because the tidal range in the area is less than 0.5m (that is smallest along the Vietnamese
coast), wave action becomes dominant. Characterized as micro-tidal wave dominated, the tidal
inlets become unstable. The ratio presenting the overall stability of tidal inlets according to Bruun
(1968, 1978, 1986) P/M,y for the Thuan An and Tu Hien inlets is about 10 — 60 and 10 — 20,
respectively (Lam, 2002). These values indicate that the Thuan An inlet is in a “fair to poor”
stability situation and the stability situation of the Tu Hien inlet is categorized as “poor”.
Longshore sediment enters the Thuan An inlet and shoals its channel and ebb tidal delta creating
difficulties for navigation. Prevailing longshore sediment transport from SW causes the inlet
gradually migrates north-westward (Figure 3). In the Tu Hien inlet, because a rocky headland
limits the coast just at the southern side of the inlet so the dominant sediment transport entering
the inlet is from the northwest direction. The northern sand spit gradually develops and grows
south-eastward (Figure 4). If in the following flood seasons, river flows can not breach through
the sand spit, then the channel will continue to decline and to migrate south-eastward. At the end
of the inlet migration and development process, the entrance is relocated at Loc Thuy nearly 3 km
southern of the original location Tu Hien, the channel width decreases from 200 m to 50 m and
the depth decreases from 3 - 4 m to only 1 m. This cyclic development usually takes many years.
The last cycle took 9 years starting in 1990 at Tu Hien and relocated at Loc Thuy in the period
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1994-1999 until the historical flood of November 1999 happened (Figure 4). According to Thanh
et al. (2000), the morphologic cycle now becomes shorter.
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Figure 4 Cyclic evolution of Tu Hien inlet

To get acquainted with the hydrodynamics of the inlet system, Lam et al (2002, 2003) used a one
dimensional hydrodynamic model DUFLOW to analyze the effects of river flows, tides and inlet
configurations on the inlet flow velocities and confirmed that river flows are the most important
influence in the flood season. The study pointed out that the presence of the new inlet opened at
Hoa Duan will cause the existing inlet of Thuan An to decline. Futhermore it was found that the
changes in the Thuan An and Hoa Duan inlets have little effect on the hydrodynamics of the Tu
Hien inlet, or in other words, the hydraulic characteristics of the Tu Hien inlet are relatively
independent of the changes of the Thuan An and Hoa Duan inlets. The reason of this is the
topographic high caused by the bars in the old ebb-tidal delta in south of the Thuy Tu lagoon.

The further step is the study on the effects of river floods and wave actions on the morphology of
the tidal inlets. The analysis on morphodynamics of the lagoon and tidal inlet system has been
carried out using a numerical modelling approach.

2. Model description

2.1. Hydrodynamic model of tides in coastal waters
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Figure 5 Detailed morphodynamics model

Although there is no long-term data of hydrologic and oceanographic observations available in
the coastal area of TT-Hue, many hydrologic, topographic and sedimentary data sets have been
collected recently after the historical flood of November 1999. The data sets, especially the tidal
water level data, are usually short, inconsistent with different reference levels, different qualities
and accuracies, because they are collected by different organizations or projects. To have an
accurate information on the tides in the sea side and to evaluate the available data sets, a 2D
numerical model of tidal forcing in the area has been setup based on Delft3D (Figure 2).
Boundary conditions for the model are tidal constants extracted from the global ocean tides based
on satellite altimetry data such as GOT00.2 (Ray, 1999), NAO.99b (Matsumoto et al., 2000),
TPX06.2 (Egbert and Erofeeva, 2002), and CSR4.0 (Eanes and Bettadpur, 1995). The model has
been setup to include in its domain the stations having long-term data in surrounding areas such
as Da Nang, Cu Lao Cham and Con Co, and has been calibrated and validated based on
observations available at these stations.

2.2. Hydrodynamic model of river flows
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Figure 6 Hydrodynamic model of flow in rivers and floodplain

The lagoon and inlet system of Hue receives water from a drainage basin of about 4000 km”.
Fresh water discharges into the lagoon through a dense river network with two main rivers: the
Huong (Perfume) River with its catchment area of 2623 km® and its mouth located near the
Thuan An inlet, and the O Lau River with its catchment area of 745 km* discharging to the Tam
Giang lagoon. During the flood season, peak discharge of the Huong River may reach 12000 —
14000 m*/s (Tuan et al., 2001). The flood water not only flows in the river channels but it also
overflows on the floodplain. Flood flow is considered as the main factor for the fast changes in
the inlet morphology so the consideration of its effect is important. Unfortunately, there is almost
no flow observation available in the lagoon and inlet areas. Flow discharge is measured only at
upstream of the rivers in the mountainous or non-tidal influenced area. In the tidal effected area,
water level is observed at Kim Long and Phu Oc stations located upstream from the Thuan An
inlet 20 km in the Huong River and 30 km in the Bo River, respectively. To simulate river flow
contribution to the morphological change of the inlet properly, a numerical model for the river
network and floodplain has been setup based on SOBEK-Rural.

SOBEK is an integrated numerical modelling package for river, urban or rural management
developed by WL | Delft Hydraulics. It is based on the 1D De Saint Venant equation for
river/channel network and 2D shallow water equations for overland flow. The 1D and the 2D
hydrodynamic equations are solved simultaneously using the very robust implicit scheme known
as the Delft scheme (Frank et al., 2001). For the application of Hue area, the model couples 1D
module to simulate flow in the river network and 2D overflow module for the floodplain (Figure
3). The 1D river network schematization has been extended 45 — 65 km upstream to include the
flow and water level stations so that the observations at these stations can be used for the
upstream boundary conditions as well as for model calibration and verification. The 2D part of
the model is a 200-m DEM of the coastal water and low land area. The results from the tidal
hydrodynamic model are used as the downstream boundary conditions for this model.
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2.3. Morphodynamic model of lagoon and inlet system
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Figure 7 Detailed morphodynamic model

The results from the hydrodynamic models of ocean tides and river flows finally are used as
boundary conditions for the detailed morphodynamic model of the lagoon and inlet system. This
model has been setup based on Delft3D modelling package developed by WL | Delft Hydraulics.
Delft3D is an integrated modelling suite for the free surface water environment. It is a flexible
framework consisting several modules which simulates two and three-dimensional flow, waves,
water quality, ecology, sediment transport and bottom morphology and is capable of handling the
interactions between these processes. This study utilizes three modules of Delft3D: Delft3D-
FLOW, Delft3D-WAVE and Delft3D-MOR. The hydrodynamics and transport module Delft3D-
FLOW solves the unsteady, multi-dimensional shallow water equations derived from the 3D
Navier Stokes equations for incompressible free surface flow (under the Boussinesq assumptions)
on a orthogonal curvilinear, boundary fitted grid in horizontal direction and the o-grid or the
Cartesian Z-grid in the vertical direction. The partial differential equations are discretized and
solved on a staggered grid by the ADI method (WL | Delft Hydraulics, 2006). The 2D version of
Delft3D-FLOW has been applied for this study. The wave module Delft3D-WAVE is based on
the third-generation wave model SWAN to compute wave propagation, wave generation by wind,
non-linear wave-wave interactions and dissipation, for a given bottom topography, wind, water
level and current fields. The sediment transport and morphology module Delft3D-MOR supports
both bed-load and suspended load transport of non-cohesive sediments and suspended load of
cohesive sediments. But the application for Hue considers only non-cohesive sediments using
Van Rijn's (1993) method for river flow study and Bijker’s (1971) method for wave action.

Domain of the morphodynamic model for Hue includes the lagoon and inlets and extended to the
continental shelf at a water depth of 30 m. The model grid is curvilinear with the minimum grid
size at the inlet locations of less than 50 m. In addition to the river flows and tidal forcing, the
actions of waves and winds are also taken into account in the model. Information about waves
and winds is derived from the observed data at Con Co Island located offshore northwest of the
area (Figure 5). For the long-term morphologic simulation of the system, the “morphological
factor” technique (Roelvink, 2006) has been applied.
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3. Results and discussion
3.1. Tidal hydrodynamics

The model results show that the tidal acting force in the inlet areas is mainly due to the M,
component with an amplitude of Hy;, = 0.15 - 0.185 m. The one-year-cycle component Sa has
about the same amplitude of 0.15 m. Smaller components are S,, O, and K; with amplitudes in
the range of 0.023 — 0.066 m. Other components including shallow water components such as My,
Mg are negligible. For example, the M, component has an amplitude of Hys = 0.001 m outside
the Thuan An inlet, when it enters the lagoons its amplitude increases to 0.002 m in the Tam
Giang lagoon and to 0.005 m in the Thuy Tu lagoon. The distortion of ocean tides in the lagoon
also mainly happens to M,. Outside the Thuan An inlet it has Hyp = 0.185 m. After passing the
inlet, it reduces to 0.146 m. These values in the Tam Giang lagoon and at the southern end of the
Thuy Tu lagoon are 0.045 m and 0.067 m, respectively. The M, component has much distorted in
the Tu Hien inlet, it reduces from 0.182 m outside the inlet to 0.104 m in the inlet and then to
0.032 m in the flood delta. In the Cau Hai lagoon, this value remains 0.021 m. This result
suggests that the effect of tidal asymmetry on the inlet morphology can be neglected and the tides
in the inlets work as in the pumping mode.

Among the global ocean tide models, the tidal constants extracted from GOT00.2 and NAO.99b
and used as model boundary conditions give the most suitable results with the observations,
except the Sa component which is not well represented in the global ocean tide models.

3.2. River flow influences

During river floods, strong flow velocity can occur in the inlets. For example, maximum velocity in
the Thuan An inlet during the flood of November 1999 may reach 2.5 — 3.0 m/s. At the inlet, water
flows as a strong flow jet which widens and deepens the inlet channel and gorge. Strong currents
due to river-flood scour the inlet channel and deepen its bottom level from -10 m to -14 m.

In the Thuan An inlet channel and its ebb tidal delta, the direction of the flow jet is relatively
stable. The direction of the flow jet in the inlet and the ebb delta depends on the side which the
dominant river flood discharge comes from. If the flood water dominantly comes from the
southern side of the inlet, i.e. mainly contributed by the rainfall on the Huong River catchment,
the jet current will head north or northwest and turn the inlet channel to the same as its direction
(Figure 8a). If the flood water coming from the northern side is stronger caused by much rainfall
happens on the catchments of the O Lau and Bo rivers then the jet current will have a tendency of
perpendicular to the coast that turns the inlet channel to the northeast direction (Figure 8b).

Outside the ebb delta, the flow direction changes according to the tidal currents in the sea in the
along shore direction. Sediment is mainly removed in the channel and the ebb delta and
transported to the terminal lobe of the ebb tidal delta where the flow velocity decreases
significantly. The bottom erosion and accretion pattern simulated for the Thuan An inlet in the
flood November 1999 presents a good agreement with the topographic survey data (Lam, 2006).
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Figure 8 Influence of river floods on Thuan An channel orientation

3.3. Wind wave influences

In the dry season which lasts eight months from January to August, the morphology of the inlets
is mainly influenced by the action of waves and tides. The morphological change in the inlet
areas then behaves correspondently to the seasonal variation of wave action.

The wave climate observed at Con Co shows that, during the month of September when the
southwest monsoon ends and the northeast monsoon starts, the dominant waves may come from
NW, NE or SW depending on the domination of which monsoon wind in that period (Figure 9d).
In the next months from October to December, the northeast monsoon winds become most active
and the dominant waves are mainly from N or NE directions (Figure 9¢). The months from
September through December are also the period in which typhoons and tropical cyclones
operate most actively. Therefore in these months, the sea is quite rough with wave height of about
1.5 — 2.5 m. Waves during the typhoons may be as high as 6 m. But these months are also the
flood season when the inlets are dominated by the river flows so the influences of sea waves are
mainly restricted to the coasts.

In the end of winter from January through March, the prevailing waves are NW with the
significant wave height Hs = 1 — 2 m (Figure 9a). Because the alignment of the coastline is in the
NW — SE direction, the magnitude of the south-eastward longshore sediment transport is largest
in these months (Figure 10a,b). In this period, just after the inlet channels have been deepened by
the river floods and when the river flow diminishes, the channel cross sections become too large
and the tides are too weak to remove the sediment entering the inlet channels. The inlets are
hungry for the sediment and become the large sediment sinks. These cause the erosion of the
adjacent coasts at both sides of the inlets, especially the updrift coasts on the northern sand
barriers of the inlets. The evident for this can be seen at the coast of Hai Duong commune located
on the north side of the Thuan An inlet. Every year, along 3 km of this coast near the Thuan An
inlet, the sand dune is eroded for 15 — 20 m during the winter time. The beach is accreted back 10
— 15 m during the summer months resulting the retreat rate of this beach is approximately 5
m/year (Hoi et al., 2001). Simulation results also show that the southeast monsoon waves in these
months gradually move onshore part of the sediment which is transported to the terminal lobe by
the river floods to fill in the channel and build up the ebb deltas and the coasts.
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Figure 9 Wave roses at Con Co Island based on 1992-2001 observations

In beginning months of summer from April to May, the sea is rather calm with small dominant
SE wave of less than 1 m high (Figure 9b). The combination of the shoreline direction and the
wave direction creates the strongest longshore sediment transport in the north-westward direction
by the summer monsoon. Because the southern coast of the Tu Hien inlet is blocked by a rocky
headland at Loc Thuy so the longshore sediment transported to the inlet is limited (Figure 10c,d).
On this coast, the sediment transported by waves is mainly to build up the small sand barrier.
During the most active months of the southwest monsoon winds from June to August, the
offshore waves at Con Co come dominantly from SW direction (Figure 9c). In the nearshore
areas the waves which are mainly swell waves, are quite calm and rework the beaches and the
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Figure 10 Residual sediment transport in the inlets

Small waves and swell in the summer months rework the sediment and transport it onshore. The
beaches are restored by onshore sediment transport. The ebb tidal deltas are moved back and
become smaller in size. The tidal channels are filled up and the bars in the deltas develop. These
developments continue until the system getting the equilibrium state. If the equilibrium is reached
then sand by passing in the ebb deltas and the migration of updrift sand spits and sand bars in the
ebb deltas will happen. After some severe river floods it may take the Thuan An nearly 10 years
to regain the equilibrium state (Lam, 2005). When it reaches the equilibrium state, the maximum
growing speed of the southern sand spit at the Thuan An inlet can be at the order of about
15m/year as has been observed (Hoi et e., 2001).

3.4. Multiple-inlet influences

Simulations on the influence of multiple inlet configurations have been carried out. There is a
scenario of the third inlet opened at Hoa Duan like it happened in reality during the flood event of
November 1999. The simulated morphodynamic results confirm the conclusion made by Lam
(2002) based hydrodynamic analysis that the changes in the Thuan An inlet and the open or
closure of the Hoa Duan inlet have only small influences on the Tu Hien inlet. There are not
much changes in the flow velocity, sediment transport and morphology of the Tu Hien inlet due
to the changes at the Thuan An and Hoa Duan inlets. The reason of this can be found by looking
at the Thuy Tu lagoon — the connection between the two locations: the Tu Hien inlet and the
Thuan An — Hoa Duan inlets. This lagoon is 24 km long but is rather shallow and narrow. It has
the average width of 1 km and the mean water depth of 2 m. The southern end of the lagoon is
constricted with a system of bars as of the ancient ebb tidal delta. Tidal waves which enter from
the inlets dissipate too much energy when approaching to this location.

In contrary, because the Hoa Duan inlet is located just 4 km south of the Thuan An inlet so its
presence have much influence on the Thuan An inlet. In a long-term simulation when the Hoa
Duan inlet is present, the Thuan An inlet then declines due to the sedimentation in its channel. Its
ebb delta is almost disappeared and the beaches are accreted due to wave reworking (Figure 11).
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Figure 11 Influence of Hoa Duan inlet on the erosion/sedimentation pattern at Thuan An inlet

4. Conclusions

With the help of the numerical models, morphodynamics of Hue tidal inlets system has been
simulated and described. The numerical models have also helped to overcome the problem of the
data availability by using available observations from other locations, interpolated and transferred
them numerically into necessary information in the inlet areas. The behaviour of the inlet system
under the influence of governing processes such as tides, waves, river flows, and system
configuration has been described. For Hue tidal inlets located in a micro-tidal coast and controlled
by the tropical monsoon climatic regime, the influences of river flows and ocean waves are
important and dominant. The episodic influences of river flow and wave climate follow the tropical
monsoon regime and make the tidal inlet morphology also seasonally varying and highly dynamic.
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