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ABSTRACT

A three-dimensional, unstructured grid, hydrodynamic model
was established and applied to study the salt water intrusion
and residual circulation in the Danshuei River estuarine sys-
tem of northern Taiwan. The construction of two reservoirs
(i.e. Shihmen Reservoir and Feitsui Reservoir) and water
diversion in the upper reaches of the river system significantly
reduces the freshwater inflow. The changes had contributed
farther to the intrusion of tidal flow and salt water in the up-
stream direction. The model was validated with available
hydrographic data measured in 2001 then used to probe the
change in salt water intrusion as a result of reservoir con-
struction. The model simulations indicate that more tidal
energy propagates into the estuarine system after reservoir
construction because of the substantial increase in river cross-
sections and decrease in freshwater discharges. The residual
circulation before reservoir construction is weaker than that
after reservoir construction. The limits of salt water intrusion
after reservoir construction extend farther inland 3.5 km than

those before reservoir construction under mean flow condition.

This case study offers the quantitative estimate of the salinity
and residual circulation changes due to human interface in this
nature system.

I. INTRODUCTION

Reservoirs are the most important and effective water
storage facilities in modifying uneven distribution of water
both in space and time. They not only provide water, hy-
droelectric energy and irrigation, but also smooth out extreme
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inflows to mitigate floods or droughts. However, they natu-
rally led to the imposition of man-made changes on rivers,
such as reservoir regulation, bathymetric change, and fresh-
water withdrawals. In these cases, upstream changes of the
river runoff will inevitably have consequences on the estuarine
portion of the river.

Although river management has commonly occurred over
the past 50 years, most studies have focused on the short or
medium term behavior of estuarine flows, few studies have
been conducted and little is known about the long-term es-
tuarine response associated with river management schemes
[6, 7, 12]. For these reasons, there is a need for a numerical
modeling in conjunction with any estuary-related management
plans. Numerical models have become important tools to as-
sess the response of natural systems to changes in environ-
mental regulation of engineering facilities.

Several reports have been documented with three-
dimensional model to evaluate the response of natural systems
to environmental changes. Mao et al. [11] adopted three-
dimensional baroclinic model, HAMburg Shelf Ocean Model
(HAMSOM), to simulate the salinity variations in Bohai Sea
that was influenced by the surrounding rivers or the intrusions
of the North Yellow Sea Water. An et al. [1] applied three-
dimensional model, ECOMSED, to investigate the influence
of Three Georges Project on saltwater intrusion in the Yangtz
River estuary in China. Oliveira et al. [13] used the three-
dimensional hydrodynamic model, ELCIRC, to study natural
and artificial morphological changes in tidal inlet propagation
and flushing properties in the lagoon. Sierra ef al. [15] used
the MIKE 21 package to probe the effect of freshwater reduc-
tion on salt wedge dynamics in Ebro River due to construction
of several dams. Huang and Spaulding [5] applied a three-
dimensional hydrodynamic model, POM, to determine resi-
dence time in response to the change of freshwater input in
Apalachicola Bay.

The Danshuei River estuary (Fig. 1) is the largest estuarine
system in northern Taiwan. The tidal influence spans a total
length of about 82 km, encompassing the entire length of the
Danshuei River and the downstream reaches of its three major
tributaries: the Tahan Stream, Hsintien Stream, and Keelung
River. Tidal propagation is the major dominant mechanism
controlling the water surface elevation, and ebb and flood
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Fig. 1. Map of the Danshuei River estuarine system.

flows. The M2 tide is the primary tidal constituent at the river
mouth, with a tidal range of 2.17 m at mean tide, and up to 3 m
at spring tide. Because of the cross-sectional contraction and
wave refraction, the mean tidal range may reach a maximum
2.39 m within the system. The phase relationship between
tidal elevation and tidal flow is close to standing wave char-
acteristics [4].

Two reservoirs, Feitsui Reservoir and Shihman Reservoir,
were built in the upriver reaches of the Danshuei River system.
Feitsui Reservoir, completed in 1987, had an initial design
capacity of 4.06 x 108 m® was primarily designed to provide
domestic water supply to the Taipei metropolitan area with a
population over 5 million. The dam site of the Feitsui Res-
ervoir is located at the lower end of the Peishih Stream, a
tributary of the Hsintien Stream, and is approximately 30 km
away from Taipei City. Shihmen Reservoir was completed in
1964 and situated at the upper end of the Tahan Stream. This
multipurpose reservoir supplies water to the rice fields of
northern Taiwan and to Taipei during the dry season. Cover-
ing 8 km’, this man-made reservoir also generates electricity
of 87,400 kW for the island’s insatiable demand. Another vital
function of these two reservoirs is to provide flood control
during the typhoon season. Fig. 2(a) presents flow duration
curves in the Tahan Stream before and after the Shihmen
Reservoir construction. Fig. 2(b) shows flow duration curves
in the Hsintien Stream before and after the Feitsui Reservoir
construction. These figures reveal that the river discharges
have dramatically reduced after the reservoirs were built.

In this study, a three-dimensional hydrodynamic model was
established and applied to study the Danshuei River estuarine
system. The model has been validated with 2001 measured
data. The model was then used to simulate salt water intrusion
and residual circulation under both the current conditions and
the prereservoir conditions. The modeling results indicate that
the reservoir construction has critical impacts on salt water
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Fig. 2. Comparison of flow duration curves before and after reservoir
construction in the (a) Tahan Stream and (b) Hsintien Stream.

intrusion and residual circulation in the Danshuei River es-
tuarine system.

II. MODEL DESCRIPTION

A three-dimensional semi-implicit Eulerian-Lagrangian fi-
nite-element model (SELFE) [20, 21] was implemented to
simulate the Danshuei River estuarine system and its adjacent
coastal sea. SELFE solves the Reynolds-stress averaged Na-
vier-Stokes equations consisting of conservation laws for mass,
momentum and salt, under the hydrostatic and the Boussinesq
approximations, to yield the free-surface elevation, three-
dimensional water velocity and salinity:
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where (x, y) is the horizontal Cartesian coordinates; z is the

vertical coordinate and positive upward; Vv = (;7, aij] ;tis
x oy

time; 77(x, y, f) is free-surface elevation; A(x, y) is bathymetric
depth; u(x, y,z,t) is horizontal velocity, with Cartesian

components (U, V); W is vertical velocity; f is the Coriolis
factor; g is acceleration of gravity; w (¢, A) is earth tidal po-

tential; « is effective Earth elasticity factor; p(x, f) is water
density with reference value p, = 1025 kg/m®; P,(x, y, 1) is
atmospheric pressure at the free surface; p is pressure; S is
salinity; v is vertical eddy viscosity; u is horizontal eddy
viscosity and xis vertical eddy diffusivity for salinity.

The vertical boundary conditions for the momentum equa-
tion, especially the bottom boundary condition, play an impor-
tant role in the SELFE numerical formulation, as it involves
the unknown velocity. In fact, as a crucial step in solving the
differential system, SELFE uses the bottom condition to de-
couple the free-surface Eq. (2) from the momentum Eq. (3).

At the water surface, the balance between the internal
Reynolds stress and the applied shear stress yields:

V@_u:T—W at z=n (6)
oz

where the specific stress 7, can be parameterized using either
the approach Zeng et al. [19] or that of Pond and Pickard [14].

The boundary condition at the bottom plays an important in
SELFE formulation, as it involves the unknown velocity.
Specifically, at the bottom, the no-slip condition (U= V'=0) is
usually replaced by a balance between the internal Reynolds
stress and the bottom frictional stress, ie.,

va—u:rb at z=—h N
oz

where the bottom stress is ?b =C, |”b|”7 .

The velocity profile inside the bottom boundary layers
obeys the logarithmic law:

In[(z+h)/zy] — B 3
—ln(5b T2 Uy, (zy—h<z<68,—h) ®)

ﬁ:

which is subject to be smoothly matched to the exterior flow.
In Eq. (8), & is the thickness of the bottom computational cell,
zo is the bottom roughness, and u, is the bottom velocity,
measured at the top of the bottom computational cell. The
Reynolds stress inside the boundary layer is derived from Eq.
(8) as:

ou v —

S — )
oz (z+h)In(S,/z,)

From the turbulence closure theory [17], the eddy viscosity
can be expressed by:

V=25 K" (10)
where the stability function, the turbulent kinetic energy, and
the macroscale mixing length are given by:

Sm :g2

K:%BI%CD|ub|2 (11)

[=xy(z+h)

In Eq. (11), x5y = 0.4 is the von Karman’s constant, and g,
and B, are constants with ngl% =1. Tennekes et al. [16] re-

ported the Reynolds stress is not constant value inside the
boundary layer. Hanert et al. [3] developed and compared
numerical discretizations that explicitly take into account the
logarithmic behavior of the velocity filed in the oceanic bot-
tom boundary layer. This is achieved by discetizing the gov-
erning equations by means of the finite element method and
either enriching or modifying the set of shape functions used
to approximate the velocity field. They found that their pro-
posed method can capture the velocity filed in the bottom
boundary layer. However Eq. (12) was implemented in a
straightforward way in the finite element model. In this study,
the constant was however adopted for simplification, yielding

Ou K, A
vV—=——"—"C/?u,l|u,, —h<z<5,—h 12

oz In(s,/z,) D | b| s (20 z<6,—h) (12)
where the drag coefficient, calculated from Egs. (6), (7) and
(12), is

Cp=(Linly (13)
Ky Zy

Eq. (12) indicates that the vertical viscosity term in the
momentum equation vanishes inside the boundary layer, and
this is used here.

Numerical efficiency and accuracy consideration dictates
the numerical formulation of SELFE. SELFE solves the dif-
ferential equation system with finite-element and finite-
volume schemes. No mode splitting is used in SELFE, thus
eliminating the errors associated with the splitting between
internal and external modes. Semi-implicit schemes applied
to all equations; the continuity and momentum equations (Egs.
(2) and (3)) are solved simultaneously, thus bypassing the
most severe stability restrictions. A key step in SELFE is to
decouple the continuity and momentum equations via the
bottom boundary layers. SELFE uses an Eulerian-Lagrangian
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Fig. 3. Unstructured grid representing in the modeling domain (a) before reservoir construction and (b) after reservoir construction.

method (ELM) to treat the advection in momentum equation,
thus further relaxing the numerical stability constrains. The
advection terms in the transport equation (Eq. (4)) is treated
with finite-volume upwind method.

Bottom topography is an important factor that affects the
flow properties in environmental modeling. Hence an accu-
rate representation of bottom topography by the model grid is
critical to successful estuarine and coastal modeling [2]. This
is particularly true for the complex Danshuei River estuarine
system and its adjacent coastal sea. The model grid must
represent accurately the characteristics of the Danshuei River
estuarine system that constitutes the model domain.

In this study, the bottom topography data in the coastal sea
and Danshuei River estuarine system were obtained from the
National Center for Ocean Research and Water Resources
Agency, Taiwan. The deepest depth within the study area is
110 m (below the mean sea level) near the northeast corner of
the model in the coastal sea. The model mesh for the Danshuei
River estuarine system and its adjacent coastal sea consists of
6344 and 6335 polygons before and after reservoir construc-
tion, respectively (Fig. 3). Higher resolution grids are used in
the Danshuei River estuary, and rough grids are used in the
coastal sea. For the hybrid “SZ” vertical grid, 10 z-level and
10 evenly-spaced S-levels were used. For this model grid, a
120 seconds time step was used in simulations with no sign of
numerical instability.

III. MODEL VALIDATION

To ascertain the model accuracy for practical applications, a
large set of observation data is used to validate the model and
to verify its capability to predict the water surface elevation,
tidal current, and salinity in this study.

1. Water Surface Elevation and Tidal Current

The model validation of water surface elevation and tidal
current was conducted with daily freshwater discharge data
from upriver of the Tahan Stream, Hsintien Stream, and Kee-
lung River in 2001. The open boundaries at the coastal sea
were specified by six tidal constituents (M,, S,, N,, K, O; and
S,). The model was run for a one-year simulation. Fig. 4
compares the computed surface elevation and measured data
with time series at six stations in July. In general, the mod-
eling results faithfully reproduce the water level variations.

To validate the model in calculating tidal currents, an in-
tensive survey of current speed was conducted in five transects
on April 24, 2001. Half-hourly current speed was measured
by personnel on boats for a period of 13 daylight hours. Ve-
locity data were taken with handheld current meters that
measure current magnitude but not direction. The data were
recorded by hand, and the “ebb or flood” direction was noted
with visual observations. There was some uncertainty in as-
signing current direction during the period around slack tides.
To compare the measured and computed velocities, the com-
puted velocity in the horizontal plane was transferred to the
velocity along the channel. Fig. 5 presents the comparison of
the time series data of velocity along the channel (i.e., axial
velocity) for April 24, 2001. The model satisfactorily pre-
dicted the velocity along the channel. It was found that the
flood tidal current is weaker with shorter duration than the ebb
tidal current in the estuary. This was attributed to the tidal
asymmetry caused by both bathymetry and the interaction
between the incoming tide and river flow.

2. Time-series Salinity

Salinity distributions reflect the combined results of all
processes, including density circulation and mixing processes.
These in turn control the density circulation and modify the
mixing processes. The evaporation and precipitation were not
taken into account during the salinity simulations, because the
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freshwater flux at air-sea interface was not important in the
estuarine system.

A limited long-term salinity time series exists for the
Zhu-Wei mangrove zone, having been collected by the Taiwan
Industrial Technology Institute and this time series was used
for model validation. The salinities of open boundaries in the
coastal sea were set to 35 psu (practical salinity unit). At the
heads of the three tributaries the salinity boundary conditions
were set to 0 psu together with the specification of daily
freshwater discharges. The initial salinity distribution varies
with the distance from the Danshuei River mouth. It means
that the salinity is higher near the Danshuei River mouth and

decreases gradually away from river mouth. The spinning-up
time of the model is one month to reach quasi-equilibrium.
Fig. 6 shows the simulated salinity time series compared
very favorably with the salinity measurements at the Zhu-Wei
mangrove zone. The dynamic variation of observed salinity
between Spsu and 30 psu over a tidal cycle was reproduced by
the model (Fig. 6(b)). Salinity distributions reflect the com-
bined results of all processes, including density circulation and
mixing processes. These in turn control the density circulation
and modify the mixing processes. However the simulated
salinity can not really catch the maximum or minimum salinity
of observation. It may be the reason that the calculated eddy
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diffusivity with turbulent closure model needs to be carefully
investigated. As the freshwater discharges increase, the sa-
linity sharply decreases to zero during the September 16 to 20,
2001 (Fig. 6(a)). Overall, the SELFE model reflected the large
dynamic variations of salinity over a tidal cycle and a decreas-
ing trend of salinity as freshwater increased.

IV. MODEL APPLICATION AND EVALUATION

The validated model was used to investigate the salinity
distribution before reservoir construction and under present

conditions, respectively. The earliest available bathymetric
data were collected in 1969, a time between the construction
of Shihmen Reservoir and Feitsui Reservoir. These data were
used to represent the geometric conditions prior to reservoir
construction. To avoid the wind stress effect, the model
simulations have not included the wind field.

1. Effect on Salt Intrusion

To examine the salinity distributions pre- and post-reservoir
construction, respectively, model simulations were conducted
using six constituent tides at the open sea boundary. Amplitudes
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Table 1. River discharge at upstream boundaries before
and after reservoir construction.

3 3 3
Conditions Upstregm Qm (m’/s) Qs? (m’/s) | Qss (m'/s)
boundaries | (mean flow) | (medium flow) | (low flow)
Before Tahan Stream 60.03 20.95 12.87
reservoir | Hsintien Stream 80.80 40.40 17.86
construction| Keelung River 25.20 9.15 3.33
After Tahan Stream 35.09 12.86 5.36
reservoir | Hsintien Stream 5543 23.84 11.10
construction| Keelung River 25.20 9.15 3.33
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Fig. 6. Comparison of computed salinity with time series observed data
during the period (a) September 5 to 19, and (b) November 1 to 15,
2001 at Zhu-Wei Mangrove.

and phases of tidal constituents were specified to generate a
time series of surface elevations at open sea boundary. A
constant salinity of 35 psu at the open sea boundary was set for
model simulation. The river discharges at the tidal limits of
the three major tributaries, the Tahan Stream, the Hsintien
Stream and Keelung River, were conducted using annually
mean flow (Qp), Qso flow (where Qs is the flow that is
equaled or exceeded for 50% of the time), and Qs low flow.
Table 1 lists the river discharges at upstream boundaries with
mean flow, Qso, and Q75 flow before and after reservoir con-
struction.

Figs. 7 and 8 present the predicted salinity distributions
before and after reservoir construction, respectively, under Q7s,
Qso, and Q,, flow conditions in Danshuei River-Tahan. The
computed salinities were averaged over 58 tidal cycles to
smooth out the spring-neap as well as intratidal variations.
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Fig. 7. Model predict of tidal average salinity distribution along the
channel before reservoir construction under (a) Q75 (b) Qs9 and

(¢) Qm, flow condition in Danshuei River-Tahan Stream.
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Fig. 8. Model predict of tidal average salinity distribution along the
channel after reservoir construction under (a) Q75 (b) Qsp and (c)
Qu flow condition in Danshuei River-Tahan Stream.
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Fig. 10. Model predict of tidal average salinity distribution along the
channel after reservoir construction under (a) Qs (b) Qs and (c)
Qu, flow condition in Hsintien Stream.

Table 2. Limit of salt water intrusion in the Tahan Stream
under various river discharge conditions.

After reservoir
construction
(km)

Limit of salt water intrusion | Before reservoir
(distance from Danshuei construction

River mouth) (km)

05 23.75 25.85

Oso 18.35 23.00

On 12.90 16.40
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Fig. 11. Average monthly flows at the upstream boundaries of (a) Tahan
Stream (b) Hsintien Stream and (c¢) Keelung River before and
after reservoir construction.

When the river discharges increase, the limit of salt intrusion
was pushed to father downriver (Fig. 7). The limits of salt
intrusion after reservoir construction were farther up-river
than that before reservoir construction in the Danshuei River-
Tahan Stream. The same simulated results also appeared in
the Hsintien Stream before and reservoir construction (see
Figs. 9 and 10). This reflects the combined effects of the
reduction in river discharges and the deepening and widening
of the river. The limits of salt intrusions, represented by 1 psu
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Fig. 12. Comparison of computed time series salinity in the surface layer
after (solid line) and before (dashed line) reservoir construction
at the (a) Kuan-Du Bridge, (b) near Kuna-Du wetland, and (c)
Taipei Bridge.

isohaline, are located 12.9 km and 16.4 km from the Danshuei
River mouth in the Tahan Stream before and after reservoir
construction, respectively, under Q,, discharge. The estuarine
circulation is mainly consists of rive runoff and density-driven
circulation, the former is wakened due to the reduced river
discharge by the reservoirs, and the later is stronger due to the
enhanced salt water intrusion. Table 2 presents the summary
results of the salt intrusion in the Tahan Stream under various
discharge conditions.

To examine the salinity change under the seasonally vary-
ing river discharge condition, another set of model simulations
were conducted using average monthly discharges before
and after reservoir construction. Fig. 11 presents the average
monthly flows at upstream boundaries of the three tributaries.
It shows that the average monthly flows in the Tahan Stream
and Hsintien Stream are significantly reduced after the reser-
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Table 3. Annual mean salinities before and after reservoir

construction.
o Kuan-Du | Near Kuan-Du | Taipei Bridge
Condition .
Bridge (psu) | wetland (psu) (psu)

Before reservoir 10.6 4.6 0.2

construction
After reservoir 143 10.3 1.4

construction

voirs were constructed. The flows in the Keelung River were
unchanged, since no reservoir was constructed there.

Fig. 12 illustrates the simulation results of time-series sa-
linity variation in the surface layer at the Kuan-Du Bridge,
near the Kuan-Du wetland, and Taipei Bridge. The salinity
fluctuates in response to the variation of average monthly
flows. The postreservoir condition has the salinity higher than
the prereservoir condition at all time. Table 3 shows the an-
nual mean salinities before and after reservoir construction at
the Kuan-Du Bridge, near the Kuan-Du wetland, and Taipei
Bridge. This suggests that the long-term salinity increases
have the potential to favor the development of mangrove
wetlands near the Keelung River month. It has been reported
that salinity increase was the major reason for the shift of
vegetation types in the Kuan-Du wetland over the past thirty
years [9, 10, 18].

2. Effect on Residual Circulation

The current velocity in estuaries is decomposed into two
components — tidal and residual. The dominant residual ve-
locity can be often characterized by the upriver movement of
more saline water in the lower layer and the downriver move-
ment of less saline water in the upper layer [8]. To investigate
the spatial and residual current, the long-term averaged ve-
locity was obtained from the simulation results. In the case of
before and after reservoir construction, the averaged residual
velocities over two spring-neap tidal cycles are presented in
Figs. 13 and 14, respectively. The deeper channel and reduced
discharges enhance the residual circulation that pushes salt
water further upstream along the lower portion of the water
column. The apparent residual circulation occurs at the bot-
tom layer in the main Danshuei river estuary and causes the
current to be directed upriver. The residual circulation after
reservoir construction is stronger than that before reservoir
construction in the main stream of Danshuei River. This is
also the reason why a large difference in salinity distribution
after and before reservoir construction in the estuary.

V. CONCLUSIONS

A three-dimensional hydrodynamic model was performed
and applied to the Danshuei River estuarine system and its
adjacent coastal sea in northern Taiwan. The model was
validated by comparing with measured water surface elevation,
current, and salinity under variable daily freshwater discharges
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Fig. 13. Modeled residual current before reservoir construction at the
(a) surface and (b) bottom layer with Qs flow condition.
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from upper reaches of the Tahan Stream, Hsintien Stream, and
Keelung River in 2001. Overall the simulated results satis-
factorily agreed with measured data.

The validated model was then used to investigate the effects
of reservoir constructions on salinity distributions and residual
currents in the Danshuei River estuarine system. The results
show that the limit of salt intrusion moved farther upriver after
the reservoirs were constructed. The residual circulation after
reservoir construction is stronger than that before reservoir
construction in the main stream of Danshuei River. Substan-
tial increases in salinity occurred throughout the estuary.
Another set of model simulations was executed using time
varying river flows at upstream boundaries. The results show
that the surface salinity near Kuan-Du wetland increased at all
time of the year and annual mean salinities before and after
reservoir construction were 4.6 psu and 10.3 psu, respectively.
The results suggest that the reservoir constructions in the
upper reaches in Tahan Stream and Hsintien Stream may be
the major contributory reason for the expansion of the man-
grove areas and the disappearance of the freshwater marshes at
the Kuan-Du wetland.
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Fig. 14. Modeled residual current after reservoir construction at the (a)
surface and (b) bottom layer with Q5 flow condition.
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