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Abstract

A three-dimensional, time-dependent, baroclinic, hydrodynamic and salinity model, UnTRIM, was performed and
applied to the Danshuei River estuarine system and adjacent coastal sea in northern Taiwan. The model forcing functions
consist of tidal elevations along the open boundaries and freshwater inflows from the main stream and major tributaries in
the Danshuei River estuarine system. The bottom friction coefficient was adjusted to achieve model calibration and ver-
ification in model simulations of barotropic and baroclinic flows. The turbulent diffusivities were ascertained through com-
parison of simulated salinity time series with observations. The model simulation results are in qualitative agreement with
the available field data.

The validated model was then used to investigate the influence of wind stress and freshwater discharge on Dasnhuei
River plume. As the absence of wind stress, the anticyclonic circulation is prevailed along the north to west coast. The
model results reveal when winds are downwelling-favorable, the surface low-salinity waters are flushed out and move
to southwest coast. Conversely, large amounts of low-salinity water flushed out the Danshuei River mouth during upwell-
ing-favorable winds, as the buoyancy-driven circulation is reversed. Wind stress and freshwater discharge are shown to
control the plume structure.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The costal ocean is the recipient of freshwater and land drained materials that are primarily brought
in through river discharge. From the dynamical viewpoint the discharge site (the “river mouth”) can be
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considered the source both momentum and buoyancy, produced by the release of light fluid into a heavier
(more dense) ambient. The resulting dynamical structure is referred to as a (buoyant) river plume [1].

River waters have been regards as means for drinking water supply, maintenance of wild life and transpor-
tation, while their natural content in perceptible amounts of nutrients has always influenced the ecology of the
receiving waters, which directly affects the food supply. In modern times, population growths of coastal states
and technology-related development have added a plethora of man-made waste products on the river intake.
These “materials™ are carried by rivers (in solution, in suspension or as bed load) to their discharge site. It is
becoming increasingly necessary to be able to control the impact of this type of ‘imported” pollution in the
coastal areas, which continue to be favored as rapidly growing population and recreation sites. Furthermore,
the freshening of nearshore waters due to river runoff is one of the mechanisms that control circulation in
coastal areas [2]. The present study is motivated by the need to understand and predict the phenomena that
control the fate of riverine waters and related materials, taking into account the complex geomorphology that
characterizes the Danshuei River system and its coastal sea.

Numerical studies of river plume have mostly concentrated on idealized model domains, so that results
could be validated analytically and nondimensional numbers characteristic of plume dynamics could be
derived. Such studies concentrate on plume dynamics [1,3-7]. These studies pointed out that, when the buoy-
ant discharge is the only forcing mechanism, a “typical” mid-latitude plume develops after (a) the initial rig-
orous mixing caused by turbulence and friction and (b) the subsequent balance between Coriolis and the
density-induced pressure gradient. The structure of a river plume includes an offshore bulge that extends anti-
cyclonically seaward from the river mouth and the coastal current region that develops along a narrow near-
shore strip to the right of the river mouth. Wind stress may either enhance or oppose the density-driven coastal
current. Kourafalou et al. [1] showed that downwelling favorable winds strengthen the coastal current plume
region and confine the bulge nearshore, while upwelling favorable winds may reverse the coastal current and
allow a wide offshore bulge. Kourafalou et al. [8] studied, under realistic conditions, the wind and tidal influ-
ences on a river plume along the Southeast US continental shelf during spring season. Mikhailova and Shapiro
[9] included the interaction between riverine low-salinity waters and abyssal upwelled waters in the Black Sea.
Garvine [10] investigated the dependence of the alongshelf penetration of an unforced buoyant coastal
discharge in parameters such as bottom slope, background diffusivity, tidal amplitude, and river discharge.
Berdeal et al. [11] used a three-dimensional model (ECOM3d) to simulate the response of a high discharge
river plume to an alongshore ambient flow and wind forcing. Arnoux-Chiavassa [12] used a higher order
advection scheme to simulate 3D Rhone river plume. Lacroix et al. [13] described the distribution and vari-
ability of the salinity in Belgian coastal waters and determined the relative impact of the Scheldt and
Rhine/Meuse freshwater plume. Whitney and Garvine [14] simulated the Delaware Bay buoyant outflow
and compared results with observations of estuarine and shelf conditions.

The numerical simulation in realistic cases contributed to the understanding of the dynamics and the struc-
ture of the plumes by taking into account real bathymetries. A number of numerical models have applied to
investigate the river plume in different continental shelves and estuaries overall the world. However there is not
any report regarding to the Danshuei River plume in Taiwan. A number of three-dimensional hydrodynamic
models are available to simulate the tidal current, salinity, and temperature in estuaries and coastal seas
[15-21]. In the present study, a three-dimensional hydrodynamic model, UnTRIM [18,22], was implemented
and applied to examine the impact of wind stress and freshwater discharge on river plume development in the
Danshuei River coastal sea of northern Taiwan. Before the performance of model application, model valida-
tion was conducted with water surface elevation, current, and salinity and compared them with available field
data in the Danshuei River estuarine system. Because of the unstructured gird applied in the model, the grids
generation is easily to produce and to fit the topography. Moreover, the UnTRIM model takes the advantage
to develop the water quality and sediment models in the future work.

2. Study site
The Danshuei River estuary (Fig. 1a) is the largest estuarine system in Taiwan, with its drainage basin

including the capital city of Taipei. 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
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Fig. 1b. An unstructured model grid representing the modelling domain.

Stream, the Hsintien Stream, and the Keelung River. The average river discharges at the upstream limits of
tide are 41.7 m*/s, 72.4 m®/s, and 25.5 m%/s, respectively, in the Tahan Stream, Hsintien Stream, and Keelung
River. The northeast wind prevails during the autumn and winter seasons, while the southwest wind prevails
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during the spring and summer seasons in Taiwan. The moderate to strong wind speed ranges from 6 to 15 m/s
[23]. Except during a flooding event, the astronomical tide may reach as far upriver as Cheng-Ling Bridge in
Tahan Stream, the Hsiu-Lang Bridge in Hsintien Stream and the Chiang-Pei Bridge in Keelung River
(Fig. 1a). Tidal propagation into the estuary from coastal ocean is the dominant mechanism controlling
the variations of water surface elevation, and ebb and flood flows. The M, tide is the primary tidal constituent
at the river mouth, with a mean tidal range of 2.17 m, and up to 3 m at spring tides. Because of the cross-sec-
tional contraction and wave reflection, the mean tidal range may reach a maximum of 2.39 m within the sys-
tem. The phase relationship between tidal elevation and tidal flow is close to standing wave characteristics [24].

Sea water intrudes upriver as a result of tidal dispersion and residual circulation. Salinity varies in intra-
tidal time scale in response to the ebb and flood of tidal flows as well as in response to changing freshwater
inflows. The limit of salt intrusion may reach beyond 25 km in the Tahan Stream from river mouth during the
period of low flow. The baroclinic pressure gradient due to longitudinal salinity/density distribution is large
enough to push the denser salt water upriver along the bottom layer of the estuary forming the classical
two-layer estuarine circulation [25-27].

In this study, a baroclinic 3 D model, UnTRIM, is used to cover the Danshuei River estuarine system and
adjacent coastal sea where the bathymetry is gradually getting deeper away from the coastline (Fig. 1a), and
the model uses an unstructured model grid as shown in Fig. 1b. Wang [28] used a towed-ADCP to measure the
tidal current at the coastal sea off the Danshuei River. The maximum tidal current near the river mouth can
reach 1.25 m/s and the tidal current fluctuates with flood and ebb tides along the coastline. The measured
mean flow at the upper 10 m is about 0.5 m/s. The flow decreases with increasing depth; the mean current
is about 0.35 m/s at 10-40 m and 0.2 m/s below 40 m of depth.

3. Model description
3.1. Governing equation

The governing equations describing three-dimensional free-surface flows are the well known shallow water
equations. Such equations express the physical conservation principles of volume, mass, and momentum.
The volume conservation is expressed by the following incompressibility condition:

Ou Ov Ow
aﬂ‘@ﬁ-g—(), (1)

where u(x, y, z, 1), v(x, y, z, t), and w(x, y, z, t) are the velocity components in the horizontal x, y, and vertical
z-directions, respectively,

Integrating the continuity equation (1) over depth and using a kinematic condition at the free-surface leads
to the following free-surface equation [16]:

op 0 " 0 g B
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where ¢ is the time; /i(x, y) is the prescribed bathymetry measured from the undisturbed water surface and
n(x, y, t) is the free-surface elevation. Thus, H(x, y, t) = h(x, y) + n(x, y, t) is the total water depth.
The mass conservation of salt (solutes) is expressed by the following differential equation:
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where S is the salinity; K and K" are prescribed non-negative horizontal and vertical diffusivities, respectively.
Under the hydrostatic approximation, the vertical accelerations in the vertical momentum equation can be
neglected.
The hydrostatic pressure p(x, y, z, t) can be expressed as

n _
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where p, is the atmospheric pressure; g is the gravitational acceleration; p is the water density; p, is the fresh-
water density.
The horizontal momentum equations can also be written as
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where D( )/Dt is the substantive derivative; fis the Coriolis parameter; v" and v" are, respectively, the coef-
ficients of horizontal and vertical eddy viscosity.
The vertical momentum is expressed as

D Frw O o[ ,0
Dw_ o (Qw &\ 0, aw) (7)
D¢ oxz  0y? 0z 0z
The system is closed by an equation of state which relates the water density to the concentration of salinity
(contributions from temperature variations to density are neglected). The equation of state takes the form of

p = po(1 +kS), (8)
where k is constant (=7.8 x 10~* ppt™').

3.2. Turbulence closure model

In most estuaries with a significant freshwater discharge, salinity may serve as an idea natural tracer for
calibration of mixing processes. Salinity distribution in an estuary is affected by the tidal current, freshwater
discharge, density circulation, as well as turbulent mixing processes. Therefore the salinity distribution reflects
the combined results of all processes, and in turn it controls density circulation and modifies mixing processes
[24].

In the present model, the mixing processes are modeled with turbulent diffusion terms. The mixing length
concept is used to calculate eddy viscosity v and diffusion coefficient K" in vertical direction.

The formations for v¥ and K" are

*|ou
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where Z is the distance from the surface, « is a constant to be determined empirically, and a local Richardson
number (R;) is used to characterize stability due to stratification, where the Richardson number is defined as

@)

The horizontal mixing coefficients (" and k") range from 1 to 100 m?/s [29]. Since the horizontal length
scales are several orders of magnitude larger than the vertical length scales, the horizontal mixing terms play
a relatively insignificant role in momentum balance; they are retained in the model nevertheless. Constant val-
ues for o and K" are used and they are adjusted, within the range of 1-100 m?/s, through model calibration.

(1+pR)2, ©)

(1+ BR) 2, (10)

3.3. Numerical approximation

The numerical algorithm of UnTRIM is fundamentally the same as TRIM3D [16,30], except that the finite-
difference treatment of the governing partial differential equations is performed over an unstructured grid
mesh. Before discretizing the governing equations, the horizontal domain (x, y) is covered by a set of
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non-overlapping convex polygons. Each side of a polygon is either a boundary line or a side an adjacent
polygon. Moreover, it is assumed that within each polygon there exists a point (i.e., center) such that the
segment joining the centers of two adjacent polygons and the side shared by the two polygons have a non-
empty intersection and are orthogonal to each other (shown in Fig. 2). One such grid is called an unstructured
orthogonal grid [17,31]. The center of a polygon does not necessarily coincide with its geometrical center. The
special cases of unstructured orthogonal grids include the rectangular finite-difference grids, as well as a grid of
uniform equilateral triangles. In these particular cases the center of each polygon can be identified with its
geometrical center. Another example of an unstructured orthogonal grid is a set of Delaunay triangles where
the triangulation includes only acute triangles [32].

A semi-implicit scheme define above is used in order to obtain an efficient numerical algorithm whose sta-
bility is independent from the free-surface gravity waves, wind stress, vertical viscosity and bottom friction.
Consider a typical polygon, Fig. 2, the momentum equation, Egs. (5) and (6), is finite-differenced in the nor-
mal direction of each vertical face along oa, ob, and oc directions. The momentum equation relates the gra-
dient of water surface elevation between adjoining polygons and the face velocity on the common face between
these polygons. As stated previously, the wind stress, the vertical mixing and the bottom friction are discret-
ized implicitly for numerical stability.

An explicit finite-difference operator is used to account for the contributions from the discretization of the
advection and horizontal dispersion terms. A particular form for this operator can be given in several ways,
such as an Eulerian-Lagrangian scheme [16]. For stability, the implicitness factor 6 has to be chosen in the
range 1 < 0 < 1 [30]. Along the vertical direction, the model domain is discretized by fixed levels, not neces-
sarily uniform, with which a simple finite-difference discretization is used. The vertical space increment is
defined as the distance between two consecutive level surfaces. In general, the vertical thickness of the top
and bottom layers can vary depending on the spatial location and the thickness of the top layer can also vary
with time. The vertical space increment is allowed to vanish. In fact, this is how the wetting and drying of com-
putational cells are accomplished.

For three-dimensional barotropic flow, the salt transport equation is un-coupled from the momentum
equations. A non-negative bottom friction coefficient is specified by the Manning-Chezy formula [16]. If
the advections are treated by an Eulerian-Lagrangian scheme with positive bottom friction, then the numer-
ical scheme is unconditionally stable. For baroclinic flows, since the density gradient terms are expressed
explicitly in the momentum equations, and the solutions of the transport variables are solved lagged one
time-step. In this case, the numerical scheme is subject to a weak stability condition due to the explicit treat-
ment of the density gradient terms in the momentum equations. For stability, the integration time step must be
chosen so that the propagation of internal wave must satisfy the Courant—Friedrich-Lewy (CFL) condition.
The necessary and sufficient stability condition is formed as [16]

[u| Jo| W a 1 -
< |l—+——+—4+ —— .
At < 5 2v 3 32 (12)

In addition, the numerical scheme is also subject to a weak stability condition due to the explicit treatment
of the horizontal diffusion in the momentum equations.

3.4. Grid generation

Many factors affect flows in the estuarine system and its adjacent coastal sea, but the bathymetry is the most
important factor. An accurate bathymetric representation by the model grid is the most important and fun-
damental requirement in a successful modelling study [33,34]. This is particularly true for the Danshuei River
estuarine system and adjacent coastal sea, where the bathymetric variations are very complex. The model grid
must represent accurately the characteristics of the Danshuei River estuarine system that constitutes the model
domain.

The UnTRIM model uses an unstructured grid, some aspects of the grid definition file are similar to those
used in finite-element applications, therefore the literatures on grid generation for finite-elements apply in
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UnTRIM applications. For the purpose of generating an unstructured model grid for UnTRIM model appli-
cation, a commercial software for mesh generation, Argus software [35], has been adopted.
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Fig. 2. Orthogonal unstructured grid (oa, ob, and oc present the intersection in the normal direction of each vertical face).

The original bathymetry data used in this study were obtained from 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 estu-
arine system and its adjacent coastal sea consists of 8181 3- and 4-sided polygons (Fig. 1b). Higher resolution
grids are used in the Danshuei River estuary, and coarser grids are used in the coastal sea. According to the
bathymetry and topography in the Danshuei River estuarine system and adjacent coastal sea (Figs. 1c and 1d),
sixty vertical layers are specified with the layer thickness varying from 1 m in the top 10 layers, 2 m for the
other layers. For this model grid, 360 seconds time step was used in simulations without any sign of numerical
stability.

4. Model validation
4.1. Calibration with amplitudes and phases

Hsu et al. [24] used a vertical two-dimensional hydrodynamic model to the Danshuei River estuarine sys-
tem. They found that the bottom roughness is a significant parameter that affects the tidal amplitudes and
phases along the Danshuei River estuarine system. To focus on a particular aspect of the dynamic forcing
and simplify the calibration process, it is proposed that the model be tuned with astronomical tide only.
The approach also eliminates the uncertainty caused by measured errors in the field data. The satisfactory
comparison with field data will serve as verification that the model properly simulates all of the forcing
combined.

Jan et al. [36] reported that five tidal-constituents (i.e., M», S», N,, K;, and O,) are sufficient to represent the
tidal dynamics in the Taiwan Strait. Therefore the five tidal-constituents according to Jan et al. [36] were
adopted in the model simulation as a forcing function at the coastal sea boundaries. The amplitudes and
phases used for the model simulation in the coastal sea are listed in Table 1. Amplitudes and phases of these
five tidal constituents were used to generate time-series water surface elevation along the open boundaries for
two-month model simulation. Harmonic analysis was performed on the time series of the model simulated

Table 1

The amplitudes and phases used for the model simulation at the coastal sea boundaries

Constituent  East boundary Northeast boundary West boundary Northwest boundary
Amplitude (m) Phase (°) Amplitude (m) Phase (°) Amplitude (m) Phase (°) Amplitude (m) Phase (°)

M, 0.47 172.37 0.6711 171.33 0.1236 181.63 1.3716 180.42

S> 0.12 331.75 0.1866 332.25 0.3452 354.5 0.3987 355.2

N, 0.10 262.74 0.1370 262.35 0.2252 281.373 0.2526 279.41

K 0.21 232.33 0.2223 234.2 0.2121 246.06 0.2275 246.69

0, 0.17 67.54 0.170 67.05 0.1748 75.02 0.1866 74.40
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water surface elevation at various locations. Through the bottom friction coefficient represented by the
Manning-Chezy formula in the model was adjusted carefully, the results are presented in Fig. 3. It shows
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the comparison of the amplitudes and phases of harmonic constants between the computed and observed tides
at nine locations. Table 2 presents that the calculated absolute mean difference and root-mean-square errors of
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Fig. 3 (continued)
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tidal constituents for amplitudes are in the ranges of 0.01-0.02 m and for phases are in the ranges of 2.4-6.7°.
The differences in amplitudes and phases are quite small, and the water surface elevations are reasonably
validated.
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Table 2

The comparison of computed and observed amplitudes and phases of tidal constituents

Constituent Danshuei Coastal Fu-Gi Harbor Danshui River Mouth  Tu-Ti-Kung-Pi Taipei Bridge
Sea-Pile

Observed Simulated Observed Simulated Observed Simulated Observed Simulated Observed Simulated
(a) Amplitude (m)

M, 1.07 1.05 0.69 0.67 1.06 1.07 1.05 1.08 1.03 1.06
S, 0.31 0.30 0.18 0.17 0.29 0.28 0.26 0.27 0.24 0.25
N, 0.22 0.21 0.15 0.14 0.20 0.21 0.18 0.19 0.20 0.20
K, 0.22 0.20 0.23 0.23 0.20 0.20 0.17 0.18 0.14 0.15
0, 0.17 0.17 0.18 0.17 0.17 0.17 0.13 0.15 0.11 0.11
(b) Phase (°)
M, 176.18 174.19 170.18 169.17 179.34 176.96 191.38 196.08 193.80 198.93
S> 351.8 351.42 342.96 340.16 351.90 352.21 4.88 4.76 11.29 9.81
N, 284.74 287.34 257.24 263.74 278.21 284.53 292.02 303.23 296.98 303.38
K, 235.00 239.93 241.00 234.97 242.30 241.87 246.35 250.50 248.86 254.58
0, 68.47 67.78 68.25 67.44 72.60 68.67 76.35 73.93 68.47 61.82
Ru-Kou Weir Hsin-Hai Bridge Chung-Cheng Bridge  Ta-Chih Bridge AME RMSE

Observed Simulated Observed Simulated Observed Simulated Observed Simulated
(a) Amplitude (m)

M, 1.04 1.04 1.03 1.03 1.06 1.05 0.96 0.98 0.02 0.02
S 0.26 0.24 0.26 0.23 0.28 0.25 0.22 0.21 0.02 0.02
N, 0.18 0.19 0.19 0.19 0.19 0.19 0.14 0.16 0.01 0.01
K 0.15 0.14 0.15 0.14 0.16 0.15 0.12 0.12 0.01 0.01
0, 0.11 0.11 0.12 0.11 0.13 0.15 0.11 0.11 0.01 0.01
(b) Phase (°)

M, 210.68 216.10 205.64 211.55 204.82 207.55 216.05 219.00 3.58 3.94
S 31.32 26.85 27.10 25.81 24.65 19.60 39.43 33.82 2.39 3.14
N, 311.91 319.02 306.34 313.16 306.26 311.42 318.38 321.99 6.27 6.69
K 255.28 260.19 253.11 259.14 253.44 257.90 266.81 267.66 4.17 4.62
0, 84.08 82.65 80.50 73.83 84.38 77.47 85.83 78.65 4.08 4.86

AME: absolute mean error; RMSE: root-mean-square error.

4.2. Verification of water surface elevation, current, and salinity

The model verification was conducted with the daily freshwater discharges of the year 2000 as the forcing
at the upstream boundaries. The open boundaries at the coastal sea were specified by five tidal-constituent
(given in Table 1). The model was run for one-year simulation. The model results of time-series surface ele-
vation, current and salinity were verified with field data in the same periods when field data are available.
Because of the typhoon events and storm run-off, the peak freshwater discharges occurred on August 23
and 30. The freshwater discharge inputs from three tributaries (Tahan Stream, Hsintein Stream, and
Keelung River) during the period of August 21-31, 2000 are shown in Fig. 4a, and during these eleven-days
the computed surface elevations are compared with field data at several stations (Fig. 4c—i). The wind con-
ditions were included in the model simulation (Fig. 4b). In general, the modelling results reproduce the
water level variations very well. The water surface elevations at the upriver stations (Fig. 4g—i) have much
more conspicuous response to pulses of high freshwater discharge, the modeled water levels follow the low
water variations closely throughout the storm event. It demonstrates that the model can accurately repro-
duce water surface elevations even under extremely large variations of daily freshwater discharge input from
three tributaries.

The Taiwan Water Resources Agency conducted 13 h (during daylight hours) intensified field measurement
at five transects on May 5, 2000. Water velocities were measured half-hourly at several stations. Water speed
was measured with handheld current meters by personnel on boats, the water directions were not measured.
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As the velocity data were recorded by hand and “ebb or flood” directions were also noted based on visual
observations. During slack tides, there were some difficulties (uncertainty) assigning current directions. Except
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Fig. 4. (a) Freshwater discharge inputs from three tributaries during the period of August 21-31, 2000, (b) wind conditions, and the
comparison of water surface elevation at: (c) Danshuei River mouth, (d) Tu-Ti-Kung-Pi, () Taipei Bridge, (f) Ru-Kou-Weir, (g) Hsin-Hai
Bridge, (h) Chung-Cheng Bridge, and (i) Ta-Chih Bridge.
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Fig. 4 (continued)

at those upriver transects close to tidal limits, the velocity measurements were made at two depths near bottom
and near surface. The measured velocities near top and bottom are compared with model computed velocities
at five stations: (a) Kuan-Du Bridge, (b) Taipei Bridge, (c¢) Hsin-Hai Bridge, (d) Chung-Cheng Bridge, and (e)
Pa-Ling Bridge, Fig. 5a—e, for May 5, 2000. While there are a certain amount of uncertainties in these mea-
surements (instrument limitations), these comparisons show that the model satisfactorily predicted the velocity
in both the top and bottom layers along the channel.

In most estuaries when significant freshwater discharges and stratification exist, salinity becomes a natural
conservative tracer for studying the mixing processes. Salinity distribution in an estuary is affected by the tidal
current, freshwater discharge, as well as tidal and turbulent mixing processes. Therefore the resulting salinity
distribution reflects the combined result of all processes, and in turn it controls (density) gravitational circu-
lation and modifies mixing processes. Only limited long-term salinity time-series exists at the Zhu-Wei man-
grove zone collected by the Taiwan Industrial Technology Institute; this time-series was used for model
calibration and verification. In the numerical model, the salinities values at open boundaries at the coastal
sea were set to 35 ppt. The salinity boundary conditions at heads of three tributaries were set to 0 ppt along
with the specification of daily freshwater discharges. The wind conditions were included in the model simula-
tion (Fig. 6b and ¢). Two one-week time periods were examined. During November 15 through November 22,
2000 (Fig. 6a), fresh-water discharge was receding from 300 m*/s to about 150 m®/s. The computed salinity
time series compared very favorably with the discrete salinity measurements at the Zhu-Wei mangrove zone,
Fig. 6¢c. The computed salinities reproduce the pattern of observed salinity variations in a dynamic variation of
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Fig. 6. The comparison of computed salinity with time series data at Zhu-Wei mangrove zone in 2000 (a) discharge, (b) wind, and (c)
salinity from 15 to 22 November; (d) discharge, (¢) wind, and (f) salinity from 15 to 22 December.

salinity between 0.0 and 33 ppt in a tidal cycle. The dynamic variations of salinity covered a range of about
30 ppt, and mean salinity value increased in response to decrease fresh water discharge. The salinity was
measured at 1.5 m below surface and the computed salinity was taken from the surface layer, but salinity is
generally well mixed in the vertical at this site. In the week between December 15 and 22, 2000, fresh water



W.-C. Liu et al. | Applied Mathematical Modelling 32 (2008) 1255-1280 1271

discharge was in an increasing trend from 150 m>/s to 300 m?/s (Fig. 6d). While the measured salinity was as
high as 37 ppt suggesting that substantial evaporation might be present but the evaporation mechanism
was not built in the model. Nonetheless, the UnTRIM model reflected the large dynamic variations of salinity
in a tidal cycle, and decreasing trend of mean salinity as fresh water increased near the end of this week.
In these comparisons, the constants, o = 0.0115 and = 0.75, gave best results in the turbulence closure
model.

5. Model investigations
5.1. Freshwater discharge forcing

River discharge constituents the most important forcing since there would be no estuary or buoyant out-
flow without freshwater input. The influence of river discharge on salinity intrusion and estuarine circulation
has been investigated in the Danshuei River estuarine system [25,26], however the river plume characteristics
have not really studied. The validated three-dimensional hydrodynamic model was then used to investigate the
river plume in Danshuei River mouth to variations of freshwater discharge conditions. Five tidal constituents,
M,, S, N,, Ky, and O;, were used to generate a time series of water surface elevations as open boundary con-
ditions and a constant salinity 35 ppt were specified at the coastal sea for a three-month model simulation. The
amplitudes and phases used for model simulation at the coastal sea boundaries presented in Table 1. No wind
stress forcing was considered in the model. The model was run with low flow (Qso, a flow with an exceedence
probability of 50%) and high flow (Q,¢) conditions. The freshwater discharges at the upstream boundaries of
the Tahan Stream, Hsintien Stream, and Keelung River were listed in Table 3.

Fig. 7 presents the tidally averaged salinity distribution under Qo and Qs, flow conditions. A band of low-
salinity water is formed along the coastline. When the freshwater discharge increases, the river plume distance
is far from the coastline. The salinity (arbitrarily limited by the 34 isohaline) due to the river plume is located
at the distance 3 km from the Danshuei River mouth under Q; flow, while salinity is at 1-2 km distance from
the Danshuei River mouth under Qsy flow condition. The high freshwater discharge results in the extension of
low-salinity. The residual currents Qo and Qso flow conditions are shown in Fig. 8. The anticyclonic circula-
tion is included along the north to west coast. The plumes and the buoyancy-driven coastal currents from the
river are linked. The magnitude of the computed residual current is about 0.15-0.3 m/s that is the same order
of magnitude measured by Wang [28]. With the pure freshwater discharge and tidal effects including in the
model simulation, the results reveal that freshwater discharge exerts a significant impact on the plume distance
and salinity distributions in Danshuei River coast region.

5.2. Wind stress forcing

In the experiments that follow, wind stress and tide are the forcing function, so the salinity remains constant
and the velocity field is purely wind-driven. Five tidal constituents, M», S,, N», K;, and Oy, are forced at the
sea boundaries (Table 1). In Taiwan, the northeast wind prevails during the autumn and winter seasons, while
the southwest wind prevails during the spring and summer seasons. The moderate to strong wind speed ranges

Table 3
Freshwater discharges at upstream boundaries
Upstream boundaries Freshwater discharge (m%/s)

QSO QIO
Tahan Stream 11.66 91.7
Hsintien Stream 31.7 149.5

Keelung River 9.35 63.5
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Fig. 7. Surface salinity fields for pure buoyancy forcing under (a) Q;o and (b) Qs flow conditions.

from 6 to 15m/s [23]. Therefore the wind-driven experiments include two main wind directions (coming
from northeast and southwest) and employ a magnitude of 10 m/s. The fields of model computed mean sur-
face elevation are shown in Fig. 9. It is interesting to note that significant variation in wind direction cause
quite different elevation field and, therefore, circulation pattern. Furthermore, the wind-driven velocity field
(Fig. 10) is greatly influenced by the fact that the Danshuei River coastal sea is a topographic steep basin.
The present of shallow coastline and deep-sea region enhance the spatial variation of the flow. When the wind
direction is from northeast, the mean surface elevation is higher than that wind direction is from southeast
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(Fig. 9). When the wind direction is from northeast, the residual current is higher than that wind direction is

from southeast (Fig. 10).

Fig. 11 presents the tidally averaged salinity distribution with different wind direction. Because no freshwa-
ter discharges are considered in the model simulation, the plume of saline water is confined at the Danshuei
River mouth. However, the wind direction also affects the upwelling/downwelling of the saline water. In the
case of model simulation, the wind stress and tidal forcing are included. The results reveal that the wind direc-
tion has a dominant effect on the velocity field in the Danshuei River coastal sea.
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Fig. 9. Mean surface elevation fields (in meter) for pure wind stress forcing (10 m/s); wind direction is from (a) Northeast and (b)
Southeast.
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5.3. The combined effect of buoyancy and wind stress

The combined effect of wind-driven (barotropic), buoyancy-driven (baroclinic), and tidal forcing is inves-
tigated in the model simulation. Two simulations, corresponding to the main wind directions (southwest and
northeast) have been performed. The wind intensity is assumed 10 m/s and the Q,, freshwater discharge from
the upriver boundaries (i.e. Tahan Stream, Hsintien Stream, and Keelung River) is imposed. Five tidal con-

stituents, M, S,>, N>, K, and O, are also forced at the sea boundaries (see Table 1).
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Fig. 10. Surface residual current for pure wind stress forcing (10 m/s); wind direction is from (a) Northeast and (b) Southeast.
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Fig. 12 shows the surface plume of tidally averaged salinity distribution under wind directions, southwest
and northeast. When winds are downwelling-favorable, the surface low-salinity waters are flushed out and
move to southwest coast. Conversely, large amounts of low-salinity water flushed out the Danshuei River
mouth during upwelling-favorable winds, as the buoyancy-driven circulation is reversed (Fig. 13). In this study
of wind action on estuarine plume, Chao [5] obtained similar circulation and notes that surface currents are
dominated by wind-induced Ekman drifts. He also mentioned that when the wind is parallel to the coast and
downwelling favorable, it reinforces the coastal jet, pushing the surface light water and enhancing the

stratification.
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Fig. 11. Surface salinity fields for pure wind stress forcing (10 m/s); wind direction is from (a) Northeast and (b) Southeast.

The velocity fields (Fig. 13) exhibit the strongest southwest and northeast coastal current depended on the
wind directions; this current has a wind-driven (barotropic) and buoyancy-driven (baroclinic) component. The
flow field is reduced at the shallow coastline. In both cases the circulation is largely modified by wind stresses.
As mentions in Chao [5], the surface circulation is affected by Ekman drift. This circulation leads to a new
shape for the surface plume. On the other hand, residual bottom water circulations are less affected by wind
surface stress (not shown). In the case of model simulation, the freshwater discharge, wind stress, and tidal
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Fig. 12. Surface salinity fields for buoyancy and wind stress forcings; wind direction is from (a) Northeast and (b) Southeast.

forcing are included. The results reveal that the combination of wind-driven and buoyancy-driven enhances
the plume region along the Danshuei River coastal area.
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Fig. 13. Surface residual current for buoyancy and wind stress forcings; wind direction is from (a) Northeast and (b) Southeast.
6. Conclusions

A three-dimensional numerical hydrodynamics model, UnTRIM, was implemented and applied to the
Danshuei River estuarine system and its adjacent coastal sea in northern Taiwan. The model was calibrated
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against five major astronomical tides through the adjustment the bottom friction coefficient represented by
Manning-Chezy formula. The final model calibration was accomplished when the tidal amplitudes and phases
of these astronomical tidal constituents were accurately reproduced. The model was further verified by com-
paring directly with field measured water surface elevation, current and salinity under variable daily freshwa-
ter discharges from upriver of the Tahan Stream, Hsintien Stream, and Keelung River in year 2000.

The verified model was then applied to investigate the influence of wind stress and freshwater discharge on
Danshuei River plume. The numerical experiments were conduced with three cases with buoyancy-driven forc-
ing, wind stress forcing, and combined effect of buoyancy and wind stress. In these three cases, the tidal influ-
ences are included in the model simulations. The results reveal that when winds are downwelling-favorable,
the surface low-salinity waters are flushed out and move to southwest coast. Conversely, large amounts of
low-salinity water flushed out the Danshuei River mouth during upwelling-favorable winds, as the buoy-
ancy-driven circulation is reversed. If the pure freshwater discharge and tidal forcing are included, the mag-
nitude of buoyancy-driven significantly affects the plume distance from the Danshui River mouth to adjacent
coastal sea. In the case of model simulation, the freshwater discharge, wind stress, and tidal forcing are
included. The results reveal that the combination of wind-driven and buoyancy-driven enhances the plume
region along the Danshuei River coastal area.
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