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Abstract A three-dimensional contaminant transport
model of heavy metal (copper) was coupled with the
hydrodynamics and suspended sediment transport mod-
ule to simulate the transport and distribution of heavy
metal (copper) of the Danshui River estuarine system in
northern Taiwan. The coupled model was validated with
observational data including the water level, tidal cur-
rent, salinity, suspended sediment concentration, and
copper concentration. The model simulation results
quantitatively reproduce the measurements.
Furthermore, the validated model was employed to ex-
plore the influences of the freshwater discharge and
suspended sediment on the distribution of copper con-
centrations in the tidal estuarine system. The results
demonstrate that a high freshwater discharge results in
a decreasing copper concentration, while a low fresh-
water discharge raises the copper concentration along
the estuarine system. If the suspended sediment trans-
port module was excluded in the model simulations, the
predicted copper concentration underestimated the mea-
sured data. The distribution of copper concentrations
without the suspended sediment transport module was
lower than that with the suspended sediment transport
module. The simulated results indicate that the
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freshwater discharge and suspended sediment play cru-
cial roles in affecting the distribution of copper concen-
trations in the tidal estuarine system.
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dimensional model

Introduction

The tidal estuaries and adjacent coastal seas in Taiwan
have received anthropogenic loads of heavy metals and
bio-accumulative organic and inorganic materials for
many years. In fact, the untreated point and nonpoint
sources entering into the receiving waters have caused a
significant influence on the aquatic environment and
ecosystems of tidal estuaries (Huang and Lin 2003).
Suspended sediments are regarded as a sink (or source)
for heavy metals entering into rivers. The resuspension
of a highly contaminated sediment bed during a high
flow period would release heavy metals into the water
columns. The desorption of contaminants such as fecal
bacteria and heavy metals would significantly affect the
aquatic ecosystems (Menon et al. 1998; He et al. 2010;
Woitke et al. 2003; Wu et al. 2005; Murdoch et al. 2010;
de Souza Machado et al. 2016). The advection and
diffusion, settling, solubilization, and speciation are vi-
tal processes which are affected by the physical, chem-
ical, and biological actions in tidal estuaries. These
processes determine the temporal variation and spatial
distribution of heavy metals (Benoit et al. 1994).
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Field measurements of heavy metals allow for a
direct way of understanding the contaminant conditions
in tidal estuaries. Huang and Lin (2003) analyzed the
bulk sediment heavy metal concentration in the Keelung
River, a tributary of the Danshui River, to analyze the
heavy metal content in sediment bed for further
assessing the effectiveness as a result of pollution con-
trol. Jiann et al. (2005) investigated the distribution and
behavior of heavy metals at downstream of the Danshui
River and the Keelung River by means of heavy metal
fractionation techniques. However, field measurements
require significant efforts and money and do not cover
the entirety of the spatial distributions and temporal
variations.

Numerical models provide another way to better
understand the fate and transport of suspended sedi-
ments and heavy metals in tidal estuaries. They are also
widely used for investigating the hydroenvironmental
management in estuarine waters (Ng et al. 1996; Wu
et al. 2005). Contaminant models that couple hydrody-
namic, suspended sediment, and heavy metal transport
models are needed, because heavy metals can adsorb
and desorb with particles in the water column and sed-
iment bed. One-dimensional, horizontally averaged
two-dimensional, vertically averaged two-dimensional,
and coupled one-dimensional and two-dimensional hy-
drodynamic, suspended sediment, and heavy metal
transport models have been developed and applied to
investigate the fate and transport of heavy metals in
rivers, estuaries, and coasts (e.g., Ji et al. 2002; Wu
et al. 2005; Hartnett et al. 2006; Murdoch et al. 2010;
Trento and Alvarez 2011; Hartnett and Berry 2012;
Alvarez and Trento 2014; Samano et al. 2014; Horvat
and Horvat 2016). Because of the models’ complexity,
difficulty in operation, and requirement of large time for
simulations, few coupling three-dimensional hydrody-
namic, suspended sediment, and heavy metal transport
models were developed and applied in tidal estuaries.
For example, Lu et al. (2014) applied a three-
dimensional heavy metal transport model by integrating
the hydrodynamic and sediment transport models
(Environmental Fluid Dynamic Code, three-
dimensional model, EFDC 3D) to predict the distribu-
tion of heavy metal contaminant (copper) concentra-
tions in the Qujiang estuary in China. Cho et al. (2016)
used the EFDC 3D to model heavy metal-sediment
interaction processes to investigate the parameter sensi-
tivity assessment using a one-step-at-a-time approach
and uncertainty analysis using the Bayesian Monte
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Carlo method. Premier et al. (2019) also applied the
Delft3D model to explore the fate and transport of metal
contaminants that relied on the resuspension of
suspended sediment in the Thames Estuary.

The Danshui River estuarine system in Taiwan has
received huge anthropogenic pollution in the past
30 years via nutrients, fecal coliform, and heavy metals
(Lin et al. 2007; Wen et al. 2008; Liu and Huang 2012).
Because of the high concentration of heavy metals,
specifically copper (Cu), in the Danshui River-Dahan
River, the Hsintien River, and the Keelung River, there
is an urgent need to develop a high resolution heavy
metal fate and transport model coupled with a hydrody-
namic and suspended sediment model to allow for a
better prediction and management of heavy metal (Cu)
in tidal estuaries.

There were many published studies regarding the
modeling of the Danshui River system. The target of
these published studies focused on salt intrusion and
residual circulation, residence time and age, water qual-
ity, suspended sediment, and fecal coliform (Liu et al.
2007a, b, 2008; Etemad-Shahidi et al. 2010; Chen et al.
2010, 2011; Liu and Chan 2014; Chen and Liu 2017).
The purpose of this study is to develop a coupling
hydrodynamic, salinity, suspended sediment, and heavy
metal transport model and to predict the transport and
distribution of the heavy metal (Cu) in the tidal estuarine
system. The coupled model, called SELF-SED-HM,
was validated with measured data collected in 2015,
which includes the water level, velocity, salinity,
suspended sediment concentration, and copper concen-
tration. Furthermore, the validated model was employed
to explore the influences of the freshwater discharge and
suspended sediment on the transport and distribution of
copper concentrations in the tidal estuarine system. The
main contribution of this study focuses on developing a
three-dimensional hydrodynamic, suspended sediment,
and heavy metal transport coupled model instead of
modeling application and experiment.

Research area

The Danshui River estuarine system, located on the
outskirts of Taipei, is the largest tidal river and one of
the most heavily polluted rivers in northern Taiwan
(Wang et al. 2007; Chen et al. 2011). Three main tribu-
taries: the Dahan River, the Hsintien River, and the
Keelung River (Fig. 1a) constitute the Danshui River
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estuarine system (Chen et al. 2011). The drainage area
of the river basin is 2726 km?, which is approximately
7.6% of the total area of Taiwan. Among these three
major tributaries, the Dahan River is the longest, with a
length of 135 km (Liu et al. 2007a, b). The population
density of the area (2500 persons/km? approximately) is
also the highest in Taiwan (Liu et al. 2007a, b). The river
depth is shallow from 1 m to 15 m and the estuarine
system receives a mean annual discharge of 6.6 x 10°
m’/y (Water Resources Agency 2017). The drainage
basin has been subjected to large amounts of nutrients,
resulting from industrial and agricultural activities.

The major forcing mechanics of the barotropic flows
are astronomical tides and river discharges, while the
baroclinic flows forced by salt water intrusion are the
most important transport mechanism in the Danshui
River estuarine system (Hsu et al. 1999). Principal lunar
semidiurnal constituent tide (M,) and principal solar
semidiurnal constituent tide (S,) are major tidal compo-
nents, with a mean tidal range and a spring tidal range
are 2.22 m and 3.1 m, respectively, resulting in a tidal
excursion distance 25-28 km from the Danshui River to
upriver reaches (Liu et al. 2007a, b). The variation in the
salinity depends on the magnitude of the freshwater
discharges, flood-ebb tidal flows, spring-neap tidal
variations, and vertical mixing characteristics. Wang
et al. (2004) reported that the residence time in the
Danshui River estuarine system is approximately
1~2 days based on various freshwater discharges from
upstream reaches.

A population of 6.5 million, about a quarter of
Taiwan’s residents, resides along the Danshui River
system covering the Keelung City, Taipei City, New
Taipei City, Taoyuan City, and Hsinchu County to form
a highly developed area. Different kinds of wastewater
including treated and untreated industrial and domestic
wastewater, livestock wastewater, and river bank land-
fill seepage water discharge from the Danshui River
system, resulting in huge pollution loadings from heavy
metals, organic and inorganic materials, and fecal coli-
form bacteria (Wang et al. 2007). We analyzed the
different kinds of measured data of heavy metals includ-
ing copper, lead, cadmium, chromium, arsenic, mercury,
silver, and zinc collected from the Taiwan
Environmental Protection Administration (TEPA) in
the period from 2006 to 2017 and found that the distri-
bution of copper concentration in the Danshui River-
Dahan River exceeded the surface water classification
and water quality standards (0.03 mg/L). However, in

the Hsintien River and the Keelung River the heavy
metal (Cu) concentrations were less than the standards.
Therefore the copper (Cu) was regarded as research
target in this study. Figure 2 displays the mean value
plus/minus one standard deviation of the Cu concentra-
tion in the Danshui River-Dahan River, the Hsintien
River, and the Keelung River. It shows that the promi-
nent areas of the highly polluted copper concentration
are located at the Chung-Siao Bridge (Main Danshui
River), the Hsin-Hai Bridge (Dahan River), and the Fu-
Chou Bridge (Dahan River), which is probably due to
the nearby sanitary landfill site.

Materials and methods
Hydrodynamic model

There are several common codes including structured
and unstructured grids used for numerical modeling of
hydrodynamics. The models of structured grid include
POM (Blumberg and Mellor 1987), TRIM (Casulli and
Cheng 1992), ROMS (Shchepetkin and McWilliams
2005), and others, while the models of unstructured grid
have UnTRIM (Casulli and Walters 2000), ELCIRC
(Zhang et al. 2004), FVCOM (Chen et al. 2003), and
others. Numerical simulations for the hydrodynamics
were implemented with an unstructured grid, semi-
implicit Eulerian-Lagrangian finite element model
(SELFE, Zhang and Baptista 2008) because SELFE
used a formal Galerkin finite-element framework and a
flexible hybrid SZ coordinates. It is the reason that in the
present study SELFE was selected for hydrodynamic
modeling.

All equations in the SELFE model are solved in
Cartesian space (x, y, and z). In order to construct a
three-dimensional prismatic element, the SELFE model
adopts triangular meshes in the horizontal plane, which
are inserted in the vertical plane. In the water surface
equation, continuous linear is used to discretize water
surface elevation with wet and drying algorithms. The
nonconfirming basic function is implemented to yield
horizontal velocity. The vertical diffusion is solved im-
plicitly and advection of momentum is treated using
Eulerian-Lagrangian method (Karna et al. 2015). The
terrain-following S grid and the equipotential Z grid can
be selected to build the vertical grid (Song and
Haidvogel 1994). The Courant-Friedrichs-Lewy (CFL)
stability condition constrains the choice of time step.
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Fig. 1 a Map of the Danshui
River estuarine system and the
adjacent coastal sea and b the
unstructured grid in the horizontal
plane used for the model
simulation
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The Generic Length Scale (GLS) turbulence closure
model in SELEF is used to calculate vertical eddy
diffusivity and viscosity. In the current study, the k—¢
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model (Rodi 1984) is adopted in the model simulation.
The detailed solution processes of the SELFE model can
be found in Zhang and Baptista (2008).



Environ Monit Assess (2020) 192: 31

Page 5 of 17 31

0.3
(a) ® Mean value
_ 0.2
=
) o %
g . |¥ |2
= B 8 |
O e =2 Z |2
01 s |2 |52
0 1- 'Txl 2 ; .
0 10 20 30
Distance from Danshui River mouth (km)
0.025
1) ® Mean value
0.02
=0.015
)
£ {¢
3 001% N
0.005 H I— f
8 SN SN . SR
0 2 4 6 8 10 12
Distance from Hsintien River mouth (km)
0.025
(c) e Mean value
0.02+ T .
=0.015 _ e T
20 %=
E 7 ‘E @ o
N % Qlg |2
3 = s|= |[£
S 0.014 Z ] ; z
2 912 ¢%
0.005 = “
0 — —r— T

0 S 10 15 20 25
Distance from Keelung River mouth (km)

Fig. 2 Mean and standard deviation of the measured Cu concen-
tration collected between 2006 and 2017 in a the Danshui River-
Dahan River, b the Hsintien River, and ¢ the Keelung River

Suspended sediment model

The hydrodynamic model coupled with a suspended
sediment transport module with the same spatial and
temporal resolutions is used to simulate the concentra-
tion of the suspended sediment in tidal estuaries. The
suspended sediments in the water column are
transported by advection and diffusion, but the sedi-
ments on the bed are not. The suspended sediment

concentrations are solved by the advection-diffusion
equation with setting term in vertical direction, which
is expressed as (Chen and Liu 2017):

oC; ; oCy Yy oC, " oC o 9C
ot Ox oy oz ooz
0 oC

where C, indicates the suspended sediment concentra-
tion (SSC) in water column, u, v, and w represent the
velocities in the x, y, and zdirections, respectively, x and
Fexpress the vertical eddy diffusivity and horizontal
diffusion term, respectively, and w; denotes the sedi-
ment settling velocity.

No sediment flux is applied at the water surface.
Therefore, the diffusion flux and settling flux counter-
balance each other at the boundary condition. At the
sediment bed, the net sediment flux is equal to the
combination of the sediment erosion flux (E) and the
sediment deposition flux (D). When the threshold of
erosion (7,) is smaller than the bottom shear stress (7),
the sediment erosion flux (E) takes place. Conversely,
when the threshold of deposition (7,) exceeds the bot-
tom shear stress (7,), the sediment deposition (D) occurs
(Partheniades 1965). The detailed description of
suspended sediment model can be found in Chen and
Liu (2017).

Heavy metal transport model

The major mechanism of copper partitioning between
dissolved and particulate phases in the Danshui River
estuary has been documented by Jiann et al. (2005). At
the same time, the processes of sediment deposition,
resuspension, and settlement affect the heavy metal
concentration in the water column (Shrestha and Orlob
1996). The heavy metal concentration in the water col-
umn is influenced by advection and diffusion processes.
These transport mechanisms are all considered in the
heavy metal transport model to portray the copper
movement in tidal estuary. Therefore the three-
dimensional hydrodynamic (SELFE) and suspended
sediment transport model (SED) coupled with the heavy
metal (Cu) transport module (HM) becomes a SELFE-
SED-HM model. The governing equations for heavy
metal transport module are written as:

@ Springer
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where Cp,, represents the concentration of the heavy
metal (Cu), Cyago denotes the source or sink of the
heavy metal concentration, Cpy, expresses the heavy
metal concentration in the sediment bed, F), indicates the
horizontal diffusion term, f; is the fraction of heavy
metal attached to the suspended sediment in the water
column, f; is the fraction of heavy metal dissolved in the
water column, M represents the erosion rate parameter,
and 73, and 7, denote the bottom shear stress and critical
shear stress for deposition, respectively.
Two parameters f;and f; can be expressed as:

o KdCs
fs*l—‘rKdCS (4)
fd’1+1<dcs (5)
S
C
Ky=—% 6
‘=7 (6)

where C; denotes the suspended sediment concentration
(SSC), K, represents the partition coefficient, and f; +

Ja=1.
Model implementation

Even though the study area is focused on the Danshui
River estuarine system, the modeling domain is extend-
ed to cover adjacent coastal sea (Fig. 1b) for easily
setting up the open boundary conditions. The deepest
position is located at the northeast corner of modeling
domain, with a depth of 110 m (see Fig. 1b). To set up
the unstructured grids for the model simulation, the
topographic and bathymetric data of the Danshui River
estuarine system and the Taiwan’s Strait were collected
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from different resources including the Water Resources
Agency, Ministry of Economic Affairs and Taiwan’s
Ocean Data Bank, Ministry of Science and
Technology. A total of 6335 elements and 4092 nodes
were generated in the horizontal domain. The maximum
and minimum grid sizes are 2500 m and 40 m, respec-
tively, at the coastal sea and upper reaches of the
Danshui River system. The vertical grid used in the
computational domain consists of 10 evenly spaced
layers in the S-coordinates and 10 layers in the Z-coor-
dinates. According to CFL stability condition, the time
step was set to 120 s in the model simulations to insure
the numerical stability (Chen and Liu 2017).

Metrics for model performance

To convince how the model is reliable and feasible for
prediction, the statistical error indicators were used to
compare the simulated results and the measured data to
assess the performance of the coupled model. There are
many statistical error indicators can be used to quantify
the difference of simulated results and measured data.
However, two-dimensional indicators and one nondi-
mensional score were used to evaluate the model per-
formance. Three criteria included the mean absolute
error (MAE), root mean square error (RMSE), and
Skill. The MAE and RMSE metrics are the
dimensional indicators, while the predictive Skill is a
nondimensional score developed by Willmott (1981)
and was, for example, used by Warner et al. (2005),
Das et al. (2012), and Zhang et al. (2013). The smaller
the MAE and RMSE values are, the closer the simulated
results are close to the measured data, and the better the
model performance. There is not acceptable range for
MAE and RMSE reported in the literature. However,
different Skill ranges have different evaluations for
model performance. The metric of model performance
for Skill can be expressed as:

N —(Y,).]?
> (YWI)I <Y0)1| (7)

Skill = 1=, -
(10w Yol +1(0) Y1)

13

™M=

where N represents the total number of data, (Y,,); de-
notes the model prediction at location (or time) i, (¥,);

expresses the corresponding observed value at 7, and Y,
N

represents the mean value of observation (=5 Y. (Y,),).
i=1
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A value of Skill = 1.0 indicates a perfect model perfor-
mance, while a value of Skill = 0.0 represents very poor
performance.

Model validation
Hydrodynamics and salinity

The water level, tidal current, and salinity are funda-
mental variables in hydrodynamic model to be validat-
ed. In order to allow the hydrodynamic model to be
driven, the water level and salinity were imposed at
the open boundaries. The time-series water level was
generated by five tidal constituents (M, S5, N,, K;, and
0)) at the open boundaries to drive the model simulation
(Liu et al. 2007a, b). The measured data of the freshwa-
ter discharges in 2015 were used to specify the upstream
boundaries where are located at the Cheng-Lin Bridge
(Dahan River), the Hsiu-Lang Bridge (Hsintien River),
and the Jiang-Bei Bridge (Keelung River). The salinities
at the open boundaries and upstream boundaries were
set at 35 ppt (part per thousand) and O ppt, respectively.
The water level, velocity, and salinity were specified to
be 1.5 m, 0.5 m/s, and 25 ppt, respectively, for initial
condition. A 15-day warm up time was required to
achieve a regime situation. The bottom roughness height
(z0) was the only parameter needed to be determined in
the hydrodynamic model. In this study, a constant bot-
tom roughness height of 0.005 m was used in the model
simulations.

A good agreement between the measured and calcu-
lated hydrodynamic conditions can promote confidence
in the prediction of heavy metal. Therefore, to ensure
that the calculated heavy metal concentrations were
genuine, we first validated the model against the hydro-
dynamic and salinity measurements in the Danshui
River estuarine system. Fig. S1 in the Supplementary
Material illustrates the comparison between the mea-
sured and simulated time-series water levels at the dif-
ferent gauge stations during the period from June 27,
2015 to July 3, 2015. The MAE values at the Danshui
River mouth, Tu-Ti-Kung-Pi, the Taipei Bridge, the
Hsin-Hai Bridge, the Chung-Cheng Bridge, the Bai-
Ling Bridge, and the Ta-Chih Bridge are 0.14 m,
0.13m, 0.09 m, 0.26 m, 0.17 m, 0.15 m, and 0.13 m,
respectively, while the RMSE values are 0.15 m,
0.14m, 0.11 m, 0.31 m, 0.19 m, 0.18 m, and 0.17 m,
respectively. The Skill scores range between 0.97 and

0.99, demonstrating the capability of the model to accu-
rately mimic the time-series water levels. Fig. S2 in the
Supplementary Material shows the comparison between
the time-series measured data of the depth-averaged
velocity and the calculated velocity at the Kuan-Du
Bridge, Taipei Bridge, and Hsin-Hai Bridge on
June 30, 2015. The MAE values at the Kuan-Du
Bridge, the Taipei Bridge, and the Hsin-Hai Bridge are
0.09 m/s, 0.24 m/s, and 0.07 m/s, respectively, while the
RMSE values at these stations are 0.11 m/s, 0.26 m/s,
and 0.09 m/s, respectively. The Skill scores range be-
tween 0.74~0.96, signifying that the model performance
is indicated as excellent.

The salinity data measured on June 30, 2015 were
used for model validation. Fig. S3 in the Supplementary
Material compares the measured and simulated time-
series salinities at the Kuan-Du Bridge, the Taipei
Bridge, and the Hsin-Hai Bridge. The mean value
plus/minus one standard deviation of measured salinity
and the simulated salinity at the surface and bottom
layers are shown in the figure (see Figs. S3a and S3b
in the Supplementary Material). Because of low salinity
at the Hsin-Hai Bridge (see Fig. S3c in the
Supplementary Material), the simulated depth-
averaged salinity is presented in the figure. The low
salinity represents that the limit of salt intrusion in the
Dahan River is located around the Hsin-Hai Bridge. Fig.
S3 (in the Supplementary Material) shows that while the
simulated salinity underestimates the measured salinity
during the flood tide it reproduces the measured salinity
during the ebb tide at the Taipei Bridge. The MAE
values at the Kuan-Du Bridge, the Taipei Bridge, and
the Hsin-Hai Bridge are 3.34 ppt, 1.53 ppt, and 0.05 ppt,
respectively, while the RMSE values are 3.71 ppt,
2.36 ppt, and 0.06 ppt, respectively. The Skill scores
range between 0.36~0.89, indicating that the model
performance falls between good and excellent.

Based on a good quantitative comparison between
model simulations and measurements in water level,
velocity, and salinity at different gauge stations, we
demonstrate that the hydrodynamic model is reliable
and capable for prediction.

Suspended sediment distribution
To ascertain the predictive capability of the suspended
sediment module, the SSC data measured on June 4 and

December 1 in 2015 were used for model validation.
The monthly SSC data recorded by the TEPA at the
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upstream reaches of the Dahan River, the Hsintien
River, and the Keelung River served as the upstream
boundary conditions. A constant SSC of 5 mg/L was
specified as the open boundary conditions to drive the
model simulation. The initial condition was specified
with the constant value of SSC (=4 mg/L).

Figures 3 and S4 (in the Supplementary Material)
present comparisons between the measured and simu-
lated SSC distributions along the Danshui River-Dahan
River, the Hsintien River, and the Keelung River on
June 4, 2015 and December 1, 2015, respectively. The
simulated suspended sediment concentrations at the sur-
face and bottom layers are shown in the figures. The
figures show that the simulated SSC reproduces the
measured data at different locations along the river,
except for the Hwa-Jhian Bridge (Fig. 3b) and the
Hwa-Chung Bridge (Fig. 3b and b) in the Hsintien
River, where the model overestimates the measured
SSC. Comparing with the simulated results and mea-
surements in Figs. 3b and S4b (in the Supplementary
Material), the suspended sediment concentration in the
Hsintien River on December 1 was higher than that on
June 4, 2015. It is the reason that the high suspended
sediment concentration was found at the upstream on
December 1, where the dominant concentration at the
downstream reaches. The MAE and RMSE values re-
spectively range from 1.9 mg/L to 10.5 mg/L and from
2.7to 15.1 mg/L for the Danshui River-Dahan River, the
Hsintien River, and the Keelung River. The Skill scores
are in the range of 0.52~0.84, which indicates that the
model performance is between very good and excellent.
Based on the model validation, the parameters for the
suspended sediment model are determined. They
arew, =4.5 x 10 *m/s, 7,=0.35N/m*, 7,=0.35N/m?,
and M =3.0 x 10 kg/m?/s.

Heavy metal (Cu) distribution

Modeling heavy metal (Cu) in an estuarine system is
dependent on accurately simulating the hydrodynamics,
salinity, and suspended sediment concentration. The
numerical predictions of the total Cu concentration
along the main river and its tributaries are presented in
this section. To validate the heavy metal transport mod-
el, the quarterly data of the heavy metal (Cu) concentra-
tions measured by the TEPA were collected in 2015 at
the river boundaries and used to drive the model simu-
lation. The heavy metal (Cu) concentration at the open
boundaries was set at a constant value of 0.007 mg/L. It
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means that each grid at open boundaries (Fig. 1b) was
specified with the same value (i.e., 0.007 mg/L). The
constant value of heavy metal (Cu) concentration
(0.001 mg/L) was specified for the initial condition.

Figures 4 and S5 (in the Supplementary Material)
illustrate comparisons of the simulated and measured Cu
concentrations along the Danshui River-Dahan River,
the Hsintien River, and the Keelung River on June 4,
2015, and December 1, 2015, respectively. These fig-
ures indicate that the highest Cu concentration is located
at the upstream reaches of the Dahan River (i.e., the
Hsin-Hai Bridge and the Fu-Chou Bridge). Even though
the simulated Cu concentrations underestimate/
overestimate the measured Cu concentrations at some
stations, the simulated Cu concentrations mostly mimic
the measured Cu concentrations in the main river and its
tributaries. Table 1 indicates the statistical errors be-
tween the measured and simulated Cu concentrations
along the Danshui River-Dahan River, the Hsintien
River, and the Keelung River on March 6, June 4,
September 3, and December 1 of 2015. The MAE
values range from 0.0004~0.0094 mg/L; the RMSE
values range from 0.0005~0.014 mg/L; and the Skill
scores range from 0.70~0.97, indicating that the model
performance is excellent. Based on the model valida-
tion, the parameters used in the heavy metal transport
model are: Cyypp = 0.01kg/m® and K, =45L/g.

Diagnostic experiments and discussion

The validated model was then applied to analyze how
the heavy metal (Cu) transport and distribution were
affected by river discharge and suspended sediment
concentration. The model was first used to predict the
distribution of heavy metal in the estuarine system under
different freshwater discharges from upstream reaches
in the Dahan River, the Hsintien River, and the Keelung
River. Then, the validated model was run with
suspended sediment concentration and without
suspended sediment concentration. The baseline condi-
tion including the suspended sediment transport module
is based on the results of the model-data comparison on
December 1, 2015. Even though the Skill scores of three
rivers on December 1, 2015, are relatively low com-
pared to the simulated results of the other three periods
(Table 1), the stable discharges from upstream reaches
of three tributaries during the winter season would be
more appropriate to consider as the baseline condition.
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Effect of freshwater discharge

To explore the effect of different freshwater discharges
from three major tributaries on the distribution of copper
concentration, the simulated condition was the same as
when executing the model validation on December 1,
2015, except that the freshwater discharges at the up-
stream boundary condition were replaced with Q-5 and

10 20 30
Distance from Keelung River (km)

Qyo flow conditions, representing low and high dis-
charges, respectively. The Q75 and Q¢ flow conditions
express the discharges that are equal or exceeded the
time with 75% and 10%, respectively (Liu et al. 2007a,
b). As the high discharges (Q;o flow) at the upstream
boundaries of the major tributaries were used in the
model simulation, they were 64.8 m’/s, 131.4 m’/s,
and 67.0 m*/s for the Dahan River, the Hsintien River,

@ Springer
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and the Keelung River, respectively. The Q75 dis-
charges, representing a low flow condition at the up-
stream boundaries for the Dahan River, the Hsintien
River, and the Keelung River, were 3.74 m3/s,
11.6 m3/s, and 3.5 m3/s, respectively.

Figures 5 and 6 display the tidally averaged distribu-
tion of copper concentrations in the Danshui River-
Dahan River, the Hsintien River, and the Keelung
River under Q;( and Q-5 flow conditions, respectively.

@ Springer
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Comparing the simulated results in Figs. 5 and 6 shows
that the copper concentration in the estuarine system
under the Q75 low flow condition is higher than that
under the Q¢ flow condition. This may be the reason
that the copper concentration is flushed out the estuary:
it is a result of a high freshwater discharge coming from
the upstream reaches of the three major tributaries. The
simulated copper concentration under the Q;5 low flow
condition increases 1.9~3.1, 1.3~2.9, 0.4~0.8 times
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Table 1 Statistical errors between the measured and simulated heavy metal (Cu) concentrations on different dates in 2015

Date in 2015 Metrics Danshui River-Dahan River Hsintien River Keelung River

March 6 MAE (mg/L) 0.0047 0.0011 0.0016
RMSE (mg/L) 0.0071 0.0015 0.0019

Skill 0.83 0.96 0.90
June 4 MAE (mg/L) 0.0057 0.0019 0.0007
RMSE (mg/L) 0.0071 0.0029 0.0008

Skill 0.93 0.95 0.76
September 3 MAE (mg/L) 0.0042 0.0011 0.0004
RMSE (mg/L) 0.0049 0.0014 0.0005

Skill 0.95 0.97 0.83
December 1 MAE (mg/L) 0.0093 0.0018 0.0025
RMSE (mg/L) 0.0140 0.0025 0.0028

Skill 0.73 0.77 0.83

Fig. 5 Calculated tidally
averaged distribution of copper
concentrations under Q; flow
conditions in a the Danshui
River-Dahan River, b the
Hsintien River, and ¢ the Keelung
River
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approximately in the Danshui River-Dahan River, the
Hsintien River, and the Keelung River, respectively,
compared with that under the Q;( flow condition. A
similar pattern in the reduction of the heavy metal
concentration in the water column due to an increasing
discharge was also found by Wang et al. (2009) and de
Souza Machado et al. (2016). Figure 6a shows that the
local highest copper concentration is located around
the Hsin-Hai Bridge and the Fu-Chou Bridge in the
Dahan River under a low flow condition. Under a
high flow condition (Q;¢ flow), the highest copper
concentration is moved to the middle reaches of the
Danshui River (Fig. 5a).

Effect of the suspended sediment concentration

To understand how the suspended sediment module is of
critical importance in the coupled model (SELFE-SED-

@ Springer
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25

HM), the validated model was conducted without taking
into account the suspended sediment module, and then
compared with the condition including the suspended
sediment module (baseline condition).

Figure 7 illustrates the simulated results of the copper
concentration with and without including the suspended
sediment module on December 1, 2015, in the Danshui
River-Dahan River, the Hsintien River, and the Keelung
River. The measured data of copper concentration are
also shown in Fig. 7. The results indicate that when the
suspended sediment module is not included in the model
simulations, the simulated copper concentrations along
the estuarine system decrease compared with the simu-
lated copper concentrations when the suspended sedi-
ment module is considered in the model simulations.
Figure 7 also reveals that the simulated copper concen-
trations in the estuarine system do not mimic the mea-
sured data on December 1, 2015, if the suspended
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sediment module is excluded from the model
simulations.

The maximum rates (MR) for excluding the
suspended sediment module in the model simulations
were — 55%, — 55%, and — 45% for the Danshui River-
Dahan River, the Hsintien River, and the Keelung River,
respectively. The maximum rate (MR) can be expressed
as (Chen and Liu 2017),

Distance from Keelung River mouth (km)

C withou —C Wi
MR — HM without SSC™—“ HM ,with SSC % 100% (8)

Cr with sSC

where Cas, wimow sscdenotes the simulated copper con-
centration without a suspended sediment module and
Crns, wirn ssc represents the simulated copper concentra-
tion with a suspended sediment module (baseline).

@ Springer
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Fig. 8 The tidally averaged
distribution of copper
concentrations including the
suspended sediment transport
module (Baseline) in a the
Danshui River-Dahan River, b the
Hsintien River, and ¢ the Keelung
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Figures 8 and 9 display the vertical distribution of the
tidally averaged copper concentration with (baseline)
and without including the suspended sediment module,
respectively. Comparing the simulated results shown in
Figs. 8 and 9, the copper concentrations in the tidal
estuarine system appear to have a significant differ-
ence. Notably, the simulated copper concentrations
with a suspended sediment transport module
(baseline) are higher than those without a suspended
sediment transport module in the model throughout
the tidal estuaries. The simulated copper concentra-
tion with a suspended sediment transport module
(baseline) increases 1.0~1.4, 0.5~1.7, 0.7~1.5 times
approximately in the Danshui River-Dahan River,
the Hsintien River, and the Keelung River, respec-
tively, compared with that without suspended sedi-
ment. This demonstrates that the suspended sedi-
ment concentration in tidal estuarine systems plays
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a crucial role to affect the transport and distribution
of the copper concentration.

Recently, Samano et al. (2014), Lu et al. (2014), and
Horvat and Horvat (2016) used the suspended sediment
and heavy metal transport model to simulate the con-
centration of heavy metal in rivers and estuaries.
However, to the best of our knowledge, the importance
of the suspended sediment transport module in the mod-
el simulations was not yet demonstrated and quantified.
In the current study, we proved that the suspended
sediment transport for heavy metal concentration is
extremely significant in the Danshui River estuarine
system. The simulated copper concentrations in the
estuarine system would underestimate the measured
data if the suspended sediment module was not consid-
ered in model simulations.

There are several important pollutant sources along
the Danshui River estuarine system to aggravate the
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heavy metal contamination. In future research, the
coupled contaminant transport model will be utilized
to analyze the effect of different pollutant reduction
options on the transport and distribution of heavy metal
in tidal estuaries.

Conclusions

A heavy metal (copper) transport model was developed
and coupled with a three-dimensional hydrodynamic,
salinity, and suspended sediment module (SELFE-
SED-HM) to predict the transport and distribution of
copper concentrations in the Danshui River estuarine
system of northern Taiwan. The coupled model was
validated with data from 2015 on the observed water
level, velocity, salinity, suspended sediment concentra-
tion, and copper concentration. The simulated results

Distance from Keelung River mouth (km)

satisfactorily reproduced the measured data including
the hydrodynamics, salinity, suspended sediment con-
centration, and copper concentration.

The validated model was then used to explore the
effects of the freshwater discharge and suspended sedi-
ment on the distribution of copper concentrations. The
predicted results indicate that the copper concentration
in the estuarine system under low flow conditions is
higher than that under high flow conditions. The model
was also conducted with and without considerations of
the suspended sediment module in model simulations.
The simulated results reveal that the influence of the
suspended sediment on the copper concentration is of
crucial importance. The simulated copper concentra-
tions in the model simulations including the suspended
sediment transport module, which represents a baseline,
are higher than those excluding the suspended sediment
transport module. The results demonstrate that the
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suspended sediment has extreme importance to affect
the transport and distribution of copper concentrations
in estuaries.
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