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Abstract This study uses the HD and Ecolab modules of
MIKE to simulate the hydrodynamic and water quality and
predict the influence of shoreline changes in Bohai Bay,
China. The study shows that shoreline changes weaken the
residual current and generate a counter-clockwise circula-
tion south of Huanghua Port, thereby resulting in weak
water exchange capacity and low pollutant-diffusing
capacity. Shoreline changes reduce the area of Bohai
Bay, resulting in a smaller tidal prism and further
weakening the water exchange capacity. This situation is
not conducive to the diffusion of pollutants, and therefore
may lead to increased water pollution in the bay. Shoreline
changes hinder the spread of runoff, weaken the dilution
effect of the river on seawater, and block the spread of
coastal residual current, thereby resulting in increased
salinity near the reclamation area. Shoreline changes lead
to an increase in PO4-P concentration and decrease in DIN
concentration. The value of N/P near the project decreases,
thereby weakening the phosphorus-limited effect.
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1 Introduction

Bohai Bay is located in the western part of the Bohai Sea,
near the city of Tianjin and the provinces of Hebei and
Shandong in China. Thus, it is an important political,
economic, and cultural centre in the northern coastal area
of the country. In recent years, with rapid economic
development, the rise of reclamation activities has resulted
in significant changes in the Bohai Bay shoreline (Wang et
al., 2011b; Liu et al., 2014a; Wang et al., 2014). Although

Received June 19, 2017; accepted November 13, 2017

E-mail: ymshen@dlut.edu.cn

reclamation promotes economic development and eases
the population pressure, there have been many ecological
problems (Cai et al., 2014; Tian et al., 2016). As a typical
semi-enclosed inner bay, Bohai Bay has a weak water
exchange capacity, which causes difficulty for terrestrial
pollutants to diffuse outward, thereby leading to serious
pollution of coastal waters, affecting the regional ecology.
This area is typical of the muddy gentle slope coast, and the
pollutant transport along the coast driven by the tidal
current is obvious. Water pollution changes the living
environment of marine organisms (Wang et al., 2011a),
decreases biological diversity, changes the structure of the
community (Li et al., 2010), and has an impact on seabird
migration (Yang et al., 2011), aquatic plants (Wang et al.,
2012), and fisheries (Yan et al., 2013).

Thus, the influence of shoreline changes on hydro-
dynamic and water quality is an important research area
that has received significant attention. In hydrodynamic
research, numerous results have been obtained through
data measurement and numerical simulation. For example,
Kuang et al. (2012a, b) built a 2D morphological model to
investigate the effect of reclamation on erosion and
sedimentation in Caofeidian, north of Bohai Bay. Zhao
and Sun (2013) used the SWAN model to study the change
caused by reclamation of the wave fields in Bohai Bay,
indicating that significant variations in wave fields occur in
the harbour basin and tide channel.

In water quality research, however, studies mainly focus
on the analysis of measured data. For example, Wang et al.
(2009) collected water samples in 120 stations in the Bohai
Sea and found that the high concentrations of dissolved
inorganic nitrogen (DIN) and phosphate (PO4-P) occurred
in coastal waters, especially in the bays and some river
estuaries. Similarly, Liu et al. (2014b) studied nutrient
pollution status, change characteristics, and eutrophication
by analysing water quality monitoring data of the red tide
monitoring area in Tianjin. Huai et al. (2003) used the
hybrid finite analytic (HFA) method to calculate the flow
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and water quality in estuaries and coastal waters, and
checked the effectiveness of Komatsu’s method for water
purification (Huai et al., 2005). However, due to the
complexity of water quality numerical simulation, the
research has not advanced far enough, so building good
models to simulate hydrodynamic and water quality have
not yet been done.

This study simulates the hydrodynamics and water
quality of Bohai Bay and uses a well-validated model to
systematically analyze the influence of shoreline topogra-
phy change and coastline variations of the reclamation
project on the hydrodynamics and water quality in Bohai
Bay. The results of this study can contribute to a decision
basis for engineering design, environmental protection,
and pollutant emission control.

2 Shoreline changes in Bohai Bay

The coast of Bohai Bay has undergone drastic changes in
the past 10 years, the trend of which is from land to sea,
and the land area has increased about 322 km?; the
coastline has grown about 331.6 km. The three regions
with the most obvious changes are Tianjin Port, Caofeidian
Port, and Huanghua Port, as shown in Fig. 1.

The increase in the coastline and land area of Tianjin
Port area is very large, showing seaward progression. The
land area increased about 105.5 km?, the coastline grew
about 101.1 km in the past 10 years. Caofeidian Port
started reclamation in 2003, the land area increased about
172.8 km?, the coastline grew about 102.2 km in the past
10 years. This area has the highest rate of seaward
progression in Bohai Bay. The change in Huanghua Port is
relatively small, the land area increased about 20.9 km?,
the coastline grew about 41.0 km in the past 10 years.
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3 Model setup and verification
3.1 Model description

This study is based on the HD and Ecolab modules to
simulate hydrodynamic and water quality and to predict
the influences of shoreline changes in Bohai Bay. Bohai
Bay is less than 30 meters deep. Even at the coastal
engineering area, the average water depth is less than 5
meters. In these shallow water depth conditions, a 2-D
model is selected in order to be more efficient. The model
is based on the shallow water equations deduced from
incompressible Reynolds averaged Navier-Stokes equa-
tions, subject to the assumptions of Boussinesq and of
hydrostatic pressure.
The continuity equation is written as
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Fig. 1

Location and shoreline changes of Bohai Bay.
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where x and y are the Cartesian co-ordinates; ¢ is the time;
h=wn+d is the total water depth; # is the surface
elevation; d is the still level; % and v are the depth-averaged
velocity components in the x and y directions; S is the
magnitude of the discharge due to point sources; f is the
Coriolis parameter; p, is the water density; p, is the
atmospheric pressure; g is the gravitational acceleration;
(u,,v,) are the velocity components in the x and y
directions, by which the water is discharged into the
ambient water; Ty, T, (T,), and T}, are the components of
the radiation stress tensor; (z,.,7,,) and (,,,75,) are the x
and y components of the surface wind and bottom stresses.
The transport equations for salt and temperature are:
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where T and 5 are the depth-averaged temperature and
salinity; A is a source term due to heat exchange with the
atmosphere; 7, and s, are the temperature and the salinity
of the source; F; and F| are the horizontal diffusion terms
of temperature and the salinity.
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The transport equation for water quality state variable is:

ohc  Ohuc  Ohve
ot Ox oy

= hF.+ hcsS + hP,., (6)
where ¢ is the concentration of the ECO Lab (water
quality) state variable. In this study, the state variables are
biochemical oxygen demand (BOD), dissolved oxygen
(DO), ammonium (NH4-N), nitrite (NO,-N), nitrate (NOs-
N), phosphorus (PO4-P) and Chlorophyll-a (Chl-a); F, is
the horizontal diffusion term of this state variable; ¢, is the
state variable of the source; P, is the ECO Lab processes,
the equation is

de &
P =—= rocess;, 7
f= g = 2 process ™
where process, is a biochemical process of this state
variable; n is the number of biochemical processes of this
state variable. For example, there are 4 processes in
Ammonium:

dNH,

T +ammonium yield from BOD decay

—transformation of ammonium to nitrate
—ammonium uptake by plants
+ heterotroph respiration. ®)

It is well known that light penetrating into the water
column affects the growth of phytoplankton. Therefore, the
influence of water depth is set to control the ability of light
to penetrate water.

3.2 Grids setup

A two-level unstructured triangular grid model is built as
shown in Figs. 2 and 3. The topography data are based on
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Fig. 2 The topography and locations of the observation stations (a) and the grid (b) of Bohai Sea (A1-A12: the tide level measured
stations; B1-B6: the tide current measured stations; C1-C4: the temperature and salinity measured stations).
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Fig. 3 The topography and locations of the observation stations (a) and the grid (b) of Bohai Bay (D1-D6: the water quality measured
stations in red tide monitoring area of Tianjin; E1-E11: the water quality measured stations in cruise, May 2011).

the NOAA-ETOPOI1 database, and the data resolution is
1/6° x 1/6°. The minimum grid length is 500 m (for the
large grid) and 100 m (for the small grid). The large grid
has 10,237 elements and covers the entire Bohai Sea within
37°-41.2°N, 117.5°-122.8°E. The small grid has 6824
elements and covers the Bohai Bay within 38°-39.2°N,
117.5°-118.8°E. The small grid can provide a high-
resolution hydrodynamic field for the study area. Since
Bohai Bay is part of the Bohai Sea, the nested technology
is used in this model. To make this model more accurate,
the large Bohai model is calculated, and then the data are
extracted as the boundary and forced conditions of the
Bohai Bay model.

3.3 Boundary conditions

For the tide boundary, tidal prediction software China Tide
is used to calculate the nine tidal constituents (Sa, Oy, Qy,
Ky, Py, N, My, S, and K,) under given latitude and
longitude coordinates by interpolation calculation and
numerical calculation. According to Eq. (9), the software
automatically calculates the required time-period tide
series.

n= Zﬁhicos(ait + 0o +u;—g), n =9, )

i=1

where 7 is the tide level; /; and g; are the tidal harmonic
constants (amplitude and retardation); o; is the angular
velocity of the tide; ¢ is the time; f; is the tidal intersection
factor; v, is the first phase of astronomical tide; u; is the
tide intersection point of correction.

For the river boundary, although many rivers flow into
the Bohai Sea, the runoff is generally small. According to
runoff, the Bohai Sea model mainly considers the fresh-
water input of the Yellow, Liaohe, and Haihe rivers, and

the runoff data are obtained from the Chinese River
Sediment Bulletin. The Bohai Bay model considers the
freshwater input of rivers such as Haihe, Chaobai, Duliu,
Ziya, Majia, and Tuhai rivers (shown in Fig. 1).

For the temperature and salinity boundary, the tempera-
ture and salinity data of the open boundary of the Bohai
Sea model are set to change with time and space. It comes
from the global 1/12° reanalysis data on the HYCOM
database. The temperature and salinity data on the
HYCOM database at the boundary point were used to
extract the boundary temperature and salinity data of the
Bohai Sea model.

For the water quality boundary, the Bohai Bay model
comprehensively considers seven types of state variables,
such as BOD, DO, Chl-a, NH4-N, NO,-N, NOs-N, and
PO4-P, and the data come from the Bohai Sea, Yellow Sea,
East China Sea Atlas of the Oceans (Chemistry). Pollution
sources consider the input of rivers such as the Haihe,
Chaobai, Duliu, Ziya, Majia, and Tuhai.

For the sea surface boundary, the data are based on
ECMWEF database, and the data accuracy is 0.25° x 0.25°,
including wind, temperature, relative humidity, clearness
coefficient, evaporation, and precipitation.

3.4 Model parameters

To ensure that the model is stable, the simulation time of
the model is from 00:00 on January 1, 2010 to 00:00 on
January 1, 2012, during which the measurement data are
available to verify the model. The second-year simulation
data are selected after the model is stabilized for
subsequent analysis. The time steps are in the 0.01 s to
60 s range. The critical CFL number is 0.8. The drying
depth is 0.005 m, the flooding depth is 0.05 m, and the
wetting depth is 0.1 m. The initial tidal level and flow
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velocity are defined as 0 m and 0 m/s, respectively. The
initial temperature and salinity are defined as annual
average of 10.7°C and 30 PSU.

3.5 Model verification

In order to test the reliability of the model, the simulation
results were verified by tide, tidal current, tidal harmonic
constants, temperature, salinity, and water quality. Fig. 2(a)
and Fig. 3(a) show the location of each verification station.
Among them, A1-Al2 are the tide level measuring
stations, B1-B6 are the tide current measuring stations,
C1—C4 are the temperature and salinity measuring stations,
D1-D6 are the water quality measuring stations in red tide
monitoring area of Tianjin, and E1-E11 are the water
quality measuring stations in cruise during May 2011.

In model validation, the hydrodynamic and water quality
are analyzed respectively. Tidal level, tidal current, Oy, K;,
M,, S, constituents, temperature, and salinity are selected
for hydrodynamic verification, DIN, POy4-P, and N/P are
selected for water quality verification.

The simulation tidal level data are compared with the
measured data in mid-August 2011. The simulation tidal
current data are compared with the measured data in mid-
July 2011. The fitting results are good. Partial results of
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tidal level and tidal current verification are shown in Fig. 4
and Fig. 5.

In addition, the August tide simulation data of the entire
Bohai Sea model elements are extracted to conduct
harmonic analysis via MATLAB. Co-tidal charts of Oy,
K, M,, and S, constituents are drawn and are well
matched with Bao et al. (2001) (Shown in Fig. 6).

Regression analysis of the tidal level and tidal current
simulation data is conducted, and the RMSE (root mean
square error) and R? of each station data are calculated, as
shown in Tables 1 and 2. The error of each station is within
10% and R* is mostly larger than 0.8. The simulation
results match the measured data well.

The simulated data for 2011 are selected for temperature
and salinity verification when the model has been
stabilized. The validation of temperature and salinity at
the measuring stations are shown in Fig. 7. The regression
analysis of temperature and salinity between simulation
result and measured data is shown in Table 3. The
simulation results match the measured data well. The
distribution of temperature and salinity in summer and
winter in the Bohai Sea are shown in Fig. 8. The
distribution of temperature during the summer season is
characterized by high temperature in the three bays and
low temperature in the central. On the contrary, the

2.5 M
2.0 odel
E 15 e  Measured
o 1.0
5 05
T‘_g 0.0
o .
—.. © o o [ 4
_15 N 1 " 1 hd N 1 N ¢ 1 ¢ 1 I 1 L 1 1 1 N J
8/10 8/11 8/12 8/13 8/14 8/15 8/16 8/17 8/18 8/19 8/20
Day
25 (@
20
E 15
o 1.0
305
= .
=1
=
-1.5¢ 1 1 1 1 1 1 1 1 1 1
8/10 8/11 8/12 8/13 8/14 8/15 8/16 8/17 8/18 8/19 8/20
Day
251 (®)
20
E 15F
o 1.0
305
3 0.0
=05 |
-1.0 |
715 1 1 1 1 1 " 1 " 1 1 1 N J
8/10 8/11 8/12 8/13 8/14 8/15 8/16 8/17 8/18 8/19 8/20
Day

©

Fig. 4 The validation of tidal level at partial measured stations. (a) Al; (b) A6; (c) Al2.
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Fig. 5 The validation of tidal current at partial measured stations. (a) Current speed at B5; (b) current direction at B5; (c) current speed at

B6; (d) current direction at B6.

distribution of temperature during the winter season is
characterized by high temperature in the central and low
temperature in the three bays. The distribution of salinity
during the summer and winter seasons is characterized by
high salinity in the central and northeast and relatively low
salinity in the three bays. However, the salinity in the three
bays is lower than that in winter due to the increased
summer runoff, thereby resulting in the dilution of salt
water. This condition is particularly evident in the estuary
of the Yellow and Liaohe rivers.

Water quality simulation is based on the validated
hydrodynamic model. The decoupling module is used to
decouple the calculation, which avoids the problem of
repeated calculation of the hydrodynamic part. This
approach can significantly reduce the time of water quality
simulation.

The water quality monitoring data on the Tianjin red tide
monitoring area as reported by Liu et al. (2014b) and the
measured data of the Bohai Bay area as reported by Li et al.
(2012) are used for water quality verification. The
simulated results of DIN and PO4-P in the Tianjin red
tide monitoring area are shown in Fig. 9. As the measured
data are limited, the monthly data are used for verification.
The monthly simulated results of six stations in the red tide
monitoring area are extracted and the data are averaged to
obtain the annual average variation curves of DIN and
PO4-P in this area. The value of the error bar represents the
standard deviation of the simulation value, indicating the
DIN and POy4-P concentration range in this region. As
shown in Fig. 9, most of the data are within the range of the
error bars and the trend is consistent. Except for high

measurements in a few months, the measured data and
simulated results are well matched.

The distribution of DIN, PO4-P, and Chlorophyll-a
(Chl-a) in the spring of Bohai Bay are shown in Fig. 10.
The DIN concentration distribution is characterised by a
decrease from the high-value area of estuaries near the
coast to the low-value area in the central and northeastern
parts of the bay. The concentration gradient at the estuary is
larger. The PO4-P concentration distribution is charac-
terised by the high-value area, which also appears near the
estuary, and the concentration gradient is larger but the
range is smaller than that of DIN. The concentration in the
coastal area in the southwest is relatively small because of
the smaller influence of runoff. The concentration from the
centre to the eastern boundary of the sea area shows an
increasing trend, which indicates that the high concentra-
tion area outside the Bohai Bay may be affected by the
Yellow River runoff. The distribution of Chl-a concentra-
tion is characterised by the high-value area near the
northwest estuary and gradually decreases to the southeast.
The southern coast area affected by runoff also has a high-
value area but it is lower than that in the northwest estuary.
The concentration in the eastern and northeastern regions
near the boundary is low. Comparison of the simulated
distribution and measured data of Bohai Bay shows that
the model is basically consistent with the measured results
(Li et al., 2012).

The nitrogen to phosphorus ratio is an important
indicator of water eutrophication. Redfield (1958) thinks
that phytoplankton absorb inorganic nitrogen and phos-
phate nutrients at a 16:1 constant mole ratio. The water



Han JIA et al. Hydrodynamic and water quality effects

41°N

40°N

39°N

38°N

118°E 119°E 120°E 121°E 122°E
41°N F ] 7
M2 3 \
\5/_0/ "\
40°N N B A,
/,///h‘\ :::‘ 900-
S VI N et
2 300 ;7 Pl =]
7 7 \\ PR . S @~
39°N | /A \\ o/ ~ 8
\ N B /Q L3 |
N 20' QV.‘ v 2 /// e ! 08 —
38°N F S N Y
. ~f -7 .300°-4-
O0g H
L I 1 L 1
118°E 119°E 120°E 121°E 122°E

631

41°N

40°N

39°N

38°N

118°E 119°E 120°E 121°E 122°E

41°N

40°N

39°N

38°N

118°E 119°E 120°E 121°E 122°E

Fig. 6 Co-tidal charts of Oy, K, M,, and S, constituents in the Bohai Sea (The solid line represents the amplitude, and the dashed line

represents the angle).

Table 1 Regression analysis of the tidal level between simulation result and measured data

) Tidal level
Measured station

) Tidal level
Measured station

RMSE/m R RMSE/m R
Al 0.2022 0.9190 A7 0.4175 0.7427
A2 0.3188 0.8819 A8 0.4005 0.6912
A3 0.2800 0.8709 A9 0.1918 0.9014
A4 0.1306 0.7999 Al0 0.1586 0.9094
A5 0.1108 0.9232 All 0.1680 0.9156
A6 0.1703 0.9151 Al2 0.1627 0.9075

area is in phosphorus limit when the ratio is larger than 16,
and the water area is in nitrogen limit when the ratio is less
than 16. Liu et al. (2014b) have analysed water
eutrophication in the Bohai Bay, and found that the
eutrophication of Bohai Bay is serious, the content of
inorganic nitrogen is at a high level, the content of
phosphate is decreasing and the N/P ratio is much higher

than 16, thereby showing a phosphorus-limited nutrient
structure. Table 4 shows the N/P ratio measured at the E1-
E11 monitoring stations and the simulated comparison
results. The table shows that most parts of the Bohai Bay
are in the phosphorus-limited nutrient structure, which is
consistent with the measured results.

In summary, the nutrient and chlorophyll results in
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Table 2 Regression analysis of the tidal current between simulation result and measured data

) Current speed
Measured station

Current direction

RMSE/(m-s 1) RMSE/(°) R?
B1 0.0843 0.7508 29.2180 0.8988
B2 0.0740 0.8199 27.4938 09114
B3 0.0653 0.7817 12.4841 0.9805
B4 0.0686 0.6942 23.0792 0.9374
B5 0.0583 0.8099 24.2951 0.9331
B6 0.0521 0.8605 26.6415 0.9174
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Fig. 7 The validation of (a) temperature and (b) salinity at measuring stations.

Bohai Bay simulated in this study are basically consistent
with the measured results and findings of other scholars.
The water quality model is reliable.

4 Results and discussion

To study the influence of shoreline changes on hydro-
dynamics and water quality, this paper takes the coastline
topography of Bohai Bay in 2011 as the center to consider
the reclamation projects of Tianjin, Caofeidian, and
Huanghua ports. The grids are built for the natural
coastline in 2003 and the expected shoreline in 2020

(shown in Fig. 11). Only the grids of the model were
changed. The boundaries and other parameters were
unchanged to control the variables and simulate them
under the well-validated model.

4.1 Influence of runoff diffusion

Shoreline changes, especially reclamation work, have a
significant impact on the spread of runoff after it reaches
the estuary. This condition changes the flow direction and
velocity of the river, thereby affecting the hydrodynamic
and water quality of the surrounding waters. This
phenomenon can be observed in the Haihe River. With
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Fig. 8 The distribution of (a,c) temperature and (b,d) salinity during the summer (upper) and winter (lower) in the Bohai Sea.
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Fig. 9 The simulation results of (a) DIN and (b) PO4-P in red tide monitoring area of Tianjin (Error bar represent standard deviation).
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Tidal movement is the main dynamic process in Bohai

Bay. The residual current has a significant influence on the
ecology, material transport, and pollutant diffusion and

4.2 Influence of residual current
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limited the Haihe River runoff to the surrounding area,
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the establishment of Tianjin Port, the reclamation
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Grids of different shorelines in Bohai Bay. (a) Grid 1: the natural shoreline in 2003; (b) Grid 2: the shoreline in 2011; (c) Grid 3:

117.6°E
the expected shoreline in 2020.

Fig. 11
leading to a change in the surrounding water flow field,

salinity field, and various water quality parameters. Further

detailed analysis is given in the following sections.
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distribution. Based on the time-averaged velocity compo-
nents of several tidal periods during the summer in Bohai
Bay, the Euler residual current distributions in the area
under different shoreline topographies are obtained, as
shown in Fig. 12.

As the figure shows, the coastal residual current flows in
opposite directions in the northern and southern parts of
the Tianjin Port. The clockwise coastal residual current
flows from the northern part of Tianjin Port to the
Caofeidian Sea area, and the counter-clockwise coastal
residual current flows from the southern part of Tianjin
Port to the northern part of Huanghua Port.

The influence of shoreline variation on the residual
current field is described as follows. The Caofeidian
reclamation project makes the residual current disappear
near the shore area of Caofeidian. Due to the influence of
reclamation, the clockwise circulation at the northern part
of Tianjin Port disappears and the coastal residual current
has a minimal effect. The reclamation on the southern part
of Tianjin Port and the construction of Huanghua Port
results in a decrease in the counter-clockwise coastal
residual current between the southern part of Tianjin Port
and the northern part of Huanghua Port. The construction
of Huanghua Port also results in a decrease in the residual
current in the southward sea area and generates a counter-
clockwise circulation in the southern part of the harbour.
As shown in Fig. 12, the reclamation projects between
2011 and 2020 focus on the Caofeidian and Tianjin
Dagang ports. With the reclamation project, the residual
current in the north of Caofeidian Port and between Tianjin
Dagang and Huanghua ports is further weakened.

4.3 Influence of tidal prism

Tidal prism refers to the volume of tidal water that can be
accepted by the gulf. The size of the tidal prism reflects the
self-purification capacity of the bay and determines the
intensity of the water exchange between the bay and
external bodies of water. The general formula for the tidal
prism is:
1

WZE(Sl + $2)H, (10)

where S; and S, are water areas at the times of high and

low tide, respectively, and H is the tidal range. For the
numerical simulation, the formula can be extended to:

W=">"Si(h;—hy), (11)
=1
where S; is the area of elements, 4,; and /,; are high and
low tide level, and #n is the number of elements. The
calculation results and comparison are shown in Table 5.
The statistical data on the tidal prism are consistent with
the results of the remote sensing analysis by Ye et al.
(2011). Compared with the situation in the three types of
coastlines, the Bohai Bay area is gradually reduced
because of the reclamation project, thereby leading to the
gradual decrease of the tidal prism. The reduction of the
tidal prism means that the water exchange volume between
the internal and external water body of the bay decreases at
the same time. Meanwhile, due to the shallow water in the
area where the shoreline changes, the effect of reducing

39.2°N

39.0°N

38.8°N

38.6°N

38.4°N

38.2°N

117.6°E  118.0°E  1184°E  118.8°E  117.6°E

118.0°E

118.4°E  118.8°E

118.4°E

118.8°E  117.6°E  118.0°E

Fig. 12 The distribution of residual current in (a) Grid 1; (b) Grid 2; and (c) Grid 3 of Bohai Bay.

Table 5 Statistics and comparison of tidal prism in Bohai Bay

2
Source Sea area/km

Tidal prism/(10'° m®)

Change/(10"° m®) Rate of change/%

Reference (Ye et al., 2011) —

Grid 1 10659
Grid 2 10163
Grid 3 9889

2.99 — —
2.982 — —
2.825 -0.157 -5.26
2.714 —-0.268 -8.99
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the total volume of water caused by reclamation is not
obvious. The aforementioned two aspects lead to the
weakening of the water exchange capacity of the bay,
thereby reducing the ability of pollutants to spread out to
the bay and weakening the self-purification capacity of sea
water, which may lead to increased water pollution in the
bay.

4.4 Influence of salinity

The distribution of salinity in different shorelines of Bohai
Bay in summer is shown in Fig. 13. The distribution
characteristics are as follows: salinity in estuaries is
generally lower than 30 PSU and has a large gradient,
but in the central and eastern areas, salinity is higher and
the gradient is small. The influence of shoreline change on
salinity distribution is mainly near the estuary. Comparison
of the salinity distribution of Grids 1 and 2 shows that the
construction of Tianjin Port affects the runoff of the Haihe

Front. Earth Sci. 2018, 12(3): 625-639

River and weakens the dilution effect of the river on
seawater, thereby resulting in the increase of salinity in the
south of Tianjin Port. The construction of Huanghua Port
blocks the spread of coastal residual current, resulting in an
increase of salinity in this area. Comparison of the salinity
distribution of Grids 2 and 3 shows that the reclamation
further blocks the coastal residual current and weakens the
runoff dilution effect, leading to a further increase in the
salinity in the southwestern part of the bay.

4.5 Influence of water quality

To study the effect of reclamation on water quality, the
simulation results of the entire domain were selected and
averaged. The monthly averaged change curves of DIN,
PO4-P, and Chl-a in different shorelines of Bohai Bay are
shown in Fig. 14. With the change of shoreline, the
concentrations of PO4-P and Chl-a increase and the
concentration of DIN decreases.
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39.0°N |-

38.8°N |

38.6°N |-

384°N |

382°N |

28,
P

117.6°E

DIN/(mg-L™")
s o o
o =~ (@)

<
<)

118.0°E

118.4°E

118.8°E

38.6°N

38.4°N

38.2°N

30
38.6°N
8

382°N

117.6°E

118.0°E

118.4°E 118.8°E 117.6°E 118.0°E 118.4°E 118.8°E

Fig. 13 The distribution of salinity in (a) Grid 1; (b) Grid 2; and (c) Grid 3 of Bohai Bay in summer.
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Monthly averaged change curves of (a) DIN, (b) PO,4-P, and (c) Chl-a in different shorelines of Bohai Bay.
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The reasons for this change are as follows: Table 5
shows that the shoreline change resulted in a significant
reduction of the tidal prism in Bohai Bay, which weakens
the water exchange capacity inside and outside the bay.
Meanwhile, the decrease of the coastal residual current
results in an increase in the concentration of PQO,-P.
According to the analysis of the nutrition structure in Table
4, Bohai Bay has a phosphorus-limited nutrient structure,
and the increase in PO4-P leads to the growth of
phytoplankton, that is, an increase in Chl-a concentration.
Meanwhile, the growth of phytoplankton consumes a large
amount of DIN, resulting in the decrease of DIN
concentration. In addition, the construction of Tianjin
Port blocks the diffusion of nutrients in the Haihe River,
which is the largest runoff in the Bohai Bay area. The
decrease in DIN during the flood season is more obvious
than during other periods.

Table 6 shows the change of nutrient ratio at measuring
stations. The N/P ratio of four points (E1, ES, E8, and E9)
decreases by more than 10%, and all the four points are
close to the shoreline change project area. By contrast, the
points that are far from the engineering area (E4, E6, E7,
and E11) have minimal change, which indicates that the
change of the shoreline has a significant influence on the
nutrient structure in the nearby sea area. The N/P ratio is
generally decreased and the phosphorus restriction effect is
weakened.

The distributions of DIN, PO4-P, and Chl-a in different
shorelines of Bohai Bay are shown in Fig. 15. The change
of DIN distribution is described as follows: under the
natural coastline, the high-value area appears near the
estuary, and the distribution is mainly affected by runoff
and decreased gradually to the centre and northeast of the
bay. The construction of Tianjin Port weakens the runoff of
the Haihe River and the concentration of the estuary area is
slightly reduced due to blockage of the southern counter-
clockwise coastal residual current, thereby resulting in

lower concentrations in the southwestern part of the bay. In
addition, the circulation in the south of Huanghua Port
weakens the diffusion of DIN in this area, so that the
concentration in this area has increased.

The change of POy4-P distribution is similar to that of
DIN. As Bohai Bay is a phosphorus-limited state, the
PO4-P concentration is scarce, so its distribution affected
by runoff is more obvious. Furthermore, since the bay area
and tidal prism are reduced, an increase in PO4-P
concentration is observed.

The change of Chl-a distribution is as follows: under the
natural coastline, the high-value area appears near the
estuary and in a centre to the north and south coast of a
larger range, which is due to the coastal residual current in
the area. The construction of Tianjin Port blocks the
southern counter-clockwise coastal residual current, result-
ing in lower concentrations in the southwestern part of the
bay. Meanwhile, the northern area of the bay is influenced
by a clockwise residual current that results in higher
concentrations. In addition, the construction of Huanghua
Port blocks the coastal residual current and generates a
counter-clockwise circulation in the southern area, result-
ing in higher concentrations in the southern part of
Huanghua Port.

5 Conclusions

A hydrodynamic and water quality model in Bohai Bay is
established to simulate the tide level, tidal current,
temperature, salinity, and water quality in the area. The
influence of shoreline changes on the coastal residual
currents, tidal prism, salinity, and water quality caused by
reclamation projects such as those at Tianjin, Caofeidian,
and Huanghua ports is analysed.

As the reclamation project changes the shoreline of the
estuary area, the runoff direction of the sea (i, and v in

Table 6 Influence of shoreline changes on N/P
Grid 1 Grid 2 Grid 3

Measured station

n(N) : n(P) n(N) : n(P) Change n(N) : n(P) Change
El 50.744 40.273 -10.47 37.229 -13.51
E2 56.063 47.706 —8.36 43.271 -12.79
E3 49.679 47.794 -1.89 43.927 -5.75
E4 31.550 32.121 0.57 31.770 0.22
E5 78.358 63.670 —14.69 59.055 —19.30
E6 48.495 49.652 1.16 48.451 —-0.04
E7 32.760 32.797 0.04 32.407 -0.35
E8 111.94 100.97 -10.97 92.135 -19.80
E9 111.54 92.743 -18.79 81.901 —29.64
E10 52.465 48.060 —4.41 42.895 -9.57
Ell 31.427 29.968 —1.46 27.013 —4.41
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Fig. 15 The distribution of DIN (a, b, and ¢), PO4-P (d, e, and f) and Chl-a (g, h, and i) in different shorelines of Bohai Bay.

Egs. (2) and (3)) changes and the water flow direction is
limited due to the limitation of the water grid, thereby
leading to changes in flow velocity (z and vin Eqs. (2) and
(3)). Based on these findings, # and v in transport equations
(Egs. (4)-(6)) change, thereby causing a change in
temperature, salinity, and water quality parameters.

The following results are observed:

1) Shoreline changes weaken the residual current and
generate a counter-clockwise circulation south of Huang-
hua Port, which results in weaker water exchange capacity
and lower pollutant-diffusing capacity.

2) Shoreline changes reduce the area of Bohai Bay,
resulting in a smaller tidal prism and further weakening the

water exchange capacity. This condition is not conducive
to the diffusion of pollutants, which may worsen the water
pollution in the bay.

3) Shoreline changes hinder the spread of runoff,
weaken the dilution effect of the river on seawater, and
block the spread of coastal residual current, thereby
resulting in increased salinity near the reclamation area.

4) Shoreline changes lead to an increase in POy4-P
concentration and decrease in DIN concentration. The
value of N/P near the project decreases, which weakens the
phosphorus-limited effect.

The impact of shoreline changes in Bohai Bay on the
hydrodynamics and water quality of the surrounding area
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is significant. The influence of the coastal residual current,
tidal prism, and runoff leads to the weakening of the water
exchange capacity and reduction of pollutant diffusion
capacity. However, the influence is limited and the offshore
area has a smaller impact.
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