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1Second Institute of Oceanography, Ministry of Natural Resources (MNR), Hangzhou, China, 2Key
Laboratory of Ocean Space Resource Management Technology, Ministry of Natural Resources (MNR),
Hangzhou, China, 3Key Laboratory of Nearshore Engineering Environment and Ecological Security of
Zhejiang Province, Hangzhou, China
Sanmen Bay (SMB) is one of the important harbors in Zhejiang Province. It is a

semi-enclosed shallow bay that has undergone large-scale land reclamation

activities. Long-term reclamation has changed the hydrodynamic conditions of

SMB, such as tide, residual current, tidal prism, water exchange capacity, and tidal

asymmetry. In this study, three typical periods of numerical models, based on

historical charts and remote sensing, were established to investigate the

influence of reclamation activities on the hydrodynamic conditions of SMB

from 1971 to 2020. These model results reveal that the amplitude and phase of

M2, the main tidal components in SMB, decreased by ~0.1–0.3 m and ~ 5°–15°,

respectively, over the last half-century. Additionally, under the influence of ~200

km2 reclamation, many hydrodynamic conditions in SMB also changed. This

includes the reduction of a residual current and tidal prism, an increase in

residence time, and a change in tidal asymmetry characteristics. The residence

time in nearby Xiayangtu exhibited a downward trend from 2003 to 2020,

because land reclamation squeezed, and thus, enhanced the residual current

eddy. The water-exchange capacity of the bay became weaker with the

reduction of tidal prism to one-third and an increase in residence time. The

tidal asymmetry characteristic of SMB changed from half of flood dominant to

fully flood dominant by the influence of shoreline and bathymetry, which raised

the flood risk. Research on the response of the hydrodynamic environment to

reclamation activities in SMB reminds the local government to reassess the

impact of land reclamation on the hydrodynamic environment.
KEYWORDS

Sanmen Bay, land reclamation, coastline and bathymetry changes, residual current,
water exchange, tidal asymmetry
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1 Introduction

The coastal zone, which is situated at the interface of water and

land, harbors approximately half of the global population and

economy. Reclamation projects have been implemented by

numerous countries worldwide to mitigate the scarcity of land

resources that results from rapid economic development

(Sengupta et al., 2023). Bays, as an important part of the coastal

zone, confront urgent environmental challenges that arise from

land reclamation projects.

Reclamation can weaken tidal dynamics by reducing tidal

amplitude (Yanagi and Onishi, 1999) and tidal velocity (Manda

and Matsuoka, 2006; Wisha et al., 2018). In some bays, like

Lingding Bay, reclamation activities increase the amplitude of tides,

and thus, increase the risk of flooding (Zhang et al., 2010; Chu et al.,

2022). Changes in shoreline and depth caused by reclamation

projects influence the ability of bay water exchange with the open

sea, for instance, tidal prism (Shi et al., 2011; Lyu et al., 2021) and

residence time (Xu et al., 2021). The reduction in water exchange

capacity has detrimental effects on pollutant dispersion and fisheries

in bays. Reclamation indirectly affects tidal asymmetry (Gao et al.,

2014; Li et al., 2018), which plays a vital role in sediment transport

that determines the navigation function of the bay.

Sanmen Bay (SMB), located in eastern China, is one of three major

bays in Zhejiang Province. Surrounded by hills on three sides, SMB is a

semi-closed tongue-like bay with the direction generally NW-SE in the

plane, and the bay mouth is towards the southeast. And there are more

than 100 islands in the bay. SMB is a bay with strong tide, the average
Frontiers in Marine Science 02
tidal range exceeding 4 m. Additionally, the value of (HK1
+HO1

)=HM2

is less than 0.4, indicating that the semi-diurnal component is

dominant (Song et al., 2017). Under the influence of land

reclamation, artificial shoreline became the most important type of

shoreline, followed by bedrock shoreline. The multi-islands, irregular

coastlines resulted in extremely complex hydrodynamic conditions in

SMB. The land reclamation around SMB started in the last century and

peaked in the 1970s and early 2000s (Lin et al., 2021). Figure 1 presents

the distribution of SMB reclamation projects from 1971 to 2020. By

2003, approximately 100 km2 of land was reclaimed from the sea, of

which Hucheng Port was the main reclamation. Consequently, an

about 95 km2 of land was reclaimed by 2020, of which main

reclamations were in Xiayangtu, Shepantu and Sanshantu. The

hydrodynamic environment of SMB affected by reclamation has

been extensively investigated in previous studies. This included

investigations on variations in tide (Yang et al., 2019), tidal current

dynamics (Xu et al., 2018), tidal prism (Xie and Wu, 2006), water-

exchange capacity (Huang et al., 2019), and sediment siltation patterns

(Mu and Huang, 2013). However, the aforementioned researchers

investigated only a part of SMB’s reclamation period, and did not study

the hydrodynamic environment as a whole. In addition, research on

tidal asymmetry was not conducted in SMB.

Therefore, this study will comprehensively and systematically

research the long-term evolution of the hydrodynamic environment

of SMB. The response of tides, tidal currents, tidal prism, water-

exchange capacity, and tidal asymmetry to SMB’s long-term

reclamation was studied, which is a reminder for government and

a reference for similar investigations.
FIGURE 1

Shoreline changes in SMB in 1971, 2003, and 2020.
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2 Data and methods

2.1 Coastline and bathymetry extraction

Historical remote sensing maps for SMB in 1971, 2003, and

2020 were collected, and historical shorelines from the historical

remote sensing images were extracted. The historical remote

sensing images of 1971 and the maps of 2003 and 2020 were

obtained from KH-9 satellite imagery (USGS), Google Earth,

respectively. The water depth values of SMB were extracted from

the proximate year charts acquired from the Navigation Guarantee

Department of the Chinese Navy Headquarters. Other water depth

values were derived from situ measurements and datasets of the

General Bathymetric Chart of the Oceans (Table 1). All bathymetric

data are unified under the same depth datum.
2.2 Numerical model

In this study, MIKE 21 was used to simulate the hydrodynamic

environment of SMB, which is based on the numerical solution of the

Navier-Stokes equation, unstructured triangular meshes, and wet and

dry boundaries (Danish Hydraulic Institute, 2012). Compared with the

structural meshes, the unstructured meshes exhibit superior

adaptability to the complex regions like SMB (Liu et al., 2024a,

2024b). In recent years, this model has been extensively applied in

hydrodynamic scientific research (Wisha et al., 2018; Cao et al., 2019;

Pan and Liu, 2020; Xu et al., 2021). This model is composed of a

continuity equation and two horizontal momentum equations:

∂ h
∂ t +

∂ h�u
∂ x + ∂ h�v

∂ y = hS (1)

∂ hu
∂ t + ∂ hu2

∂ x + ∂ hvu
∂ y = f vh − gh ∂h

∂ x −
h
r0

∂ Pa
∂ x − gh2

2r0
∂ r
∂ x +

tsx
r0

− tbx
r0

− 1
r0

∂ sxx
∂ x +

∂ sxy
∂ y

� �
+ ∂

∂ x (hTxx) +
∂
∂ y (hTxy) + husS

(2)

∂ hv
∂ t + ∂ huv

∂ x + ∂ hv2

∂ y = −f uh − gh ∂h
∂ y −

h
r0

∂ Pa
∂ y − gh2

2r0
∂ r
∂ y +

tsy
r0

−
tby
r0

− 1
r0

∂ syx
∂ x +

∂ syy
∂ y

� �
+ ∂

∂ x (hTxy) +
∂
∂ y (hTyy) + hvsS

(3)

where h is the total water depth, t is time, x and y are the Cartesian

coordinates, �u and �v are depth average values of velocity components in

x and y directions, S is the magnitude of the discharge due to point

sources, f is the Coriolis parameter, g is gravitational acceleration, h is

surface elevation, r0 is the reference density of water, Pa is atmospheric

pressure, r is the density of water, tsx and tsy are the x and y
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components of surface wind, tbx and tby are the components of

bottom stress, us and vs are the velocity by which the water is

discharged into ambient water, and sxx , sxy , syx , and syy are

components of the wave radiation stress tensor. Txx , Txy , and Tyy

include viscous friction, turbulent friction, and differential advection

estimated using eddy viscosity formulation.

The simulation domain covered the entire study area, including

the nearby East China Sea and parts of the Yellow Sea. The mesh

along SMB was refined to 100 m, while the maximum grid size at

the open boundary was set to 43 km (Figure 2). The model elements

and node numbers for the whole model domain for 1971, 2003 and

2020 were 230211 and 441816, 201013 and 386281, and 199334 and

381814, respectively.

The rivers in SMB are short mountain streams, and there are

more than 30 main streams, and some larger rivers upstream built

water conservancy facilities. The average runoff of all rivers is 85

m3/s (China Gulf History Compilation Committee, 1992). In

addition, we referred to a large number of excellent papers on

SMB (Huang et al., 2019; Yang et al., 2019; Yao et al., 2022), all

believed that the river had no significant effect on the model. Based

on the above evidence, we concluded that the influence of runoff

could not be considered in the model assumptions. Additionally,

the wave and wind forces are not considered here because of their

general weakness. SMB has a large area of tidal flats, which can

either be flooded and dried out; hence, the dry-wet boundary is

utilized in the model. When the water depth is less than the wetting

depth (0.1 m), the problem is reformulated. Hence, an element is

removed from the calculation only if the water depth is less than the

drying depth (0.005 m). The flooding depth (0.05 m) determines

when an element is flooded. The Manning coefficient was set to 70–

140 m1/3/s, which was adopted with the water depth, and the

horizontal eddy viscosity coefficient was set as 0.28. We used the

eight tidal constituents (M2, S2, N2, K2, K1, O1, P1, and Q1) to force

the open sea boundary of the model from the MIKE 21 toolbox,

which provides tidal constituents with a spatial resolution of 0.25°

based on TOPEX/POSEIDON altimetry data.
2.3 Model validation

The models of 2003 and 2020 were validated using three long-

term tide stations (T1, T2, and T3) from 24 April 2003 to 24 May

2003, and from 16 December 2019 to 15 January 2020. In addition,

five continuous current stations (C1, C2, C3, C4, and C5) were

utilized to verify the model during neap, middle tide and spring.

Figure 3 shows the distribution of tide and current stations. The

methods of root mean square error (RMSE) and skill score

(Willmott, 1981; Sun et al., 2015; Gou et al., 2023) were used to

quantify the model performance as follows:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
No

N

i=1
(si − oi)

2

s
(4)

Skill = 1 − oN
i=1

si−oij j2

oN
i=1

( si−�oj j+ oi−�oj j)2 (5)
TABLE 1 Details of the model coastline and depth.

Model Coastline Depth

1 1971 1960s

2 2003 2003

3 2020 2020
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where si and oi are the simulated and the observed data,

respectively; �o is the mean value of the observed data; and N is

the number of observed data. A skill score between 0.65 and 1.0

indicates excellent performance and in the range of ~0.5–0.65

indicates very good performance. The lower the skill score, the

poorer the performance.
Frontiers in Marine Science 04
Figure 4 denotes that the simulated tide levels match the

observation data excellently, with the RMSE less 0.28 m and the skill

score exceeding 0.98. The skill score of the current speed and direction

ranges between 0.75–0.94 and 0.83–0.96, respectively (Table 2), and the

RMSE of current speed and direction ranges 0.1–0.18 m/s and 35°–79°,

respectively (Figure 5). The error of the current direction is mainly
FIGURE 3

Distribution map of tide station, current station, and cross section.
FIGURE 2

Computational model mesh in 2020.
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affected by the deviation of tide turning during ebb and flow. In

addition, the major tide constituents by the T-Tide toolbox (Pawlowicz

et al., 2002) were validated. The average absolute errors of the major

tidal constituents’ (M2, S2, K1, O1, and MS4) amplitudes are 0.08, 0.08,

0.02, 0.03, and 0.02 m, respectively, and the phases are 5°, 4°, 9°, 12°,

and 13°, respectively (Table 3). Shallow water tide is challenging to

simulate because of its small amplitude. The T3 station in this study is

located in Shipu Channel and the hydrodynamic conditions here are

complicated; therefore, the phase deviation is a little large. In summary,

the established model can simulate SMB water level and current

fluctuation excellently.
2.4 Data analysis

2.4.1 Co-tidal chart
The influence of coastline and water depth on tide was analyzed

by comparing the co-tidal charts. The T-Tide toolbox was used to

calculate the amplitude and phase, the main components of the

SMB tide (M2), in the same month.
Frontiers in Marine Science 05
2.4.2 Tidal residual current
Residual currents are weaker than tidal currents, but they can

indicate the long-term transport direction of mass. The most

frequent form of calculation of the residual current is the Euler

residual current because of its simplicity. Based on the tidal current

of one month, the Euler residual current was calculated.
2.4.3 Tidal prism
The tidal prism reflects the bay’s capacity in water exchange

with the open sea. In this research, tidal prism was calculated by

integrating the product of the instantaneous cross-sectional area

and velocity through the inlet over half a tidal cycle. This method

yields the most straightforward and accurate tidal prism, with

accurate cross-sectional area and current velocity. The result of

the tidal prism was averaged over a month for its reasonability.

Figure 3 presents the cross-section, and the formula is as follows:

Pm =
Z T2

T1
o
n

i=1
Vi(t)Si(t)Hi(t)dt (6)

where T1 and T2 are the beginning and end times of flood and

ebb, n is the number of grid points, V is the current velocity

perpendicular to the section, and S and H represent the area and

water depth of grid points, respectively.

2.4.4 Residence time calculation
Residence time is one of the most frequently used timescales to

reflect the water-exchange capacity of a bay. It determines the

transport and redistribution of pollutants and suspended sediments.

In this study, Eulerian residence time, which is widely used in other

bays is applied (Sun et al., 2018; Xu et al., 2021; Yuan et al., 2021). At

the beginning, a conserved substance with a concentration of 1 g/L

was released in each grid cell inside SMB. When the conserved

substance decreases, the conserved substance mass (CSM) is
TABLE 2 RMSE and skill scores value in tidal current station.

Current
station

RMSE Skill Scores

Speed
(m/s)

Direction
(°)

Speed Direction

C1 0.16 79 0.87 0.85

C2 0.17 65 0.86 0.87

C3 0.15 79 0.85 0.85

C4 0.18 74 0.75 0.84

C5 0.10 35 0.93 0.96
FIGURE 4

Comparisons between simulated and measured tide levels at T1 in 2003 (A), 2020 (B), at T2 in 2003 (C), 2020 (D), and at T3 in 2003 (E), 2020 (F).
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calculated as follows:

CSM(t) = on
i=1

Ci(t)Vi(t)

on
i=1

Ci(t0)Vi(t0)
(7)

where the subscript i labels the grid points within the bay, C is

the mass of the gird cell, V is the grid cell, and Ci(t0) = 1 g/L is the

initial conditions. The numerator and denominator of Equation 6

are the total tracer mass inside the bay at time t and time t0,

respectively. The residence time at the gird cell is defined as the

duration for the mass at that grid cell to decrease below e–1 (37%)

g/L of its initial value.

2.4.5 Tidal-duration asymmetry
Tidal-duration asymmetry has an important effect on the net

sediment transport (Pritchard, 2005). Tidal-duration asymmetry

can be calculated from the skewness of the tide, which is later

simplified by the formula calculated by the harmonic parameters of

the tide (Song et al., 2011). The calculation conditions need to

satisfy two tidal constituents (such as M2 and M4) with twice the

difference in frequency, or three tidal constituents (such as O1, K1

and M2) which the sum of two is the same in frequency as the third.

Semi-diurnal tides are predominant in SMB, and the pair M2-S2-

MS4 is larger than the second largest contribution, the pair M2-M4.

Hence, only M2, S2, and their compound tide, MS4, are considered

when calculating tidal-duration asymmetry. The formula is as
Frontiers in Marine Science 06
follows:

g3 =
3
2a1w1a2w2a3w3 sin (j1+j2−j3)

½12(a21w2
1 +a

2
2w

2
2 +a

2
3w

2
3 )�

3
2

(8)

The subscripts 1, 2, and 3 labels tidal constituents M2, S2, and

MS4, respectively. a, w, and j are the amplitude, frequency, and

phase, respectively. If g3 > 0, the flood-tide duration is shorter. This

leads to a stronger flood current and the system is referred to as

flood dominant (Walton, 2002). If g3 < 0, the system is referred to as

ebb dominant.
3 Results and discussion

3.1 Variations in tidal amplitude and phase

The main tidal constituent M2 of SMB is analyzed by co-tidal to

investigate the response of the tidal amplitude and phase to the

change in the water depth and shoreline, we analyze the main tidal

constituent M2 of SMB by co-tidal charts (Figures 6, 7). Changes in

shoreline and water depth decreased the M2 amplitude in SMB by

0.1–0.3 m. This was primarily observed during the period from

2003 to 2020 (0.1–0.25 m), with a comparatively smaller decrease

during the period from 1971 to 2003 (0.05–0.1 m) (Figure 6). The

drop in area amplitude was mainly observed on the high-intensity
FIGURE 5

Comparisons between simulated and measured current speed and direction at C1 (A, B), C2 (C, D), C3 (E, F), C4 (G, H), and C5 (I, J).
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reclamation zone, with a reduction in amplitude of approximately

0.3 m observed in Xiayangtu and Sanshantu. When only the

shoreline changes were considered, the amplitude of M2 in SMB

decreased approximately 0.1 m from 2004 to 2017 (Yang et al.,

2019). This implies that the change in water depth had a greater

impact on amplitude decline.

Figure 7A depicts the northward propagation of the M2 tidal

wave in 1971 with a phase range between 250° and 285°. With the

progression of reclamation, there was a decrease in the M2 phase by

5°–10°from 1971 to 2003 (Figure 7B). Notably, Jiantiao Channel,
Frontiers in Marine Science 07
Baijiao Channel, and the water north of Xiayangtu experienced a

more significant decline. From 2003 to 2020, the phase of M2

reduced by approximately 5°, including several other channels

(Figure 7C). In summary, Figure 7D illustrates the phase dropped

by 5°–15°from 1971 to 2020, with the intensity gradually increasing

from the outer to the inner regions of the bay. Moreover, Jiantiao

Channel exhibited greater over 20° decrease.

Land reclamation changed the shoreline and topography of

SMB, and influenced the patterns of SMB’s tidal propagation.

Reclamation has covered large tidal flats and narrowed the bay.
TABLE 3 Comparison of harmonic constants (M2, S2, K1, O1, and MS4) between measured and simulated results.

Tidal constituent
Tide

station

Amplitude (m) Phase (°)

Measured Simulated Error Measured Simulated Error

M2

2003

T1 1.69 1.61 −0.08 251 253 2

T2 1.87 1.78 −0.09 255 259 4

T3 1.55 1.45 −0.10 251 258 7

2020

T1 1.64 1.59 −0.05 247 248 1

T2 1.85 1.77 −0.08 257 249 8

T3 1.48 1.41 −0.07 247 256 9

S2

2003

T1 0.73 0.64 −0.09 282 273 −9

T2 0.81 0.71 −0.10 286 281 −5

T3 0.67 0.59 −0.08 282 279 −3

2020

T1 0.54 0.48 −0.06 296 289 −7

T2 0.61 0.53 -0.08 300 300 0

T3 0.49 0.42 −0.07 296 298 2

K1

2003

T1 0.30 0.31 0.01 197 188 −9

T2 0.32 0.32 0 199 191 −8

T3 0.30 0.31 0.01 195 188 −7

2020

T1 0.38 0.41 0.03 217 206 −11

T2 0.40 0.42 0.02 220 211 −9

T3 0.38 0.40 0.02 215 208 -7

O1

2003

T1 0.22 0.25 0.03 172 161 −11

T2 0.23 0.26 0.03 176 166 −10

T3 0.21 0.24 0.03 172 161 −11

2020

T1 0.21 0.25 0.04 176 162 −14

T2 0.23 0.25 0.02 179 167 −12

T3 0.21 0.23 0.02 174 162 −12

MS4

2003

T1 0.03 0.02 −0.01 180 177 −3

T2 0.02 0.02 0 217 214 −3

T3 0.02 0.04 0.02 161 182 21

2020

T1 0.03 0.01 −0.02 152 161 9

T2 0.01 0.06 0.05 138 131 −7

T3 0.01 0.03 0.02 138 170 32
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FIGURE 7

Contour maps of changes in the M2 tidal phases in 1971 (A), 1971–2003 (B), 2003–2020 (C), 1971–2020 (D).
FIGURE 6

Contour maps of changes in the M2 tidal amplitudes in 1971 (A), 1971–2003 (B), 2003–2020 (C), 1971–2020 (D).
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This has accelerated the tidal propagation speed. Fortunately, the

synchronization between tidal amplitude and tidal propagation did

not increase; otherwise, it would have elevated the risk of flooding.

Notably, bay sedimentation leads to an increase in tidal amplitude

(Yang et al., 2019). Hence, the change in SMB’s water depth should

be given more attention in the future.
3.2 Variations in tidal residual current

Figure 8 indicates that residual currents are mostly less than

0.1 m/s in most scenarios, and larger (0.3 m/s) near the island

margin. In addition, the overall residual current intensity exhibited

a significant decrease from 1971 to 2003 but displayed minimal

changes from 2003 to 2020. There are three to four major residual

current eddies in SMB with red character, all of which are clockwise
Frontiers in Marine Science 09
eddies. Residual current eddy a was stable from 1971 to 2020, but

became gradually stronger, which is related to nearby reclamations

in, Hucheng Port and Xiayangtu. Due to Xiayangtu reclamation

project, the center of residual current eddy b moved a few

kilometers toward Huaao Island, and the intensity increased from

2003 to 2020. Residual current eddy c just existed in 1971, whereas

residual current eddy d decreased only in intensity. Cumulative

changes in residual current over the past 50 years indicate weaker

water-exchange capacity, which is discussed in the latter part of

this article.
3.3 Change of tidal prism

The reclamation location has an important effect on the tidal

prism. Table 4 denotes that the tidal prism of SMB decreased by 1.02

× 109 m3 (34.9%) from 1971 to 2020. In the first stage (1971–2003),

there was a decline of 18.3%, which aligns with findings reported in

the existing literature (Xie and Wu, 2006), and in the subsequent

stage (2003–2020), a decline of 16.6% was observed. From a temporal

perspective, the decline in tidal prism during both periods exhibited

similarities. However, from a spatial standpoint, cross-section A

experienced a significant decrease in the first stage, whereas cross-
FIGURE 8

Spatial distribution of residual current in 1971 (A), 2003 (B) and 2020 (C).
TABLE 4 Tidal prism of SMB, unit: 109m3.

Cross
section

1971 2003 2020

A 2.641 2.159 1.729

B 0.285 0.248 0.177
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section B encountered a substantial decline in the subsequent stage.

The implementation of the Xiayangtu reclamation project in section

B exerts a significant influence on the tidal current path, which leads

to a substantial reduction in tidal prism.

Previous studies held an optimistic attitude toward the forecast

of tidal prism after the 2003 reclamation of SMB, and the predicted

decrease was not greater than 10% (Xie and Wu, 2006; Peng et al.,

2014). The tidal prism of a bay is determined by the bay area. The

exact size of the reclamation area is not known because of

forecasting before reclamation. Therefore, the area of reclamation

might be underestimated. Another reason is that the impact of the

reclamation project on tidal prism is continuous. This is because

after a reclamation project is completed, the bay would need a few

more years to adjust the sediment-flushing process to suit the

reclamation project. If SMB is still in the sedimentation process

stage in the future, the tidal prism may further decline.
3.4 Residence time

The residence time gradually increased from the mouth of the

bay to the inner regions, with a residence time of less than 10 days at

the bay’s entrance and exceeded 30 days at its deeper sections
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(Figure 9). The distribution of residence time is mostly influenced

by three factors: the distance to the bay entrance, the pattern of the

tidal current, and the extent of inter-tidal flat areas (Xu et al., 2021).

The residence time distribution pattern of most bays exhibits a

continuous increase in residence time from the bay mouth toward

the inner regions. This is owing to the increasing distance from the

open sea beyond the bay. A belt of low residence time area in SMB

extends from the outer sea to Xiayangtu. This implies a strong

residual current in this area, which is exactly verified by the

residual current distribution in Figure 8. Changes in the shoreline

and water depth increased the residence time generally, like Jiantiao

Channel, whereas the residence time in the nearby seas of Xiayangtu,

Sanshantu, and Shepantu reduced from 2003 to 2020. The increase of

residual current eddies a and b enhanced the water exchange capacity

of the nearby seas, which reduced their residence time. There are

many tidal flat areas in SMB, and the residence time in these tidal flat

areas is greater than 30 d, because of the weak hydrodynamic.
3.5 Tidal-duration asymmetry

The distribution of tidal-duration asymmetry g3 in the bay

reduces from the inner side to the outer side. This indicates the
FIGURE 9

Spatial distribution of residence time in 1971 (A), 2003 (B) and 2020 (C).
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increase in ebb intensity (Figure 10). The white dashed line in

which g3 equals to zero pushes out into the bay. Thus, the

characteristic of the whole SMB tidal-duration asymmetry

changes from half of flood dominant to fully flood dominant

over the past 50 years.

According to Equation 8, g3 is directly calculated from the

amplitude and phase of the semi-diurnal component and their

compound tide. Furthermore, shorelines along with bathymetric

and nonlinear terms change the amplitude and phase of the tide.

This indirectly influences tidal-duration asymmetry. The loss of

tidal flat caused by reclamation reduces shoaling effect by increasing

of the g3 and enhancing flood dominance (Gao et al., 2014; Li et al.,

2018). Water depth has a similar effect on tidal-duration

asymmetry: it decreases g3 as the mean water depth of the bay

increases by dredging and sand mining (Yang et al., 2022). When

bottom friction or advection is not considered, the value of tidal-

duration asymmetry weakens (Gao et al., 2014; Li et al., 2018).

The entire SMB has become flood dominant, exacerbating flood

risk, especially during rising sea levels. This is a reminder to the

government with regard to the imperative of perpetually

monitoring the bay in the future.
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4 Conclusion

,In the past five decades, SMB has undergone extensive land

reclamation, which resulted in a reclamation area of nearly 200 km2.

This has had a significant impact on the hydrodynamic environment of

the bay. In this study, the responses of several typical hydrodynamic

environmental parameters to reclamation are investigated using

numerical models.

The amplitude and phase of the major tidal component (M2)

decreased by 0.1–0.3 m, 5°–15°, respectively. The residual current

also decreased, but land reclamation squeezed enhanced the

residual current eddy. The water-exchange capacity of the bay

became weaker: then, the tidal prism reduced to one-third

and the residence time increased. The decrease in residence

time between 2003 and 2020 can be partially attributed to the

intensification of the tidal residual current eddy. The characteristic

of the tidal-duration asymmetry has changed from half of flood

dominant to fully flood dominant over the past 50 years. This has

increased the risk of flooding. The profound and lasting impact of

reclamation on the hydrodynamic environment of SMB reminds

the local government to strengthen the dynamic monitoring of the
FIGURE 10

Spatial distribution of tidal asymmetry in 1971 (A), 2003 (B) and 2020 (C).
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bay and to implement adaptive management strategies for future

reclamation projects.
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