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In recent years, the position of the Yellow River Estuary (YRE) entrance has
changed frequently, and human activities such as land reclamation have
contributed to the transformation of the deltaic topography. These combined
factors have resulted in altered hydrodynamics and tidal shear fronts (TSFs) in the
surrounding sea area. However, there are few studies on the characteristics of
the TSFs before and after diversion, so this paper establishes a hydrodynamic
model based on the Finite Volume Coastal Ocean Model (FVCOM) for the years
2005, 2014, and 2020 and analyzes the characteristics of the changes in the tidal
currents and the TSFs before and after diversion and the long-term evolution
trends. The results reveal that the M2 amphidromic point near the YRE shifted
eastward by 4.9 km from 2005 to 2014 and migrated southeastward by 6.8 km
between 2014 and 2020. Additionally, significant changes were observed in the
maximum and residual currents within the active mouth (AM), the old Qing 8 (Q8)
channel, the old QingShuiGou (QSG) channel, and the southeastern region.
Notably, the residual currents exhibit vertical fronts with substantial current
velocity differences across the slopes. After the diversion of the YRE, the
northern TSFs disappeared. The TSFs in the AM gradually shifted landward,
while the TSFs in the southeastern region shifted offshore. In the vertical
direction, the frontal centerlines of the TSFs gradually moved offshore from
top to bottom. The intensity of the TSFs at the same latitude was positively
correlated with the offshore distance. Generally, steeper slopes were associated
with larger bottom stress gradients, which in turn corresponded to stronger TSFs.
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1 Introduction

Estuaries are critical zones for sea-land interaction,
characterized by complex geomorphological evolution
mechanisms (Wang et al., 2015). Variations in water depth and
estuarine geometry can lead to spatial changes in tidal currents and
significant asymmetries in tidal fluctuations (Jiang et al., 2013). In
the Lingdingyang estuary, the deepening and narrowing of the
channel have resulted in increased wave speeds, amplified tidal
waves, elevated flow velocities, and enhanced standing wave
characteristics, whereas dredging and land reclamation have
diminished residual flow (Zhang et al.,, 2021; Chen et al., 2024).
The sediment accumulation outside the Yangtze River Estuary has
led to increased shoal formation, thereby decreasing tidal prism and
weakening tidal currents (Zhang et al, 2018). The alteration of
estuarine location in the Yellow River Delta (YRD), along with
human activities such as land reclamation, has similarly modified
the hydrodynamic environment of adjacent sea areas. Wang et al.
(2015) reported a southward migration of the M2 amphidromic
point between 1996 and 2012, while Zhu et al. (2016) reported a
southeastward shift of the amphidromic point between 1980 and
2019. The amplitude change reached a maximum of 20 cm between
1976 and 2011 (Pelling et al., 2013). Shoreline and water depth are
significant factors causing these changes (Zhu et al., 2018).
Moreover, shoreline modifications can lead to diminished residual
currents and reduced water exchange and material transport
capacity, consequently impairing the pollutant dispersion
capability (Jia et al., 2018).

There are two types of fronts in the YRE: reverse TSFs and
homogenous TSFs. The reverse TSFs are stronger than the
homogenous TSFs, and the homogenous TSFs are more
pronounced during ebb tides (Wang et al., 2024). Li et al. (1994)
classified the reverse tide shear fronts (TSFs) into inner-flood-
outer-ebb (IFOE) and inner-ebb-outer-flood (IEOF) TSFs. The
formation of TSFs is influenced by a combination of factors,
including tides, topography, and river runoft (Qiao et al., 2008). A
shear front is an obvious flow gradient formed on both sides of the
front due to the asymmetry of the rising and falling tides. This tidal
phase gradient is caused by the large bottom friction gradient
generated by the slope of the delta front. The intensity of the
TSFs decreases with increasing distance offshore (Wang et al,
2024). When the flow increases, the TSFs move seaward, the
width decreases, and the shear strength is concentrated (Ji et al.,
2020). The low-flow TSFs zones significantly reduce the suspended
body flux, allowing most of the sediment to be deposited in the arc
near the delta (Zhan et al., 2020; Mao et al., 2022). Less than 1% of
the sediment can be transported to the outer ocean via TSFs (Bi
et al,, 2010; Qiao et al, 2016; Wang et al.,, 2019). TSFs are also
affected by climate change. Storm surges enhance tidal residual
currents and weaken tidal TSFs (Fan et al., 2020). Frontal activity is
significantly enhanced after El Nifio events, whereas the opposite is
true after La Nifa events (Du et al,, 2023). TSFs have significant
onshore movement in the long term, and the frequency of
occurrence generally shows an interannual weakening trend
(Wang et al,, 2017; Du et al., 2023).
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Among the above studies, most studies on the hydrodynamics
of the Yellow River Estuary (YRE) and the long-term evolution of
the TSFs were concentrated in the last century and the beginning of
this century, and most of the attention was focused on the active
mouth (AM) in the corresponding period. However, since water
and sand transfer, estuarine location, water depth, and shoreline
have changed, fewer systematic studies have investigated tidal
current changes at different estuarine locations in this century,
and fewer studies have investigated the response of each feature of
TSFs to the direction of the estuary. Therefore, in this work,
numerical simulations are carried out in 2005, 2014 and 2020 as
examples, aiming to explore the laws and trends of ocean dynamics
and TSFs evolution with topography along various flow paths in the
YRD over the past two decades. This is informative for a
comprehensive understanding of the changing dynamic trends in
the YRD.

2 Study area

The YRE is situated between Bohai Bay and Laizhou Bay, with
an offshore depth typically less than 15 m (Figure 1). The YRD is
endowed with fertile soils, abundant water resources, and extensive
tidal flats and wetlands, which possess significant ecological value
(Kuenzer et al,, 2014). However, the ecosystem in this region is
sensitive and fragile because of the impacts of human activities and
natural factors (Fagherazzi et al., 2015). The YRE is classified as a
microtidal estuary, that is characterized predominantly by irregular
semidiurnal tides, with an average tidal range of 0.73-1.77 m (Yang
et al., 2011). There exists an amphidromic point near Dongying
Port, around which the tidal wave circulates in a counterclockwise
direction. Coastal currents along the YRD exhibit reciprocating
flow, whereas a rotating current is observed in the center of Bohai
Bay (Hu and Cao, 2003; Fan and Huang, 2005). The flood tide flows
toward the southeast, whereas the ebb tide moves northwest-north
(Fan et al., 2006). The Yellow River transports a substantial amount
of sediment into the sea, with the accumulation and erosion of these
sediments influencing the geomorphological changes in the Delta.
Owing to climate change and human activities, the water and
sediment discharge of the Yellow River into the sea has
significantly diminished (Yu et al, 2013). In recent years, the
YRD has experienced frequent river diversions. The modern YRD
primarily refers to the subdelta lobes formed since the river
redirected to the QingShuiGou (QSG) in 1976. In 1996, an
engineering project was implemented at the Qing8 (QS8),
redirecting the river into the sea through this channel.
Subsequently, the delta has evolved, with the QSG regions
experiencing coastal erosion and retreat due to the loss of
sediment supply and seawater abrasion. In 2007, the river mouth
was artificially redirected from east to the current northern flow
route, and in 2013, a natural outflow route was established, resulting
in a dual channel configuration. Under the interaction of tidal
currents and TSFs, sediments rapidly accumulate near the AM,
leading to the swift extension of the coastline into the sea (Li et al.,
2001; Wang et al., 2007).
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Study area and measurement site locations. (A) Bathymetry and shoreline of the Bohai Sea in 2020. (B) Location of the Yellow River Delta. The
shorelines for the years 2005, 2014, and 2020 are represented by red, green, and black lines, respectively. T1, T2 and T3 are measured tide stations;
S1, S2 and S3 are measured current velocity and direction stations; and (A, B) and (C) are three cross-sections.

3 Materials and methods

3.1 Data

The coastline data were obtained from Landsat TM/OLI_TIRS
satellite remote sensing images from the Geospatial Data Cloud
(http://www.gscloud.cn/). To minimize the impacts of seasonal
variations and storm surges on interpretation, low-cloud images
from the spring and summer of 2005, 2014, and 2020 were selected.
Bathymetric data for 2005 were derived from the 2005 Laizhou Bay
and 2009 Bohai Bay nautical charts published by the Naval
Command’s Hydrographic Department and digitized after datum
correction. Bathymetric data for 2014 were obtained from the
Maritime Safety Administration’s electronic nautical charts for
Laizhou Bay and the Bohai Sea. 2020 Electronic Chart Download
from ShipNews.com. Elevation, current velocity and direction data
for model validation were acquired from the 2020 summer survey
data of the group in the YRD waters.

3.2 Model simulation

In this paper, a three-dimensional orthostatic tidal current
model applicable to the Bohai Sea and the YRE was established
based on the Finite Volume Coastal Ocean Model (FVCOM). This
model is computed via the finite volume method, which combines
the characteristics of the finite element method and the finite
difference method to discretize the control equations. Combining
an unstructured triangular grid for the horizontal plane with a ¢
coordinate system vertically allows for efficient modeling of
complex terrain near the shore. The FVCOM further enhances
computational efficiency through a technique called inner and outer
mold separation calculations (Chen et al., 2003). Based on the above
features, the FVCOM is widely used in nearshore areas with
irregular shorelines and complex topography (Chen et al,
2006, 2007).

The model encompasses the entire Bohai Sea, with the eastern
Bohai Strait from the Shandong Peninsula to the Dalian coast
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defining the open boundary. The resolution is approximately 10 km
at the open boundary, 2 km in the central Bohai Sea, and 300 m in
the nearshore area of the YRE. The inverse distance interpolation
method was used for grid water depth interpolation. The area was
divided vertically into 11 layers, and the surface and bottom layers
were discretized using the GEOMETRIC method. The turbulent
mixing model of Mellor-Yamada of order 2.5 was used for vertical
mixing, and the bottom friction coefficient was 0.0001 (Mellor and
Yamada, 1982). The model is tidally driven and does not account
for surface winds. The tidal forcing at the open boundary
incorporated thirteen tidal constituents: M2, S2, K1, O1, P1, Ql,
K2, N2, MF, MM, M4, MS4, and MN4. The model river open
boundary was set at the Lijin Hydrological Station of the Yellow
River, the monthly runoff from the China Sediment Bulletin
(www.mwr.gov.cn) was used for the runoff in 2005, and the daily
measured runoff from the Yellow River Conservancy Commission
(yrcc.gov.cn) was used for the runoff in 2014 and 2020. The model
was calculated for July and August in 2005, 2014 and 2020. The
model was cold-started and initialized for 2 days to reduce the
influence of the initial shock on the subsequent results. The initial
temperature was 25°C and the salinity was 35%o. The outer mold
time step was 1 s and the inner mold time step was 10 s.

3.3 Analysis methods

ENVI software was used to preprocess the remote sensing
images, including radiometric and atmospheric corrections.
Following preprocessing, the normalized difference water body
index (NDWI) method was employed to distinguish the land
—water boundaries effectively, which can provide water body
information to obtain the approximate shoreline. Finally, image
binarization and visual interpretation were combined to obtain
high-precision shoreline data. The NDWI is calculated as follows
(McFeeters, 1996),

NDWI = (Gre — NIR)

" (Gre + NIR) W
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where Gre is the reflectance of the green band and NIR is the
reflectance of the near-infrared band. The combination of the green
band and NIR band can suppress vegetation information and
enhance water body information.

The shear strength of a TSF is the most important characteristic
for describing the TSF. This shear strength is defined as the
difference between the current velocities on either side of the
front and can be calculated as the gradient of the current (GC)
(Wang et al,, 2017).

10x) - U (x,)]
d

Where x; and x, represent two positions on either side of the

GC = ()

front equidistant from the center of the grid cell, the line connecting
x; and x, is approximately perpendicular to the centerline of the
front, and U and d are the velocity vector and distance between the
two positions, respectively.

The Euler residual flow reflects the overall net transport trend
exhibited by all substances passing through a given spatial point,
playing a crucial role in the dissemination of pollutants and their
long-term stable distribution. The Euler tidal residual flow is
defined as the average current velocity at a fixed point over n
tidal cycles. The calculation formula is as follows:

dt noT

Ug = ﬁéu(xmti) (3)
dt nT

Vg = EEV(XO,R) 4)

where Ug and Vg, represent the Eulerian mean velocities in the x
and y directions, respectively, t; denotes the time at the i-th
moment, T is a tidal cycle, u(x,t;) and v(xo, t;) are the velocities
at the fixed point in the x and y directions at the i-th moment, n is
the number of tidal cycles, and dt is the time step for the numerical
simulation. This study calculates the Euler residual flow over 60
tidal cycles, spanning from the beginning of the spring tide at the
start of the month to the conclusion of the spring tide a month later.

The TSF formation mechanism is closely related to the water
depth and bottom stress in the study area (Qiao et al, 2008).
Therefore, the bottom stress can be used to explore the long-term
response of the TSFs to topographic changes, and the bottom stress
can be calculated as follows (Malarkey and Davies, 2012):

Tp = PoCelt | u (5)

where p, = 1.025 kg/m® is the density of water, u is the current
velocity near the seafloor, ¢; = g(Mh'/®)2 is the drag coefficient,
M = 78 m'?/s is the Manning number, and h is the depth of the
water. The equation shows that the bottom stress is mainly affected
by the current velocity of the seafloor and the depth of the water.

3.4 Model validation

The performance of the model was evaluated using the root
mean square error (RMSE) and correlation coefficient (CC).
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The formulas for these two parameters are as follows.

CC = E(Xm - Xm)(xo - Xo)
[E(Xm - Xm)ZE(Xo - XO)Z}I/Z

_ 2
RMSE = | /72()(“‘n o) (7)

where X, and X, are the simulated and observed values,

(6)

respectively, n is the number of variables, and X,, and X, are the
arithmetic means of the simulated and observed values, respectively.

In Figure 2, the simulated values are validated against the
measured tide levels, current velocity, and current direction from
2020. The model results for elevation in Figure 2A all have CC
values of 0.92 or greater between the model results and the observed
values, and the RMSE values range from 9.5 to 12.7 cm. The
observed values of the current velocity and current direction in
Figure 2B are vertical averages. The RMSE values of the current
velocity range from 7 to 12 cm/s, and the CC values are all greater
than 0.84. The current direction simulations were not as good as the
tide level and current velocity simulations, but the CC values were
greater than 0.72 and had similar trends. Overall, the model
validation showed that the model generally performed well in
terms of tidal dynamics.

4 Results and discussion

4.1 M2 amphidromic points

As shown in Figure 3, the M2 amphidromic point near
Dongying Harbor degraded shoreward in 2005, moved eastward
by 4.9 km in 2014, and then moved southeastward by 6.8 km in
2020. The movement of the amphidromic point is closely linked
to changes in the tidal flat area. These flats act as both reservoirs
and dissipators of tidal energy. At high tide, they store tidal and
kinetic energy, releasing it again during low tide (Song et al., 2013;
Wu et al,, 2023). As mudflat areas shrink due to reclamation, the
tidal energy previously stored within them will redistribute
throughout the surrounding sea. This redistribution causes the
amphidromic point to shift away from the coastline (Zhu
et al,, 2016).

With the migration of the M2 amphidromic point, the synoptic
timeline near it rotated clockwise, resulting in an increase in the
delay angle near the YRE in the range of 0-20°, while the synoptic
timeline in Bohai Bay rotated counterclockwise, resulting in a
decrease in the delay angle in Bohai Bay in the range of 0-15°
The amplitude in Bohai Bay west of the amphidromic point
increased, and the amplitude in the far west increased within the
range of 2-10 cm. The primary driver of this M2 amplitude
amplification was the changes in the Bohai Bay coastline due to
land reclamation for development projects such as the Tianjin
Port and the Tangshan coastal industrial zone (Sun et al., 2017;
Lu et al.,, 2022). The amplitude decreased in the direction of the
central Bohai Sea and Laizhou Bay east of the amphidromic
point, with a range of 4-12 cm. From 2005-2015, the reclamation
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project was active, and the length of the coastline increased rapidly,
and the growth rate decreased only until 2015. While the
reclamation activities were strictly controlled from 2018 onward,
which slowed the change in the coastline between 2014 and 2020,
and the magnitude of the amplitude change decreased (Wei et al.,
2022; Huang et al., 2023).

The variation in the amplitude of the S2 tide was consistent
with that of the M2 tide, and the variations in the K1 and Ol
tidal constituents were smaller than those in the semidiurnal
tides, suggesting that topographical alterations have a more
pronounced impact on semidiurnal tides than on diurnal tides
(Pan et al., 2022).

Frontiers in Marine Science 05

4.2 Tidal ellipses

4.2.1 Surface changes

The M2 tide is the dominant tide in this area, and the other
three tidal components are relatively small. The M2 and S2 tidal
constituents are mainly clockwise (Figures 4A-C); the K1 and Ol
tidal constituents are clockwise in the Ludong and Laizhou Bay
waters and counterclockwise in most other areas (Figures 4D-F).
After the diversion of the YRE, the M2 tides exhibited a
counterclockwise ellipse at AM, and the K1 tide formed a
clockwise current. The direction of the tidal ellipse is related to
the topography (Miao et al., 2017). Therefore, this may be due to the
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pulling effect between the high topography of the estuary and the
low topography of the small area, but the exact reason needs to be
further investigated.

The direction of the long axis of the tidal ellipse is basically
consistent with the direction of the shoreline, showing a north-
south direction. Near the YRE, the direction of the long axis is
perpendicular to the mouth of the river. In addition, the direction of
the long axis of the tidal current ellipse in Laizhou Bay is
perpendicular to the coastline, which is related to the extensive
mudflat and the movement of large amounts of seawater toward the
shore in this region. The length of the long axis of the ellipse
represents the magnitude of the velocity of the maximum tidal
current. The maximum tidal velocity of each subtide is mainly
distributed in AM, the old QSG channel and its southeastern sea
area. The highest values of maximum tidal velocities for
semidiurnal tides occurred in the southeastern part of the old

QSG channel, with maximum tidal velocities of up to 1.81 m/s,
1.27 m/s, and 1.46 m/s for the M2 tides in 2005, 2014, and 2020,
respectively. The highest values of maximum tidal velocities for all-
day tides occurred in the old QSG channel, with maximum tidal
velocities as high as 0.44 m/s, 0.31 m/s and 0.52 m/s for K1 in 2005,
2014 and 2020, respectively.

Figures 5A, B show that the maximum current velocity of the
M2 tidal constituent tended to decrease within Laizhou Bay, but the
range of maximum current velocity growth in the north gradually
extended to the south. Figures 5D, E reveal that the maximum
current velocity of the K1 tidal constituent exhibited a small
decrease followed by an increase over time. However, this
variation was relatively minor. The most significant changes in
maximum tidal velocities were concentrated in three key areas: the
AM, the old QSG channel, and the southeastern high-current zone.
At the AM, the M2 and K1 tidal constituents continued to decrease
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M2 and K1 tidal ellipses. Clockwise ellipses in red, counterclockwise ellipses in blue.

ellipses in 2005, 2014, and 2020.
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FIGURE 5

Variation in the maximum current velocity for the M2 and K1 tidal stations. (A-C) Changes in M2 tidal constituents from 2005 to 2020. (D-F) Changes

in K1 tidal constituents from 2005 to 2020.

at the northern outlet, but the maximum tidal velocity at the
northern end of the river outlet increased. Analysis of the
maximum tidal velocities reveals a decreasing trend in the old Q8
channel. In the old QSG channel, the M2 tidal constituent also
decreased, while the K1 tidal constituent showed an initial decrease
followed by an increase. Southeast of the old QSG channel (an area
with a high current velocity), the M2 tidal constituent continued to
decrease. The K1 tidal constituent in this area exhibited a decrease
in maximum velocity between 2005 and 2014, followed by a slight
increase from 2014 to 2020. In summary, the maximum tidal
current velocities exhibited a distinct spatial pattern. The
continuous outward extension of the estuarine sand spit increases
the current velocity so that at the northern end of the AM, the tidal
current velocity tends to increase (Li et al., 2014). In contrast, in the
old Q8 channel, the old QSG channel and the southeast highway
area, tidal current velocities tend to decrease because of continuous
erosion and shoreline retreat.

4.2.2 Vertical changes

Due to the different topography and scouring conditions, the
surface changes may differ from those in the vertical direction,
therefore, to study the changes in vertical tidal currents, three
sections parallel to the direction of the estuary were established in
the area of the AM, the old Q8 channel, and the old QSG channel
with the shoreline as the starting point. The M2 tide constituent was
used as an example to study the distribution of the vertical maximum
current velocity due to the M2 tide constituent with the topography
along the three sections, and the results are shown in Figure 6.

Section A (Figures 6A-C) reveals a distinct high-low-high
distribution pattern of the maximum current velocities in the
vertical direction. Following diversion, the velocities throughout the
section exhibited a continuous increase. This trend intensified over
time, with a more pronounced high-low-high pattern and a more
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significant increase in near-shore velocities. This pattern mirrors the
changes observed in surface current velocities. This trend may be due
to the change in topography after diversion, where the prominent
estuarine topography increased the tidal current velocity. In the
vertical direction, the velocity gradient increased with depth and
increased with time at the same depth. Section B (Figures 6D-F)
exhibits a significant decrease in the maximum current velocity
following the diversion. This decline can be attributed to the
erosion of the prominent old Q8 bank, which transitioned to a
gentler slope after the diversion, thereby reducing the current
velocity. In Section C, there are areas with current velocities
significantly greater than 1 m/s, which we refer to as zones of
maximum current velocities. There were two distinct zones of
maximum current velocities along the leading edge of the delta in
2005, with an additional zone of higher velocities offshore of the
slope. However, these zones all exhibit a gradual decrease in velocity
over time. Notably, the high-velocity zone near the mouth disappears
entirely by 2020. This decrease in velocity coincides with the erosion
of the protruding shoreline. Importantly, Section C consistently
exhibits higher current velocities than the other two sections.
Furthermore, the underwater slope becomes steeper approximately
10 km from the shoreline in 2020, with the water depth rapidly
reaching 10 meters. This steeper slope contributed to a significant
difference in the current velocity between the areas inside and outside
the slope. Overall, these results highlight the substantial influence of
topography on the magnitude of tidal current velocity.

4.3 Residual current
4.3.1 Surface changes

The residual currents in the Bohai Sea are generally weak,
typically below 2 cm/s. However, some areas exhibit significantly
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Changes in the maximum current velocity in the vertical direction of the three sections. (A-C) Changes in section (A) in 2005, 2014, and 2020. (D-F)
changes in section (B) in 2005, 2014, and 2020. (G-1) Changes in section C in 2005, 2014, and 2020.

higher velocities. These zones are primarily concentrated in the AM
and the southeastern portion of the old QSG channel. The AM has
residual current velocities of approximately 10 cm/s due to
prominent headland topography, and velocities in the
southeastern part of the delta tend to be in the 15-25 cm/s range.
Prior to the diversion in 2005, the residual current within the
estuary primarily flowed eastward (Figure 7A). However, after
diversion, the increased curvature at the estuarine mouth
introduced a centrifugal effect, causing the residual current to
disperse outward and form a counterclockwise rotating current in
conjunction with the surrounding seawater (Figures 7B, C). Tidal
currents in the southern delta initially flow eastward following the
shoreline before turning southward and gradually weaken after
pooling in the southeastern part of the old QSG, and the southward-
flowing residual currents are contained within the 4-8 m isobath
(Miao et al., 2022).

After diversion at the AM, the residual current velocity
increased significantly, by approximately 10 cm/s in 2014
compared to that in 2005 (Figure 8A), and then decreased as the
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shoreline continued to extend outward, decreasing by
approximately 8 cm/s by 2020 (Figure 8B). Postdiversion, the
current velocity at the old Q8 outlet exhibited a continuous
decline, with the rate of decrease becoming progressively less
pronounced. The current velocity in the old QSG channel was
more variable, with values above 10 cm/s and decreasing. Within
the high-velocity residual current zone between the 4 and 8 m
isobaths, the residual current velocities decreased, and the extent
and value of the decrease increased, with a 4 cm/s decrease in 2014
compared to 2005 and a 4-8 cm/s decrease in 2020. In summary, the
residual current velocities exhibited distinct spatial patterns. The
AM experienced an initial increase followed by a decrease.
Conversely, the mouth of the old Q8 channel, the old QSG
channel, and the high-velocity zone southeast of the old QSG
channel all exhibited consistent decreasing trends (Figure 8C).

4.3.2 Vertical changes

As shown in Figure 9, several fronts formed in the vertical
direction, and the residual currents at the fronts were very small,
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with opposite current directions on either side of the fronts. The
residual current in the inner part of the front in the nearshore area is
a downward offshore current, and the residual current in the outer
part of the front is an upward nearshore current, forming a
complete circulation pattern. The position of this front changed
only slightly with changes in topography.

The distribution of the residual current velocity is similar to the
distribution of the maximum current velocity; the higher area is
located in the nearshore area where the water depth is shallower.
The slope becomes more gradual as the demarcation line of the
current velocity magnitude changes, and the current velocity
magnitude of each layer is consistent with the change in the
surface layer. The residual current in the old QSG area formed
two high-current velocity zones on the leading edge of the YRD, and
the current velocity in the two high-current velocity zones tended to
decrease, but the residual current velocity in the area was still
greater than that in the first two zones.

4.4 Shear fronts

4.4.1 Surface changes in position
The tidal currents within one high-tide cycle (i.e., 25 hours)
beginning on August 3rd. to August 4th. in three years were

38°N

simulated to determine the positional distribution of the reverse
TSFs and to explore their spatial and temporal variation
characteristics, and the results are shown in Figure 10. TSFs occur
mainly in the northern and eastern parts of the YRD, and the density
of TSFs is greater offshore than offshore. After diversion, the length of
TSFs in the northern part of the delta decreases, and the TSFs in the
eastern part of the AM move northward with the estuary. The change
in the estuarine location caused the shoreline to become prominent in
the north, blocking the transition between high and low tides and
reducing the length of TSFs on the left side of the AM. As the
coastline of AM extends northward continuously, TSFs at the estuary
become increasingly dense. Qiao et al. (2008) removed the coastline
of the protruding sections of both the estuary and Laizhou Bay, and
concluded that the formation of TSFs was not sensitive to the
shoreline. However, from the conclusions of this paper, it is clear
that changes in the shoreline at the estuary can have an impact on the
location of TSFs.

The TSFs occur from the estuary, gradually propagate southeast
toward the outer sea and finally disappear, which is consistent with
the findings of Wang et al. (2007). The difference is that the TSFs
are distributed on both sides of the AM, as shown clearly in
Figure 10, and the TSFs first occur from the left side of the AM
and propagate offshore because the alternation of high and low tides
first starts from the northern part of the AM. The TSFs are
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Residual current velocity variations. The color indicates the magnitude of the flow rate difference, and the arrow indicates the direction of the flow
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distributed in an arc in the north-south direction, which is
consistent with the direction of the isobaths. Between 1991 and
1996, when the estuarine inlet was located eastward, the TSFs
gradually moved to the sea as the estuary extended seaward
(Wang et al, 2017). However, the degree of aggregation of the

FIGURE 10
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TSFs at various moments during this period did not change
significantly. In contrast, when the river inlet is also oriented
north-south, the resulting TSFs gradually gather near the estuary
with the northward extension of the estuary and produce an
obvious shoreward movement. Wang et al. (2017) suggested that

—— 2020_IFOE
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30

Temporal and spatial distributions of TSFs during a tidal cycle. The red lines indicate the IFOE TSFs, and the blue lines indicate the IEOF TSFs; the

black numbers represent the integer moments on August 3rd. (A—C) Times are for 2005, 2014, and 2020, respectively.
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long-term changes of the TSFs are caused by changes in the
shoreline, bathymetry, and bottom stress due to morphological
evolution. The morphology that causes changes in the position of
the TSFs includes not only the distance that the estuary protrudes
seaward but also the direction in which the estuary enters the sea.
Two types of TSFs are formed during high and low tides: the IFOE
TSFs are located in the estuary at the northern end and extend to
the QSG area at the southern end, whereas the IEOF TSFs are
located relatively southward and extend southeast of the QSG
within the high current zone at the southern end. The IEOF TSFs
propagate farther southeast than the IFOE TSFs.

4.4.2 Changes in time and length

To study the time and phase variation of the TSFs occurrence,
points S and S’ are set at the front and rear ends of the TSFs in the
southeast, and the locations are shown in Figure 10. From
Figure 11A, it shows that two types of TSFs, IFOE and IEOF,
occur alternately in each tidal cycle, and IFOE TSFs occur in the
period when point S is in the high phase and point S’ is in the low
phase. The corresponding tidal currents are upwelling currents at
point S and downwelling currents at point S’. The S point changes
from rising to falling during that time period and ends at the
moment when the S point changes from falling to rising. The
IEOF TSFs are just the opposite. After the flow path at YRE
changed to the north, the time of occurrence of the TSFs
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Changes in the timing and length of shear fronts over a tidal cycle in
2005, 2014, and 2020. (A) Phase changes at points S and S'. (B)
Length variation of the shear front. Red lines indicate the IFOE TSFs,
and blue lines indicate the IEOF TSFs; black numbers represent the
moments of August 3rd.
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remained unchanged, but the duration increased. The duration
of the TSFs in the first half of the tidal cycle is one hour longer
than that in the second half of the cycle, and the duration of the
IEOF is slightly longer than that of the IFOE. In the long term, the
occurrence time of the TSFs is approximately the same, but the
duration slightly increases. Therefore, changes in the topography
of the YRE have little effect on the occurrence and duration
of TSFs.

Figure 11B shows the variation in the length of the TSFs within
a tidal cycle. Most of the TSFs are within 10-30 km in length, and
the length of the TSFs occurring simultaneously on both sides of the
estuary is relatively long. Averaging the lengths in Figure 11B yields
an average length of 19.79 km for IFOE TSFs and 23.06 km for
IEOF TSFs; thus, the IEOF is longer than the IFOE during this tidal
cycle. The average length of TSFs decreased from 32.34 km to 24.42
km from 1976 to 1996 (Wang et al.,, 2017). The average lengths of
the TSFs were 23.15 km, 21.86 km, and 19.65 km in the same tidal
cycle in 2005, 2014, and 2020, respectively, as shown in Figure 11B.
Overall, the lengths of the TSFs tended to decrease. The change in
estuary location did not affect the development of this trend,
indicating that the length of the TSFs is not related to the
location of the estuary. According to Wang et al. (2017), the
length of the TSFs is related to the increase in bottom stress due
to changes in water depth.

4.4.3 Surface changes in strength

The spatial and temporal variations in the intensity of the TSFs
are analyzed according to the intensity calculation method
introduced in section 3.3. The results in Figure 12 indicate that
the intensity is greater in the southeast part of QSG and AM, at
approximately 0.15 m/s/km. The TSFs produce the largest current
velocity gradient in the cross-bank direction where the water depth
strongly changes (Wang et al., 2007; Qiao et al., 2008). The steeper
slopes in the estuary and the dense bathymetric gradient lines in the
southeastern part of the river result in higher intensities in these two
regions, whereas the intensity of TSFs in the central part of the delta
is relatively small. Moreover, the prevailing high tide outside the
estuary is the dominant flow, while the low tide dominates in
Laizhou Bay (Yang et al,, 2021). Therefore, IFOE TSFs generally
have a relatively high intensity in the southeastern part of the QSG,
whereas IEOF TSFs are relatively high at the AM. In the north-
south direction, the intensity of the TSFs decreases gradually with
increasing distance from these two locations, and in the east-west
direction, the intensity of the TSFs at the same latitude decreases
gradually with increasing distance from the shore.

After rerouting, the prominent estuarine headland changes the
direction of the tidal currents, which decreases the maximum
current velocity on the left side of the estuary (Figure 5), and the
gradient of the current velocity decreases, which leads to a rapid
decrease in the intensity of the TSFs on the left side. The intensity of
the IFOE TSFs varies more than that of the IEOF TSFs in this
region. As the estuary continues to extend northward, the
maximum current velocity on the right side of the estuary
increases, and the intensity of the TSFs increases. At this time,
the increase in the intensity of the IEOF TSFs is greater than that of
the IFOE TSFs. The maximum current velocity in the high-current
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Distribution of TSF intensities. (A-C) IFOE TSF intensities in three years. (D-F) IEOF TSF intensities in three years.
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zone in the southeastern part of the QSG decreases and then
increases, and the corresponding intensity of the TSFs also
decreases and then increases, but the change in the intensity of
the TSFs is not particularly obvious because the maximum current
velocity is above 1 m/s and does not change much.

4.4 .4 Vertical changes

The location of the centerline of the TSFs varies from layer to
layer in the vertical direction. Because the bottom layer has greater
friction and a lower inertia force, high and low tides occur first in
the bottom layer. Therefore, the positions of the bottom TSFs are
closer to the sea than those of the surface layer, and they are in the

form of a seaward step in the vertical direction, with their length
decreasing gradually and direction perpendicular to the TSFs. The
same TSFs move farther from the north than from the south in the
vertical direction. At the same time, the farther offshore the TSFs
are, the farther the bottom move. This also reflects the changing
pattern of rising and falling tides in the vertical direction.

To investigate the change in vertical upward strength and its
relationship with topography, shear front profiles with similar
locations in the estuary and the southeastern sea area are selected
for comparison. Since the centerline of the shear fronts of each layer
moves at a distance of approximately 1km, the profile of the surface
shear fronts locations is adopted for the study. The distance of the
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gradient is calculated to be 1.5 km. The gradient of the bottom stress
is related to the depth of the water and the current velocity.
Therefore, the gradient of the bottom stress can be utilized to
investigate the relationship between strength and topography, and
the effect of water depth on strength can be explored via the
gradient changes. The selected IFOE TSFs are at 4 points in 2005,
2014, and 2020, and the IEOF TSFs are at 11 points in 2005, 2014,
and 2020, with the northern end of the TSFs as the starting point.

As shown in Figures 13, 14, the variation in TSFs with distance
in each layer is consistent with the variation in the surface layer, and
the magnitude of the intensity of the lower TSFs is influenced by the
intensity of the surface TSFs, which decreases with increasing depth.
The strength of the TSFs in the AM decreases and then increases
after diversion. The bottom stress gradient in the southeastern
ocean is less than 0.002 N/m?/km, and the strength of the TSFs is
less than 0.1 m/s/km, both of which are smaller than those in the
eastern part of the estuary. The change in the bottom stress gradient
is directly proportional to the change in the TSFs intensity, and the
peak of the bottom stress gradient generally occurs at locations with
larger slopes. The closer the river is to the estuary or the closer it is
to the coast, the greater the slope and the greater the bottom stress
gradient. The slopes in the southeast are more variable than those in
the eastern part of the estuary, suggesting that the topographic
changes in the high-current zone in the southeast are more
dramatic, as can also be seen in the previous profiles of sections
A and C. The gradient is more variable in the eastern part of the
estuary than in the eastern part of the estuary.

5 Conclusions

To study the spatial and temporal evolution characteristics of
tidal currents and TSFs caused by topographic changes in the past
two decades, the hydrodynamics of different periods were simulated
on the basis of the FVCOM numerical model, and the three-
dimensional variation rules and trends of the M2 amphidromic
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point, tidal ellipse, maximum current velocity of the split tides,
residual currents, and TSFs were analyzed. The main conclusions of
this paper are as follows:

(1) Following the diversion of the YRE, the M2 amphidromic
point is displaced toward the east and southeast. Within the
old Q8 river channel, the old QSG river channel, and the
southeastern zones of high current velocity, both the
maximum tidal current velocity and residual current
velocity increase. At point AM, the maximum tidal
current velocity increases, whereas the residual flow
velocity initially increases before it decreases, with the
residual current exhibiting a counterclockwise rotation.

(2) The alteration of the estuarine location induces a shift in
the position of the TSFs, although it has minimal impact on
its length and duration. As the river mouth gradually
extends northward, the TSFs tend to concentrate near the
estuary. The vertical position of the TSF’s centerline varies,
the bottom layer, which is aftected by the earlier onset of
tidal fluctuations, positions the TSFs closer to the open sea
than does the surface layer, resulting in a stepped formation
that gradually diminishes in length, with a movement
direction perpendicular to the TSFs.

(3) Variations in topography and the influence of areas
dominated by tidal fluctuations lead to a generally
higher intensity of the IFOE TSFs in the southeastern region
of the QSG, whereas the IEOF TSFs exhibit greater intensity at
AM. In regions with steeper gradients, the bottom stress
gradient is greater, resulting in an intensified shear front.
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