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Abstract: The geomorphological stability and ecological environment of megadeltas worldwide are
of vital importance for their sustainable development. Deltaic hydro-morphodynamics is extremely
sensitive to high riverine flow due to reduced sediment supply. However, the morphological evolution
and response of deltas under high riverine flow have remained inadequately quantified. As one
of the typical megadeltas, the Yellow River Delta (YRD), is becoming increasingly sensitive to
environmental changes and intensified human interventions. In this study, a numerical model
and field data were used to investigate the hydrodynamic changes and morphodynamic evolution
induced by extreme river discharge in the YRD. The numerical experiments with different runoff
scenarios reveal that high-energy riverine floods can cause significant hydrodynamic changes in bed
shear stresses, water levels, and flow velocities, particularly in the abandoned river mouth. Moreover,
it enhances the ebb-dominated tidal asymmetry, which considerably intensifies fluvial sediment
resuspension and transport processes. The results also show high-energy riverine floods in the
flood seasons trigger severe erosion in the Yellow River submerged delta, with a net erosion volume
reaching —0.07 x 10® m3/year. The hydrodynamic increment in the abandoned river mouth is more
significant, and therefore, severe erosion occurs, with the maximum erosion thickness reaching 7 m.
These findings highlight the role of high riverine floods on the hydro-sediment dynamics of large

river deltas under a sediment starvation condition.

Keywords: high riverine floods; hydrodynamics; morphological evolution; the Yellow River Delta;
accretion and erosion

1. Introduction

Deltas are the most densely populated areas of the world and are of essential socio-
economic and ecological importance [1-4]. As the transition zones of the land-ocean
margins, deltas are susceptible to interactions between riverine and oceanic processes [5].
Riverine runoff and tidal hydrodynamics not only dominate sediment delivery near the
estuary, but also affect the morphodynamic development of deltas [6-8]. Deltas are highly
sensitive to increasing risks arising from local human activities, sea-level rise, land subsi-
dence, and extreme storm and flood events [7,9-12]. Wherein, extreme riverine floods have
significant impacts on deltaic hydrodynamic changes and sediment budgets [13-17]. In
recent decades, fluvial sediments delivered to the sea have drastically reduced due to the
integrated effects of climate change and anthropogenic interventions in the river basins.
Many megadeltas in the world are suffering from potentially irreversible erosion risks due
to sediment starvation, which has been witnessed in the Yangtze [18], Mississippi [19],
Nile [20], Mekong [21], and Ganges-Brahmaputra deltas [22]. Sediment-starved runoffs
have direct effects on variations in the short- or long-term erosion/accretion patterns of
the deltaic systems [16,23-25]. During extreme riverine floods, the large-scale sediment

Water 2023, 15, 1568. https:/ /doi.org/10.3390/w15081568 https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15081568
https://doi.org/10.3390/w15081568
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-8508-8317
https://doi.org/10.3390/w15081568
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15081568?type=check_update&version=4

Water 2023, 15, 1568

2 of 24

transport and resuspension processes can be significantly intensified [13,26-28]. Therefore,
understanding the deltaic response and morphological changes induced by extreme river-
ine floods is critical for developing integrated management and sustainability strategies.

The Yellow River Delta (YRD) is located on the west coast of the Bohai Sea and is
a typical fluvial-dominated delta (Figure 1a) which is significantly affected by various
natural forcing and anthropogenic interventions [10,23,29,30]. Recent studies showed that
rising sea levels, land subsidence, storm events, and human activities may have impacted
deltaic hydrodynamics and morphodynamics. Specifically, Li et al. [31] examined how
sea level rise affects tidal dynamics in the Bohai Sea and revealed that the amphidromic
point of the tidal constituent shifted under sea level rise conditions. Higgins et al. [10]
indicated that land subsidence inevitably affected the geomorphic variation of the YRD.
Fan et al. [32] found that frequent storm processes enhanced the residual velocities and
decreased the tidal shear front, which considerably intensified the sediment transport
and resuspension in the YRD. Zhu et al. [33] demonstrated that human activities such
as reclamation projects have altered shoreline and regional tidal dynamics. Although
the interaction between river discharge and the tide shear front in the YRD has been
examined [15], its hydro-morphodynamics caused by high runoff during the flood seasons
is still unclear.

Over recent decades, under natural forcing and intensified human intervention in the
river catchment, the river discharge delivered to the YRD has declined dramatically. Before
1999, the average runoff and sediment discharge at Lijin station in the flood seasons (from
July to October) were 5.27 x 10° m3 and 1.84 x 108 t, respectively [23]. After 2000, the mean
water and sediment discharge during the flood seasons declined to 2.11 x 10 m3 and
0.23 x 108 ¢, respectively [23]. Moreover, the mean suspended sediment concentration (SSC)
reached 29.0 kg/ m? before 2000, and decreased to 6.6 kg/ m?3 after 2000 [15]. Therefore, the
relatively balanced sediment budget in the downstream area of the YRD has been altered,
inducing the risk of sediment starvation and severe erosion [23,34,35]. In the YRD, high
riverine floods may influence short-term and seasonal erosion-accretion processes. Ex-
treme riverine floods are essential triggers for the geomorphic evolution of deltas [7,27,36].
Recently, extensive research has been conducted on the morphological evolution of sub-
aerial and subaqueous deltas [23,34,37], the spatial and temporal variations of suspended
particulate matter in the Bohai Sea [38], the impact of storm events [32,39], as well as the
distribution of nutrients [40]. However, little emphasis has been made on quantifying
the YRD's geomorphic response to high riverine floods, especially the hydrodynamic and
morphodynamic changes induced by extreme floods under sediment starvation conditions.

Therefore, the primary objectives of our paper are as follows: (1) to explore the
hydrodynamic changes of the YRD under low runoff and extreme riverine floods; (2) to
identify the erosion-accretion patterns induced by high runoffs during the flood seasons;
and (3) to quantify the impacts of extreme riverine floods on hydro-morphodynamics.
This research will help gain insights into understanding the effects of extreme floods on
deltaic systems, as well as provide scientific foundations for the long-term sustainability
and management of megadeltas worldwide.
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Figure 1. (a) Sketch map of the Yellow River basin showing geographic locations of major hydrological
stations, reservoirs, and tributaries. (b) Topographic map of the Yellow River subaqueous delta. The
red polygon denotes the study area.

2. Study Area

The Yellow River is the second-largest river in China, with a total length of 5464 km
and a drainage area of 7.95 x 10° km? (Figure 1a). The main stream of the river is divided
into upper, middle, and lower reaches (Figure 1b). Historically, there have been more than
1593 channel avulsions in the YRD. The deltaic course has migrated from the Shenxiangou
course (1953-1964) and the Diaokouhe course (1964-1976) to the Qingshuigou course
(1976-1996). After that, the course was artificially shifted to the Qing 8 course in 1996 [41].
Almost 20% of the annual fluvial sediment was delivered to the deltaic channel, and most
sediments were deposited in the Yellow River submerged delta and partly transported
offshore [42,43]. Over the past 70 years, the SSC in the YRD indicated a significantly
decreasing trend, particularly in the flood season. The mean SSC has fallen to 24% of the
1950-1985 level (see Figure S1 in supplementary material).

The YRD is characterized by its irregular semi-diurnal tide with mean tidal range
reaching 0.7-1.8 m [44]. The residual current is driven by fluvial discharge and monsoon
winds with an average value of 0.2-0.3 m/s [45]. Tidal current is generally parallel to the
coastline, flowing southward during flood tide and northward during ebb tide, with a
current speed of 1.0-2.0 m/s [46].
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3. Data and Methods
3.1. Datasets

In this study, a series of data was systematically collected to analyze deltaic hydro-
morphodynamics, including river discharge, suspended sediment concentration, field
observations, bathymetry, and satellite images.

River discharge and suspended sediment concentration data at the Lijin hydrolog-
ical monitoring station were collected from the Yellow River Conservancy Commission
(YRCC). The magnitude and frequency of high runoff are analyzed by using monthly river
discharge and SSC from 1950 to 2021. Therefore, we chose 4 runoff values as the model
inputs: Qsgo, Q1500, Qa000, and Q7500 m?/s. During the flood seasons (July—October), the
cumulative frequencies of the four constant runoffs are 20%, 55%, 95% and 100%, respec-
tively (Figure S2a). Total river discharges in 2018 and 2020 were higher than any previous
discharge in the 25 years since 1996, especially at the start of the flood season (Figure S2b).
In 2021, another flood occurred and discharge increased to over 4000 m?/s in October
(Figure S2b,c). Additionally, daily river discharges in 2018 and 2020 were also gathered
from the YRCC as runoff inputs.

Hydrodynamic data from observed sites in the YRD included water levels, flow
velocities, and flow directions. These data are utilized to compare with computed results
and assess the performance of the model. Water levels were recorded at tidal gauge sites
along the Bohai Sea coast from 17 August to 31 August 2018 (1 spring-neap tide cycle). Flow
velocities and flow directions were also measured in August 2018 at six fixed stations near
the Diaokouhe abandoned estuary (D1 and D2), the Gudong littoral zone (G1 and G2), and
the active YRD (Y1 and Y2). Hourly flow velocities and flow directions of 6 different layers
(Hsurfacer Ho2, Ho.a, Hos, Hos, Hpottom) Were collected using Acoustic Doppler Current
Profilers (ADCPs) at each station. The hourly depth-averaged values of flow velocity and
flow direction were also calculated based on these hydrodynamic data. The other field-
observed data include the in situ-observed suspended sediment concentration at fixed sites
(SA1,S5A2,5B1, SB2, SC1, and SC2) in July 2019. Meanwhile, hourly suspended sediment
samples were collected at 3 water layers (Hgyrface, Ho.6, Hpottom) for 25 h, covering one
flood-ebb cycle.

High-resolution subaqueous bathymetric data of the YRD were gathered in 2018 and
2020, and were applied to examine erosion and accretion patterns in the flood season. These
bathymetric data were provided by the YRCC. In addition, the Landsat-8 OLI satellite
images in 2018, 2019 and 2020 were obtained from the United States Geological Survey
(USGS) Center (https:/ /www.usgs.gov/ (accessed on 5 December 2022)).

3.2. Methods
3.2.1. Model Setup

A three-dimensional hydrodynamic model was utilized to quantify hydrodynamic
changes based on the Delft3D model. The computational domain covers the whole Bohai
Sea and a portion of the north Yellow Sea, spanning 37°05" to 41°0" N in latitude and 117°35'
to 122°23' E in longitude, as shown in Figure 2a. The spatial ranges of the domain varied
from 3 km at the offshore boundary to roughly 100 m of the active river mouth area, with a
total grid of 338 x 313 cells (Figure 2a). The model used sigma coordinates in the vertical
direction, and each layer of o was equally set to 0.2 from the bottom to the top layer. The
shoreline boundary was extracted from the Landsat satellite image in 2018, which closely
followed the real distribution. Moreover, the Manning coefficient m was calculated using
bathymetric data [47]:

m = (0.01540.01/h), h > 1 (1)

where /1 is the water depth (m). As a result of model validation, a uniform Manning
coefficient of 0.025 is set for water depths less than 1 m. According to CFL criteria, the
hydrodynamic time step was limited to 2 min (Courant, Friedrichs and Lewy).
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In this model, both seaward open boundary and river boundary were considered
(Figure 2b). The river boundary was prescribed based on the observed daily discharge in
July 2018 and August 2020 and four constant values (Qsgo, Q1500, Qao00, and Q750 m3/s) at
the Lijin hydrological station. The seaward open boundary was driven by an astronomic
tidal forcing with 8 tide constituents (M, Sy, Na, Ky, K3, Oy, P1, and Q;), which were
derived from the TPXO 8.0 Global Tidal Models (https://www.tpxo.net/global (accessed
on 5 December 2022)). Water temperature, sediment, salinity, and wind waves are not
considered in this model.
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Figure 2. (a) Computational domain and mesh, locations of the tide gauge stations (blue points)
and hydrodynamic observation sites (green triangles). (b) Topography of the Bohai Sea, the river
boundary and the offshore boundary are shown. (c¢) Hydrodynamic observation sites are used
for model validations. (d) Nine equally spaced cross-sections (black dotted lines) are used for
hydrodynamic analysis; the six black dots show observation sites in July 2019.

3.2.2. Model Validations

Tide dynamics in the Bohai Sea were calculated using the harmonic analysis method
of Pawlowicz et al. [48]. The tide amplitude and phases for My, S,, K;, and O; tidal
constituents are shown in Figure 3a—d. In the Bohai Sea, there are two amphidromic points
for semidiurnal tidal constituents (M, and S,), one near QHD and the other near DYG. One
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Figure 3. Co-tidal charts of (a) Ky, (b) Oy, (¢) My, and (d) S, tide constituents from the model
simulations.

The root-mean-square error (RMSE) and correlation coefficient (CC) between the
modeled and observed results were used to evaluate the model performance [15,50,51]:

2
RMSE = w 2)
cC Z (Xl B X1) (Yl B Y1) (3)

VE X)L (V)

where X; and Y; are the values of modeled and observed data, respectively. X; and Y; are
the time-average values of X; and Yj, respectively, and N is the number of Y;.

Figure 4 shows the RMSE values of water levels at 12 tidal gauge stations are 0.08-0.23 m,
and CC values are higher than 0.85 from 17st to 31st August in 2018. The RMSE values
show that flow velocities at six observation stations range from 0.08 to 0.25 m/s, with CC
values all reaching 0.86, except for D2, shown in Figure 5. Overall, the model validation
indicates that the model can successfully simulate the tide dynamics.
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Figure 4. Comparison of modeled and observed water levels at eight tide gauge stations:
(a) Dalian, (b) Yantai, (c) Penglai, (d) Laizhougang, (e) Dongyinggang (f) Huanghuagang, (g) Tanggu,

and (h) Jingtanggang.

3.2.3. Simulated Hydrological Scenarios

In our study, we consider six different runoff scenarios consisting of Qsno, Q1500, Qa000,
and Q7500 m>/s, and daily river discharge in July 2018 and August 2020 (represent low,
moderate, and high runoff during the flood season). In July 2018 and August 2020, the
minimum river discharges were 1220 m?/s and 1950 m?/s, the maximum values were
3590 m3/s and 4230 m3 /s, and the monthly average values were 2518 m3/s and 2860 m3/s,
respectively. All modeled runoff scenarios were run for 45 days (from 17 July 2018 to
31 August 2018). The model results for the latter 30 days (covering two spring-neap tide
cycles) were used for subsequent analysis to remove the initial influence in the former

15 days lead-in phase.

3.2.4. Hydrodynamic Parameter Settings

The hydrodynamic parameters (water level, flow velocity, and bed shear stress) were
obtained by postprocessing with Delft3D-QUICKPLOT. At the cross-sections, the mean
values of water level, flow velocity, and bed shear stress were estimated under modeled
runoff scenarios. The mean and maximum bed shear stress were also calculated based
on different hydrological scenarios. The delineation of the mean and maximum bed
shear stress was achieved by Surfer 11.0 software. Furthermore, we also examined the
hydrodynamic effects of high-energy riverine floods by contrasting high runoffs with low
runoffs during the flood seasons. The subaqueous deltaic morphological evolution is also

associated with flood events.
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Tidal asymmetry has direct impacts on the residual sediment transport and morpho-
logical development of deltas. A detailed analysis method proposed by Friedrichs and
Aubrey [52] was used to quantify the tidal asymmetry in our study.
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Figure 5. Comparison of modeled and observed flow velocities and directions at six observation sites.

3.2.5. Erosion-Accretion Calculation

To examine the subaqueous geomorphic variation of the YRD during the flood season,
we employed bathymetric data in 2018 and 2020. Both underwater topography data
were based on the Yellow Sea Datum. The digital elevation models (DEMs) were built in
Surfer 11.0 software using the Kriging interpolation technique with a cell resolution of
100 m x 100 m. The subaqueous erosion-accretion patterns were determined by comparing
DEMs from two years. The area and volume change of the erosion-accretion can be also
obtained by the volume calculation tool.
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4. Results
4.1. Hydrodynamic Results under Different Runoff Scenarios
4.1.1. Low Runoff Scenario

Under the low runoff scenario (Qsgg), the mean water level of each cross-section
increases rapidly and presents two peaks: a peak of 0.014 m in the transect 4, and a value
of 0.067 m in the transect 7 (Figure 6a). The depth-averaged flow velocity increases slowly
and remains stable over the 9 cross-sections, with a mean depth-averaged velocity of
0.346 m/s (Figure 6a and Table 1). From transect 1 to 7, the average bed shear stress also
rises significantly, from 0.078 N/m? to a peak of 0.244 N/m?, before falling to 0.197 N/m?
(Figure 6b). Moreover, its angle revolves southward until the transect 6 and then moves
slightly northward (Figure 6b).
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Figure 6. Qs runoff scenario: modeled hydrodynamic results averaged over the 9 cross-sections in
(a) mean water level and mean depth-averaged flow velocity, (b) mean bed shear stress and its angle.
(c,d) Modeled mean and maximum bed shear stress in the YRD. (e,f) The amplitude ratio and phase
difference of two constituents lead to tidal asymmetry.
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Table 1. Detailed values of modeled hydrodynamic data along 9 cross-sections under four scenarios.

Simulated Scenario

Hydrodynamic Parameters

Qs00 Q1500 Qa000 Q7500

Water level (m) 0.019 0.020 0.021 0.023
Depth-averaged velocity (m/s) 0.346 0.378 0.414 0.456
Bed shear stress (N/m?) 0.159 0.165 0.170 0.175
Mean bed shear stress (N/m?) 0.160 0.165 0.171 0.176
Maximum bed shear stress (N/m?) 0.597 0.620 0.645 0.673

The mean bed shear stress greater than the value of 0.24 N/m? is mainly concentrated
near the abandoned river mouth (Figure 6¢c). The overall region with bed shear stress
larger than 0.24 N/m? is 829.07 km?, which accounts for 26.00% of the entire study area
(Table 2). The region (>0.12 N/ m?) significantly protrudes to the northwest. Among them,
the area of 0.36-0.42 N/m? looks like a peanut shape (Figure 6c). The maximum bed shear
stress (>0.90 N/m?) is also located in the abandoned river mouth and partly distributed
along the west coast of Laizhou Bay, covering a total region of 701.87 km? (Figure 6d). The
lowest values of mean bed shear stress and maximum bed shear stress have occurred in
the Gudong littoral zone. The mean bed shear stress frequency distribution shows a peak
between 0.06 N/m? and 0.18 N/m? (Figure S3a), whereas the maximum bed shear stress
frequency distribution presents a crest value at 0.30-0.90 N/m? (Figure S3b).

Table 2. The proportion condition of mean and maximum bed shear stress in the YRD of four runoffs.

Mean Value (N/m?) Maximum Value (N/m?2)

Intervals Qs00 Q1500 Q4000 Q7500 Intervals Qs00 Q1500 Q4000 Q7500
0-0.06 7.77% 7.41% 7.09% 6.80% 0-0.15 4.24% 3.78% 3.28% 2.71%
0.06-0.12 26.58% 25.97% 25.32% 24.86% 0.15-0.30 14.37% 13.31% 12.07% 10.73%
0.12-0.18 26.10% 25.49% 25.05% 24.56% 0.30-0.45 16.06% 16.25% 16.70% 17.12%
0.18-0.24 13.55% 13.65% 13.69% 13.78% 0.45-0.60 14.39% 13.13% 12.03% 12.02%
0.24-0.30 11.43% 10.81% 9.86% 9.48% 0.60-0.75 16.01% 15.86% 16.11% 15.96%
0.30-0.36 8.15% 8.15% 8.64% 8.54% 0.75-0.90 12.93% 13.15% 13.26% 12.84%
0.36-0.42 6.41% 6.85% 6.29% 5.62% 0.90-1.05 7.77% 8.12% 7.67% 7.51%
0.42-0.48 0.01% 1.67% 4.06% 5.19% 1.05-1.20 5.72% 5.83% 5.68% 5.44%
0.48-0.54 0 0 0 1.17% 1.20-1.35 5.41% 5.59% 5.89% 5.01%
/ / / / / 1.35-1.50 2.96% 3.90% 4.87% 5.71%

/ / / / / 1.50-1.65 0.14% 1.08% 2.23% 3.61%

/ / / / / 1.65-1.80 0 0 0.21% 1.31%

/ / / / / 1.80-1.95 0 0 0 0.03%

According to the tide harmonic analysis of the Qspp runoff, the M, component of
the water level propagates southward and grows linearly by 0.42 m before the transect
8, and then slightly increases by 0.04 m on the transect 9 (Figure S4a). Correspondingly,
the My amplitude progressively decreases before the transect 4, then rapidly increases
by 0.03 m until the transect 7, and then slowly declines again (Figure S4b). As a result,
the amplitude ratio of the water level gradually grows near the abandoned delta lobe
(Figure 6e). Moreover, the phases of the two tidal harmonic constituents of water levels also
rise rapidly after transect four (Figure S4c,d). Its difference ranges between —90° and 90°,
indicating a flood-dominant tidal asymmetry (Figure 6e). The flow velocity amplitudes of
two tidal harmonic constituents grow in the transect 5, and then show the opposite changes
(Figure S5a,b). The amplitude ratio increases steadily until the transect 6, and then changes
sharply (Figure 6f).
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4.1.2. Moderate Runoff Scenario

In the Q1509 runoff scenario, the hydrodynamic variations along the transects 1 to
9 indicate a similar trend to the Qsgg scenario (Figure 7). Specifically, the higher runoff
causes higher water levels (a mean value of 0.020 m), with the greatest rise in the transect 7
(Figure 7a and Table 1). The increased runoff also causes faster flow velocity, and the total
depth-average velocity rises to 0.378 m/s (Figure 7a). The average value of mean bed shear
stress is 3.10% higher than the Qs scenario, with a lower angle that is moving southward
(Figure 7b and Table 1).
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Figure 7. Q509 runoff scenario: modeled hydrodynamic results averaged over the 9 cross-sections in
(a) mean water level and mean depth-averaged flow velocity, (b) mean bed shear stress and its angle.
(c,d) Modeled mean and maximum bed shear stress in the YRD. (e,f) The amplitude ratio and phase
difference of two constituents lead to tidal asymmetry.

Under the Q50 scenario, the region over 0.24 N/m? expands to 876.84 km? (27.48% to
the total YRD), generally to the northwest (Table 2; Figure 7c), and the region greater than
0.36 N/m? grows considerably (Figure 7c and S3a). In addition, two high-stress centers
with an area greater than 0.42 N/m? appeared simultaneously (Figure 7c and S3a). For
the maximum bed shear stress, the areas with higher values also shifted northwestward
(Figure 7d). Compared with the low runoff (the Qsgy scenario), the region greater than
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0.90 N/m? expands from 701.87 km? to 782.27 km? (Table 2; Figure 7d). There is still a region
with the lowest maximum shear stress in the Gudong littoral zone (Figure 7d and S3b).
Harmonic analysis indicates that when runoff input rises, the M, and My constituents
of the water level increases at all cross sections. However, the magnitude of the My
constituent has a rapid growth after the transect 4 and reaches a maximum on the transect 7
(Figure S4a,b). Thus, the tidal asymmetry is increased at the abandoned river mouth, which
is associated with enhanced tidal energy transmission. However, the tidal asymmetry
decreases rapidly near the Gudong littoral zone (Figure 7e). The phase difference of two
tidal harmonic constituents of the water levels grows as runoff increases near the active
YRD and the Gudong littoral zone; however, it decreases in the abandoned delta lobe
(Figure 7e). In terms of the calculated velocity, both amplitude ratio and phase difference
change significantly, with the highest values near the abandoned river mouth (Figure 7f).

4.1.3. High Runoff Scenario

Under the Q499 and Q75 runoffs, the mean water level on the 9 cross-sections rises
dramatically, and the greatest increase is in the vicinity of the abandoned river mouth
(Figure 8a). From the Qsgp runoff to Qzsop runoff, the total average value of mean water
level rises by 0.002 m (0.021-0.023 m) (Figure 8a and Table 1). Correspondingly, the mean
velocity under the Qys(g scenario is 0.456 m/s, which is 31.79% higher than that of the Qs
scenario (Figure 8a and Table 1). Moreover, increased river flow also induces greater bed
shear stress, which increased by 113.41% in the entire YRD (Figure 8b and Table 1). The
mean angle also decreases slightly across all cross-sections (Figure 8b).

Significantly, the area of the mean bed shear stress (over 0.24 N/m?) grows to 920.41 km?
under the Quqo scenario, and to 957.10 km? under the Q750 scenario (Figure 8c1,c2). The
high-stress center continues to develop in the vicinity of the abandoned river mouth;
however, the enhancement is limited in the Gudong littoral zone and the active YRD
(Figure 8c1,c2). Comparing both the Qsgp scenario and Qys scenario, the region greater
than 0.30 N/m? grows by 40.84% (Figure 8c1,c2; Table 2). Moreover, the maximum bed
shear stress is also substantially increased, and the region greater than 0.90 N/m? enhances
from 847.03 km? (Qgqgp scenario) to 913.07 km? (Q7500 scenario) (Figure 8d1,d2). In the Qy50p
scenario, the areas of high bed shear stress continue to expand northwestward (Figure 8d2).

The amplitude of the tidal harmonic constituents of water levels increases over the
9 cross sections during extreme riverine floods (Figure S4a,b). The magnitude of the My
constituent displays a similar fluctuating trend to the Q509 runoff scenario. Moreover, the
harmonic analysis shows that the tidal asymmetry grows dramatically in the vicinity of the
abandoned river mouth; however, it is weaker in the Gudong littoral zone (Figure 8e). The
phase difference in water levels is larger in the Gudong littoral zone and the active river
mouth, and smaller near the abandoned delta lobe (Figure 8e). The magnitudes of the M,
and My components of the velocity are lower in the Gudong littoral zone (Figure S5a,b).
Therefore, the amplitude ratio and phase difference of flow velocity both weaken (Figure 8f).
Overall, high riverine floods result in greater hydrodynamics in the abandoned river mouth.

4.2. Bathymetric Changes Induced by High Riverine Flows in the Flood Seasons

Figure 9 shows the erosion and accretion rates of the YRD during the 2018 and 2020
extreme floods. During the flood season, net erosion occurred in the subaqueous delta
at a volume change rate of —0.07 x 108 m3/year (Table 3). The abandoned river mouth
was subjected to severe scouring, resulting in a maximum erosion thickness reaching
8 m (Figure 9). Comparatively, the Gudong littoral zone experienced only weak erosion.
Furthermore, a depo-center was found near the active river mouth, with an average
deposition rate of 1.71 m/year (Figure 9). The eroded area accounted for 71.25% of the
total area, and the net erosion volume was up to —0.20 x 108 m3 (Figure 9 and Table 3).
Approximately 0.04 x 10® t/year of fluvial sediment was deposited in the submerged delta
under extreme floods. Therefore, during the flood season in 2020, the high flow caused
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significant erosion in the Yellow River subaqueous delta, especially in the vicinity of the
abandoned river mouth.
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Table 3. Quantification of erosion-accretion areas and volumes during extreme riverine floods.

July 2018-August 2020

Erosion Area (%) 375
Volume (108 m?) —0.20

Accretion Area (%) 62.5

Volume (108 m?) 0.06
Net change Volume (108 m3) —0.14
Rate (108 m3/ year) —-0.07

Note: According to He et al. [53], the bulk density of sediment is 1.533 t/ mS3.

5. Discussion
5.1. Effects of River Discharge on Hydrodynamics

The complex interaction between river input and coastal tides controls deltaic hy-
drodynamics and sediment transport processes, particularly during high riverine flow
conditions [6,7,36]. Our results indicated that high runoff during the flood season can
trigger significant changes in fluvial-tidal hydrodynamics, especially in the abandoned
delta lobe. In the Qysq9 scenario, high runoff induces a higher mean water level near the
abandoned river mouth, whereas tidal forcing is relatively restricted near the Gudong
littoral zone (Figures 6a, 7a and 8a). High flow velocities and bed shear stresses occur at the
abandoned river mouth, although their magnitude is smaller within the Gudong littoral
zone and near the active delta lobe (Figures 6a-d, 7a-d and 8a—d). High runoff input can
also cause strong tidal asymmetry of water levels, and slightly weak velocity asymmetry
(Figure 8e,f).

Furthermore, the tidal skewness of water level is also analyzed. More detailed methods
can be referred to Nidzieko [54]. Figure 10 shows that ebb-tide duration changes during
the four simulated runoff scenarios. High riverine flow directly induces increased ebb-tide
velocity and duration time, both of which are critical for the direction and intensity of
residual currents [55-57]. A previous study [58] showed that residual currents can be used
to define the strength and direction of flow and fluvial sediment transfer by the mean tidal
currents. Using the average-velocity vectors, the Euler residual currents for the four runoff
scenarios were estimated during a spring tide (24 h). As shown in Figure 11, Euler residual
velocities during spring tide in the YRD are enhanced under extreme riverine floods. In
the Q509 runoff scenario, the residual velocity in the active river mouth is about 0.04 m/s,
and increases to 0.02 m/s in the abandoned river mouth (Figure 11d). The increase of
magnitude in residual flow would affect fluvial sediment transport processes and cause
changes in the erosion-accretion trends of the submerged delta (Figure 9).
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Furthermore, the distribution of SSC can reflect sediment transport processes during
extreme riverine floods. Figure 12 shows the vertical distribution of SSC during a spring
tide in July 2019. The SSC significantly increased near the active river mouth (SA1 site)
and the abandoned delta lobe (SC1 and SC2 sites) compared to other sites (Figure 12).
During flood season, high-energy riverine floods can induce strong residual currents and
high bed shear stress near the abandoned river mouth (Figures 8 and 11), thus causing the
bed shear stress to exceed the critical bed shear stress. It indicates that extreme riverine
floods induce large-scale sediment transport and resuspension processes, which lead to the
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formation of high-turbidity zones. Moreover, under the influence of strong bed shear stress
and ebb-dominated residual current, the sediment plume gradually expanded to the center
of Laizhou Bay (Figure 12f). Satellite images further show that the SSC in the abandoned
and the active river mouth increased significantly, and the sediment plume progressively
migrated southward following high riverine floods (Figure S6).

Water depth (m)

(b)SA2 ' Y | kgm?
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Water depth (m)
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0.2
8

(d) SB2

Water depth (m)

6 11 16 21 20 1 6 11 16 21
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Figure 12. Vertical distribution of SSC at six sites (a—f) during spring tide in July 2019.

Overall, flood-induced ebb-tidal current dominates, transporting eroded or resus-
pended sediments to the offshore area. Similar hydrodynamics and sediment transport
trends are also witnessed in the Mississippi, the Yangtze, and the Rhone Delta [13,16,59].
The combined influences of climate change and human intervention are triggering more
frequent extreme flood events, and the likelihood of catastrophic floods may be increasing
in the future, which can shift the geomorphological equilibrium of deltas.

5.2. Morphological Response to High Riverine Floods

Riverine inputs, sea level rise, storm events, and tidal dynamics are the primary drivers
of the delta morphologic variability [7,32,37,59,60]. Wherein, sufficient sediment supply
plays a more critical and direct role in the geomorphic evolution of the river-dominated
delta. Over the past 70 years, the fluvial sediment delivered to the sea has undergone a
drastic decrease (Figure S1). In addition, the scouring potential of the coastal current will be
significantly increased during extreme riverine floods. When low sediment loads coincide
with extreme riverine floods, it can cause abnormal deposition or the erosion of deltas.
Overall, the superposition of low sediment loads and extreme riverine floods can cause
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significant variations in the erosion/deposition patterns of deltas [13,61-63]. Therefore,
this study emphasizes that the deltaic geomorphic variations and response under extreme
riverine floods are of great significance in sediment starvation conditions (Figure 13).
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Figure 13. (a) Difference in mean bed shear stress, and (b) bathymetric change from July 2018 to
August 2020 in the YRD. (c) The relationship between bed shear stress difference and bathymetric
change. (d,e) Frequency histogram of bed shear stress difference and bathymetric change.

Bathymetric variations can present hydrodynamic changes and sediment
delivery [1,37,64]. Due to the lack of bathymetry data in dry seasons, we only investi-
gated the bathymetric changes during flood seasons. During the 2018 and 2020 extreme
floods (July 2018 and August 2020), the calculated mean bed shear stress increased con-
siderably, especially near the abandoned Qingshuigou delta lobe, ranging from 0.034 to
0.055 N/m? (Figure 13a). In the entire YRD, the increase in bed shear stress presents
spatial protruding patterns toward the northwest, and then gradually weakens. High
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river discharge during the flood season scoured the submerged delta and triggered serious
erosion, with a net erosion of —0.07 x 10% m3/year (Figure 13b and Table 3). In addition,
the four-quadrant relationship between the bathymetric change and mean shear stress is
shown in Figure 13c; 70.84% of the region has increased bed shear stress due to geomorphic
erosion, particularly near the abandoned river mouth (Figure 13c). Correspondingly, de-
spite increased bed shear stresses, 25.74% of the region suffers deposition with an average
thickness of 3.25 m (Figure 13c,e). Overall, 96.58% of the total region has a rise in mean bed
shear stress, which is mostly centered in the range of 0~0.036 N/m? (Figure 13d); 73.80%
of the region experiences severe erosion with a value of 0—4 m, whereas the sedimentary
region makes up just 26.20% of the whole region between 0 and 3 m (Figure 13e). Therefore,
high bed shear stress induced by high-energy floods could trigger more significant erosion,
especially in the abandoned river mouth. Although the total fluvial sediment to the sea was
3.14 x 108 t following high riverine floods in 2020, which was larger than the 2.97 x 108 t
in 2018 (Figure S1), severe erosion still occurred in the subaqueous delta. It indicated that
more intense and faster high-energy riverine floods in the flood seasons pose an increasing
erosion risk to the delta landscape.

From the perspective of hydrodynamics and morphodynamics, the development of
intensive shore-parallel currents and the shear front trigger the deposition of abundant fine-
grained sediment in the active delta lobe [60,65]. During the flood season, the abandoned
Qingshuigou delta lobe suffers from severe erosion, and the superimposed effects of high-
energy runoff and ebb-tidal current accelerate this process (Figure 13). Boudet et al. [13]
found that extreme riverine floods induced large-scale resuspension and sediment transport
processes in areas of high turbidity. Due to the barrier effect of the tidal shear front, the depo-
and erosion-centers mainly occurred within 10 m depth contour [15,65]. Therefore, the
interaction between marine dynamics and sediment transport processes under high-energy
flow in the flood season has a powerful impact on delta evolution.

5.3. Model Limitations and Future Works

In this study, the development model may encounter some limitations. We did not
consider the following:

(1) The impact of water temperature, sediment, salinity, and wind waves. These
physical factors can affect hydrodynamics in the Bohai Sea. For example, water temperature
and salinity can affect the density of the water and further affect the circulation and mixing
of water masses [32,44,66]. Density differences create vertical stratification, which affects
the horizontal movement of water. Sediment can change the shape of the seabed, which
can affect the flow velocity and direction. The impacts of different bed compositions, such
as mud or sand, on the hydro-morphodynamic model results is also unknown. Moreover,
sediment transport modelling is also crucial for further hindcasting and predicting deltaic
morphological development [67-70]. Wind and waves can also impact the movement of
water masses. The direction and strength of the wind can determine the flow velocity
and direction. In addition, waves can also create turbulence and mixing, which can affect
sediment transport processes [32].

(2) The error introduced by the calculation of the Manning coefficient. In the Delft3D
model, the Manning coefficient is typically calculated using bathymetric data, which
was also the most commonly used method in previous studies [32,47]. Although this is
acceptable, it can cause errors in the model if the data is not accurate. Hence, it is important
to carefully consider the sources of error and uncertainty when using bathymetric data to
calculate the Manning coefficient in Delft3D.

(3) The impact of episodic events like extreme storms and typhoons on the hydrody-
namics and sediment delivery in the YRD. A previous study indicated that extreme events
can also enhance the residual currents and inhibit the development of tidal shear front in
shallow regions [32]. At the same time, the hydrodynamic variations can significantly drive
sediment resuspension and transport processes in the YRD. As a result, high SSC occurred
during a storm condition, which has been confirmed in the study of Fu et al. [23]. Under
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the combined influence of hydrodynamics and sediment transport, the delta will be facing
high erosion risk.

(4) The multiple successive bathymetry data for evaluating the deltaic morphological
development during flood periods. Our study only investigated the two bathymetric
surveys (2018 and 2020), which were much longer than the time-scale of extreme floods.
Therefore, bathymetric changes triggered by high-energy floods may not have become
completely evident, particularly since other processes, such as strong alongshore tidal
currents and storm events, could have a greater impact [17,28,39].

Therefore, future studies based on integrated physical factors, long-time series of data,
and process-based morphodynamic modeling approaches are still very much needed, and
can provide a better opportunity for deltaic sustainable development in the future.

5.4. Implications

Riverine flood processes have significant impacts on the evolution of deltaic systems
on both short-term and long-term timescales [26,71,72]. As shown in Figure 14, high-energy
riverine floods can induce hydrodynamic changes and sediment-redistributed processes
within the delta. Most megadeltas are currently undergoing irreversible changes triggered by
decreasing sediment supply, rising sea levels, intensive human interferences (such as dam-
building, deforestation, mining, industrial development, and agricultural expansion), and
frequent catastrophic events (including natural disasters, such as storms and floods, as well as
human-made disasters, such as oil spills or industrial accidents.) [9,18,21,73,74]. Considering
the combined implications of insufficient sediment supply and these environmental forcing
changes, the delta may not sustain its current morphology. Our research focuses on the
deltaic hydrodynamic alterations and morphological responses induced by river discharge,
which may provide a potential solution for the sustainable development of similar estuaries
and deltas worldwide.

ver discharge

!

High water level;
High flow velocity;
Enhanced tidal asymmetry
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Sediment resuspension
Strong bed shear stress Weak bed shear stress
Severe Erosion Deposition
Sediment resuspension
High SSC

Figure 14. A straightforward conceptual model of hydrodynamics, sedimentary dynamics, and
morphological variations induced by high-energy riverine flow.



Water 2023, 15, 1568

20 of 24

Furthermore, the present study has methodological advantages. The numerical model
is a widely used and well-established hydrodynamic model that can accurately simulate
complex flow and sediment transport processes in riverine and coastal environments. This
makes it a suitable tool for studying hydro-morphodynamics in the Yellow River Delta.
Studies in recent years based on analytical and numerical models have largely improved our
understanding of hydrodynamics and sediment dynamics [32,60,65,75-77]. However, none
of these studies takes the impacts of extreme riverine floods on hydro-morphodynamics in
the YRD into account. Findings from our study reveal that the hydrodynamics are sensitive
to high riverine floods in the YRD. During flood seasons, high bed shear stress induced
by high-energy floods could trigger more significant erosion. The combined effects of
strong tidal asymmetry and Euler residual currents intensify large-scale resuspension and
sediment transport processes in areas of high turbidity. This implies that the findings can
inform the study and management of similar estuaries and deltas undergoing intensified
human interferences and environmental forcing changes worldwide. Although the model
may have some inherent limitations in its configuration, it still possesses the potential to
provide valuable insights into investigating the long-term fate and sustainable development
of deltaic systems.

6. Conclusions

In this study, the impacts of extreme riverine floods on the hydrodynamics and mor-
phodynamics in the YRD were investigated using field data and numerical simulations. The
results show that extreme riverine floods induce higher water levels, flow velocities, and
bed shear stresses near the abandoned river mouth, while the effect is relatively weak in the
Gudong littoral zone. During high-energy riverine floods, changes in the tidal constituents
of the water level led to stronger tidal asymmetry. Therefore, the ebb-dominated Euler
residual currents enhanced sediment resuspension and transport processes, which induced
suspended sediment transported southward. Changes in hydrodynamics and sediment
transport significantly impact erosion and accretion patterns in the YRD. From July 2018
to August 2020, high riverine flows with low SSC during the flood seasons caused severe
erosion in the submerged delta, with a net erosion volume reaching —0.07 x 108 m3/ year.
Simultaneously, severe erosion occurred in the abandoned river mouth and the maximum
erosion thickness reached 7 m. However, approximately 0.04 x 108 t/year of fluvial sedi-
ment discharge was deposited in the submerged delta under the extreme riverine floods.
Under the superimposed pressures of natural change and sediment starvation in the future,
high-energy riverine floods will intensify erosion risks in river deltas. This study can
provide some implications for understanding deltaic morphodynamics and sustainable
development under extreme flood events.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w15081568/s1, Figure S1: (a,b) Monthly mean water discharge
and SSC at Lijin station during four periods from 1950 to 2021. (c) Relationship between monthly water
discharge and SSC and the colormap represents progressive years. (d) Power exponential correlation
equations in four stages and whole study period (black dotted line); Figure S2: (a) Magnitude
and frequency of monthly water discharge during the flood season (July-October) at Lijin station
from 1950 to 2021. The red dots represent four typical water flux levels (500 m3/s, 1500 m3/s,
4000 m3/s and 7500 m3/s). (b) Mean water discharge in six years. (c) Photo of extreme floods
passing, taken at the Xiaolangdi reservoir; Figure S3: Frequency distributions of modeled mean and
maximum bed shear stress in four scenarios; Figure S4: Amplitudes and phases of two principal tidal
harmonic constituents of modeled water levels over the 9 cross sections, (a,c) M, constituent, (b,d) My
constituent; Figure S5: Amplitudes and phases of two principal tidal harmonic constituents of
modeled flow velocities over the 9 cross sections, (a,c) M; constituent, (b,d) My constituent; Figure Sé:
Landsat satellite images showing spatial patterns of flow-sediment transports during the flood season
in the Yellow River Delta. The annual water discharge in these three years was higher than normal
years, especially in 2018, 2019 and 2020, when the extreme flood events occurred.
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