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Abstract:

Maintaining accretion and progradation in a mega delta is crucial to its geomorphic
stability and ecology. Extreme riverine floods can disturb hydro-sediment dynamics
with great damage to the deltaic landscape, as for instance deltaic erosion. Nowadays,
most mega deltas suffer from sediment starvation. Understanding the impact of extreme
floods is a priority to determine the long-term fate of deltaic systems. Herein, we used
the Delft 3D model and field data to study the hydraulics and morphodynamics of the
2016 extreme riverine floods in the South Passage (SP) of the Yangtze Delta. Results
reveal that extreme floods can increase water levels, velocities, and bed shear stresses
in an inner estuarine channel and mouth bar, while the flood has a weak effect in
offshore areas. High-energy floods trigger strong tidal asymmetry and Euler residual
currents, which intensifies downstream suspended sediment transport and bottom
riverbed erosion. In comparison with those during extreme floods in 2016, net erosion
after floods passed away was generated with seaward weakened magnitudes, the
corresponding mean bathymetric erosion thickness was 19.97 cm, 12.71 cm and 4.62
cm in inner estuarine channel, mouth bar and offshore area, respectively. Even though
the seaward deposition patches were due to lower scouring effect and converged
sediment. Hydrodynamic increments in deeper channels were more significant, while
shoals and deeper areas were strongly eroded with the lowest erosion between -5 m to
-6 m isobath. These results further clarified the bathymetric patterns with highlights of
extreme riverine floods that can amplify the sediment-insufficient risks in such mega

fluvial-tidal delta.

Keywords:

Hydrodynamics, Bathymetric changes, Extreme riverine floods, Erosion risks, Mega

fluvial-tidal delta, the Yangtze Delta
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1. Introduction

Estuarine deltas are dynamic zones where riverine and oceanic processes interact,
leading to crucial land building, formation of important ecological environments, and
storm-resistance services (Bianchi and Allison, 2009; Nienhuis et al., 2020). Riverine
runoff and tidal hydrodynamics dominate sediment transport, and are more prominent
in a monsoonal and meso-macrotidal deltaic system (Fettweis et al., 1998; Dalrymple
and Choi, 2007; Fagherazzi et al., 2015). Extreme riverine floods in areas with a
seasonal climate can cause significant interference on deltaic hydrodynamics and
sediment budgets, especially in deltas with high suspended sediment concentration
(SSC) and mixed stratification (Hoitink and Jay, 2016; Choi et al., 2020).

In recent decades, abundant terrigenous sediments that produced deltaic
progradation have drastically declined due to anthropogenic activities in the catchment.
Most global mega deltas, such as the Yangtze (Changjiang), Mississippi, Ganges-
Brahmaputra and Nile Delta, have suffered for sediment starvation contributing to
potentially irreversible deltaic erosion (Syvitski, 2003; Darby et al., 2016; Angamuthu
et al., 2018), while water discharge delivered into the delta from upstream exhibits an
almost unchanged trend (Gerten et al., 2008; Dai et al., 2018 & 2019; Best, 2019).
Thereof, a sediment-hungry runoff during occasional and extreme floods could cause
abnormal erosion or deposition (Cooper, 2002; Maillet et al., 20016; Allison et al., 2017;
Wang et al., 2020). However, few studies have focused on the deltaic response and
morphological change under such scenario..

Understanding hydro-morphodynamics triggered by high-energy riverine floods is
of great significance (Edmonds and Slingerland, 2010). Extreme floods carrying low
sediment loads could flush deltaic channels; while tidal pumping effect could cause a
seaward net sediment deposition (Uncles, 2002; Do et al., 2020). Riverine floods will
also induce large-scale sediment transport and redistribution in the maximum turbidity
zone (MTZ) due to the blocking effect of mouth bars (van Maren and Hoekstra, 2004;
Boudet et al., 2017).

Longitudinally, the inner estuarine channel upstream of the mouth bar is
3/50
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dominated by riverine floods, while offshore areas are affected by tidal forcing
(Azhikodan and Yokoyama, 2019). Under extreme riverine floods, the scouring
potential of the flow current will be significantly enhanced (Kitheka et al., 2005).

Lamb et al. (2012) used a 2-D hydrodynamic and sediment transport model to
study the lower reaches of the Mississippi Delta, USA. They showed that the delta
suffered erosion after a large flood, increasing the riverine sediment transport offshore.
After the 2011 flood in the Hudson River, USA, Ralston et al. (2013a) found that the
sediment transported into the lower estuary was approximately 2.70x10° t, about five
times the usual amount. Boudet et al. (2017) utilized the Delft 3D model to explore the
sediment transport pattern after flood peaks in the Rhone Delta, France, indicating that
riverine sediments can always be exported to deeper deltaic areas through mouth bars
and the MTZ. In the Amazon River Delta, Brazil, and Ayeyarwady Delta, Myanmar,
estuarine processes can intercept part of the riverine sediment transported to the deeper
subaqueous delta, and also capture some suspended sea-sourced sediment (Asp et al.,
2018; Glover et al., 2021). There is a need to understand the hydrodynamics and
sediment transport in estuarine deltas with high turbidity, with a particular emphasis on
extreme floods in a sediment starvation condition. Scarce information is available on
the response of the Yangtze Delta to extreme floods.

The Yangtze Delta is a mega mixed fluvial-tidal delta located on the east coast of
Asia (Fig. la), its hydro-morphodynamics is deeply influenced by multiple natural
processes and human activities (Dai et al., 2014 & 2015; Wei et al., 2019). The tide is
irregular and semi-diurnal with mean tidal range of 2.60 m near the Hengsha Island,
while the maximum tidal range exceeds 4.6 m (Yun, 2004). During the past two
millennia the delta was fed by abundant fine-grained sediments. The deposition of this
material gave rise to the current geomorphic configuration with three-level bifurcations
and four-outlets. Mouth bars also formed under the combined influence of runoft and
tidal forcing (Chen et al., 1979 & 1999) (Fig. 1b). Between 1950 and 2015, the mean
annual runoff and sediment discharge entering the estuarine part of the Yangtze delta at
Datong station (the tidal limit) were up to 8.93x10!! m® and 3.68x108 t, with a mean

SSC of 0.45 kg/m?® (Dai et al., 2018). The SSC and sediment transport load declined in
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recent decades after the construction of cascade reservoirs such as the Three Gorges
Dam (TGD) in 2003 (the largest water conservancy project in the world). During 2000-
2019, the sediment load declined by more than 70% to 1.21x10® t/y, although the annual
water discharge has remained stable (CWRC, 2019; Dai and Liu, 2013; Dai et al., 2018)
(Fig. 1a). As a result, the sediment budget and the substrate equilibrium along the
middle-lower reaches of the estuarine delta were altered. Most downstream riverbeds
are at risk of insufficient sediment inputs and large-scale erosion, particularly in the
inner estuarine channels (Dai et al., 2016; Luan et al., 2016; Mei et al., 2018a; Zhou et
al., 2020). In the Yangtze Delta, extreme riverine floods affect erosion-deposition
processes on both short-term and seasonal timescales. These floods are crucial triggers
of geomorphic evolution (Wang et al., 2011; Dai et al., 2014; Fan et al., 2017; Mei et
al., 2018b). Nowadays, sea-sourced sediments resuspended by tidal currents are
enhanced. These sediments mitigate the decline in SSC in the MTZ of the Yangtze Delta,
delaying the effect of damming with respect to other regions (Dai et al., 2013 & 2018).

Herein, the South Passage (SP) (Fig. 1b) was selected to study the effects of
extreme floods. The SP is an important distributary located in the MTZ. The channel
has fast accumulating shoals and a developed mouth bar (Fig. 1b). During the flood
season, enhanced runoff increases the sediment-carrying capacity, water surface
gradients become steeper, and tidal pumping effect is weakened (Liu et al., 2011; Zhang
et al., 2018a). Such hydrodynamic environment is conducive to downstream transport
of fine-grained muddy sediments (Wu et al., 2012; Li et al., 2018). Historically, the
Yangtze floods in 1931, 1954, 1983 and 1998, triggered scour and shoal migration
within the upstream entrance of the SP (Yun, 2004; Wei et al., 2019). In particular, in
2016 a large-scale flood occurred at the beginning of the flood season; the runoff was
about twice that of a normal year, but the annual total sediment load did not increase
(CWRC, 2016). In this study, the SP was selected to elucidate the hydrodynamic and
morphodynamic of the South Passage during the extreme riverine flood of 2016. The
main objectives of the paper are: (1) to compare the hydrodynamics of the SP during
extreme riverine floods and with low runoff, (2) to explore the bathymetric erosion-

deposition patterns of SP sub-reaches, (3) to quantify the impact of the flood on the
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sediment budget and channel morphology.

2. The South Passage

The Yangtze River is the third longest river worldwide and the largest in Asia,
with a total length of 6,300 km and a drainage area of 1.90x10% km? (Fig. 1a). The
middle and lower reaches of the Yangtze River are in a subtropical monsoon region.
Almost 70% of the annual runoff and 80% of the sediment load are delivered to the
delta during the flood season, and most sediment is deposited in the subaqueous delta
and transport downstream through the South Channel (Yun, 2004; Hu et al., 2009).
During the past five decades, the SSC in the Yangtze Delta showed a declined trend,
especially during the flood season. Its average value has dropped to only 25% of the
historical value, while water discharge has remained stable (Fig. S1).

At the transition from river-dominated to tide-dominated, salt and fresh water are
fully mixed. Under significant water stratification and tidal asymmetry, both a MTZ
and a mouth bar develop (Li and Zhang, 1998) (Fig. 1b). The maximum ebb velocity
can reach 2 m/s in the flood season during spring tide (Yun, 2004). Within the MTZ and
near the deltaic front, there are large deposits of muddy sediments with high erodibility.
This material can be erode by tidal currents with high velocities. Winds and waves also
affect flow velocity and bottom shear stresses, enhancing the scour of sediments in
shallow areas (Shen and Pan, 2001). Hydro-morphodynamic processes in the SP have
been disturbed by engineering projects, such as the Deepwater Navigation Channel
Project (DNCP) and adjacent intertidal reclamations (Fig. 1b)., The SP width increases
moving offshore, while interactions between runoff and tidal forcing are occurring

along the entire channel length (Lu et al., 2015).

3. Data acquisitions and processing

3.1 Data acquisitions

A total of five datasets were collected. The first dataset includes riverine water
6 /50
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discharge and SSC at Datong station. Monthly water discharge and SSC from 1971 to
2019 were used to analyze changes in riverine stage, magnitude and frequency of high
runoff. As a result, four runoff levels were selected: Q20,000 Q40,000, Qs0,000, and QOso,000
m?, as different inputs to the model. They are respectively higher than 1%, 50%, 95%
and 100% of the cumulative frequency of monthly water discharge that flow into delta
during the flood season (May-August) (Fig. S2a). The total water discharge in 2016
was higher than any discharge in the two decades before 2020, especially in the
beginning of flood season (Fig. S2b). In 2020 another flood occurred, with runoff that
increased from 45,000 m>/s to more than 80,000 m>/s in half a month (Fig. S2b-d).
Daily water discharge in 2016 was also obtained, as the prescribed inputs for the model.

The second dataset covers measured hydrodynamic data in the Yangtze Delta,
including water levels, flow velocities and directions obtained at multiple observation
sites (Fig. 2a). These data are used for comparison with modeled results and to evaluate
model efficiency. Water levels were measured at six tidal stations in August 9-24, 2011
(neap-spring-neap cycle), these stations are distributed in the delta upper and lower
channels (Fig. 2¢). Flow velocities and directions were measured simultaneously during
a spring tide in August 2011 at 8 fixed field sites (Fig. 2c). At each site, hourly flow
velocities and directions of six water layers (Hyg, Hoz, Hoa, Hos, Hog, Hig) Were
collected, using shipboard ultrasonic HXHO03 Doppler current flow meters (RUNSUN,
the accuracy of velocity and direction are 1 cm/s and 3°). From these data, the hourly

depth-averaged flow velocity and direction can be obtained (formula 1-4).

1

Vg = oy (VE_HO.O + 2V no2 + 2VE moa + 2VE nos + 2Ve mos + VE_Hl.O) (1)
1

Vy = T (VN_Ho.o + 2Vy o2 + 2Vy noa + 2V o6 + 2V mos + VN_Hl.O) )

Vdepth_averaged = . f VE2 + VNZ 3)

Ddepth_averaged = arctan(Vg/Vy) )

where Vg poo and Vy yoo are eastward and northward components of the measured
velocity in Hy,, Vz and Vy are eastward and northward depth-averaged velocity,
Vaepth averagea 15 depth-averaged velocity, and Dgepen_averagea 18 direction of depth-

averaged velocity.
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The third dataset encompasses bed sediments and vertical SSC collected at five
fixed sites in September 2017 (Fig. 2d). Hourly suspended water samples at 6 water
depths were collected for 26 hours covering the entire flood-ebb cycle. After treatment,
mean, median and maximum grain size were determined using a laser particle analyzer
(Mastersizer 2000, Malvern, UK).

The fourth dataset are the bed sediment characteristics for the entire SP. Sediment
fractions (silt, clay and sand) were obtained for the Yangtze Delta in 2015. sampling
sites spanned the SP channel and parts of the bordering shoals. A Kriging interpolation
was used to calculate the three sediment fractions along the SP. In addition, the critical
erosion shear stresses (z.-) of bed sediments were obtained from the literature (Yang et
al., 2017; Zhang et al, 2018; Qiao et al., 2021). The critical shear stress is about 0.67
N/m? along upper reach, about 0.76 N/m? on the outside of the mouth bar, and 0.56
N/m? in the deeper offshore area.

The fifth dataset includes multiple bathymetries collected in different areas. (1)
For the SP, a total of 14 semiannual bathymetries in different years with a scale of
1:10,000 (Table S1) were used to analyze erosion-deposition patterns during the flood
and dry season. (e.g. bottom variations after the 2016 extreme floods). Spatial density
of sounding points is approximately 35-48 points/km? which is acceptable for
geomorphic analyses (Wang et al., 2020). (2) bathymetry data of the Yangtze river
channel were collected with a scale of 1:80,000 in 2012. All these data were provided
by the Yangtze Delta Waterway Administration, Chinese Ministry of Transportation.
The Natural Neighbor Interpolation (Sibson, 1981; Lentz and Hapke, 2011) was applied
to generate digital elevation models (DEMs) of the SP and river channel in different
periods, with a grid resolution of 20x20 m. (3) For the oceanic area, gridded
bathymetries were obtained from GEBCO at 15 arc-second intervals (General

Bathymetry Chart of the Oceans, https://www.gebco.net/). Finally, bathymetries of the

entire study domain were generated and converted to mean sea level datum (Fig. 2b).

3.2 Model setup and processing
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3.3.1 Model domain and boundary conditions

The 2-D Delft 3D model was applied to simulate hydrodynamics and bottom
variations under different riverine runoffs. The model solves the unsteady shallow water
equations with the hydrostatic pressure hypothesis, using orthogonal curvilinear
coordinates (Deltares, 2014). Model domain extends from upstream Datong station to
the Yellow Sea and the East China Sea at the 80 m isobath, including Hangzhou Bay
(Fig. 2a). Shoreline boundaries strictly follow the actual distribution in 2016 and were
extracted from Landsat images. The west-east and north-south domain sizes were
approximately 700 km and 560 km, with a model grid of 1,463x507 points (Fig. 2a).
The resolution of the orthogonal curvilinear grid varied from about 200 m in the inner
estuary to 3,000 m at the oceanic boundary. As a result, in the SP the grid resolution is
acceptable to calculate hydrodynamics. Moreover, we calculated Manning coefficients
in the delta based on generated bathymetric data, the value was about 0.011-0.016, and
we set a uniform Manning coefficient of 0.020 in the river channel and 0.011 in the
ocean (Zhang et al., 2018b; Chu, 2019). The artificial groins and dikes of the DNCP
were represented in the model by Current Deflection Wall (CDW) (Fig. 2c). The
elevation of CDW was set to 0.3 m to allow flooding within adjacent waters at high
tide. Time step of hydrodynamic calculation was 60 s to meet CFL criteria (Deltares,
2014).

Both landward river boundary and oceanic boundary conditions were considered
in this model. First, we prescribed the measured daily water discharge in May and July
2016 and four constant values (Q20,000, Q40,000, Q60,000, and Oso,000m>) at Datong station.
A constant runoff of 1000 m>/s was specified at the entrance of Hangzhou Bay, to
represents the river input from the upstream Qiantang River (Fig. 2b). Second, at the
ocean open boundary, an astronomic tidal forcing with 13 harmonic constituents was
prescribed (Fig. 2b). The Constituents were extracted from the Global Tidal Models of
TPXO 9.0 (https://www.tpxo.net/global), with 1/30-degree resolution. The tidal
parameters were set on 19 equidistant points along the three open ocean boundaries.

Possible errors caused by boundary effects are limited in such a large model domain.
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We did not account for wind waves, water temperature, and salinity.
3.2.2 Model calibrations and runoff scenarios

Model results were compared to field measurements to analyze the accuracy and
effectiveness of the model. Root mean square error (RMSE), correlation coefficient

(CC) and model efficiency (ME) were used (formula 5-7):

RMSE = ’M (5)

CC = Z(Xmod_xmod)(xobs_xobs) (6)

- _ _ 05
[Z (Xmod_xmod)2 Z(Xobs_xobs)z]

Z(Xmod_xobs)z
ME =1 - =—"""—""= 7
Z(Xobs_Xobs)2 ( )

where X,,,q and X,,s are the modeled result and observed data, respectively, Xobs

is the mean of observed data. A ME>0.65 indicates excellent model performance while
0.65>ME>0.50 indicates good performance (Allen et al., 2007).

Six runoff scenarios were considered at the landward boundary, including four
water discharges levels (Q20,000, Q40,000 Os0,000, and Oso,000 m*) in July 2016, and two
daily values in May and July 2016 to represent the riverine conditions at the beginning
of flood season and extreme floods. Minima riverine inputs in May and July 2016 were
44,600 m*and 54,000 m?, the maxima were 49,400 m> and 70,100 m?, and monthly
means were 47100 m> and 65400 m>, respectively. Extreme high daily runoff above
80,000 m>®/s occurred during the 1998 and 2020 catastrophic floods (Fig. S2b). All
modeled hydrological scenarios were run for a month (30 days) and the output results
were saved hourly.

The RMSE of modeled versus observed water levels in August 2011 ranges from
0.18 m to 0.28 m, CC are all over 0.96, and ME are higher than 0.89 (Fig. S3; Table
S2). The Calibration of water levels is excellent, especially at stations close to the SP
(Fig. S3). RMSE of modeled flow velocities at eight field sites are about 0.08-0.25 m/s,
ME values indicate that modeled flow velocities are reliable except for SP2 (Fig. S4;
Table S3). RMSE of modeled flow directions ranges from 14.70° to 39.40°, with
excellent CC and ME except for SB1 (Fig. S5; Table S3).
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3.2.3 Estuarine cross sections for data analysis

To better understand water transport through the distributaries, three cross-transects
were set up to calculate the cumulative water discharge (Fig. 2¢). The first transect (WT
1) is at the entrance of the South Branch, and represents the water flux into the entire
Yangtze Delta. The second and third transects (WT 2 and WT 3) are at the uppermost
and lowermost reaches of the SP, respectively (Fig. 2¢). In addition, data along the SP
thalweg (61 km in length) were extracted to analyze longitudinal changes in
hydrodynamics. The water depth becomes shallower at the mouth bar, and then deepens
shoreward (Fig. 2d-2f). Furthermore, 60 equally spaced cross sections were set up with
an interval of 1 km along the SP (Fig. 2d). Mean values of hydrodynamic parameters
were extracted in each cross section. Channel width gradually widens shoreward,
increasing from 2.92 km at the entrance to 20.24 km at the outermost cross section (Fig.
2g). The average water depth of the cross sections is low in the upstream narrow reaches
and on the month bar, and high in the uppermost and lowermost reaches (Fig. 2g).
Average water level, flow velocity, bed shear stress were calculated at each cross

section under different modeled scenarios.

The SP was divided in three sub-reaches according to geomorphic features and
water depths along the thalweg: the inner estuarine channel, the mouth bar, and the
offshore area (Fig. 2d). (1) The inner estuarine channel (0-26 km) hosts the South
Jiangya Shoal and is dominated by runoff. The water depth of the thalweg gradually
shallows from almost -14 m to only -7 m (Fig. 2e-2f). (2) The mouth bar (26-40 km) is
the shallowest area; at the crest the depth is less than 6 m, the Jiuduansha and Nanhui
Shoals and deep channel further away generate longitudinal geomorphic differentiation
(Fig. 2e-2f). (3) The offshore area (40-61 km) is deeper and dominated by tidal forcing;
the shoals at both sides gradually shrink, and the gradient along the thalweg increases
seaward (Fig. 2e-2f).

3.2.4 Calculation of hydrodynamic parameters

Average water level, flow velocity, and bed shear stress were calculated at the
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cross sections along the thalweg for different scenarios. The longitudinal changes
indicate relative variations between the riverine runoff and tidal forcing. The
distribution of mean and maximum bed shear stress in all scenarios were also computed.
The hydrodynamic impact of extreme riverine floods can be analyzed comparing the
flood to low riverine inputs in the early flood season. The flood is associated to erosion-
deposition patterns.

Tidal asymmetry directly affects sediment transport and morphodynamic changes
in deltas. The tidal component calculation program (T _TIDE) developed by Pawlowicz
et al. (2002) was used to carry out an harmonic analysis of the modeled water levels
and flow velocity. In the Yangtze Delta, the tidal forcing is semi-diurnal; we applied the
method of Friedrichs and Aubrey (1998) to calculate tidal asymmetry along the SP
(formula 8-9):

Ay = ay, /ay, (8)

Gy = ZQMZ —9m, ©)

where, ay, and ay, are the amplitudes of the M, and M, tidal constituents, gy,
and gy, are the phases of the M, and M, constituents, A, indicates intensity of
tidal deformation (significant for 4,>0.01), G, indicates direction of tidal deformation.
When 0°<G,<180° the flow is dominated by flood tide (duration of flood tide shorter
than ebb tide), when 180°<G,<360° the ebb tide is dominant. The tidal skewness of the
water level time derivative was also calculated (formula 10) (Nidzieko, 2010):

T St (e—%0)°

I a0

Y= (10)

where x, is the derivative of water level with respect to time, x is the mean water
level. <0 indicates ebb-dominance, while y>0 indicates flood-dominance.
Moreover, residual currents can characterize the direction and intensity of water-
sediment transport by the average tidal currents (Dyer, 1973). Euler residual currents in
January, May and July of 2016 were calculated, using the average current vectors of

two flood-ebb tidal cycles during spring tide (26 hours).

3.2.5 Bathymetric changes
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Bathymetric erosion-deposition patterns were obtained by subtracting two
subsequent DEMs, (Mei et al., 2018b) (formula 11).

Ah(x,y,ty,t2) = ha(x, ¥, t2) — hy(x,y,t1) (11)
where hy(x,y,t;) and h,(x,y,t;) are riverbed elevations at any position (x,y) at
times t; and t,. Area/volume of erosion/deposition can be calculated during a certain
period. In this study, we focused on the bathymetric changes during the 2016 flood
season from May to August after the extreme floods. The erosion-deposition
magnitudes at different water depths were also identified. Moreover, the geomorphic

adjustments during other periods were considered as the basis for further discussions.

4. Results

4.1 Hydrodynamics under low runoff

In the Q20,000 scenario, the mean water level computed by the model is about 0.16
m at the upstream entrance and declines downstream along the thalweg, the water slope
is high near the South Jiangya Shoal (Fig. 3a). The depth-averaged velocity rapidly
increases from 0.97 m/s to 1.19 m/s when the channel narrows, and then decreases to
less than 0.8 m/s in the offshore area (Fig. 3a). The trend in average bed shear stress is
consistent with the flow velocity, with a peak of 0.84 N/m? in the inner estuarine
channel and values of 0.67 N/m? and 0.50 N/m? in the mouth bar and offshore area,
respectively (Fig. 3b). The bed shear stress angle rotates southward moving
downstream (Fig. 3b). The values along the thalweg are then compared to the average
values computed along the cross sections 1 to 60. The mean water level averaged in
each cross section also decreases seaward with two secondary peaks, and the depth-
averaged flow velocity decreases rapidly on the mouth bar (transect 26 to 40) from
0.89-0.95 m/s to 0.72-0.76 m/s (Fig. 3c). The mean bed shear stress increases sharply
from about 0.56 N/m? to the maximum of 0.80 N/m? on the mouth bar, and then drops
to 0.38 N/m? in the offshore area (Fig. 3d).

In the Q20,000 scenario, the areas with a mean bed shear stress higher than 0.7 N/m?
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(t=0.7) are distributed along the inner estuarine channel, especially in the narrow and
shallow reaches (Fig. 3¢). The total area with 74,7 is 123.63 km?, accounting for 16.57%
of the SP (Table 1). The area of 7-¢.5 extends offshore with a protruding shape (Fig. 3e).
In terms of maximum bed shear stress in a tidal cycle, areas with 7>, ¢ are also located
along the inner estuarine channel and partly penetrate the mouth bar with a total area of
98.29 km? (Fig. 3f). There is a secondary area of high bed shear stress in the channel
that connects the mouth bar with the coastal ocean, where the flow accelerates again
(Fig. 3f). The frequency distribution of mean bed shear stress has a peak at 0.40-0.70
N/m? (Fig. S6a), while the frequency distribution of maximum bed shear stress has a
peak of 1.10-1.30 N/m? (Fig. S6b).

An harmonic analysis of the Q20000 scenario indicates that the M2 constituent
propagates upstream and slightly increases of 3.16 cm until km 45, and then weakens
almost linearly of 35.24 cm in the inner estuarine channel (Fig. S7a). On the contrary,
the M4 amplitude progressively increases in the channel (Fig. S7b). Therefore the tidal
asymmetry (M4/M2) increases landward and the variation gradient is largest in the
middle reaches (Fig. 3g). The water level phase of the M2 and M4 constituents increase
upstream (Fig. S7c-S7d). The phase difference (2M2-M4) is between 0°-180° (the
difference minimum is reached on the mouth bar), which indicates that the tidal
asymmetry is flood-dominant (Fig. 3g). Moreover, the velocity amplitudes of both M2
and M4 increase in the narrow channel that borders the South Jiangya Shoal and then
decrease downstream; the corresponding ratio decreases sharply and remains stable

(Fig. S8a-S8b and 3h).

4.2 Hydrodynamics under moderate runoff

Under moderate riverine runoff (0=40,000 m*/s), the mean water level is higher
along the thalweg and maintains a similar longitudinal trend (Fig. 4a). The higher runoff
also results in faster flow velocity in the SP: the overall average velocity increases to
0.98 m/s (Fig. 4a). A higher runoff also causes stronger bed shear stress (average of

0.76 N/m?), with the largest increase in the upstream channel, with lower angles that
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direct the flow more towards downstream (Fig. 4b). In particular, the average value of
mean bed shear stress in the inner estuarine channel is 27.81% higher than that on the
mouth bar and 80.65% higher than the value in the offshore area (Fig. 4b). Overall, the
hydrodynamic variations from cross section 1 to transect 60 are similar to that along
the thalweg, higher runoff input leads to higher velocity and water level and their
magnitude gradually weakens downstream (Fig. 4c-4d). Specifically, the average
values of mean water level, mean flow velocity and mean bed shear stress are 43.89%,
10.83% and 4.27% higher than that under Q20,000 scenario, and the angle of bed shear
stress is 1.59° lower (Fig. 4c-4d).

The area of 7-¢.7 increases to 142.47 km? (19.10% to the entire SP) and fully covers
the inner estuarine channel and expands to most of the mouth bar (Table 1; Fig. 4e), the
upstream area with values higher than 0.90 N/m? increases significantly (Fig. 4e and
S6a). Moreover, the area with 7-9.5 has gradually changed shape in a smooth-blunted
pattern (Fig. 4e). The area with a high value of maximum bed shear stress has also
moved offshore; the area with 7-2 s increases to 142.07 km? from 98.29 km? under the
Q20,000 scenario (Table 1; Fig. 4f). There is still an area of lower maximum shear stress
on the crest of the mouth bar (Fig. 4f and S6b).

The tidal harmonic analysis shows that as the runoff input increases, the M4
constituent of water level decreases and the M2 constituent increases more toward
upstream (Fig. S7a-S7b). Therefore, tidal asymmetry is enhanced upstream and it is
related to an increase in tidal energy transfer, while the asymmetry in the offshore area
is small (Fig. 4g). The phase difference of water level under higher runoff increases in
the offshore area, however, decreases in inner estuarine channel (Fig. 4g). As for the
flow velocity, amplitude ratio and phase difference both decreases, and the variation is

greater in the upstream channel (Fig. 4h).

4.3 Hydrodynamics under extreme floods

In the Qs0,000 and QOso00 scenarios the mean water level along the thalweg

significantly increases, and the enhancement is the largest in the inner estuarine channel
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(Fig. 5a). From the Q20,000 scenario to Oso,000 scenario, the overall average value of water
level increases from 0.07 m to 0.18 m, with an increase in the upstream entrance of 0.22
m, but with an increase of only 0.02 m in the most downstream cross section (Fig. 5a).
Flow velocity is also enhanced, the average value in three sub-reaches is 1.19 m/s, 1.00
m/s and 0.94 cm/s, respectively. The largest increase is concentrated in inner estuarine
channel after the restriction of the South Jiangya Shoal (Fig. 5a). Moreover, the
variation trend of mean bed shear stress is basically the same as mean velocity, its
average under Qso 000 scenario is 0.87 N/m?, 23.65% higher than that of Q29,000 scenario;
the average in the inner estuarine channel is larger than on the mouth bar and in the
offshore area by 13.83% and 78.33% (Fig. 5b). Overall, extreme floods cause greater
scouring hydrodynamics in the upstream estuarine channel (Fig. 5a-5b).

The mean water level shows consistent trends in the cross sections 1 to 60. From

the Q20,000 to the Oso,000 scenario, the water level increases by 129.61%, 100.91%
and 10.26% in the inner estuarine channel, mouth bar and offshore area,
respectively (Fig. 5c). Correspondingly, the average value of flow velocity
increases by 7.28%, 5.77% and 0.38%, respectively (Fig. 5¢). The extreme runoff
also generates higher bed shear stress, with a percentage increase of 20.34% and
17.30% in inner estuarine channel and mouth bar. The increase is lower in the
nearshore area (4.81%) (Fig. 5d). The average angle of bed shear stress at all cross
sections is also slightly reduced under extreme floods (Fig. 5d).

Significantly, for mean bed shear stress, the area of 7-¢.7 increases to 185.28 km?
under Qs0,000 scenario and 229.56 km? under Qso,o00 scenario (Fig. Se1-5¢2). The high-
stress area continues to develop along the inner estuarine channel and crosses the mouth
bar, however, its enhancement in the tails of the South Jiangya and Jiuduansha Shoal is
limited (Fig. 5el-5e2). Comparing both Oso,000 and Q20,000 scenario, area with 7-¢.s, 7>0.7,
7-0.6 and 1-9.5 seaward moves 8.13 km, 12.79 km, 3.18 km and 1.56 km, respectively
(Fig. 5el1-5¢2). The maximum bed shear stress is also greatly enhanced and area of 7-5 5
increases from 98.29 km? (Q20,000) to 231.54 km? under (Qso,000) (Fig. 5f1-52). Areas
with high bed shear stress move offshore and the two peak areas gradually merge in the

Oso,000 scenario;, however, the difference in bed shear stress is relatively weak in the
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offshore area (Fig. 5f1-512).

Under extreme floods, the amplitude of the M2 constituents of water level
decreases along the thalweg while the M4 increases (Fig. S7a-S7b). In the upstream
channel the tidal asymmetry increases more significantly, while is weak in the offshore
area (Fig. 5g). The phase difference of 2M2-M4 increases in the upstream channel and
in the offshore area, while it becomes weaker on the mouth bar (Fig. 5g). The
amplitudes of the M2 component of the flow velocity increases while the M4 decreases,
and the magnitude weakens upstream (Fig. S8a-S8b). As a result, the tidal asymmetry

weakens and the phase difference also weakens (Fig. 5h).

4.4 Variations in cumulative water discharge

Modeled monthly cumulative water discharges at the two upstream transects
display a similar increasing trend (Fig. 6a-6b). At WT 1, under four constant runoff
scenarios, the final cumulative discharge after one month reaches 4.68x10'° m?,
9.24x10' m3, 13.89x10' m* and 18.56x10'" m?, respectively (Fig. 6a; Table S2). At
WT 2, with an increase in runoff, both the cumulative discharge and the relative ratio
with respect to WT 1 increase (Fig. 6b; Table S2). However, at WT 3 the cumulative
discharge is negative in the Q20,000 scenario, indicating landward net water movement
(Fig. 6¢). Under higher runoff, the cumulative discharge is always positive, but the
curves show fluctuations during tidal cycles (Fig. 6¢). These results highlight that with
extreme floods in the flood season more terrestrial materials will enter the SP and then

will be transported to the subaqueous delta (Fig. 6; Table S2).

4.5 Geomorphic changes triggered by the 2016 extreme floods

Herein, the hydrodynamics during the 2016 flood season (May and July) were also
modeled according to daily riverine water discharge at Datong to determine the impact
of extreme floods in the SP. From May to July 2016, the modeled monthly mean bed
shear stress increased within the entire SP, the increase gradually weakens seaward,

which presents the spatially elongated patterns toward offshore area (Fig. 7a). Therefore,
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in the inner estuarine channel the mean increase is the highest at 0.044 N/m?, still as
high as 0.040 N/m? in shallower mouth bar, while it reduces to 0.016 N/m? in offshore
area (Fig. 7a).

After the peaks in discharge in 2016, net erosion occurred across the SP. Connected
erosion patches were generated in the inner reaches upstream of the deltaic mouth bar,
especially in the deep main channel (Fig. 7b). After the bar crest, the magnitude of
erosion reduces and some deposition patches form. Within the three divided sub-
reaches, the mean magnitude is 19.97 cm, 12.21 cm and 4.62 cm, corresponding to a
net erosion of 31.63x10° m3, 18.24x10° m? and 14.50x10% m?, respectively (Fig. 7b).

The relationship between variation in mean shear stress and bathymetric change is
shown in Fig. 7c, and is divided into four quadrants. The 70.14% of the area is
characterized by an increase in bed shear stress with geomorphic erosion, especially in
the deepest and shallowest areas (Fig. 7c). In addition, 28.92% of the area experiences
deposition despite enhanced bed shear stresses, with deposit thickness limited to 0.3 m
(Fig. 7c). Overall, the 99.06% of the total area is characterized by an increase in bed
shear stress, mainly concentrated in the interval of 0-0.05 N/m? (Fig. 7d).

70.68% of the area suffers erosion between 0-25 cm, while the deposition area
only accounts for 29.32% of the total area with a magnitude of 0-10 cm (Fig. 7e).
Extreme floods in 2016 triggered high bed shear stress along the upstream channel,
where the greatest erosion occurred with elongated spatial patterns, the shear stress and
erosion weakened in the offshore area (Fig. 7e).

Along the thalweg near the South Jiangya Shoal (between km 0 and 6), the mean
shear stress increases slightly less, while the erosion gradually becomes stronger and
reaches a maximum of 0.49 m (Fig. 8a). The mean shear stress in the inner estuarine
channel augments sharply with a stable difference of 0.08 N/m?, resulting in strong
bathymetric erosion (Fig. 8a). On the mouth bar, the mean shear stress increases less,
leading to a change from erosion to deposition after the crest (Fig. 8a). In the offshore
area, the shear stress increases even less, triggering strong deposition in areas adjacent
to the mouth bar; however areas under erosion are present here with varying magnitude

(Fig. 8a). A large increase in mean bed shear stress generates more erosion (Fig. 8b-8d).
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In the offshore area the magnitude of geomorphic change is small and some deposition

occurs (Fig. 8e).

5. Discussion

5.1 Enhanced hydrodynamics under extreme riverine floods

In mega estuarine deltas, hydrodynamic interactions between river input and tidal
forcing are complex, especially after extreme riverine floods (Godin, 1999; Zhang et
al., 2018a). High runoff dissipates tidal energy and generate large sediment fluxes
(Uncles, 2002; Hoitink et al., 2017). In the Yangtze Delta, seaward advection dominates
the transport of water along deltaic distributaries, while tidal pumping is stronger in
offshore areas (Yun, 2004). Similar hydrodynamics also develop in the distributaries of
the Amazon, Apalachicola and Westerschelde Delta, although the effect of extreme
floods have received less attention in these systems (Wang et al., 2002; Canestrelli et
al., 2010; Leonardi et al., 2015; Asp et al., 2018). In the Yangtze Delta, tides are more
asymmetrical in the offshore area under high runoff, but during the dry season tidal
distortion is stronger in upstream reaches (Lu et al., 2015; Zhang et a., 2018a; Yu et al.,
2020). Moreover, the monsoons runoff inevitably affect residual water levels and
promote circulation in the MTZ (Carballo et al., 2009; Song and Wang, 2013).

During the flood season, more runoff with high SSC is funneled into the Yangtze
Delta and delivered offshore (Chen et al., 1999; Yun, 2004). Riverine extreme floods
can trigger drastic variations in fluvial-tidal hydrodynamics, particularly in inner
estuarine channels. In the Osp000 scenario, extreme riverine floods cause higher mean
water level and larger water surface gradients within upstream reaches, while tidal
forcing in the offshore area is more restricted (Fig. 3a, 4a and 5a). Strong flow velocities
and bed shear stresses are generated in the upper channel, while their magnitude is
moderate in the offshore area (Fig. 3a-3f, 4a-4f and 5a-5f). Tidal asymmetry of water
levels is also enhanced by extreme riverine floods, while velocity asymmetry weakens

(Fig. 5g). In addition, variations in tidal skewness indicates that ebb duration is also
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enlarged under extreme riverine runoff, and the transition from negative to positive
skewness gradually migrates toward the crest of the mouth bar (Fig. 9).

High runoft directly causes greater ebb velocity and duration, which are crucial
for the strength and direction of residual currents (Dyer 1973; Matte et al., 2019). Under
extreme floods, Euler residual currents in the SP are strengthened, especially during
spring tides (Fig. 10). In the Oso,000 scenario, the residual velocity is about 0.41 m/s in
the mid channel, and strengthens to 0.83 m/s toward the tail of the Jiuduansha Shoal
(Fig. 10). A significant increase in residual current will inevitably impact sediment
budgets, and trigger bathymetric variations at different water depths (Fig. 10 and 7b).
In addition, during a riverine flood the DNCP and adjacent reclaimed areas enhance
velocity and tidal asymmetry (Liu et al., 2011; Song and Wang; 2013), stratification
within the MTZ also increases, which further affect sediment capture (McLachlan et al.,

2017; Liet al., 2018).

5.2 Sediment transports driven by extreme riverine floods

Sediment dynamics in mega deltas are variable and are affected by mixing,
circulation, tidal pumping and flocculation. All these processes are directly associated
to sediment sources and to the relative strength of runoff with respect tidal forcing
(Wolanski et al., 1995; Harris et al., 2005; Bolla Pittaluga et al. 2014). During slack
water period plenty of fine-grained sediment settles in the delta within the MTZ,
particularly if the river is in flood (Hamblin, 1989). Tide pumping and Stokes drift
restrict sediment transport seaward, while extreme floods can amplify ebb-dominated
transport downstream (Edmonds and Slingerland 2010; Do et al., 2020). In the Gironde
Estuary, riverine sediment export mainly occurred in the flood season, and the MTZ
location moved downstream thus enhancing sediment resuspension (Sottolichio and
Castaing, 1999; van Maanen and Sottolichio, 2018). Brown and Davies (2010) showed
that ebb-dominant currents in the Dyfi Estuary, UK, enhanced the downstream transport
of river sediment. In the Mekong Delta, a large amount of river sediment was delivered

under high runoff to tidal reaches and its subaqueous delta (Thanh et al., 2017;
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McLachlan et al. 2017). Hale et al. (2019) also showed that higher runoff significantly
increased the duration and amount of sediment transported downstream in lower
Ganges-Brahmaputra Delta.

In the Yangtze Delta, after riverine runoff and sediments are delivered in the SP,
flow velocity declines due to downstream channel widening and the blocking effect of
tidal forcing (Yun, 2004). Meanwhile, salt-fresh water mixing and flocculation are
enhanced, so that fine-grained sediments are deposited and develops the mouth bar (Shi
et al., 2006; Hu et al., 2009). Fig. 11 shows vertical SSC during a spring tide in
September 2017. The SSC on the mouth bar and in the core area of the MTZ is much
higher than the SCC in the inner channel and offshore area. This reflects the transport
of suspended sediment downstream and the trapping effect of the mouth bar. Liu et al.
(2011) also observed that there is a circulation structure in the MTZ where fine-grained
sediments are captured in the North Passage, and the riverine water controls estuarine
geomorphic evolution through sediment transport and enhanced ebb-dominated
residual sediment export. During the flood season or extreme riverine floods, more
terrestrial-sourced suspended sediments are delivered to the subaqueous delta.

Furthermore, the grain size and erodibility of bed sediments directly affect the
geomorphic adjustment during extreme floods. In the Yangtze Delta, the mouth bar and
subaqueous delta are fully developed, and can then provide new eroded sediments
(Chen et al., 1999; Yun, 2004). In the upstream SP channel bed sediments are the
coarsest (FS2 site), with a mean and median grain size of 0.14 mm and 0.13mm (Table
S4). In the offshore area within the MTZ the grain size becomes gradually finer (Table
S4). Moreover, modeled mean bed shear stress generated under extreme riverine floods
are higher than the critical shear stress for erosion, therefore the inner estuarine channel
and parts of the mouth bar will be eroded significantly. The time interval with shear
stress higher than the critical one also increase, augmenting erosion (Dai et al., 2015;
Luan et al., 2017; Qiao et al., 2021). In the offshore area the bed shear stresses decrease,
and more suspended load or eroded bed sediments delivered by ebb-dominated tides

will deposit here (Milliman et al., 1985; Li et al., 2019).
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5.3 Morphological change triggered by extreme flood

Longitudinal bathymetric changes can reflect hydrodynamic variations and
sediment transport (Carriquiry and Sanchez, 1999; Angamuthu et al., 2018). The
proportion of Yangtze discharge flowing through the SP has gradually increased to 26%
in the past three decades (Dai et al., 2015; Wei et al., 2019). Thus, the upstream part of
the SP is suffering from regular erosion, and the superposition of ebb tide and high
runoff during the flood season accelerates this process. Our model results show that
monthly mean bed shear stress significantly increased during the 2016 extreme floods,
especially along inner estuarine channel, reaching a value of 0.036-0.051 N/m? (Fig.
12a-12b). The increase in bed shear stress peaks upstream of the crest of the mouth bar,
and then weakens downstream moving offshore (Fig. 12b). The magnitude of upstream
erosion is also the strongest in the South Jiangya Shoal and mouth bar, despite some
fluctuations (Fig. 12¢c-12d). In the offshore area, the increase in bed shear stress and the
bathymetric erosion are lower, and the bed sediments are finer, except for areas where
the shoals’ isobaths protrude towards the deep channel (Fig. 12¢c-12d).

In the SP most water discharge is delivered through the main deltaic channel, a
small fraction is transported southward along the Nanhui Shoal due to the Coriolis force,
and strong northward residual current is also present in the Jiuduansha Shoal (Chen et
al., 1999; Yun, 2004). Therefore, hydrodynamic conditions a cause different
morphodynamic response in the deep channel and on the fringing shoals (Fig. 12e-12f).
Mean bed shear stress is increasing going from the shallow shoals to the deep channel,
except for area with a depth between -9 m and -11 m (along the inner estuarine channel)
(Fig. 12e). Bathymetric changes are different in areas shallower or deeper than -6 m,
the erosion magnitude first weakens and then augments, the latter has a smaller slope
(Fig. 151). The sand fraction decreases moving offshore and exceeds the silt fraction in
the deep channel (Fig. S9). Overall, the deep channels are strongly eroded by the 2016
floods, and also the shoals experience large-scale erosion despite the lower increase in
bed shear stress (Fig. 12e-12f). Canestrelli et al. (2010) found that tidal currents were

concentrated in the deep channels during neap tide along the lower Fly River and its
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delta, but were uniformly distributed throughout delta during a spring flood tide.
Ralston et al. (2013b) reported high flow velocity and bed shear stresses during the late
part of the ebb tide, this flow caused sediment erosion in shallow areas. On a long-term
scale, Luan et al. (2016) indicated that deposition turned into erosion in the upstream
channels of the Yangtze Delta. Erosion mainly occurred in areas with a water depth
between -5 and -15 m.

Moreover, it is necessary to determine whether sediments eroded under extreme
riverine floods can be fully or partially replenished in the subsequent dry season. To
this end, we analyzed seasonal changes in bottom elevation. The SP suffered net erosion
with different magnitude in different flood seasons, while net deposition occurred in
the following dry seasons except for 2013. The depositing during the dry season was
always less than the erosion in the flood season (Fig. 13). Erosion during the flood
season occurred along the inner estuarine channel and where the isobaths of the
Jiuduansha Shoal protruded toward the deeper channel (Fig. 13a-13d). During the dry
season, deposition occurred on the mouth bar or in the upstream channel, while erosion
mainly happened in the offshore area and in the downstream part of the channel (Fig.
13a-13d). We need to emphasize that the drastic decrease in sediment load from the
watershed is triggering short-term irreversible erosion in the upstream reaches of the
channel; this erosion is more prominent during periods of high runoff (Yang et al., 2014;
Dai et al., 2018; Mei et al., 2021).

Historically, riverine floods have controlled the geomorphic evolution of the
Yangtze Delta. After the 1954 riverine floods, the Tongsha Shoal was cut by high runoff
and gradually morphed into a bifurcation, creating the North Passage and South Passage
(Yun, 2004). The 1983 extreme floods continued to deeply cut the upstream shoal and
generated the South Jiangya Shoal, the 1998 extreme floods together with the
implementation of the DNCP reconnected the South Jiangya Shoal and Jiuduansha
Shoal, restoring the SP into a single channel (Yun, 2004). Morphodynamic responses
are the natural consequence of large water and sediment fluxes into estuarine deltas.
River floods sometimes accelerate channels migration, such as in the Sittaung River

Estuary, Myanmar (Choi et al., 2020). Nones et al. (2020) modeled hydro-
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morphodynamics in the Po River Delta, Italy, during the 2009 flood, highlighting the

impact on deltaic morphology.

5.4 Implications for the evolution of mega deltas

Extreme riverine floods cause higher water levels, augment sediment transport,
and reduce tidal fluxes in the lower reaches; therefore, whether on a short- or long-term
scale, flood processes inevitably impact the evolution of deltaic systems (Zainescu et
al., 2019; Olliver et al., 2020). Seaward Euler residual transport is driven by high runoff;
the coupling of sediment convergence and landward density-driven flow develops the
MTZ (Hamblin, 1989; Azhikodan and Yokoyama, 2019; Matte et al., 2019). In the SP
the MTZ is partly developed and abundant deposition has favored the growth of a
mouth bar (Fig. 14a).

In the flood season, high bed shear stresses occur and erode riverbed sediment in
inner estuarine channel. This significantly increases SSC and the total sediment load
(Fig. 14b). However, during the dry season the riverine regime weakens, and tidal
forcing and landward directed bed shear stresses increase in the offshore area. As a
result, some sediments are eroded and transported landward toward the mouth bar and
upstream channel (Fig. 14c). Historical satellite images indicate that the SSC in the
inner estuarine channel greatly increased and the sediment plume expanded
downstream after large-scale floods in 1998, 2016 and 2020 (Fig. S10).

In the future, the riverine sediment supply from the Yangtze River will be limited,
the rate of accumulation will be reduced, and strong erosion will occur around the -10
m isobath; all these processes will pose new challenges to delta progradation and
development (Yang et al., 2011; Dai et al., 2014; Zhu et al., 2016). High bed shear stress
caused by extreme riverine floods can suspend more marine sediment in the Yangtze
Delta, these sediment might alleviate the erosion caused by insufficient terrestrial
sources of sediment (Dai et al., 2018; Wang et al., 2020; Yang et al., 2020; Leonardi et
al., 2021). Since the last century, most mega deltas are experiencing erosion and overall

geomorphologic disequilibrium caused by inadequate sediment supply, sea level rise,
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and human disturbances (Syvitski and Saito, 2007; Anthony et al., 2015; Duc Tran et
al., 2018). We urgently need to understand sediment redistribution in tidal reaches and
deltaic distributaries to predict the evolution of deltas in a period of accelerated sea

level rise.

6. Conclusions

Nowadays deltas are threatened by insufficient sediment supply and rising sea
levels. Deltaic hydrodynamics and morphodynamics are dominated by riverine inputs
and tidal forcing. The non-linear feedbacks between these two processes are complex
and regulate the evolution of the system. However, how sediment-poor riverine floods
impact the sediment budgets of mega deltas is not well understood. Herein, we
combined field data and Delft 3D model simulations to study the hydrodynamics and
bathymetry changes in the South Passage, the largest distributary of the Yangtze Delta,
after the 2016 riverine floods. Our main conclusions are the following:

(1) Extreme floods triggered higher water levels, flow velocities and bed shear
stresses along the deep estuarine channel and on the mouth bar, while the magnitude of
hydrodynamic enhancement in the offshore area is limited. At the same time, the
proportion of water discharge flowing into the SP increase during the floods.

(2) During extreme floods, the amplitude of the M2 and M4 tidal constituents of
water level were reduced and enlarged, respectively, resulting in a greater tidal
asymmetry. The Euler residual current thus strengthened and generated faster ebb
velocity and a longer duration of the ebb flow.

(3) During the 2016 extreme floods, the transport capacity of riverine suspended
and eroded bed sediments was significantly increased, therefore, net erosion occurred.
The mean eroded thickness was 19.97 cm in inner estuarine channel and weakened to
12.21 cm and 4.62 cm on the mouth bar and offshore area, respectively.

(4) Hydro-morphodynamics triggered by extreme floods varied as a function of
water depth and in different sub-reaches. From shower shoals to deep channel, the mean

bed shear stress caused by extreme floods increase going from shallow shoals to the
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deep channel, while the mean erosion was the smallest between the -5 m and -6 m
isobath. In addition, local topography (South Jiangya Shoal and crest of mouth bar) also
contributed to erosion-deposition patterns.

The extreme riverine floods of 2016 delivered more sediment to offshore areas.
Under the superimposed pressures from insufficient sediments supply and relative sea

level rise, sediment-poor floods will alleviate erosion in mega fluvial-tidal delta.
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