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River discharge is a controlling factor in estuarine morphological changes;
estuarine topography can be significantly altered even by only one flooding
event. However, the mechanism of morphological changes in mountain-
stream macro-tidal estuaries during wet seasons is not fully understood.
Taking the Yalu River Estuary (YRE), China, as an example, this study aims to
explore the effects of extreme flooding events on estuarine morphology. An
improved Finite Volume Coastal Ocean Model (FVCOM) was applied in the YRE
to reproduce the distribution of bed sediment erosion and deposition during
dry years, normal years, and wet years. Sensitivity tests were conducted to
assess the responses of the estuarine system to river discharge. The influence
of the Yalu River on the magnitude of estuarine bed change was examined.
With an increase in river discharge, the bed thickness in the main estuarine
channel first increased and then decreased after reaching a threshold of 0.4 x
10*m?*/s. Simultaneously, density stratification became stronger with the
increase in runoff. Subsequently, vertical mixing of water was weakened after
a certain threshold, which in turn, enhanced the density stratification and
changed the location of the Estuarine Turbidity Maxima (ETM). In addition,
river effects contributed to nearly half of the bed erosion under 0.6 x 10*m?3/s
(flooding with 50-year return period). The ETM extended and moved
approximately 8 km seaward during flooding events. The West River channel
experienced strong siltation, which was more significant during flood events.
The results of this study demonstrate that estuarine circulation plays a key role
in morphology change. The magnitude of bed thickness erosion can reach 22%
of the total initial thickness during one flooding event. This rapid change is a
threat to the stability of port infrastructures, and actions should be taken to
maintain the safety of coastal construction.
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1 Introduction

Estuaries serve as conjunctions between catchment and
coastal waters, exchanging materials and energy with the two
systems (Barbier et al.,, 2011; Zhu et al., 2017). Morphological
change in estuaries is a key issue in maintaining the balance of this
system, which is controlled by a combination effect of climatic
conditions, fluvial discharges, tides, and human activities (Luan
et al,, 2016; Xie et al., 2018; Ralston et al., 2019). In recent years,
the occurrence of extreme weather has accelerated the
morphological evolution of estuarine regions, with flooding
events caused by extreme rainfall severely impacting estuarine
landscapes. As a result, bed sediments in estuaries experience
rapid changes due to stronger dynamic conditions (Cooper, 2002;
Xie et al., 2018). Even just one strong flood can induce dramatic
changes in the estuarine landscape (Dittmann et al., 2015; Ward
et al., 2018). Therefore, it is of great significance to investigate
estuarine morphological changes under extreme weather and to
analyze the physical mechanism behind this.

Bed sediments in estuaries can be affected by four factors: (1)
upstream river sediment supply, (2) sediment resuspension in
estuaries, (3) estuarine circulation, and (4) tidal asymmetry
(Dyer, 1997; Burchard and Baumert, 1998; Zhu et al., 2021).
First, fluvial sediment supply directly determines the balance of
estuarine sediments, which changes regional sediment erosion
and deposition patterns (Milliman and Meade, 1983; Meade,
1996; Poulenard et al., 2009; Rickson, 2014). Heavy rainfalls and
extreme flood events will substantially increase the river
sediment supply, which alters the estuarine sediment transport
(Croke et al., 2013; Koiter et al., 2013; Bracken et al., 2015).
Resuspension of sediment is influenced by tides, runoff, wind-
driven currents, and waves (Vercruysse et al,, 2017; Andutta
et al., 2019). Irregular runoff during floods affects the sediment
resuspension process by changing the bottom shear stress. This
mechanism can be complex in a macro-tidal estuary due to non-
linear river-tide interactions (Whipple et al., 2018). The third
factor, estuarine circulation, is an important process during wet
seasons, when freshwater flows in a plume on the estuarine
surface toward the sea, while salt water flows landward
underneath. Such circulation, controlled by the density
gradient and gravity, can dominate the estuarine sediment
transport conditions (MacCready and Geyer, 2010; Yang et al.,
2021). The last factor, tidal asymmetry, can influence the tidal
pumping effects and can affect the estuarine total sediment flux
(Dronkers, 1986; Nidzieko, 2010; Becherer et al., 2016). Tidal
asymmetry is caused by a nonlinear process due to the estuarine
geometry, which can be expressed by the difference between
flood and ebb tidal velocities, flood and ebb durations, and leads
to the generation of an M, split tide (Dronkers, 1986; Friedrichs
and Aubrey, 1988; Bolle et al., 2010; Hunt et al., 2015).

As for the morphological process in a macro-tidal estuary,
river—tide interactions play a crucial role (Guo et al., 2014; Luan
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et al., 2016). Furthermore, in a mountain stream estuary, the
river discharge dramatically changes during different seasons.
Limited fluvial sediment supply during dry seasons may lead to a
shift from siltation to erosion of the estuarine bed sediments,
while large runoff during wet seasons can alter this system again
inside just 1 year (Lu et al., 2011; Luan et al,, 2017; Dai et al,,
2018; Xie et al.,, 2021). Although a remarkable contribution has
been made by previous studies on estuarine morphological
research, the morphological change mechanism in a macro-
tidal estuary during flooding events has not been fully
understood, as most previous studies adopted one- or two-
dimensional long-term morphological models without
baroclinic effects.

The Yalu River Estuary (YRE), located at the border of China
and North Korea, is a typical mountain stream estuary with
strong tidal actions. There is a strong seasonal fluctuation in the
discharge of the Yalu River, and the catchment has experienced
numerous flooding events over the past 60 years (Gao et al,
2012). In addition, with its funnel shape and flared shorelines,
the sedimentation process in this area is quite complex. Previous
studies concluded that the main factor affecting sediment
transport in this area is local sediment resuspension, and
changes in the estuarine geometry due to land reclamation
have enhanced this resuspension process due to stronger tidal
choking effects (Cheng et al., 2020; Yang et al., 2021). However,
the effects of river discharge on the sedimentation process in the
YRE, especially during flood events, remain unknown.

Therefore, taking the YRE as an example, this study aims to
investigate the mechanism of estuarine morphological change
during flooding events. The specific research objectives are as
follows: (1) to explore the estuarine bed thickness changes in the
YRE due to runoff variation using a three-dimensional (3D)
hydro-sediment baroclinic coastal model, (2) to understand the
response mechanism of the estuarine morphology to different
river discharges in the YRE, and (3) to study the impact of an
extreme flood event on the estuarine morphology. This study
helps to further analyze the physical mechanism of estuarine
morphology change in macro-tidal estuaries during extreme
weather events. It also provides a theoretical basis for
maintaining port engineering and disaster prevention plans in
coastal areas.

2 Study area

This study takes the YRE as the study area (Figure 1). The
Yalu River is the border river between China and North Korea.
The average annual runoff of the Yalu River is 2.32 x 10'® m?,
and the average annual precipitation in the basin is 1,020 mm,
with 33% of the annual runoff occurring during the flood season
from July to August (Gao et al.,, 2012). The YRE is a shallow
mountain stream estuary with a large tidal range of up to 6.7 m.
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FIGURE 1

(A, B) Location of the Yalu River basin and the Yalu River Estuary (YRE). (C) Location of data sampling sites in the YRE. The red stars indicate the
sites of the collected column sediments, YLJ_02 and YLJ_03 are hydrodynamic observation stations, the red dots are the hydrological stations,

and section A is the selected along-channel section.

The sediments here are mostly fine, with a median particle size
of 0.2 mm, which can be easily moved by local dynamics. As a
turbid estuary, the Estuarine Turbidity Maxima (ETM) in the
YRE is strong over most of the year, and the overall
morphological stability is relatively weak. The YRE is divided
into the west and east channels; the main water channel—called
the Middle River—with a submerged sandbar downstream is in
the center of the estuary (Cheng et al., 2019; Cheng et al., 2020).

In August 2010, the Yalu River basin experienced a severe
flooding event (recurring every 50 years) caused by subtropical
high pressure. Intense rainfall reached the catchment on 19
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August 2010, resulting in a peak discharge of 12,800 m’/s at
Huanggou hydrological station.

3 Data and methods

3.1 Field measurements and
hydrological data

The in situ hydrodynamic observations (including water
level, velocity, flow direction, turbidity, and salinity) in the
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YRE during August 2009 at YLJ-02 (124.3028°E, 39.9203°N) and
YLJ-03 (124.278°E, 39.8396°N) were used in this study.
Continuous observations were performed at these two sites for
25 h during the spring and neap tide, respectively (Figure 1C).
Flow velocity and direction data were obtained using an
Acoustic Doppler Current Profiler fixed at 0.1 m from the
bottom of the vessel (the acoustic frequency was set at 1,200
kHz and the flow velocity resolution was 0.001 m/s). Suspended
sediment concentration (SSC) was obtained from on-site
sampling. We used the YSI6600 multi-parameter water quality
detector for turbidity measurements and transformed turbidity
into SSC according to the relationship between the two (Cheng
et al,, 2016). Bed sediment column samples were collected from
19 sites around the estuary in 2010 and 2014, and the
accumulation rates of the bottom sediments were obtained
from the chronological results (Cheng et al., 2019).

This study also analyzed the runoff and sediment discharge
data of the Yalu River from 1958 to 2017 (daily data for 2009-
2017; annual data for 1958-2008) recorded at the Huanggou and
Lishugou hydrological stations (Figure 1C). According to
anomalies in the river discharge data, years were classified into
three categories: dry years, normal years, and wet years
(Figure 2A). The classification method is as follows:

pP= Flux,~FluX syerage

«100% (1)

Fluxyerage

where P is the average anomaly level given in percentage,
Flux,, is the total runoft for one year, and Flux,yerqg. is the multi-

10.3389/fmars.2022.1112494

year averaged total runoff. When P< —20%, the year is classified
as a dry year; when —20%< P< 20%, the year is classified as a
normal year; and when 20%< P, the year is classified as a
wet year.

We took the average flow rate (1,000 m’/s) during the wet
season in 2015 (dry year) as a representative runoff value for dry
years, 2,000 m>/s in 2011 (normal year) for normal years, and
4,000 m®/s in 2013 for wet years. Furthermore, a value of 6,000
m?/s was taken as the average runoff rate for a typical flooding
event in this area (Table 1). Meanwhile, the hourly hydrological
data from July-September 2010 was used to study the
sedimentation change during the 50-year flood event (extreme
flooding event) in the YRE (Figure 2B).

3.2 Satellite -derived bathymetry

To improve the accuracy of coastal model results, this study
adopted satellite-derived bathymetry (SDB) and coastlines with
high resolution. Images and band reflectance from the satellites
Landsat 7 ETM+ (Enhanced Thematic Mapper), Landsat 8 OLI
(Operational Land Imager), and TIRS (Thermal Infrared Sensor)
were used to calculate the estuarine geometry with a resolution
of 30 m. In this study, the shoreline of the YRE was extracted
using ArcGIS from satellite images taken by Landsat 7 in July
2009, and the bathymetry was obtained from the reflectance of
Landsat 8 in August 2013.
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(A) Distribution and classification of total annual runoff (1958-2017). (B) Daily runoff of the Yalu River during extreme flooding events in 2010.

*represents the total runoff in each year.
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TABLE 1 List of year classification according to runoff.

Types of year Runoff (m3/s) P (%)
Dry year ‘ 1,000 P< -20%
Normal year ‘ 2,000 ~20%< P< 20%
Wet year ‘ 4,000 P >20%
Flooding events ‘ 6,000 P> 100%
The band ratio model, a commonly used SDB method, is streambed, 7, is the bottom shear stress, and 7; is the critical
adopted in this study. As the depth of shallow water increases (H shear stress of material i at the bottom (Ge et al., 2020).

< 15 m), the ratio of the blue reflectance band to the green
reflectance band increases (Philpot, 1989) (Traganos et al.,
2018). In this study, the band ratio model (Eq. 2) was used to
obtain the water depth of the study area based on the

3.3.2 Model configuration
The model domain (Figure 3) in this study covers the entire
YRE (longitude: 123.83°E-124.60°E, latitude: 39.50°N-40.00°N).

corresponding band reflectance obtained from Landsat 8
The model grid was created using the surface water modeling

(Stumpf et al., 2003). By relating the band ratios to the water

depth and deriving the logarithmic relationship between them, system. The maximum grid size is approximately 1,500 m at the

an SDB equation for coastal estuaries can be established by open boundary and the minimum grid size is approximately

means of linear regression. It can be expressed as follows: 50 m along the coast (Table 2). The model uses coastline data

from Landsat 7 and bathymetry data combined with navigation

H=m, % —m, Q) charts and SDB from Landsat 8. Vertically, the model consists of

" 20 sigma layers each with the same thickness.
where H is the actual water depth, R is the green band The external forces contained in the model include the
reflectance, R,; is the blue band reflectance, 7 is a positive integer following: wind speed and pressure data, obtained from the
(usually taken as n = 1,000), and m; and m, are constants National Centers for Environmental Prediction Climate Forecast
derived from the linear regression fit. System, version 2; initial temperature and salt field from the hybrid

coordinate ocean model; surface atmospheric pressure data, long-
33N ical si lati wave radiation, short-wave radiation, relative humidity, and surface
) umericat simutations temperature, provided by the National Center For Atmospheric
Research (NCAR). The tidal elevations at the open boundary are
derived from global tidal model TPXO?7.2, and include four diurnal
components (K1, QI, P1, and O1), four semi-diurnal components
(M2, S2, N2, and K2), three shallow water components (M4, MS4,
and MN4), and two long-period components (MF and MM). River

inputs consist of daily observations made at the Huanggou and

3.3.1 Model description

In this study, a 3D hydro-sediment baroclinic model is
established for the YRE using the Finite Volume Coastal
Ocean Model (FVCOM). The FVCOM is a coastal model
based on unstructured grid, finite volume method, free surface,
and 3D primitive equations. The unstru?tur.ed g“d can Lishugou hydrological stations, including the daily runoft and
reproduce the complex topography better, which is suitable for
this study (Chen et al., 2011; Ge et al., 2020).

The sediment transport module chosen in this study is the

suspended sediments. The maximum wave height in the YRE
rarely exceeds 1 m, with limited effects on the sedimentation

d with the 1 ff and st tides;
Community Sediment Transport Modeling System developed by process compared wi € arge TUnOR anc stong Hdes

the US Geological Survey using the FVCOM. At the bed surface,
the sedimentation flux is determined by the amount of

therefore, wave action is not included in the model.
In this study, seven experiments were designed according to
the classification described in “Section 3.1” (Table 3). Only the

deposition versus erosion: . . . .
river forcing was set to be changed in these experiments. Case 0

K, aa_(;,- =E,~D; z=( 3) was for the observation period in 2009, which was used to verify

the model accuracy. Cases 1 to 4 had different runoff rates: 0.1 x

The bed surface erosion rate is calculated using the following 10* m?/s (dry year), 0.2 x 10* m%/s (normal year), 0.4 x 10* m®/s
equation: (wet year), and 0.6 x 10* m%/s (extreme flood events). Other
settings were the same as for case 0. Case 5 used the real hourly

E;=AtQ;(1-P,) Fy; (? —1) (4) runoft during the extreme flooding event of 2010 as input. For the

“ sediment load, cases 1 to 5 used the same total constant sediment

where Q; is the erosion flux, P, is the degree of bottom-bed load (10 kg/s) to investigate the effect of water discharge on
laxity, Fp; is the fraction of sediment i deposited in the estuarine morphology, neglecting the influence of increasing
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FIGURE 3
Grids of the model domain for (A) overall, (B) estuary area, and (C) enlarged view of the estuarine bathymetry.
TABLE 2 Key parameters of the model configuration.
Model parameters Method/value
Model external time step 05s

Settling velocity

Critical bottom stress for erosion

Critical bottom stress for deposition

1.25 x 10 *m/s
0.08 N/m’

0.08 N/m?

Number of mesh nodes and elements

28,537 (nodes), 55,527 (elements)

TABLE 3 Experiment descriptions.

Experiment

Description

Identical to case 5 but with real suspended sediment concentration load during flooding events

Case 0 Forced by tidal currents, salinity, wind, air pressure, heat flux, real river discharge, and sediment load from July to September 2009

Case 1 Identical to case 0 but with constant river discharge (1,000 m?>/s) and fixed suspended sediment concentration load (constant with 10 kg/s)
Case 2 Identical to case 1 but with constant river discharge (2,000 m?/s)

Case 3 Identical to case 1 but with constant river discharge (4,000 m>/s)

Case 4 Identical to case 1 but with constant river discharge (6,000 m°?/s)

Case 5 Identical to case 1 but with real river discharge during flooding events

Case 6

Frontiers in Marine Science
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sediment load. Case 6 used both real runoff and sediment load
during extreme flooding in 2010. All seven experiments were
calculated from July 1 2009 to September 30 2009, covering the
wet season of the basin for a total of 92 days, and all cases had a
15-day warm-up period. The sediment parameters of the bed
sediments were set as listed Table 4, and included two types of
cohesive sediments and one type of non-cohesive sediment. The
initial bottom bed thickness was 2 m, with a 1-m depth of fine
sediments on the top and a 1-m depth of coarse sediments below.

3.4 Mechanism analysis methods

3.4.1 Richardson number
In order to better investigate the vertical mixing variation

pattern in the estuary, the Richardson number (R;), which is a

dimensionless number indicating the ratio of the buoyancy term

to the flow shear term, was calculated in this study:

9p

R.= Buoyancy term _ g 57

i~ Flow shear term ~ p (%)2
z

()

When considering flows with small differences in density
(Boussinesq approximation), it is common to use the simplified

gravity g .

, %
R; =8 (5)2 (6)
0z
'_818Pa_ & %)
P Paverage

where R; is the Richardson coefficient, g is the acceleration of
gravity, p is the density of the water, z is the depth, u is the flow
velocity, p, is the density gradient, and puyerqge is the average
density. When the Richardson number is less than 2.5, the
buoyancy term is smaller than the vertical flow shear term,
and the fluid presents a mixed state; when the Richardson
number is greater than 2.5, the buoyancy term dominates, and
the water presents a stratification phenomenon (Grachev et al.,
2013). The Richardson number is a criterion for vertical mixing

TABLE 4 Key parameters of the sediment model.

Types of sediment

10.3389/fmars.2022.1112494

and stratification, which captures the subtle changes in fluids at
different times (Galperin et al., 2007).

3.4.2 Tidal skewness

Tidal asymmetry in the estuary mainly originates from the
interaction between the M, component and the M, component,
and the tidal pumping effect caused by tidal asymmetry affects
the sediment transport state in the estuary (Brown and Davies,
2010). Therefore, we calculated the tidal skewness to explore its
impact on sedimentation in the YRE (Nidzieko, 2010; Song et al.,
2011):

y1=3ap, ap, sin(20p,-@p,)

3
2
[; (af)l +4af,2)]

where 7, is the tidal skewness, ap, is the M, amplitude, ap, is

(@)

the M, amplitude, @p, is the phase of the M, component, and
O@p, is the phase of the M, component. When %< 0, the estuary is
dominated by ebb tide (ebb dominance); when ¥ > 0, the estuary
is dominated by flood tide (flood dominance).

3.4.3 Decomposition of sediment flux

To investigate the effect of residual flow on sediment
transport during flooding events, we decomposed the residual
flow as follows:

/0 Usdt/T:/o [t (%) +u5(x) cos(wt—kx)+u,(x) cos(2wt—2kx+D)]* ©)

a7 =05 +5035) [ ) +ac ()] ()
) a4 ()] (et () os(2)

where u, is the residual flow velocity, u, and u, are the
amplitudes of M, and My, respectively, and @ is the difference
between two times the M, phase and the M, phase. Residual
transport is mainly composed of four contributing terms. The
first term in the equation is the net transport effect of the
Eulerian residual flow, here called Eulerian net transport
(ENT), and the second and third terms represent the
interactions between the Eulerian residual flow and tides,
which have the same direction as the Eulerian residual flow,

Median sediment grain diameter (mm) 0.015
Sediment grain density (kg/m’) 2,750
Particle settling velocity (mm/s) 0.15
Surface erosion rate (kg/mzls) 5.0 x 107°
Critical shear for erosion (N/m?) 0.20
Critical shear for deposition (N/m?) 0.05
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0.025 0.150
2,700 2,450
0.25 0.50

5.0 x 107 1.0 x 107
0.20 0.25
0.10 0.15
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here called Eulerian induced asymmetry (EIA). The fourth term
is caused by the interaction between the M, and M, tides and
reflects the tidally induced asymmetry (TIA), whose direction is
determined by the relative phase difference between M, and M,.

4 Results and discussion

4.1 Model validation

For model validation, we compared the model results of case 0
with the measured data at YLJ-02 and YLJ-03 stations for water
elevation, current speed, current direction, salinity, and SSC. The
correlation coefficient (R) and the root mean square error (RMSE)
between the two datasets were also calculated (Table 5). The
validation results showed that the model successfully reproduced
the hydrodynamic conditions and sediment transport in the YRE
(Figure 4); it is thus reliable to be used to investigate changes in
hydrodynamics and bottom sediments during wet seasons.

We obtained the sediment accumulation rate from 19
collected column samples around the estuary (Figure 1C) and
plotted the distribution of sedimentation rate in the YRE using
Kriging interpolation (Figure 5A). A comparison was made
between these results and the modeled bed thickness change
over 3 months (Figure 5B). For the distribution pattern, the
overall similarity between the model results and the sampled
results is 80%, indicating that the model can generally capture the
patterns of erosion and siltation of bottom sediments in the YRE.
However, large differences are observed in the magnitude between
the two two methods, especially near the top of Chouduan Island.
This is because fewer sampling sites are present there (Figure 5).

4.2 Changes in bed thickness and
estuarine morphology

Figure 6 shows the response of bed thickness to different
runoff conditions in the YRE during the wet season (July to
September). The results show that the bottom sediments are
strongly eroded in the upper part of the main channel (39.9°N-
40.05°N) in dry and normal years. A sand bar is formed between

TABLE 5 Model validation results (R and RMSE).

10.3389/fmars.2022.1112494

39.83°N and 39.93°N, which is highly consistent with field
observation and previous studies (Gao et al.,, 2012).

During dry and normal years (runoft< 2,000 m’/s), sediments
from the upper estuary are transported seaward with runoff, and
those from the lower estuary are transported landward with the
tide. The net transport of those two groups of sediments determines
the location of the sand bar. The sand bar center moves seaward,
with a higher peak when the runoff increases. During wet years
(4,000 m?/ s), the increased runoffleads to stronger scouring, which
hinders the formation of the sand bar and sediments accumulate
further south. However, the sand bar does not move further south
when the runoff continues to increase. During the flood event
(6,000 m’/s), the even larger velocity generates extremely large
bottom shear stress, resulting in a stronger resuspension of bottom
sediments in the upper estuary, which leaves the location of the
sand bar unchanged. The tidal limit in the YRE is generally at
Douliupu; the range of runoff influence (see Figure 6B, where the
variation is shown to be close to 0) is 12 km south of the tidal limit
during dry years, 13 km during normal years, and 14.5 and 17 km
during wet years and flood events, respectively.

Figure 7 shows the distribution of the morphological change in
the YRE after 3 months under different runoff conditions. During
dry and normal years (Figures 7A, B), large amounts of sediment
silt in the southwest area, close to Xia Island. During wet years and
flood events (Figures 7C, D), high flow rates allow the sediment to
be transported further south in the estuary. The southwest area near
Xia Island shifts from siltation to erosion after the runoff exceeds
4,000 m’/s. As the tidal direction of the YRE is southwest-
northeast, some sediments accumulate on the west side of
Chaolong and Westlake Islands for all experiments. However,
this patch of accumulated sediments becomes weaker during
flood events (Figure 7D), possibly due to the stronger flow
velocity that washes large amounts of sediments from this area to
the south.

In general, the bed thickness in the YRE exhibits an erosion
pattern during wet years and siltation in dry years. The runoff
threshold for this change from siltation to erosion is
approximately 4,000 m?/s. After reaching the threshold, the
runoff dominates the bottom sediment distribution in the
YRE, indicating a delicate balance in the estuarine
morphology, which can be easily damaged by flooding events.

Y02_Neap Y02_Spring Y03_Neap Y03_Spring
RMSE RMSE RMSE RMSE
Elevation (m) 0.97 0.45 0.97 0.35 0.97 0.35 0.98 0.40
Direction (°) 0.99 17.73 0.86 47.57 0.98 20.94 0.96 2039
Current (m/s) 0.91 0.12 0.87 0.17 0.91 0.18 0.87 0.18
Salinity (%o) 0.90 0.36 0.93 0.97 0.97 1.50 0.98 1.01
SSC (mg/l) 0.75 80 0.61 141 0.68 109 0.96 122
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Comparison of depth-averaged (A—D) water elevation, (E-H) along-channel velocity, (I-L) direction, (M—P) salinity, and (Q-T) suspended sediment
concentration between the model results and the field observations in August 2009 at stations YO2 and Y03 during spring and neap tides. * represents

the measured data.

4.3 Mechanisms of the estuarine
morphological change during

wet seasons

The maximum flow velocities in the YRE occur between
39.95°N and 40°N under different runoff conditions. This is
mainly due to the rapid convergence of the estuary width at this

location, which leads to tidal wave breaking and stronger
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instability, increasing the local tidal energy and current

velocity. The increasing runoff enhances ebb currents, while

there is a significant decrease in flood currents during wet years.

The ebb tide velocity is on average 1 m/s greater than the flood

tide (Figure 8A); however, the degree of this discrepancy is

greatly influenced by the runoff condition (Figure 8B).

The bottom shear stress along the main stream section

shows the same pattern as the current velocity, with the
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FIGURE 5

Comparison of (A) Kriging interpolation of the sediment accumulation rate from the collected sediment columns. (B) Modeled bed thickness change.

maximum shear stress located between 39.95°N and 40°N
(Figure 9A). However, a stronger ebb current velocity induces
a larger bottom shear stress, and the maximum ratio of the ebb/
flood shear stress occurs from 38.85°N to 39.90°N (Figure 9B).
The river-induced uneven pattern in bottom stress ranges south
to 39.8°N, generally corresponding to the location of the
entrance sand bar. As the runoff increases, the ratio gradually
increases, indicating that the bottom shear stress at ebb is greater
than that at flood. This could result in larger amounts of
sediments moving southerly from land to sea, while such a
transport pattern would be hindered at 39.8°N. This seaward
asymmetry becomes significantly stronger during larger runoff

-4.00

(blue line in Figure 9B). This indicates that the shape of the
entrance sand bar cannot be maintained during wet years or
flood events. The decreased ebb/flood bottom stress ratio after
39.8°N is caused by the sudden decrease in the ebb bottom
stress, as the area is out of the range of the river runoff influence.
This range can expand south to the sea when the river
runoff increases.

In summary, during wet years and flood events, larger runoff
causes stronger erosion in the inner estuary, while landward flow
in the outer estuary is weakened, resulting in intensive erosion in
the estuary. 4.4 Baroclinic effects on estuarine sedimentation
during flooding events
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Modeled bed thickness along the main stream section: (A) total depth
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Modeled bed thickness variation: (A) dry year (1,000 m®/s), (B) normal year (2,000 m®/s), (C) wet year (4,000 m>/s), and (D) flooding

events (6,000 m>/s).

4.4 Baroclinic effects on estuarine
sedimentation during flooding events

The model results show that the maximum extent of
saltwater intrusion into the YRE is located at approximately
39.9°N during dry and normal years. As runoff increases, the
salinity front continues to move seaward (Figures 10A-D). It is
noteworthy that vertical stratification becomes significantly
stronger when the runoff reaches 6,000 m?/s. This change in
vertical structure does not change the location of ETM in the
main stream. It is caused by the unique geometry of the YRE;
large amounts of sediments are accumulated at the river-estuary
junction around Douliupu, providing an almost infinite supply
for resuspension here. As a result, vertical stratification has a
limited effect on the location of this high SSC patch, but it greatly
reduces the magnitude of its peak value (Figures 10E, F). With
larger runoff, the sediments accumulate slightly further south-
center, while resuspension is hindered (Figures 10G, H). The
time series of the Richardson number in the vertical water
column at the center of the estuary at 39.7°N shows that the
estuary forms a strong mixing at flood tide and stratification at
ebb tide. Vertical mixing is more intense during spring tide than
during neap tide (Figure 11). With the increase of runoff, this
stronger mixing during neap tide significantly weakens. Overall,
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baroclinic effects in the YRE are not dominant factors during dry
and normal years; however, they have a significantly larger
impact on vertical mixing during flooding events. Previous
studies have shown that the YRE is mostly well-mixed due to
its shallow water depth and strong currents. These results
indicate that the YRE is not always well-mixed, and that
vertical circulation needs to be considered in estuarine
morphology research.

4.5 Changes in tidal asymmetry and
Eulerian residual flow

The tidal skewness at the center of the ETM under different
runoff conditions is shown in Figure 12. There is a slight
decrease in the amplitude of the M, and M, components with
increasing runoff. The tidal skewness remains positive,
indicating that the tidal asymmetry is still flood dominant.

However, the degree of this flood dominance decreased.
Here, flood dominance does not necessarily mean that the net
sediment transport is landward, as other factors also contribute
to the net sediment transport, such as Stokes drift, Lagrange
asymmetry, and Eulerian asymmetry (Brown and Davies, 2010).
Stokes drift exists under traveling tidal wave conditions when
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there is a phase advance/lag between amplitude and current
flow. Stokes drift may produce a net seaward sediment flux with
a limited magnitude (Stokes, 1847). The Lagrange and Eulerian
asymmetries in estuaries can generate a larger net transport flux
than Stokes drift. Lagrange asymmetry controls the transport of
finer sediments by influencing the settling time and the
resuspension process (Friedrichs, 2012), while Eulerian
asymmetry controls the variation in bottom shear stress by
influencing the current speed at flood and ebb times
(Dronkers, 1986; Friedrichs and Aubrey, 1988; Van Maren and
Winterwerp, 2013).

To further analyze the impact of runoff on these factors, the
Eulerian residual flow from model results is decomposed using
Eq. 9. It is decomposed into ENT, EIA, and TIA, as described in
“Section 3.4.3” (Figure 13). As total sediment transport is
proportional to residual flow, it can be better understood by
decomposing the residual flow (Van de Kreeke and
Robaczewska, 1993; Dronkers, 2005; Guo et al., 2014). The
results show that the ENT has a small effect on sediment
transport; it only changes the transport during wet years
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(4,000 m®/s) and flood events (6,000 m>/s). However, the EIA,
which is caused by the interaction between the Eulerian residual
flow and tides, appears to have a more significant impact on
sediment transport. The EIA term is markedly larger than the
TIA term during all experiments. The increase in river flow
mainly leads to a gradual increase in the ENT and EIA. When
runoff reaches a certain level, the total value of ENT and EIA will
exceed TIA. This means that the direction of net sediment
transport may shift from landward to seaward during flooding
events. This explains why the tidal skewness of the Yalu River
estuary is positive (flood dominant), but the net sediment
transport is mostly seaward during wet seasons (Figure 13).

As runoff continues to increase, the seaward transport peak
becomes increasingly stronger. Furthermore, the total transport
direction completely shifts at 39.83°N, and this turning point
corresponds with the sand bar location as discussed above and
shown in Figure 6. This turning point is located in the upper
portion of the estuary during dry and normal years and is then
pushed to approximately 39.8°N during flooding events, with the
sand bar moving seaward and a significantly reduced thickness.
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(A) Maximum shear stress at flood (solid lines) and at ebb (dash lines) in cases 1 to 4. (B) Ratio of the maximum shear stress at flood and ebb.
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In conclusion, the impact of the EIA term becomes 4.6 Morphological change under an
increasingly dominant with the increase of runoff. This can extreme flooding event
explain the stronger erosion pattern during wet years as
described in “Section 4.2” since a larger EIA contributes to a The fixed runoff used in the model can provide a theoretical
stronger net seaward sediment transport. basis for investigating the mechanism behind the estuarine
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Tidal residual transport decomposition along the main stream section: (A) 1,000 m*/s, (B) 2,000 m>/s, (C) 4,000 m®/s, and (D) 6,000 m®/s.

morphological change, but this is not representative enough for
understanding the conditions during extreme flooding events.
Therefore, we simulated the impact of an extreme flooding event
on estuarine morphology using real runoff data for the Yalu
River recorded at the two hydrological stations in 2010
(Figure 2B). Flooding events often exhibit distinct flood peaks;
therefore, we studied the results at four moments: the initial
morphological pattern (07/01), before the flood event (08/01),
after the flood event (09/15), and 15 days after the flood event
(09/30) (Figure 14) and systematically analyzed the impact of the
flood process on the estuarine morphological change.
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During the period before the flood event (07/01 to 08/01),
the average runoff of the Yalu River basin is 1,070 m*/s. A sand
bar is formed between 39.85°N and 39.9°N (Figure 14A). During
the flood event period (08/01-09/15), the average runoff in the
Yalu River basin is 6,028 m*/s. This sand bar is strongly scoured
during flood events; large amounts of sediments are washed
further south and settle between 39.8°N and 39.9°N. At 15 days
after the flood event (09/30), the average runoff in the Yalu River
basin during this period decreases to 2,124 m?/s. The sediments
previously deposited in the south gradually move back to an
upper location, forming a new sand bar with time. In addition,
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FIGURE 14

Changes in bottom bed thickness during the extreme flooding event: (A, C) total bottom topography before and after the flooding and (B, D)
changes in bottom bed thickness. The solid lines are the results obtained using a fixed sediment load (10 kg/s), while the dashed lines are the

results obtained under a real sediment load.

the strong flush caused by the extreme flooding increase the
depth of the main stream channel from 39.9°N to 40°N, which is
another dramatic change in estuarine morphology after the
flooding. When the runoff returns back to normal levels
during normal years, the bottom shear stress decreases, leading
to a change in the sediment transport pattern. The newly formed
sand bar has a different shape than before the flood event. This
indicates that the estuarine morphology can be considerably
changed after only one extreme flooding event (Figures 14A, B).
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The results of bed thickness change under real runoff and
sediment load, i.e., case 6, are shown in Figures 14C, D and
Figure 15. A comparison is made between cases 6 and 5
(identical to case 6 but with a fixed sediment load). For the
distribution of bed thickness change under real conditions
(Figures 15D-F), before the flooding, the runoff rate is
approximately the average rate during dry years with limited
sediments. Therefore, this does not significantly influence bed
thickness. During the flooding event, the substantially higher
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Horizontal distribution of estuarine bed thickness change after the extreme flooding event: (A—C) under a fixed sediment load (10 kg/s), (D—F)
under a real sediment load, and the (G-1) difference between the above rows. The left column shows the results on 1 August 2009 (before the
flooding), the middle column the results on 15 September 2009 (after the flooding), and the right column the results on 30 September 2009 (15

days after the flooding).

runoff enhances erosion in the main stream. Despite the fact that
the sediment load is also large, it does not change the erosion
pattern in the main stream; however, more sediments are deposited
in the southeast area of the estuary. This pattern of morphological
change remains almost the same 15 days after the flooding.

Comparing the pattern with a fixed sediment load
(Figures 15A-C), the bed thickness does not drastically change
under real sediment load conditions. Sediment supply from the river
has always been a key factor controlling estuarine morphology;
however, it does not appear to have an obvious impact in the YRE.
The reason for this is that the Yalu River is generally a clear river,
containing limited amounts of sediments. Thus, the fluvial sediment
supply does not considerably alter the morphology pattern here, but
the impact of runoff volume is significant (Figures 15G-I).

In summary, the results show that, prior to the flood event,
most of the sediments in the YRE were silted at the south area
close to Xia Island (Figures 15D-F). This could block the water
channel between the West and Middle Rivers, decreasing water
exchange between them. Such a process will, in turn, enhance
siltation in the West River and further weaken its dynamics. This
pattern did not change after extreme flooding, indicating that the
West River may always experience siltation even upon flushing
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by a significantly large runoff. Thus, natural conditions cannot
change its siltation; human activities, including dredging, should
be carried out to maintain the water depth in the West River.
Otherwise, it may eventually become a tidal creek.

5 Conclusion

Taking the YRE as an example, this study investigates the
mechanism of morphological changes in a macro-tidal estuary
during extreme flooding events. A 3D hydro-sediment baroclinic
coastal model was established for the study area using FVCOM, and
adequate measurements from field surveys and hydrological
stations were analyzed to interpret the sedimentation process in a
typical mountain stream estuary. This study provides a systematic
analysis of the impacts of hydrodynamic conditions, vertical
circulation, and tidal asymmetry on the sedimentation process in
such estuaries.

The model results show that the sediment bed thickness in the
YRE is very sensitive to changes in river discharge. An entrance
sand bar is formed during dry and normal years, while it moves
seaward, with a larger thickness, during wet years. During flooding
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events in wet years, the greatly enhanced velocity in the main
estuarine channel will flush the bottom sediments to the south,
which in turn ease severe siltation in the west channel near
Chouduan Island. The runoff threshold required to shift this
siltation into erosion is approximately 4,000 m/s. For normal
and dry years with lower runoff, the sediments mainly silt in the
area between Xia Island and the West River, threatening water
exchange through the West River, which may eventually completely
block the channel between the West River and the Middle River.
Changes in hydrodynamics caused by river discharge change can be
described by four aspects: (1) current velocity increases for both
flood and ebb during wet seasons, with the ebb tide enhanced more;
(2) increased river discharge substantially enhances the seaward
residual flow; (3) the large amount of freshwater pushes the
estuarine salinity front further south, and (4) larger runoft causes
stronger mixing in the estuary at flood tide and stronger
stratification at ebb tide. Three main factors control the estuarine
morphological change in the YRE: (1) stronger resuspension of the
bottom sediments caused by larger shear stress during flooding
events; (2) the interaction between runoff and tides contributes to
Euler residual flow, which then has a greater impact on the net
sediment transport than the tidal pumping effect (dominant when
river discharge is limited), resulting in different sediment transport
patterns; and (3) baroclinic effects in the YRE only affect a limited
region during normal years, but have a stronger impact during
flooding events, resulting in a larger sediment deposition in the
southern part of the estuary.

As the YRE is a typical mountain stream macro-tidal
estuary, with shallow water depths, the results of this study
can be applied to other similar estuaries. Although this type of
area is usually considered to be well mixed vertically, this study
indicates that the vertical circulation structure must be
considered for morphology studies in a macro-tidal estuary,
especially during flooding events.
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