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ARTICLE INFO ABSTRACT

Keywords: Strong hydrodynamic forces generated by storms are key in shaping coastal tidal flats. Most tidal flats achieve

Storr'n equilibrium by adapting to hydrodynamic conditions and sediment inputs. However, high-energy wave activity

Erosion during storms disrupts this equilibrium, causing rapid and significant changes, particularly in tidal flats, espe-

;iz(r):teifi};l flat cially in microtidal flats, which are characterized by low tidal ranges. In this study, we conducted an 11-d field

Coastal protection campaign on a microtidal flat in the Yellow River Delta (YRD), capturing data during both stormy and calm
weather conditions. We measured tidal currents, wave activity, suspended sediment concentrations and sediment
grain sizes. The results demonstrated that the tidal flat maintained equilibrium under calm conditions, with
minimal fluctuations in bed level (within +2 mm). Contrastingly, severe erosion and sediment removal during
the storm significantly altered the equilibrium of the area. The storm-induced high shear stresses, ranging from
1.02 to 1.48 N/m?, along with alongshore sediment transport, resulted in an elevation change of —10 mm.
Furthermore, the subsequent bed level recovery was minimal and insufficient to offset the erosion. Compared to
that of the mesotidal and macrotidal flats, post-storm recovery on microtidal flats was limited due to shorter
inundation periods and weaker hydrodynamic forces. Therefore, frequent storms may lead to continuous
shoreline retreat on microtidal coasts. Conclusively, the present findings underscore the significant impact of
storm-induced erosion on the evolutionary processes of microtidal flats and suggest that greater attention should
be given to protecting these areas during storms in the Yellow River Delta. The insights can guide the devel-
opment of more effective coastal protection strategies, highlighting the need for enhanced measures to mitigate
erosion and promote resilience in microtidal regions.

1. Introduction

Tidal flats are frontier zones of land-sea interaction and serve as
extensive habitats for a diverse array of invertebrates, fish, and birds,
rendering them among the most valuable yet vulnerable ecosystems
globally (Tognin et al., 2021). These coastal areas are increasingly
subject to erosion and retreat due to factors, such as land reclamation,
sea-level rise, diminished riverine sediment supply, and storm events
(Kirwan and Megonigal, 2013; Leonardi et al., 2016). High-energy
storms significantly alter tidal flat morphology, inducing morpholog-
ical changes that can be 10-100 times greater than those observed under
calm weather conditions (Leonardi et al., 2018). As climate change
progresses, the frequency of extreme storms, particularly in the Pacific
Northwest, is expected to rise sharply (Bacmeister et al., 2018), under-
scoring the significance of understanding tidal flat morphodynamics
during such events for effective coastal defense.

Although numerous studies explored the impact of storms on the
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evolution of tidal flats, their findings have been inconsistent. Storms
often cause substantial erosion, as bed shear stresses during these events
exceed the critical shear stress for tidal flats, leading to significant
erosion in a short period (van der Wegen et al., 2017; Xie et al., 2017;
Yang et al., 2003). Contrastingly, the post-storm phase witnesses rapid
recovery in certain cases, with sediment redeposition and elevation
returning to pre-storm levels, particularly on mesotidal and macrotidal
flats (Xie et al.,, 2017; Yang et al., 2003). Additionally, storms can
resuspend sediment in adjacent seas, enhancing sediment supply to the
intertidal zone and facilitating deposition on tidal flats (McKee and
Cherry, 2009; Tognin et al., 2021; Xie et al., 2021). The morphological
changes resulting from storms typically range from centimeters to
decimeters (Fan et al., 2006; Siadatmousavi and Jose, 2015; Yang et al.,
2003). However, the response of tidal flats to storms varies depending
on factors, such as storms intensity, bed surface properties, and local
environment. Earlier research predominantly focused on mesotidal and
macrotidal flats, with insufficient comprehensive analysis of the
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combined effects of hydro-sedimentary dynamics and erosion intensity
during storms on microtidal flats, which generally experience weaker
hydrodynamics and shorter flooding durations than that in mesotidal
and macrotidal flats (Christie et al., 2000; de Vet et al., 2020; Xie et al.,
2017; Yang et al., 2003).

The majority of tidal flats in the Yellow River Delta (YRD) are situ-
ated in a microtidal environment, with a tidal range of less than 1.2 m.
Prior research indicated that since 1996, the southern coastal region of
the YRD has been experiencing ongoing erosion (Wang, 2019; Zhang
et al., 2018). Nonetheless, during periods of fair weather, these tidal flats
remained relatively stable due to the weak hydrodynamic forces and
infrequent inundation events (Bi et al., 2021; Xie et al., 2021). This
apparent contradiction between interannual erosion and stability under
fair weather conditions presents a significant research challenge. Storms
are crucial drivers of coastal erosion, as observed in the microtidal
Mississippi Delta (Dietz et al., 2018). They frequently affect the YRD and
are often accompanied by extratropical storms and cold fronts (Fan
et al., 2020; Fu et al., 2021). Despite this, the impact of storm-induced
erosion on shoreline erosion in the YRD is not extensively explored in
earlier studies. Storm events are characterized by elevated water levels
and strong hydrodynamic forces, which can cause significant erosion of
tidal flats that dramatically alter their morphology in a short period (Isla
et al., 2024; Niu et al., 2023; Pannozzo et al., 2023; Spiske et al., 2022;
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Xie et al., 2017; Yang et al., 2003). Thus, further research is necessary to
understand the influence of short-term erosion on the long-term evolu-
tion of the YRD coastline.

In this study, field measurements were conducted to acquire hy-
drodynamic data, including currents, waves, and suspended sediment
concentrations (SSC), in the southern region of the YRD during a storm
event. We analyzed the morphological changes and variations in hydro-
sedimentary dynamics on the tidal flat before and after the storm to
assess its effects. The study aimed to answer the following queries: (1)
The dynamic control mechanisms of microtidal flats in the YRD under
the influence of storms and (2) the role played by storm-driven erosion
in these microtidal flats.

2. Methods
2.1. Study area

The YRD, located on the western side of the Bohai Sea, is one of the
river deltas with the most intense land-sea interactions globally (Yang
et al., 2016). Renowned for its rich supply of fluvial sediment, the Yel-
low River transports a large volume of sediment from the Loess Plateau
(Milliman and Meade, 1983; Wang et al., 2022). Since 1855, the Yellow
River has migrated northward from the coast of the Yellow Sea to its
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Fig. 1. (a) Map of the Yellow River Delta, (b) location of the study area and the decomposition of velocity: alongshore (20°N) and cross-shore (perpendicular to the
coast,110°N), and (c) in-situ tripod at the measuring point. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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current outlet in the Bohai Sea (Xue, 1993). Between 1855 and 1976, the
river underwent numerous changes due to sediment deposition and
human activities. In 1976, human intervention redirected the course
shifted from Diaokou (DK) to Qingshuigou (QSG), resulting in the pre-
sent configuration of the YRD (Pang and Si, 1979). Since 1976, the DK
lobe has experienced erosion, while the coastline of the QSG lobe has
extended seaward, indicating accretion (Bi et al., 2021; Kuenzer et al.,
2014; Wang, 2019; Zhu et al., 2021). Furthermore, in 1996, the course of
the Yellow River shifted northward from Qingshuigou to the Qing8
course. The study area is situated on the southern side of the YRD and
western side of Laizhou Bay (Fig. 1la). This area has experienced a
continuous erosion since 1976, with an average annual shoreline retreat
rate of 26.9 m/year from 1976 to 2016, although the rate of erosion has
decelerated since 2000 (Chu et al., 2006; Liu et al., 2013; Zhang et al.,
2018).

The tidal regime is characterized by mixed semi-diurnal tides with a
microtidal range of 0.6-1.3 m. The regional wave climate is influenced
by predominantly northwesterly winds in winter and southeasterly
winds in summer. Extratropical storms also frequently occur and
significantly influence the sediment transport and morphological
changes in the YRD (Xie et al., 2021).

2.2. Field measurements

The field observation site was positioned on a mudflat approximately
100 m from the edge of salt marsh (Fig. 1b), where typical tidal flat
hydrodynamic conditions were observed. The slope of the observation
area was 0.8%o (Fig. 1c). An 11-d field survey was conducted from
September 28 to October 8, 2021, spanning from a neap to a spring tide
period, with a storm event occurring on October 4. During this period,
turbidity data were collected 5 cm above the bed using an RBR con-
certo®-C.T.D.Tu., and near-bed velocities were measured with a Nortek
Vector acoustic doppler velocimeter (ADV). The waves were recorded
using an RBR virtuoso3—D|wave16 via pressure sensors (Fig. 1d). The
specific observational processes employed in this study are outlined in
Table 1. SSC was obtained by fitting the turbidity values measured in-
situ with RBR concerto®-C.T.D.Tu. The sediment collected from adja-
cent to the observation site was used for calibration, revealing a linear
relationship between SSC and turbidity (Fig. 2).

Surface sediments at the site were sampled before (October 3) and
after (October 8) the storm (Fig. 1c). A scraper collected the sediment
from a depth of 0.5 cm. After drying, 0.2 g of sediment was placed in a
beaker, to which 10 mL of 10% hydrogen peroxide and hydrochloric
acid were added. Following adequate reaction time, the solution was
sonicated to disperse the sediment particles. Finally, sediment grain size
characteristics were analyzed using a Beckman Coulter (LS13320/
ULM2) laser grain size analyze, which has a range of 0.4-2000 pm and
an error margin of ~2%. The proportions of clay (<4 pm), silt (4-62
pm), and sand (>62 pm) were quantified to determine their respective
compositions.

Table 1
Field instruments and measurement parameters.
Instruments Physical processes Sampling Sampling Bursting
duration/s rate/Hz duration/s
ADV Currents, 60 64 300
morphological
changes
RBR Temperature, 30 2 300
concerto®- salinity, water depth
C.T.D.Tu. and turbidity
Tu
RBR Waves 256 8 300
virtuoso®-

D|wavel6
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Fig. 2. Calibration of turbidity signal (FTU) with SSC.
2.3. Calculation of bed shear stress

The wave-induced bed shear stress (r,,, N/m?) was evaluated from
the wave orbital velocity-Us (m/s) and the wave friction coefficient f,,
(Van Rijn, 1993):

1
Ty = prng (€]

where, the peak orbital offset (As) and the wave orbital velocity (Us) can
be determined from the following equations:

H

A = 5 Sinh(kh) 2

mH
Tsinh(kh) ®

Us = wAs =
where, p denotes the seawater density (1025kg/m?), H indicates the
wave height (m), T represents the wave period (s), h indicates the water
depth (m), k represents the wave number (k = % m1), ® denotes the
angular velocity (w = %, s7!), L indicates the wavelength (m) (L

%tanh (kh)), and g indicates the gravitational acceleration (g
9.8m/s™2).

Wave friction coefficient f, was calculated using the following for-
mula (Shi et al., 2019; Soulsby, 1995):

fw = 023777932 (@)
A
r=% (5)

where, r and k; denote the relative and Nikuradse grain roughness (k; =
2.5Ds,m; Dsg denotes the median grain size), respectively (Whitehouse
et al., 2000).

The current-induced bed shear stress (z., N/m?) was evaluated using
the vertical TKE method (Hu et al., 2020; Kim et al., 2000), which aims
to reduce the effect of wave action on the current-induced shear stress.

7. = c*pw? (6)

where, w denotes the vertical turbulent current velocity, and ¢ = 0.9
indicates the proportional coefficient, which is suitable for various
coastal dynamic environments (Pang et al., 2021).

The total shear stress (z.,) was evaluated by combining the wave and
current process with the following formula (Soulsby, 1995):
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where, 7.(N/m?) and 7, (N /m?) represent the previously calculated

shear stresses due to current and waves, respectively.
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2.4. Calculation of residual currents and sediment flux

The formulas for the residual current calculation for each tidal cycle

are as follows:

1 T
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Fig. 3. Time series of (a) wind speeds, (b) tidal elevation and significant wave height (H;), (c) current velocity, (d) current direction, (e) current-induced shear stress
and wave-induced shear stress, (f) bed shear stress due to the combined current-wave action, (g) SSC, (h) changes of distance between ADV probe and bed surface.
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1 T
p=l / V(t)dt ©
TJo
where, u, and v, represent the alongshore and cross-shore components of
the residual current, respectively; u(t) and v(t) denote the alongshore
and cross-shore components of the velocity at time t, respectively; and T
represents the duration of a tidal cycle.
Furthermore, the sediment flux calculation formula for each tidal
cycle is:

T
Q-1 / u(t)SSC(t)de a10)
T Jo
1 T
Q=1 /0 Y(O)SSC(H)dt an

where, Q; and Qg represent the alongshore and cross-shore components
of sediment flux, respectively, and SSC(t) denotes the SSC at time t.

3. Results
3.1. Hydrodynamics

The study period was divided into three phases: pre-storm (C1-C6),
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storm (C7-C8), and post-storm (C9-C14), as depicted in Fig. 3b. Hy-
drodynamic conditions observed during storm events were distinct from
those during fair weather. Prior to the storm (C1-C6), the study area
experienced inundation once daily, despite its semi-tidal nature. Water
depths did not exceed 1.0 m, and the duration of submersion was no
longer than 7 h. During the storm, the elevated water levels resulted in
twice daily inundations, with the maximum water level reaching 1.2 m.
The tidal flat remained submerged for two tidal cycles due to storm-
induced surges. Following the storm (C9-C14), the frequency of inun-
dation continued at twice daily due to the occurrence of spring tides,
although the average water depth decreased to approximately 0.5 m.
The duration of inundation per tidal cycle was reduced to about 3.8 h.

3.1.1. Winds

Wind is a critical factor influencing wave development, significantly
impacting wave height and direction. Wind data were sourced from the
ERA5 software (https://climate.copernicus.eu/climate-reanalysis).
During the storm, wind speeds ranged from 8.4 to 11.0 m/s, averaging of
10.0 m/s (Fig. 3a), and predominantly originated from the northeast
(38°-50°, averaging 45°), as indicated in Fig. 4a. Under fair weather
conditions, wind speeds were below 9 m/s.

3.1.2. Waves
The significant wave height (H;) increased considerably during the
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Fig. 4. Rose diagrams for wind in (a) pre-storm, (b) storm, (c) post-storm period, and current roses in (d) pre-storm, (e) storm, (f) post-storm period.
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storm (Fig. 3b). The maximum H, reached 0.47 m, with averages of 0.33
m and 0.30 m over two tidal cycles, doubling the average H; of 0.15 m
observed during the pre-storm period. After the storm, H; swiftly
returned to pre-storm levels.

3.1.3. Currents

At low water levels, the tidal flat was exposed, while at high water
levels, it was completely submerged (Fig. 3b). During the pre- and post-
storm phases, the average current velocity ranged from 0.02 to 0.09 m/s
(Fig. 3c), increasing significantly during the storm. For instance, the
average current velocity during the C7 tidal cycle was 0.18 m/s.

The storm also altered the current direction (Fig. 3d), which varied
between the pre- and post-storm periods. During flood periods, the
current direction shifted from 330° to 90°, and during ebb periods, it
ranged from 90° to 180°, generally shifting in a clockwise direction.
Throughout the storm, the tidal current consistently flowed southward
at approximately 180°.

The current can be decomposed into alongshore and cross-shore di-
rections (Fig. 1b). During the storm, the maximum average alongshore
current reached 0.17 m/s (Fig. 5a), whereas the bottom offshore current
was more pronounced (Fig. 5b). These significant changes in current
velocity and direction may be attributed to two primary factors: wind
and wind-driven waves. Earlier research demonstrated that wind speed
and direction can significantly influence current velocity, thereby
affecting material transport fluxes in the intertidal zone (Baeye et al.,
2011; Christiansen et al., 2006). Under specific tidal and wind condi-
tions, the current direction can reverse (Colosimo et al., 2020). Addi-
tionally, waves play a crucial role. Breaking waves create a hydraulic
gradient along the coast, leading to increased current velocity. These
waves transport substantial onshore momentum flux. After breaking, a
certain amount of water returns offshore through bottom backflow
(offshore sub-current or fissure) to maintain momentum balance within
the breaking wave zone (Longuet-Higgins and Stewart, 1964). Thus, the
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presence of strong winds and waves during the storm potentially
contributed to the observed changes in currents.

3.1.4. Bed shear stress

Bed shear stress is a critical parameter in the sediment dynamics of
tidal flats, especially for calculating erosion rates (Grant and Madsen,
1979; Zhu et al., 2016). During storms, intense wave activity, different
from that during fair weather conditions, cannot be overlooked.
Therefore, the combined effects of waves and currents on tidal flats were
considered (Shi et al., 2012; Xie et al., 2018, 2021).

During the storm, the tidal current-induced shear stress (z.) was
1.02-1.47 N/m?2, with an average value of 1.25 N/m2. The wave-
induced shear stress (r,) was 0.31-0.36 N/m? (Fig. 3e), and the
average value was 0.33 N/m?, which was ~25% of the tidal current-
induced shear stress. The bed shear stress induced by the combined
action of the current- and wave (z,) was determined to be 1.02-1.48
N/m? (Fig. 3f).

In the pre-and post-storm periods, the current-induced shear stress
(z.) varied from 0.06 to 0.60 N/m?, with an average value of 0.22 N/m?.
The range of variations in the wave-induced shear stress was 0.04-0.21
N/m?, and the average value was 0.12 N/m?2. The difference between
the wave- and current-induced shear stresses was low. The combined
shear stress (z.,,) of waves and currents varied from 0.03 to 0.60 N/m?,
with an average value of 0.23 N/m2, which was 18% of that recorded
during the storm.

3.2. Sediment dynamics

3.2.1. ssC

Strong hydrodynamics during the storm led to significant sediment
resuspension, resulting in an increase in SSC. Field data indicated that
SSC was the highest during the storm (C7-C8) and lowest before the
storm (C1-C6) (Fig. 3g). During the storm, the average SSC was 4.40 g/
L, corresponding to the peak combined wave-current shear stress. Con-
trastingly, the pre-storm SSC ranged from 0.45 to 1.57 g/L, averaging
1.00 g/L, approximately 25% of the storm period value. In the post-
storm period, SSC ranged from 2.65 to 4.11 g/L, averaging 3.30 g/L,
about 75% of the storm period value. The elevated SSC post-storm
suggests that the impact of storm on SSC persists, requiring a longer
time for recovery to pre-storm levels.

3.2.2. Bed-level changes

The change in bed level was determined by measuring the distance
between the ADV probe and the bed surface (Fig. 3h). Initially, during
the pre-storm period, the bed surface was in equilibrium, with no sig-
nificant changes observed throughout a tidal cycle. However, during the
storm, the bed surface underwent substantial alterations, primarily
exhibiting erosion. After storm C8, the cumulative erosion reached
approximately 10 mm. In the subsequent post-storm period, neither
significant erosion nor deposition was noted, which attributed to the
diminished hydrodynamic forces and relatively low shear stress.

3.2.3. Surficial sediment grain size

During the observation period, surface sediment sampling was con-
ducted near the observation sites. The findings revealed that the surface
sediment became finer post-storm than that in the pre-storm period.
Fig. 6 illustrates the sediment grain size distribution at the observation
point and two adjacent locations during both periods. S1, S2, and S3 are
the hydrodynamic observation point, measurement point on the
mudflat, and located close to the salt marsh, respectively. Post-storm,
the sediment grain size at all three locations showed a decrease,
ranging from 2 to 6 pm, as detailed in Table 2. The most prominent
reduction occurred at the observation site, with a decrease of ~6 pm.
The sediment composition in the study area primarily consisted of silt,
which constituted over 70% of the total, whereas the clay content
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Fig. 6. Frequency distribution of sediment grain size at sampling points in pre-and post-storm period, (a) S1 at the measured point, (b) S2 near the measured point on

the mudflat, and (c) S3 located closed to the marsh.

Table 2
Sediment parameters in the pre- and post-storm period.
Sampling Median grain size Clay Silt%  Sand
points Hm % %
s1 Pre-storm 24.8 16.2 74.1 9.6
Post- 18.1 19.3 73.7 6.9
storm
S2 Pre-storm 25.1 17.6 72.4 10
Post- 22.2 18.6 71.2 10.2
storm
S3 Pre-storm 14.8 21.6 74.6 3.8
Post- 12.2 24.3 73 2.8
storm

ranged from 15% to 20%, and the sand content was the least, under
12%. A comparison of sediment components (sand, silt, and clay) be-
tween the pre- and post-storm periods revealed a slight decrease in sand
content—a reduction of less than 1% in silt content—and an increase of
approximately 1-3% in clay content.

4. Discussion
4.1. Controlling factors of storm-induced erosion in the YRD

The morphological evolution of tidal flats during storms is typically
influenced by factors such as hydrodynamics, sediment supply, and bed
surface properties (Kim et al., 2023; Mariotti et al., 2010; Priestas et al.,
2015; Wang et al., 2017a). Affected by storms, coastal areas frequently
experience strong winds, stormy waves, and elevated water levels
(Bartholdy and Aagaard, 2001; Day et al., 2007; Kim, 2003). Given the
frequent storms and the microtidal nature of the YRD, the mechanisms
governing tidal flat erosion during such events need to be investigated.

Firstly, during a storm, the direct influencing factors of the erosion
process are hydrodynamic conditions and sediment properties (Endler,
2009; Valentine and Mariotti, 2019). Critical shear stress, an important
indicator of erosion resistance, is a key factor in this process (Leonardi
etal., 2018; Shi et al., 2012; Xie et al., 2021). Liu et al. (2018) measured
the critical shear stress near the study area using a cohesive sediment
meter and determined that the average critical shear stress was
approximately 0.8 N/m?. It is widely recognized that erosion occurs
when the combined shear stress generated by waves and currents ex-
ceeds this critical shear stress (Christiansen et al., 2006; Teisson et al.,
1993). During the storm events (C7, C8) in this study, the average
combined shear stress reached 1.48 and 1.02 N/m?, respectively, sur-
passing the critical stress and resulting in significant erosion of the bed
surface (~10 mm) and substantial sediment resuspension. The average
SSC during the storm was 4.40 g/L, which was significantly higher than
that of the pre-storm average of 1.00 g/L (Fig. 3g). This type of erosion
caused by storms was also observed on other tidal flats (de Vet et al.,
2020; Xie et al., 2017; Yang et al., 2003). When the storm intensity is
weaker, the shear stress does not exceed the critical shear stress of the
tidal flat, which is insufficient to cause erosion (Xie et al., 2021).

Therefore, storm intensity plays a significant role in the bed changes of
tidal flats. In this study, considering the maximum wind speed and
duration, we identified and counted the number of storms with intensity
comparable to or exceeding that of this storm, averaging six occurrences
per year, indicating that the intensity of this storm was among the severe
storms. Therefore, the high shear stress generated by intense storms
leads to direct erosion.

Secondly, sediment transport during storms can significantly alter
the morphology through cross-shore and alongshore transport. Storms
can cause extensive erosion or deposition on tidal flats, largely because
of the strong hydrodynamic forces they generate, with sediment trans-
port being another significant factor (Bartholdy and Aagaard, 2001;
Colosimo et al., 2020; Day et al., 2007). When sediments are transported
toward the shore, they can supply a substantial amount of sediment to
tidal flats, leading to deposition (Siadatmousavi and Jose, 2015; Tognin
etal., 2021; Turner et al., 2006; Xie et al., 2021). In regions, such as the
US Gulf Coast and the Mediterranean, wind-driven storm surges play a
crucial role in delivering sediments to salt marshes, with sediment
contributions from major storms could be equating to several years of
sedimentation under non-storm conditions (Dietz et al., 2018; McKee
and Cherry, 2009). For erosion induced by storms, sediment tends to be
transported toward salt marshes or nearby offshore areas (Yang et al.,
2003). In the study area, the storm altered the direction of currents,
leading to southward and offshore sediment transport (Fig. 7). The
sediment flux of alongshore transport was approximately four times that
of cross-shore transport, indicating that storm-induced erosion made the
resuspended sediment a source of alongshore sediment transport.

Furthermore, the bed sediment characteristics significantly influence
erosion processes, as evidenced by multiple studies (Liu et al., 2018;
Meng et al., 2012; Valentine and Mariotti, 2019). Research reported that
sediments in erosion zones post-typhoon is typically coarser than that in
fair weather conditions (Fan et al., 2006). Contrarily, this study found
that the surficial sediment in post-storm periods became finer than that
in pre-storm periods, with the median grain size decreasing by approx-
imately 10-25% (Fig. 6). This discrepancy may emerge from the dif-
ferences in study areas; Fan et al. (2006) focused on an accretional tidal
flat, where sediment deposition was relatively loose, leading to the
predominance of coarser sediments due to the erosion of finer grains
during storms. In erosional tidal flats, the critical bed shear stress is
relatively high, indicating that greater shear stress is required to initiate
erosion (Xie et al., 2021, 2023). During the storm analyzed in this study,
the combined wave-current shear stress did not consistently exceed the
critical shear stress. Specifically, during the storm C7 and C8, the
combined wave-current shear stress was below the critical shear stress at
the beginning and end of these tidal cycles (Fig. 3f), preventing ongoing
erosion. This condition potentially facilitated an exchange between the
suspended and bed sediments toward the end of C8. The high SSC
observed during the storm originated from two primary sources: the
resuspension of bed sediment due to high shear stress and the influx of
sediment from surrounding areas into the study zone, which increased
the SSC. Earlier studies demonstrated that under the influence of
northerly winds, sediment transport in this region predominantly moves
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Fig. 7. (a) Alongshore and (b) cross-shore net sediment flux, the positive value
of alongshore transport represents northward, and the positive value of cross-
shore transport implies offshore.

southward along the coast, reaching the central part of Laizhou Bay (Fan
et al., 2020; Fu et al., 2021; Li et al., 2022; Yao et al., 2020). The present
observations align with those of these findings, showing a significant
southward sediment transport during the storm (Fig. 7). At the end of
the storm, it is hypothesized that suspended sediment was replaced by
fine-grained sediment from adjacent areas. This hypothesis is supported
by the maintained high SSC post-storm. The SSC after the storm (about
3.5 g/L, Fig. 8) exceeded the pre-stormlevels, suggesting that currents
transported more sediment from adjacent waters to the tidal flat during
the post-storm period. The hydrodynamic conditions were weaker dur-
ing the C12-C14 period (Fig. 8), allowing only fine sediments to be
transported to the study area by tidal currents (Winterwerp et al., 2012).
Fine sediments are easily eroded and transported by currents and waves.
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Fig. 8. Scatterplots relating bed shear stress to SSC.
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The grain size and composition of sediment are closely associated with
the critical shear stress, which influences the erosion and deposition
processes on tidal flats (Meng et al., 2012). These factors are crucial in
the entrainment, transport, deposition, and compaction of sediment
particles, playing a critical role in the evolution of tidal flats (Liu et al.,
2022).

Conclusively, during this intense storm, high shear stress and
changes of sediment transport led to the direct erosion of the tidal flat.
Additionally, the impact of the storm on bed sediment may influence the
subsequent tidal flat evolution, which warrants further research.

4.2. Role of the storm in the erosional microtidal flat

During storms, increased wave energy and current velocity
contribute to significant erosion, which is observable within a short
timeframe on tidal flats (de Vet et al., 2020; Xie et al., 2021; Yang et al.,
2003). Such conditions can expedite coastal erosion rates on erosional
coasts exemplified by the Mississippi Delta (Dietz et al., 2018; Ran-
goonwala et al., 2016). In this study, storms were identified as the pri-
mary factor influencing the evolution of microtidal flats in the YRD.

Under fair weather conditions, on mesotidal or macrotidal flats, such
as those in the Eastern Chongming Wetland of the Yangtze Estuary,
elevation changes of up to 5 cm can occur within a single tidal cycle,
accumulating to approximately 10 cm over a 10-d period (Shi et al.,
2017). Research indicates that for microtidal flats in equilibrium be-
tween erosion and deposition, the bed level may alter by less than 1.5 cm
within a tidal cycle (Christiansen et al., 2006). For the erosional
microtidal flat in the southern YRD, earlier studies documented ongoing
erosion since the 1970s, with the coastline retreating at a rate of tens of
meters annually (Fu et al., 2021; Wang, 2019). Specifically, the study
area experienced erosion between 1996 and 2016, and accretion from
1976 to 1996. In 1976, human intervention redirected the course of the
Yellow River from Diaokou (DK) to Qingshuigou (QSG), resulting in the
current configuration of the YRD (Pang and Si, 1979). The sediment
carried by the Yellow River was transported to the southern YRD,
potentially resulting in the accretion observed between 1976 and 1996.
In 1996, the course of the Yellow River shifted northward, moving from
Qingshuigou to the Qing8 course. This course change significantly
extended the sediment transport path to the study area. Additionally,
human activities upstream considerably reduced the sediment discharge
of the Yellow River (Ji et al., 2020). The decrease in sediment discharge
and the course change possibly contributed to the erosion observed in
the area after 1996. However, the southern tidal flats of the YRD,
compared to those of the current estuary and northern parts, have
remained relatively stable, with smaller shoreline changes (Xu et al.,
2019). The shoreline in the study area experienced significant retreat
from 1996 to 2003, although the retreat rate decreased after 2003 (Zhu
et al., 2021; Fu et al., 2021). The present findings indicate that during
fair weather, the bed level exhibited minor fluctuations within a range of
+2 mm (Fig. 3h). Additionally, the combined bed shear stress of waves
and currents measured on-site (Fig. 8) was significantly below the crit-
ical shear stress, indicating that significant changes to the tidal flat were
unlikely. Contrastingly, during the storm (C7 and C8), the tidal flat
remained submerged due to the storm surge occurring during
medium-tide periods. Nonetheless, the water levels were comparable to
those during spring tides (Fig. 3b). The average combined bed shear
stress during these conditions significantly exceeded the critical shear
stress, resulting in substantial bed erosion (~10 mm, Fig. 3h). Therefore,
only extreme storm events are capable of disrupting the equilibrium
maintained under fair weather conditions, leading to erosion of the
microtidal flat.

Additionally, it is crucial to acknowledge that in the YRD, the post-
storm recovery process was inadequate to counterbalance the erosion
caused by storms. Sediment supply is the dominant factor affecting tidal
flats. When sediment supply is ample, accretion occurs, and erosion
occurs when sediment supply is insufficient (Gao, 2019; Mariotti and
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Fagherazzi, 2010). Storms can temporarily disrupt the balance, between
erosion and deposition, leading to short-term imbalances (Choi et al.,
2023; Christiansen et al., 2006; Zhou et al., 2022). Tidal flats with
abundant sediment supply rapidly recover from storm-induced erosion
(Xie etal., 2017; Yang et al., 2003), while those lacking sediment always
experience erosion without recovery (Gao, 2019; Zhu and Wiberg,
2022). Due to the limited submersion period and weak hydrodynamic
forces in microtidal flats during fair weather conditions (Day et al.,
2007; McKee and Cherry, 2009; Yang et al., 2003), the morphological
recovery time following a storm is significantly longer than that of
mesotidal and macrotidal flats. The YRD is frequently impacted by
extratropical storms and cold fronts (Fan et al., 2020; Fu et al., 2021),
which contribute to ongoing erosion of tidal flats (Leonardi et al., 2016;
Valentine and Mariotti, 2019). Consequently, tidal flats may not recu-
perate from storm-induced erosion, resulting in continuous shoreline
retreat.

Our study found that under conditions of limited sediment supply,
the tidal flat morphology approached a state of equilibrium during fair
weather conditions, showing neither significant erosion nor accretion.
However, individual storms caused erosion that was difficult to recover
from, suggesting that cumulative erosion from multiple storms
throughout the year is a key factor in shoreline retreat. However, this
study has limitations that are addressed before concluding. The field
observation period spanned 11 d, focusing on hydrodynamic and sedi-
ment characteristics during the spring-neap cycle. However, the hy-
drodynamic and sedimentary processes of the Yellow River also display
pronounced seasonal variations (Wang et al., 2017b; Wu et al., 2015),
and the impacts of summer and winter storms differ significantly (Jin
etal., 2023; Niu et al., 2023; Yang et al., 2011). Therefore, to accurately
comprehend the mechanisms of hydrodynamics, sediment transport,
and morphological evolution in this region, long-term monitoring is
essential to capture seasonal variations and different storm types.
Furthermore, the reduction in sediment supply from the Yellow River
may also be a contributing factor (Fu et al., 2021; Zhang et al., 2018; Zhu
et al., 2021). However, assessing the relative importance and contri-
butions of these factors necessitates long-term data and further research.

5. Conclusions

An 11-d field survey was conducted on the southern tidal flat of the
YRD to investigate the erosion mechanisms induced by storms in a
microtidal flat. During fair weather, the study area experienced shorter
inundation periods and weaker hydrodynamics. The combined bed
shear stress of waves and currents, measured on-site at 0.03-0.60 N/ m?,
was significantly below the critical shear stress. Additionally, minimal
bed level fluctuations (within +2 mm) were observed, indicating that
the tidal flat had reached an equilibrium state.

However, the storm disrupted the equilibrium state maintained
under fair weather conditions. The hydrodynamic changes induced by
the storm were mainly reflected in increased current velocity and sig-
nificant wave height, with the current consistently flowing southward at
approximately 180°. This resulted in high shear stresses (ranging from
1.02 to 1.48 N/m?) and significant alongshore sediment transport,
causing erosion of 10 mm. Additionally, the storm altered properties of
the bed sediment, with the median diameter decreasing by 2-6 pm.

Post-storm recovery was insubstantial. Due to short submerged pe-
riods and weak hydrodynamics, the morphological recovery time
following a storm is significantly longer than that of the mesotidal and
macrotidal flats. This prolonged recovery time hinders the ability to
quickly counteract storm-induced erosion. Therefore, frequent storms
pose a risk of perpetuating continuous shoreline retreat along the
microtidal coast.
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