
Hydrodynamics and sediment transport in normal
weather: examples from a macrotidal tidal �at-
channel system, Rudong, Jiangsu
Zhenqiao Liu 

East China Normal University
Liming Xue 

East China Normal University
Chao Gao 

Nanjing University
Benwei Shi 

East China Normal University
Ya Ping Wang 

East China Normal University
Shu Gao 

Nanjing University

Research Article

Keywords:

Posted Date: July 19th, 2024

DOI: https://doi.org/10.21203/rs.3.rs-4520853/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Version of Record: A version of this preprint was published at Geo-Marine Letters on December 4th,
2024. See the published version at https://doi.org/10.1007/s00367-024-00787-0.

https://doi.org/10.21203/rs.3.rs-4520853/v1
https://doi.org/10.21203/rs.3.rs-4520853/v1
https://doi.org/10.21203/rs.3.rs-4520853/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00367-024-00787-0


 

 

Hydrodynamics and sediment transport in normal weather: 

examples from a macrotidal tidal flat-channel system, Rudong, 

Jiangsu 

 

Zhenqiao Liu 1, Liming Xue 1, Chao Gao 2, Benwei Shi 1, Ya Ping Wang 1,2, Shu Gao 2 

1State Key Laboratory of Estuarine and Coastal Research, East China Normal University, 

Shanghai 200241, China. 2School of Geographic and Oceanographic Sciences, Nanjing 

University, Nanjing 210093, China. 

 

Corresponding author: Shu Gao 

Abstract 

A detailed understanding of the hydrodynamics and sediment transport mechanisms of the 

intertidal mudflat-channel system can better predict its future survival and development potential. 

This study selected a typical open-coast macrotidal mudflat, Xiaoyangkou tidal flat in Rudong in 

the central part of Jiangsu Province, as the studied area, with field observations conducted on the 

tidal mudflat-channel system during tidal cycles. The study revealed wind waves generated by winds 

of around 7 m/s within a fetch length of 5 km can cause significant erosion on the mudflats during 

neap tides. Wind waves cannot cause erosion on the thalweg within the tidal channels and the lower 

parts of the banks under normal weather conditions. The peak flow velocity in the flood and ebb 

within the tidal channels occurs below the bankfull depth. Three different types of erosion processes 

were observed on the channel slopes: (1) Small-scale erosion on slopes of less than 10 cm in width 

and less than 5 cm in depth, causing widening and deepening of small tidal gullies, leading to 

vertical erosion of the slopes. (2) Medium-sized tidal creeks with 10-100 cm widths and depths of 

5-100 cm experiencing sliding erosion. (3) Large tidal channels with widths greater than 200 cm 

and depths greater than 100 cm are more likely to toppling collapse. Continuous waves caused by 

wind oscillations below the bankfull depth at the observed cross-section of the tidal channels may 

be the main cause of erosion on the channel banks. 



 

 

Introduction 

The intertidal mudflat-channel system is an important component and primary representative 

in coastal systems (Gao, 2018; Perillo et al., 2024), and it is also a complex coastal geomorphic 

system. Water, sediments, organic matter, and nutrients exchange and transport within this system 

(Friedrichs and Perry, 2001; Mann, 2009; Fagherazzi, 2013), with its complex dynamic and 

biogeomorphic processes forming erosion and accumulation in spatial patterns, profoundly shaping 

coastal morphologies. Additionally, the coastal wetlands formed by the intertidal mudflat-channel 

system can exchange and purify water (Spencer and Harvey, 2012; Xin et al., 2022), enhance carbon 

sequestration (Kelleway et al., 2016), provide habitats for fish and birds (Whitfield, 2017), and 

reduce wave energy, protecting shorelines (Fagherazzi et al., 2006; Temmerman et al., 2023). 

However, over the past 40 years, global mudflats have decreased by 16.02% (Murray et al., 2019), 

a trend that may worsen against the backdrop of rising sea levels and global climate change (Day et 

al., 2000; Temmerman and Kirwan, 2015). A detailed understanding of the hydrodynamics and 

sediment transport mechanisms of the intertidal mudflat-channel system can better predict its future 

survival and development potential. 

The sediment transport in intertidal areas is influenced by various dynamic processes, including 

tidal currents, wave action, wind forces, river inputs, and biological processes (French and Stoddart, 

1992; Allen, 2000; Temmerman et al., 2004; Fagherazzi and Wiberg, 2009; Ghinassi et al., 2018). 

The sediment dynamics in the intertidal zone involve numerous variables, making the process 

mechanisms highly complex. On unvegetated mudflats in the intertidal zone, the interaction 

between water flow and the flat surface is more direct due to the absence of vegetation resistance, 

leading to differences in critical shear stress for erosion and accretion, along with the combined 

effects of scouring/settling lag influencing sediment processes on tidal flats (Wang, 2012). After 

tidal channels develop on bare flats, they continuously oscillate and change shape, adjusting their 

geometric shape and stratigraphy to adapt to local tidal prism changes (Marani et al., 2002; Stefanon 

et al., 2012; Brivio et al., 2016). The development of meandering can erode and deposit on the 

channel bank, exacerbating the lateral oscillation of tidal channels (Solari et al., 2002; Finotello et 

al., 2018). Collapses of the channel bank can also occur on straight tidal channels, reshaping the 

tidal flat surface (Gong et al., 2018). Subsequently, when the tidal flat reaches a critical elevation, 



 

 

salt marsh vegetation becomes established, and due to the presence of vegetation, the banks of tidal 

channels are less susceptible to erosion, stabilizing the tidal channels network (Mudd et al., 2010). 

In these intertidal sediment dynamic processes, the role of wind cannot be ignored. Previous 

studies have conducted a series of research on these processes, with many focusing on the sediment 

dynamics processes under stormy weather conditions. In high wind conditions, the bottom shear 

stress generated by waves is the main mechanism causing sediment erosion (Fan et al., 2002; Yang 

et al., 2003; Zhu et al., 2016; Xie et al., 2017). Some scholars have also conducted research on the 

evolution of intertidal landforms under normal weather conditions (Shi et al., 2017; Colosimo et al., 

2020). However, research on the complete system of intertidal flats and tidal channels under normal 

weather conditions is relatively limited at present. It is still unclear how wind affects the 

geomorphological evolution of the intertidal flat-channel system under normal weather conditions. 

Therefore, studying the intertidal flat-channel system can provide a more intuitive observation of 

the impact of wind on the geomorphological evolution processes and mechanisms of the system, 

which is helpful for understanding the developmental evolution of tidal channel systems in the early 

to middle stages. 

On the central coast of Jiangsu, there are extensive intertidal mudflats (Wang, 1983; Chen et 

al., 2016). The tidal range along these mudflats is often greater than 4m, with the width of the shore 

perpendicular to the coast ranging from several kilometers to over a dozen kilometers (Zhang et al., 

1992). The mudflats are covered with fine-grained sediment and have relatively gentle slopes (Gao 

and Zhu, 1988). A large number of tidal channels have developed on the tidal flats in central Jiangsu, 

with these channels exhibiting rapid oscillation rates (Zhao et al., 2022). The rapid 

geomorphological changes provide support and convenience for our observational activities. 

In this study, we conducted tidal-scale field observations of the mudflat-channel system in 

Rudong, Jiangsu, using hydrodynamic instruments and a 3D laser scanner. The aim of this research 

was to investigate the sediment dynamics of a muddy macrotidal mudflat-channel system under the 

influence of wind during normal weather conditions. The specific research objectives were twofold: 

(i) to determine the impact of wind on the evolution of intertidal flat landforms, (ii) to reveal the 

evolution process of the intertidal flat-channel system under normal weather conditions 



 

 

Material and Methods 

Study Area 

The field observation site of this study is located at Xiaoyangkou intertidal flat in Rudong, 

Jiangsu. Rudong is located on the southern part of the radial sand ridge off the Jiangsu coast, where 

silt-sand tidal flats have developed (Fig. 1.a). The tidal flat consists of three zones from land to sea: 

salt marsh-Spartina alterniflora flat, mud-sand mixed flat, and sandy flat (Zhu and Xu, 1982). The 

sediment is mainly composed of sandy silt and silty sand, with an average grain size of 3.0 Ф - 5.8 

Ф. 

The annual average temperature in Rudong is 16.1°C, with an annual average precipitation of 

1045 mm. Northerly winds dominate in winter and southeasterly winds prevail in summer. The 

annual average wind speed is 6.8 m/s, and the annual average relative humidity is 75.8% (Zhang et 

al., 2022). The dominant wave direction in the Rudong sea area is N (NNE) with a frequency of 

27.5%, and the NE direction is the strong wave direction, with a measured significant wave height 

of up to 4.20 m and a maximum wave height of 6.9 m. 

The Rudong sea area experiences regular semidiurnal tides with large tidal ranges, averaging 

4.61 m and reaching over 8 m in maximum tidal range. The tidal currents are mainly bidirectional, 

with the mainstream direction ranging from 240° to 300° during flood tide and from 70° to 100° 

during ebb tide (Zhao and Gao, 2015). The flood and ebb tidal currents are nearly symmetrical in 

speed and duration. The average duration of flood tide in the study area is approximately 5 hours 

and 55 minutes, while ebb tide lasts around 6 hours and 28 minutes. The flood tide current speed 

ranges from 0.85 to 1.06 m/s, and the ebb tide current speed ranges from 0.69 to 1.14 m/s, with a 

maximum difference in flood and ebb tide current speeds exceeding 0.5 m/s (Cao and Yang, 2006). 

 



 

 

 

Fig. 1 Study area. (a) The Jiangsu coast faces the Yellow Sea and features a large-scale developed 

radial sand ridge. Rudong is located on the southern of the radial sand ridge. (b) The XiaoYangkou 

tidal flat, Rudong County, Jiangsu Province, China (satellite image: PSB, SD, 13 March 2024). (c) 

The study site is located on the mudflat at the front edge of the salt marsh at Xiaoyangkou, where 



 

 

the vegetation in the salt marsh is dominated by Spartina alterniflora Loisel (map data: Google, 

TerraMetrics, 14 December 2021). (d) Specific locations of the observation stations at tidal channel 

and bare flat. (e) Picture of the observation site. (f) Instruments deployment 

 

Field Measurements and data collection 

This study was conducted from October 12 to 22, 2020 at a monitoring site located outside the 

reclaimed dike of Xiaoyangkou, Rudong, Jiangsu Province, China (Fig. 1b). The site is situated in 

an open tidal salt marsh - mudflat transitional zone (Fig. 1(c,d)). Waves, tidal currents, suspended 

sediment concentrations (SSCs) and intratidal bed-level changes were observed using acoustic 

Doppler velocimeter (ADV, Nortek, Norway), wave gauge (RBR solo3 wave, Ruskin, Canda), and 

optical Backscattering Sensor (OBS-3A; Washington, USA) (Fig.1f). The observation instruments 

were mounted on a custom-made gate-type observation frame, with two stations set up for 

synchronous observation, located at the tidal channel and mudflat (Fig.1e). Two ADVs were 

installed respectively at the thalweg and bank above the tidal channel, while another ADV was set 

up above the mudflat. Detail parameter descriptions and sampling settings can be found in Table 1. 

ADV utilizes the principle of acoustic Doppler to measure high-frequency three-dimensional point 

velocity data at a certain distance in front of the probe. Besides, ADV can also measure intratidal 

bed-level changes (Salehi and Storm, 2012; Shi et al., 2015; Zhu et al., 2016). RBR wave employs 

a piezoresistive pressure sensor to measure water depth and wave information. OBS-3A uses an 

optical probe to infer water turbidity, which can be converted into suspended sediment concentration 

data through subsequent indoor calibration. OBS-1, OBS-2 and OBS-3 are at the same elevation. 

During the filed observations, weather data were obtained from Rudong Meteorological Station. 

 

Table 1 Summary of instrumentation and deployment information 



 

 

Instruments 

Distance of the 

probe from the 

bed/cm 

Parameters 

Frequency 

/Hz 
Cycle/min Samples 

ADV-1/ADV-2/ADV-3 20 16 5 4096 

OBS-1/OBS-2/OBS-3 30 1 2.5 30 

OBS-4 70 1 2.5 30 

OBS-5 5 1 2.5 30 

RBR-1/RBR-2 20 4 5 1024 

 

A three-dimensional Terrestrial Laser Scanner (TLS, Riegl VZ4000, RIEGL, Austria) was used 

to conduct terrain scanning at the observation site during the study (Fig. 2a). The Riegl VZ4000 

scanner has an effective scanning distance of approximately 2300 m, an accuracy of 15 mm, a 

resolution of 10 mm, a near-infrared laser wavelength, a laser beam divergence of 0.15 mrad, and 

scanning angles ranging from ±30° in the vertical direction and 0°-360° in the horizontal direction. 

The angular resolution is 0.002°-0.280° in the vertical direction and 0.002º-3º in the horizontal 

direction (Riegl, 2015). 

A three-dimensional laser scanner was mounted at a height for observation (Fig. 2b), and 

retroreflective control point targets were arranged at the observation site. The positions of the laser 

scanner and the center point of the retroreflective control point targets were measured using RTK-

GPS to unify the point cloud data into the coordinate system of the control network for coordinate 

correction, achieving absolute coordinate acquisition of the point cloud data. 

 

 

Fig. 2 TLS and control point target(a). Picture of scanning positions(b) 

 



 

 

Data Post-Processing 

Bed shear stress due to waves 

The bottom shear stress w  (N/m2) induced by waves is primarily determined by the wave 

orbital velocity U  (m/s) of water particles and the friction coefficient wf . The calculation formula 

is as follows (Soulsby, 1995): 
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Where w  is the density of seawater (kg/m3), the peak orbital velocity of wave water particles 

(U ) and the peak orbital excursion ( A  ) can be expressed as: 

sinh( )

H
U A

T kh
 

= =                                                                                                   (2) 

2sinh( )

H
A

kh
 =                                                                                                                 (3) 

Where H is the wave height (m), k = (2π/L) is the wave number (m-1), L is the wavelength, T 

is the wave period (s), g is the acceleration due to gravity (m/s2), and ω = (2π/T) is the angular 

velocity (s-1). The calculation formula for the friction factor in equation (1) is as follows (De Swart 

and Zimmerman, 2008): 
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Where d50 (μm) is the median grain size of sediment on the bed surface, taken as the observed 

value of 50 μm in this case. 

Current-induced bed shear stress 

The current-induced bed shear stress is calculated using the second momentum vertical 

turbulent kinetic energy method (TKEw) (Kularatne and Pattiaratchi, 2008; Shi et al., 2015). Energy 

spectrum analysis (ESA) (Soulsby and Humphery, 1990) was used to decompose the wave velocities 

from the turbulent velocities. The high-frequency three-dimensional point current velocity U 

obtained from ADV observations in the field can be decomposed into three orthogonal instantaneous 

flow velocities. The water flow on tidal flats is influenced by bottom friction, forming a near-bed 

turbulent boundary layer. In the boundary layer, the current velocity can be decomposed into mean 



 

 

current velocity ( − ) and fluctuating current velocity ( ' ), with the fluctuating current velocity ( ' ) 

further decomposed into wave orbital motion component ( w  ) and turbulent component ( t  ): 

w tu u u u= + +  , w tv v v v= + +  , w tw w w w= + +  ; u, v, w are the magnitudes of the 

instantaneous flow velocities in the three orthogonal directions of U. 

Turbulent kinetic energy (TKE) can be expressed as: 

2 2 21
( )

2
w t t tTKE u v w= + +                                                                                                (5) 

The TKEw vertical turbulent kinetic energy method calculates the bed shear stress 
,c TKEw

  

(N/m2) generated by the current as: 

2

, 2c TKEw w t
C w =                                                                                                                  (6) 

Where: 2C is a constant, taken as 0.9 (Kim et al., 2000), w is the density of seawater. 

Combined wave and current shear stress 

The current direction c  is calculated through the mean current velocity horizontal component

u  and v  , and the wave direction w  is determined by calculating the wave trajectory current 

velocity wu  and wv . The direction with the highest frequency in a single instrument pulse is defined 

as the wave direction w . 

The combined wave-current shear stress on the bed cw  (N/m2) is calculated using the Soulsby 

and Clarke (2005) model: 

( ) ( )2 2

cos sincw m w cw w cw     = + +                                                                        (7) 

where cw  is the angle between the current direction c and wave direction w , and m  is the 

average bed shear stress. 
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Results 

Wind, tides, currents and waves 

The meteorological conditions during the observation period are shown in Fig. 3a Throughout 

the observation period, the predominant wind direction was onshore, with the overall wind direction 

ranging between NNE and NE, and an average wind speed of 3.46 m/s. The maximum wind speed 

occurred at 10:00 on October 14, with a speed of 7.32 m/s, while the minimum wind speed was 

recorded at 1:00 on October 21, with a speed of 0.10 m/s. 

The highest significant wave heights observed on the bare flat and in the tidal channel both 

occurred at the T4 tidal period (Fig. 3.c), with a maximum significant wave height of 0.37 m on the 

bare flat and 0.26 m in the tidal channel. The maximum wave energy on the bare flat was 100.93 

J/m2, while in the tidal channel it was 48.63 J/m2 (Fig. 3d). 

 

Fig. 3 (a) Hourly wind speed. (b) and (c) water height and significant wave height during the study 

period (12 October–22 October 2020). (d) Wave energy during the study period. Wind data were 

obtained every hour from Rudong Meteorological Station. The annotations T1–T19 in Fig. 5b 

indicate the tides during field measurements.  



 

 

 

Current velocity, water height, shear stress and SSCs over the entire observation period are 

presented in Fig. 4. Valid data from the ADV located above the cut bank at the bottom of the tidal 

channel was only recorded during the T1-T4 and T12 tidal cycles due to instrument malfunction. 

The tidal cycle alternated between neap and spring tides. The highest water depth during the 

spring tide was 3.90 meters at the channel thalweg and 2.79 meters at the bank, recorded at 00:30 

on October 18th during the T11 cycle. The neap tide's maximum depth was 1.74 meters at the 

thalweg and 0.64 meters at the bank, noted at 20:50 on October 12th in the T1 cycle. The channel's 

average submergence time was 319.5 minutes, ranging from 350 to 370 minutes, while the bare flat 

averaged 249.5 minutes, with a range of 190 to 280 minutes (Fig. 4a). 

Peak current velocities in the tidal channel showed the maximum flood tide velocity at 1.06 

m/s during T15 and the minimum at 0.43 m/s during T1. The highest ebb tide velocity peaked at 

0.83 m/s during T5 and dipped to 0.49 m/s during T2. On the intertidal flat, flood tide velocities 

peaked at 0.45 m/s during T4 and dropped to 0.15 m/s during T2, while ebb tide velocities reached 

a high of 0.42 m/s during T11 and a low of 0.19 m/s during T19 (Fig. 4d). 

 



 

 

 

Fig. 4 Time series at mudflat and tidal channel: (a) water height; (b) mean horizontal current velocity 

5 cm above the bed; (c) bed shear stress due to waves (τw); (d) bed shear stress due to currents (τc); 

(e) bed shear stress due to combined current-wave action (τcw); (f) and (g) SSC in the tidal channel 

and on the mudflat. 

 



 

 

Fig. 5a and 5b illustrate substantial variations in water levels and current velocities between 

tidal channels and intertidal flats. In intertidal flats, water levels and current velocities demonstrate 

consistent relationships across tidal cycles. During neap tides, current velocities for both flood and 

ebb tides remain stable despite water level fluctuations. Conversely, during spring tides, flood tide 

velocities are typically lower than ebb tide velocities around the flood peak. 

At tidal channel sites, peak current velocities for both flood and ebb tides are observed below 

bankfull depth, with flood tide velocities exceeding those of the ebb tide. When water levels rise 

above bankfull during flood tides, current velocities in tidal channels decrease sharply, aligning with 

velocities observed at comparable water levels during ebb tide. After the flood peak, as water levels 

recede to bankfull, ebb tide velocities in the tidal channel become lower than those on intertidal flats 

but increase markedly as the water level continues to drop. 

Fig. 5c and 5d depict the dynamics of water level change rates at both sites. At tidal channels, 

the greatest water level change rates occur around the bankfull depth, with higher rates during flood 

tides compared to ebb tides. The maximum rate of water level change during ebb tides coincides 

with the return to bankfull depth. Contrarily, at intertidal flats, the maximum water level change 

rates during flood tides happen at higher water depths compared to ebb tides, with flood tide rates 

surpassing those of ebb tides. 

 

 



 

 

 

Fig. 5 Relationships between velocity, water depth, and water-depth change rate on the tidal flat 

station and in the tidal channel station. Red and blue quadrants represent data obtained during the 

flood and the ebb phase, respectively. For the purpose of comparison, the water depth on the tidal 

flat is determined based on the observed positions of the tidal channel thalweg. (a) and (b) Plot of 

current velocity versus water depth for the period of observation. (c) and (d) Plots of water depth 

and water-depth change rate over the period of observation.  

 

In the tidal channel, consistent current velocities and directions are observed, as illustrated in 

Fig. 6 comparative analysis of the horizontal composite current velocities and directions at heights 

above 20 cm on the thalweg and above the channel bank was conducted for neap tide T1, spring 

tide T12, and medium tide T4. Results indicate that within these cycles, current velocities at the 

thalweg consistently surpass those at the bank, with both flood and ebb tide velocities exceeding 

those during slack tide. 

During identical meteorological conditions, maximum velocities for both flood and ebb tides 



 

 

during the spring tide T12 were notably higher than those recorded during the neap tide T1. Slack 

tide velocities within the channel remained relatively uniform across the T12 and T1 cycles, ranging 

from 0 to 0.2 m/s. For the medium tide T4, the maximum velocities recorded on the channel slope 

were 0.59 m/s for the flood tide and 0.50 m/s for the ebb tide, which are higher than those during 

the neap tide (0.28 m/s and 0.36 m/s) and comparable to the spring tide T12 (0.81 m/s and 0.52 m/s). 

Notably, during T4, the maximum flood tide velocity in the thalweg was 0.36 m/s greater than at 

the bank, a difference that exceeded the 0.2 m/s difference observed during T12. 

Regarding current directions, significant reciprocating flow characteristics were noted during 

both the T1 and T12 cycles, predominantly aligning at 90° during flood tide and 270° during ebb 

tide, which corroborates the directional descriptions in Fig. 2. However, the T4 cycle exhibited 

notable directional fluctuations within the channel, spanning from 90° to 270°, stabilizing to initial 

orientations only at the onset of the flood tide and the cessation of the ebb tide. 

 

Fig. 6 Internal flow velocities and current directions in tidal channels during different tide cycles 

 



 

 

Bed shear stress 

During T1 to T19 tidal cycles, maximum bed shear stress due to waves w  peaked during T4, 

closely linked with wind speed variations. Within a single cycle, both flood and ebb phases saw the 

highest stresses, with the intertidal flat exhibiting greater stresses than the tidal channel, ranging 

from 0.01 to 1.23 N/m² and 0.001 to 0.08 N/m², respectively. The maximum w during the T4 ebb 

phase at the intertidal flats was 1.23 N/m², significantly higher than the 0.08 N/m² at the tidal 

channels. 

For current-induced bed shear stress c TKEw − , the maximum c TKEw − during T4 at the intertidal 

flat was 0.47 N/m² at rising tide and 0.28 N/m² at falling tide. In contrast, the tidal channel's thalweg 

saw 1.17 N/m² c TKEw − at rising and 0.74 N/m² c TKEw − at falling tide, while the bank experienced 

1.48 N/m² c TKEw − at rising and 0.71 N/m² c TKEw − at falling tide. 

The combined stress from waves and currents cw reached its peak during T4 at the tidal flat, 

recording a maximum of 1.53 N/m². This stress trend at the tidal channel thalweg mirrored water 

level changes, peaking at 1.99 N/m² during spring tides, with a notable 1.70 N/m² during T4. The 

highest bank stress occurred during T12 at 2.19 N/m², exceeding the thalweg's during neap tides. 

Analyzing single tidal cycle shear stresses (Fig. 7), T1 (neap tide) showed maximum cw  of 

1.11 N/m² and 1.40 N/m² at the bank during flood and ebb stages, respectively, with lower stresses 

at the thalweg (0.40 N/m² and 0.61 N/m²) and even lower on the intertidal flat during slack tide 

(0.14 to 0.42 N/m²). T4 (mid-tide) presented a cw  range of 1.55 N/m² at the bank to 1.70 N/m² at 

the thalweg during flood, and 1.01 N/m² at the bank to 0.76 N/m² at the thalweg during ebb, with 

intertidal flat stresses peaking at 1.53 N/m² during ebb. T12 (spring tide) had the highest cw , with 

the channel bank and thalweg reaching 2.19 N/m² and 1.99 N/m² during flood, and 1.77 N/m² and 

1.67 N/m² during ebb, showing an increased cw  trend during slack tide across locations. 



 

 

 

Fig. 7 Combined wave and current shear stresses and wind conditions at stations during different 

tidal cycles 

Suspended sediment concentrations and sediment transport 

SSC (Suspended Sediment Concentration) variations at intertidal flat and tidal channel sites 

correlate with water level changes across semidiurnal and fortnightly tidal cycles, as depicted in Fig. 

4g and f Observations during the T4 and T17 cycles show small fluctuations, with higher SSCs 

generally at the tidal channel than the intertidal flat. SSC profiles typically exhibit a "U" shaped 

curve within tidal cycles, peaking during flood and ebb tides compared to lower slack tide values. 

The flood tide SSCs are usually higher, with notable exceptions during T4. 

Regarding spatial distribution, SSCs were analyzed at different stations within the tidal channel 

and intertidal flat across T1, T4, and T12 cycles (Fig. 8). The tidal channel consistently recorded 

higher SSCs at the outer bank compared to the thalweg and inner bank, except during ebb stages. 

The highest SSCs at intertidal flats occurred during flood and ebb tides of T1 and T12, with 

reductions during slack tide. 

Comparative data reveal maximum SSC discrepancies between the outer and inner banks 

during flood stages of 0.19 g/l for T1, 0.6 g/l for T4, and 0.35 g/l for T12. During ebb stages, 

differences were 0.01 g/l for T1, 0.59 g/l for T4, and 0.11 g/l for T12. Notably, T4's slack tide phase 

showed significant SSC increases, with differences of 0.23 g/l for T1, 0.63 g/l for T4, and 0.22 g/l 

for T12 (Table 2). This trend was similarly noted during T1, as shown in Fig. 8, though variations 

in vertical SSC scales affect direct comparability of magnitude. 



 

 

 

 

Fig. 8 Time series of SSC for different tidal cycles 

 

Table 2 Maximum SSC at different tide cycles for both flood and ebb stages 

Tide cycle T1 T4 T12 

Maximin SSC（g/l） Flood Ebb Flood Ebb Flood Ebb 

Inner bank 0.57 0.27 2.50 0.69 4.37 1.69 

Thalweg 0.43 0.26 2.15 0.98 3.87 1.59 

Outer bank 0.38 0.26 1.90 1.28 4.02 1.58 

5 cm above bare flat 0.50 0.49 1.29 1.01 1.93 0.70 

10 cm above bare flat 0.38 0.52 1.09 0.77 1.35 0.47 

 

Bed level change 

The ADV's bottom acoustic sensors effectively measured the relative distance from the bottom 

(Fig. 9), maintaining a consistent elevation of 20 cm throughout the observation period, aligning 

with measurement requirements. During the study, data indicated that the ADV probe over the tidal 



 

 

channel thalweg experienced a general erosion trend, with the transducer distance increasing from 

220 mm to 280 mm. This trend was punctuated by notable changes during sneap tides (erosion) and 

spring tides (accretion), particularly during the T4 and T16 tidal cycles. The T4 cycle likely involved 

cyclic sediment deposition and removal, while T16 changes may have resulted from sediment block 

movements at the channel bottom. 

At the outer bank, data from the T1 to T4 cycles were reliable, but subsequent readings were 

compromised due to instrument malfunctions, showing no significant erosional or accretional 

changes during these cycles. At the intertidal flat, erosion was observed during the T4 cycle, 

followed by notable sedimentation in later cycles, accumulating approximately 25 mm of sediment. 

Overall, the measured changes in transducer distance over time depict a dynamic intertidal flat- 

channel system characterized by phases of erosion, rapid sediment recovery, and accretion, 

accompanied by a general deepening of the channel bottom. 

 

 

Fig. 9 Bed relative elevation change in the tidal channel and on the bare flat 

Lateral tidal channel bank dynamics from TLS 

The effective scanning distance of Riegl VZ4000 is approximately 2300 m, with an accuracy 

of 15 mm and a resolution of 10 mm. Due to the normal weather conditions throughout the entire 



 

 

observation period, the on-site observation results show no significant sedimentation changes. 

However, after the scanning data undergo point cloud thinning, interpolation, and DEM generation, 

a significant decrease in resolution is observed when comparing sedimentation changes. Simply 

using the interpolated raster for elevation change calculations cannot objectively reflect 

sedimentation changes (Fig. 10).  

 



 

 

 

Fig. 10 Topographic elevation of the observation area 

 

Fig. 10 reveals that most areas of the tidal channel exhibit parallel contour lines at various 

elevations, suggesting a consistent slope from the channel bottom to the intertidal flat. However, 

fan-shaped areas with noticeable slope variations are evident, particularly in regions captured in 



 

 

field photographs. For detailed analysis, three representative cross-sections (A, B, C) from the 

meandering sections were selected (Fig. 11a), each marked on DEMs and actual photographs (Fig. 

11b). 

Cross-section A features a collapsed bank on the outer side and a smoother transition on the 

inner bank. Cross-section B shows gentle slopes on both banks, with a notably smaller slope above 

the outer bank. Cross-section C displays fan-shaped collapses similar to section A's outer bank on 

both its banks, though the outer bank has a larger collapse area. 

Over an 8-day period, overall terrain changes in the tidal channel were minimal, with consistent 

elevations across the tidal flats on both sides. Specific observations include: 

Cross-section A: Notable retreat and accumulation were observed on the outer bank from 

October 13 to 20, 2020. The retreat measured 16 cm with sediment blocks collapsing top-down, and 

maximum accumulation in the middle reaching 6-7 cm. The inner bank saw slight erosion at its 

lower part, about 3 cm deep (Fig. 11c). 

Cross-section B: The outer bank experienced varied acceleration, with the upper part, having 

a smaller slope, showing greater acceleration (5 cm) compared to the lower part (3 cm). The inner 

bank exhibited no significant erosion or acceleration (Fig. 11d). 

Cross-section C: Both banks showed significant fan-shaped collapse, with the outer bank 

retreating up to 32 cm and the inner bank up to 23 cm, indicating a larger collapse on the outer bank 

(Fig. 11e). 



 

 

 

Fig. 11. Elevation changes of tide channel cross section 

Discussion 

Effects of changing wind conditions on sedimentary dynamical processes on tidal flats and 

tidal channels during normal weather conditions 

In studies of tidal flat sedimentary dynamics, many scholars have observed the impact of 

changes in wind conditions on tidal flat topography. The action of wind can affect the timing of 

tides, control resuspension processes, increase wave turbulence energy, and more (Christiansen et 

al., 2006; Talke and Stacey, 2008; Green, 2011; Colosimo et al., 2020; Shen et al., 2023). In extreme 



 

 

events such as typhoons or storm surges, this situation can worsen, as the intensification of winds 

and waves may increase wave trajectory speeds, consequently increasing the bed shear stress caused 

by waves. Additionally, higher wind speeds can increase the current velocity of the tide, leading to 

greater bed shear stress from the flow. When the shear stress exceeds the critical shear stress of the 

bed, erosion of the bed occurs (Yang et al., 2003). In such cases, significant erosion and 

sedimentation changes can occur in tidal flat topography, and some small-scale tidal channels may 

experience avulsion (Xie et al., 2017). After the event, the tidal flat can gradually recover. 

The magnitude of wind conditions has different impacts on the sedimentary dynamic processes 

of tidal flat landforms. Under normal weather conditions, changes in wind conditions mainly affect 

waves. According to linear wave theory, the orbital velocity of waves is influenced by factors such 

as tidal range, wave period, and water depth (Dean and Dalrymple, 1991).  

In this study, the maximum bed shear stress due to waves observed during the T4 tidal cycle 

on the intertidal flat was 1.53 N/m2. Although high background suspended sediment concentrations 

near the bed were observed during the T4 tidal cycle, as shown in Fig. 4, it can be seen that the 

wave-current shear stress during the slack tide period did not decrease. Instead, there was a sustained 

higher-than-usual shear stress during the ebb tide period, exceeding any other tidal cycle within the 

observation period, indicating that the hydrodynamic conditions during this period did not weaken. 

Combining the observations of maximum SSCs at heights of 5 cm and 30 cm during the T4 tidal 

cycle, which did not exceed 2 g/l, and maximum wind speeds of only 7.33 m/s, it can be concluded 

that the observed phenomena were not indicative of the occurrence of a flocculent layer typical in 

open-coast strong tidal environments (Dyer et al., 2004). 

Considering the sustained high SSCs and bed elevation changes recorded by the ADV during 

the T4 tidal cycle, it can be inferred that erosion occurred on the intertidal flat. Erosion persisted 

throughout the entire T4 tidal cycle, and in subsequent tidal cycles, the intertidal flat re-aggraded to 

its pre-erosion elevation. 

For the inner part of tidal channels, both the position of the thalweg and the outer bank position 

observed significantly higher wave-induced shear stresses during the T4 tidal cycle. However, in 

comparison to the T12 tidal cycle during spring tides, there was no significant increase in the 

maximum shear stress within the tidal channel during the T4 tidal cycle. Elevated SSCs were 

observed during the T4 tidal cycle, but there was no observed increase in the bedform migration 



 

 

distance recorded by ADV at the thalweg and lower part of outer bank positions, suggesting that 

erosion did not occur at these locations during the T4 tidal cycle. 

Previous studies have shown that the fetch length, wind speed, and duration determine the size 

of wind-generated waves (Bouws et al., 1996). This effect is more pronounced on shallow tidal flats, 

where field observations and numerical simulations have revealed that under certain wind speeds, 

the bottom shear stress due to wind waves changes with water depth. The shear stress increases 

continuously from the water surface to a certain depth threshold, and then decreases beyond that 

threshold (Fagherazzi et al., 2006). Further subdivision indicates that during ebb tide when the water 

depth is between mean sea level and mean low tide level, the reduction in water depth relative to 

wind direction and fetch length determines the magnitude of shear stress. During flood tide when 

the water depth is between mean sea level and mean high tide level, the fetch length plays a more 

significant role in determining shear stress (Fagherazzi and Wiberg, 2009). The water depth 

threshold is positively correlated with wind speed, with higher wind speeds corresponding to higher 

thresholds (Mariotti and Fagherazzi, 2013). Some scholars have observed that in weak tidal flats, a 

wind speed of 5 m/s and a fetch length of 5 km can significantly influence the bottom shear stress 

(Hunt et al., 2015). Wang et al. (2012) suggested that strong winds and long fetch lengths may lead 

to erosion of the broad intertidal mudflats in Jiangsu during autumn. 

During the T4 semi-diurnal tidal period, the maximum wind speed ranged from 6.27 to 7.33 

m/s, consistently blowing towards the shore in the direction of 59°-74° throughout the flood and 

ebb tide cycles. The persistent onshore winds resulted in an extended duration of the ebb tide during 

the T4 tidal period (Fig. 4a). On the mudflat, the tidal currents exhibited more scattered direction, 

while within tidal channels, the influence of the wind caused the tidal current direction during the 

T4 tidal period to transition from a significant east-west movement aligned with the channel to a 

more random and disorderly flow (Fig. 6). The tidal flat in the study area, as shown in Fig. 12, had 

a shoreline orientation of 45°, extending approximately 2.5 km from land to reach the near end of a 

small Yangkou channel with a depth of 10 m, and about 5 km from land to reach the far end of the 

Yangkou channel at 70°. The maximum water depth during the T4 tidal period was 2.5 m, and during 

low tide, the sustained wind speeds of around 7 m/s and the wind fetch length of 5 km significantly 

increased the bed shear stress at the mudflat location. As the water depth decreased, the shear stress 

further intensified, surpassing the critical shear stress of the mudflat, leading to erosion. In the tidal 



 

 

channels, the presence of a channel with a maximum depth of approximately 1.4 m increased the 

water depth, preventing the wind from generating sufficient bed shear stress at the channel bottom, 

limiting the potential impact to the upper part of the shore parallel to the mudflat. 

It can be observed that under normal weather conditions, changes in erosion and accretion on 

tidal flats do not necessarily occur during the peak flow velocities of the spring tides. The influence 

of wind conditions can lead to the generation of significant bed shear stress during the neap low 

tides, and wind speeds at appropriate angles can affect the geomorphology of tidal flats. Given the 

long perpendicular width of tidal flats in Jiangsu, which can offset contributions along the coastal 

length in the wind fetch, the impact of wind direction-determined fetch length on bed shear stress 

in Jiangsu tidal flats has yet to be further explored. However, this shaping effect is particularly 

significant in the tidal flats of Rudong. 

 

 

Fig. 12 Rudong wind rose diagrams and wind fetch lengths for the observation period. 

 

Mechanisms of bank failure in a macro-tidal bare flat tidal channel 

Gao et al. (2022) investigated the development process and mechanism of meandering channels 

in the intertidal flats of the region. The results indicate that the geomorphic evolution in this area 

may be more influenced by biogeomorphic factors related to other processes during the late stages 

of the tidal cycle rather than the lateral circulation induced by bend curvature during the flood tide. 

Building upon their work, the study further explores and elucidates the mechanism of bank slope 



 

 

collapse in macro-tidal muddy intertidal flat channels. 

During the observation period, at the same elevation within the channel, the suspended 

sediment concentration decreases successively along the outer bank-thalweg-inner bank, with the 

current velocity observed at the outer bank being greater than that at the thalweg. This is related to 

the location of the observation cross-section, which is situated at the bend crest of the meandering 

channel, as shown in Fig. 1. The flow field within the meander is constrained by the topography, 

generating lateral circulation driven by unbalanced vertical centrifugal forces and lateral pressure 

gradient forces (Ahnert, 1960; Solari, 2002; Fagherazzi et al., 2004). In the current velocity 

observations within the channel, peak tidal velocities are observed below the bank-full depth, 

without the asymmetric peak phenomenon seen in salt marsh channels (French and Stoddart, 1992; 

Pethick, 1980; Fagherazzi et al., 2008), which is related to the different bed friction coefficients 

(Gao et al., 2022). 

Field observations reveal fan-shaped collapse areas on the shoals and slopes of the channel. 

Three different forms of topographic changes in the channel's bank slopes can be observed in the 

point cloud data from TLS (Fig. 11). In cross-section A of the channel, the most noticeable 

topographic change is the retreat of the upper outer bank due to collapse, while acceleration occurs 

in the middle portion of the bank. This phenomenon is visually confirmed in on-site photographs 

(Fig. 13). Elliptical areas show impending collapse blocks with dense crab burrows upon 

magnification, while the rectangular boxes indicate collapsed blocks loosely piled on the bank. 

 



 

 

 

Fig. 13 Fan-shaped collapse area with crab burrows. 

 

In cross-section B of the tidal channel, significant sediment acceleration has occurred on the 

outer bank, which is not located within the fan-shaped collapse zone, but consists of gentler slopes. 

No photographs were taken at cross-section C, but both the inner banks and outer banks of cross-

section C contain fan-shaped collapse zones, and significant retrogressive collapse has also occurred. 

The phenomenon of collapse in tidal channels has been observed in intertidal zones in other 

regions of the world (Barwis, 1978; Gabet, 1998; Whitehouse et al., 2000; Gong et al., 2018; Zhao 

et al., 2022). The bank collapse forms observed at Rudong mudflat are similar to wave-induced 

overturning collapses (Bendoni et al., 2014), but not entirely the same in terms of process and 

mechanism. 

As shown in Fig. 14, field photos of tidal channel development at different stages in Rudong 

were selected. Figs. 14 (a, b, c, e) were taken in 2019, while Fig. 14d was taken in 2020 at the site 

of a fan-shaped collapse observed during the monitoring period. Figs. 14 (a, b, e) depict different 

locations of the same tidal creek, with Fig. 14a located at the far end of e, connecting to the main 

tidal channel, Fig. 14b being the source of the channel with a clear headcut, and Fig. 14b 



 

 

representing a secondary channel developed in the middle of the tidal channel. Fig. 14c is situated 

in the main tidal channel connected to Fig. 14a, positioned more inland compared to the cross-

section in 2020. Fig. 14d shows the seaward direction of the main tidal channel, the same channel 

as Fig. 14c, but wider and deeper. 

By combining field photos at different stages, field observations, and previous research, a new 

mechanism for tidal channel bank slope erosion-protection can be proposed: (1) in the early stages 

of tidal channel development, the headcut of the gully will continuously erode upstream, with 

erosion locations related to micro-landforms on tidal flats, such as caves or small tidal marks (Perillo 

and Lribarne, 2003; Escapa et al., 2008; Le Minor et al., 2020). At this stage, the channel cuts below 

the main channel, creating deep V-shaped or U-shaped incisions at the eroded areas on the flat. The 

slopes on both sides of the channel are perpendicular to the tidal flat. (2) As the channel further 

develops, widening and deepening its profile, the steep slopes perpendicular to the tidal flat are not 

stable enough to support themselves during ebb tides, leading to sliding collapses in the channel. 

The sliding blocks will accumulate loosely at the lower part of the slope, causing the slope below 

the channel to become gentler (Gabet, 1998). (3) As the channel continues to develop, vertical banks 

in an unbalanced state will exhibit tension cracks. However, due to the increased scale of the channel, 

normal weather conditions do not provide enough hydrodynamic force to continuously erode the 

slopes of the tidal flat. Consequently, the loose accumulations at the lower part of the channel slope 

undergo diatom colonization, enhancing the erosion resistance of the loose accumulations in the 

middle and lower parts of the channel bank (Grabowski et al., 2011). Simultaneously, with the 

changing tides, the deepening and widening of the channel increase the difference in water content 

between the top and bottom of the tidal flat, altering the mechanical properties and shear forces of 

the bank. As the base of the tension cracks is covered by algae, the blocks cannot collapse through 

sliding, leading to toppling collapses. (4) As the toppling collapses continue to a certain extent, the 

accumulations in the middle and lower parts of the tidal flat bank cause the bank to decrease below 

the critical erosion threshold, reaching a new dynamic equilibrium. 

In this proposed mechanism, the collapse of tidal channels is jointly controlled by multiple 

factors: developmental stage, physical properties, topographic changes, and biological factors. This 

can be summarized schematically in Fig. 15. For newly developing small tidal gullies, channel 

development mainly occurs through widening and deepening, with most slopes having vertical 



 

 

banks. For medium-sized creeks (width 1-2 m, depth less than 1 m), channel collapse primarily 

occurs in the form of sliding. For large channels (width greater than 5 m, depth greater than 1 m), 

due to the influence of biological activity, channel collapse mainly occurs in the form of toppling. 

Crab activity can induce the appearance of tension cracks, while during peak tidal flow below the 

intertidal level, bank collapse may occur during strong wind and wave periods. Due to diatom 

growth and reduced slope gradient in the lower part of the bank, collapse occurs mainly in the form 

of toppling. Part of the eroded collapse block is loosely accumulated in the lower part of the channel, 

while the other part is either washed down to the channel bed for deposition or transported away. 

The new loose accumulation undergoes reshaping after several weak hydrodynamic tidal cycles, 

and new diatom may regrow. 

 

 

Fig. 14 Field photographs of tidal channels at different stages of development. (a) Sliding failure 

of medium-sized tidal creeks (8-June-2019); (b) Development of secondary tidal gullies in small 

tidal gullies, with the vertical slope to the tidal flat (4-June-2019); (c) Toppling failure of the bank 

of large tidal channels (8-June-2019); (d) The lower part of the bank of large tidal channels 

covered by diatom (13-October-2020); (e) Headcut erosion of small tidal gullies, with the vertical 

slope to the tidal flat (4-June-2019). 

 



 

 

 

Fig. 15 Mechanisms of bank failure in different types of tidal channels 

 

Conclusions 

In this study, we utilized field observations to monitor the waves, tidal currents, suspended 

sediment concentrations, and geomorphological changes of intertidal zones under normal weather 

conditions. The main findings and insights are as follows: 

(1) Wind conditions and fetch length are important factors influencing the erosion and accretion 

of intertidal zones under normal weather conditions, with stronger erosion resistance observed in 

the deep channels and lower part of the bank. Peak tidal currents within the channels occur during 

stages below the bankfull depth. The persistent wave oscillations below the bankfull depth at the 

observed cross-section of the channels may be the primary cause of erosion on the channel banks. 

(2) Three different processes of channel slope erosion were identified in the field: ① Upstream 

erosion in small gullies with widening and deepening, leading to vertical slope to tidal flats. ② 

sliding collapse in medium-sized tidal creeks. ③ Due to biological disturbances, large channels 

experience cracking at the top of the bank under hydrodynamic forces, forming unstable blocks. 

These blocks are protected at their base by diatom cover, making them less prone to sliding collapse 

and more likely to experience toppling collapse. After toppling collapse, some loose deposits remain 

in the lower and middle parts of the bank for reshaping, while others are washed into the channel 



 

 

by water flow. 
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