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Abstract: We use a hydrodynamic model applied to an idealized fan-shaped basin to explore the 9 
morphology and dynamics of radial sand ridges in a convergent coastal system. A positive 10 
morphological feedback between channel incision and flow redistribution is responsible for the 11 
formation of the channels-ridges pattern. The selection mechanism of bottom wavelength is associated 12 
with flow concentration in the deeper part of the channels. Our results are compared to sediment and 13 
hydraulic dynamics in the Radial Sand Ridges in China (RSRs). In a convergent, sloping basin the 14 
tangentially averaged tidal velocity peaks at 47km from the apex. This distance is similar to the arc 15 
distance, 62km, where the RSRs are most incised. An offshore shift in tidal phase results in stronger 16 
flows near the north coastline, explaining the presence of asymmetric channel patterns. A numerical 17 
stability analysis indicates that small radial oscillations with a wavelength of 10-15 degrees maximize 18 
the velocity in the troughs. This oscillation wavelength also emerges in the RSRs, which display a peak 19 
in spectral energy at a radial wavelength between 25 to 37.5 degrees. High resolution numerical 20 
simulations in the RSRs confirm that flow concentration occurs in the deeper part of the channels, 21 
keeping them flushed. We therefore conclude that the RSRs display morphometric characteristics 22 
similar to other tidal incisions, like tidal inlets and intertidal channels. This result further supports the 23 
dominant role of tidal prism and related peak velocities in incising coastal landscapes.   24 
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1 Introduction 28 

Tidal incisions are common in coastal and shallow shelf regions. Networks of channels governed 29 
by tides are present in both tidal flats and salt marshes (D'Alpaos et al., 2005; Fagherazzi, 2008; 30 
Fagherazzi et al., 1999). Branching channel systems typically occur in short (with respect to the tidal 31 
wavelength) and wide tidal basins such as bays and barrier-lagoons (De Swart and Zimmerman, 2009; 32 
Marciano et al., 2005). Tidal channels with ebb and flood meanders are also present in elongated, 33 
shallow estuaries (Guo, 2014; Hibma et al., 2003). 34 

All these incisions form because a large volume of water is mobilized by tides (tidal prism) and is 35 
constrained to flow over a shallow bottom, thus triggering high velocities and scour (Fagherazzi and 36 
Furbish, 2001). There is thus a direct relationship between tidal prism and bottom incision, with tidal 37 
prism controlling the velocity field and the maximum incision occurring where the velocity peaks. 38 
This is well known in tidal inlets, where a relationship between tidal prism and total incision -the cross 39 
sectional area of the inlet- is well established (D'Alpaos et al., 2010). Even in tidal flats and salt 40 
marshes channel incision is driven by local tidal prism, defined as the water needed to flood and drain 41 
the intertidal area related to a specific channel cross section (Fagherazzi and Furbish, 2001; Fagherazzi 42 



et al., 2008; Fagherazzi and Sun, 2004).             43 
The largest tidal incisions in the world are probably the Radial Sand Ridges (RSRs) in the southern 44 

Yellow Sea, China (Figure 1). This tidally forced system has rhythmic channels-ridges structures, with 45 
radially elongated and widening channels separated by subaerial and subaqueous ridges, in a fan-46 
shaped geometry. The fan-shaped basin is bounded by linear coastlines with an opening angle of 150° 47 
(Xu et al., 2016; Zhang et al., 1999; Zhang et al., 2017). Here we want to determine whether the same 48 
physical relationships between tidal prism and incision are valid for this large-scale tidal system 49 
spanning hundreds of kilometers.   50 

Geological studies indicate that the RSRs formed by the reworking of the Old Yangtze River 51 
mouth deposits (Wang et al., 2012; Yang et al., 2002). The intermittent sediment supplied by the Old 52 
Yellow River mouth further favored the growth of the RSRs (Wang et al., 2015; Wang et al., 2012). 53 
Few studies have been conducted to explain the formation and evolution of the RSRs. Most of them 54 
directly link these topographic features to the hydrodynamics induced by tidal waves. The radial tidal 55 
flow field is ascribed to the convergent-like tidal wave in the RSRs, generated by the interaction 56 
between the rotating tidal wave of the southern Yellow Sea and the progressive tidal wave propagating 57 
from the East China Sea, and it is independent of the local topography of the RSRs (Qian et al., 2015; 58 
Su et al., 2015; Su et al., 2017). The dominant tidal constituent in the RSRs is the semidiurnal M2 59 
constituent (Su et al., 2015). The tidal flow field of the M2 constituent shows a radial distribution of 60 
velocity in line with the axis of the channels during both flood and ebb (Yao et al., 2013). Peak 61 
discharges perpendicular to channel cross sections maintain channel stability, preventing silting (Zhang 62 
et al., 1999). Numerical simulations show that the radial pattern of the peak flow is persistent, even 63 
with a schematized bathymetry obtained by smoothing the local undulations (Zhu and Chang, 2001). 64 
Some researchers thus hold that the radial tidal flow field is responsible for the formation and 65 
development of the RSRs over long time scales (Qian et al., 2015; Su et al., 2015; Wang et al., 2015; 66 
Zhang et al., 1999; Zhu and Chang, 2001). Su et al. (2015) also pointed out that the initial bathymetry 67 
of the RSRs influences the magnitude of the tidal flow and is crucial to the formation of channels. Tao 68 
et al. (2019) carried out morphodynamic simulations of the RSRs and showed that rhythmic 69 
topography can be qualitatively reproduced starting from a smooth sloped bathymetry with M2 tide. 70 
However, the understanding of how the incision of channels occurs and why the final configuration of 71 
the RSRs is achieved is still lacking. Quantitative analysis of the RSRs bathymetry is an important step 72 
for the identification of the morphodynamic processes responsible for these bedforms. 73 

Stability analysis has been widely used to explain the emergence of rhythmic patterns in terrestrial 74 
and marine landscapes such as river meanders (Blondeaux and Seminara, 1985; Parker, 1976; 75 
Seminara, 1998; Seminara, 2009), estuarine bars (Schramkowski et al., 2002; Schuttelaars and De 76 
Swart, 1999), and branching channel patterns in tidal environments (Marciano et al., 2005). In a 77 
stability analysis, small-amplitude perturbations are added to the initial bed elevation. These 78 
perturbations affect the distribution of bottom shear stresses, hence the erosion and deposition of 79 
sediments. The growth rate of perturbations having different frequencies is then evaluated, and the 80 
largest rate of growth corresponds to the morphology expected to be observed in the field. A similar 81 
numerical analysis is used herein to explore which radial channel wavelength is selected in a 82 
convergent coastline.   83 

 84 



 
Figure 1. a) Bathymetry and modeling domain. The regional model covers the entire 
bathymetry of Figure 1a. The black fan-shaped grid shows the area of the bathymetric 
analysis (Fourier and Wavelet analysis). The red fan-shaped sector shows the nested grid used 
for the modeling domain of this paper. b) Detail of the modeling domain of Figure 1a. The 
black line indicates the 10m depth contour line. The red triangles indicate the location of 
observation stations. The median grain size (D50) of the substrate at the observation stations 
are shown in the legend. 
  85 
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Figure 2. Co-tidal chart of the M2 tide. a) Amplitude of M2 tide. b) Phase of M2 tide. The 
black fan-shaped sector indicates the boundary of our idealized simulations. 

 87 

2 Study site 88 

The RSRs is a coastal system with large-scale tidal channels and ridges (Figure 1). The area is 89 
near to the Old Yellow River mouth to the north, and borders the Yangtze River estuary to the south. 90 
The bed sediment of the RSRs is predominantly constituted by well-sorted sand and silt in offshore 91 
areas (Figure 1b), and the clay fraction tends to be distributed more landward over the intertidal flats. 92 



The rotating tidal wave of the southern Yellow Sea and the progressive tidal wave propagating 93 
from the East China Sea merge into a standing tidal wave at the offshore boundary of the RSRs that 94 
converges toward the shore (Su et al., 2015; Xing et al., 2012). The convergent-like tidal wave is 95 
characterized by arc-shaped co-range lines with an early phase in the northern part. The amplitude of 96 
the M2 constituent has a mostly uniform value of 1.2m and the phase lag of the M2 constituent varies 97 
from 80° to the north (referring to the UTC in this study) to 105° to the south (Figure 2). Because of 98 
the topographic convergence, the tidal amplitude increases onshore, reaching a value above 2.0m near 99 
the apex of the RSRs. Here we study in detail the bathymetry of the RSRs. The bathymetric data were 100 
provided by a coastal investigation and assessment carried out by the Jiangsu Province in 2006 101 
(Mission 908) and updated with field measurements in 2014.  102 
 103 
Table 1. Bathymetry settings of idealized simulations. 104 

Scenario Bottom Slope Open boundary conditions 
Coriolis 

force 

S0-S17  From 0 to 0.00017 every 0.00001  uniform amplitude and phase No 
L1-L9  0.00015 (bottom oscillations) uniform amplitude and phase No 

LX 0.00015 (single topographic low) uniform amplitude and phase No 
LXI 0.00015 (two topographic lows) uniform amplitude and phase No 

AS0-AS17 From 0 to 0.00017 every 0.00001  uniform amplitude, varying phase Yes 
AS15II 0.00015 uniform amplitude and phase Yes 
AS15III 0.00015 uniform amplitude, varying phase No 

 105 

3 Methods 106 

3.1 Numerical simulations with idealized geometry 107 

3.1.1 Tidal hydrodynamics 108 

We use the open source modeling system Delft3D-FLOW to simulate tidal hydrodynamics. 109 
Delft3D solves the depth-averaged shallow water equations (Van der Wegen and Roelvink, 2008). 110 
These equations are discretized on a staggered grid and are solved using the ADI method (Stelling, 111 
1983). At first, we use the numerical model to simulate tidal flow in an idealized fan-shaped basin 112 
having flat or gently sloping bottom. In the simulations we flatten the bathymetry for two reasons: i) 113 
to better capture the salient interactions between tidal oscillations, tidal prism, and related tidal 114 
velocities without the local noise generated by the real bathymetry, and ii) to explore why tidal 115 
incisions and radial sand ridges form in a generic sloping bathymetry. As indicated by Murray (2007), 116 
a model with reduced complexity is better suited to explain the emergence of morphodynamic features. 117 

The computational domain is a 150° fan-shaped basin with a radius of 113km, mimicking the 118 
coastal setting of the RSRs. A small fan-shaped area with a radius of 5km at the basin head is removed 119 
from the mesh to prevent numerical instability. The grid resolution is 0.25° in the transverse direction 120 
and the aspect ratio of each cell is approximately equal to 1. The water depth at mean sea level is set 121 
at 19.6m at the open boundary. This value is the average value of the RSRs bathymetry at 113km from 122 
the shore. All the other boundaries are considered impermeable (null normal velocity). The Chézy 123 
coefficient is set to 100 m1/2/s based on preliminary calibration of tidal propagation. The eddy viscosity 124 
is set to 1m2/s based on Zhou et al. (2014b) and according to grid resolution in the simulations.  125 



In a first set of hydrodynamic simulations we study the effect of bottom slope on the tidal 126 
hydrodynamics of our simplified convergent coastline. We keep the water depth at the open boundary 127 
fixed and alter the water depth at the apex. The slope ranges from 0 (flat bottom) to 0.00017 (scenario 128 
S0-S17 in Table 1). In a second series of simulations we perform a stability analysis to determine what 129 
frequency of bottom oscillations is selected during RSRs formation. We therefore introduce small 130 
perturbations at the bottom and determine what frequency leads to the highest velocity increase in the 131 
troughs. We use a radial, sinusoidal oscillation with amplitude of 1m and angular wavelength of 3°, 6°, 132 
10°, 15°, 25°, 30°, 50°, 75° and 150° (scenario L1-L9 in Table 1). In a third series of simulations we 133 
explore the effect of incisions (topographic lows) on the hydrodynamic field and the competition 134 
between two topographic lows in order to capture tidal discharge. We prescribe a single topographic 135 
low and two topographic lows with the maximum scour depth of 2m and scour length of 30km at the 136 
bottom (scenario LX/ LXI in Table 1). The scour length is based on the real bathymetry where high 137 
energy bottom oscillations occur. Scour depth of 2m represents a small incision. The result does not 138 
qualitatively change if we use 1m or another small incision (small perturbation). These three sets of 139 
simulations are forced by the idealized symmetric open boundary conditions. A semidiurnal harmonic 140 
tide (M2) with uniform amplitude (1.2m) and phase is prescribed at the arc-shaped open boundary and 141 
the Coriolis force is neglected.  142 

Tidal waves are deflected by the Coriolis force in the amphidromic system within an ocean basins 143 
(Taylor, 1922). In accordance with the characteristics of the tidal wave in the RSRs, the water level 144 
phase lag along the open boundary and the Coriolis force are taken into account in a fourth set of 145 
asymmetric hydrodynamic simulations (scenario AS1-AS17 in Table 1). The open boundary is divided 146 
into two equal sections. Uniform amplitude (1.2m) and phase (local phase lag 105°) is imposed along 147 
the southern half of the open boundary; uniform amplitude (1.2m) and a linearly decreasing phase 148 
from 105° at the central point to 80° at the north end is imposed along the north half of the boundary. 149 

 150 

3.1.2 Sediment transport 151 

We use scenario LX as an example to test whether concentrated flow with high velocity is 152 
responsible for scouring in the topographic low. We also examine what frequency of bottom 153 
oscillations leads to the highest erosional trends in the troughs, based on scenario L1-L9. 154 

To quantify the effect of bathymetry on potential depositional and erosional trends, sediment flux 155 

divergence is calculated by 
1 r QQDiv Q

r r
θ
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, where  Div Q  is the sediment flux divergence of 156 

suspended load or bed load; rQ  and Qθ  indicate sediment flux in the radial and tangential direction.  157 

Mud is transported as suspended load. We use idealized scenario LX and scenario L1-L9 to test 158 
the sediment flux divergence of the mud fraction during one tidal cycle. The initial concentration of 159 
mud is set to 0.38kg/m3, similar to the averaged suspended sediment concentrations (SSC) of sampling 160 
stations in the RSRs. The erosion and deposition fluxes of mud are calculated applying the 161 

Partheniades-Krone formulations (Partheniades, 1965). The critical shear stress for deposition ,cr dτ  162 

is set to 1000Pa following Winterwerp et al., (2007); therefore sedimentation is possible throughout 163 

the tidal cycle. The critical shear stress for erosion ,cr eτ  equals to 0.15Pa in our simulations. The 164 



settling velocity sω  is specified as 0.0005m/s. The seaward boundary concentration of mud is set to 165 

0kg/m3.  166 
In the case of sand transport, we follow the approach of Van Rijn (1993) (see also Luan et al., 167 

2017). The median grain size of sand fraction is set to 180μm and the divergence of bed load flux after 168 
one tidal cycle is calculated in the scenario LX. 169 
 170 
 171 

3.2 Numerical simulations with real bathymetry 172 

3.2.1 Model domain and boundary conditions 173 

To perform high resolution simulations with the real bathymetry we use a mesh nested in a regional 174 
model for tidal propagation along the Jiangsu coast (Figure 1b). The regional model uses spherical 175 
coordinates and spans from 119.2°E to 123.2°E in the longitudinal direction and from 30.9°N to 36.1°N 176 
in the latitudinal direction (Figure 1a). The upstream boundary in the Yangtze River estuary is located 177 
at Xuliujing Station. Some minor rivers discharge into the sea along the Jiangsu coast. However, most 178 
of them have a limited discharge and are thus neglected in our simulations (Yao et al., 2018). The open 179 
boundary conditions in the Yellow sea are provided by the globe tide model TPXO 7.2 (Egbert et al., 180 
1994; Egbert and Erofeeva, 2002), and the measured water level at Xuliujing station is set as the 181 
upstream boundary conditions in the Yangtze delta. To capture the detailed flow field in the RSRs, 182 
high resolution simulations are then preformed on the fan-shaped, Cartesian plane indicated in Figure 183 
1b. The open boundary conditions of the high resolution simulations are generated by the 184 
computational results of the regional model.  185 

 186 

3.2.2 Sediment composition 187 

The median grain size (D50) of surface bottom samples collected at 11 observation stations are 188 
shown in Figure 1b. The northern part of the sand ridges (stations N1-N5) is characterized by finer 189 
sediments with respect to the southern part (stations S1-S6). This difference is attributed to different 190 
sediment sources that contributed in different periods to the material present in the RSRs. Most of the 191 
sand fraction in the RSRs was derived from the paleo-Yangtze River, which entered the sea north of 192 
the modern Yangtze estuary. The mud present in the northern part of the RSRs was deposited in the 193 
Old Yellow River delta when the Yellow River discharged into the sea in the north Jiangsu coast 194 
between 1128 and 1855 (Wang et al., 2012). 195 

For simplicity, in our simulations a spatially uniform distribution of bed fractions is specified in 196 
the northern and southern parts. Only two bed fractions are used to represent the composition of bottom 197 
sediments: sand fraction with D50 = 180μm and mud fraction with D50 = 20μm. The mass ratio 198 
between sand (180μm) and mud (20μm) in each part is specified to match the averaged median grain 199 
size of the observation stations. As a result, we assume a bed composition in the northern part with 85% 200 
mud and 15% sand, and 42% mud and 58% sand in the southern part. 201 

   202 

3.2.3 Model Calibration  203 

We compare simulation results of water level, velocity and suspended sediment concentration to 204 
field data at eleven observation stations in the RSRs (Figure 1b). The field data were obtained during 205 



a spring tide for the period from 24 August 2006 to 25 August 2006 in intervals of one hour. 206 
Following Allen et al. (2007), two parameters are used to evaluate the synthetic performance of 207 

the hydrodynamic simulations, the model efficiency:  208 

( )
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and the root mean squared error: 210 

( )2-D M
RMSE

n
= ∑  211 

Where M indicates the simulated result (water level or tidal velocity), D indicates the observation 212 

data, D  is the mean of the observation data, and n is the total number of observations. The value of 213 

ME represents model performance, which is classified as follows: ME > 0.65 excellent; 0.5 < ME < 214 
0.65 very good; 0.2 < ME < 0.5 good; ME < 0.2 poor. The comparison of time series between measured 215 
data and simulated data in four representative stations are shown in Figure 3. We report ME and RMSE 216 
for water levels and flow velocity magnitude. Overall, the simulated tidal levels and tidal current 217 
velocities agree well with the measured data in the RSRs. 218 

  219 



 
Figure 3. Calibration of water levels and suspended sediment concentrations (SSC) at four 
representative observation stations (a-d). Calibration of water velocity magnitude and 
direction (e-h). We report ME and RMSE for water levels and velocity magnitude in the 
figures. 
 220 

3.3 Bathymetric analysis 221 

Discrete Fourier transforms are used to quantify the rhythmic bedforms of the RSRs. Discrete 222 
Fourier transform (DFT) operates on discrete signals and is applicable to sampled topographic data of 223 
rhythmic surfaces in order to identify periodic structures and reveal features such as wavelength, 224 
orientation, and amplitude. The same technique has already been used in terrestrial and marine 225 
environments (Cazenave et al., 2013; Perron et al., 2009; Van Dijk et al., 2008). Previous studies 226 
applied DFT to a 2D rectangular domain whose sampling data is regularly distributed in even intervals 227 
in the x or y direction of a Cartesian plane.  228 

Since the RSRs are fan-shaped, we use the DFT in polar coordinates describing each bathymetric 229 



point in terms of radius ρ and angle θ (Figure 1). The locations of the sampling points are distributed 230 
in 37 radially uniformly-spaced arcs with a total angle of 150°. We use a triangular interpolation to 231 
acquire the bathymetry at every sampling point. The measured bathymetry data points are first 232 
organized into a Delaunay triangulation, and then the bathymetry at every sampling point is 233 
interpolated. The sampling points are regularly distributed in even intervals of 1° along each arc-234 
shaped transect. We remove the mean value of the sampling data along each arc transect. Spectral 235 
analysis based on the 1D DFT is performed on the sampling data along each arc transect. We use 236 
wavelet analysis to identify the non-stationary oscillations of the deeply incised channels. A continuous 237 
Morlet wavelet is adopted which provides a good trade-off between frequency and spatial precisions 238 
(Torrence and Compo, 1998). 239 

 240 

 
Figure 4. a) Water level and velocity at the open boundary in the scenario S15. b) Water level 
and velocity at the arc49 located 49km away from the apex. High water (HW) and high water 
slack (HWS, i.e. when the velocity is zero) are indicated. c) Radial distribution of sea-surface 
phase difference (2M2-M4), and radial distribution of amplitude ratio M4/M2 in the scenario 
S15. 
 241 
 242 

 
Figure 5. a) Water volume flowing inside/outside each arc transect during a half-tidal cycle 



(tidal prism) in the scenarios S0, S15 (black lines) and AS0, AS15 (red lines); b) Relationship 
between the bottom slope and i) the position of the maximum velocity band in symmetric 
simulations S1-S17 (black line); ii) the position of maximum tangentially averaged velocity in 
asymmetric simulations AS1-AS17 (red line). The black cross shows the position of maximum 
velocity band of S15 and the red cross shows the position of maximum tangentially averaged 
velocity of AS15 (the scenarios with a slope closest to the averaged slope of the RSRs). The 
green line shows the position with the highest spectral energy in the DFT. c) Peak velocity 
distribution in the simulation S15, the maximum velocity band occurs 49 km from the apex. 
 243 

 
Figure 6. a) Difference in peak velocity between scenario L4 (oscillating bottom) and S15 
(planar, sloping bottom). b) Increase in averaged peak velocity along the axis of radial small 
perturbations (topographic lows of scenarios L1-L9). Red triangles mark the largest velocity 
increase. Each line shows the velocity increase at a specific distance to the apex. 
 244 

 245 

 
Figure 7. a) Difference in peak velocity between scenario LX (single topographic low) and S15 
(planar, sloping bottom). b) Difference in peak velocity between scenario LXI (two topographic 
lows) and S15 (planar, sloping bottom). c) Increase in peak velocity along the axis of 



topographic low (LX versus LXI). 
 246 
 247 

4 Results 248 

4.1 Idealized symmetric flow simulations  249 

The results of the idealized hydrodynamic model indicate that a standing tide is present in the fan-250 
shaped basin. There is a phase shift of almost 90º between water level and velocity fluctuations, with 251 
slack water periods occurring at high and low tides, caused by the reflection of the tidal wave at the 252 
basin head (Figure 4a, 4b). The tidal flow is characterized by radial currents. The velocity has similar 253 
values along each arc, while it varies along the radial direction. Tidal asymmetry is also present, with 254 
the sea-surface phase difference (2M2-M4) between 0° to 180° in most areas (Figure 4c), leading to 255 
flood domination (Friedrichs and Aubrey, 1988). Tidal distortion decreases offshore, with a decline in 256 
M4/M2 ratio in the offshore direction.    257 

Tides are responsible for the exchange of water between the sea and the basin. Figure 5a shows 258 
the radial distribution of the water volume flowing inside/outside each arc-shaped transect during half 259 
tidal cycle (i.e., the tidal prism). The tidal prism increases in the offshore direction because the basin 260 
area increases. Moreover, the tidal prism weakly depends on bottom slope in the scenarios S0-S17, 261 
and different bathymetries only lead to slight changes in tidal discharge across a given arc.   262 

We regard the peak flow velocity as the geomorphological agent responsible for channel formation, 263 
as commonly assumed in geomorphic studies of tidal systems (D'Alpaos et al., 2005; Friedrichs and 264 
Perry, 2001; Myrick and Leopold, 1963). In the case of flat bottom (S0), the peak flow velocity 265 
decreases from the open boundary to the basin head because of the reduction in tidal prism. The 266 
maximum peak velocity in the entire domain (hereinafter referred to as maximum velocity band) is 267 
thus located at the open boundary. As previously described, the tidal prism is almost independent of 268 
basin bathymetry. When the bottom slope increases, the water depth decreases inland, so that the 269 
velocity must increase to maintain the same tidal discharge. Thus the position of the maximum velocity 270 
band moves inside the basin from the open boundary (Figure 5b). The bottom slope strongly influences 271 
the peak velocity distribution as well as the location of maximum velocity band. For a bottom slope of 272 
0.00015, similar to the average bottom slope of the RSRs, the maximum velocity band is located 49 273 
km from the apex (Figure 5c). The maximum velocity zone provides the best conditions for the 274 
development of tidal channels, because incisions develop faster when the flow is strong (Temmerman 275 
et al., 2007).      276 

In the numerical stability analysis, we prescribed small radial perturbations and we determined 277 
what frequency results in the largest concentration of flow in the troughs (i.e. the highest increment in 278 
velocity). As an example of the impact of an oscillating seabed on hydrodynamics, Figure 6a shows 279 
the change in the peak velocity in the scenario L4 (bottom oscillations with wavelength of 15°) versus 280 
the planar bed S15. The tidal flow accelerates in topographic lows and decelerates in topographic highs, 281 
a mechanism that likely triggers the initiation of rhythmic incisions.    282 

The tidal prism in the case of the oscillating seabed (L1-L9) is identical to the case with planar 283 
seabed (S15). However, the water volume conveyed in topographic lows is higher than the volume 284 
conveyed in topographic highs, in line with previous findings in tidal channels (Fagherazzi and Furbish, 285 
2001; Fagherazzi et al., 2003). As a result, discharge per unit width is redistributed from topographic 286 
highs to topographic lows, increasing the velocity in the troughs and likely leading to more incision. 287 



The seabed oscillations thus likely grow into tidal channels. Since the velocity peaks in our idealized 288 
basin at the maximum velocity band, here we expect to find the most incised channels.    289 

The concentration of momentum is different for different wavelengths of bottom oscillations. For 290 
an increasing wavelength, the velocity in the troughs first increases and then diminishes. If the 291 
wavelength is short, the distance between subsequent topographic lows is too small and they inevitably 292 
compete for the same discharge. If the wavelength is long, there is insufficient redistribution of 293 
momentum to convey more water to topographic lows. It is important to note that in the distal part the 294 
wavelength of the perturbations becomes very large. As a result, flow is no longer concentrated in 295 
topographic lows. The velocity can even decrease in depressions because of flow expansion (Figure 296 
6b, scenario L9, d=100km).  297 

To better understand the flow field near an initial scour, a single topographic low was set near the 298 
maximum velocity band in a planar, sloping bottom (scenario LX). The magnitude of peak velocity 299 
decreases in the area surrounding the initial scour (i.e. dark area in Figure 7a). The tidal flow 300 
accelerates in the scour and thus can lead to more local erosion. This single incision thus captures flow 301 
and momentum from the nearby topographic highs (the influence area in Figure 7a) to concentrate it 302 
in the scour. If a second incision is added in the influence zone, it competes with the first incision, 303 
deflecting flow and momentum, thus lowering the velocity in the first incision (Figure 7b, 7c). 304 
Incisions too close to each other would thus be unable to concentrate the flow in the scours, because 305 
of their overlapping influence zones.  306 

The maximum increase in velocity is reached for a wavelength between 10° to 15° (Figure 6b). 307 
This perturbation wavelength therefore grows faster than other perturbations. In a real seabed initial 308 
perturbations with all frequencies are likely present. In time the system selects the perturbation that 309 
leads to the highest flow concentration, so that this frequency becomes dominant. In fact, incisions 310 
related to the dominant wavelength erode more and deepen faster than others. In the long term 311 
competition among incisions is in favor of those that increase the velocity the most. Once the dominant 312 
oscillations become the most incised, the growth rate of these incisions increases, in a positive 313 
feedback (see Fagherazzi and Furbish 2001). Rhythmic channels then form. 314 

 315 

 
Figure 8. a) Peak velocity distribution in simulation AS15; the black line indicates the arc47 
where the maximum value of the tangentially averaged peak velocity occurs (47 km from the 



apex). The tidal current vectors are displayed as arrows. b) Distribution of i) radially averaged 
velocity along the arc (black dash line); ii) peak velocity along arc47 (black solid line); iii) 
radially averaged water volume per unit width flowing landward during flood (solid blue line) 
and seaward during ebb (dotted blue line) in simulation AS15. 
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Figure 9. a) Peak velocity distribution in simulation AS15II. b) Peak velocity distribution in 
simulation AS15III. The tidal current vectors are displayed as arrows. c) Distribution of 
radially averaged velocity along the arc in simulation S15,AS15, AS15II and AS15III. 

 318 
 319 

 320 

4.2 Idealized asymmetric flow simulations  321 

In the previous section we determined that bottom slope controls the location of the maximum 322 
velocity band in a convergent coastline, with the maximum velocity band moving onshore when the 323 
bottom is tilted. The asymmetric hydrodynamic simulations (with Coriolis force and varying phase) 324 
show that the radial distribution of tidal prism is similar to that of the symmetric flow simulations, and 325 
also weakly dependent of bottom slope (Figure 5a). Thus, also in this case the bottom slope controls 326 
the location of maximum velocity as in the symmetric simulations (Figure 5b). The tangentially 327 
averaged peak velocity is maximum at the arc located 47 km from the apex for a bottom slope of 328 
0.00015 (hereinafter referred to as arc47, see in Figure 8a). Tidal distortion increases from the northern 329 
part to the southern part in simulation AS15, characterized by an increase in M4/M2 ratio and an 330 
increasing sea-surface phase difference (2M2-M4) from 25° at the north end to 36° at the south end 331 



along arc47. 332 
The varying phase and Coriolis force give rise to an asymmetric flow pattern in the domain (Figure 333 

8a). To study the asymmetric flow pattern between the northern and southern parts, we calculate the 334 
averaged peak velocity along each radius and then show the distribution of these averaged values along 335 
the arc direction (hereinafter referred to as “distribution of radially averaged velocity along the arc”). 336 
Similarly, we compute the water volume exchanged in a radial direction during both flood and ebb. 337 
During flood most of the water enters from the northern part while during ebb a fraction of the 338 
discharge is diverted to the southern part (Figure 8b). As a result, the distribution of radially averaged 339 
velocity along the arc is higher in the northern part. Even the peak velocity along arc47 is higher in the 340 
northern part near the west boundary, where we should therefore expect deep incision (Figure 8b). 341 

To better understand what process is responsible for the increase in velocity in the northern part, 342 
we separately simulate the tidal flow subject to the Coriolis force (scenario AS15II) and varying phase 343 
(scenario AS15III). The Coriolis force deflects the tidal flow and leads to stronger flow in the southern 344 
area (Figure 9a). Compared to the symmetric simulation, the magnitude of radially averaged velocity 345 
consistently decreases in this scenario (Figure 9c). The varying phase along the northern half of the 346 
open boundary results in higher flow velocities in the north, especially near the west boundary where 347 
the tidal flood occurs earlier; a uniform flow field takes place in the southern part driven by the constant 348 
phase along the southern half of the open boundary (Figure 9b,9c). Therefore, the tidal flow asymmetry 349 
triggered by the varying phase dominates over the flow asymmetry caused by the Coriolis force (Figure 350 
9c). 351 

 352 

 
Figure 10. a) Difference in divergence of suspended load flux between scenario LX (single 
topographic low) and S15 (planar, sloping bottom). b) Difference in divergence of bed load 
flux between scenario LX (single topographic low) and S15 (planar, sloping bottom). Positive 
values mean increase in the divergence of sediment flux. We zoom in on the single 
topographic low and leave out the modeling domain with no difference in divergence. 
 353 



 
Figure 11. a) Difference in divergence of suspended load flux between scenario L4 
(oscillating bottom) and S15 (planar, sloping bottom). Channels are classified in four 
different zones. Zone I and Zone III show potential convergence; Zone II and Zone IV show 
potential divergence. b) Increase in divergence of suspended load flux along the axis of radial 
small perturbations (topographic lows of scenarios L1-L9). Red triangles mark the largest 
divergence increase. c) Total divergence of suspended load flux in Zone II (inner channels). 
 354 

4.3 Sediment transport in the idealized geometry 355 

In the previous section we determined that there is a positive feedback between channel incision 356 
and flow redistribution. We then examine the sediment flux field around a single topographic low. The 357 
divergence of suspended sediment flux increases in a large part of the topographic low, suggesting 358 
sediment export and potential erosion. A decrease in flux divergence is present in nearby topographic 359 
highs. Only at the tips of the incision there is more convergence of sediment flux (Figure 10a). Bed 360 
load transport is both convergent and divergent in the topographic low (Figure 10b). Note that 361 
suspended sediment flux is two order of magnitude larger than bed load, and therefore dominant. 362 
Overall, flow concentration in the topographic low causes divergent fluxes that export sediments. 363 

As an example of the impact of an oscillating seabed on sediment flux divergence, Figure 11a 364 
shows the change in the sediment flux divergence in scenario L4 (bottom oscillations with wavelength 365 
of 15°) versus the planar bed S15. Channels are divided in four different zones; the largest portion 366 
(Zone II) at an intermediate distance from the apex displays divergence. Convergence of sediment flux 367 
is only present in the Zone I near the apex and in the distal Zone III. In these areas the velocity is lower 368 
and sediment originating in Zone II is likely trapped (Figure 5c and Figure 6b). Note that in the RSRs 369 
the channels disappear near the apex (Zone I) and offshore (Zone III). Sediment flux divergence in 370 
Zone IV is caused by the open boundary conditions, since the mud concentration at the boundary was 371 
set to zero. 372 

Figure 11b shows the increased divergence along the axis of channels as a function of oscillation 373 
frequency. Sediment divergence is maximum at a wavelength of 6-10 degrees at a distance of 30-70 374 
km from the apex. We then quantify the sediment flushing capacity of channels by calculating the 375 
cumulative divergence in Zone II (inner channels). The total divergence peaks at a wavelength of 10° 376 
(Figure 11c). Therefore, incisions with a wavelength of 10° evacuate more sediment, possibly favoring 377 
erosion.  378 
  379 



 

Figure 12. a) Peak velocity distribution resulting from high resolution simulations with the 
RSRs bathymetry. The black line indicates the 10m depth contour line. The position of arc79 
(the arc located 79km away from the apex) is shown by the blue line. The red line shows the 
boundary between the northern and southern part. The magenta line indicates the 118° radius. 
b) Radial distribution of tangentially averaged velocity. c) Bed elevation and peak velocity 
along arc79.  
 380 
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Figure 13. a) Relationship between peak velocity and water depth of arc79 (blue dots). The 
black line represents the linear regression line. The regression coefficients and the square of 
correlation coefficient (R2) are shown in the upper left. b) Radial distribution of slope and R2 of 
the linear regression line for each arc. The black line shows the R2 distribution for each arc and 
the red line shows the regression slope for each arc. The regression coefficients significant with 
p< 0.05 are indicated by thicker lines. 
 383 
 384 

4.4 Tidal hydrodynamics in the RSRs 385 

Our idealized simulations suggest that the initiation of radial incisions is inherently linked to a 386 
positive feedback between depressions and flow redistribution. We then test whether a similar 387 
relationship between bathymetry and tidal flow is also present in the RSRs.  388 

 The 10m depth contour is closer to the coastline in the northern part of the RSRs. In this area the 389 
water becomes deeper offshore (Figure 1b). High velocity occurs near the northern coastline, which 390 
indicates concentration of tidal discharge (Figure 12a). Thus, the flow asymmetry detected by our 391 
idealized simulations is also confirmed when considering a simulation with real topography and 13 392 
tidal constituents. The radial distribution of tangentially averaged velocity increases in the landward 393 
part of the RSRs, reaching a peak 43km away from the apex and then decreases seaward (Figure 12b). 394 
This peak in velocity is situated near the maximum velocity zone identified in the idealized simulations 395 
(Figure 5b). 396 

Figure 12c shows the bed elevation along arc79 and the corresponding peak velocity during two 397 
spring tidal cycles. The velocities are higher in the channels than on the adjacent ridges, indicating 398 



flow concentration. The flow velocity increases in the shallow area located between the radii 118° and 399 
150° at the south end of arc79. Here, the shallow bathymetry of the shoals diverts the flow in the deeper 400 
parts, augmenting the velocity.  401 

Flow concentration in the channels keeps them hydrodynamically active. To quantify what 402 
incisions are active in the system, we then measure the relationship between peak velocity and water 403 
depth of each arc as a function of distance to the apex. The shoals area between the radii 118° and 150° 404 
near the land boundary is excluded when we adopt linear regression between peak velocity and water 405 
depth, to avoid high velocities triggered by confined flow in the deeper parts. As an example, Figure 406 
13a shows the scatter plot of arc79, as well as the linear regression line. The positive slope of the linear 407 
regression line of arc79 means that an increase in water depth generally leads to an increase of flow 408 
velocity. Figure 13b shows the regression slope and the R2 coefficient for each arc. We test for the 409 
significance of the regression slopes different from zero. The regression coefficients which are 410 
significant with p< 0.05 are indicated by a thicker line in Figure 13b. The first peak in R2 is reached 411 
19km away from the apex, where the averaged water depth is 0.87m. Here flow is confined in the 412 
deeper parts in the shallow intertidal zone during flood and ebb, reaching high velocity (Fagherazzi 413 
and Mariotti, 2012). The next peaks of R2 are reached between 54km to 79km away from the apex, 414 
corresponding to the position where velocity peaks in Figure 12b. Channels here are maintained 415 
flushed by flow concentration. No significant linear relationship between peak velocity and water 416 
depth is present in the distal part. This is because the redistribution of momentum from topographic 417 
highs to topographic lows is weak when the wavelength of bottom oscillations is too long (Figure 6b).  418 

 419 

 
Figure 14. Distribution of mean suspended sediment concentration during two spring tidal 
cycles in the northern part (a) and southern part of RSRs (b). The black line indicates the 10m 
depth contour line. 
 420 
 421 
 422 
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Figure 15. Sediment flux divergence for total load in the northern part (a) and southern part 
(b). Sediment flux divergence for bedload in the northern part (c) and southern part (d). 
Positive values mean divergence of sediment flux, and therefore erosion. The black line 
indicates the 10m depth contour line. 
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Figure 16. a) Radially distribution of the averaged bed elevation of locations under potential 
erosion (blue line) or deposition (red line) in the northern part (a) and southern part of RSRs 
(b). We report the mean low water level (MLW). 



 426 

4.5 Sediment transport in the RSRs 427 

Both suspended load and bed load fluxes are included when calculating the sediment flux 428 
divergence field in the RSRs. We define suspended load as the sum of both mud and sand suspended 429 
transport, while the bed load only consists of sand transport. Because of concentrated water flow, 430 
channels are characterized by a suspended sediment concentration higher than nearby ridges (Figure 431 
14). Patterns of sediment flux divergence after two spring tides indicate elongated zones of sediment 432 
divergence (potential erosion) in the channels. Sediment fluxes converge on most ridges, likely 433 
triggering widespread deposition, while divergence occurs only in small-scale areas across the ridges 434 
(Figure 15a, 15b). Almost all areas in the distal part suffer potential erosion because the mud 435 
concentration at the open boundary was set to zero.  436 

The pattern of sediment flux divergence for bed load presents both divergence and convergence 437 
in localized zones. Sediment flux divergence for total load is up to two order of magnitude than 438 
sediment flux divergence for bed load in the northern part, and one order of magnitude in the southern 439 
part (Figure 15). This means total load is significantly higher than bed load, with suspended load 440 
dominating sediment transport in the RSRs.  441 

We report the averaged bed elevation of locations subject to sediment convergence (red line) or 442 
divergence (blue line) along each arc as a function of distance to the apex (Figure 16). we exclude the 443 

areas between the radii 118° and 150° when computing the averaged bed elevation of convergent and 444 

divergent fluxes in the southern part. The averaged bed elevation of areas under potential erosion is 445 
generally lower than those under deposition in both northern and southern parts, because most channels 446 
are active capturing momentum and discharge (Figure 13b). This can possibly lead to deeper incisions 447 
in the channels and accretion on the shoals.  448 

Localized channel accretion and shoal erosion takes place within the first 40 km away from the 449 
apex. This area is characterized by overlapping zones of sediment divergence and convergence (Figure 450 
15), and a small difference between the averaged bed elevation of erosion and deposition (Figure 16). 451 
These results indicate that the area is likely in dynamic equilibrium, with processes favoring incision 452 
balanced by processes that smooth the bathymetry. Numerical experiments with a single incision 453 
indicate that near the tip there is more convergence of sediment flux (Figure 10a) and low velocity 454 
(Figure 7a). The sediment flushed from the channels is therefore deposited near the apex, favoring the 455 
formation of shoals. Note that channels cannot extend near the apex because the tidal prism sharply 456 
decreases when the bottom elevation is above mean low tide. Wind waves, not considered herein, can 457 
also smooth the bathymetry favoring the formation of extensive shoals. All these processes can locally 458 
counteract channel formation, leading to a bathymetry in dynamic equilibrium in which incisions are 459 
suppressed. 460 



 
Figure 17. Tidal prism, P, versus cross section area, A, for arc sections with a distance from 

the apex larger than 20 km. The red line shows the power-law: A  k P∂= , with 0.9∂ =  and 

k=0.0007. The average bed elevation of three arcs is also reported. 
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 462 

4.6 P-A relationship in the RSRs 463 

The geomorphic law relating tidal prism, P, to channel cross section area, A, in the form of 464 

A  k P∂= , is common in tidal landscapes (D'Alpaos et al., 2010; Friedrichs and Perry, 2001; Zhou et 465 

al., 2016). Mimicking this equation, here we analyze the relationship between the cross sectional area 466 
below mean sea level along each arc of the RSRs and the tidal prism flowing across it. The tidal prism 467 
is defined as the volume of water exchanged between mean high water and mean low water during a 468 
spring tide and it is expressed here as a function of distance from the apex. At intermediate locations, 469 
the total cross sectional area of each arc and the corresponding tidal prism satisfies a power-law with 470 
an exponent of 0.9 typical of tidal inlets (Figure 17).  471 

The P-A relationship is not satisfied in the shallow intertidal zone near the apex, where the cross-472 
sectional area is larger than expected. Wave-induced sediment resuspension occurs in shallow water 473 
(Fagherazzi et al., 2006), likely keeping the areas near the apex at lower elevation. Moving offshore 474 
the water depth generally increases while the incisions disappear. Eventually the bottom topography 475 
becomes unaffected by the tidal prism. This can be seen in Figure 17, where the cross sectional area 476 
along each arc grows more than the tidal prism in the distal part. 477 
 478 



 

Figure 18. a) Single-sided amplitude spectrum of 37 arc transects resulted from the 1D fft. 
Y-axis is labeled both as frequency (1/degree) and corresponding wavelength in brackets 
(degrees). b) Total amplitude spectrum for each frequency. c) Radial distribution of total 
energy of each arc transect (dotted line), radial distribution of total energy excluding the 
wavelength of 150° (solid line). 
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Figure 19. Wavelet power spectrum of arc32, arc62 and arc113 shown in Figure 18c. The 
white dash line indicates the edge effects occurring in the cone of influence. 

 481 

4.7 Bathymetric analysis of the RSRs    482 

We use Fourier analysis to study the bathymetry of the RSRs, which presents typical rhythmic 483 
bedforms in a fan-shaped basin. The seabed surface is not perfectly periodic, thus the spectral power 484 



spreads over a range of wavelengths (Figure 18a). The lowest frequency, with wavelength 150 degrees, 485 
represents the large-scale shelf bathymetry, characterized by deep water in the central part and shallow 486 
water at the end-points of each arc transect. As a result, the power peaks at the wavelength 150 degrees, 487 
with increasing power values moving offshore. Apart from the lowest frequency (wavelength 150 488 
degrees), there are some notable spectrum peaks at wavelength 25 to 37.5 degrees (Figure 18b). This 489 
indicates that on average the bottom is characterized by a quasiperiodic channels-ridges structure with 490 
characteristic wavelength ranging between 25 to 37.5 degrees. The characteristic range of wavelengths 491 
is comparable to the dominant wavelengths resulting from the numerical stability analysis (between 492 
10 to 15 degrees in Figure 6b).  493 

According to the discrete form of the Parseval’s theorem, the total spectrum power in the 494 
frequency domain is equal to the variance of the signal in the space domain, if the signal has zero mean. 495 
Because we are interested in the variance of the seabed elevation sculpted by rhythmic channels, we 496 
exclude the wavelength 150 degrees, which is likely affected by the geological history of the inner 497 
shelf. The total energy of each arc transect first increases and then decreases moving offshore. This 498 
trend is accompanied by slight fluctuations, with the peak value taking place at 62km from the fan 499 
apex (Figure 18c). Therefore, along this arc section we encounter the largest variations in bathymetry 500 
and the deepest incisions. Note that this location is close to arc47 in the idealized asymmetric 501 
simulations, where maximum tangentially averaged velocity occurs (Figure 5b, 8a). High energy 502 
bottom oscillations mostly occur between 40km to 70km from the apex.  503 

Wavelet analysis is further applied to arc32, arc62 and arc113 in order to identify spatial variations 504 
in the oscillations (Figure 19). Wavelengths between 25 to 37.5 degrees display a continuous high 505 
energy along these arcs and thus can be effectively measured by DFT. These wavelengths represent 506 
the large-scale oscillations of the bathymetry affecting the entire system (Figure 18). For the most 507 
energetic arc section, (arc62 62km from the fan apex), the largest nonstationary undulations are present 508 
for a wavelength between 4.5 to 11 degrees near the west boundary in the northern part. Here a deeply 509 
incised channel occurs, in correspondence to the location of maximum velocity shown in the 510 
asymmetric simulations (Figure 8a). 511 

 The low energy along the northern part of arc32 denotes large nearshore shoals, while deep 512 
channels-ridges oscillations with wavelength between 25 to 30 degrees are present in the southern part. 513 
A nonstationary peak in the middle part of arc113 is identified, which indicates a large scale 514 
bathymetric discontinuity, separating shallow water depths in the northern part from deep water depths 515 
in the southern part. These local topographic characteristics may be the result of differences in 516 
sediment supply and characteristics in the RSRs (Wang et al., 2012).   517 
 518 

5. Discussion 519 

In coastal tidal environments, tidal prism, its related peak velocity and shear stresses are crucial 520 
to sediment transport and hence morphodynamic evolution (Zhang et al., 2018; Donatelli et al., 2018). 521 
To explore the connections between tidal prism, peak velocity and the morphology of the RSRs in 522 
China we have carried out a morphometric analysis of the bathymetry, hydrodynamic and sediment 523 
transport simulations in an idealized fan-shaped basin, and high resolution simulations with the real 524 
bathymetry and tidal forcing. Some other studies have investigated the hydrodynamics, sediment 525 
transport and morphology in parts of the RSRs (Wang et al., 2019; Xing et al., 2012; Xu et al., 2016). 526 
However, this study is one of the few that focuses on the morphometric characteristics of the entire 527 
channels-ridges system and explores possible underlying controls of geomorphic processes. 528 



The hydrodynamics and sediment transport of channel incisions are inherently linked to bottom 529 
bathymetry. Tidal channelization is triggered by flow concentration in incipient incisions (Fagherazzi 530 
and Furbish, 2001). Mariotti and Fagherazzi (2013) show that autogenic channelization occurs during 531 
tidal flats evolution, with a net export of sediment from the channels to the nearby tidal flat. Here we 532 
show that a similar mechanism is likely responsible for channel formation in a large and convergent 533 
tidal system. Our idealized simulations indicate that small perturbations of the initially unchannelized 534 
bottom surface cause higher velocities in the troughs, facilitating instability and leading to channel 535 
formation (Figure 6a). In a mature channel-ridge system, velocity concentration in the channels is still 536 
present, due to the redistribution of flow from the ridges to the channels (Figure 13). Because of higher 537 
velocity leading to scouring, tidal channels are characterized by a suspended sediment concentration 538 
higher than nearby ridges (Figure 14). As a result, the ridges-channels configuration can be maintained 539 
in time (Figure 15). A recent study based on both numerical simulations of sediment transport and 540 
observations in the RSRs indicates continuous sediment accretion on the major ridges and erosion in 541 
adjacent channels (Yao et al., 2018). 542 

In a convergent coastal system having gentle sloping bottom, high velocities develop at an 543 
intermediate distance from the apex (Figure 5c). This is because the tidal prism is too small near the 544 
shore, reducing tidal discharges, while the water depth is too large offshore thus reducing tidal 545 
velocities. Eventually, the tidal velocity is so low in the distal part that the channels-ridges pattern 546 
disappears (Figure 1b, 18c). 547 

 By analyzing the bathymetry of the RSRs, we have shown that the deepest channel incisions are 548 
present along the arc located 62km from the apex (Figure 18c). Hydrodynamic simulations in an 549 
idealized basin with a bottom slope of 0.00015, similar to the averaged bottom slope of the RSRs, 550 
indicate that the most incised channels developed near the arc with the maximum value of tangentially 551 
averaged peak velocity. This arc is located at 47km from the apex (Figure 5b, 8a). We thus believe that 552 
the maximum velocity band has a strong control on the final morphological configuration because high 553 
flow velocities and bed shear stresses are decisive for the initiation and maintenance of channel 554 
incisions. More incised channels develop and can be kept flushed in the maximum velocity zone.  555 

Our high resolution simulations with the real topography show that high velocities are present in 556 
the deep water bodies near the north coastline (Figure 12a). This flow concentration is mainly ascribed 557 
to the characteristics of the dominant semidiurnal tidal constituent M2 in the South Yellow Sea. The 558 
phase lag of the M2 harmonic facilitates more tidal flow exchange in the northern part compared to 559 
the southern one, likely leading to scour in the channels located to the north. The 10m depth contour 560 
line in the north is adjacent to the coastline and reflect the existence of wide channels, as well as the 561 
deepest channel incision in the offshore part (Figure 19b). These topographic features are inherently 562 
linked to the underling properties of the M2 tide.  563 

Tidal asymmetry can affect sediment transport, hence the bottom slope of the basin (Aubrey and 564 
Speer, 1985). In a flood dominated system, ebb currents are incapable to flush out the incoming 565 
sediments, leading to a net import of material and widespread deposition at the basin head where flows 566 
are weak. Therefore, the modern bottom slope may be larger than the ancient one when the channels 567 
and ridges of the RSRs started forming. The band of maximum velocity might have moved inland, 568 
leaving behind highly incised channels (Figure 5b). In the long-term, the location of the deepest 569 
channels would adjust to the location of the maximum velocity band, because high velocities are 570 
needed to maintain the channels flushed of sediments. 571 

Our numerical stability analysis also sheds light on the selective mechanism responsible for the 572 



formation of radial tidal channels. The dominant perturbation wavelength (10°-15°) of bottom 573 
topography triggers the maximum increase in velocity in troughs and thus favors channel formation 574 
(Figure 6, Figure 11). Channels that develop too close to each other compete for tidal discharge, so 575 
that one is eventually abandoned. On the other hand, a very high perturbation wavelength of bottom 576 
topography does not lead to sufficient flow concentration. In this case the velocity decreases in the 577 
perturbation troughs because of the higher water depths. This negative feedback prevents the 578 
development of bottom perturbations and suppresses the channelization process in the distal part of a 579 
large and convergent tidal system. 580 

In the developing phase, nearby incisions compete for the total amount of discharge so that few 581 
become large enough to convoy most of the flow whereas the remaining are abandoned. This initial 582 
number of incisions could decrease in time if the system is perturbed. The RSRs is a dominated by 583 
tide, but it is also subject to wind waves (Zhang et al., 2017). Wind waves can redistribute sediments, 584 
eroding ridges and silting nearby channels. Waves can therefore suppress incisions, reducing the 585 
number of channels. Because of disturbances not accounted in our framework, the wavelength of 586 
bottom oscillations tends to be higher than 10-15 degrees. More research is clearly needed to determine 587 
the effect of wind waves on this system. 588 

Spatial variability of substrate characteristics is common in the RSRs because of different 589 
sediment sources contributing to the system in different historical periods (Rao et al., 2015; Wang et 590 
al., 2012). The northern part of the RSRs received abundant suspended sediments from the Old Yellow 591 
River Mouth (Zhou et al., 2014a). The deposition of these sediments formed wide shoals likely burying 592 
small tidal channels. This deposition enhanced the concentration of momentum in the surviving 593 
channels, increasing their incision. Regional variations in sediment availability can also promote the 594 
asymmetric layout of the modern channels and ridges (Xu et al., 2016). As a large-scale tidal channels 595 
system, the RSRs have evolved for several thousands of years to develop incisions, with the cross-596 
section of each incision adjusting to tidal flow (Lu, 2002). This observation is corroborated by our 597 
results, indicating that tidal prism and incisions are strongly linked (Figure 17).  598 

 Large-scale periodic oscillations are common components of the shelf landscape, such as linear 599 
sand banks observed in the southern North Sea, the East China Sea and in the Thames Estuary, UK 600 
(Dyer and Huntley, 1999). Huthnance (1982a, b) first explained the processes controlling the 601 
convergence of sediment flux on sand ridges and the formation of periodic linear sand banks, based 602 
on simplified two-dimensional shallow water equations and a power-law sediment transport formula. 603 
The net upslope sediment flux is a result of the local current asymmetry generated by the bed slope, 604 
and the competition between upslope and downslope sediment transport selects the particular 605 
wavelength with the maximum growth rate. This might be true in coarse-grained environments where 606 
bed load dominates, while if suspended load of fine particles is crucial such as in the RSRs, the 607 
exchange of sediment between channels and ridges can be independent of bottom slope. Tidal 608 
advection in conjunction with spatial variations in SSC lead to a net flux of sediments from areas of 609 
high tidal energy toward areas of low tidal energy. In the RSRs sediment flux divergence and 610 
convergence is mainly controlled by the suspended sediment load, which is two orders of magnitude 611 
higher than bed load in the northern part and one order of magnitude higher in the southern part (Figure 612 
15). The spatial distribution of sediment flux divergence indicates that sediment exchange takes place 613 
between channels and ridges, leading to erosion in most channels and accretion in nearby ridges. 614 

Physical agents that acted during the post-glacial sea level rising may be essential for the 615 
formation of sand banks located in the inner- and mid-shelf (Dyer and Huntley, 1999). Whereas in 616 



coastal regions, where tides and waves are most effective in reworking sediments, bottom topography 617 
can adapt to physical processes at the decadal timescale (Zhang et al., 2018). The feedback between 618 
channel incisions and flow redistribution in the RSRs is an example of how tidal hydrodynamics 619 
redistribute the sediment and thus sculpt coastal landscapes. We believe that the identification and 620 
quantification of feedbacks between hydrodynamics and sediment transport is crucial in order to 621 
understand rhythmic patterns present in coastal landscapes. 622 

 623 
 624 

6. Conclusions 625 

In this research we reduced the morphology of radial tidal channels down to their simplest 626 
representation to detect the chief driving processes. A positive morphological feedback between 627 
channel incision and flow redistribution is responsible for the formation of the channels-ridges pattern 628 
in the RSRs, similar to other tidal incisions. A selection mechanism of bottom oscillations occurs, 629 
which favors a dominant wavelength leading to maximum flow concentration. Furthermore, high 630 
resolution simulations with the RSRs bathymetry demonstrates how a positive feedback between 631 
channel incisions and flow redistribution is present in the real system. 632 

The following results were derived from our morphometric analysis of the RSRs: 633 
(1) The P-A relationship, relating tidal prism and cross sectional area of the channels, holds, 634 

similarly to tidal inlets and intertidal channels. 635 
(2) In an idealized, convergent basin the tidal prism increases moving offshore together with water 636 

depth. As a result, the tangentially average tidal velocity peaks at an intermediate location (at 637 
47km for a bottom slope of 0.00015). The location with maximum velocity is close to the 638 
location of maximum incision in the RSRs (62 km from the apex).  639 

(3) Tidal flow asymmetry caused by the offshore tidal phase lag leads to stronger tidal flows in 640 
the northern part of the basin. This is likely responsible for the asymmetric pattern of channels, 641 
with the deepest incisions located near the northern coastline.  642 

(4) A perturbation analysis carried out in a planar, convergent basin indicates that periodic bottom 643 
oscillations with an angular frequency between 10° to 15° produce maximum flow 644 
concentration in troughs. This frequency is comparable to the frequencies with highest spectral 645 
energy in the RSR bathymetry (between 25 to 37.5 degrees). 646 
 647 

We therefore conclude that the RSRs display morphometric characteristics similar to other tidal 648 
incisions, as tidal inlets and intertidal channels. The tidal prism and its variability in space play 649 
therefore a strong control on the morphology of radial sand ridges.     650 
 651 
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