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Abstract: Subaqueous dunes hold significant research value in sedimentary geomorphology and marine engineering. Based on 
two phases of multibeam bathymetric surveys conducted in the western offshore region of Hainan Island, China, this study 
systematically examines the geometric characteristics and dynamic evolutionary mechanisms of subaqueous dunes. The results 
show that dune formation is governed by multiple interacting factors, including hydrodynamics, sediment transport processes, 
and water depth, with tidal currents serving as the primary driving force for dune initiation and growth. Dune evolution is 
jointly modulated by the interplay between bedload transport and suspended sediment concentration. The lag effect of suspended 
sediments represents a key mechanism contributing to dune development, while dune morphological stability is constrained by 
suspended sediments as well as by limitations imposed by water depth. Specifically, crest erosion suppresses further increases in 
dune height, whereas water depth regulates the critical scale of dune growth. Subaqueous crescentic dune height plays a dominant 
role in controlling morphological stability and hydrodynamic response, whereas dune width exhibits strong linear relationships 
with both height and wavelength, highlighting its integrative role in linking vertical and horizontal morphological development. 
The growth of crescentic dunes proceeds through four successive stages: initiation, chasing, merging, and splitting. Throughout 
this evolutionary sequence, sediment supply plays a crucial role in regulating dune wavelength and shaping the overall 
morphology. Correspondingly, dune geomorphology evolves sequentially from crescentic to curved, bifurcated, and ultimately 
linear forms. This study offers theoretical support and practical insights for understanding seabed geomorphic evolution, 
regional sediment dynamics, and marine engineering applications.
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1 Introduction 

Crescentic dunes are asymmetric bedforms that 
typically develop under unidirectional flow conditions 
and limited sediment supply. Named for their charac‐
teristic crescentic morphology, these dunes are widely 
distributed across terrestrial arid zones, riverbeds, 

subaqueous environments, and the surfaces of Mars 
and other terrestrial planets (Bagnold, 1941; Howard 
et al., 1978; Greeley and Iversen, 1985; Ashley, 1990; 
Lancaster, 1995; Flemming, 2000; Bourke et al., 2008). 
Their formation is governed by a combination of hy‐
drodynamic forces, sediment availability, surface mois‐
ture, and bed characteristics (Fryberger and Dean, 
1979; Hugenholtz and Wolfe, 2005).

A typical crescentic dune consists of three funda‐
mental components: the stoss (upstream) slope, the lee 
(slip face) slope, and two downcurrent horns that 
extend in the direction of transport (Sauermann et al., 
2001; Andreotti et al., 2002; Hersen, 2004). Sediment 
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particles are transported along the stoss slope to the 
dune crest and deposited on the slip face due to flow 
deceleration and boundary layer separation. Recircula‐
tion zones at the horns capture part of the sediment, 
while the remainder is released downstream, maintain‐
ing mass balance and enabling steady dune migration 
(Bagnold, 1941). Studies have shown that crescentic 
dunes exhibit consistent attractor behavior, in which 
their morphology tends to converge toward a stable and 
recurring configuration across a wide range of spatial 
and temporal scales, from centimeter-scale laboratory 
flumes over minutes to kilometer-scale aeolian environ‐
ments over millennia (Claudin and Andreotti, 2006).

In recent years, advances in experimental, com‐
putational, and remote sensing techniques have signif‐
icantly expanded our understanding of dune formation 
and evolution. These include subaqueous flume exper‐
iments (Assis and Franklin, 2020), wind tunnel exper‐
iments (Liang et al., 2025), satellite image analysis 
(Rubanenko et al., 2022), and numerical simulations 
(Zhang et al., 2024). Experimental findings indicate 
that processes such as dune coalescence, horn calving, 
and collision exhibit high sensitivity to initial spacing, 
dune scale, and flow velocity, showing strong nonlin‐
ear responses (Ewing and Kocurek, 2010). Sediment 
grain-size distribution has been identified as a key fac‐
tor influencing dune morphology, including height, 
wavelength, and symmetry (Liang et al., 2025). Addi‐
tionally, inertial length, defined as the lag distance re‐
quired for a particle to reach the flow velocity, has 
been recognized as a fundamental control on dune self-
organization (Hersen et al., 2002). Beyond steady-state 
flows, increasing attention has been directed toward 
unsteady hydrodynamic disturbances in natural settings. 
In the northern South China Sea, internal waves, espe‐
cially internal tides and internal solitary waves, can 
generate near-bed currents exceeding 80 cm/s and 
thereby substantially modify seabed sediment transport 
processes (Ma et al., 2016). These internal waves exert 
contrasting influences on dune migration: obliquely 
incident internal solitary waves tend to drive upslope 
movement, while periodic internal tides promote down‑
slope migration, revealing complex, event-driven sedi‐
ment dynamics.

Despite significant progress in both theoretical 
understanding and methodological approaches, sev‐
eral key limitations remain in the current research on 
crescentic dune formation and evolution. First, most 

experimental studies rely heavily on the assumption 
of local similarity under idealized laboratory condi‐
tions, which fails to capture the complexity of nonlin‐
ear interactions among multiple environmental factors 
in natural systems. Second, remote sensing and labo‐
ratory observations have predominantly focused on 
terrestrial aeolian dunes or small-scale flume-generated 
bedforms, resulting in a severe lack of systematic in‐
vestigations into large-scale or deep-water subaque‐
ous crescentic dunes. Third, due to limitations in cur‐
rent seabed observation technologies, high-resolution 
and repeatable long-term datasets remain extremely 
scarce, impeding our ability to fully decipher the for‐
mation processes, spatiotemporal variability, and domi‐
nant control mechanisms of these submarine landforms.

This study focuses on the nearshore region off 
the western coast of Hainan Island, China in the north‐
western South China Sea, where subaqueous dunes are 
extensively developed. Two fundamental questions 
arise in this setting: What are the dominant factors 
controlling dune formation and evolution? Is there an 
upper limit to their morphological development? To 
address these questions, we analyze two sets of high-
resolution multibeam bathymetric datasets to systemati‐
cally quantify the geometric parameters of the dunes, 
including height-to-width ratios, wavelengths, and crest 
angles. These morphometric analyses are integrated 
with regional hydrodynamic data to identify the key 
mechanisms governing dune formation and migration. 
The primary objective of this research is to advance 
the mechanistic understanding of crescentic dune evo‐
lution in complex deep-water environments, thereby 
enriching the theoretical framework of planetary geo‐
morphology and subaqueous sediment dynamics. In 
addition, the findings are expected to provide scientific 
guidance for marine engineering planning and contrib‐
ute to risk assessments related to submarine geologi‐
cal hazards.

2 Study area 

The study area is located in the nearshore region 
off the southwestern coast of Hainan Island on the 
northern continental shelf of the South China Sea. 
Geographically, it lies on the southeastern flank of the 
Beibu Gulf and extends approximately 25 km off‐
shore, representing a typical depositional environment 
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of a shallow continental shelf (Fig. 1). Water depths 
within the area range from 20 to 60 m, covering a 
total surface area of approximately 60 km2. The seabed 
topography is highly irregular, characterized by the 
widespread presence of sand bars, sand ridges, shal‐
low troughs, and ripple-like bedforms, forming a hier‐
archically superimposed system of sedimentary micro‑
geomorphic units. The coastline exhibits an overall 
north–south (N–S) orientation and stretches approxi‐
mately 80 km in length. The coastal zone is dominated 
by Neogene coastal depositional landforms, and the 
regional stratigraphy consists primarily of Quaternary 
sand- and gravel-rich clay layers overlying granite bed‐
rock (Xia et al., 2001).

The study area is situated within a tropical mon‐
soon climate zone characterized by high temperatures, 
abundant precipitation, and distinctly seasonal wind 
regimes. During summer, southeasterly winds prevail, 
while in winter, the dominant winds shift to the north‐
east. This periodic reversal of wind direction exerts a 
significant influence on regional wave structures and 
nearshore sediment transport dynamics (Ma et al., 
2016). Based on in situ current measurements during 
the winter of 2021, tidal currents in the region exhibit a 
pronounced bidirectional pattern, predominantly flowing 
along northwest–southeast (NW–SE) and southwest–
northeast (SW–NE) directions, forming a typical along‐
shore current system. Wave observations recorded at 
station DF from November 2021 to November 2022 

show that the regional wave regime is dominated by 
mixed waves (59.7%), followed by wind waves (30.8%) 
and swell waves (9.5%). The maximum wave height 
(Hw,max) reached 7.44 m, while the maximum and mean 
significant wave heights (Hw,mean) were 4.10 and 0.94 m, 
respectively. The dominant spectral peak periods were 
concentrated between 4 and 6 s, with prevailing wave 
directions oriented toward the north (N) and south-
southeast (SSE), reflecting the influence of southeast‐
erly monsoon winds on the regional wave climate.

From a geomorphological perspective, the seabed 
in the study area features a diverse array of submarine 
dunes, prominently including crescentic dune systems. 
These bedforms are predominantly aligned along N–S 
or NW–SE axes and form part of a complex, multi‐
scale self-organizing sedimentary system. Many of these 
dunes are associated with secondary ripples and smaller-
scale dunes, and some barchan dunes exceed 10 m in 
height, making them one of the most representative 
flow-controlled geomorphic units in the region. Nota‐
bly, dune orientation exhibits marked spatial heteroge‐
neity: dunes in the western sector tend to incline north‐
ward, while those in the eastern sector slope south‐
ward. This spatial asymmetry reflects the influence of 
directional tidal forcing and localized hydrodynamic 
disturbances on sediment deposition patterns.

3 Data and methods 

3.1 Data acquisition and observation equipment

This study integrates hydrodynamic and geomor‐
phological data collected through two sets of compre‐
hensive field campaigns. Full-tide synchronous hydro‐
logical observations were conducted between Decem‐
ber 2021 and January 2022 to capture the complete 
tidal cycle and assess hydrodynamic conditions under 
different tidal phases. High-resolution multibeam bathy‐
metric surveys were carried out from October to 
December 2021 and again from November 2022 to 
January 2023, enabling full-area coverage of the sea‐
bed morphology. High-resolution bathymetric data were 
obtained using the Kongsberg EM710 multibeam echo‐
sounder system, with a horizontal resolution of 5 m×
5 m and a depth accuracy better than ±5 cm. This res‐
olution is sufficient to identify and characterize sub‐
marine bedforms ranging from centimeter-scale sand 
ripples to dunes with wavelengths of several hundred 

Fig. 1  Overview of the seafloor topography and dune 
distribution in the study area off western Hainan Island. 
C1 denotes the station for current velocity and suspended 
sediment measurements; DF denotes the observation station 
for hydrodynamics, including current velocity, wave, and 
tidal level measurements
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meters, including crescentic dunes. Postprocessing was 
performed using Fledermaus software to construct 
digital terrain models (DTMs) and extract dune mor‐
phology metrics. Hydrodynamic measurements were 
conducted at station C1, which is a flat and open area 
with crescentic dunes, using a combination of an acous‐
tic Doppler current profiler (ADCP) and a point cur‐
rent meter. Routine measurements of current velocity 
and direction were taken at 1-h intervals, with in‐
creased sampling frequency (every 30 min) during 
critical tidal phases such as maximum flood, maxi‐
mum ebb, and slack water. All velocity data were pro‐
cessed using a 100-s moving average to minimize the 
influence of high-frequency noise. The point current 
meter was set to record continuously at 1-min inter‐
vals. Vertically, six-layer profiling was implemented 
at depths corresponding to the surface (0.5 m below 
the water surface), 0.2D, 0.4D, 0.6D, 0.8D, and near-
bottom (0.5 m above the seabed), where D denotes 
the local water depth, ensuring comprehensive cover‐
age of the vertical current structure.

The suspended sediment concentration (SSC) mea‑
surements were carried out at the same stations as the 
current velocity observations using a point-integration 
method and standard horizontal suspended sediment 
samplers. During each sampling event, at least 1000 mL 
of water was collected, and all samples were thor‐
oughly mixed prior to analysis to ensure homogeneous 
suspension. SSC sampling was synchronized with the 
current measurements and conducted at regular hourly 
intervals over complete tidal cycles during three repre‐
sentative tidal conditions: from 11:00 on January 4 to 
12:00 on January 5, 2022 (spring tide), from 09:00 on 
January 7 to 10: 00 on January 8, 2022 (mean tide), 
and from 12:00 on January 12 to 13:00 on January 
13, 2022 (neap tide).

The temperature resolution was maintained at ≤
0.05  ℃ with an accuracy of ±0.20  ℃ , while the 
salinity resolution was ≤0.05‰ with an accuracy of 
±0.20‰. The salinity stratification coefficient, as de‐
fined by Prandle (1985), is expressed by the follow‐
ing equation:

N =
Sb - Ss

S̄
 (1)

where Sb and Ss represent the salinity values at the bot‐
tom and surface layers, respectively, and S̄ denotes the 
depth-averaged salinity.

3.2 Data processing and analytical methods

3.2.1　Geometric parameters and migration velocity 
of crescentic dunes

This study classifies the different types of dunes 
in the research area based on their geomorphological 
characteristics, categorizing them into four types: cres‐
centic dunes, curved dunes, bifurcated dunes, and lin‐
ear dunes (Fig. 2a). Additionally, statistical analysis is 
conducted on the characteristic parameters and migra‐
tion velocities of these four dune types. The geomet‐
ric framework of crescentic dunes in the study area is 
illustrated in Fig. 2b. These bedforms migrate progres‐
sively in the direction of the dominant hydrodynamic 
forcing, typically aligned with the prevailing current. 
Key morphological parameters are defined as follows: 
L is the mean wavelength of the dune body, measured 
crest-to-crest along the primary migration direction; 
L1 is the length from the stoss slope toe to the crest; L2 
is the length from the crest to the lee slope toe; W is 
the dune width, measured perpendicular to the migra‐
tion direction; H is the dune height, defined as the ver‐
tical relief between crest and trough; α is the angle of 
the stoss slope (gentle slope); β is the angle of the lee 
slope (steep slope); λ (symmetry index) is a dimen‐
sionless parameter describing the asymmetry of the 
dune, defined as λ=(L1−L2)/L (Fig. 2c).

The migration distance was determined by apply‐
ing the fast Fourier transform (FFT) method to extract 
phase information from corresponding morphological 
profiles of the two survey periods. Phase shifts be‐
tween the two temporal datasets were then calculated 
to infer the downstream displacement of dune crests 
along the dominant flow direction. This approach ef‐
fectively mitigates the influence of local asymmetri‐
cal variations in bedform geometry and enhances the 
robustness of intersurvey shape comparisons.

3.2.2　Analysis and calculation of dune morphological 
parameters

In this study, we adopt the formulations proposed 
by van Rijn (1984, 2007) and van Rijn and Kroon 
(1993) to compute the ratio of sediment shear velocity 
to settling velocity (u*/ws), which serves as a diagnos‐
tic indicator for determining the dominant sediment 
transport mode at each observation station within the 
study area:
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θ
 (2)
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 (5)

where u* is the shear velocity; u represents the depth-
averaged flow velocity; θ is the Chezy roughness co‐
efficient; ks′ is the sediment roughness, typically de‐
fined as ks′=2.5D50; D50 is the median sediment grain 
size; ws is the particle settling velocity; ν is the kine‐
matic viscosity, with ν=1×10−6 m2/s; g is the gravita‐
tional acceleration; s is the relative density ratio be‐
tween sediment and seawater; ρs is the sediment 
density, ρs=2650 kg/m3; ρw is the density of seawater, 
ρw=1025 kg/m3.

To further quantify the transport intensity and 
directionality of sediment across the dune field, this 
study adopts the semiempirical formulation proposed 
by Bartholdy et al. (2002) to compute the unit-width 
sediment transport rate and the net flux during flood and 
ebb tides. The sediment transport formulation (Eq. (7)) 
follows Bartholdy et al. (2002), which represents a 
simplified form of the classical total load transport 

model proposed by Engelund and Hansen (1967). The 
relevant expressions are provided in Eqs. (6)–(10).

qsb = 0.5u3
f u

2d -1 (6)

uf =
uz

( )8.5 + 2.5ln ( )z
k

 (7)

k =
d

12
 (8)

VD = (6 + 2.5ln ( D
k ) )uf (9)

Qsb = qsbt (10)

where qsb is the unit sediment transport rate per unit 
width (kg/(m⋅s)); uf is the friction velocity (m/s); d 
is the median grain diameter (m); uz is the velocity at 
measurement height z above the bed (m/s); k is the 
bed roughness (m); z is the measurement height of the 
tidal current (m); VD is the depth-averaged flow veloc‐
ity (m/s); Qsb is the mean unit-width sediment flux 
(kg/m); t is the time (s).

Bartholdy et al. (2015) proposed the virtual bound‐
ary layer theory, establishing a predictive model for 
dune height based on sediment grain size, flow velocity, 
and water depth (Eqs. (11) and (12)). Although this 
model was originally developed for current ripples 
with characteristic heights on the order of 10 cm, its 

Fig. 2  Distribution of subaqueous dune types and statistical methods for parameter analysis: (a) distribution of dune 
types in the study area; (b) characteristic parameters of crescentic dunes; (c) statistical analysis of subaqueous dune 
parameters
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underlying mechanism provides valuable insight into 
dune-scale morphodynamics. According to the theory, 
dune height influences the friction velocity at the crest 
through boundary layer adjustment. When the bedform 
height is small, the virtual boundary layer remains thin, 
resulting in a relatively high crest friction velocity. As 
the dune grows, the boundary layer thickens, and the 
logarithmic velocity profile increasingly governs the 
flow structure, causing the rate of increase in crest fric‐
tion velocity to diminish. Eventually, a critical state is 
reached where the friction velocity at the dune crest 
attains a minimum. This minimum represents a dynam‐
ically stable equilibrium condition in which further ver‐
tical growth is suppressed by enhanced crest erosion.

Hmean = 0.068L0.81 (11)
Hmax = 0.160L0.84 (12)

where Hmean is the mean dune height (m); Hmax is the 
maximum dune height (m).

4 Results 

4.1 Analysis of the environmental conditions for the 
formation of subaqueous crescentic dunes

The analysis of the water body conditions in the 
study area is a key factor in reversing the formation 
and evolution of dunes. The mixing intensity and strati‐
fication of the water body are important factors affect‐
ing the vertical diffusion capacity of suspended sedi‐
ments, while the concentration of suspended sediments 
severely limits dune growth and constrains the increase 
in dune wave height (van Landeghem et al., 2009). 
The calculated values of the salinity stratification co‐
efficient revealed that it was −0.00015 during spring 
tide, −0.00012 during neap-spring transitional tide, and 
0 during neap tide—all significantly below the thresh‐
old value of 0.01. Notably, the coefficients during the 
spring and transitional tides were negative, indicating 
a typical well-mixed water column at the observed 
station. Under these conditions, the density stratifica‐
tion effect induced by salinity is extremely weak, al‐
lowing suspended sediments to diffuse freely in the 
vertical direction. This further suggests that the water 
column maintains a strong capacity for vertical mate‐
rial exchange, facilitating sediment resuspension and 
transport throughout the tidal cycle.

The statistical analysis of vertical variations in 
SSC across observation stations indicates a clear strat‐
ified distribution pattern within the water column of 
the study area (Fig. 3). The average concentration of 
suspended sediment in the surface layer was measured 
at 17.7 mg/L, while the bottom layer exhibited a higher 
average value of 21.4 mg/L. Overall, the SSC increases 
progressively from the surface to the bottom, suggest‐
ing that sediment resuspension and bottom turbulence 
are more active near the seabed. During spring tide 
conditions, the SSC averaged 22.4–28.6 mg/L through‐
out the tidal cycle. For the mean tide, SSCs ranged 
from 20.0 to 25.5 mg/L, whereas during the neap tide 
they were much lower, averaging 9.7 to 10.2 mg/L. This 
pattern, with concentrations decreasing from spring tide 
to mean tide and then to neap tide, indicates that the 
SSC increases markedly with tidal strength. These re‐
sults suggest that tidal current intensity is a primary 
control on sediment resuspension and vertical distribu‐
tion in the study area. The density stratification driven 
by salinity was negligible and had no significant effect 
on the vertical diffusion of suspended sediments.

4.2 Morphological characteristics analysis of 
crescentic dunes

Based on field measurements from the study area, 
this section quantitatively investigates the interrela‐
tionships among key morphological and environmen‐
tal parameters of crescentic dunes. A total of 29 cres‐
centic dunes were measured and analyzed. The analy‐
sis revealed a strong positive correlation between H 
and both the angles of stoss slope and lee slope, with 
correlation coefficients (r) of 0.60 and 0.77, respec‐
tively. This suggests that dune height plays a dominant 
role in determining the morphological stability and 
hydrodynamic response of crescentic dunes (Fig. 4). In 
contrast, L exhibited a negative correlation with these 
two parameters (r=−0.68 and −0.32, respectively), in‐
dicating that wavelength has a comparatively weaker 
influence on morphological evolution. These findings 
are consistent with previous research (van Dijk et al., 
1999), which noted that during the steepening stage 
of dune growth, height tends to dominate over wave‐
length in controlling dune evolution.

Furthermore, a positive correlation was observed 
between L and λ, implying that longer dunes tend 
to exhibit greater symmetry and that wavelength ex‐
erts a regulatory influence on dune shape balance. 
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Fig. 3  Vertical distribution characteristics of SSC at station C1: (a) spring tide; (b) mean tide; (c) neap tide; (d) comparison 
of SSCs under different tidal conditions

Fig. 4  Correlation analysis among the morphological parameters of crescentic dunes
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Correlation plots also indicate a moderate positive re‐
lationship between migration velocity V and D, with a 
coefficient of approximately 0.50, suggesting that 
water depth is a key environmental factor influencing 
dune mobility. The migration velocity showed a weak 
negative correlation with H (r≈−0.37) and no signifi‐
cant correlation with L (|r|<0.3). Additionally, D was 
weakly negatively correlated with both H (r≈ −0.30) 
and λ (r≈−0.39), suggesting that deeper water may im‐
pose geometric constraints on dune development.

Based on statistical analysis of 38 crescentic dunes 
within the study area, the dune wavelength ranges 
from 50 to 200 m, while the dune height ranges pri‐
marily from 2 to 6 m, with occasional maxima reach‐
ing up to 10 m. In general, dune height exhibits a pos‐
itive correlation with wavelength; however, the rate of 
increase in height significantly diminishes with increas‐
ing wavelength and, in some cases, even declines. A 
critical dune height threshold is observed at approxi‐
mately 11 m, corresponding to approximately 1/4 to 
1/3 of the local water depth. The emergence of this 
height limit is likely controlled by the interplay be‐
tween hydrodynamic forces and sediment transport 
capacity. These morphometric parameters offer valu‐
able insights into the genesis of crescentic dunes in 
the study area. For most dunes, the height is less than 
0.25 times the local water depth, indicating that they 
are primarily shaped under modern hydrodynamic con‐
ditions (Terwindt, 1971; Francken et al., 2004). Fur‐
thermore, statistical analysis of L, H, W, and λ indi‐
cates that dune width exhibits stronger and more con‐
sistent correlations with other morphometric parameters 
than height or wavelength alone (Fig. 5). In contrast 

to the negligible relationship between dune height and 
wavelength (H=0.04L, R=0.02), which suggests little 
direct coupling between vertical growth and longitudi‐
nal scale, dune width shows clear linear dependencies 
on both height and wavelength. These results highlight 
dune width as a key morphometric parameter that in‐
tegrates vertical and horizontal development processes 
and plays a central role in defining the geometric 
structure of crescentic dunes.

5 Discussion 

5.1 Analysis of controlling factors of crescentic 
dunes

5.1.1　Sedimentological conditions

Sediment transport characteristics constitute one 
of the key controlling factors in the formation and 
morphodynamic evolution of crescentic dunes. Quan‐
titative evaluation of sediment transport modes under 
varying tidal conditions enables the assessment of 
whether a dune is undergoing accretion or erosion, 
which holds significance for both regional geomorphic 
evolution and coastal engineering design. Based on 
Eqs. (2)–(5), the ratio of shear velocity to particle set‐
tling velocity u*/ws at station C1 during spring tide is 
0.113, while the values for neap and mean tides are 
0.046 and 0.080, respectively. When u*/ws<1, the dom‐
inant sediment transport mode is bedload transport. 
This mode facilitates the growth and morphological 
development of dunes, thereby promoting increases in 
both dune height and wavelength.

Fig. 5  Analysis of crescentic dune morphological parameters and migration velocity: (a) wavelength vs. height; (b) height 
vs. width; (c) wavelength vs. width. r and P indicate the Pearson correlation coefficient and the corresponding significance 
level, respectively
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Based on Eqs. (6)–(10), the unit-width sediment 
transport rate and the net sediment flux at station C1 
during flood and ebb tides were quantitatively calcu‐
lated. The results reveal that the net sediment trans‐
port direction in the study area predominantly trends 
southwestward, with the magnitude of transport grad‐
ually decreasing from spring tide to neap tide (Table 1). 
During spring tide, the transport flux reaches its maxi‐
mum of 24.07 kg/(m·d), highlighting the significant 
influence of hydrodynamic forcing on sediment trans‐
port intensity. The overall sediment transport pattern 
of the crescent-shaped dunes also exhibits a southwest‐
ward orientation, consistent with the net sediment trans‐
port direction. This alignment indicates that both hy‐
drodynamic conditions and sediment transport jointly 
govern the migration behavior of crescentic dunes in 
the region.

5.1.2　Analysis of suspended sediment conditions under 
tidal currents

The SSC is a critical indicator reflecting the de‐
gree of seabed erosion and is directly influenced by 
tidal current dynamics. These hydrodynamic processes 
further govern the growth and vertical development 
of crescentic dunes. In the study area, crescentic dunes 
are primarily shaped by tidal currents, with wave-
induced sediment mobilization playing a relatively 
minor role (Sun et al., 2025). Under turbulent condi‐
tions, the SSC exhibits pronounced cyclic fluctuations 
in response to tidal phases, while vertical stratification 
remains weak. This observation highlights the domi‐
nant role of tidal currents in driving intratidal sediment 
transport, whereas waves mainly control seasonal vari‐
ability (Cao and Wang, 1993; Chen et al., 2004). Dur‐
ing a complete tidal cycle, the intensification of cur‐
rent velocity (U) enhances erosion and scouring of 
surface sediments. Once the flow exceeds the critical 
threshold for sediment entrainment, particles are mo‐
bilized into suspension, leading to a sharp increase in 
the near-bed SSC. Subsequently, these sediments dif‐
fuse vertically under turbulent mixing, resulting in ele‐
vated concentrations in the middle and upper water 

columns. As the current subsides, the flow weakens, 
resuspension diminishes, and sedimentation occurs, 
leading to a decrease in SSC.

To characterize the temporal variability of sedi‐
ment suspension, time-series profiles of current veloc‐
ity and SSC were constructed for station C1 (Fig. 6). 
The analysis reveals a significant positive correlation 
between the SSC and tidal current velocity. During 
spring tides, strong hydrodynamic conditions promote 
pronounced seabed erosion and sediment resuspension, 
resulting in elevated SSCs. In contrast, during mean 
tides, sediment resuspension mainly occurs during the 
flood phase, whereas the ebb phase, characterized by 
flow velocities below the critical threshold, favors sedi‐
ment settling. Additionally, due to the lag in sediment 
response to hydrodynamic forcing, SSCs often trail 
behind current velocity peaks, exhibiting a “lag effect” 
of approximately 1–2 h. Over the course of a full tidal 
cycle, SSCs exhibit complex variability, typically pre‐
senting 2–3 peaks during the observation period at 
each station. During neap tides, both flood and ebb 
currents remain below the critical entrainment thresh‐
old, leading to a dominance of sediment deposition 
and a marked reduction in SSCs. In summary, spring 
tides, characterized by intensified hydrodynamic mix‐
ing and weak water-column stratification, promote the 
vertical diffusion of suspended sediments and thereby 
facilitate dune growth. In contrast, neap tides are asso‐
ciated with relatively weak hydrodynamic conditions, 
stronger stratification, and limited sediment transport 
capacity, which favor sediment deposition and the 
morphological stabilization of crescentic dunes.

5.1.3　Analysis of water depth as a controlling factor

Water depth is one of the key environmental fac‐
tors governing the formation and evolution of crescen‐
tic dunes. Flemming (2000) pointed out that in shal‐
low-water environments, dune height and wavelength 
are often closely correlated with water depth, whereas 
this correlation tends to weaken in deeper settings. 
Crescentic dunes tend to develop in areas with rela‐
tively coarse sediments, strong current velocities, and 

Table 1  Sediment transport fluxes during flood and ebb tides under different tidal conditions in the study area

Tidal type

Spring tide

Mean tide

Neap tide

Flood tide sediment 
transport (kg/(m·d))

57.42

19.92

0.90

Flood transport 
direction (°)

13

4

5

Ebb tide sediment 
transport (kg/(m·d))

81.50

1.38

1.31

Ebb transport 
direction (°)

205

202

121

Neap tide sediment 
transport (kg/(m·d))

−24.07

+18.53

−0.41
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limited sediment supply, conditions that favor stable 
bedform development and morphological evolution. 
As dunes grow vertically, the flow velocity over the 
crest increases due to topographic amplification; if 
this velocity becomes excessive, it may inhibit further 
vertical accretion. Additionally, when suspended sedi‐
ment transport dominates, the dune crest becomes 
more susceptible to erosion, potentially resulting in a 
decrease in wave height (van Landeghem et al., 2009). 

Observational studies by Terwindt (1971) and Francken 
et al. (2004) revealed that dune height rarely exceeds 
one-quarter of the local water depth, thereby provid‐
ing an empirical upper limit for dune growth.

In the present study area, the water depth ranges 
from 12 to 57 m, with crescentic dunes primarily dis‐
tributed within the 20–32 m depth range. The shallower 
zone (<22 m) is located within the central part of 
the N–S trending giant sand ridge field, where dune 

Fig. 6  (a) Time–depth profiles of tidal current velocity (U) and SSC at station C1; (b) temporal variations in current 
velocity and SSC; (c) linear relationship between current velocity and SSC
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development is limited due to narrow ridge spacing, 
minimal relief, and reduced flow velocities at the ridge 
crests. In contrast, no dunes were observed in the deeper 
zone (>50 m), where bottom currents are likely insuf‐
ficient to initiate sediment motion. The most active 
dune field is found within the 20–32 m depth interval, 
where hydrodynamic conditions are dominated by tid‐
al currents. In this zone, dune wavelengths range from 
0 to 200 m, and heights range from 1 to 14 m, indicat‐
ing that water depth, in conjunction with seabed to‐
pography and current strength, defines a suitable mor‐
phological window for dune formation. These findings 
suggest that water depth can modulate dune wave‐
length, height, and migration velocity by influencing 
bottom current velocity, sediment transport mode, and 
topographic constraints.

Bagnold (1941) previously proposed that in aeo‐
lian environments, the minimum stable dune height is 
approximately 1 m, with wavelengths no shorter than 
10 m, implying the existence of a lower physical 
threshold for dune formation. Experimental work by 
Hersen et al. (2002) further indicated an inverse rela‐
tionship between dune migration velocity and height, 
offering theoretical support for dynamical models de‐
spite scale limitations. Morphometric analyses of large-
scale subaqueous dunes by Flemming (1988, 2000) 
and Ashley (1990) similarly indicate empirical scaling 
relationships between dune height and wavelength, as 
well as upper limits linked to water depth. In the pres‐
ent study, statistical analysis of 38 measured crescen‐
tic dunes yields an average height of approximately 
5.83 m, with maximum values reaching 14.45 m. The 
observed critical dune height approaches approximately 
one-quarter of the local water depth, consistent with 
previously reported empirical constraints. Application 
of the virtual boundary layer framework under cur‐
rent-dominated conditions predicts average and maxi‐
mum dune heights of 5.31 and 14.14 m at a water 
depth of 30 m, corresponding to relative differences 
of 8.9% and 2.1%, respectively (Fig. 7). Rather than 
demonstrating strict predictive equivalence, this agree‐
ment suggests that water depth exerts a fundamental 
control on the critical dune height through hydrody‐
namic regulation. It should be noted that the study area 
is characterized by mixed wave–tide forcing; however, 
near-bed hydrodynamic observations indicate that dune-
forming phases are predominantly governed by tidal 
currents. Therefore, the model application is restricted 

to current-dominated intervals. As emphasized by 
Allen (1968) and Yalin (1972), although dune height 
is strongly correlated with water depth, dune geome‐
try is also influenced by sediment grain size, current 
velocity, and sediment supply, which collectively mod‐
ulate morphodynamic evolution.

5.2 Migration and evolution of crescentic dunes

The dynamic development of subaqueous cres‐
centic dunes proceeds through several stages (Fig. 8). 
Initially, sediment grains are mobilized under the in‐
fluence of prevailing currents and shear stress, form‐
ing incipient crescentic dunes at the 0.01–0.10 m scale. 
These nascent dunes are characterized by relatively low 
heights and fast migration speeds, governed by lo‐
calized sediment supply and hydrodynamic conditions 
(Fig. 8a). During this phase, both dune height and 
wavelength gradually increase, representing the early-
stage morphological evolution. Subsequently, dunes 
enter an overtaking and coalescence phase. Due to their 
small volume and higher mobility, newly formed cres‐
centic dunes can catch up and merge with larger up‐
stream dune bodies. When dune dimensions exceed the 
saturation length of the sediment transport system, the 
sediment flux Q becomes nearly independent of dune 
height H, leading to an inverse relationship between 
migration velocity V and height H (Bagnold, 1941). 
This results in increased dune size but decreased mi‐
gration speed as overall mass accumulates (Hersen 
et al., 2002). Moreover, interdune spacing imposes a 
constraint on individual growth (Flemming, 1988). 
When spacing is narrow, backflow disturbances from 
downstream dunes reinforce upstream dune accretion, 

Fig. 7  Relationship between crescentic dune height and 
migration velocity
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inhibiting further migration and eventually inducing 
coalescence and dynamic equilibrium. Field observa‐
tions reveal that small dunes commonly “merge” with 
larger upstream dunes after overtaking. Conversely, 
when large dunes approach smaller downstream dunes, 
the local flow field is altered. Enhanced return flow 
and increased flow resistance upstream limit sediment 
supply to the downstream dune, making it more sus‐
ceptible to being “consumed” and absorbed by the 
larger dune (Fig. 8b). For instance, in the northeastern 
section of the study area, ebb currents dominate over 
weaker flood currents. The upstream flood current re‐
stricts the development of downstream dunes, while 
ebb flow, shielded by larger dunes, further promotes 
coalescence by capturing smaller dune bodies (Fig. 8c).

Finally, the crescentic dunes enter the crossing 
and separation stage (Fig. 8d). As discussed in Section 
5.1.3, dune growth is constrained by environmental 
thresholds. When the dune height gradually approaches 
its theoretical maximum, hydrodynamic erosion at the 
dune crest induces a state of morphological stability, 
and a further height increase is suppressed. During 
the preceding overtaking and merging phase, the dune 
wavelength continues to grow while the dune height 
approaches its critical limit, leading the dune system 
toward a dynamic equilibrium state. However, under 
conditions of continuous sediment supply, smaller dunes 
with relatively high migration velocities may still cross‐
over saturated larger dune bodies. Schwämmle and 
Herrmann (2005) proposed that this “crossing” behav‐
ior represents a mass exchange process rather than 
true geometric traversal. The sediment composition of 
the rear dune differs from that of the leading dune, 

suggesting the formation of a new unit rather than the 
persistence of an original dune body. Prior to reaching 
the saturation state, merging is the dominant evolu‐
tionary pathway. Once the dune height nears its theo‐
retical maximum, crossing and separation become 
more frequent. During this stage, dune morphology is 
shaped by the dual influences of hydrodynamic distur‐
bance and continuous sediment supply, reflecting a 
pattern of relative morphological stability interrupted 
by localized restructuring. With persistent sediment 
input, dune wavelengths further elongate, slopes be‐
come gentler, and sediment spreads laterally along the 
main current direction.

As the crescentic dune system progressively ap‐
proaches a state of dynamic equilibrium under envi‐
ronmental constraints, dune height stabilizes, migra‐
tion velocity decreases, and wavelength continues to 
increase (Fig. 9). Under conditions of sustained and 
large-scale sediment supply, the overall evolutionary 
framework of crescentic dunes gives rise to new mor‐
phological types. With continued growth and develop‐
ment, dunes undergo collision and coalescence under 
tidal forcing, gradually evolving into curved dunes 
(Fig. 9b). Following collision and merging, both the 
wavelength and amplitude increase further, and the 
migration direction aligns with the dominant current.

As the sediment supply continues, the distance 
between the curved dunes shortens. With ongoing dune 
evolution, a dense dune field forms, and the migration 
speed of the dunes slows down (Figs. 10a and 10b). 
At this point, bifurcation phenomena start to emerge 
within the curved dunes, gradually evolving into sec‐
ondary bifurcated dunes. As a result, the wavelength 

Fig. 8  Schematic diagram of the dynamic growth and evolution process of subaqueous crescentic dunes: (a) chasing; 
(b) chasing-merging; (c) merging; (d) splitting. Arrows indicate the increase (↑) or decrease (↓) in dune morphological 
parameters during evolution. d represents the spacing between adjacent dunes
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and amplitude of the bifurcated dunes further decrease 
(Figs. 9c and 10c). The bifurcated dunes typically 
originate from the “footslope” of the curved dunes. 
Due to uneven tidal dynamics, sediment converges at 

convex slope angles. As the wave amplitude increases, 
tidal currents disperse at the concave sides of the cres‐
centic dunes, and sediment accumulates at convex an‐
gles. Under hydrodynamic conditions, semienclosed 
or closed bifurcated dunes are gradually formed. These 
bifurcated dunes exhibit typical dual-peak or unidirec‐
tional sediment transport. The tidal currents on both 
the incoming and outgoing phases are similar, and the 
bottom currents transport sediment along the dune 
slopes. The spaces between dunes serve as sediment 
transport channels, where sediment accumulates, giv‐
ing rise to secondary sand waves on the surfaces of 
both primary and secondary dunes. This results in the 
formation of overlapping, interwoven bifurcated dunes 
of varying sizes. Due to the hydrodynamic compres‐
sion and transport of water along the channel sides, 
the space in the channel may be closed or semiclosed, 
thus presenting unidirectional sediment transport. The 
secondary sand waves at the ends of these channels 
often exhibit high symmetry. The orientation of sec‐
ondary sand waves in semienclosed channels indicates 
that sediment transport between bifurcated dune chan‐
nels is predominantly unidirectional.

Linear dunes, on the other hand, are relatively 
stable, reflecting a more balanced and stable tidal hy‐
drodynamic environment (Fig. 9d). The wave heights 
typically do not exceed 10 m, and wavelengths range 
from 50 to 200 m. Under similar tidal conditions, fully 
open channels form between the dunes, with bidirec‐
tional sediment transport occurring between these chan‐
nels, leading to the formation of linear sand waves 

Fig. 10  Morphometric characteristics of different types 
of subaqueous dunes: (a) distribution of dune heights; 
(b) distribution of dune migration velocities; (c) fitted 
relationship between dune wavelength and height

Fig. 9  Four stages in the growth and evolution of subaqueous dunes: (a) crescentic dunes; (b) curved dunes; (c) bifurcated 
dunes; (d) linear dunes
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(Zhou et al., 2018). Over prolonged tidal influences, 
continuous sediment accumulation and replenishment 
cause the wavelength of the sand waves to increase 
again, and the increase in wave height is particularly 
noticeable. No secondary sand waves form between 
linear dunes. In the open space, tidal currents transport 
sediment along the crest of the dunes, and sediment 
cannot accumulate between the dune bottoms, further 
increasing the wave height.

Research indicates that the migration and evolu‐
tion of subaqueous crescentic dunes in the study area 
follow a typical “chase–merge–overcome–rebalance” 
evolutionary chain. Initially, individual dunes grow 
rapidly and merge forward, and then the wave heights 
stabilize under environmental constraints. Some dunes 
experience “overcoming” or reseparation under dynamic 
disturbances, and the system as a whole enters a dy‐
namic equilibrium phase. With the continuous supply 
of sediment, the crescentic dunes evolve under hy‐
drodynamic forces, forming curved dunes, bifurcated 
dunes, and linear dunes in the dune morphology 
sequence.

5.3 Limitations and future prospects for subaqueous 
crescentic dunes

This study builds upon a comprehensive review 
of previous research on dune formation and evolution, 
integrating field measurements of suspended sedi‐
ment transport, water depth, and dune geometric pa‐
rameters from the western offshore region of Hainan 
Island. It reveals the formation and evolutionary pro‐
cesses of large-scale subaqueous crescentic dunes within 
the 30–60 m water depth range under tidally dominated 
environments, as well as the upper growth limits of 
dunes. These findings provide empirical support for 
understanding the critical scale and stability mech‐
anisms governing dune development. Furthermore, the 
evolutionary model of subaqueous crescentic dunes 
established in this study can be extended to analogous 
dune systems on terrestrial planets, offering new per‐
spectives and a reference framework for interpreting 
the formation and evolution of aeolian dunes (e.g., 
Martian dunes). This highlights the interdisciplinary 
scientific significance and potential engineering appli‐
cations of the study. Despite these advances, several 
limitations remain. Due to constraints in observational 
data resolution and the lack of time-series quantifica‐
tion, the formation mechanisms of centimeter-scale 

small sand waves still require further validation through 
physical experiments. In particular, the initial forma‐
tion processes of sand waves under varying sediment 
supply conditions and microscale hydrodynamic forc‐
ing remain insufficiently understood. In addition, the 
critical thresholds governing the morphological transi‐
tions of crescentic dunes, their growth limits, and the 
controlling parameters have not yet been quantitatively 
constrained.

Future research will focus on the formation and 
evolution mechanisms of small-scale sand waves. Phys‐
ical model experiments will be conducted to further 
investigate the quantitative relationships among sedi‐
ment supply, hydrodynamic conditions, and morpho‐
logical evolution. Meanwhile, by integrating findings 
from aeolian sand waves and Martian dune studies, ef‐
forts will be made to develop a cross-scale, dimen‐
sionally consistent model for sand wave–dune evolu‐
tion, aiming to reveal the universal principles govern‐
ing dune system evolution under different environ‐
mental conditions.

6 Conclusions 

Based on two sets of multibeam bathymetric sur‐
vey data collected from the western offshore area of 
Hainan Island, this study systematically analyzed the 
geometric characteristics and dynamic evolution mech‐
anisms of subaqueous dunes. The main conclusions 
are as follows:

The formation and evolution of dunes are subject 
to multiple controls, including hydrodynamic forces, 
sediment transport properties, and water depth. Dune 
formation is primarily controlled by tidal currents, and 
bedload transport during spring tides is the key mech‐
anism driving sustained dune growth. The dune evolu‐
tion process is jointly modulated by sediment trans‐
port and SSC. The lag effect of suspended sediments 
is identified as a critical mechanism, wherein the pro‐
cesses of deposition and resuspension exert a signifi‐
cant regulatory influence on dune growth. The stabili‐
zation of dune morphology results from the combined 
constraints of crest erosion and water depth, with crest 
erosion limiting the increase in dune height and water 
depth regulating the spatial scale of dune development.

Correlation analysis of dune geometric parame‐
ters indicates that dune height plays a dominant role 
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in determining the morphological stability and hydro‐
dynamic response of subaqueous crescentic dunes. Dune 
width exhibits clear linear dependencies on both height 
and wavelength and thus represents a key morpholog‐
ical parameter that integrates vertical growth and hori‐
zontal development processes.

The growth of crescentic dunes involves four suc‐
cessive stages: initiation, chasing, merging, and split‐
ting. Correspondingly, their morphology evolves from 
crescentic to curved, bifurcated, and eventually linear 
forms. Water depth plays a crucial role in regulating 
the critical height of dunes by modulating tidal flow 
conditions. Meanwhile, sediment supply significantly 
affects dune wavelength and morphology, acting as a 
key driver for the dynamic evolution of the dune system.
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