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Sandwaves, a ubiquitous bedform commonly found in most coastal seas and

sometimes in deep waters of continental slopes and submarine canyons, are

often the subject of marine hazard studies because their frequentmigration can

pose potential threats to pipelines or other engineering structures in the ocean.

Analyses of high-resolution bathymetric data collected along a 136-km

multibeam bathymetric survey line demonstrate the co-existence of three

different sizes of sandwaves: giant, primary dunes (~10-15 m in height, up to

2,000m in length); small, secondary sandwaves (~1 m in height, ~50 m in

length) riding on the stoss side of the primary dunes; and mid-size dunes

(~5-10 m in height, ~100-500m in length) found in the trough of primary dunes.

While the tidal current-driven, secondary sandwaves are migrating, the primary

and mid-size dunes are immobile. Empirical model results suggest that the

primary dunes are relict dunes that were most likely formed in geologic past

when sea level was higher or the seabed elevation was lower, but water depth is

probably not the only factor in limiting the formation of the primary dunes.
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Introduction

Sandwaves, also known as dunes, are both a sediment transport mechanism and a

dynamic morphologic feature in subaqueous environments that are commonly found in

submarine canyons and continental shelves around the world (Flemming, 1980; Ashley,

1990; Wynn and Stow, 2002). The rhythmic bed forms develop because of seabed

deformation in response to various dynamic forces, such as tidal currents (Off, 1963;

Stride et al., 1982; Amos and King, 1984; Besio et al., 2004) or storm waves (Bao et al.,

2020). The size, shape, and distribution of sandwaves are determined by factors such as

topography, sediment grain size, sediment supply, as well as global variations in climate

and sea level (Rubin and McCulloch, 1980; Viana et al., 1998; Francken et al., 2004;

Bartholdy et al., 2005). Kubo et al. (2004) and other researchers also pointed out that local

topographic constraints (i.e., narrow channels and depressions) play a key role in

accelerating bottom currents that promote the formation of giant sandwaves (Barrie

et al., 2009; Rovere et al., 2019). Migrating giant sandwaves often become potential

hazards to coastal engineering structures: destabilizing underwater drilling platforms,
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causing pipeline overhang and even creating fractures (Belde

et al., 2017). Sandwave mobility (e.g., Ferret et al., 2010; Damen

et al., 2018) or sediment transport (Dalrymple, 1984;

Vandenberg, 1987; Hoekstra et al., 2004; Xu et al., 2008) are

typically the focus of studies on sandwave migrations. The

direction of sandwave migration can be determined by the

geometrical asymmetry of sandwaves that normally have a

steeper, shorter lee side (downstream) and a gentler, longer

stoss side (upstream) (McCave, 1971; Bartholdy et al., 2002;

Wynn and Stow, 2002; Zhou et al., 2018). The degree of sandwave

asymmetry can be parameterized to help estimate the migration

direction and rates (Knaapen, 2005; Xu et al., 2008).

Observational studies indicate that giant sandwaves migrate

slower than smaller ones because more sediment must be

mobilized in larger sandwaves (i.e., Whitmeyer and

FitzGerald, 2008). In addition, details of small scale, high

resolution investigations (e.g., the relations between waves and

wave-generated sand ripples and their migrations) have been

obtained by video imaging analyses as well as numerical and

physical modeling techniques (Xu, 2005; Li et al., 2011).

Since the first report of the phenomenon in the 1970s (Boggs,

1974), sandwaves have been intensively studied in the Taiwan

Shoal, especially over the past 20 years (Cai et al., 2003; Kai-guo

et al., 2009; Bao et al., 2014; Zhou et al., 2018; Zhou et al., 2020;

Zhou et al., 2022). Synthetic-aperture radar (SAR) imagery

provided a regional glimpse of the size and orientation of

sandwaves in the Taiwan Shoal, with sandwave lengths

between 500-5,000 m and heights between 2-6 m respectively

(Huang et al., 2008). High-resolution multibeam images have

enabled scientists to catalogue the various morphological types of

sandwaves: giant sandwaves of ~1,200 m in length and ~15 m in

height and small sandwaves of ~50 m in length and ~1.5 m in

height (Zhou et al., 2018; Zhou et al., 2020). Hydrodynamic

measurements, such as the acoustic Doppler current profiler

(ADCP), have helped to establish empirical relationships

between wave/current forces and the size/migration rate of

sandwaves (Zhou et al., 2018; Bao et al., 2020). For reasons

that are not specified in the literature, all previous multibeam

surveys were collected along track lines (NW-SE) in small

oblique angles to the dominant orientation of the sandwave

crests. The cross-section bathymetric profile of sandwaves is

the most important parameter in characterizing the static

shape as well as the dynamic migration and transport of

sandwaves. As a result, multibeam data from track lines that

is perpendicular to the overall crest orientation would clearly be

more ideal.

This study analyzes a dataset from a high-resolution

multibeam survey collected on a research vessel heading

southwest across the Taiwan Shoal, a track line that is almost

perpendicular to the crest of the sandwaves. This allows us to

more accurately 1) characterize the geometries and migration

patterns of the sandwaves, 2) estimate the developmental

conditions (for example, the flow velocity and water depth) of

those sandwaves of different shapes and sizes.

Geologic and hydrodynamic settings

Taiwan Strait is a narrow channel between the southeastern

portion of mainland China and the island of Taiwan. The strait

has an average width of 180 km, an average length of 360 km, and

an average water depth of 60 m (Hu et al., 2013; Shen et al., 2021).

The Taiwan Shoal (Figure 1) is an area of ~13,000 km2 at the

southwest corner of the strait, where average water depth is only

20 m (Zhou et al., 2018). Influenced by East Asian monsoons, the

average wave height in the strait is about 2 m with a period of 4-

5 s in winter, but only 1-1.25 m with a period of 4-5 s in summer

(Zhou et al., 2020). When typhoons and tropical storms, which

FIGURE 1
(A) A regional map showing the Taiwan Shoal (yellow dotted line), the two main coastal currents in the strait (thick red and blue arrows), the
vessel’s path (red solid line, heading southwest), Zhou et al., 2018’s multibeam survey track (solid black line) and their arbitrary Orientation Changing
Limit (dashed black line). The white pentagram at the crossing (117.7757°E 23.2510°N) for the two survey lines is the location whose current velocity
and direction data were used in the numerical modelling. (B) Close up of the multibeam survey data in this study. For the ease of plotting and
presentations, the track line is divided into 12 sections, Line 42-53.
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on average, occur six times a year, pass through the strait, wave

heights can reach as high as 6 m (Zhou et al., 2020; Zhou et al.,

2022). Tides in the strait are dominated by the semidiurnal M2,

with an average current speed of about 0.46 m/s (Wang et al.,

2003; Du et al., 2010; Zhou et al., 2018). The East Guangdong

Coastal Current primarily occurs in summer and flows northeast

along the coast at an average speed of 0.20-0.75 m/s. The Fujian-

Zhejiang Coastal Current occurs mainly in winter and flows

southwest at an average speed of 0.15-0.25 m/s (Hong et al., 2009;

Zhou et al., 2022). The shoal, especially the sandwave field, is

composed of well sorted, rounded medium-coarse sands of mean

grain size of 0.50 ~ 0.58 mm (Zhou et al., 2020). Borehole data

suggests that the deposits of the giant sandwaves are relics from

the Pleistocene and early Holocene (Wang et al., 2014) that

consist of a great number of shell fragments, beach rock masses,

and basalt gravels (Cai et al., 2003). Based on the orientation

changing limit (OCL) of the sandwave field, Zhou et al. (2018)

divided the Taiwan Shoal into two subareas (Figure 1): the north

subarea in which sandwaves are primarily oriented NW-SE and

the south subarea where the orientation is mainly W–E and

NE–SW.

Data collection

The high-resolution multibeam data used in this study was

collected by a ship of opportunity, the R/V Shenhaiyihao, which

happened to pass through the Taiwan Shoal on her way to

another field experiment site in the South China Sea. For

nearly 5.5 h on 30th September 2020, this vessel travelled at a

speed of 13 knots heading southwest (Figure 1). The multibeam

bathymetric data was acquired using the EM 712multibeam echo

sounder (MBES) with a maximum of 1,600 soundings being

conducted per ping over a swath width of 140 and in a range of

40–100 kHz, which allowed a maximum speed of 14 knots to

measure profiles of the dunes. The system can accommodate an

acquisition depth between 3–3,500 m below its transducers,

depending on the array size.

The raw multibeam bathymetric data was first processed

using sound velocity calibration, tide correction, data cleaning,

and data quality control via the Qimera software (version

1.0.4.93). A Digital Bathymetric Model (DBM) with along-

track resolution of 1.2 m in horizontal and 1 cm in depth,

both maximum possible for a cruising speed of 13 knots, was

constructed. The 136 km long, 150-200 m wide swath of

sandwaves bathymetry were divided into a dozen 12 km

sections (Lines 42–53) to facilitate the ensuring data analyses.

One key different between the multibeam data from previous

studies and this one is the orientation of the track lines. Track

lines perpendicular to the crest of the sandwaves have clear

advantages in more accurately measuring the bedform

parameters such as periods and heights.

Results

Size and shapes of sandwaves

High-resolution DBM revealed the details of the

morphological variation along the 136-km track line across

FIGURE 2
The overall morphological characteristics of dunes from the multibeam survey lines. The smaller secondary sandwaves are too small to be
clearly identified.
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the Taiwan Shoal (Figure 2). Based on the wave height and

length, the recorded sandwaves are arbitrarily divided into three

classes: The giant sandwaves of 10 m high and 1,000 m long are

hereafter called primary dunes. The much smaller sandwaves of

~1 m high and <100 m long are called secondary sandwaves.

Anything in between are hereafter called midsize dunes. Figure 2

clearly shows that primary dunes first appear in Line 44, and

gradually change from single crest to double-crest in Line 45-46.

Their sizes decrease to midsize dunes in Line47 and continued in

Line 48-50 before gradually tapering off in Line 51.

Figure 3 plots the details bathymetrical profiles of several

lines. Line 46 (Figure 3A) shows the presence of both the primary

dunes and secondary sandwaves. The primary giant dunes are of

~10-15 m in wave height and up to 2,000 m in wave length. Some

of them have the typical double-crest shape described in earlier

studies (Zhou et al., 2020). The much smaller secondary

sandwaves (~1 m in height, ~50 m in length) are found to

develop on the stoss side of the primary dunes. The

asymmetry of both the primary dunes and secondary

sandwaves indicates that both of them were likely formed by

flows moving upcoast (against the ship heading).

The primary dunes’ shape and size changed markedly in Line

47 (Figure 3B), with much longer wave length, less asymmetry,

and lack of secondary sandwaves on their stoss side. Near the end

of this line, the midsize dunes become more populated, present

both in the trough and on the crest of the primary dunes, with 5-

10 m height and 150 m wave length.

The dominance of midsize dunes continued in Line 48

(Figure 3C) with dune heights of ~5-10 m and dune lengths

of ~120 m. The shape of the primary dunes can still be vaguely

FIGURE 3
Themorphological profile of sandwaves in Lines 46, 47, 48, and 49. (A) Line 46 containsmainly the primary (giant) dunes, with secondary (small)
sandwaves riding on the stoss side of the primary. (B) Line 47 depicts the transition from primary to the midsize dunes that tend to reside in the
troughs of the primary. (C) Line 48 is dominated by the midsize dunes such that primary dunes are hardly identifiable. (D) Line 49 has the primary
dunes returned but also clearly shows the midsize dunes in the troughs and the secondary sandwaves on the stoss side of the primary dunes.

TABLE 1 The statistics of the sandwave parameters.

Sample size Wave height (m) Wave length (m)

Max Mean Standard deviation Max Mean Standard deviation

Primary dunes 13 14.7 12.0 1.5 2,000 800 240.9

Midsize dunes 46 9.7 6.3 1.3 500 290 82.3

Secondary sandwaves 132 1.5 1.2 0.1 50 45 28.8
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seen but far less clear than in Line 46 or Line 47. Secondary

sandwaves are also seen on the stoss side of a few primary dunes.

Line 49 (Figure 3D) show cases a ‘family portrait’ of the three

types of sandwaves, with the midsize dunes in the troughs of the

primary dunes and the secondary sandwaves on the stoss side of

primary dunes. Here the average wave height and length for the

three classes of sandwaves are (12.0 m, 800 m) for the primary

dunes, (6.3 m, 290 m) for the midsize dunes, and (1.2 m, 45 m)

for the secondary sandwaves.

Table 1 lists the size parameter statistics estimated from the

4 lines in Figure 3. Filters were applied to the raw bathymetric

profile data in order to separate the three different sandwave sizes

and detailed information about filters is shown in the Table 2.

Overall the statistical values in Table 1 are comparable to those in

previous studies such as Zhou et al., 2018, 2020. For instance, the

size of the primary dune class in this study is equivalent to the

Double-crested (Dc-type) and the Single-crested (Sc-type)

sandwaves (8-16 m in height, 1,000-2000 m in length) in

Zhou et al., 2020. In the small area where the multibeam

track lines from this study and Zhou et al., 2020 cross

(Figure 1), manually measured sandwave parameters resulted

in an average of 14 m in wave height and 510 m in wave length.

While the mean wave heights from the two studies are about the

same, the wave length in the present study is clearly shorter. This

is perhaps, at least in part, due to the fact that the track line in this

study is neary at a right angle with the crest lines of the

sandwaves. Therefore, the wave length values from the present

study is deemed more accurate.

The directions of the sandwave migration

The asymmetry of sandwaves profiles can be used to

determine their migration direction because sandwaves tend

to migrate towards the steeper (lee) side (McCave, 1971;

Bartholdy et al., 2002; Zhou et al., 2018). Quantitative

methods such as “asymmetry index” (Xu et al., 2008) were

used in several studies with favorable results (Zhou et al.,

2018). It starts with calculating the first derivative (namely

dη/dx, the gradient) (Figure 4B) of the sandwave profiles

(Figure 4A). The amplitude n (with signs) and the zero-

crossing length l of the dη/dx waveform is then measured

(Figure 4C). The “asymmetry index” is the sum of the n/l

pairs for each sandwave (Figure 4D). A positive asymmetry

index means that the sandwave migrates to the left, and a

negative asymmetry index represents migration to the right.

TABLE 2 The detailed information about filters.

Cutoff frequency (m-1) Filters

Primary dunes 1/800 Lowpass

Midsize dunes Upper:1/50 Bandpass

Lower:1/800

Secondary sandwaves 1/50 Highpass

FIGURE 4
Correlation of sandwave migration direction with wave asymmetry. (A) a train of asymmetrical sandwaves from Line50. (B) the first derivative
(gradient) of η. (C) the ratio of n/l (height/wavelength). (D) The asymmetry index is the sum of the n/l pair for each individual sandwave. This result
(negative index) show that sandwave migrated to the right.
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This method is used to compute the asymmetry index for all

three sandwave classes in Lines 45 to 51 (Figure 5). Here a

positive value of the asymmetry index represents upcoast

migrating sandwaves (towards the northeast) and vice versa.

Figure 5 plots the histograms of asymmetry index (AI) for all

three classes of sandwaves found in each of the 7 sections (Line

45-51). The neutral index values represent sandwaves of nearly

symmetrical, which is defined here to include index values

between −1
2
(AImax−AImin)

10 to 1
2
(AImax−AImin)

10 . For the primary

dunes, there are more positive index than negative in all

sections, but the positive dominance appears to have declined

towards Southwest (Figure 5A). The secondary sandwaves are

overwhelmingly positive index (Figure 5B). The midsize dunes,

however, are less asymmetrical than either the primary dunes or

secondary sandwaves. Except for Line 50, there are more neutral

index than either positive or negative values (Figure 5C).

The asymmetry statistics appear to correlate well with the

line drawings of the bed surface: the primary dunes and

secondary sandwaves, mostly observed inside the Taiwan

Shoal boundary (Figure 1), showed a tendency of upcoast

migration (toward northeast). The midsize dunes in the

trough of the primary dunes within the shoal boundary are

predominantly neutral, while the midsize dunes outside the

shoal (e.g., Line 50) are downcoast-migrating dominant.

(Figure 6).

Discussion

Required flow velocity andwater depth for
the development of the observed
sandwaves in Taiwan Shoal

Subaqueous bedforms (ripples, sandwaves and dunes) are

generally treated as cyclic depositional and erosional features

formed mainly during the bedload transport process that are

controlled by flow velocity, grain size, and water depth (Rubin

and McCulloch, 1980; Flemming, 2000; Xu et al., 2008). An

empirical relationship proposed by Yalin, 1964 is often used to

calculate the bedform parameters:

FIGURE 5
Histogram of frequency distribution of the asymmetry index (AI) of (A) primary dunes, (B) secondary sandwaves and (C)midsize dunes on each
of the 7 sections of the survey line. The red represents the positive asymmetry index and blue represents the negative asymmetry index. The neutral
index, in grey color, is defined as values between −1

2
(AImax−AI min)

10 to 1
2

(AI max−AI min)
10 .
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ŋ/h � 1/6(τ − τc)/τ (1)

where ŋ is bedform wave height, τ and τc are bed shear stress and

critical shear stress respectively. The Yalin, 1964 formula was

derived from a wide range of experimental data from both

laboratory flumes and rivers. Those experimental data were

collected in a wide ranges of sediment grain-size

(0.085–2.45 mm) and water depth (1.32 cm–28 m). The

surface sediments on the Taiwan Shoal are primarily

composed of sands with a median grain size (D50) of

~0.5 mm and a sort coefficient ranging from 0.42 to 1.3

(Zhou et al., 2020). While the grain size is well within the

range of the data from the Yalin, 1964 formula was

developed, the average water depth, 42 m, of dune field in this

study is ~20 m deeper than the maximum water depth in Yalin’s

experiments.

The critical shear stress τc for non-viscous particles can be

calculated using the empirical formulas (Soulsby, 1997):

τc � g(ρs − ρ)Dθc (2)
θc � 0.3

1 + 1.2Dp

+ 0.055[1 − exp(−0.020Dp )] (3)

where D is grain size diameter, ρ and ρs are respectively the

density of water and sand grains, g the acceleration of gravity

(9.8 m/s2), and

Dp � [g(ρs/ρ − 1)/]2]1/3D (4)

is the dimensionless grain size. Here ] is the kinematic viscosity

of water.

The bed shear stress can be estimated via a simple quadratic

equation (e.g., Huntley et al., 1994)

τ � ρCDU
2
c100 (5)

in which ρ (=1,026 kg/m3) is the density of seawater, CD is the

drag coefficient with a nominal value 2×10–3 (Huntley et al., 1994;

Green and McCave, 1995; Xu et al., 2008), and Uc100 is the

current speed at 1 m above the seabed. These empirical formulas

assume that grains of sand are of uniform size.

Grain size analysis from 98 bed samples collected in Taiwan

Shoal showed that the shoal is primarily composed of sand with a

median grain size of ~0.5 mm (Zhou et al., 2020). The critical

shear stress τc for this type of sand is ~2.5 dyne/cm2. Assuming a

mean water depth of 45 m and bedform height of 12 m, 5 m, 1 m,

for the primary dunes, midsize dunes, and secondary sandwaves

respectively, the flow velocity required for the development of the

three classes of sandwaves can be estimated (Table 3). For dunes

whose height is greater than around 8 m, the quadratic Eq. 5

resulted in velocities of imaginary values, namely, this equation

has no solution, indicating that they cannot be formed in water

depth of 45 m or less. For the midsize dunes and the secondary

sandwaves, the required minimum velocity are about 0.8 and

0.4 m/s, respectively. In fact, we tested using 3 different

coefficient parameters for the Yalin equation (Table 4) for

sensitivity investigation. With the actual water depth and

sandwave height in the Taiwan Shoal, we found that the

calculated current velocities from using the different

coefficients varied very little (Table 4). Thus, the coefficient of

1/6 for the Yalin equation can effectively calculate the required

flow velocity for the development of the observed sandwaves in

Taiwan Shoal.

The same equations can also be used to estimate the

minimum water depth required for the certain size of dunes

to fully develop when the flow velocity is known. For the primary

FIGURE 6
Overall sandwave migration patterns from profiles of survey lines. Lines in the red box are sandwaves primarily migrating upcoast (toward
northeast); lines in the bule box are midsize sandwave migrating downcoast (toward southwest).
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dunes of mean height of 12 m, for example, the minimum water

depth for such dunes to form under flow velocity of 1, 2, and 3 m/

s are respectively 82, 74, and 73 m. The tidal currents in Taiwan

Strait are often greater than 1 m/s (Wang, 2004), especially

during typhoons or storms, so the magnitude of flow velocity

used in the above estimation is realistic. But the derived water

depths are much greater than the current average water depth of

the Taiwan Shoal, which is roughly 20 m at present time (Liu

et al., 1998; Zhou et al., 2018). We could argue that the primary

dunes of this study must have been formed in geologic past when

the strait was much deeper, but published literatures showed that

the highest sea level in the Holocene (~7,000 years ago) was only

2-5 meters greater than today’s sea level (Chen and Liu, 1996; Liu

et al., 2004). Adding these numbers to the today’s water depth

today only comes to less than half of the water depth (~70 m)

required for the primary dunes to form according to the

empirical formula. This discrepancy suggests that water depth

is perhaps not the most important factor in limiting the

formation of those large size primary dunes. Large submarine

dunes like those on the Norwegian shelf (up to 4 m in height and

500 m in wavelengths) were formed by wave and current

reworking of glacial and glaciomarine deposits during the

eustatic sea level rise after the last glaciation (Bøe et al., 2009).

Similarly, super large dunes (up to 36 m in height) found on the

Irish shelf (Van Landeghem et al., 2009) were also formed on the

shelf during the sea level rise (Scourse and Austin, 2002). It was

postulated that these large dunes may have developed in marine

transgression after the last glacial maximum, i.e., in much

shallower water than the water depths of present day, from

80 to 100 m (Van Landeghem et al., 2009) to more than

200 m (Bøe et al., 2009).

Dynamic secondary sandwaves riding on
static primary dunes

Figure 7 shows one of several sections where smaller

secondary sandwaves developed on one side of the much

larger primary dunes (Figure 7A). According to the

arguments in Section 5.1, the hydraulic conditions of

present day are not adequate for the development of the

primary dunes in the Taiwan Shoal. Because of this, we

might also argue, the primary dunes should also be

immobile. This is supported by previous studies (Zhou

et al., 2022) whose three multibeam surveys revealed very

low mobility of the primary dunes (called giant sandwaves in

TABLE 3 Estimated flow velocity required for the development of the three sizes of sandwave observed in this study.

Sandwave Types Wave Height (m) Velocity Required for Sandwaves
Development (m/s) D50=0.5 mm,
Water Depth = 45 m

Max Mean Max Mean

Primary dunes 14.7 12.0 —— ——

Midsize dunes 9.7 6.3 —— 0.77

Secondary sandwaves 1.5 1.2 0.39 0.38

TABLE 4 Different coefficient parameters of the Yalin, 1964 equation to estimated flow velocity required for the development of the secondary
sandwaves.

Sandwave Types Yalin, 1964 equation Wave Height (m) Velocity Required for
Sandwaves
Development (m/s)
D50=0.5 mm, Water
Depth = 45 m

Coefficient Max Mean Max Mean

Secondary sandwaves 1/6 1.5 1.2 0.39 0.38

Secondary sandwaves 1/3 1.5 1.2 0.37 0.36

Secondary sandwaves 1/10 1.5 1.2 0.42 0.40

Frontiers in Earth Science frontiersin.org08

Yang et al. 10.3389/feart.2022.975220

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.975220


their studies). Those same studies also showed that the smaller

secondary sandwaves were very active with much strong

mobility. For instance, Ernstsen et al. (2006) showed that

superimposed dunes (equivalent to the secondary sandwaves

here) migrated 0.51–1.82 m during the tidal cycle. Zhou et al.

(2022) showed a longterm average of migration rate of 5 m/

year. Because tide is the primary force driving the formation

and migration of sandwaves, it is natural to relate the mobility

of those secondary sandwaves to tidal currents. Ernstsen et al.

(2006) showed that during a tidal cycle, the asymmetry of the

sandwaves changes from one tidal phase to the next, while the

much larger primary dunes remain unchanged throughout the

whole tidal cycle. Asymmetry index (Figure 5) can be used to

describe the direction of sandwave migration. The

overwhelming positive asymmetry index for the secondary

sandwaves are primarily due to the fact that they were in the

process of migrating upcoast during the survey when the tidal

current was flowing upcoast. For the primary dunes, the value

of asymmetry index can only indicate the migration direction

at the time of their forming because they are at present

immobile. For the same reason, the dominance of “zero

asymmetry index” for the mid-size dunes suggest that they

are either immobile like the primary dunes, or have a net

migration of nearly zero.

Today’s hydraulic conditions in the strait can generate

those secondary sandwaves (see Table 3), and it is therefore

reasonable to state that the secondary sandwaves, such as

those shown in Figure 7, change their asymmetry with the

reversing tidal currents. A multibeam bathymetric data taken

during at least two opposite tidal phases would prove it.

Additionally, some erosion on the top of the primary dunes

is likely to occur during storm weather (Bao et al., 2020) even

though they are generally immobile. Quantification of such

changes requires further investigations.

Conclusion

A 136 km swath of high-resolution multibeam

bathymetry, collected along a track line nearly

perpendicular to the sandwave crests, allowed us to closely

examine the dynamic and morphological characteristics of

sandwaves in the Taiwan Shoal. The following conclusions

have been drawn:

1) Three sizes of sandwaves co-exist on the Taiwan Shoal:

primary dunes (~10-15 m in height, up to 2,000 m in

length); small, secondary sandwaves (~1 m in height, ~

50 m in length), and midsize dunes (~5-10 m in height,

~100-500 m in length). Small secondary sandwaves often

ride on the stoss side of the primary dunes whereas

midsize dunes are often in the troughs of primary dunes.

2) Both primary and midsize dunes are probably immobile

under present tidal flow conditions, even though

asymmetry index suggests that they could have migrated in

opposite directions. Multibeam data collected during both

flooding and ebbing phases are required to further prove the

arguments that the secondary sandwaves’ asymmetry is

correlated to tidal currents.

3) The present water depth in Taiwan Shoal is too shallow for

the primary dunes to develop. It is likely that these primary

dunes were formed in geologic past when sea level was higher

FIGURE 7
(A) A part of themultibeam bathymetric profile of Line 46 depicting themuch smaller secondary sandwaves riding on the side of primary dunes.
Both the ship heading and the direction of tidal current are also shown. (B) A time-series vector plot of the tidal flow generated using the TPXO data
(https://tpxows.azurewebsites.net) for the position shown in Figure 1 (117.7757°E, 23.2510°N). The multibeam survey was collected in the time
window (between the two red vertical lines) during which tidal currents flowed toward upcoast (toward northeast).
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or the seabed elevation was lower, but water depth is probably

not the only factor in limiting the formation of the primary

dunes.
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