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Abstract: As a unique landform in the island and reef area, the newborn sandbank is not only the
initial stage of island development, but also has a rapid evolution and a complex dynamic mechanism.
However, the dynamic geomorphology mechanism of the newborn sandbank is still lacking extensive
study and direct evidence of the interaction process between the marine dynamics and the newborn
sandbank geomorphology. Therefore, in order to reveal the interaction mechanisms between marine
dynamics and newborn sandbanks, a newborn sandbank in the sea area of the Xisha Islands, in the
South China Sea, has been selected as the focus of this research. The method of numerical simulation
was used to discuss and analyze the wave field characteristics around the newborn sandbank and
their impacts on the sandbank’s migration and development. The results show that: (1) The islands
and reefs have significant refraction, diffraction, and energy dissipation effects on waves, and the
newborn sandbank has the same effect, but with a weaker function. The wave height around the reef
islands reduced by approximately 60-67% in dominated and strong wave directions. At the same
time, the wave height attenuation in the wave shadow zone, behind the newborn sandbank, can
reach approximately 27-33%. (2) Wind is important for the evolution of wave fields; in particular,
when the wind speed exceeds grades four and five, the effect of the wind on the waves is particularly
significant, causing the winds to control the wave characteristics around the islands and newborn
sandbanks. This results in significant seasonal differences in wave fields within the sea area. (3) The
wave direction primarily controls the migration direction of the newborn sandbank, and the wave
height primarily controls the migration speed and distance. After one month of wave action in the
strong wave direction, the maximum eastward deposition length was approximately 50 m. After
one month of wave action in the dominated wave direction, the maximum eastward deposition
length was approximately 60 m. Therefore, the topography of the newborn sandbank affects the
wave propagation, meanwhile, the wave conversely determines migration and development of the
newborn sandbank in a short term. The dynamic geomorphology action between the wave and
newborn sandbank is a fast two-way process, and occurs not only during storms or the winter
monsoon, but also during other, more common, weather events.

Keywords: Xisha Islands; newborn sandbank; wave characteristics; wind action; seasonal variation;
sandbank migration
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1. Introduction

The South China Sea is dotted with islands and reefs, forming many distinctive
island and reef groups. Due to the unique geographical location of the South China Sea,
these islands and reefs are categorized as coral islands; that is, marine islands, which are
mainly composed of the skeletons of marine organisms, corals, and the remains of other
marine organisms.

The newborn sandbank is a very unique landform in many of these islands and
reefs. It is an important transitional landform that exists prior to the formation of coral
islands, and it often evolves under the influence of dynamic environment changes. As these
newborn sandbanks are surrounded by the sea and far away from land, their dynamic
geomorphological evolution clearly differs from that of continental islands, and they have
evolutionary characteristics of coral islands and reefs, which creates great difficulties for
studying the internal mechanism of their dynamic geomorphological evolution.

In recent decades, much of the research on the dynamic geomorphology of coral
islands, reefs, and sandbanks has focused predominantly on the following three aspects:
(1) To emphasize the evolutionary characteristics and laws of longer and wider spatial
and temporal scales of islands and sandbanks, in order to analyze and discuss their sta-
bility and evolution laws from a macro view [1-4]; (2) To highlight the importance of the
composition and evolution of the environmental factors of islands and sandbanks in order
to study and predict the development, degradation, and extinction of the dynamic geo-
morphology of islands and reefs [5-8]; (3) To evaluate the composition of fine topographic
and geomorphological elements of islands and sandbanks, and then discuss the internal
physical mechanism of the evolution, genesis, provenance, and dynamic elements of is-
lands and reefs by reconstructing their underwater topography, sediments, hydrodynamic
environment, and other characteristic elements [9-13].

However, as the primary stage of islands and reefs, newborn sandbanks still lack
extensive study and their internal mechanisms of dynamic geomorphology have yet to
be revealed. In fact, many researchers have also recognized the close relationship be-
tween sediment transportation, geomorphology and marine dynamics in tidal currents
and waves [14,15]. In particular, the long-period wave may significantly influence the
morphology of the coastal zone; this has been extensively discussed regarding harbor
oscillations induced by the Bragg reflection and focused transient [16,17]. In addition, it has
also been emphasized that the combination of the driving force generated by the waves and
the necessary material sources provided by the seabed topography near the shore creates
and reshapes the sandbar [18-20].

However, in regard to newborn sandbanks, the recent understanding of the internal
dynamic mechanism of emergence, evolution, and change is still focused on how the
formation of newborn sandbanks is related to storm processes and winter monsoons [12].
These studies are primarily based on phenomenon analysis; therefore, there is still no direct
understanding and evidence regarding the dynamic equilibrium relationship between the
ocean dynamic effect and the topography of the newborn sandbank.

To this end, the newborn sandbank located in the southeastern margin of Qilianyu
reef (Figure 1), in the northern part of the Xisha Islands in the South China Sea, is used in
this study for analysis and discussion. Over the last 20 years, it has undergone continuous
evolution and change, not only during the storm and winter monsoons period, but also
during periods of ordinary weather. So far, it has not fully emerged on land and formed a
stable coral island, making it a typical example of the newborn sandbanks found in this sea.
Therefore, this paper selects it as the research focus to conduct in-depth research on the
dynamic geomorphology interaction between wave propagations and newborn sandbank
changes in the islands and reefs sea area for the first time, and to further reveal the dynamic-
geomorphology mechanism of newborn sandbanks in the South China Sea.
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Figure 1. Scope of numerical model and location of a newborn sandbank in the Xisha Islands.

2. Data and Method

The sediment composition of newborn sandbanks in the Xisha Islands is essentially
categorized as fine sand with average median diameter about 0.52 mm. At the same time,
the Xisha Islands Sea area typically has open waters and a limited flow velocity around reefs
and islands, resulting in larger wave action on these islands and reefs [21]. Therefore, in
this paper, the numerical simulation method of sediment movement during wave action is
applied to analyze the characteristics of wave and sandbank migration in a typical newborn
sandbank sea area of the Xisha Islands.

At the same time, this paper collects and compiles underwater terrain data from the
sea area around the Xisha Islands and the newborn sandbank (Figure 1), as well as wave
field and wind field hindcast data (ECMWEF) from 2016, to establish a numerical model of
wave propagation and sediment transport in the study area.

Meanwhile, the newborn sandbank is located in a reef at the southeastern edge of
Qilianyu, which shelters this sandbank from wave action. For this reason, the ECMWF
wave hindcast data was adopted to select the 2016 annual wave sequence dataset at position
A (Figure 1) near the 60 m isobath on the northeast side of the archipelago reef and position
B (Figure 1) near the 50 m isobath on the southwest side for statistical analysis. The results
are shown in Figures 2 and 3.

Figures 2 and 3 indicate that the dominated wave direction of point A is SSE; the
secondary dominated wave directions are ENE and NE; the strong wave direction is NE;
and the secondary strong wave direction is NNE. Similarly, the dominated wave direction
of point B is also SSE, the secondary dominated wave directions are ENE and NE, the strong
wave direction is NE, and the secondary strong wave direction is NNE. Therefore, the
dominated wave direction in the sea area is generally SSE, and the strong wave direction
is NE.
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Figure 2. Wave rose diagram at point A (a) and Wave rose diagram of maximum wave height at
point A (b).
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Figure 3. Wave rose diagram at point B (a) and Wave rose diagram of maximum wave height at point
B (b).

The study method, ideas and designs are progressively demonstrated as follows:

(1) To reveal differences of wave propagation caused by the islands, reefs and newborn
sandbank.

Based on the analysis results of the wave series at position A and position B, the test
wave conditions were proposed. Then, the study on propagation of dominated waves and
strong waves were carried out by numerical simulation. Later, differences of dominated
and strong wave fields were compared and analyzed.

(2) To recognize wind action on wave propagation.

Considering that the study area is located in the monsoon climate zone and is signifi-
cantly controlled by the monsoon wind, especially in the summer, the typical wind grade
3,4 and 5 with typical wind direction were added to drive the wave’s propagation in the
numerical simulation. Next, wave field characteristics in different seasons were further
simulated and analyzed in order to further confirm the importance of wind action on wave
evolution around the islands, reefs and newborn sandbank sea area.

(3) To reveal migration characteristics of the newborn sandbank, caused by waves.

By changing the wave action, the migration characteristics of the newborn sandbank
were simulated and analyzed. Then, based on differences in migration speed, distance
and direction, caused by varied waves, were further discussed to reveal the interaction
mechanisms between waves and the newborn sandbank.
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3. Model Setup
3.1. Governing Equations
In this paper, the wave-current-sand coupling model (HHU-WENMS V1.0) is imple-

mented to conduct this study. The motion of the current is governed by the 2D shallow
water equations, as follows [22,23]:

oh ohu ohv

T T M

ol ohu? T _ (1= an h dp gh? dp 7. T,
9 t G T % = fho—gh : 0 " o

ot ; e Jx 0o 0X 200 dx 00 00 (2)
1 (9Sxx X, 9 o)
,TO(W + ayy) + 5 (hTx) + 55 (hTwy) + husS
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o H G T ey T oSSy ey T T T T )
1 X y 9 d
%( ax T az/) + 53 (MTay) + 55 (WTyy) + husS
wherein, the T}; are expressed as follows:
ou Ju ~ Jv v
Txx - 2A£, Txy - A(ay + ax)/ Tyy _ZA@! (4)

where £ is the time; x, y is the Cartesian coordinates; 7 is the surface elevation; / is the total
water depth; u, v are the velocity components in the x and y direction; f is the Coriolis
parameter; g is the gravitational acceleration; p is the density of water; Syy, Sxy, Syx and
Syy are components of the radiation stress tensor; Pa is the atmospheric pressure; pg is the
reference density of water; S is the magnitude of the discharge due to point sources; A is
the horizontal eddy viscosity; Tsy, Tsy, Tpx, Tpy are the x and y components of the surface
wind and bottom stresses. All units are uniform international units, as are the following.
The transportation of suspended sediment is governed by equations, as follows [22,23]:

a(hs) | a(ms)  a(iws) _ 9 . 9 . dS

where S is the vertical average sediment concentration; u, v are the velocity components in
the x and y direction; w is the settling velocity; Dy and Dy, are the dispersion coefficients in
the x and y direction; F; is the near-bed sediment flux, which is expressed by the unified
expression [24]:

Where the bed level change is caused by suspended sediment and bedload transport,

then it can be written as: 5 5 5
U 9x 1y
D Sx T
Tog Ty 3y s (6)
where 7 is the dry volume weight of the sediment on the bed; # is the bed level variation
due to suspended sediment and bedload transport; F; is the near-bed sediment flux as
above; g, and gy, are the bed load flux per unit width (g;) in the x and y direction. where, g,

is expressed as:

- — |3/2
V+Vy
ko s ‘
= 2 m @)
T C(Z) Ys — Y Wp
- — - —
‘V‘ + Vol — Vi if Vi < ‘V’ + |V
m = - — ®)
h
Cy = 2.51n(11Z) 9)
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where 74 is the volume weight of the sediment grain on the bed;  is the volume weight of
the water bodies; wy, is the setthng velocity of the bedload; k; is the Coeff1C1ent usual as 0.1;

A is the bed roughness height; V is the mean current velocity vector; Vw is the scaled mean
velocity due to the wave motion; Vj is the critical velocity for the sediment erosion, which
is expressed as:

2.5
Ys — Yo\ e + gHO
Vi = 0.265In( 11— dy, + <*> _ 10
k ( A)\/ Y 8dp - 4, (10)

where 7} is the steady dry volume weight of the sediment; d, is the median diameter of the
bedload; ¢ is the bond coefficient; ¢ is the thickness of the particle film water.

Then, the governing equations are discretized by the control volume method in spacial
dimension and the Runge Kutta method in temporal dimension [22,23].

Wave fields were simulated by the SWAN (Simulating Waves Nearshore), driven by
wind field [25,26]; then, they were coupled with currents and sediments transport simulation.

3.2. Model Setting and Verification

In order to reflect the characteristics of wave propagation in the sea area of the Xisha
Islands influenced by reef and newborn sandbanks, and to comprehensively consider the
continuous effects of incident waves and wind fields, the model range is set, as shown
in Figure 1. Meanwhile, to fully reflect the underwater topographic changes around the
islands and reefs near the Xisha Islands and the new sandbanks, the rectangular grid is
applied to divide the calculation domain. Moreover, the grid is refined near the study area,
whose resolution in the calculation range varies from 10 to 1000 m.

Figure 4 shows the underwater topographic features of the core study area in the Xisha
Islands and the new sandbank that is formed after the grid is subdivided. It indicates that
the existing grid resolution can effectively reflect the rapid increase of water depth from
the islands and reefs to the surrounding water of Qilianyu and the adjacent new sandbank
in the northern Xisha Islands.

The open boundaries were driven by the waves from ECMWEF hindcast database
and the predicted tides from Na099.b tidal model from Japanese NAOTIDE global tide
model [27] (https:/ /www.miz.nao.ac.jp/staffs/nao99/index_En.html (accessed on 20 Jan-
uary 2021)). Then, the wave-current-sand numerical simulation was carried out and driven
by the ECMWF hindcast wind field database.

The wave simulation result was verified by the adopted data series at position C
during January 2019 (Figure 1). Figure 5 shows the verification results on waves.

As Figure 5 shows, the verification results concerning wave height, direction and
period were achieved and satisfying. Wherein, the mean wave period has a certain devia-
tion, however, the variation tendencies are fitted with each other. The analysis suggests
that the deviation may be caused by the discrepancies in times between the wave series
and topography.

In addition, due to the lack of measured topography data in two different periods
around the newborn sandbank sea area, the sediment transportation process cannot be
verified. Furthermore, the tide conditions have been inconsistent across different study
cases. Therefore, although the model calculation parameters can only be set by referring
to literature concerning numerical models in the South China Sea and experiments of
sediment motion that are located in the study area [28-30], it was still deemed to be
feasible and rational to use a model setting that can rationally reflect the sediment transport
characteristics of the newborn sandbank.
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4. Results and Discussion
4.1. Characteristics of Wave Propagation in the Dominated Wave Direction (SSE)

Figure 5 shows the wave field characteristics around the sea area of the reef flat of the
Xisha Islands and the newborn sandbank during wave action in the dominated wave SSE
and during a high-water level. In this scenario, the boundary incident wave is applied as a
maximum wave height of 2.8 m and a wave period of 5.8 s.

As Figure 6 indicates, the wave height can reach about 1.5 m when the incident wave
propagates to the leading edge of the reef (the location of the new sandbank). After the
wave enters the reef, its direction gradually deflects to the axis of the island group due to
the barrier and wave dissipation effect of the island and reef. Meanwhile, the wave height
gradually decreases to less than 1.0 m, and decreases to about 0.5 m at the leading edge
of North Island, Middle Island, South Island, North Sandbank, Middle Sandbank, and
South Sandbank. Therefore, the wave dissipation effect of the island and reef is significant.
Furthermore, compared with the incident wave height at the leading edge of the reef
where the islands are located, the wave height around the islands in the reef decreases by
nearly 67%.

16.91

16.92

16.916

112.342 112.346 112.350 112.354 E

(b)

Figure 6. Wave vector diagram in the dominated wave direction (SSE) around the Qilianyu (a) and
Wave vector diagram in the dominated wave direction (SSE) around the newborn sandbank (b).
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As Figure 4 shows, the newborn sandbank is located at the southeastern margin of
the Qilianyu and close to the South Sandbank. Its top elevation is limited, and as a result,
becomes almost entirely submerged in the water during high-water levels. Therefore, it is
difficult for the newborn sandbank to induce significant barrier effects as the islands and
reeds on the incident wave during periods of high-water levels.

Consequently, the incident wave presents a specific diffraction, but it is mainly through
the top of the newborn sandbank. The incident wave height at the leading edge of the
newborn sandbank is approximately 1.5 m. The shelter of the newborn sandbank reduces
the wave height behind it to below 1.1 m, and the wave height attenuation is approxi-
mately 27%.

Therefore, in comparison to the shelter function of the islands and reefs in the Qilianyu,
the refraction and diffraction effect of the newborn sandbank on the waves is obviously
weaker than that of land-forming island and reef structures, and its wave attenuation
function can only reach 40% of that of islands and reefs.

4.2. Characteristics of Wave Propagation in the Strong Wave Direction (NE)

Figure 7 shows the characteristics of the wave field around the reef and the newborn
sandbank in the Xisha Islands in the context of strong wave direction (NE) and high-water
levels. In this scenario, the boundary incident wave is set as the averaged wave height
4.0 m in the strong wave direction with a period of 6.0 s.

The figure indicates that the incident wave height can reach approximately 2.5 m when
the strong wave propagates to the front edge of the northeast side of the reef, where the
islands are located. As the wave enters the reef and reaches the outer edge of the islands,
its height rapidly drops to approximately 1.0 m. Meanwhile, the incident waves on the
southeast and northwest sides of the islands enter the southwest side, based on a diffraction
function; then, they converge with the incident waves through the inter-island channel. As
a result, the wave direction in the rear sea area on the southwest side is clearly westward,
and the wave height drops to below 1.0 m. Therefore, the wave dissipation effect of islands
and reefs is significant. Compared with the incident wave on the northeast leading edge
of the reef, the wave attenuation in the southwest sea area, behind the reef and islands, is
more than 60%.

Similar to the wave field in the dominated wave direction, the newborn sandbank
cannot easily form a significant barrier effect on the incident wave in the strong wave direc-
tion at a high-water level. Although the incident wave in the strong wave direction shows
a certain level of diffraction when passing through the newborn sandbank, it primarily
passes through the top of the new sandbar, and the change of wave direction is insignificant.
Furthermore, the Nansha Islands block the incident wave height at the leading edge of
the newborn sandbank, to reach approximately 1.8 m, while the wave height behind this
sandbank drops below 1.2 m, with a wave height attenuation of approximately 33%.

Hence, similarly to the wave field in the dominated wave direction, the wave attenua-
tion effect of the newborn sandbank is also explicitly weaker than that of the landed island
and reef, and the proportion is approximately 55%. In addition, it can also be seen that
when the wave strengthens, the wave attenuation effect of the island and reef decreases,
but that of the newborn sandbank increases. This may indicate that the wave attenuation
effect of the refraction and bottom friction is a little bigger than that of the diffraction in the
Xisha Islands.
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(b)

Figure 7. Wave vector diagram in the strong wave direction (NE) around the Qilianyu (a) and Wave
vector diagram in the strong wave direction (NE) around the newborn sandbank (b).

4.3. Seasonal Variation Characteristics of the Wave Field
4.3.1. Effects of the Wind on Wave Propagation

In general, the wind promotes the growth of waves. Taking into consideration that
the South China Sea is in a monsoon climate zone, it is strongly affected by monsoons,
especially during the summer. Therefore, the typical wave field found in the summer of
2016 is chosen as the background field. In order to examine the wind action on this wave
field, wind fields with no wind; grade three wind; grade four wind; and grade five wind,
respectively, are considered to assess drive wave propagation, and the results are shown in
Figure 8.
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newborn sandbank. (The black lines in the figure are windless, and the red lines are windy).

As Figure 8 shows, the influence of the grade three wind on the wave field is small.
Compared with no wind, the wave height of the front wave side of the islands and reefs
increases slightly, and the wave height in the wave shadow zone changes more significantly,
with the maximum increase of wave height being over 50%. Under the action of the grade
four wind, the wave height in the front wave side increases further, and it changes more
significantly in the wave shadow zone behind the island. The contour line of the 0.2-0.5 m
wave height is close to the outer edge of the islands and reefs, and the wave height can
increase by more than 100%. Under the action of the grade five wind, the wave height
of the front sea side of the islands increases significantly compared to that without wind.



Water 2022, 14, 3566

12 0f 18

Moreover, the 2.5 m wave height contour advances to the outer edge of the islands, up
to approximately 1.0 km. The wave height in the wave shadow zone behind the islands
continues to increase significantly. The contour line of the 0.2-1.0 m wave height is close to
the outer edge of the islands and reefs, and the wave height increases by more than 150%.

Therefore, the wind in the study area has an important influence on the propagation
and evolution of waves. In particular, when the wind speed exceeds grades four and five,
the influence of the wind on the waves is extremely significant. This is the reason the wave
fields exhibit seasonal variations, not just during storms or winter monsoon weather. As a
result, wave elements will also demonstrate characteristics of distinctly seasonal evolution,
throughout the different seasons, and are affected by the different types of wind speed
and direction.

4.3.2. Seasonal Evolution of Wave Fields

In order to reveal the seasonal variation of wave fields, Figure 9 shows the typical
wave field characteristics found throughout spring, summer, autumn, and winter in 2016.

As Figure 9 shows, during spring and summer, the southerly wind effect causes the
wave direction to be largely in the south, and the wave height is similar, while the incident
wave height can reach about 1.0 m. Meanwhile, the islands and reefs cause the incident
wave to primarily diffract through the islands. As the tide level decreases, the water depth
near the islands and reefs also decreases. Consequently, the nonlinear effect of the waves
in the reefs is strengthened. Therefore, the shelter and dissipation effect of the islands
and reefs is very significant, and the wave behind the islands is reduced by up to 90%. In
addition, due to the differences between incident wave directions in different seasons, more
wave power can pass through the channels between islands, particularly the big channel
between the South Island and North Sandbank; thus, the wave attenuation effect of islands
and reefs in spring is bigger than in summer.

Furthermore, during the autumn and winter, the northeasterly wind causes NE waves
to dominate the islands and reefs sea area, and the wave height during the winter is larger.
During the autumn, the incident wave height on the outer edge of the northeast side of
the islands and reefs is about 2.0 m. When the incident wave reaches the islands and reefs,
diffraction and refraction deformation occur. The maximum wave height behind the islands
reduces to less than 0.2 m, and the maximum wave height reduction is more than 90%.
During winter, the incident wave at the northeast side of the islands reaches approximately
2.5 m. After refraction and diffraction, the wave at the rear of the islands decreases to below
0.2 m, and the wave height decreases by more than 92%.

Therefore, the NE and southerly winds control the wave characteristics of the archipelago
and the newborn sandbank sea area. Moreover, the islands, reefs, and newborn sandbanks
have a significant barrier effect. As a result, the refraction and diffraction characteristics of
the wave field are closely related to their geographical location. In addition, it can also be
seen that the barrier effect of the newborn sandbank is relatively smaller than that of islands
and reefs. This confirmed again the results that have been revealed in the dominated and
strong wave propagation characteristics.
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Figure 9. Seasonal variations of wave fields in islands, reefs and newborn sandbank sea areas.
(a) Spring; (b) Summer; (¢) Autumn; (d) Winter.

4.4. The Migration Characteristics of the Newborn Sandbank under the Strong wave (NE) Action

In order to reveal the evolution characteristics of sandbank topography under strong
wave action, Figure 10 shows the changes in the underwater topography of the newborn
sandbank, after continuous wave action lasting for one month, with an average incident
wave height of 4.0 m and a period of 6.0 s in a strong wave direction during 2016.
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Figure 10. Underwater topography changes in the newborn sandbank under average wave action in
a strong wave direction lasting for 1 month. (The red lines are the initial underwater topography, and
the blue lines are the new underwater topography after 1 month of wave action).

As Figure 10 shows, after one month of wave action in a strong wave direction, the
underwater topography in the area deeper than the 10 m isobath of the front wave side of
the newborn sandbank does not change significantly, while siltation dominated in the area
shallower than the 10 m isobath. Moreover, a closer distance to the northeast of the core
area of the newborn sandbank indicated that there was a more obvious siltation, with a
maximum siltation width of approximately 50 m. Analysis illustrated that, as the northeast
of the newborn sandbank was directly adjacent to the South China Sea basin, the slope
of the underwater topography in the area shallower than 10 m was gentler than that in
the deep-sea area that was deeper than 10 m. As a result, the relative wave height in
the deep-sea area was below 0.3, which caused the wave to have a slight effect on the
movement of the bed sediment in the deep-sea area. Hence, it is difficult to quickly cause a
strong erosion and deposition change in the underwater bank slope. On the other hand,
the newborn sandbank is located in the southeastern margin of Qilianyu. Then, under the
northeast wave action, the sediment is transported and accumulated from the northwest to
the southeast of the newborn sandbank, thus forming a prominent landform in the east.

Meanwhile, the newborn sandbank sheltered the incident wave, which diffracted
through the northwest and southeast sides of this sandbank. This caused these sides to
show slight erosion in its area shallower than the 7 m isobath. However, the erosion and
deposition in the area deeper than 7 m was not obvious. Similarly, a closer distance from
the core area of the newborn sandbank involved a greater extent of erosion in its northwest
and southeast sides. However, as the wave height gradually decreased to less than 2 m
after wave refraction and diffraction, the distance of erosion on both sides was limited to
less than 15 m.

In addition, the shelter effect created by the newborn sandbank meant that the under-
water topography of the wave shadow zone behind this sandbank remained essentially
unchanged, while the erosion-deposition balance was dominant.

4.5. The Migration Characteristics of the Newborn Sandbank under the Dominated Wave
(SSE) Action

In order to display the evolution characteristics of the newborn sandbank topography
under the dominated wave action, Figure 11 shows the changes of the underwater topogra-



Water 2022, 14, 3566

150f18

phy of the newborn sandbank after one month of wave action, with a maximum incident
wave height of 2.8 m and a period of 5.8 s in the dominated wave direction during 2016.

16.924‘\ \ //?i‘%ijé;\\
W7 — 0\
wn] \_ g ////// (@

L \\\\\E\\ )
f ==

1123435 112.3445 ' 112.3455 " 1123465 | 112.3475 E

/
«5

T

Figure 11. Underwater topography changes in the newborn sandbank under 1 month of wave action
with the maximum wave height in the dominated wave direction. (The red lines are the initial
underwater topography, and the blue lines are the new underwater topography after 1 month of
wave action).

As Figure 11 shows, after one month of continuous wave action in a dominated wave
direction, there is no obvious erosion and deposition of the seabed in the deep-water area,
which is deeper than the 8 m isobath in the eastern part of the newborn sandbank. However,
the underwater topography in the area shallower than 8 m mainly presented with eastward
deposition. Moreover, a closer distance to the core area of the newborn sandbank indicated
more obvious deposition, with a maximum deposition width of approximately 60 m. On
one hand, analysis indicated that the relative wave height in the deep-sea area, deeper than
the 8 m isobath in the eastern part of the newborn sandbank, was below 0.3, which made
it difficult for waves to strongly act on the bed load movement in the deep-sea area. On
the other hand, the newborn sandbank is located in the southeastern margin of Qilianyu.
Under the wave action, in the dominated wave direction, the sediment is transported and
accumulated to the east of the newborn sandbank, where it forms a deposit, which differs
from that of strong wave action in position and shape.

At the same time, the newborn sandbank sheltered the wave, which diffracted through
the west and east side of the newborn sandbank, and then entered its rear. This made the
area shallower than the 6 m contour line in this west side and shows slight erosion, while
the area deeper than 6 m showed slight erosion and deposition. Similarly, a distance closer
to the core area of the newborn sandbank indicates a greater extent of westward erosion,
reaching up to 10 m. Although diffracted waves affected the east side of the newborn
sandbank, this area still showed a deposition trend due to the continuous accumulation
of sediment.

Furthermore, similar to the wave action in the strong wave direction, the underwater
topography of the wave shadow zone, behind the newborn sandbank, was essentially
unchanged due to its shelter effect, while the overall balance of erosion and deposition
was dominant.

In summary, by comparing the geomorphic variation of the newborn sandbank under
the wave action in strong wave direction and that under the wave action in the dominated
wave direction, it can be found that the migration direction of the newborn sandbank



Water 2022, 14, 3566

16 of 18

is primarily controlled by the wave direction, and its migration speed and distance are
primarily dominated by wave height. Meanwhile, the evolution of the newborn sandbank
does not only occur during storms and the winter monsoon, but also occurs during usual
weather dynamics.

5. Conclusions

As the initial stage of the coral island, the newborn sandbank generally has a complex
internal dynamic geomorphology mechanism. However, although there has been a lot of
research on the mechanisms of marine dynamic geomorphology, there are few studies on
the dynamic geomorphology mechanisms of the newborn sandbank. At present, the study
of newborn sandbanks is primarily based on macroscopic phenomenon analysis and lacks
direct process evidence.

Therefore, this paper presents the first discussion on the influence of islands, reefs and
newborn sandbanks on incident wave propagation and reveals that the islands and reefs
significantly block the wave propagation, whilst the newborn sandbank has difficulty form-
ing a significant barrier effect on the incident wave. At the same time, from the perspective
of wind-wave interaction, the importance of wind on wave generation, propagation and
development in the Xisha Islands sea area is also emphasized. It is therefore proposed that,
when the wind speed exceeds grades four and five, the wind-wave interaction is extremely
significant. Furthermore, it is revealed that wind is the fundamental reason for the seasonal
variation of waves in the sea area.

In addition, the newborn sandbank migration characteristics under typical waves
(dominant waves and strong waves) are revealed from the perspective of the interaction
between wave power and newborn sandbank migration. On one hand, this study directly
confirms the importance of waves on the development and evolution of newborn sandbanks
proposed by former macroscopic researchers. On the other hand, it provides direct process
evidence for the study of the short-term rapid migration and evolution mechanism of the
newborn sandbank under the action of waves, revealing that the migration direction of the
newborn sandbank is primarily controlled by the wave direction, and the migration speed
and distance is primarily controlled by the wave height. This provides a necessary research
direction for revealing the internal physical mechanism of the dynamic geomorphology of
newborn sandbanks in the future.

However, due to the rapid change in the characteristics of the newborn sandbank,
and the lack of support of the specific quantity and transport speed data for sand source
recharged by islands and reefs, the combined actions between wave action, newborn
sandbank migration and sand source recharge by adjacent sea areas still need to be fur-
ther revealed.
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