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Abstract: A small tombolo on the west coast of Guangdong’s Honghai Bay was investigated
using over a decade of satellite imagery. Occasionally, this stream forms a lagoon behind the
island, giving the appearance of a double tombolo. However, analysis of satellite imagery
reveals that the double tombolo was not consistently formed and that the tombolo tip was
not always attached to the leeward side of the island. This suggests that the tombolo was
in a transitional state between the formation of a tombolo and a salient. The beaches on
both sides of the tombolo are headland-bay beaches. Therefore, MEPBAY and XBeach,
coupled with grain size analysis, were utilized to investigate the dynamic geomorphological
processes of the tombolo. This study shows that the headlands at both ends of the beaches,
along with waves approaching perpendicular to the shore, inhibit longshore drift on either
side of the tombolo. The sediment sustaining the tombolo originates from the stream sands
and offshore sands transported onshore by waves. When wave-driven sediment transport
exceeds stream sediment supply, a tombolo forms. Conversely, only a salient develops.
This specific case study reveals previously undocumented phenomena, thereby offering
valuable insights into the mechanisms of double tombolo formation.

Keywords: double tombolo; salient; stream; wave; Huarongshu island

1. Introduction

The term “tombolo(s)” originates from the Latin word *tumulus*, which means “pil-
low” or “cushion”. Other synonyms for the term “tombolo” include “tied island”, “tie
bars”, and “tying bars” [1]. There are various tombolo types. The most common type of
tombolo is the one that connects the mainland to an island. Tombolos can also connect two
or more islands (island-to-island) [2,3]. When a lagoon exists between two tombolos, these
complex structures are referred to as double tombolos. Even more complex configurations
exist, such as triple tombolos. The Giens tombolo in France, the Calpe rock tombolo on
the Levant coast [4], and the Gibraltar isthmus tombolo [5,6] serve as typical examples of
double tombolos [7,8], while the Orbetello tombolo in Italy represents a typical example of
a triple tombolo [9]. Although tombolos are relatively less common compared to other clas-
sical forms of coastal deposition, the processes underlying their formation are analogous to
those observed in the development of spits, bars, and barrier islands [10-12].

Tombolos, formed by wave refraction or diffraction [13,14], create a convergence of
opposing sediment transport currents through a wave shadow area behind an island, result-
ing in sand accumulation, which eventually leads to a connection between the mainland
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and the lee side of the island [15-17]. It is evident that longshore drift plays a crucial role
in the formation of tombolos extending from long shelving beaches. However, it is likely
that many tombolos attributed to local winds blowing from either side are instead the
result of onshore swell being refracted and/or diffracted around an island, with or without
the influence of longshore drift [18]. Double tombolos are much less common than single
tombolos, and also much less studied [19]. A double tombola is generally thought to form
in areas where waves approach the flanks of an island at different angles of incidence in
different seasons, resulting in seasonal changes in littoral drift [8,12,20], but they have also
been reported to form by regressive barrier widening due to sea level change [8,19]. Some
tombolos that formed earlier than or during the Holocene have remained stable over long
periods in terms of their evolution [21], but the majority of natural tombolos are active
(ephemeral) features formed, modified, and destroyed within a short time period, ranging
from less than a year to a few centuries [22,23].

In the academic literature, the focus is on the formative and process-related aspects of
singular tombolo geomorphology, including the complex interactions between underwater
and terrestrial morphology [24]; the shape, dimensions, and proximity of the island relative
to the mainland [1,14]; the availability and grain size distribution of sediments [25]; and the
sea state, encompassing wave diffraction, sea level rise, and tsunamis [1,18,23,26,27]. This
mechanism has a wide range of applications in coastal engineering, including the growth
of a tombolo or a sandy salient behind a breakwater [15,28,29].

Tombolos along the coasts of China, including both natural tombolos and those formed
behind man-made structures, have been well studied [30-33]. Nevertheless, only a limited
number of previous studies have provided a detailed examination of the formation process
of double tombolos in China. This paper investigates a small tombolo that alternates
between forming a double tombolo and a salient on the west coast of Honghai Bay in
eastern Guangdong, China. The aim of this paper is to interpret this specific case by
utilizing multi-year satellite imagery, sediment grain size analysis, and two computer
software programs (MEPBAY 3.0 and XBeach 1.24.6057), thereby revealing previously
unrecorded phenomena and providing valuable insights into the formation mechanism of
tombolo coasts.

2. Study Area
2.1. Location of the Study Site

The study area is situated along the eastern coastal margin of the Huizhou Penin-
sula, to the west of Honghai Bay (Figure 1). The Huarongshu tombolo (22°37'53.24"" N,
114°55'19.07" E) connects Huarongshu Island to the eastern coast of the peninsula, which
is situated between Honghai Bay to the east and Daya Bay to the west. Huarongshu Island
is an elongated island oriented in an east-west direction, whereas the mainland’s coastline
extends in a northeast-southwest direction. The northern and southern beaches of the
tombolo surround a stream that flows through the tombolo from the hinterland of the
peninsula, forming a lagoon behind the island (Figure 1). However, this is not always the
case (see later).
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Figure 1. Location of the Huarongshu tombolo. (a) The Huarongshu tombolo, Huarongshu Island,
and the rock outcrop situated in the middle of the southern beach. (b) A comprehensive view of
the Huarongshu tombolo, showing its southern and northern beaches. The rose diagram at the top
quantifies the annual average wave climates based on data from Zhelang Station.

2.2. Climate and Ocean Hydrology of the Study Site

Honghai Bay, where the Huarongshu tombolo is located, has a subtropical monsoon
climate with an annual rainfall of approximately 2000 mm. Eighty percent of this rainfall
occurs between April and September, with the highest monthly rainfall recorded in June [34].
Figure 2(a-1,a-2) presents the monthly mean precipitation data between 1952 and 2016
for two meteorological stations located on either side of the study site. The data from
both stations indicate that the highest monthly rainfall occurs in June. Runoff in these
areas exhibits a consistent temporal distribution that corresponds to the precipitation
patterns [34]. Figure 2b shows the annual maximum water levels recorded from 2004 to
2022 at the hydrological station closest to the study site (Danshui Station) [35]. No discharge
data are available for this station.

The tide in Honghai Bay is characterized as an irregular diurnal tide. Records from
Shangwei Station indicate that the average tidal range is 0.94 m (Figure 2c), the maximum
tidal range is 2.58 m, and the tidal datum is 1.31 m below the local multi-year mean sea
level, which is, in turn, 2.6 m lower than the Pearl River Datum [36].

The measured maximum sediment content of the water body (bottom layer) in
Honghai Bay was 0.251 kg/m3, the minimum was 0.0005 kg/m?3, and the average was
0.0125 kg/m3. The sediment content in April was higher than in September. The aver-
age content of the former is 0.0141 kg/m3, while that of the latter is 0.0108 kg/m?>. The
net sediment transport direction in April is westward (284°), while in September it is
southeastward (134°).

Wave data collected from a wave station at Zhelang on the eastern coast of Honghai Bay
(Figure 2d) indicate that wind waves predominate throughout the year. Specifically, NEN-
ESE waves account for 63.4% of the annual wave frequency, with ESE waves comprising
27.2% and E waves comprising 20.6%. Notably, most of these waves occur during the
winter months [37]. In summer, however, SW waves occur with a frequency of 7.9% due to
the influence of the SW monsoon [37]. Honghai Bay has an annual average wave height
of 1.3 m, which is higher than the summer half-year average (1.1 m) but lower than the
winter half-year average (1.4 m). The highest recorded wave height in the bay over the
years (1960-1992) was 9.5 m, typically occurring in September as a result of typhoons [37].
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Figure 2. Data from meteorological stations, hydrological stations, tidal stations, and wave observato-
ries around the study site. (a-1) Monthly average rainfall at Huiyang Station between 1953 and 2016;
(a-2) Monthly average rainfall at Shanwei Station between 1953 and 2016. (b) The highest water level
recorded at Danshui Station between 2008 and 2022. (c) Monthly mean tidal range at Shanwei Station
(data duration: 1970-1990); (d) Maximum and average wave heights, as well as wave frequencies, at

Zhelang from 1960 to 1992.
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2.3. Geological and Geomorphological Setting

The study area is located along the eastern coastal margin of the Huizhou Peninsula,
to the west of Honghai Bay (Figure 3a). The region’s geological composition predominantly
consists of Lower Jurassic granites. Additionally, the northeast-trending Xiaomo-Sixingshan
fracture group, which plays a critical role in controlling the distribution of islands along
the peninsula’s coastline [38], is exposed north of the study area (Figure 3a).
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Figure 3. Geological and geomorphological background of the study area. (a) Geology of the study
area. (b) Geomorphology of the Huarongshu tombolo and its geomorphological limiting parameters.

The sediments in Honghai Bay primarily consist of clay silt, characterized by a mean
grain size (Mz) ranging from 6.22 to 7.95¢ and a sorting coefficient (¢q) ranging from
1.21 to 2.059. The sediments exhibit a coarsening trend towards the eastern and western
directions. In the intertidal zones along the eastern and western coasts, the sediments
are predominantly fine sand, with a mean grain size (Mz) of 2.76 to 3.5® and a sorting
coefficient (01) of 0.48 to 2.05® [36].

From a geomorphological perspective, the beaches on the southern and northern
coasts of the tombolo are pocket beaches located between headlands. The southern beach is
approximately 400 m long and features a small rocky outcrop in the middle, which divides
it into two segments (Figure 1a). The north coast of the tombolo comprises a much longer
beach situated between two headlands: one being Huarongshu Island itself and the other
a reef known as Heibaijiao, located approximately 1.5 km north of Huarongshu Island
(Figure 1b).

The morphological limiting parameters of the Huarongshu tombolo (B, L, and LB)
were determined based on a map derived from a Google Earth satellite image (Figure 3).
According to Mangor et al. [15], the dimensionless parameter (LB) represents the ratio of
the projected length of the detached obstacle (B) to the distance from the obstacle to the
shoreline (L). Consequently, LB can be calculated using the following formula:

LB=B/L 1)

LB determines the geometrical proportions of sand bodies in plane form formed in the
lee of detached obstructions. Depending on the value of LB, two basic accumulation forms
can be created on the shoreline: A salient form when LB < ~0.6-0.7 and a tombolo form
when LB > ~0.9-1.0 [15].
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2.4. MEPBAY Model

To analyze the tombolo’s morphological changes over time, historical Google Earth
satellite images from 2009 to 2022 were used. The MEPBAY model proposed by [39] was
employed to determine the equilibrium shorelines of beaches on either side of the tombolo
in the satellite images. Beach erosion or accretion can be determined by comparing the
equilibrium shoreline with the actual beach shoreline [39].

The shorelines in the satellite imagery are datum-based lines derived from the satellite-
observed waterline and referenced to a consistent water level, typically a local tidal da-
tum [40]. Water level data were obtained from the local tide gauge station (Shanwei Station)
(Figure 2) [36]. If the time of satellite image acquisition is known, the corresponding water
level height can be determined.

A number of empirical equations, such as the logarithmic spiral [41], the parabolic
model [42], and the hyperbolic tangent [43], have been proposed to determine the planform
of the shoreline of a headland-bay beach in equilibrium. The parabolic model is the most
widely used equation [44]. Three software tools (MEPBAY, MeePaSoL, and SMC) are
available to facilitate the application of the parabolic model. In general, MEPBAY [39] and
MeePaSoL [45] can be applied directly using a satellite image and with knowledge of wave
propagation. MEPBAY is chosen in this study.

The parabolic bay shape equation for the headland-bay beach in static equilibrium,
developed by Hsu and Evans [42] is in the form of:

R/Rg=Co+Cy(B/0) + C2(B/9), @)

where B is the reference wave obliquity angle, R is a polar radius with a polar angle
6, and Ry is the control line length between the headland upcoast diffraction point and
the downcoast control point (Figure 4). The model connects shoreline changes to the
upcoast diffraction point. This enables the relocation of the diffraction point for man-made
structures easily [46]. The control line is aligned with the reference wave obliquity angle to
the tangent at the downcoast beach end [39]. Any point on or near the straight downcoast
segment of the beach in Figure 4 can be chosen as a downcoast control point, any of
which can have the corresponding polar radius, and is insensitive to calculation [39,47].
The three constants (Cy, C1, and Cp) in Equation (2) are related to the reference wave’s
obliquity angle. Hsu and Evans [39] found the three constants that differ from the reference
wave obliquity angle by fitting the peripheries of the 27 prototypes and model bays with
regression analysis.
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Figure 4. The definition sketch for calculating the parabolic bay shape equation (Equation (2)).
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The procedure using the parabolic model is repetitive and tedious, especially when the
results of several alternative options have to be compared [48]. Fortunately, the efficiency
in the application of the parabolic bay shape model has been improved and computerized
by a software package, MEPBAY (model of equilibrium plane form of bayed beaches),
which is developed as an educational software at the University of Vale at Itajai, Brazil,
and can be downloaded from http:/ /siaiacad17.univali.br/mepbay/?pagina=homehttp:
/ /siaiacad17.univali.br/mepbay/?pagina=home (accessed on 1 January 2022). MEPBAY 3.0
was used in this study to analyze the equilibrium of beaches on both sides of the tombolo.

The headland-bay beach planform may exist in three states: static equilibrium, dy-
namic equilibrium, and unstable or natural reshaping [48]. Static equilibrium is reached
when the dominant waves break along the entire bay perimeter simultaneously. At this
stage, net longshore sediment transport along the entire bay periphery is close to zero, and
the beach is stable without long-term erosion or deposition, except during storm periods.
The shoreline of a headland-bay beach may advance or degrade as the net sediment supply
increases or decreases. A beach may be in dynamic equilibrium when sediment is still
passing through it, and the shoreline of the beach is classified as unstable when natural
beach reshaping occurs due to a lack of sediment [48].

2.5. XBeach Simulation

The XBeach model is an open-source program, and its source code can be freely
downloaded from the XBeach platform website. The model includes formulations for
short-wave envelope propagation, non-linear shallow water equations, sediment transport,
and morphological bed updates [49]. The effects of wave refraction and diffraction, as
well as the associated deposition on the lee side of a breakwater caused by obliquely and
normally incident waves, are critical for understanding tombolo formation in this study.
Therefore, the XBeach model was employed to simulate deposition on the leeward side of
an obstruction (e.g., a breakwater) under oblique wave incidence conditions.

In this study, the case study described in [49] was adopted as a reference for research
modeling. Simulations of the XBeach application in 2D mode were conducted based on the
model configuration detailed in [49]. The bed profile for the model setup featured an initial
slope of 1:50, with a linear profile shape maintained across all varying offshore distances
from the breakwater to the shoreline, consistent with the case study presented in [49]. In
this study, the breakwater dimensions were fixed at a length of 300 m, a width of 20 m, and
a height of 3.61 m within a domain area measuring 2100 m by 790 m. An equidistant grid
size of 10 m was employed in both the x- and y-directions to cover the entire domain area.
The wave incidence angle was varied from perpendicular (0°) to oblique (55°) relative to
the shoreline, as shown in Figure 5. Figure 5 illustrates the two-dimensional view of the
contour patches and the cross-shore bed profile utilized in all simulations conducted in
this study. A detailed description of the XBeach model and its formulations can be found
in [49].

Z Profile at p=1050 Initial seabed with a slope of 1:50
- ]
‘= | Still Water Level=0.61m 10 =
— I =]
= Ly
it v
= 65
> oo Tp=R0s  p=270" =
2 -~ o =20m D =250pm ] 4 ":3
= = H=283m D,=350pm|| 7 M
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Figure 5. Plan view (left) and schematized cross-shore bed level (right) of model bathymetry setting.
(Tp: peak wave period; 0: spectral direction; Hrms: Initial wave height; Hs: wave height; D50: median
grain size; D90: grain size where 90% of the particles are smaller).


http://siaiacad17.univali.br/mepbay/?pagina=homehttp://siaiacad17.univali.br/mepbay/?pagina=home
http://siaiacad17.univali.br/mepbay/?pagina=homehttp://siaiacad17.univali.br/mepbay/?pagina=home

Water 2025, 17, 1510

8 of 20

2.6. Grain Size Analysis

A total of 17 tombolo surface samples were collected on 23 November 2021 (winter)
and 13 July 2022 (summer). In each season, samples were collected along the same transect
across the tombolo, with one additional sample taken from the bed of the stream that flows
into the tombolo from the mainland (Figure 6). During sampling, an unmanned aerial
vehicle (UAV), DJI Phantom 4 RTK, was employed to capture images of the planar shape of
the tombolo.

2022-7-13
7 6
9 8 Sy
A 10 2 A
l 1
| Sampling point 3
2021-11-23 5
6 4
A 7 2 A
| vl
! | \ 150m
| Sampling point 3 \";\\(

Figure 6. Sampling sites for the surface samples of Huarongshu tombolo on 23 November 2021 and
13 July 2022.

The samples were analyzed at the School of Geosciences, South China Normal Univer-
sity, using a Malvern Masterizer 2000 particle size analyzer (Malvern Instruments, Malvern,
UK). This has a measurement range of 0.02-2000 um. The pre-sample processing and
testing methods proposed by Konert and Vandenberghe [50] were used in the analysis. The
output particle size was classified into 10 categories, ranging from 0.1 to 2 mm. The size
of particles < 0.10 mm was determined according to the method described in [51]. The
metric grain sizes were transformed to logarithmic ¢ value according to @ = —logyd (d is
the diameter in mm) [52]. By plotting on a semi-log scale, the grain size curve becomes
more evenly distributed, which helps in analyzing and interpreting the data. The statistical
parameters, mean (Mz), sorting value (c1), skewness (SK1), and kurtosis (Kg) of the samples
were calculated using a graphical method proposed by Folk and Ward [53]:

M; = (P16 + P50 + Pss)/3 (©)

01 = (Pgg — P16)/4 + (P95 — P5)/6.6 4)

SK1=[(P16 + Pss — 2P50)/2(Pgs — P16)] + [(P5 + Pos — 2P50)/(P5 — Pos))  (5)
K = (P95 — Ps5)/2.44(P75 — Pa2s) (6)

The parameters were calculated using a Matlab 7.5.0 (R2007b) program that employs
a graphical approach for parameter calculation [54].

3. Results

Based on Equation (1), the ratio LB (B to L) was calculated to be 0.76, indicating that
this value lies within a range where neither a tombolo nor a salient is formed [15]. Over
time, changes in the tombolo’s morphology were analyzed using 12 Google Earth satellite
images acquired between 2009 and 2022 (as shown in Figures 7-9).
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Figure 7. The geomorphological variations of the Huarongshu tombolo from 2009 to 2022. Numbers
in brackets are real-time water levels relative to the Pearl River Datum.

In 2009, 2012, 2014, 2017, and 2018, the stream flowed directly into the sea through the
central part of the southern beach, which hindered the formation of a double tombolo. In
contrast, in 2011 and 2019, the southern beach pushed the stream back, redirecting its flow
eastward into the sea at the eastern tip of the southern beach and forming a lagoon between
the southern and northern beaches. In 2020 and 2022, particularly in 2022, a significant
portion of the sediment on the southern beach between the outcrop and the tied island was
lost (Figure 7).

The Huarongshu Island was not always connected to the tombolo. The tombolo was
connected to the sheltered side of the island only in 2011, 2012, 2014, 2017, 2019, and 2021.
At other times, there was a noticeable gap between the tip of the tombolo and the sheltered
side of the island. Figure 8 displays detailed and specific characteristics.

Three MEPBAY equilibrium shorelines were constructed for the beaches on both sides
of the tombolo in different years. One equilibrium shoreline was built along the northern
shore of the tombolo. The up-coast diffraction control point of the equilibrium shoreline
was located at the seaward tip of Huarongshu Island (Figure 9). The other two equilibrium
shorelines were established on the southern beach. One was located between Huarongshu
Island and a small rocky outcrop in the middle of the southern beach. The other was located
between the middle small rocky outcrop and the southern beach headland. The southern
side of Huarongshu Island and the southern headland of the southern beach served as
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the upcoast diffraction control points for both the northern and southern sections of the
southern beach (Figure 9).
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Figure 8. The morphological variations of the Huarongshu tombolo tip from 2009 to 2022. Numbers
in brackets are real-time water levels relative to the Pearl River Datum.

As shown in Figure 9, the equilibrium shorelines forming the northern and southern
coasts of the tombolo intersect behind Huarongshu Island, forming a salient. The inter-
section point, which is supposed to be the tip of the salient in an equilibrium state, never
touches the lee side of the island. However, the real tip of the tombolo is always located
seaward of the equilibrium tip (i.e., the intersection point) (Figure 8).

Figure 10 illustrates the wave refraction and diffraction effects caused by oblique and
normal incident waves. When waves approach the coastline at an angle, erosion occurs in
the lee area on the side where the waves strike, whereas deposition occurs on the opposite
side (Figure 10a,c) When incident waves are perpendicular to the coastline, deposition
occurs in the lee area behind the breakwater, while erosion occurs on both sides behind the
breakwater (Figure 10b,d).

Table 1 summarizes the grain size parameters of the tombolo beach sediment samples
collected on 23 November 2021 and 13 July 2022. Figure 11 presents photos captured by
a UAV. These photos depict the sediment sampling points on the tombolo and the in situ
morphological features during the sampling periods (see Figure 11 for details). Figure 11
also illustrates the grain size distribution of beach deposits collected on 23 November 2021
and 13 July 2022. The grain size distributions of all samples collected on 23 November 2021,
during the winter season, exhibited no significant differences. Although the sample (WN3)
from the stream bed was slightly coarser than those from other areas of the tombolo, the
difference was minimal. In contrast, on 13 July 2022, during the summer season, the sample
from the stream bed (SE3) was markedly coarser than those collected from other parts of
the tombolo (see Figure 11 and Table 1).
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Figure 9. Variations in equilibrium shoreline of beaches on both sides of the Huarongshu tombolo

from 2009 to 2022.
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Figure 10. XBeach simulation: (a) Wave refraction and diffraction induced by oblique incident
waves. (b) Wave diffraction occurring when incident waves approach the shoreline perpendicularly.
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(c) Deposition on one side and erosion on the other side behind the breakwater due to oblique
incident waves. (d) Deposition behind the breakwater and erosion on both sides caused by normally
incident waves. The yellow thick arrows indicate the direction of wave incidence, the red dashed
lines represent the original depth contours, and the initial seabed slope is 1:50.

Table 1. Statistics of grain samples from tombolo surface sediments.

Sample Mean Size Sorting Asymmetry Kurtosis
Location (Mz @) (oq) (Skq) Kg)
SE-1 2.35 0.47 —0.03 1.00
SE-2 2.43 0.46 —0.00 0.98
SE-3 191 0.65 —0.06 1.03
SE-4 231 0.45 —0.02 0.96
SE-5 2.28 0.52 —0.03 0.93
SE-6 2.36 0.47 —0.03 0.95
SE-7 2.41 0.50 —0.01 1.00
SW-1 2.30 0.51 —0.03 0.98
SW-2 2.08 0.57 —0.08 1.09
SW-3 241 0.60 —0.06 1.03
WN-1 2.39 0.53 —0.02 1.00
WN-2 2.45 0.79 0.14 1.10
WN-3 2.20 0.48 —0.01 0.99
WN-4 2.42 0.50 —0.01 0.98
WN-5 231 0.51 —0.03 0.94
WN-6 2.59 047 —0.01 0.99
WN-7 2.21 0.74 —0.25 1.10
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Figure 11. The grain size distributions of beach deposits and sampling points in winter and summer.
(a) Particle size distribution and sampling points on the beach in winter 2021; (b) Particle size
distribution and sampling points on the beach in summer 2022.

4. Discussion
4.1. The Morphological Significance of the Value of LB

The conditions for forming a tombolo are: (i) a high sediment supply, (ii) a physical
barrier against swell, and (iii) coastal processes conducive to the development of a sand
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bank [11]. Previous studies used the values of B, L, and B/L to determine the geometrical
proportions of sand bodies forming on the lee side of an island. According to Shoreline
Management Guide [15], a salient forms when LB < ~0.6-0.7, and a tombolo is created
when LB > ~0.9-1.0. In the case of the Huarongshu tombolo, the dimensionless parameter
LB is calculated to be 0.76 according to Equation (1); hence, it is likely to be in a division
state between the formation of a salient and a tombolo. On the other hand, the equilibrium
shoreline simulated with MEPBAY shows that the intersection point of the simulated
shorelines of the northern and southern beaches never reaches the lee side of Huarongshu
Island (Figure 9). This means that a salient should form when the beaches on both sides
of the tombolo reach a static equilibrium state. Therefore, a tombolo cannot be formed
behind Huarongshu Island based on the limited planform parameters (B, L, and LB).
However, the ratio between B and L only determines wave refraction and diffraction behind
the offshore island, where waves slow down in shallow water around the island [15,18].
In addition to wave refraction and diffraction, sand supply through the nearshore and
longshore sediment circulation system that feeds the tombolo is critical to the tombolo’s
existence. Previous research has demonstrated that sediment sources contributing to
tombolo formation originate from nearby littoral drifts, streams, and the adjacent sea
floor [15,18,20,55,56]

4.2. Sediment Sources for the Tombolo Interpreted with Equilibrium Shorelines

Balance in the sediment budget is the key factor in maintaining the shoreline in its
existing position [21,39]. As shown in Figure 9, the predicted equilibrium shoreline closely
matches the entire beach north of Hualongsu Island, except for the portion in the wave
shadow zone behind the island. This indicates that the northern section of the northern
beach has always been in a state of static equilibrium. When a beach is in a static equilibrium
state, a net longshore sediment transport along the beach is close to zero without long-term
erosion or deposition, except during a storm period [48]. If the shoreline in the wave
shadow area is in a state of static equilibrium, the actual shoreline here should coincide
with the equilibrium shoreline; only a salient is formed, which cannot touch the island,
resulting in a gap between the tip of the salient and the lee side of the island. When there is
an additional supply of sediment to this area, the shoreline here is in a state of dynamic
equilibrium and the salient tip extends seawards to connect with the lee side of the island
to form a tombolo that closes the gap. The actual shoreline of the southern beach often
differs from the predicted equilibrium shoreline, being more seaward or landward than
the equilibrium shoreline. This is particularly evident in the section of the southern beach
between the central rock outcrop and the island, suggesting that this frequent variation is
more dependent on changes in the amount of fluvial sediment (Figure 9).

Figure 8 shows that on 20 October 2012 and 17 January 2014, the tip of the salient
connected to the island when water levels were 17 cm and —15 cm above the Pearl River
datum, respectively. On 10 September 2009, a gap existed between the salient and the
island at —25.5 cm, while on 19 January 2021, the salient connected to the island at a similar
water level (—25 cm). This indicates that whether the tip of the salient is connected to the
island is not caused by the change in tidal level.

As previously mentioned, Honghai Bay’s NEN-ESE waves during winter account for
63.4% of the total, with ESE waves comprising 27.2% and E waves comprising 20.6% [37].
The tombolo is not affected by SW waves in summer due to its low frequency (7.9%) [37] and
the orientation of the coastline (Figure 1). This wave climate causes changes in longshore
drift direction due to winter southeasterly and northeasterly wind events, rather than
seasonal wave direction changes. On the other hand, both the northern and southern
beaches of the tombolo are headland-bay beaches. The headlands at each end block
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sediment supply from longshore drift outside the beach. The fact that there was enough
additional sediment to maintain the formation of a tombolo without the help of sediment
from the littoral drifts is the result of the diffraction and refraction of vertically approaching
waves, which carry sediment from the adjacent seabed to the area where the waves meet
behind the island [18].

In addition to coastal sediments, sediments from streams also play a role in tombolo
formation [15]. As shown in Figure 2, the area around Honghai Bay has an annual rainfall of
about 2000 mm, with the highest monthly rainfall in June, and the runoff in the area, where
the tombolo forms, varies with monthly rainfall [34,35]. Peak discharge is the peak rate of
runoff (volume per unit time, typically cubic feet per second, cfs), from a drainage area for a
given rainfall, and rainfall intensity affects peak discharge such that the greater the intensity,
the higher the peak discharge [57]. Therefore, higher summer rainfall intensity compared
to winter (Figure 2(a-1,a-2)) leads to coarser stream sediments entering the tombolo in
summer than in winter (Figure 11). As illustrated in Figure 11b and Table 1, during the
summer months (e.g., June 2022), the grain size of sediments on the riverbed is notably
coarser compared to those in other sections of the tombolo. In contrast, during winter (e.g.,
November 2021), the particle size distribution of the riverbed sediments exhibits minimal
variation relative to the sediments in other parts of the tombolo (Figure 11a).

The sediments in the intertidal zones along the eastern and western coasts of Honghai
Bay are primarily composed of fine sand, with a mean grain size ranging from 2.76 to
3.5 [36]. The coarser fraction of these sediments exhibits a grain size range similar to
the grain size of the tombolo sediments, which are also fine sand with a mean grain size
ranging from 2.21 to 2.59¢ (Table 1). Notably, the sediments collected from the stream bed
consist predominantly of medium sand, with a mean grain size of 1.91¢ (Table 1). The
variation in grain size of local sediments indicates that fluvial sediment constitutes one of
the key sediment sources contributing to tombolo formation

In summer (e.g., June 2023), the stream enters the sea directly in the middle of the south-
ern beach due to high river discharges, while in winter (e.g., November 2021), nearshore
sediments, driven by waves, force the stream to flow eastward and enter the sea at the
eastern end of the southern beach (Figure 11). As a result, the seasonal variations in
tombolo stream deposits and tombolo morphology are closely correlated with fluctuations
in monthly rainfall and annual ocean wave activity (Figures 2 and 11). This suggests
that modifications in tombolo morphology are predominantly influenced by variations
in sediment transport, erosion, and deposition dynamics occurring at the interface be-
tween fluvial and coastal environments. A specific example is depicted in the image of
26 July 2019 (Figure 7), in which the tombolo displayed a typical winter plane form, similar
to the photo taken by a UAV on 23 November 2021, despite being in the middle of summer
(Figure 11a). The hydrologic station closest to the tombolo shows that the highest water
level of the year (2019) occurred in August and was much lower than the level of the
previous year (2018) (Figure 2b). This indicates that peak runoff had not yet occurred before
July 2019, even though it was summer [35]. As a result, the stream water flowing into
the tombolo was still weak. Therefore, the tombolo’s plane morphology at that time was
similar to that in winter (e.g., 23 November 2021). The difference in grain size between the
sediment transported by the stream flowing through the tombolo and the sediments in the
remaining parts of the tombolo further substantiates the role of streams in tombolo forma-
tion, as evidenced by Figure 11 and Table 1. Since the stream flows exclusively through
the southern portion of the tombolo, it transports sediment solely to the southern beach of
the tombolo, thereby maintaining shoreline equilibrium in this area without influencing
the northern beach of the tombolo (Figure 11). This further implies that any variations
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in the quantity of sediment transported by the river will directly result in morphological
alterations of the southern beach.

4.3. Formation of the Double Tombolo

XBeach simulations demonstrate that oblique and normal incident waves result in
distinct wave refraction and diffraction patterns (Figure 10a,b). When a coast has a detached
obstacle, such as a breakwater, oblique waves diffract on one side of the obstacle’s lee,
causing deposition on this side and erosion on the opposite side (Figure 10c). The deposited
sediment is transported by longshore currents, while erosion occurs as a result of sediment
starvation. Finally, the tombolo forms behind the breakwater with an asymmetrical form
(Figure 12(b-2)). In the study area, NEN-ESE waves are predominant throughout the
year [38], reaching the shore either perpendicularly or at an oblique angle. The oblique
incident waves will cause deposition on the north side of the island’s lee, forcing the stream
that initially flows from the peninsula into the sea to flow southward. As a result, the
sediments transported by the stream partially infill the erosion zones on the southern side
of the tombolo. Evidently, when there is insufficient sediment supply from the stream, the
southern beach of the tombolo becomes susceptible to erosion.
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Figure 12. Schematic diagram illustrating the formation process of a tombolo behind a breakwater as
a result of wave diffraction and refraction. (a-1) Wave refraction caused by oblique waves generates
longshore currents. (a-2) Wave diffraction occurs in the breakwater’s shadow zone. (b-1) Waves
approaching from the left lead to deposition on the left side and erosion on the right side behind the
breakwater. (b-2) Incident waves approaching the shoreline perpendicularly result in deposition on
both sides of the breakwater’s lee zone.

As depicted in Figure 10b,d, when incident waves approach perpendicular to the
shoreline with a detached breakwater, wave diffraction occurs at both ends of the break-
water, resulting in accretion behind the breakwater and erosion on either side of it. This
indicates that when (ESE) wind waves approach the shore perpendicularly in the study
area, normal incident waves undergo diffraction behind the island, causing sediment to
build up on both sides of the tombolo.
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Both the southern and northern beaches of the tombolo are headland-bay beaches
(Figure 1), and the plan shape of the beaches depends on the shoreline orientation with
respect to the offshore wave incidence direction, wave refraction, and wave diffraction.
Headland-bay beaches tend toward an equilibrium form under a prevailing wave climate.
When static equilibrium is reached, no longshore sediment transport occurs along the entire
bay periphery [48]. If the headland is sufficiently long (at least 150 m [58]), it will obstruct
littoral transport, thereby inhibiting sediment exchange with the neighboring shoreline, and
sediment can only bypass the headland during strong storms [59]. Alongshore sediment
flux will be negligible on an equilibrium coastline when there are no external sediment
inputs. This suggests that the tombolo in the study area does not receive sediment supply
from the nearby shoreline.

The local geological conditions that determine the distribution of islands along the
east coast of the peninsula [36] result in a local LB value of only 0.76, which is insufficient
for tombolo formation [15]. However, the formation and process-related characteristics of
tombolo geomorphology are influenced not only by the interactions between underwater
and terrestrial morphology and the distance between the island and the mainland but also
by the availability of sediment sources [25] and sea state conditions [1,18,23]. The southern
beach exhibits greater dynamism, whereas the northern beach demonstrates higher stability.
This is because, as discussed above, the sediment supply for the southern beach originates
from both wave activity and fluvial input, whereas the sediments on the northern beach
are derived exclusively from wave action. The relative contribution of nearshore versus
fluvial sediment sources plays a decisive role in determining whether a double tombolo or
a salient is formed.

The process of alternating with a double tombolo or a salient on the lee side of the
island can be described as follows:

As discussed above, the Huarongshu tombolo is formed by offshore sand migrating to
the coast, as well as stream sediments. A single tombolo forms when the stream discharge
is sufficient to force the stream to flow directly into the sea in the middle of the beach
section between the small rocky outcrop and the tied islands (Figure 13a). When the
discharge is relatively weak, the waves are strong enough to transport offshore sands
onshore and redirect the stream to flow continuously eastward toward the eastern end of
the southern beach. As a result, the stream can only flow out to sea at the back of the island,
creating a lagoon enclosed by the southern and northern beaches, forming a double tombolo
(Figure 13b). In both cases, the shoreline of the tombolo is in a state of dynamic equilibrium,
regardless of whether the additional sediment comes from offshore or inland sources.
This is evidenced by the observation that whenever the tip of the island-linking sandbar
connects to an island, the southern beach shoreline is positioned seaward of the rocky
outcrop in the middle of the beach, maintaining a dynamic equilibrium state (Figure 13a,b).
However, this is not always the case. If neither the stream nor the offshore seabed can
provide enough sediments to allow the shoreline behind the island to extend outwards
beyond the intersection of the south and north equilibrium shorelines to connect the island,
the tombolo will exist only as a salient (Figure 13c). At this point, the actual shoreline of
the southern beach passes through the rock outcrop in the middle of the southern beach
(Figure 13c,d). When there is a lack of sediment from both the river and the ocean to
maintain the southern beach, the southern beach shoreline is eroded to be reshaped and
becomes unstable (Figure 13d). The main reason for this is the lack of fluvial sediments, as
evidenced by the fact that sediments still remain on the beach between the rocky outcrop
in the center of the southern beach and the southern headland, while the section between
the outcrop and the tied island is completely eroded (Figure 13d).
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Figure 13. A brief summary of a tombolo alternating with a double tombolo or a salient due
to variations in sediment supply (the size of the red arrows indicates the amount of sediment).
(a) Sediment transported by the combined effects of strong river flows and strong waves; (b) Sediment
transported by the combined effects of strong waves and weak river flows; (c) Sediment transported
by the combined effects of strong river flows and weak waves; (d) Sediment trans-ported by the
combined effects of weak river flows and weak waves.

5. Conclusions

A tombolo that has alternated between a double tombolo and a salient formation over
more than a decade is analyzed in this article using satellite imagery. Despite the limitations
of the available data (e.g., sediment sample data spanning only one year), the following
key findings were obtained:

(1) The tombolo behind Huarongshu Island demonstrates a transitional morphology
between salient and tombolo formations, primarily influenced by local geological
conditions that define the limiting parameter (LB).

(2) A tombolo forms when the natural shoreline on the lee side of the island extends
further seaward than the equilibrium shoreline. This occurs because refracted and/or
diffracted onshore waves behind Huarongshu Island, along with sediment transported
by a stream flowing into the lee side of the island, contribute additional sediment
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to the area. Longshore drift is not a necessary condition for the formation of the
Huarongshu tombolo.

(38) The existence of a stream originating from the hinterland of the Huizhou Peninsula
and discharging into the sheltered region behind Huarongshu Island constitutes
the primary factor enabling the formation of the double tombolo behind Huarong-
shu Island.

(4) The formation of either a tombolo or a salient depends on the relative contributions of
wave-transported sediment and inland river-derived sediment, and is independent of
sea level fluctuations caused by tidal variations.
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