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Abstract: Tidal inlets with attached sand spits are a very common coastal landform. Since the
evolution of sand spits along coastlines influence the social-economic development of local coastal
areas, sand spits have become the objects of numerous studies. However, previous studies have
mainly focused on sand spits that are usually in the scale of hundreds of meters in width, whilst
knowledge about the evolution of smaller-scale sand spits still remains limited. Therefore, in this
study, the morphological change of a small and unexplored sand spit in front of Song Tranh Inlet on
the west coast of Phu Quoc Island, Vietnam is investigated. Satellite images are first used to observe
the morphological change of the sand spit and calculate the longshore sediment transport rates
(LSTR) along the sand spit. Waves and beach sediments are collected at the study site to calculate
the longshore sediment transport rate using the CERC formula. It is found that there is a seasonal
variation in the evolution of the sand spit at Song Tranh Inlet. The longshore sediment transport rates
along the spit calculated by image analysis are 39,000 m3/year, 66,000 m3/year, and 40,000 m3/year,
whilst the longshore sediment transport rate calculated by the CERC formula is 72,000 m3/year. This
study aims to contribute to the methodology for investigating the evolutions of small sand spits and,
specifically, sustainable coastal management for Phu Quoc Island, which is well-known as the Pearl
Island of Vietnam.

Keywords: sand spit; morphological evolution; Sentinel; Phu Quoc; longshore sediment transport

1. Introduction

A sand spit (or spit) is a narrow and elongated sediment body attached to land on
one side, whilst the other end is free in open waters [1]. The evolution of sand spits is a
subject of great interest in coastal engineering since they result from a mixture of complex
processes including wave transformation, tidal exchange, longshore sediment transport
rates (LSTR), river discharge, and in particular, the river sediment bedload transport
process [2–4]. Due to the important role of sand spits in the coastal environments around
coastal bays, lagoons, and river mouths, sand spits have become the subject of numerous
studies to fully understand spit evolution [2,5]. For example, a spit can act as a barrier to
protect the mainland from extreme waves during storms [6–8]. The unique and beautiful
coastal landscapes of sand spits can also create a big tourism attraction [9,10]. Estuaries
and lagoons behind the spits are areas of high productivity in supporting human wellbeing
and the habitats of many species [5,11]. Beside the numerous advantages, a spit also
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causes various problems for the management of coastal tidal inlets and river mouths [12].
For example, the development of sand spits can block the waterway, thus affecting the
navigability of the channel [7,13,14]. Therefore, jetties are usually constructed to stabilize
the inlets or river mouths and prevent siltation by littoral materials [15–17]. However, a
jetty can significantly alter the longshore sediment transport regime and erode the beach
downdrift of the jetty [17,18].

A larger number of publications have attempted to fully understand spit evolution
through numerous methods such as field observation, analytical solution, numerical and
physical modeling, and image analysis. For instance, Thomas et al. [19] combined the
field-observed data with aerial photographs to study the long-term evolution of a sand
spit that was dominated by wave direction. Hoan et al. [20] used the concept of the
spit growth model proposed by Kraus [21] to model the elongation of sand spits on Fire
Inlet Island (USA) and Bedreveln (Sweden) with the assumption that the spit width is
constant. Concerning the application of numerical modeling, Tanaka et al. [22] proposed
a mathematical model to predict the seasonal migration of a river mouth, whilst Uda
et al. [23] used the BG model developed based on Bagnold’s concept [24] to simulate the
elongation of a sand spit under the complex effects of seabed slope, waves, and tidal
flow. An idealized case of spit growth was investigated using an experimental method
by Petersen et al. [25]. Satellite imagery analysis, among other methods, has been used
intensively in studying the morphological changes of sand spits at inlets [2,13,26].

Recently, Lawson et al. [26] reviewed the relationship between sand spit growth rates
and sand spit width for various estuaries in the world. Lawson et al. [26] noted that the
majority of spits investigated had a width greater than 100 m. Narrow spits have rarely
appeared in the literature. Since the width of a sand spit directly relates to its morphological
change, this current study focuses on the evolution of a sand spit that is approximately
30 m wide at Song Tranh Inlet, Phu Quoc Island, Vietnam (Figure 1).
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Figure 1. Location of Phu Quoc Island in Vietnam (right) and Song Tranh Inlet on the west coast of
Phu Quoc Island (left).

Song Tranh Inlet is located on the west coast of Phu Quoc Island, as shown in Figure 1.
Phu Quoc Island became a provincial-level city in 2021 [27], with the main income resulting
from tourism and related services owing to the beautiful beaches around the island [27].
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Although tourism development in the coastal zone environment of the island has been
growing at a rapid rate in recent years, studies on the dynamic balance of the coastlines
remains limited.

In the last decades, only a few studies, both internationally and domestically, related
to the coastal zone of Phu Quoc Island can be found in the literature, such as the study on
coastal geomorphology and coastal erosion on Phu Quoc Island [28]. According to Nam
et al. [28], erosion is predominant along the west coast of the island with the erosion length
being about 35 km and the erosion rate of the beach over 1.5 m/year. They also found that
the beach berm height along the west coast was approximately 1 m [28]. In 2016, Landsat
imagery was analyzed to study the shoreline change of Phu Quoc Island from 1973 to 2010
using remote sensing and GIS technology [29]. The results showed that beach erosion was
dominant from 1973 to 2010 with the maximum erosion rate of 0.82 m/year. Recently,
a numerical model was used to assess the impact of infrastructure development on the
balance status of the coastline on the east of the island [30]. Based on the results of the
computer-based assessment, the constructions of an artificial island on the east coast of
Phu Quoc Island has changed the hydrodynamic conditions and led to significant erosion
of the surrounding beaches at rates from 6 to 6.5 m/year.

Overall, the previous studies mainly focused on the sand spits that are usually in the
scale of 100 m in width. Therefore, the morphological change of an unexplored sand spit
located in the west coast of Phu Quoc Island, Vietnam will be investigated in this study.

2. Materials and Methods

Figure 2 shows the approach used in our study. First, GPS data and satellite images
(Sentinel-2 and Google Earth) were collected and used as an integral means [31] for observ-
ing the evolution of the sand spit. Wave data were also collected in the first step of the
research. The waves were collected from two sources, which were the Wave ERA5 Global
Reanalysis and the measured waves provided by the Phu Quoc Oceanography station. Sec-
ond, the necessary parameters for calculating the LSTR, such as the sand spit’s elongation
rate (∆L/∆t), width (B), depth of closure (DC), and berm height (DB), were calculated. In
the third step, the LSTR was calculated based on the idea of the one-line model. Finally, the
LSTR at Song Tranh Inlet was compared with other values in the literature.
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2.1. GPS Data and Image Analysis
2.1.1. GPS Data

A field trip to Song Tranh Inlet was undertaken in July 2022. During the field trip, the
distal end of the sand spit was captured on 22 July 2022 by a smartphone with the GPS on
to store the location of the sand spit’s distal end. These distal end coordinates were then
used to calculate the length of the sand spit.

2.1.2. Satellite Image Analysis

Sentinel-2 images were collected from the United States Geological Survey (USGS)
to monitor the shoreline change of the sand spit on the west coast of Phu Quoc Island.
The Sentinel-2 images were collected in 2022. The information about the analysis of the
Sentinel-2 imagery is shown in Table 1.

Table 1. Summary of Sentinel-2 and Google Earth images used in this study.

Date (mm/dd/yyyy) Sensor Resolution (m) Data Source

01/08/2022 MultiSpectral Instrument 10 Sentinel-2
02/24/2022 MultiSpectral Instrument 10 Sentinel-2
03/19/2022 MultiSpectral Instrument 10 Sentinel-2
04/05/2022 MultiSpectral Instrument 10 Sentinel-2
05/13/2022 MultiSpectral Instrument 10 Sentinel-2
06/12/2022 MultiSpectral Instrument 10 Sentinel-2
07/19/2022 MultiSpectral Instrument 10 Sentinel-2
08/13/2022 MultiSpectral Instrument 10 Sentinel-2
09/17/2022 MultiSpectral Instrument 10 Sentinel-2
10/17/2022 MultiSpectral Instrument 10 Sentinel-2
11/19/2022 MultiSpectral Instrument 10 Sentinel-2
12/24/2022 MultiSpectral Instrument 10 Sentinel-2
02/06/2022 Unknown 2 Google Earth
03/09/2022 Unknown 2 Google Earth
08/29/2022 Unknown 2 Google Earth
12/14/2022 Unknown 2 Google Earth
12/19/2022 Unknown 2 Google Earth
12/24/2022 Unknown 2 Google Earth

The normalized difference water index (NDWI) was used to delineate the water line
from the sand using the following formula [32]:

NDWI =
Xgreen − Xnir

Xgreen + Xnir
(1)

where Xgreen and Xnir are the GREEN and NIR wavelengths, respectively.
According to [33], the mean shoreline error on natural beaches detected from the

Sentinel-2 imagery reaches 3.06 m (±5.79 m).
In addition to the analysis of Sentinel-2 images, high-resolution images downloaded

from Google Earth in 2022 are analyzed. Since the images downloaded from Google Earth
are not multispectral images, they were processed using the method suggested by Pradjoko
and Tanaka [34]. The information on Google Earth images is summarized in Table 1.

2.1.3. Geometric Characteristics of the Sand Spit

After extracting the shorelines, the length (L) and width (B) of the Song Tranh sand spit
were calculated based on the geometry of the sand spit as shown in Figure 3. In addition, the
temporal variations of the width (∆B/∆t) and the length (∆L/∆t) were quantified statistically
using the linear regression rate (LRR) model. It can be seen from Figure 3 that the length of
the sand spit is defined as the distance between the proximal end of the sand spit O(x0, y0)
and the distal end of the sand spit A(xA, yA), where x0 = 10◦10′25.45′′ N, y0 = 103◦58′7.62′′
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E, and xA, yA were measured from the extracted shoreline of the sand spit. Hence, the
length of the sand spit was calculated as:

L =

√
(xA − x0)

2 + (yA − y0)
2 (2)

To calculate the width of the sand spit (B), a line crossing two points, B1(10◦10′28.72′′ N,
103◦58′6.29′′ E) and B2(10◦10′29.30′′ N, 103◦58′8.31′′ E), was used. This line cuts the
shoreline of the sand spit at two points B3(xB3, yB3) and B4(xB3, yB3). Hence, the distance
between B3 and B4 is the width of the sand spit:

B =

√
(xB4 − xB3)

2 + (yB4 − yB3)
2 (3)
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width (B).

2.2. Wave Data, Depth of Closure, and Beach Berm Height

Wave data was extracted from offshore climate reanalysis data (ERA5) at location P1
(103.5◦; 10◦) and then transferred to Phu Quoc Island (Figure 4). Wave transferring from
offshore to Phu Quoc Island was calculated based on the COASTEXCEL tool developed
by Sana [35] and calibrated to ocean wave data measured at the Phu Quoc Oceanographic
Station (Figure 4). Figure 5 shows the verification of wave transferring data from ERA5 at
7:00 AM (from June to September 2021) in comparison with measured data at Phu Quoc
station at 7:00 AM (from June to September 2021). There was a good agreement between
the transferred and the measured wave heights (from June to September 2021). Therefore,
offshore waves downloaded from ERA5 were used for the analysis.
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Figure 5. Wave heights from ERA5 data and measured wave heights at Phu Quoc Oceanographic
Station.

The transferred waves in 2022 were used for the calculation of the beach berm height
(DB) and the depth of closure (DC), which are two important parameters for the estimation
of the longshore sediment transport rate. The depth of closure is calculated using the
equation of Hallermeier [36], as follows:

DC = 2.28Hse − 68.5
(

H2
se

gT2
se

)
(4)

where DC is the depth of closure, Hse and Tse are the significant wave height and wave
period, respectively, of the extreme wave condition (extremely high waves expected 12 h
per year) [36], and g is the gravitational acceleration. According to Thomson and Harris [37],
Tse should be taken to be the typical period of the measured wave height, and Hse can be
calculated as:

Hse = H + 5.6σ (5)
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where H is the mean wave height defined by a full year of at least daily nearshore wave
measurements, and σ is the standard deviation of wave height.

A beach berm is a natural form of beach profile created by sediment transport under
wave action in the swash zone. The beach berm is usually obtained by field measure-
ment [28,38]. In the case of no measured data, the berm height can be estimated from the
depth of closure using the relationship as follows [39]:

DB = 0.32DC (6)

2.3. Sediment Samples

Since the measured waves were available at the study site, the CERC formula (Equation
(10)) will be utilized for calculating the LSTR [40]. In the CERC formula, the coefficient K
consistently varies with the median grain size of the beach sediment in millimeters (D50).
Therefore, five samples of sediments were taken along the sand spit to determine the D50 of
the sediment. The locations of the sediment samples are presented in Figure 6. The samples
were taken during the field trip to Phu Quoc Island in July 2022. Because the waves at the
time of field measurement were high, all sediment samples were taken at a depth of 0.5 to
1.0 m under water. The sediments were stored in plastic cans, as can be seen in Figure 6.
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The sediment samples were then processed in the Center of Verifying and Construction
Consultant of Can Tho University (https://crat.ctu.edu.vn (accessed on 12 September
2022)) to determine the (D50), as well as the density of the sand (ρs). The test method for
defining the median grain size of the beach sediments was conducted in accordance with
the Standard Specification for Concrete Aggregates (ASTM C33) [41–43].

2.4. Longshore Sediment Transport Rate

The results from image analysis were utilized to calculate the LSTR along the sand
spit based on the theory of the one-line model, which was first introduced by [44] and
subsequently modified for the case of sand spits [26] as presented in Figure 7.
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Figure 7. Proposed model for LSTR along a sand spit redrawn based on the approach of Lawson
et al. [26].

The model of Lawson et al. [26] assumes that, on the plan view, longshore sediment
transport (Q) directly feeds the growth of the sand spit, and there is no sediment loss at the
tip of the sand spit (Qout = 0). Vertically, the movement of the sand is limited at an active
depth of the beach that is the total of the berm height (DB) and the depth of closure (DC), as
depicted in Figure 7a. Based on the above assumption, the LSTR can be calculated as:

Q = (DB + DC)×
∆A
∆t

(7)

where ∆A is the area change of the sand spit during its elongation period ∆t. Hence:

∆A
∆t

= B× ∆L
∆t

(8)

where B is the width of the sand spit, which is assumed to be constant during its elongation
period; ∆L/∆t is the elongation rate of the sand spit, which can be easily determined from
the image analysis.

Substituting Equation (8) into Equation (7), the LSTR can be determined as:

Q = (DB + DC)×
∆L
∆t

B (9)

Since the wave data were available at the study area, it is useful to make a calculation
of LSTR based on the wave energy. This calculated value will be used to verify the LSTR

https://crat.ctu.edu.vn
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calculated using the idea of the one-line model. The so-called “CERC” formula is often
used to calculate the energy-based LSTR [40]:

Q = K×
(

ρ×√g
16κ0.5 × (ρs − ρ)× (1− n)

)
× H5/2

b × sin(2αb) (10)

where K is varied with median grain size (D50) of the sediment and can be calculated using
the empirical relationship [45]:

K = 1.4e(−2.5D50) (11)

where the value of the breaker index, κ, is 0.78 for flat beach and increases because of the
beach slope [46]:

κ = 0.72 + 5.6m (12)

where m is the beach slope in the study area; here, m = 0.11 for the west coast of Phu Quoc
Island, according to [28]. Hence, κ = 1.35. Other values for use in the LSTR formula are as
follows: ρs is the density of beach sediment and determined from the sediment samples
taken along the sand spit (ρs = 2775 kg/m3), ρ = 1025 kg/m3 is the density of salt water,
g = 9.81 m/s2, and n = 0.4; breaking wave height, Hb, and breaking angle, αb, are taken as
0.6 m and 9◦, respectively, based on the transferred wave data from ERA5 in 2022. It should
be noted that the breaking wave height used in the CERC formula is the root mean square
wave height (Hrms) at the breaker line, which is defined as the square root of the average of
the squares of all wave heights and is calculated as follows [47]:

Hrms =
Hs√

2
(13)

where HS is the significant wave height:

Hs =
1

1
3 N

1
3 N

∑
n=1

Hn (14)

where Hn represents the individual wave heights, sorted into descending order of height
as n increases from 1 to N (N is the number of waves). Only the highest one-third is used.
The transformed wave heights from ERA5 wave data in 2022 were used for Equations (13)
and (14).

2.5. Comparison with Other Study Areas in the World

In this section, an equation proposed by [2] will be utilized to present the sand spit
growth rate as a function of the LSTR and the spit width as:

RS =
Q

(DB + DC)

1
B
= α

1
B

(15)

where Rs (m/year) is the sand spit growth rate, B (m) is the spit width, and α (m2/year) is
the change rate coefficient.

3. Results
3.1. Temporal Variation of the Sand Spit’s Shorelines through Image Analysis
3.1.1. Elongation and Breaching of the Sand Spit

The shoreline change of the sand spit in 2022 is presented in Figure 8. In Figure 8, only
shorelines of several months in 2022 are plotted to ensure legibility. As can be seen in the
figure, breaching of the sand spit occurred several times in 2022. This seasonal variation
was reported as a circular variation of the sand spit by Weidman and Ebert [48]. Specifically,
there were three periods of the sand spit’s evolution in 2022.
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The first period was from January 2022 to March 2022 with a period of uninterrupted
growth. The first breaching can be observed in April 2022, ending the first elongation
period of the sand spit. The remnant spit was about 120 m long and 30 m wide.

In the second period, the sand spit grew again, and the distal end was oriented to the
west. The elongation in the second period resulted in an extension of about 100 m in the
spit’s length. The second breaching occurred in July 2022 when the distal end of the sand
spit was very close to the proximal end.

The third period of the sand spit comprised a 6-month elongation period from July
2022 to December 2022. This period was fully in the southwest wave climate. Since the
southwest wave is dominant in the study area, the distal end of the sand spit during this
period was pushed to the bay side (the east). The elongated length of the sand spit in this
period was about 120 m.

The elongation and breaching of the sand spit in 2022 can be observed clearly in
Figure 9. As mentioned above, the evolution of the sand spit in 2022 can be divided into
three periods. The first period was from January to April with the elongation rate of
0.59 m/day. At the end of the first period, breaching of the sand spit occurred around April,
indicated by a sudden decrease in the length (L) of the spit. After the first breaching, the
second period started from April to July with a higher elongation rate than the first period
of approximately 1.0 m/day. The second period ended with the second breach occurring in
July. In the third period, the elongation rate of the sand spit was 0.61 m/day.

It should be noted that the results shown in Figure 9 were calculated from the combi-
nation of Sentinel-2 data, Google Earth data, and GPS data from the field observation on 22
July 2022. Although there are differences in the resolutions of the data, good agreement
between the three types of data can be observed, especially in period 3.

Wave heights in 2022 transferred from ERA5 wave data are also presented in Figure 9
to observe the relationship between wave action and evolution of the sand spit. It can be
observed clearly that wave heights were the triggering event for the breaching of the sand
spit in July 2022. The other breaching in April may have been the accumulated results of
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wave heights from February to April 2022. From the wave height diagram in Figure 9b, it
can be seen that period 3 was the “stormiest” [48] period in the evolution of the sand spit
in 2022.
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3.1.2. Sand Spit’s Width

Figure 10 shows the temporal variation of the sand spit’s width in 2022. In the figure,
the blue circles represent the data obtained from Sentinel-2 images, while the orange squares
represent the data obtained from Google Earth images. A higher accuracy of the Google
Earth data than that of Sentinel-2 data can be recognized. It can be seen in Figure 10 that
the sand spit’s width fluctuates around the value of 30 m. Therefore, it can be considered
that the sand spit’s width is constant during its elongation, which satisfies the assumption
in the model of Lawson et al. [26]. The pixel size limitation of the Sentinel-2 images could
cause the scatter of the sand spit’s width.
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3.2. Depth of Closure and Beach Berm Height

Based on the values of significant wave height and the wave period transferred from
ERA5 waves, the values of Dc and DB were obtained as 4.5 m and 1.5 m using Equations (4)
and (6), respectively.

3.3. Sediment Grain Size and Sediment Density

As can be seen in Figure 11, the sediment grain size varied along the sand spit from
0.49 to 0.85 mm. From those values, K can be determined as in Table 2. It is also found that
ρs = 2775 kg/m3 for the quartz-density sand at the study site.
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Table 2. Values of K based on the sediment grain sizes (D50).

Sample No. D50 (mm) K

1 0.85 0.17
2 0.50 0.40
3 0.49 0.41
5 0.58 0.33

3.4. Long Shore Sediment Transport Rate

As can be seen in Figure 9, there were three periods of sand spit development in 2022.
Therefore, the LSTRs are calculated based on these three periods of the sand. Based on the
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elongation rates (∆L/∆t) of the sand spit and Equation (9), the LSTRs in three periods were
39,000 m3/year, 66,000 m3/year, and 40,000 m3/year, respectively.

In addition, the CERC formula was used to calculate the LSTR using Equation (9)
together with the wave data in 2022 and the sediment data at the river mouth (K = 0.17 and
ρs = 2775 kg/m3). As a result, the LSTR calculated using the CERC formula is 72,000 m3/year.

The values of LSTRs are summarized in Table 3. In Table 3, the values of LSTRs in three
periods, 1, 2, and 3, are estimated from the image analysis, while the ST1 denotes the LSTRs
near the river mouth using the CERC formula. Good agreement of LSTRs calculated by the
two methods can be seen. The variation of LSTRs and possible errors in each calculation
method will be discussed in the next section.

Table 3. Values of LSTRs determined based on CERC formula and image analysis.

LSTR (m3/s)

CERC formula ST1 72,000

Image analysis
Period 1 39,000
Period 2 66,000
Period 3 40,000

3.5. Comparison with Other Study Areas in the World

Figure 12 shows the log–log plot of the relationship between the sand spit growth rate
(Rs) and sand spit width (B) at Song Tranh Inlet for the three periods. The figure also high-
lights the contour lines for the coefficient α from Equation (15). The magnitudes of LSTRs
are presented by the diameters of the circles. To make a comparison, the morphodynamic
properties of other studied inlets and river mouths in the world are plotted, additionally
included in the figure. Those inlets and river mouths are the Volta River mouth in Ghana
and the Bouche du Roi inlet in Benin [26], the Badreveln spit in Sweden and Fire Island Inlet
in the USA [20], Sangomar spit in Senegal [49], and six inlets and river mouths along the
Vietnamese coastline [2,13,50,51]. All values used in Figure 12 are summarized in Table 4.

Table 4. Sand spit morphodynamic properties of other inlets.

Study Area Country Rs (m/year) B (m) LSTR (m3/year)

Volta River mouth (Period 1)
Ghana

674 342 1,290,000
Volta River mouth (Period 2) 496 348 1,210,000

Bouche du Roi inlet (Period 1)
Benin

578 255 1,980,000
Bouche du Roi inlet (Period 2) 626 145 781,000
Bouche du Roi inlet (Period 4) 889 115 734,000

Badreveln spit Sweden 28 70 10,000

Fire Island Inlet USA 43 500 220,000

Sangomar spit Senegal 300 124 465,000

Ken inlet

Vietnam

55 180 133,000
Ly Hoa inlet 90 130 130,000
Cua Loa inlet 50 280 160,000
An Du inlet 140 70 170,000
Phan inlet 183 60 145,000
Loc An inlet 85 150 200,000
Song Tranh Inlet (Period 1) 217 30 39,000
Song Tranh Inlet (Period 2) 365 30 66,000
Song Tranh Inlet (Period 3) 224 30 40,000
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It can be seen from Figure 12 that the growth rates of the sand spit at Song Tranh
Inlet in three periods (green, purple, and red circles) are higher than half of the 14 other



Water 2023, 15, 1941 15 of 18

study areas presented in the figure. The LSTRs along the sand spit at Song Tranh Inlet are
also higher than 6 out of 14 areas presented in the figure. With a narrow width (B = 30 m)
and a high elongation rate under a high value of LSTR, it can be said that the sand spit
at Song Tranh Inlet is quite dynamic, and a coastal solution at this inlet is required to
stabilize this inlet and its adjacent beaches. As Phu Quoc Island is a famous tourist location,
nature-based coastal protection is recommended [52].

4. Discussion
4.1. Wave Data

The wave data have been obtained from the oceanographic station of Phu Quoc Island,
only exhibiting wave heights and periods. Therefore, breaking wave angles were estimated
through the refraction process using the relationship h/gT2 with the tool developed by
Sana [35]. Therefore, the breaking angle αb = 9◦ in this study should be used with care.
In addition, the breaking angle always has a significant effect on the LSTR [53]. Hence,
this estimation of breaking angle will induce error on the values of LSTRs using the CERC
formula. Improvements should be made in following studies for this data-scarce area by
utilizing the numerical modeling as in [54].

4.2. The LSTR

Freely available remotely sensed images and the theory of the one-line model have
been employed to estimate the LSTR along an unexplored sand spit on Phu Quoc Island.
Although most improvements of the LSTR calculation methods are nowadays implemented
in relevant numerical models, such as Delft-3D [55] and MIKE 21 [56], it is always nice to
return to the basics as a starting point and investigate beach behavior [57], especially for
data-scarce areas. Based on the image analysis, the LSTRs corresponding to three periods
of sand spit development were quickly determined as 39,000 m3/year, 66,000 m3/year, and
40,000 m3/year, respectively.

To verify the results from the image analysis, LSTR along the west coast of Phu Quoc
Island was estimated based on the CERC formula. It can be seen from Figure 13 that the
LSTRs estimated in this study have the order of 104 m3/year, which can be considered as a
good estimation for LSTR, although scatter can be observed in the results [40]. The LSTRs
calculated in this study using the CERC formula, without doubt, have errors caused by
limitations of the measured data.
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5. Conclusions

The morphological evolution of a sand spit at Song Tranh Inlet, Phu Quoc Island,
Vietnam was investigated using image analysis, the one-line model, and collected field
data. The results of this research can support the sustainable development of the coastal
area around Song Tranh Inlet, and the main findings can be summarized as:
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- There is a seasonal variation of the sand spit in front of Song Tranh Inlet with several
periods of breaching and elongation in a single year.

- Image analysis and the one-line model were used to estimate the LSTRs along the
sand spit in three periods in 2022. The results were 39,000 m3/year, 66,000 m3/year,
and 40,000 m3/year for periods 1, 2, and 3, respectively.

- The CERC formula and transferred waves and sediment data were used to calculate
the LSTR along the sand spit. The calculated result was 72,000 m3/year for the location
ST1, which is in front of the inlet. The LSTRs calculated by the two methods show a
similar order of magnitude.

- Fourteen values of LSTRs at inlets and river mouths worldwide were reviewed in
this study. Although the width of the sand spit at Song Tranh Inlet was the smallest,
the LSTRs at Song Tranh Inlet were higher than nearly half of the 14 LSTRs in the
literature.
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