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ABSTRACT

The most important function of the coastal setback is to minimize damage due to coastal erosion, climate change
response, and sea-level rise. There are many directions and methods of researching and assessing coastal changes and
coastal erosion. This study presents the results of the shoreline changes in the area from Son Tra (Da Nang City) to
Cua Dai (Hoi An City), Central Vietnam based on remote sensing data from 1965 to 2019. Three methods are used to
include End Point Ratio (EPR), Linear Regression Rate (LRR), and Weighted Linear Regression (WLR). The results
show that the EPR method is effective when calculating the rate of shoreline changes only at two different times. For
more objective and reliable calculation, it is necessary to assess the shoreline changes over time. Meanwhile, the LRR
method was shown to be superior because all shoreline data were taken into account during the construction of the
regression line. However, when there is much shoreline data with different reliability, the WLR method proved more
superior because of limited objective errors. The results show that from 1965 to 2019, the coast of the Son Tra - Cua
Dai area had quite complicated fluctuations, of which the northern area (Son Tra) tended to accretion, the central area
tends to be alternate between accretion and erosion, while the south area (Cua Dai) is strong to very strong erosion.
The coast with sudden changes is the Cua Dai area with the shoreline change envelope (SCE) reaching 512 m. The
results also allow us to divide the coast of the Son Tra - Cua Dai area into 30 segments. They are clustered into 8
groups with different levels of erosion and accretion. This is an important basis for the setback zone establishment in
the study area.
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1. Introduction the ocean, continental, and atmospheric
Shorelines are transitional places between environment. Since 2000s. urbanization has

become a main reason for shoreline changes
(Mullick et al., 2020). Coastal processes
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depend on three main groups of factors:
internal factors, external factors, and human
intervention (Thoai et al., 2019). Internal
factors include a wide variety of processes
such as near-shore currents, wave energy,
tidal inundations, changes in sediment budget,
etc. (Williams et al.,, 2018). The natural
disaster, i.e., storm surge, tsunami, coastal
flood, extreme rainfalls, etc. are the external
factors (Thai and Tri, 2019); whereas,
deforestation, coastal urban and infrastructural
development, dredging, exploitations of
coastal minerals, etc. are recognized as the
anthropogenic factors (Kuleli et al., 2011;
Mullick et al., 2020). Human interventions
destabilize the shoreline by diverting the
movement landward in different parts of a
coast (Mullick et al., 2020). These impacts
make the world's coastline complicated,
leading to serious social and environmental
consequences, especially with coastal erosion.

Landward movement of the shoreline
creates  socio-economic  problems  with
residents (Mullick et al., 2020). At the same
time, significant economic losses from the
tourism industry, ecological damage, and
societal problems such as property loss are
also intensified with displaced people (Aiello
et al.,, 2013). Coastal erosion has become a
major environmental problem and crisis in the
coastal region throughout the world (Mullick
2020). The global

continuously eroded from 0.01-10 m/year,

et al., shoreline is
whereas the alluvial deltas experience as an
accumulated region (Pilkey and Hume, 2001).
This issue has been attended by scientific
communities in last few decades (Gupta et al.,
2015; Moussaid et al., 2015; Natesan et al.,
2015; Aouiche et al., 2016; Samanta and Paul,
2016; Hakkou et al., 2018; Mullick et al.,
2020). Therefore, monitoring of shoreline
change trends (spatially and temporally) is
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necessary  to support coastal
management plan, as well as to devise
measures to prevent or minimize the effects of
shoreline movement (Mullick et al., 2020).

Over the past few decades, Vietnam's
coastline has been strongly transformed,
especially coastal erosion and accretion of
sand beaches in estuaries, which have been
increasingly expanded both in scale and
intensity. Coastal erosion has become
common in many sections of Vietnam's
coastline that were previously accumulated
(Phai, 2013). Despite no human damage,
coastal erosion has caused many property
losses and adversely affecting the socio-
economic development of coastal provinces,
such as the Quang Nam - Da Nang area,
especially the section from Son Tra to Cua
Dai region. In order to minimize damage due
to coastal erosion, a setback zone is one of the
best tools for coastal management (VNA,
2015). In which, the assessment of the rate of
shoreline change is one of three important
contents to decide a setback zone (MONRE,
2016). This study presents the latest results of
shoreline changes using different open-source
remote sensing resources and the most
modern methods available in calculating
shoreline changes. The area from Son Tra (Da
Nang city) to Cua Dai (Hoi An city, Quang
Nam province) was selected for a pilot study.
This area has been subjected to strong impacts
of both natural and human activities (Son and
Anh, 2019) and caused complicated coastal
changes in recent years (Cham, 2020).

zone

2. Regional setting

The study area is approximately 33 km
long, extending from the southern part of the
Son Tra Peninsula (Da Nang City) to Cua Dai
(Hoi An City, Quang Nam Province),
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Vietnam (Fig. 1). In terms of tectonic
structure, this area is located in the relative
subsidence area (Hai, 2017). In geology and
geomorphology, the coast of this area is sandy
coast landforms, generated mainly by
Quaternary sediments with late Pleistocene to
Holocene age. Coastal plains from Son Tra to
Cua Dai can be classified into two types
according to the differences in morphology,
origin, and formation history. A sand-dune
plain is generated in the north (Son Tra - Non
Nuoc area), and a delta plain is in the south
(Non Nuoc - Cua Dai area). Rivers in the area
flow from the high mountains in the eastern
slopes of the Truong Son mountain range,
with peaks of 1500-2000 m high, quickly
lowered to contiguous with the hills and down
the plains. Therefore, all rivers in the region
are characterized by short and sloping. The
Son Tra - Cua Dai coastal area has a high
temperature (around 25°C to 26°C) and little
change during the year. Based on the
temperature changes of the year, this area can
be divided into two distinct seasons, the
winter is from December to April and the
summer is from May to November. The
average annual rainfall is high (about 2763
mm), but mainly concentrated in the rainy
season (from September to December),
accounting for 79% of the total annual
rainfall, and the daily rainfall can reach from
300 to 400 mm. The characteristics of waves
and currents in the neritic zone of the study
area depend mainly on the monsoon regime
(the northeast direction and
southwest direction in summer). This area is
most affected by waves during the northeast

in winter

monsoon period in the direction of the NE-E

wave. The general trend of coastal currents is
from north to south in winter and vice versa,
from south to north in summer (Mau, 2012).
The neritic zone of this area has an irregular
semi-diurnal tide regime with the smallest
amplitude of fluctuation in Vietnam (0.8-
1.2 m) (Mau et al., 2014). In particular, the
average tidal range in the waters of Da Nang
is about 0.7 m (Lam, 2009; Tung, 2011).
Although the tides in the area are not high, the
tidal currents are quite strong, and it
influences on the evolution of the coastal zone
(Anh, 2010). According to Thuy (1995), the
average rate of the sea-level rise in the
Danang area is 1.198 mm/year.

3. Database and methodology
3.1. Data collection and analyzing

In addition to a fieldwork to identify the
current locations of coastal erosion, the data in
the study was collected and analyzed from
different data sources, including 1:50.000
topographic map in 1965 founded and
published by the US military (available free of
charge at the University of Texas open source:
http://legacy.lib.utexas.edu/maps/topo/vietnam/;

Landsat  satellite  images of 1973,
1990 and 2001 provided by the
U.S. Geological Survey (USGS -

https://earthexplorer.usgs.gov/) and satellite
images from 2002 to 2019 are processed
online to identify corresponding shorelines
using Google Earth Pro software. Information
related to the data used in the study is shown
in Table 1. The satellite image information
was collected from the Google Earth Pro in
the study area from the website:
https://discover.digitalglobe.com/.
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Figure 1. Location of study area

The shoreline data of 1965 was digitized
manually using ArcGIS software. The
shorelines of 1973, 1990 and 2001 were semi-
automatically determined by the Normalized
Difference Water Index (NDWI) method
(Gao, 1996; McFeeters, 1996) (for satellite
images in 1973) and the Modified Normalized
Difference Water Index (MNDWTI) (Xu, 2006)
(for satellite images in 1990 and 2001). The
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shorelines from 2002 to 2019 after being
digitized manually on Google Earth Pro
software will be converted to ".kmz" format
into the ".shp" format using the 2016 FME
software. All data are standardized, corrected,
and calculated by the use of ArcGIS software.
Accordingly, the study area has identified 34
shorelines in different periods from 1965 to
2019 (see Table 1 and Fig. 6).
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Table 1. Overview of data sources used in the study

No Image ID Time Data type References ressg ?élt?(l)n Ulilrclf:rglrréz t?ofrirzl;ge
Texas 1:50.000
1 - 1965 Topography map University (30 m) 60
2 ?ﬁ?;;gggfa 30/06/1973 | Landsat MSS USGS 60 m 60
3 2321920?;29 i 24/08/1990 | Landsat TM USGS 30 m 60
4 - | 23/032001 | LandsatET™M | USGs 30m 60
5 1010010000553800 | 21/04/2002 | QuickBird 02 | Google Earth 24 m 7.2
6 1010010003613A00 | 10/11/2004 | QuickBird 02 | Google Earth 24 m 7.2
7 1010010009A3E000 | 20/05/2009 | QuickBird 02 | Google Earth 2.4 m 7.2
8 1050410001F50D00 | 03/02/2010 GeoEye-1 Google Earth 1.84 m 5.52
9 103001000B3EEB00 | 07/06/2011 | Worldview 2 | Google Earth 1.84 m 5.52
10 | 103001000F996E00 | 18/11/2011 | Worldview 2 | Google Earth 1.84 m 5.52
11 103001001274E600 | 10/04/2012 | Worldview 2 | Google Earth 1.84 m 5.52
12 | 103001001993ACO00 | 11/06/2012 | Worldview 2 | Google Earth 1.84 m 5.52
13 | 1050410002DCCDO00 | 21/09/2012 GeoEye-1 Google Earth 1.84 m 5.52
14 | 10600100080FOA00 | 25/03/2013 | TKONOS 02 | Google Earth 4m 12
15 | 1050410002ACF600 | 14/06/2013 GeoEye-1 Google Earth 1.84 m 5.52
16 | 10504100023C1F00 | 24/08/2013 GeoEye-1 Google Earth 1.84 m 5.52
17 10600100087E0600 | 02/01/2014 | IKONOS 02 | Google Earth 4m 12
18 | 1050410010327A00 | 19/03/2014 GeoEye-1 Google Earth 1.84 m 5.52
19 | 1050410010CD5400 | 06/07/2014 GeoEye-1 Google Earth 1.84 m 5.52
20 1050410012055800 | 05/01/2015 GeoEye-1 Google Earth 1.84 m 5.52
21 103001003F9C5C00 | 15/03/2015 | Worldview 2 | Google Earth 1.84 m 5.52
22 1040010010676900 | 05/08/2015 | Worldview 3 | Google Earth 1.24m 3.72
23 1050010003041000 | 10/02/2016 GeoEye-1 Google Earth 1.84 m 3.72
24 | 104001001C9E8600 | 09/05/2016 | Worldview 3 | Google Earth 1.24m 3.72
25 103001005C341600 | 18/09/2016 | Worldview 2 | Google Earth 1.84 m 5.52
26 105001000915F400 | 04/04/2017 GeoEye-1 Google Earth 1.84 m 5.52
27 igggg}ggggjgg?gg 15/04/2017 GeoEye-1 Google Earth 1.84 m 5.52
28 iggggigggﬁjggggg 14/06/2017 GeoEye-1 Google Earth 1.84 m 5.52
29 | 1040010033D06D00 | 13/10/2017 | Worldview 3 | Google Earth 1.24 m 3.72
30 | 104001003819B400 | 15/02/2018 | Worldview 3 | Google Earth 1.24m 3.72
31 10400100428C2B00 | 05/09/2018 | Worldview 3 | Google Earth 1.24m 3.72
32 104001004A209500 | 01/05/2019 | Worldview 3 | Google Earth 1.24m 3.72
33 104001004E761200 | 26/06/2019 | Worldview 3 | Google Earth 1.24m 3.72
34 | 104001004F358D00 | 15/07/2019 | Worldview 3 | Google Earth 1.24m 3.72

3.2. Methods for determining shorelines

Many approaches to monitor coastal
change are often applied in the previous
studies, including coastal charts and maps,
historical photographs, beach surveys, aerial
imagery, in situ geographic positioning
system, satellite 1image processing, or
elevation based, techniques (Boak and Turner

2005; Mullick et al., 2020). The extraction of
shoreline from traditional ground survey
techniques (surveys, geodetic measurements,
etc.) usually takes time, effort, and money;
sometimes challenging for a large region,
although it can provide an accurate result
(Mullick et al., 2020). The use of LiDAR

(Light Detection and Ranging) technology
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and video systems provide high accuracy but
requires a large amount of funding (Turner et
al., 2016). With the advent of space
technology, remote sensing data has become a
potential tool for geographical researches that
provide a reasonably accurate estimate of
shoreline. However, this technique becomes
difficult in some tropical countries due to the
frequent presence of clouds on optical sensors
(Mullick et al., 2020). The radar satellite
images from RADARSAT-1, Sentinel 1A
have reasonable accuracy for distinguishing
the land and water features (Al Fugura et al.,
2011). But the limitation of these images is
that their time range is not long enough (only
since 2015) to detect the regularity (if any) of
shoreline changes. Considering the need and
interest in investigating the long-term
temporal trend, LANDSAT satellite images
offer high potential as the mission was
launched in 1972 (Mullick et al., 2020).
Therefore, LANDSAT satellite images have
been wider potential to obtain shoreline
patterns of any coast for a long-term temporal
horizon. The advantages of using LANDSAT
images over other methods are its availability
without cost, ability to capture the large aerial
extent, having a large temporal scale for
historical shoreline change detection, etc.
However, its disadvantage is that the spatial
resolution is only average scale (30 m).
Geographic Information System (GIS) and
Remote Sensing (RS) are often integrated for
extracting and analyzing a coastal feature. The
appearance of the water and land portion as a
contrasting feature from satellite images is the
prerequisite of shoreline delineation in the
geospatial analysis (Mullick et al., 2020).
Many change detection techniques based on
the band ratio, band difference, post-
classification of the image pixel is adopted for
shoreline change analysis (El-Asmar and
Hereher, 2011). For instance, the Normalized
Difference Water Index (NDWI) can be used
to distinguish land from the water (Gao, 1996;
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McFeeters, 1996). The NDWI is computed
using the Green and the Near Infrared (NIR)
wavelengths, defined by McFeeters (1996):

NDWI = (Green-NIR)/(Green+NIR) (D)

The advantage of the NDWI index is that
the needed bands of are available at all
LANDSAT sensors. However, construction
land and water surface sometimes can be
mixed in the NDWI result. Based on the
NDWI, Xu (2006) proposed Modified
Normalized  Difference = Water  Index
(MNDWI). The MNDWI can be noted as
follows (Xu, 2006):

MNDWI = (Green-MIR)/(Green+MIR) (2)
where MIR is a middle infrared band.

The MNDWI has been verified by
numerous studies that it is more likely to
enhance information on the water so that the
water surface can be extracted more
accurately (Li et al., 2013; Xu and Guo,
2014). This is the method used to identify
shoreline generations on LANDSAT images
in 1990 and 2001. However, MIR band is not
available in the LANDSAT MSS images
especially in 1973. Therefore, the shoreline in
1973 is calculated using the NDWI.

To overcome the shortcomings of remote-
sensing analysis with medium-resolution
digital image processing, the study has
combined the use of high-resolution satellite
imagery of Google Earth (Table 1) to
calculate shoreline changes. The satellite
images obtained from Google Earth Pro
software with a high spatial resolution and
free, but they cannot be processed
automatically like other satellite images.
Therefore, the shorelines from 2002 to 2019
were manually digitized on Google Earth Pro
software. Note that, in some areas, at some
point in time, some Google Earth satellite
images may be out of position compared to
other periods in the same area. In the study
area, the Google Earth provides satellite
images (QuickBird-02), taken on April 21,
2002, and November 10, 2004, which are



Vietnam Journal of Earth Sciences, 42(4), 363—383

dislocated from other periods. Therefore, after
digitizing manually, the shorelines on
21/4/2002 and 10/11/2004 were adjusted by
the Spatial Adjustment tool of ArcGIS 10.5
software before calculating the shoreline
change rate.

3.3. Methods for calculating shoreline
change

After applying the appropriate indicators to
identify shorelines on different generations of
maps and satellite images, the shoreline
change rate is calculated using the Digital
Shoreline Analysis System (DSAS) tool.
DSAS is a freely available software
application that works within the Esri
Geographic Information System (ArcGIS)
software. The DSAS computes rate-of-change

statistics for a time series of shoreline vector
data. The latest version is the DSAS 5.0,
which was released in December 2018
(Himmelstoss et al., 2018). In this study, DSAS
is performed in four steps: (1) preparation
of shorelines, (2) creation of baselines,
(3) creation of transects, and (4) calculation of
shoreline change rate. Accordingly, this study
used three calculation methods: End Point Rate
(EPR), Linear Regression Rate (LRR), and
Weighted Linear Regression (WLR). In
addition, this study also calculates and analyzes
supplemental statistics such as shoreline
change envelope (SCE), standard error and R-
squared statistic (R2), or the coefficient of
determination, to evaluate the accuracy of the
calculated results. The flowchart for calculating
shoreline changes is shown in Fig. 2.

Topographic maps
Input Landsat Images Google Earth Pro
(MSS, TM, ETM)
Data
processing
Output

Figue 2. Flowchart of shoreline change assessment
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End Point Rate

The end point rate (EPR) is calculated by
dividing the distance of shoreline movement
by the time elapsed between the oldest and the
most recent shoreline (Fig. 3). The major
advantages of the EPR are the ease of
computation and minimal requirement of only
two shoreline dates. The disadvantage is that
in cases where more data are available,
the additional information is

ignored
(Himmelstoss et al., 2018).

Linear Regression Rate
Regression is a mathematical model that
expresses the change of a variable (dependent
variable) according to one or more other
variables (independent variable = explanatory
variable). The simple linear regression model
is calculated based on the formula:
Y =piXi + o 3)
Where: Y is a dependent variable of the
continuous form; Xi is an independent
variable; fo is the intersection point of the
regression line and Y axis; fi is the slope of

the independent variable.

NSM

EPR =

time between oldest and most recent shoreline

NSM = distance (m) between oldest and youngest shorelines

9102/60/S0

g1 0z/vr/80

o
=
=
0
>
=
(e2]

SCE = greatest distance (m) between all shorelines

Figure 3. Simulation of SCE and EPR methods

In calculating shoreline changes, LRR is
calculated through the slope of the linear
regression line. The regression line is placed,
so the sum of the squared residuals
(determined by squaring the offset distance
of each data point from the regression line
and adding the squared residuals together)
will be minimized (Himmelstoss et al., 2018)
(Fig. 4). The linear regression rate is the

370

slope of the line. The advantage of this
method is that it is easy to calculate, all
the data are used, regardless of changes in
trend or accuracy, the method is purely
computational, the calculation is based on
accepted statistical concepts. Therefore, it is
objective and gives more reliable results than

the EPR method (Crowel et al., 1997;
Mullick et al., 2020).
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Linear regression rate (LRR)
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Figure 4. Simulating the LRR method. The slope of the equation (y = 1.35x-2.6785) describing the line is
the rate (1.35 meters per year) of the shoreline at that section (Modified after Himmelstoss et al., 2018)

Weighted Linear Regression

WLR is a method of determining the
regression equation based on the reliability of
data. This method requires the user to declare
the confidence level (uncertainty) in the
attribute data of the shoreline. The uncertainty
field of the shoreline feature class is used to
calculate a weight. The weight (w) is defined
as a function of the variance in the uncertainty
of the measurement (e) (Genz et al., 2007):

w=1/e2

where: “e” is shoreline uncertainty value.

Based on the weighted value (w), in a
weighted linear regression, more reliable data
are given greater emphasis or weight towards
determining a best-fit line (Fig. 5). In the
computation of rate-of-change statistics for
shorelines, greater emphasis is placed on data
points for which the position uncertainty is
smaller. The WLR statistical method is more
reliable because it takes into account the

(4)

uncertainty field to calculate the long-term rates
of shoreline change (Kankara et al., 2014).

Parameters to assess the reliability of the
calculation results

In the DSAS tool, in addition to calculating
the EPR, LRR and WLR, it also calculates
parameters to assess the reliability of those
results: uncertainty of end point rate method
(EPRunc), standard error (LSE for ordinary
linear regression and WSE for weighted linear
regression) and correlation coefficient or
R-squared statistic (R*) (LR2 for the LRR and
WR2 for the WLR). These additional statistics
(EPRunc, LSE/WSE and LR2/WR2) are
calculated wusing formulas 5, 6 and 7,
respectively (Himmelstoss et al., 2018). These
parameters provide information that is helpful
in assessing the robustness of the computed
regression rates.

2 2
EPRunc — \/(uncy_A) + (uncy_B) (5)
date_A—date_B

Where: uncy A is uncertainty from
attribute field of shoreline A, wuncy B is
uncertainty from attribute field of shoreline B,
date A is date of shoreline A (most recent),
and date B is date of shoreline B (oldest).
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LSE or WSE = /% (6)

Where: y is known distance from baseline
for a shoreline data point, y’ is predicted value
based on the equation of the best-fit regression
line, and n is number of shorelines used.

2 _ 4 _ |Z-p)?
Re=1 \/ 2(y-y) )

Where: R® is the coefficient of
determination, y is measured distance from
baseline for a shoreline data point, y’ is
predicted distance from baseline based on the
equation of the best-fit regression line, and ¥
is mean of the measured shoreline distances
from the baseline.

Weighted linear regression (WLR)

y =1.25x + 7.2985

WLR =1.25
100 - wWR2=0.75

80 +

60 +

TRANSECT
1
Distance from baseline (meters)

40 + e

shoreline
uncertainty

T
1970

t
1980
Shoreline date (years)

t t t
1990 2000 2010 2020

Figure 5. Simulating the WLR method. Smaller positional-uncertainty values (shown as vertical bars
around each data point in the graph) have more influence in the regression calculation because of the
weighting component in the algorithm. The slope of the equation (y = 1.25x-7.2985) describing the line is
the rate (1.25 meters per year) of the shoreline at that section (Modified after Himmelstoss et al., 2018)

4. Results

In Son Tra - Cua Dai area, 1647 transects
were constructed perpendicular to the
shorelines and baselines with a distance
between them of 20 m (Fig. 6). According to
the calculation results, in about 54 years (from
1965 to 2019) the shoreline changes envelope
(SCE) in this area reaches a maximum of 512
m and a minimum of 20 m (Table 5). In order
to better understand the process of shoreline
changes associated with natural and human
activities in the area at different times, in
addition to an overall assessment of the rate of
shoreline changes from 1965 to 2019, the
study was divided into three smaller stages,
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from 1965 to 2002, from 2002 to 2012 and
from 2012 to 2019. This study followed all
three calculation methods: EPR, LRR, and
WLR. The main parameters of calculation
results and related indicators are shown in
Tables 2-5. The comparison of accuracy
between the results calculated according to the
method is shown in Fig. 7. Accordingly, the
WLR method in all periods produced results
that were much more reliable than the LRR
method (Fig. 7). Therefore, this study will use
WLR results to analyze and assess the
shoreline changes in the study area. The
results of the shoreline change rate for each
period are presented below.
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Figure 6. A representative part of the Son Tra - Cua Dai area showing the baselines,
shorelines and transects (distance between transects is 20 m)
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Figure 7. Distribution of errors by the WLR (WSE) and
LRR (LSE) methods in the calculation results from 1965 to 2019

4.1. The shoreline change rate from 1965 to
2002

Calculation results show that the SCE in
the period from 1965 to 2002 was 450 m and

the average value reached 70 m. The results of
the three methods EPR, LRR, and WLR are
basically quite similar. According to the WLR
method, the maximum erosion rate in the area
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reaches 2.2 m/year and the strongest accretion
reached 9.5 m/year. Statistical results show
that the number of transects with erosion
tendency (erosion rate > 0.2 m/year)

676/1647, accounting for 41%; the number of
transects with accretion tendency (the rate

of accretion > 0.5 m/year) is 363/1647,
accounting for 22%; the remaining 37% were
transected showing relative stability of the
coast (Table 2). In which, the area with
strong erosion rate is Cam An commune, Hoi
An city.

Table 2. Statistical table of some basic parameters according to different methods, period 1965-2002

Objects Temporal segment 12965-2002 ,

SCE EPR | EPRu|LRR | LR LSE | WLR | WR* |WSE

Min 5.96 -1.76 | 1.54 | -1.54 | 0.00 | 1.71 | -2.21 [0.00)|0.03

Max 45074 | 9.10 | 2.37 [10.24 | 0.96 | 202.8 | 9.54 |0.96|4.15

Mean 69.91 0.45 1.59 1 0.83 | 0.31 [25.06] 0.20 [0.23]0.57
Transect E (V <-0.2 m/year) (%) - 27.08 - 12.02 - - 41.04 | - -
Transect A (V > 0.5 m/year) (%) - 32.06 - 51.25 - - 22.04 | - -
Transect S (-0.2 <V < 0.5 m/year) (%) - 40.86 - 36.73 - - 3692 | - -

where: SCE, EPRu-uncertainty of EPR, LSE and WSE-standard error of LRR and WLR (m); EPR, LRR and
WLR (m/year); Transect E-erosion transects, Transect A-accretion transects and Transect_S-stability transects (%)

4.2. The shoreline change rate from 2002 to
2012

According to the statistics in Table 3, the
SCE of the shoreline from 2002 to 2012 was
~179 m, and the average value was ~38 m.
The results of the WLR method show that the
maximum erosion rate in the area reaches

24.8 m/year (10 times higher than the period
from 1965 to 2002) and the strongest
accretion reaches 19.4 m/year. In this period,
accretion activities predominate with 65.4%
of transects; erosion activities were only
observed in 20% of transects, but the intensity
of erosion is particularly strong compared to
the previous period.

Table 3. Statistical table of some basic parameters according to different methods, period 2002-2012

Objects Temporal segment 22002-2012 ;

SCE EPR | EPRu |LRR | LR LSE |WLR | WR° | WSE
Min 1793 | 2418 | 0.00 |-24.84| 0.00 | 0.00 |-24.77| 0.00 | 0.00
Max 0.55 19.17 3.54 11945| 1.00 |98.0919.35| 1.00 |17.73
Mean 37.66 | -2.87 1.26 | -221 | 053 | 810 | -2.28 | 0.49 | 1.44
Transect E (V <-0.2m/year) - 22.77 - 19.06 - - 19.91 - -
Transect A (V > 0.5m/year) - 69.28 - 65.45 - - 65.39 - -
Transect S (-0.2 <V < 0.5m/year) - 7.59 15.49 - 14.70 -

where: SCE, EPRu - uncertainty of EPR, LSE and WSE - standard error of LRR and WLR are in (m); EPR, LRR and
WLR are in (m/year); Transect E - erosion transects, Transect A - accretion transects and Transect S - stability

transects are in (%)

4.3. The shoreline change rate from 2012 to
2019

Table 4 shows that the SCE reached 362
m, the average value reached 38.5 m.
According to the WLR method, the maximum
erosion rate in the area reaches to 78 m/year
(more than three times in the period of 2002-
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2012 and more than 35 times in the period of
1965-2002), and the strongest accretion
reaches 29.7 m/year. In this period, the
percentage of erosion sections (33.6%) was
still smaller than the accretion transects
(45.5%), but the intensity of erosion was
particularly strong, the strongest compared to
previous periods.
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Table 4. Statistical table of some basic parameters according to different methods, period 2012-2019

Objects Temporal se meng 2012-2019 ,

SCE EPR | EPRu|LRR | LR LSE | WLR | WR® |WSE
Min 0.5 -7542 | 1.11 |-74.26| 0.00 | 0.00 | -78.13 | 0.00 |0.00
Max 362.3 | 28.12 | 1.2] [29.76 | 0.98 | 79.39| 29.76 | 0.98 |19.63
Mean 38.54 070 | 1.17 | -0.63 | 0.15 | 114 | -0.45 | 0.15 |2.51
Transect E (V <-0.2m/year) - 20.58 - 34.06 - - 33.64 - -
Transect A (V> 0.5m/year) - 56.83 - 40.01 - - 45.48 - -
Transect_S (-0.2 <V <0.5m/year) - 22.59 - 25.93 - - 20.89 - -

where: SCE, EPRu - uncertainty of EPR, LSE and WSE - standard error of LRR and WLR are in (m); EPR, LRR and
WLR are in (m/year); Transect E-erosion transects, Transect A-accretion transects and Transect S-stability transects
are in (%)

4.4. The shoreline change rate from 1965 to
2019

The results of the shoreline changes in the

Hoi An city. In which, the highest erosion
speed is about 40 m/year. The other areas are
mainly active in accretion (53.5% transects)

(Fig. 8). According to the statistics shown in
Table 5, within 54 years, the greatest distance
between all shorelines is 512 m (SCE) and the
average value in this area is about 84 m.

1965-2019 period are summarized as shown
in Table 5 and Fig. 8. Accordingly, in this
period, the strongest erosion activity mainly
concentrated in the northern area of Cua Dai,

Table 5. Statistical table of some basic parameters according to different methods, period 1965 - 2019

Objects Temporal segmer;t 1965-2019 ;

SCE EPR |EPRu | LRR | LR" | LSE | WLR | WR" | WSE
Max 512 505 | 1.21 | 751 | 0.92 | 2154 | 432 | 0.74 |27.06
Min 20.5 -2.09 | /.11 | -2.85| 0.00 | 6.23 | -42.74 | 0.00 | 0.52
Mean 83.9 0.3 1.12 | -0.07 | 0.16 | 23.12| -0.41 | 0.15 | 2.63
Transect E (V <-0.2m/year) - 14.75 - 42.14 - - 25.99 - -
Transect A (V > 0.5m/year) - 39.10 - 15.79 - - 53.55 - -
Transect S (-0.2 <V <0.5m/year) - 46.15 - 42.07 - - 20.46 - -

where: SCE, EPRu - uncertainty of EPR, LSE and WSE - standard error of LRR and WLR are in (m); EPR, LRR and
WLR are in (m/year); Transect E - erosion transects, Transect A - accretion transects and Transect S - stability
transects are in (%)

m/yr.
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Trends and rates of shoreline change by the WLR method, from 1965 to 2019
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Figure 8. Trends and rates of shoreline change by the WLR method, period from 1965 to 2019
in Son Tra - Cua Dai area
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4.5. Segmentation of the Son Tra - Cua Dai
coast according to the erosion rate for
setback zone establishment

Based on the calculation results of
shoreline changes from 1965 to 2019, the
study has conducted the coastal segment
according to the erosion/accretion
characteristics of the Son Tra - Cua Dai area.
In the classification of erosion/accretion,
Himmelstoss et al.,, (2018), divided the
calculated values into nine different levels, of
which four levels belong to erosion group
(negative group), four levels belong to
accretion group (positive group) and one level
for relative stability (Table 6).

Table 6. Determining the breaks for data values
according to Himmelstoss et al., (2018)

Rate of change (m/year
No (EPR, Lng{, \(NL}II{) ) Group
1 Min <—<=-3.0
- <<=
g ;8 <—<= %g Negative
4 -1.0<—<=-0.5
5 -0.5<—<=0.5 Stability
6 05<—<=1.0
7 10<—=<=2.0 Positive
8 20<—<=30
9 3.0 <—<=Max
Based on the erosion/accretion

classification of Himmelstoss et al., (2018)
and the characteristics of Son Tra - Cua Dai
area (there are sections of the coast with very
high erosion rate along with that there is a

huge difference in value between the highest
erosion rate and the highest accretion rate, the
difference is ~ 10 times, Table 5) and the goal
of this study is to serve the coastal setback
establishment. Therefore, the study should
pay special attention to erosion values. This
study has divided the values of the shoreline
change rate as shown in Table 7. Accordingly,
the coast of Son Tra - Cua Dai area is divided
into 30 segments and grouped into 8§
groups with different erosion/accretion
characteristics: accretion, relative stability,
erosion and accretion alternately, weak
erosion, moderate erosion, strong erosion,
very strong erosion and super strong erosion
(which can become “disaster””) (Table 7,
Fig. 9). In particular, the accretion segments
were dominated with ~ 16.5 km, accounting
for 49.4%; followed by the segments with
erosion and accretion activities alternating and
a total length of ~ 5 km, accounting for 15%;
next is the weak erosion segments with a
length of ~ 4.2 km, accounting for 12.6%; the
segments of erosion averages ~ 2.3 km,
accounting for ~ 6.9%; the relative stability
segments had a total length of ~ 2.1 km,
accounting for about 6.3%. The segments with
strong, very strong to super-strong erosion
have a total length of ~ 3.3 km and account
for ~ 9.9% and they are concentrated mainly
in the southern part of the study area (Cua Dai
area) (Fig. 9).

Table 7. Statistical table of shoreline characteristics in Son Tra - Cua Dai area according to the shoreline

changes rate

No| Code |Rate of erosion/accretion (m/year) Erosion/accretion level Length (total) (km) |Ratio %

1 0 > 0.5 Accretion 16.5 49.4

2 1 (-0.2)-0.5 Relative stability 2.1 6.3

3 2 - Erosion and accretion alternately 5.0 15.0

4 3 (-0.2)-(-1.5) Weak erosion 4.2 12.6

5 4 (-1.5)-(-3.0) Moderate erosion 2.3 6.9

6 5 (-3.0)-(-5.0) Strong erosion 1.6 4.8

7 6 (-5.0)-(-10.0) Very strong erosion 1.2 3.6

8 7 <-10.0 Super strong erosion 0.5 1.5
Total 334 100.0
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5. Discussions

5.1.  Factors
identification

affecting the shoreline

In this study, the shoreline obtained from
remote sensing images is an immediate
shoreline, defined as an intersected line
between land and sea at a particular time
(Wicaksono et al., 2018). It is the boundary
between the beach and the water level (tidal)
when the satellite images were taken.
Therefore, it will be influenced by tidal levels.
In order to minimize the impacts of tidal, it is
usually necessary to take some steps such as
select satellite images at the same time in
different years and the highest spatial
resolution possible, calculate the tide level
difference to adjust the shoreline accordingly,
using multiple shorelines at different times,
and linear regression methods to calculate the
shoreline change, etc.

When considering the shoreline changes
according to satellite image data, the biggest
obstacle is the difference in image recording
times (Kelly and Gontz, 2018). Because at
different times, the satellite image will show a
different shoreline position, depending on the
tidal fluctuation. Depending on the tidal
changes in a day and the coastal geometry, the
shoreline can change from centimeters to
hundreds of meters horizontally (Wicaksono
et al., 2018). However, when examining and
analyzing the influence of the tides on the
determination of the shoreline on the satellite
image in the area where the tidal fluctuation
level is not large (~1 m), and the beach has a
great slope, Wicaksono et al. (2018) indicated
the shoreline position change after tidal
correction only varied from 0.21 m to 1.8 m.
Therefore, according to Wicaksono et al.
(2018), tidal correction in areas with the
above characteristics 1is mnot necessary,
especially when using satellite images with
spatial resolution more than 3 m.

The natural condition in the case of the
Son Tra - Cua Dai coastal region has many

similarities with the study area of Wicaksono
et al. (2018). This area is located in the area
with the smallest tidal range in Vietnam (from
0.8 m to 1.2 m) (Lam, 2009; Tung, 2011) and
the beach is the high slope, so the tidal
influence is not too great. In fact, as calculated
by Cham et al., (2020) for the Cua Dai area
(the southern part of the study area), it shows
that the difference in shoreline between before
and after the tidal adjustment varies from 0.62
to 16.27 m. These values are not large if
compared with the spatial resolution of the
satellite images used by Cham et al., (2020) in
the calculation, from 10 m to 60 m. Therefore,
the use of very-high-resolution remote sensing
images as used in this study have become a
potential solution for monitoring shoreline
changes. Especially, the multi-temporal
remote sensing images available in the Google
Earth system provided 30 shorelines from
2002 to 2019. All images have very high
resolution (from 1.24 m to 4 m) including
QuickBird 2, GeoEye-1, Iknos 02, Worldview
2, 3. This is an important parameter to
evaluate the accuracy of the interpreted
shorelines. In the WLR method, the accuracy
of the shoreline will be declared to determine
the weights in the construction of the
regression equation (according to Equation 4,
Genz et al., 2007). When calculating by WLR
method, there are studies wusing image
resolutions as the uncertainty to calculate
weighting values (Mullick et al., 2020). In this
study, in order to increase the confidence level
for the calculation of WLR, authors declared
the uncertainty value equal to three times the
spatial resolution of satellite images (except
that the shoreline in 1973 and the shorelines in
1965, 1990 and 2001 were one and two times,
respectively) (Table 1). The results are in
harmony with the erosion and accretion trends
in the study area in recent decades, especially
the significant erosion in the south part of
research areas (near Cua Dai area), a slight
erosion in the middle part and stable shoreline
in the northern part (Fig. 9).
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Figure 9. The results of shoreline changes in Son Tra - Cua Dai area: (A) coastal segments according to
erosion/accretion characteristics and shoreline change rate, including periods: (B) from 1965 to 2019,
(C) from 1965 to 2002, (D) from 2002-2012 and (E) from 2012-2019

5.2. Shoreline changes from 1965 to 2019 taken. However, these assessments play an
important role to compare the shorelines in
different land-use policy periods. Particularly,
the period from 1965 to 2002 was chosen
because human economic development
activities in the region did not have significant
impacts on the shore/beach. The fluctuations
of the coast mainly were come from natural

The shoreline-change results based on the
EPR, LRR, and WLR methods shown in
Tables 2, 3, 4, and 5 are similar to the Max,
Min, and Mean values in three periods: from
1965 to 2002; from 2002 to 2012; and from
2012 to 2019. The assessment of shoreline
changes in a short period can consist of some
uncertainties due to specific natural conditions ~ effects. From 2002 to 2012, the coastal areas
at the time when the satellite images were were impacted by local  economic
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development activities and extreme weather
events, especially with typhoons. In particular,
the typhoon No. 9 happen in 2009 (known as
Ketsana typhoon) was considered as the
strongest storm within 40 years (since 1969)
in the study area (Van et al., 2013; Thai et al.,
2018). In addition, the construction of coastal
tourism centers has partly affected regional
beaches and imbalanced the natural
ecosystems in the research area. It has led to
the increase of coastal erosion in the Cua Dai

part, Hoi An City, with 104 sides with erosion
speed of 10-24 m/year; 58 sections with
erosion speed of 3-10 m/year (Figs. 9d, 10b).
In the period of 2012-2019, the impacts of
human economic development activities on
the shore/beach were significantly increased.
The quick expansion of beach/beach resort
centers has impacted on the natural
ecosystems. The strongest erosion was
identified in the Cua Dai part with an erosion
speed of 70-80 m/year (Fig. 9¢, 10c, Table 4).
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Figure 10. Trends and rates of shoreline change in Son Tra - Cua Dai area by the WLR method,
in the periods: (a) from 1965 to 2002; (b) from 2002 to 2012 and (c¢) from 2012 to 2019

In the period from 1965 to 2019, the
shoreline change assessments based on three
methods were shown in Table 5. The
assessments based on the EPR method only
show the two shorelines in 1965 and 2019,

instead of showing the shoreline changes in
recent years. The assessments based on the
LRR method have different Ilevels of
confidence (Table 1), but they are not
included in the calculation due to the
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shorelines have the same weight. In Google
Earth software, the images taken during the
last 10 years have higher resolution than those
taken before the year 2000s, leading the
correction in shoreline identification. The
assessments based on the WLR method using
a linear regression formulation give priority to
high-precision data sets first and gradually
lower the priority for lower-precision data
sets. In other words, the more the shorelines in
recent years have become more and more
accurate, the higher the weight of the
regression calculation for the shorelines of
this period. Therefore, the WLR method
results show the highest accuracy (Fig. 7),
compared to two others (Figs. 7, 9b, d, e, and
Fig. 10D, c).

5.3. The role of coastal erosion research in
setback zone establishment

One of the most important functions of a
coastal setback zone is to minimize damage
from coastal erosion (VNA, 2015). It has been
used effectively in the Barcelona Convention
on Coastal Area Management of the
Convention, active since 24 March 2011
(UNEP, 2008). The establishment of setback
zones requires an adjustment of development
activities in high-erosion risk areas towards an
effective integrated coastal management
(Knecht, 1997). According to Linham and
Nicholls (2010), the history of coastal erosion
is an indispensable content to identify global
setback zones. Based on the DSAS tool, the
study has calculated the speed/evolution of the
shoreline in the Son Tra - Cua Dai area in the
history of about 55 years (from 1965 to 2019)
(Table 5). Afterward, the position of the
shoreline in the planning periods was done in
this study. The DSAS tool allows the
prediction of future shoreline locations
according to the Kalman model (Kalman,
1960) and developed by Long and
Plant (2012) (Himmelstoss et al., 2018).

Accordingly, the study formulated a shoreline
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change scenario for the Son Tra - Cua Dai
area over the next 20 years (to 2041) as shown
in Fig. 11. Accordingly, the research area in
Da Nang province seems to be stable,
compared to the shoreline in 2019. The
predicted shoreline in 2041 in Cam An district
will be eroded from the Palm Garden resort to
the Cua Dai region with a distance from 80 m
to 200 m. The most erosion risk can be found
in the southern part of the study area, near Hoi
An City with erosion distance up to 200 m
(Fig. 11). The establishment of setback zones
in Vietnam can be a potential tool to minimize
the physical and economic impacts of coastal
natural disasters in the future (UNEP/GPA,
2009).
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Figure 11. Shoreline forecasting after 20 years
(to 2041) in Son Tra - Cua Dai area

6. Conclusions

Three methods of EPR, LRR, and WLR
can be used effectively in this study to
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calculate the shoreline fluctuations. For
analysis in a short time and confident
shorelines, the calculation results of the three
methods EPR, LRR, and WLR are basically
similar. For long periods, with many
generations of shorelines, the WLR method
provides higher accuracy and efficiency than
two others. Therefore, the study recommends
using the WLR method to calculate shoreline
variation in other studies.

Based on three quantitative methods, the
shoreline changes of the Son Tra - Cua Dai
area is complicated. From 1965 to 2002, the
shorelines were slightly eroded in the northern
part of Hoi An, while strong deposition was
identified in the southern part of Son Tra and
the northern part of the Cua Dai area. From
2002 to 2012, the coastal areas in the southern
part of Son Tra had accretion trend. The
central area of Son Tra - Cua Dai is more
stable than two other sides. In the period of
2012 to 2019, the coastal parts in the Cua Dai
area and Hoi An City were eroded strongly.

Son Tra - Cua Dai coast can be divided
into 30 sections, which are clustered into 8
groups according to the erosion/accretion
characteristics. In particular, the accretion
sections (1) are dominated with a length
of about 16.5 km, accounting for 49.4%;
followed by the erosion-accretion sections (2)
with a length of about 5 km, accounting for
15%; the very weak-eroded section (3) with a
length of about 4.2 km, accounting for 12.6%;
the weak-eroded sections (4) with a length of
about 2.3 km, accounting for 6.9%; the
moderate-eroded sections (5) with a length of
about 2.1 km, accounting for 6.3%; the
strong-eroded sections (6), extreme strong-
eroded (7) and disaster-level (8) sections with
a total length of about 3.3 km and accounting
for ~ 9.9% of the total length of the coast in
the area.

An erosion from 90 m to 200 m was
predicted for the shoreline in Hoi An city in
the next 20 years (until 2041). Therefore, it is
necessary to establish an effective setback

zone with the inner boundary from 90 m to
200 m inland in this area to minimize damage
from coastal erosion in the future.
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