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Abstract: Vietnam'’s 3260 km coastline is densely populated, experiences rapid urban and economic
growth, and faces at the same time a high risk of coastal hazards. Satellite archives provide a free and
powerful opportunity for long-term area-wide monitoring of the coastal zone. This paper presents an
automated analysis of coastline dynamics from 1986 to 2021 for Vietnam’s entire coastal zone using the
Landsat archive. The proposed method is implemented within the cloud-computing platform Google
Earth Engine to only involve publicly and globally available datasets and tools. We generated annual
coastline composites representing the mean-high water level and extracted sub-pixel coastlines. We
further quantified coastline change rates along shore-perpendicular transects, revealing that half
of Vietnam’s coast did not experience significant change, while the remaining half is classified as
erosional (27.7%) and accretional (27.1%). A hotspot analysis shows that coastal segments with the
highest change rates are concentrated in the low-lying deltas of the Mekong River in the south and
the Red River in the north. Hotspots with the highest accretion rates of up to +47 m/year are mainly
associated with the construction of artificial coastlines, while hotspots with the highest erosion rates
of —28 m/year may be related to natural sediment redistribution and human activity.

Keywords: coastline dynamics; Landsat archive; sub-pixel coastline extraction; time series; hotspot
analysis; Google Earth Engine

1. Introduction

Estuarine and coastal ecosystems belong to the most heavily used and threatened
natural systems worldwide [1]. Currently, more than 40% of the world’s population lives
in coastal regions, a quarter of which is situated less than 10 m above sea level [2,3]. Floods,
saltwater intrusion, tsunamis, subsidence, and erosion are among the natural risks to which
coasts are exposed [4]. In this context, global change increases the pressure on coastal
ecosystems through a rising global mean sea level, changing rainfall and related freshwater
discharge patterns, and the likelihood of more frequent or more severe droughts and
storms [3,5]. The IPCC 2019 Special Report on Oceans and Cryosphere [5] further states
the important role of non-climatic anthropogenic drivers for the increasing vulnerability
of low-lying coastal communities. In contrast to the long-term impact of sea level rise,
human-induced changes can rapidly modify coasts over short periods [5,6]. Profound
understanding and monitoring of coastal processes are therefore crucial for protecting a
large number of people in the face of a changing world.

Coastline change is a powerful indicator for characterizing and comparing dynamics
within the coastal zone [7]. The observation of coastline dynamics allows for continuous
and quantifiable coastal monitoring. The definition of the ‘coast” goes beyond the binary,
linear separation of land and water and can rather be described as the zone that is generally

Remote Sens. 2022, 14, 2476. https:/ /doi.org/10.3390/1s14102476

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14102476
https://doi.org/10.3390/rs14102476
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-6626-3052
https://orcid.org/0000-0001-6181-0187
https://doi.org/10.3390/rs14102476
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14102476?type=check_update&version=1

Remote Sens. 2022, 14, 2476

2 of 24

affected by ocean water. According to Boak and Turner (2005) [8], a comparable definition
of the ‘coastline’ is required when studying coastline dynamics over a period of time.
However, the terms ‘coastline” and ‘shoreline” have been used interchangeably in coastal
research [9-11]. Mohan et al. (2005) [12] suggests a differentiation of the terms 'coastline’
and ‘shoreline’ by scale, where “coastline” describes the land-water boundary at regional to
global scales, while ‘shoreline” marks the precise boundary between the shore and the water.
In this paper, ‘coastline” will refer to the annual mean high-water boundaries on large scale,
while ‘shoreline” will be utilized for single acquisition waterlines on smaller scales.

Drivers of long-term coastline changes are diverse and often interrelated [13]. Natural
coastal erosion may be caused by near-shore currents, wind, waves, or weathering [14].
Coasts that are usually supplied by river sediment likely erode as a consequence of a
reduction in river discharge through decreasing rainfall or snowmelt [15,16]. Human-
induced coastal erosion is often associated with the construction of river dams [17,18], sand
mining [19-21], cutting of coastal mangrove forests [22], and the construction of coastal
infrastructure, such as groynes, ports, inlet jetties, breakwaters, and sea walls [23-25].
Moreover, anthropogenic climate change is already contributing to global mean sea level
rise, which is projected to be a major cause of coastal erosion in the future [5,26]. Natural
coastal accretion on the other hand most commonly occurs at deltaic coasts, where large
quantities of fluvial sediment get distributed along the coast through littoral drift [12].
Energetic breaking waves, coastal landslides, and rockfall, as well as tidal flat formation,
may also temporally prograde coastlines [12]. Anthropogenic coastal accretion encom-
passes artificial (beach) nourishment, artificial coastlines, land reclamation, and mangrove
planting [12,27,28].

In the past, coastline changes have been monitored using historical photographs, coastal
maps, land-based surveys, seabed mapping, and temporally sparse aerial datasets [10]. These
techniques are rather time-consuming and expensive. The emergence of publicly avail-
able, global satellite archives has revolutionized coastal research, allowing for continuous
monitoring with large spatial and temporal coverage [8,22,29-31]. Band ratios such as the
Normalized Difference Water Index (NDWI), which exploits the high absorption of water
in the near-infrared (NIR) wavelength, are commonly used to distinguish water from land
in multispectral satellite images [32]. Bishop-Taylor et al. (2019) [33] compared several
methods to extract the waterline from water index images using different thresholding and
line extraction methods. The best results were achieved using a combination of an ‘optimal
threshold’ (e.g., Otsu) and sub-pixel waterline extraction based on a marching squares algo-
rithm, which provided more accurate results than a traditional whole-pixel approach [33].
Similar results were also published by Cipolletti et al. (2012) [34] and Song et al. (2019) [35],
revealing high accuracies using sub-pixel waterline extraction methods. When assessing
coastline dynamics, the definition of a representative coastline position poses an additional
challenge [8], as the position of the coastline is not only subject to long-term changes but
also to short-term fluctuations, e.g., due to the tidal range [8,15]. Previous satellite-based
coastline detection studies either neglected the effect of tidal impact [36], created com-
posites from all available images over a period of time to average out the effect of tidal
variation [29], or utilized tidal modeling [33,37-39] based on sea level data with the tidal
data. The recent development of cloud-computing services, such as the freely accessible
Google Earth Engine (GEE), allows for parallel computation of big analysis-ready datasets
and has accelerated the potential of satellite-based large-scale time series analysis [40]. The
studies of Luijendijk et al. (2018) [29] and Mentaschi et al. (2018) [22] presented global
coastline change analysis based on Landsat data, exploiting the capacities of GEE. However,
the existing global coastline datasets are limited to sandy beaches [29] and raster-based
land loss and gain information [22] and are therefore only suitable to a limited extent for
detailed local analyses.
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The coastal zone of Vietnam is especially vulnerable to coastline change with over
50% of the major cities, which contain 31% of the national population, being located on
the coast [9]. Urbanization and the need for natural resources accelerate the pressure
on the coastal zone [17]. At the same time, hazard risk information is fragmented and
incomplete [26]. The studies that have previously addressed coastal erosion and accre-
tion in Vietnam are regionally limited to the Mekong Delta [17,19-21,41], the Red River
Delta [42,43] or other local hotspots, such as Cua Dai Beach [44,45]. Remote sensing,
bathymetry, and field surveys have been used to discuss a variety of possible drivers of
coastline change, such as natural erosion through waves and currents [45], upstream river
dam construction [17], sand mining [19,20], coastal engineering [44], sea level rise [26,42,46],
land subsidence [47], and vegetation clearing [21,41] in these areas. However, these findings
are difficult to assemble into an overarching picture due to a lack of standardization and
overlapping time periods. No complete national assessment of Vietnam’s coastline change
has been conducted to date.

This research aims at developing a detailed nationwide analysis of annual coastline dy-
namics in Vietnam covering a period of 35 years (1986-2021). The analysis concentrates on:
(i) Development of a GEE-based fully automated approach using only publicly and globally
available datasets and tools; (ii) generation of annual coastline composites representing
the mean-high water level; (iii) analysis of coastline dynamics along shore-perpendicular
transects; and (iv) analysis of erosion and accretion hotspots, including a discussion on
potential drivers of change at the most salient observed hotspots.

2. Materials and Methods
2.1. Study Area

Vietnam covers an area of about 331,690 km? and currently holds a population of
approx. 97 million people. Administratively, Vietnam is divided into five municipalities
and 58 provinces, of which 28 are located at the coast (Figure 1). The coastal zone is home
to 47 million people. Hanoi and Ho Chi Minh City represent the urban centers of the
country [48]. Vietnam encompasses several climatic zones, ranging from tropical climate in
the south to temperate climate in the north and the central highlands [49]. The climate in
the north shows four distinct seasons, while the tropical south has two seasons (rainy and
dry). All parts of the country experience effects of the annual monsoon, which corresponds
to the occurrence of the rainy season. The average temperatures in the north range from
22-27.5 °C in summer and 15-20 °C in winter, while the south shows a narrower range
of 28-29 °C in summer and 26-27 °C in winter. The average annual precipitation for
Vietnam is 1834 mm [50]. Vietnam is further characterized by two major river systems: The
Mekong River in the south and the Red River in the north [51]. Both rivers form naturally
prograding deltas with complex river systems and large low-lying areas. Vietnam'’s coast
mainly consists of rocky promontories, beaches, and small estuaries, with corals growing
along most of the coast [52]. The tidal regime along the Vietnamese coast transitions from
diurnal tides in the north to semi-diurnal tides in the south [53]. The tidal range in the
south lies between 2 to 4 m, while tides at the central coast only range from 0.5 to 2 m, and
1.3 to 4 m in the north. Most of Vietnam'’s coastline may hence be classified as microtidal to
mesotidal [27]. Vietham experiences strong coastal currents that mostly depend on seasonal
monsoons and tropical cyclones. During winter, the predominant direction of the near-
shore currents is south-(west), while the pattern reverses in summer towards north-(east).
Generally, the winter currents are more common than the summer currents [54].

2.2. Data
2.2.1. Landsat Archive

The Landsat mission provides the longest, continuous space-based record of Earth’s
land surface [55]. For the present analysis, all available images covering the Vietnamese
coastal zone of the Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper
Plus (ETM+), and Landsat 8 Operational Land Imager (OLI) instruments were used. The
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United States Geological Service (USGS) provides the datasets already pre-processed to
surface reflectance (SR) [56]. The TM and ETM+ sensors capture electromagnetic radiation
in seven bands with four bands in the visible (VIS) and NIR spectrum, two short-wave
infrared (SWIR) bands, and one thermal infrared (TIR) band. The visible and near-infrared
(VNIR), as well as the SWIR, bands are acquired with a spatial resolution of 30 m [55]. Each
of the near polar-orbiting Landsat satellites has a revisit time of 16 days. For Vietnam’s
coastal zone, a total of 26,109 Landsat acquisitions were analyzed. The spatio-temporal
availability of acquisitions is shown in Figure 2, depicting low availability in the 1980s
and 2012, while most acquisitions for Vietnam are available from 2014 until 2021 after the
launch of Landsat 8. Spatially, central Vietnam encompasses the lowest availability at the
southern tip of the country with a total of 400 observations.
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Figure 1. Study area: Vietnam.
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Figure 2. Spatio-temporal distribution of Landsat acquisitions for Vietnam’s coastal zone, 1984-2021.

2.2.2. Validation Data

Very High Resolution (VHR) RapidEye data were utilized to validate the Landsat-
derived coastline results. This commercial satellite constellation is operated by the company
Planet and was launched in August 2008. It consists of five identical satellites capturing
images of Earth’s land surface every 5.5 days over mid-latitude regions. The RapidEye
Earth-imaging System (REIS) provides imagery in five spectral bands (Blue, Red, Green,
Red Edge, and NIR) with a spatial resolution of 6.5 m at nadir, which is resampled to
5m [57]. For this analysis, orthorectified level 3A products were used. The data are
provided radiometrically and geometrically corrected. RapidEye provides data in 25 by
25 km tiles [58]. All utilized tiles are listed in Table 1, including the Landsat scene that was
used for comparison. The RapidEye mosaic was the only available VHR image for which
a temporally matching cloud-free Landsat image existed. The close acquisition times are
important to avoid the influence of tidal and wave attack on the land-water boundary. The
RapidEye mosaic covers an area of about 3000 km? around Da Nang in central Vietnam
with a shoreline length of approx. 250 km.

Table 1. Validation data.

Satellite

Tile ID

Date

Acquisition Time Cloud Cover

[UTC]

[%]

Processing Level

RE1
RE1
RE1
RE1
RE1
RE1
LC8

4946401
4946402
4946403
4946501
4946502
4946503
124049

7 February 2017
7 February 2017
7 February 2017
7 February 2017
7 February 2017
7 February 2017
7 February 2017

03:51:05
03:51:04
03:51:03
03:51:02
03:51:01
03:51:00
03:06:27

0

[N eNeNoll el

3A
3A
3A
3A
3A
3A
T1L2

2.2.3. Sea Level Data

To understand how tidal range might influence Landsat-derived coastlines, hourly
sea-level data was used to identify the sea level at Landsat acquisition times. The University
of Hawaii Sea Level Center (UHSLC) provides global sea level data measured by tide gauge
since 1846 [59]. The sea level data can be accessed as Fast Delivery (FD) data or Research
Quality data (RQD). For the present analysis, RQD from gauge station Qui Nhon in Central
Vietnam was used from 1994 to 2018.

2.3. Methods

The presented coastline detection approach comprises three overarching methods:
The cloud-processing of annual water index images, the coastline extraction with change
quantification, as well as the creation of shore-normal transects (see Figure 3).
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Figure 3. Schematic workflow of the coastline detection method.

2.3.1. Country-Scale Processing of Annual Water Index Images

The creation of annual water-index composites was performed within the cloud-
processing framework of GEE. To define the area of interest (AOI), an Open Street Map
(OSM) global shoreline from 2020 was clipped to the country boundaries of Vietham and
buffered by 10 km. The resulting polygon was then simplified and subdivided into tiles
with a maximum of 20 km? for batch processing. All images between 1986 and 2021 were
cloud-masked based on the pixel quality band (pixel_ga), provided with each Landsat
acquisition. The pixel quality band was generated from the CFMask algorithm developed
by Foga et al. (2017) [60] and contains pixel quality attributes including bitmasks for clouds
and cloud shadows. The cloud-masking processing step was preferred over the immediate
generation of annual composites, e.g., done by Luijendijk et al. (2018) [29], since the high
cloud coverage of tropical Vietnam is expected to cause cloud residuals [61]. A water index
was calculated for each cloud-masked image using the Modified Normalized Difference
Water Index (MNDWI) developed by Xu (2006) [62]. The index is calculated as follows
(Equation (1)):

MNDWI = (Green — SWIR)/(Green + SWIR) 1)

The calculation results in pixel values ranging from —1 to +1, where high values are
associated with water bodies and low values with land features [62]. The MNDWI has
been proven to provide more accurate results than the traditional NDWI, which uses the
NIR band instead of SWIR [33,63,64]. After having calculated the MNDWI for all images,
they were combined into annual image stacks. To reduce the effect of tidal and seasonal
fluctuation, a 75th percentile composite was calculated for each year. The 75th percentile
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is expected to capture the mean high-water level, assuming that different water levels
are represented within one annual image stack. Finally, a band containing the number of
valid (cloud-free) observations per pixel (NOPS) was calculated for each image stack and
exported with the final water index composite as a quality layer. Low-quality pixels with
only one observation were masked to avoid a single acquisition bias of the local coastline
detection result.

2.3.2. Sub-Pixel Coastline Extraction

The boundary between land and water was defined using the Otsu adaptive thresh-
olding method [65]. The Otsu method is regarded the ‘gold standard in the field of
thresholding’, according to Toure et al. (2020) [10] and has been widely used to delineate
water/land boundaries [11,29,63,66]. The Otsu threshold works best for bimodal histogram
distributions and fails when the histogram is (close to) unimodal [67]. The processing
tile generation along the OSM coastline ensures a nearly balanced distribution of land
and water within the images. The sub-pixel coastline was calculated using the contour
extraction method skimage.measure.find_contour developed by van der Walt et al. (2014) [68].
It uses the marching squares algorithm with linear interpolation to find an iso-valued
contour in a 2D array for a given level value. The Otsu threshold was used as the level
value to find the iso-valued contour in the MNDWI images. Contour extraction methods
aim at finding the boundary between two classes on a two-dimensional surface. When
extracting a subpixel contour from a continuous water index image, it is assumed that
medium resolution pixels along the land-water boundary represent mixed pixels and that
the pixel value directly represents its proportion of land and water [33]. The find_contour
method linearly interpolates between the water index values of neighboring pixels to draw
the precise location of the waterline according to the given threshold [34]. An example of
the sub-pixel contour, compared to a whole-pixel contour approach, is shown in Figure 4.

Otsu = 0.002

MNDWI_
composite
0 [ -os
[1-0.2
[Jo2
[os
B

Whole pixel contour Sub-pixel contour

Figure 4. Sub-pixel contour compared to whole-pixel contour at Otsu threshold.

Short coastline fragments with a length of 3 km or less were removed from the
coastline dataset to reduce noise and processing effort. The minimum length of 3 km
was chosen for two reasons: (i) it had to be large enough to exclude small land and
water features such as ships or aquaculture ponds that have a circumference of 2 km on
average [69] and (ii) it allowed for detection of features small enough to preserve interrupted
coastlines, sand banks, and other features that might be of interest for understanding
coastline change processes.

2.3.3. Shore-Normal Transect Generation

Transects were created perpendicular to the administrative boundaries of Vietnam,
derived from the Global Administrative Areas (GADM) [70], with a spacing of 200 m. The
mainland polygon was smoothed using a one-dimensional Gaussian filter on interpolated
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points along the polygon outline. The smoothing reduces data gaps and superimposed areas
at hard edges as shown in Figure 5 [22]. The length of the transects was set to 3 km (1.5 km
to both inland and seaward direction) to capture the maximum coastline change. This
threshold was determined visually. Islands were excluded from the generation of transects
to keep the focus on the coastal processes of the mainland. The transects were clipped to the
maximum land extent within the observed time series. This step was carried out to reduce
erroneous coastline quantification at headlands, lagoons, river mouths, or remaining coastal
islands, where the transects would partly extend into the opposite shore. To create the
maximum land extent raster images, all masked MNDWI images were binarized according
to their Otsu threshold values and reduced to one raster with maximum pixel values. The
resulting maximum land extent raster was cleaned by removing pixel clusters with an
area below 50 km? to avoid the interruption of transects at small inland water bodies. The
cleaned raster was then vectorized and utilized for the clipping of transects (see Figure 5).

Transects at original mainland polygon Transects at smooth mainland polygon Transects clipped to max land extent

(@)

Superimposed
area

(b) = © %

\

%,m\

Missing area

—_—

|:]GADM mainland polygon -Max land extent during observation period

Transects

Figure 5. Shore-normal transect generation method. (a) Transects generated at original GADM
land polygon with 200 m spacing and 3 km length, resulting in superimposed and missing areas
at hard edges. (b) Transects generated at smoothed GADM land polygon. (c¢) Transects clipped to
the maximum observed land area through the entire time series from 1986 to 2021 (blue); unclipped
transects (grey).

2.3.4. Coastline Change Quantification

For the quantification of coastline change along shore-perpendicular transects, only
the most seaward intersection point per year was considered for each transect. Information
on the distance to the inland transect origin was added to each intersection point. The
earliest coastline position was chosen as a baseline to measure the amount of shift [71]. If
a transect contained less than five intersection points, it was removed from the analysis.
Prior to the quantification of coastline change, outliers on each transect were eliminated
to enhance the robustness of the coastline change calculation. Outliers were identified
as intersection points deviating more than three times the standard deviation from the
median coastline position [72]. The commonly used change metrics Shoreline Change
Envelope (SCE) and Linear Regression Rate (LRR) were calculated for each transect [73,74].
The SCE describes the maximum distance between all coastlines at a given transect and
is therefore expressed in metric units without sign [73]. The SCE was used to define the
length of the resulting coastline change classification transect. The coastline change rate was
calculated by applying linear regressions to all intersection points at the transect. The slope
of the linear regression represents the rate of change in meters per year, while the standard
error characterizes the average distance of the observed values to the regression line [72].
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All transects were then classified on two levels: (1) All transects with a LRR between
—0.5m/year and +0.5 m/year are classified as ‘No Change’, while all transects with a
change rate below —0.5 m/year are classified as ‘Erosion’ and transects with changes larger
than +0.5 m/year as ‘Accretion’. (2) The classification on Level 2 differentiates degrees
of erosion and accretion and was adopted from the chronic beach erosion classification
scheme by Estevesf et al. (1998) [75]. The scheme was extended with a class for extreme
erosion as proposed by Luijendijk et al. (2018) [29]. The accretion class was additionally
subdivided equivalent to the erosion class, resulting in the scheme shown in Table 2.

Table 2. Coastline change classification scheme on Level 2.

Class Change Rates [m/Year]
Extreme accretion >5
Severe accretion 5t03
Intense accretion 3to1l
Moderate accretion 1to 0.5
Stable 0.5to —0.5
Moderate erosion —05to0 —1
Intense erosion —1to -3
Severe erosion —3to -5
Intense erosion <=5

Based on the coastline change quantification, erosion and accretion hotspot analyses
were performed (Figure 6). A clustering approach was chosen, where all adjacent transects
of the same class (Level 1) with a tolerance of one transect were combined into one cluster.
If the cluster contained more than 20 transects (4 km length) and was either associated
with ‘Erosion’ or ‘Accretion’, it was defined as a hotspot. To find the most distinct hotspots
within this dataset, only hotspots showing extreme erosion or accretion rates (>+5/<—5)
on average were filtered.

Classification Level 1

N Erosion
Stable

[ Accretion

Classification Level 2
B Extreme Erosion

Figure 6. Hotspot analysis method. (a) Coastline change classification on Level 1; coastal segments
are defined hotspots when 20 consecutive transects belong to the “erosion” or “accretion” class (with
1 transect tolerance). (b) Coastline change classification on Level 2; hotspots showing “extreme”
change rates on average (>5 m/year) are filtered. (c) Filtered “extreme erosion hotspot”.

2.3.5. Validation

To validate the coastline detection results, a VHR cloud-free RapidEye mosaic (see
Section 2.2.2) from the 7th of February 2017 was utilized, for which a cloud-free Landsat
scene exists with the same date and approximate acquisition time (see Table 1). The
Landsat scene was cropped to the extent of the Rapid Eye mosaic. Both images were
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co-registered using an automatic global subpixel approach [76]. The reference shoreline
was digitized manually on the RapidEye RGB mosaic. A subpixel shoreline was extracted
from the cropped Landsat image using the methodology described in Section 2.3.2. The
displacement between both shorelines was calculated along shore-normal transects.

The effect of tides on the 75th percentile MNDWI images was exemplarily assessed by
extracting the sea levels in Qui Nhon (see Section 2.2.3) at each Landsat acquisition time.
The resulting sea level time series was used to validate the mean-high water level captured
by Landsat throughout the year.

3. Results
3.1. Coastline Detection

An overview of the coastline change classification on Level 2 (see Section 2.3.4.) is
given in Figure 7. It shows the distribution of classification transects ranging from extreme
erosion with change rates of less than —5 m/year (in red) to extreme accretion representing
prograding coastlines with change rates over +5 m/year (in green). A quantitative analysis
of countrywide coastline change is provided in Table 3, showing that 45.2% of the Viet-
namese coast experienced no significant change (i.e., —0.5 m/year and +0.5 m/year) over
the period from 1986 to 2021, while 27.7% of the coast was affected by erosion, and 27.1%
by accretion. Within the erosion class, 39.2% of the coast experienced extreme erosion. The
coastal accretion class shows a similar pattern, with 45.5% of the coasts being exposed to
extreme accretion. Overall, the coastline dynamics of Vietnam show a threefold picture of
unchanged conditions, extreme erosion, and extreme accretion.

Table 3. Proportion of coastline change classes in Vietnam.

Classification L1 Proportion [%] Classification L2 [m/Year] Proportion [%]
[m/Year]
Stable (0.5 to —0.5) 45.2

Extreme erosion (<—5) 39.2
. Severe erosion (—3 to —5) 9.6
Erosion (<=0.5) 27.7 Intense erosion (—3 to —1) 22.0
Moderate erosion (—1 to —0.5) 29.3
Extreme accretion (>5) 49.5
. Severe accretion (5 to 3) 9.3
Accretion (>0.5) 27.1 Intense accretion (3 to 1) 23.7
Moderate accretion (1 to 0.5) 17.5

3.2. Spatio-Temporal Patterns of Coastline Change in Vietnam

To provide an administrative spatial differentiation of coastline dynamics in Vietnam,
Figure 8 shows the coastline change class proportions for each coastal province sorted by
the erosion percentage. It is evident that Ca Mau in Southern Vietnam is the province most
affected by erosion, with over 80% of its coastlines having retreated since 1986. Ca Mau
is closely followed by Tien Giang with 70% and Bac Lieu with about 60% eroding coasts.
Nam Dinh also shows more than 60% erosion, but is unlike the other provinces located
in the north of Vietnam. Ninh Binh, also located in the north of the country, exclusively
experienced accretion, followed by Hai Phong City (80% accretion) in the north and Soc
Trang (70% accretion) in the south. The three provinces Binh Dinh (80% stable), Quang
Ngai (70% stable), and Phu Yen (66% stable) with highest proportions of stable coastlines
are located in central Vietnam.
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Figure 8. Coastline change per province, showing the proportion of transects with erosion, accretion
and stable conditions from 1986 to 2021.

The coastline change hotspot analysis is shown in Figure 9. The accretion and erosion
rates as well as the affected coastal segment length for each of the selected hotspots are
shown in Tables 4 and 5, respectively. The hotspot analysis shows small-scale extreme
coastline dynamics in central Vietnam that have not been reflected in the provincial coastline
change statistics. For example, erosion hotspot No. 10a is located close to the city Hoi
An in Quang Nam province, which is considered a mostly stable province (see Figure 8).
The erosion hotspot with the longest affected coastal segment of 102 km is located in the
Mekong Delta, while the erosion hotspot with the highest erosion rate of —27.7 m/year is
found in the Red River Delta. The longest accretion segment of 39 km is close to Hai Phong
City. The accretion hotspot with highest accretion rates is located south of the Red River
Delta and stretches across the provinces of Thanh Hoa and Ninh Binh. It shows an average
accretion rate of +47.3 m/year. In summary, it can be deduced that the majority of accretion
hotspots length- and intensity-wise are located in the urbanized Red River Delta, while the
majority of erosion hotspots lie in the Mekong Delta.

3.3. Validation

The displacement between the reference shoreline (Rapid Eye) and the extracted
shoreline (Landsat 8) was calculated along 2167 shore-perpendicular transects. The total
length of the reference shoreline amounts to 183 km. As shown in Figure 10, the median
displacement between the RapidEye and the Landsat shorelines equals to 8.4 m with a
standard deviation of 10.4 m. Taking the displacement direction into account, the median
shoreline displacement yields —7.5 m, which implies that the Landsat shoreline tends to be
detected slightly seawards of the reference shoreline.

The 75th percentile MNDWI images have been created to capture the mean high-water
level of each year. Figure 11 shows measured sea levels at Qui Nhon station in central
Vietnam for three exemplary years. The number of acquisitions varies among the examples
(1997: few, 2008: average, and 2015: maximum). Hourly sea levels are represented in blue
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in the left column of Figure 11, superimposed by the Landsat acquisition timestamps in
orange. The right column shows the resulting sea levels only at Landsat acquisition time
stamps. The black line represents the 75th percentile of the sea levels at Landsat acquisition,
while the grey line shows the 75th percentile of all sea levels. It can be deduced that Landsat
captures different sea levels over the course of the year, which generally allows for the
representation of a mean high-water level by annual 75th percentile images. However, with
less acquisitions, the Landsat percentile image tends to slightly underestimate the actual

mean high-water level.
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Figure 9. Coastline change hotspots in Vietnam from 1986 to 2021. Only the hotspots with extreme

average erosion and accretion rates (>5 m/year) were selected. The size of the circle differs by the

length of the affected coastal segment. The two zoom images additionally show the annual coastlines

overlaid by the filtered hotspot transects and circles.
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Table 4. Accretion hotspots in Vietnam from 1986 to 2021.

Mean Change

Mean Standard

No. Length [m] Rate [m/year] Error [m] Province

Ob 39,400 34.4 49 Thai Binh/Hai Phong City
1b 32,000 22.6 3.3 Soc Trang

2b 22,600 39.0 3.3 Ca Mau

3b 20,400 23.5 19 Soc Trang/Tra Vinh
4b 17,200 8.6 2.5 Bac Lieu

5b 16,200 47.3 6.9 Thanh Hoa/Ninh Binh
6b 15,800 36.8 3.2 Quang Ninh

7b 14,600 114 1.6 Kien Giang

8b 14,200 14.8 1.0 Kien Giang

9% 12,600 25.3 2.5 Quang Ninh

10b 12,000 15.2 1.7 Quang Ninh

11b 11,800 10.2 1.8 Tra Vinh

12b 11,400 21.1 2.5 Quang Ninh

13b 9400 15.3 2.4 Da Nang City

14b 9400 13.0 5.8 Quang Ninh

15b 9400 5.1 0.5 Kien Giang

16b 9400 11.5 37 Nam Dinh

17b 8800 15.6 37 Nam Dinh

18b 7600 7.9 2.2 Quang Ninh

19b 7200 6.7 1.3 Kien Gang

20b 6800 249 3.6 Ben Tre

21b 6400 28.9 4.1 Ben Tre

22b 6200 20.1 52 Thai Binh

23b 6200 6.1 0.3 Kien Giang

24b 6000 12.3 3.2 Quang Ninh

25b 6000 51.5 13.9 Hai Phong City /Quang Ninh
26b 6000 6.8 0.8 Tra Vinh

27b 6000 11.0 48 Quang Ninh

28b 6000 214 8.2 Nam Dinh

29b 5800 6.5 0.9 Quang Ninh

30b 5000 21.8 39 Ha Tinh

31b 4800 8.8 1.2 Hai Phong City
32b 4400 9.5 1.7 Khanh Hoa

33b 4400 10.9 1.7 Hai Phong City
34b 4400 25.1 2.8 Kien Giang

35b 4200 19.2 2.0 Tien Giang

36b 4200 6.1 1.0 Binh Thuan

Table 5. Erosion hotspots in Vietnam from 1986 to 2021.
Mean Change Mean Standard .

No Length [m] Rate [ mlyeagr] Error [m] Province

Oa 101,600 —25.1 1.0 Ca Mau/Bac Lieu
la 82,200 —10.7 0.8 Kien Giang/Ca Mau
2a 14,200 —-13.2 0.5 Ben Tre

3a 13,600 —7.7 0.4 Tien Giang

4a 13,400 —16.7 2.3 Bac Lieu/Soc Trang
5a 12,600 —-7.8 1.6 Bac Lieu/Soc Trang
6a 12,000 —95 1.2 Kien Giang

7a 12,000 —-5.7 0.6 Tra Vinh

8a 10,800 —5.3 1.0 Nam Dinh

9a 9200 —-59 1.6 Bac Lieu

10a 9000 —6.2 1.5 Quang Nam
11a 8800 -10.9 0.5 Soc Trang

12a 8400 —18.5 1.2 Tien Giang/Ben Tre
13a 7800 7.1 1.2 Ba Ria/Vung Tau
14a 7200 —9.5 4.4 Quang Ninh
15a 6800 —27.7 24 Nam Dinh

16a 6600 —-22.3 2.3 Nam Dinh

17a 6400 —15.7 7.2 Quang Ninh
18a 5400 -84 0.8 Nam Dinh

19a 5400 —6.3 2.7 Thai Binh

20a 4200 -85 24 Quang Ninh
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Figure 10. (a) Cutout of the manually digitized RapidEye reference shoreline (red) and automatically
extracted Landsat shoreline (green). (b) Shore-perpendicular transects along which the displacement

is calculated. (c) Distribution of displacement values between both shorelines showing absolute

displacement vs. displacement direction (positive: towards land; negative: towards the sea).
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acquisition time (black line), and 75th percentile of all sea levels (grey line).
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4. Discussion
4.1. Limitations of the Landsat-based Coastline Detection Method

Coastline detections are difficult to validate due to their highly dynamic nature and
the spatial variability of their dynamics [8]. Therefore, a cloud-free scene of a very-high
resolution sensor had to be selected for the same day and time at which a Landsat scene
was available, to avoid the effect of local short-term coastline changes. The determined
accuracy of 8.4 m lies in the sub-pixel range of Landsat sensors. The validation area,
however, only covers an area in central Vietnam that consists of urban areas, rocky coasts,
sandy beaches, estuaries, and vegetated coast and shows a low tidal range [77]. Thus,
while the validation area contains some heterogeneity in coastal types, it does not provide
an indication of accuracy in mangrove areas, marshlands, or tidal flats of southern and
northern Vietnam. Furthermore, the validation is limited to the coastline extraction method
only. In this respect, it can be stated that although the validation method yielded a high
sub-pixel accuracy, the value should be treated with caution. Neither the error sources of
the annual composites nor those of more complex coastal types are reflected. Accordingly,
further validation of the dataset would be recommended, particularly covering the delta
regions in Vietnam and the temporal component. For this purpose, using additional VHR
images as well as land-survey GPS and sea level data would be conceivable [29]. Potential
causes for errors are discussed in the following paragraphs.

The availability of valid Landsat pixel observations is temporally and spatially variable
(compare Figure 2), which may be related to sensor operation periods, acquisition paths,
storage and distribution issues of the Landsat archive, and sensor failures (such as the
Landsat 7 Scan Line Corrector (SLC) failure in 2003) [78]. Weather conditions play an
additional critical role in the available number of valid pixel observations. Since each image
was cloud-masked prior to compositing, occasional misclassification of bright targets, such
as building tops, snow, ice, sand dunes, salt lakes, and beaches as clouds is possible [60].
Figure 12 shows the average number of valid pixel observations per year after cloud-
masking, revealing an overall mean of 10 observations between 1986 and 2021. From
these statistics, a temporal quality characteristic of the individual annual coastlines may
be obtained: the coastline for 2012 is thus significantly less reliable than the coastline
from 2015.
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Figure 12. Mean number of valid (cloud-free) observations per pixel from 1986-2021.

MNDWI composites with few valid observations per pixel were found to occasionally
produce incomplete or false coastlines at cloud residuals or remaining tidal flats. Fur-
thermore, it has been shown that the representability of the mean-high water level in
annual MNDWI composites increases with the number of available acquisitions (compare
Figure 11).

4.2. Limitations of the Coastline Change Quantification

The generation of transects along the simplified mainland polygon of Vietham comes
with several constraints when being utilized to quantify coastline change. Masked pixels
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within the MNDWI composites, for example, may interrupt the annual coastline at a transect
position. When inland water bodies intersect the transect instead, while only the most
seaward intersection point for each year is chosen to quantify coastline change, the coastline
intersection point for that year would be selected falsely. This limitation was addressed
by excluding outlier points that deviate by more than three standard deviations at each
transect. Another issue occurs in very complex and highly dynamic coastal environments.
Such intricate coastlines cannot be reasonably represented using generalized transects,
because the transect orientation does not correspond to the complex shape of the coast.
Furthermore, edge transects of estuaries or headlands are susceptible to false change rate
calculations since the actual coast is occasionally omitted in favor of the river shore. The
coastline quantification itself is based on linear regression slopes. Linear regressions are
generally susceptible to outliers and thus tend to underestimate trends [73]. Furthermore,
the standard error is proportionally larger for transects with low mean change rates than
for transects with high mean change rates, leading to increased uncertainty in the trend for
transects with low mean change rates.

However, since the change rate quantification as such is difficult to validate (as de-
scribed in Section 4.1), we compared several local coastline change rates to previously
published change rates in the corresponding locations. For example, Marchesiello et al.
(2019) [13] published coastline change rates for the Mekong delta covering the time period
1990-2015 using a combination of in situ, remote sensing, and laboratory experiment data.
The authors determined mean erosion rates between —10 and —30 m/year on the east
coast of the Ca Mau head, which corresponds well to the herein identified erosion hotspot
Oa, with an average erosion rate of —25 m/year. At the west coast of the Ca Mau head,
Marchesiello et al. (2019) [13] found accretion rates of more than +30 m/year, reflected in
erosion hotspot 2b, with an average mean change rate of +39 m/year. Nguyen (2017) [45]
published change rates at Cua Dai beach in the province Quang Nam, which was also
detected as an erosion hotspot in this analysis (10a). The authors report erosion rates of up
to —35 m/year between 2001 and 2010, while the highest erosion rate identified at hotspot
10a in this analysis amounts to —29 m/year. Although these comparisons cannot substitute
for extensive validation, they do show that the herein presented automated calculations of
coastline change agree well with the magnitudes of locally determined rates of change.

4.3. Potential Drivers of Coastline Change at Selected Hotspots

The coastline dynamics in Vietnam over the past 35 years show high spatial variability.
Most change can be observed in the north and south of the country, while the coastline
in central Vietham remained mostly stable (Figure 7). This pattern is reflected by the
topography, dominated by rocky coastlines in the center, and flat, vast river deltas in the
north and south [52]. Within the coastal segments that are either affected by erosion or
accretion, extreme change rates of more than 5 m/year are dominating (Table 3). The
provinces Hai Phong City and Ninh Binh with highest accretion proportions (Figure 8)
belong to the most densely populated coastal provinces in Vietnam [79]. These trends might
be fueled by the rapid economic and population growth Vietnam has experienced, especially
concentrated in the coastal urban centers [51]. The proportion of extreme accretion is higher
than the proportion of extreme erosion (Table 3). This could be related to the fact that
accretion is often caused by direct human intervention, such as the construction of artificial
coastlines or land reclamation, while erosion usually happens more continuously and at
slower rates [23]. Time series of coastline dynamics at five selected hotspots are shown in
Figure 13. The two erosion and accretion hotspots with the longest affected segments and
highest change rates (Tables 4 and 5) as well as a stable coastline example are displayed.
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Figure 13. Left: Mean annual coastlines (1986-2021) at selected hotspots overlaid by a sample transect
(white-dotted line). Right: The time series graph of the coastline positions relative to the earliest
coastline position on the sample transect. For the location of the hotspots, see Figure 9.
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4.3.1. Erosion Hotspot in the Mekong Delta

Vietnam’s longest erosional coastal segment lies in the lower Mekong Delta of Ca Mau
province and is shown in Figure 13a. The average erosion rate at the hotspot is —25 m/year,
resulting in a total coastline shift of 1200 m from 1986 to 2021. The time series graph of the
sample transect shows a clear continuous erosion trend with a few data gaps in the 1990s
and in 2012. Constant retreat of the coastline in Ca Mau has been observed multiple times
before [13,17,19-21,80,81]. Identified drivers for coastal erosion in Ca Mau include natural
sediment redistribution by along-shore currents [13], land subsidence through ground
water extraction [80], mangrove removal for aquaculture production [81], reduced river
discharge through river damming [17], and sand mining [19,20]. A comprehensive analysis
of the various influencing factors was provided by Marchesiello et al. (2019) [13], who
compared all of the above-mentioned drivers by modelling their relative impacts. The
authors simulated the natural redistribution of the Mekong Delta and found that the east
coast from Soc Trang to Ca Mau (which includes this hotspot) is naturally eroding due
to predominant south-westwards currents close to the shore. The eroded sediment was
observed to partly accumulate at the Ca Mau head (which can also be seen in Figures 7
and 9). However, several naturally accreting coastal segments within the Mekong Delta
were found to be eroding. This could be caused by a combination of land subsidence and
a reduction in river sediment supply, according to Marchesiello et al. [13]. In this respect,
the observed continuous coastline retreat at this hotspot suggests a constant natural cause,
which was potentially accelerated by human activity. However, since the potential drivers
for coastline change are very diverse and overlap each other, it remains a challenge to
prove causal relationships. This would require further modelling and the use of additional
datasets [41].

4.3.2. Erosion Hotspot in the Red River Delta

The Ba Lat mouth, the main river mouth of the Red River Delta, contains the erosion
hotspot with the highest erosion rate of —28 m/year at the sample transect (Figure 13b). At
the same time, however, strong accumulation is visible immediately west of the transect.
The trend is mostly continuous with missing coastline records from 2005 to 2016. Hung
and Larson (2014) [82] considered the Ba Lat mouth generally an accumulation area. They
found that rapidly accreting river deltas typically form sand bars in front of the river mouth
protecting the coast from waves and currents and hence creating suitable conditions for
rapid accretion. According to Duc et al. (2012) [43], such sediment deposition appears
unequally distributed and highly dynamic. While new sand bars are formed continuously,
the ‘old” sand bars are exposed to increased wave attack and along-shore currents, which
naturally leads to sediment redistribution with high local erosion rates. In the Red River
Delta, the average prevailing sediment transport direction through near-shore currents is
south-west [82]. This hotspot entailed a data gap between 2005 and 2016 at the sample
transect (Figure 13b). When taking a closer look, it becomes apparent that coastlines exist
for those years west of the sample transect, forming sand bar-like structures. As proposed
by Hung and Larson (2014) [82], natural processes of sand bar formation and erosion
can most probably be identified as the dominant drivers at the erosion hotspot in the Ba
Lat mouth. However, further downstream, continuous erosion at the mainland of Hai
Hau between the two largest river mouths of the Red River Delta was reported several
times [43,82] and is also reflected in the hotspot analysis (Table 5: 8a, 18a). The chronic
erosion between the two river mouths was associated with a combination of south-western
monsoonal currents and human-induced river sediment deficits, such as river damming
and sand mining, by Hung and Larson 2014 [82].

4.3.3. Accretion Hotspot in Haiphong City

Haiphong City province encompasses Vietnam'’s largest accretion hotspot, with a
length of 39 km and an accretion rate of +34 m/year (Figure 13c). This translates to a
total coastline shift of 1400 m. The trend is not as continuous as in the erosion hotspots
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described above. The hotspot area was classified as mangrove forest by Nguyen et al.
(2020) [83]. These mangrove forests have been cut down extensively since the 1970s, mainly
for aquaculture production [84]. The time series graph in Figure 13c shows a marginal
coastline retreat from 1992 to 2000, which might be related to this policy. To address the issue
of mangrove loss in northern Vietnam, several international and national organizations
started initiatives to restore mangrove fringes, mainly by paying local households for
planting and maintaining mangroves [85]. Especially in 2005, after strong typhoons hit
the northern coast and destroyed many shrimp farms, a significant increase in mangrove
area was reported by Nguyen et al. (2013) [85]. This event was followed by several
national strategies for mangrove restoration and development [83,86]. An increase in
coastal accretion rates since 2005 is also reflected by the time series graph in Figure 13c,
which, accordingly, can be associated with active mangrove plantation.

4.3.4. Accretion Hotspot at Haiphong Port

The hotspot with the highest average accretion rate of +47 m/year is located within the
Haiphong Port area in the south of the third largest city of Vietnam (Figure 13d). The time
series along the sample transect shows a discontinuous picture with a predominantly stable
coastline from 1986 to 2014, shifting abruptly by 2 km from 2015 to 2018 and stabilizing
afterwards. Haiphong Port is the biggest harbor in northern Vietnam. Due to the rapid
economic growth in the region, an expansion of the port was planned from 2010 until
2020 [87], along with the construction of new industrial zones [88]. Using Google Maps,
this accretion hotspot could be located in one of these industrial zones called ‘Nam Dinh
Vu Industrial Park’. Hence, the observed accretion at the sample transect between 2014
and 2018 can be explained by the harbor development of Haiphong Port along with land
reclamation for related industrial zones.

4.3.5. Stable Coastline in Da Nang

An additional example was selected, showing a predominantly stable stretch of coast-
line in Da Nang on the Son Tra peninsula in central Vietnam. As part of the Annamite
Mountain range, the peninsula is characterized by a rocky, sparsely populated coast [52].
Most likely due to the rock outcrops and lack of urbanization, this coastal segment has
shown no significant change over the past 35 years.

5. Conclusions

The coastal zone of Vietnam is particularly vulnerable to natural hazards, such as
floods, saltwater intrusion, tsunamis, and erosion, since economic and population growth
has been concentrated at the coast during the past decades. This study investigated the
annual coastline dynamics of Vietnam over the past 35 years, exploiting the full potential
of the Landsat satellite archive: (i) The development of a fully automated GEE-based
approach allowed for the creation of annual MNDWI composites covering the entire coastal
zone of Vietnam from 1986 to 2021. (ii) The mean-high water level could be represented
in the annual composites through the creation of 75th percentile images. Comparison
with actual sea level data showed good agreement of the actual mean-high water level
with the mean-high water level that was captured by Landsat throughout the year. The
sub-pixel coastline extraction from MNDWI images yielded an average accuracy of 8.4 m
on a single Landsat acquisition in central Vietnam. Comparison to previous studies on
local coastline change rates in Vietnam shows that the automatic change quantification
corresponds well to locally determined rates of change. (iii) The analysis of coastline change
rates along shore-perpendicular transects revealed that almost half of the Vietnamese coast
remained stable, while 27.7% experienced erosion and 27.1% experienced accretion over
time. Within the erosional and accretional coastal segments, almost 50% of the transects
show change rates above 5 m/year. (iv) The hotspot analysis identifies long stretches of
coastline that show consistently high rates of erosion or accretion. Hotspots with highest
erosion (—28 m/year) and accretion rates (+47 m/year) are concentrated in the two large
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river deltas of the Mekong River in the south and the Red River in the north. Both regions
are additionally characterized by rapid economic and population growth. The highest
erosion rates could presumably be related to natural redistribution of sediment while at
the same time being accelerated through human-induced sediment deficits, such as river
damming or sand mining. The highest observed accretion rates, in contrast, are most
probably caused by direct human intervention in the form of mangrove plantation and land
reclamation. However, to better understand the causes for coastline changes in Vietnam,
further analysis including the type of the affected coast, prevailing natural processes, as
well as coastal vulnerability, would be of interest. Furthermore, more extensive validation
of the coastline extraction as well as the change quantification method is recommended in
the future. Nevertheless, the presented coastline change analysis contributes an objective
and valuable inventory, which may be used as a basis for future research. In addition, the
approach offers the potential to be transferred to other regions, since only globally and
publicly available datasets and tools were utilized.
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