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Abstract

Coastline dynamics play a crucial role in coastal resource management and environmental
monitoring, particularly in regions influenced by tidal processes, hydrodynamics, and
climate change, such as the coastal zones of Vietnam. In this study, the authors propose a
semi-automatic method for extracting shorelines from multi-temporal satellite imagery
using open-source remote sensing tools, with a case study conducted in Hung Yen province
for the period 2016—2024. The proposed approach focuses on improving the traditional
Otsu thresholding algorithm by constraining the value range of the Automated Water
Extraction Index (AWEI) and applying local thresholding to effectively reduce spectral
noise caused by turbid water, wet soils, and cloud shadows. Quantitative analysis of
shoreline changes during 2016—2024 reveals clear spatial variability: the northern sector
remains relatively stable (1 m/year), the central sector exhibits moderate fluctuations
(-2 to +2 m/year), and the southern sector shows significant dynamics, with erosion rates
reaching -5 to -8 m/year and subsequent accretion of +4 to +6 m/year. These findings
highlight the non-linear and heterogeneous nature of shoreline evolution in the study area.
With advantages such as fully open-source implementation, low cost, and a high level of
automation, the method is well suited for shoreline change monitoring in Vietnam and other
regions with similar environmental conditions.

Keywords: Coastline; Landsat; Sentinel-2; AWEI index; multi-temporal satellite images.

1. Introduction

The shoreline, commonly referred to as the waterline, represents the transitional
boundary between terrestrial and marine environments and is physically characterized
as the interface separating land from water [1]. Monitoring shoreline dynamics is of
substantial socio-economic and environmental significance, particularly for nations with
extensive coastlines such as Vietnam, where coastal changes increasingly demand
attention in the context of climate change. However, accurately defining the shoreline
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remains challenging due to the complex interplay of multiple factors that shape the
land-water boundary, including coastal geomorphology, tidal variability, vegetation
distribution, and nearshore hydrodynamic processes [2], [3]. Boak and Turner [4]
identified 45 shoreline indicators used globally for coastal monitoring. These indicators
were categorized into seven groups: geomorphic reference lines, vegetation limits,
instantaneous waterlines and wet/dry boundaries, tidal datum-based references, image-
derived shorelines, beach contour lines, and storm-induced waterlines.

Shoreline delineation can be accomplished through a range of methodologies,
including traditional field-based surveys and remote sensing derived techniques. Field
measurements commonly employ ground control points and positioning technologies
such as GNSS or LIiDAR systems. This approach is often regarded as the most direct, as
the physical boundary can be explicitly observed in situ [5]. Advances in surveying
instruments, such as Real-Time Kinematic (RTK) GNSS and total stations, enable rapid
data acquisition with centimeter-level precision. Nevertheless, field-based surveying is
generally restricted to relatively small spatial extents and is most suitable for coastlines
with simple geomorphological characteristics. Variations in shoreline type and beach
slope also necessitate adjustments to survey point density. Consequently, in complex
coastal settings, field surveys tend to be labor-intensive and time-consuming.

Given the extensive and morphologically diverse nature of many coastlines,
remote sensing provides a more practical alternative for shoreline extraction. In satellite
imagery, the shoreline (or waterline) is represented as the boundary separating terrestrial
and aquatic surfaces. Spectral reflectance differences across optical bands form the basis
for shoreline identification using remote sensing data. The instantaneous waterline may
be derived either through manual visual interpretation [6] or through a variety of water-
related spectral indices such as the NDW!I (Normalized Difference Water Index) [7],
[8], mMNDWI (Modified Normalized Difference Water Index) [7], [8], AWEI
(Automated Water Extraction Index) [7], [8], WRI (Water Ratio Index) [8], band-ratio
techniques [9], and unsupervised classification approaches [10]. More recent
developments have enabled automated shoreline extraction using machine learning
algorithms [11] and neural network—based methods [12]. In 2019, Vos et al. [13]
introduced CoastSat, an open-source Python toolkit integrated with Google Earth
Engine (GEE), designed to automate shoreline extraction from multi-temporal Landsat
and Sentinel-2 imagery. Their classification framework relied on the NDW!I index. In
addition, the authors proposed a supervised learning procedure combined with the
NDW!I index to suppress wave-breaking artifacts along the detected waterline. NDWI
index improves separability between water bodies and spectrally similar features such
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as wet sand or moist soils. The supervised classifier, trained on a small yet
representative training set, exhibited strong generalization capacity across diverse
coastal environments. Validation against in situ measurements indicated shoreline
accuracies of 5-10 m for Sentinel-2 imagery and 10-20 m for Landsat data. Despite
these strengths, Vos et al. [13] also noted several limitations of the NDWI index,
including reduced performance in the presence of turbid water, wet sediment surfaces,
and cloud shadows, all of which may induce misclassification along the land-water
interface. In regions characterized by extensive tidal flats or high sediment
concentrations, shoreline estimates may experience temporal lag due to mixed
spectral responses.

Research focusing on the Vietnamese coastline has progressively expanded since
2017. Vietnam, with a coastline exceeding 3,000 km, is situated within a tropical
monsoon climate zone. Coastal areas are subject to strong influences from wave
regimes, littoral currents, and atmospheric conditions; as a result, satellite scenes with
less than 10% cloud cover are relatively rare, typically yielding only about three usable
images per year. Moreover, the shoreline morphology is often highly complex [14]. In
2017, P. H. Anh of the Vietnam National Space Center [15] completed a research
project entitled “Scientific basis for determining waterlines and shorelines of Vietnam,”
which provided foundational knowledge for producing shoreline maps using remote
sensing techniques. D. D. Cham et al. [16] employed the NDWI index and band-ratio
approaches on Landsat imagery to analyze shoreline changes in the Ba Lat estuary from
1965 to 2015. More recently, Lappe et al. [17] implemented an automated analysis
workflow on the GEE platform, utilizing nearly three decades of Landsat imagery to
extract shoreline positions and quantify erosion and accretion trends along Vietnam’s
entire coastline. Their results highlighted that the most rapid shoreline changes occurred
in the low-lying deltaic regions of the Mekong River in the south and the Red River in
the north. The spatial patterns of coastal accretion and erosion were shown to be
strongly associated with anthropogenic shoreline modifications and human activities. In
2024, Phuong et al. [18] integrated Landsat 7/8/9 and Sentinel-2 imagery within the
open-source CoastSat framework (Vos et al. [13]) to extract shorelines and investigate
seasonal and interannual shoreline dynamics in the Tam Tien region of Quang Nam
province between 2015 and 2022. Similarly, Cuong et al. [19] used Landsat and
Sentinel-2 data to delineate shoreline positions and examine their relationships with
sediment transport processes and erosion—accretion patterns at the Nhat Le estuary in
Quang Tri province for the period 2009-2019.
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Overall, recent Vietnamese studies employing satellite-derived shoreline
extraction increasingly leverage water-related spectral indices, such as NDWI, mNDWI,
and AWEI, within open-source processing environments to enhance the reliability and
automation of multi-temporal coastal analyses. Building on these advancements, this
study proposes an enhanced shoreline detection method based on the open-source
framework developed by Vos et al. [13]. The improved approach is specifically tailored
for coastal settings characterized by extensive tidal flats and turbid waters, making it
particularly suitable for the geomorphic and climatic conditions typical of Vietnam’s
coastal zones.

2. Study area and materials
2.1. Study area

The study was conducted in the coastal zone of Hung Yen province, situated in
the lower reaches of the Red River system in Vietnam (Fig. 1(a)).
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Fig. 1. Study area: (a) Location of the study area (highlighted in red);
(b) and (c) Hung Phu Commune, Hung Yen province.
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This region is characterized by low-lying topography and is strongly influenced
by tidal dynamics as well as the interaction between freshwater and saline
environments. Although it does not directly face the open sea like other coastal
provinces, the downstream area displays geomorphological characteristics comparable
to estuarine and tidal-flat systems, where the land-water interface undergoes substantial
variation due to seasonal changes, tidal fluctuations, and anthropogenic interventions
such as dyke construction, canal development, and aquaculture. Over the past decade,
extensive wetland areas within this region have experienced pronounced morphological
transformations driven by both natural processes and socio-economic development.
Consequently, precise detection and continuous monitoring of land-water boundary
dynamics are crucial not only for evaluating surface changes but also for informing
land-use management and planning strategies in the downstream domain.

The study area extends between 20°36’ and 20°53’ N and 106°02’ and 106°22" E,
covering riverbank sectors, canal outlets, and the confluence zone of the Red River,
Luoc River, and Tra Ly River. The landscape is predominantly flat, with an average
elevation below 5 meters above mean sea level and is underlain primarily by young
alluvial formations and sandy-muddy sediment deposits. These characteristics make the
region a suitable test site for assessing shoreline extraction performance in
environments with complex geomorphology, mixed spectral signatures, and the frequent
cloud contamination typical of the Red River Delta.

2.2. Material data and pre-processing

The experimental dataset consists of multi-temporal Landsat and Sentinel-2
satellite imagery obtained via the GEE platform. A detailed summary of the dataset
specifications is presented in Tab. 1.

Tab. 1. The characteristics of material data

Parameters Satellite data

Landsat satellite imagery

Landsat 8 OLI/TIRS Level-2, period 2016-2020
Landsat 9 OLI-2/TIRS-2 Level-2, period 2021-2024
Cloud cover 10%
Resolution/ No images 30 m/ 35 images

Sentinel-2 satellite imagery

Processing level Level-2
Time Period 2016-2024
Resolution/ No images 10-20 m/42 images
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In addition to satellite imagery, the study incorporated several auxiliary datasets to
support the analysis. These included the administrative boundary map of Hung Yen
province at a 1:50,000 scale for spatial localization and boundary verification; the 30-m
SRTM digital elevation model (DEM) for filtering out topographically irrelevant high-
elevation areas; and high-resolution Google Earth imagery (2022) for evaluating the
geometric accuracy of the derived shorelines.

3. Methodology
3.1. Proposed method

The research methodology was developed as a semi-automatic workflow that
leverages the time-series processing and parallel computing capabilities of the Google
Earth Engine platform. An overview of the proposed approach is presented in the
workflow diagram in Fig. 2.

Input data Satellite imagery
ROl  (Region of Bands: R,G,B,NIR,SWIR1
interest) Clip to ROI
Times series Save as TIFF
Satellite imagery

Image collection

Landsat 8 (OLI)
Landsat 9 (OLI-2)
Sentinel-2 (MSI)

Cloud
masking
Resampling

Image AWEI |

Pre-
processing

Time series of coastline position

Marching Squares
algorithm

Fig. 2. Workflow for shoreline extraction from satellite imagery.

Otsu threshold
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Image classification

Sand Supervised

Water classification
White waves

Other land objects

The shoreline extraction workflow implemented on the Google Earth Engine
(GEE) platform consists of three principal stages:

- Satellite image acquisition and pre-processing: Satellite scenes are automatically
filtered for cloud contamination, clipped to the study area, and converted to surface
reflectance. Cloud masking is performed using either the cloudScoreTDOMShift
algorithm or the QA Pixel mask, depending on sensor type and image quality.
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- Computation of water-related spectral indices: For this study, the Automated
Water Extraction Index (AWEI) was selected as the primary indicator for distinguishing
water bodies within the optical images. The AWEI is calculated for each pre-processed
Image in the time series.

- Shoreline delineation from satellite imagery: An improved Otsu thresholding
technique incorporating a constrained threshold range is applied to the AWEI images at
each time step to isolate water pixels. The resulting binary classification assigns a value
of 0 to water and 1 to land. To reduce noise and refine shoreline boundaries, the binary
outputs are post-processed using morphological operations, including opening, closing,
hole filling, and small-object removal.

Following the thresholding step, the resulting binary images frequently contain
small isolated pixels (“salt-and-pepper” noise) and fragmented segments along the land—
water interface. To enhance the classification output, a sequence of morphological
operations was applied, including:

- Opening: removes small, irrelevant objects (positive noise).

- Closing: fills narrow gaps within the water class.

- Hole filling: ensures spatial continuity within water bodies.

- Boundary smoothing: produces a more coherent and accurate representation of
the shoreline.

- Shoreline extraction: converts the land—-water boundary into a vector shoreline
based on the binary classification.

Once the binary images were fully refined, the boundary separating land and
water was delineated using an edge detection algorithm and subsequently vectorized
into polyline format to generate shoreline positions for each time step. The annual
shorelines were then standardized to a common coordinate reference system and
integrated into a unified spatial database. Shoreline change assessment was carried out
using a transect-based approach, in which transects were placed perpendicular to the
coastline at uniform intervals along the entire study area. Along each transect, shoreline
displacement through time was measured to quantify erosion and accretion patterns.

3.2. The AWEI (Automated Water Extraction Index) index

In the study conducted by Vos et al. [13], shoreline extraction within the open-
source CoastSat toolbox was performed using the NDWI index. However, Vietnam’s
coastline extends over 3,000 km and exhibits substantial morphological variability,
influenced by diverse geological, hydrological, and climatic conditions, which
collectively contribute to its complex shoreline characteristics. Broadly, the shoreline
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morphology of Vietnam can be categorized into two principal types based on dominant
formative processes and geomorphic features: (1) accretionary coastlines, typically
associated with deltaic plains such as those in the Red River and Mekong River deltas; and
(2) erosional coastlines, commonly found along the mountainous and island-dominated
coasts of central Vietnam (from Thanh Hoa to Binh Thuan), the southeastern region
(Ba Ria-Vung Tau), and portions of the northern coastline (Quang Ninh and Hai Phong).
Given this diversity, the authors propose replacing the NDWI1 index with the AWEI index
within the CoastSat framework to improve shoreline delineation performance.

The AWEI index, introduced by Feyisa et al. [20], was developed to enhance the
discrimination of water bodies from spectrally similar features such as wet soils, cloud
shadows, and inundated vegetation. Compared with NDWI, AWEI offers several
advantages through its combined use of two shortwave infrared (SWIR) bands and the
application of negative weighting to the near-infrared (NIR) band, which collectively
reduce noise in optically complex environments. In AWEI-derived images, higher index
values indicate a greater probability of representing open water surfaces.

For optical satellite images, the formula for AWEI _ is applied as follows:

h

AWEI , = 4(GREEN — SWIRL) - (0.25x NIR + 2.75x SWIR2) 1)

where GREEN, NIR, SWIR1, SWIR2 are the spectral bands of Landsat and Sentinel-2
imagery:

- For Landsat satellite imagery, the spectral bands correspond to the following
wavelengths GREEN (0.53-0.59 um), NIR (0.85-0.88 pm), SWIR1 (1.57-1.65 um),
and SWIR2 (2.11-2.29 yum).

- For Sentinel-2 imagery, the spectral bands correspond to the following wavelengths
GREEN (0.56 pum); NIR (0.842 um); SWIR1 (1.61 um), and SWIR2 (2.19 pum).

3.3. Improved Otsu algorithm

The Otsu algorithm [21] is a widely used automatic thresholding method that
determines an optimal threshold by maximizing the between-class variance of the image
histogram, thereby separating pixels into two classes, typically land and water. This
method performs well when the histogram exhibits a clear bimodal distribution.
However, in remote sensing imagery, especially in the study area, spectral noise caused
by thin clouds, turbid water, and wet soil conditions often distorts the histogram,
making it non-bimodal. Under such conditions, the standard Otsu method may produce
unreliable thresholds.
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To address this issue, this study proposes an improved version of the Otsu
algorithm, specifically adapted for AWEI-based water extraction. The proposed
approach includes two main modifications:

- AWEI range constraint: Instead of using the full range of AWEI values, the data are
restricted to the interval [u-o, p+o] (where are i and o are the mean and standard deviation
of the image, respectively). This step reduces the influence of extreme values (outliers) and
enhances the stability of the histogram used for threshold selection.

- Local thresholding strategy: The image is divided into smaller sub-regions, and
Otsu thresholding is applied independently to each sub-region rather than using a single
global threshold. This allows the method to better capture spatial variability in
illumination and surface reflectance.

Experimental results demonstrate that these modifications improve the robustness
and accuracy of land—water classification, particularly in challenging conditions such as
turbid water and thin cloud contamination.

4. Result and discussion
4.1. Shoreline extraction results and method performance

Following the workflow presented in Fig. 2, the authors conducted semi-
automatic shoreline extraction using the Landsat image series (2016-2024) as well as
Sentinel-2 imagery. As shown in Fig. 3, the method demonstrates a strong capability in
delineating the land—water interface. After image pre-processing and computation of the
AWEI index, water bodies are more clearly distinguished than when using the NDWI
index, resulting in enhanced shoreline detectability. Figure 4 presents the shoreline
extraction results obtained using the improved Otsu algorithm. The outcomes
demonstrate that the derived shoreline effectively suppresses the influence of whitecaps
and nearshore turbid waters within the study area.

The improved Otsu algorithm was applied to a time series of satellite imagery for
the study area spanning 2016-2024, with the AWEI index serving as the input variable.
Analysis shows that the computed land-water segmentation thresholds consistently
remained within a narrow interval of 0.0-0.2, well inside the predefined bounds of
0.0-0.3 (Fig. 5). By constraining the threshold search interval, the algorithm is directed
toward the genuine land-water boundary, thereby reducing the impact of anomalous
pixel values, including deep-water areas, dry land, clouds, and cloud shadows, that often
compromise the accuracy of the conventional Otsu approach. In addition, subsequent
morphological operations (such as opening, closing, and hole filling) further enhance
the classification by smoothing irregularities along the land—water interface, resulting in
a shoreline that is more coherent and less fragmented.

34



Early accepted articles

Journal of Science and Technique - ISSN 1859-0209

2019-26-03-32-40

Fig. 4. Shoreline extraction results using the Otsu algorithm (middle image).
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Fig. 5. Otsu threshold analysis on multi-temporal AWEI index imagery.

4.2. Accuracy assessment of shoreline extraction

Due to the lack of consistent high-resolution ground truth data for the entire study
period (2016-2024), a fully quantitative accuracy assessment was not feasible.
Therefore, the accuracy of the extracted shorelines was evaluated through visual
interpretation and comparison with high-resolution imagery (e.g., Google Earth),
combined with manual digitization. The results show that the extracted shorelines
exhibit a high degree of spatial agreement with the actual land—water boundaries,
particularly in complex conditions such as turbid water and areas affected by thin cloud
cover. Compared to the conventional NDWI-based approach, the proposed method
provides clearer separation between land and water and reduces misclassification in
transitional zones, such as wet soil and shallow water areas. Although the assessment is
primarily qualitative, the consistency of shoreline extraction across multi-temporal
datasets and its alignment with observable geomorphological features indicate that the
proposed method is reliable for shoreline monitoring applications.

The final shoreline extraction outputs for each year were converted into vector
shoreline layers (Fig. 6). Visual comparison of these layers reveals notable interannual
variations along the banks of the Red River and Luoc River, particularly within tidal-flat
and estuarine zones. Shoreline segments subjected to strong hydrodynamic forces tend
to exhibit erosion, whereas accretion is predominantly observed near river mouths and
recently developed sedimentary flats.

The experimental findings indicate that restricting the threshold computation to
the range of 0.0-0.3, in combination with the AWEI index, yields a notably effective
enhancement. This approach improves the separation between land and water while
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maintaining a high degree of automation and practical applicability for shoreline
monitoring in the study area.

NARRA

Fig. 6. Shorelines from 20162024 in the coastal area of Hung Yen province.

4.3. Quantitative shoreline change analysis over time series

The shoreline evolution in Hung Phu commune exhibits pronounced spatial
heterogeneity, primarily controlled by coastal hydrodynamic processes and sediment
transport. A clear gradient is observed, ranging from relatively stable conditions in the
northern sector to highly dynamic behavior in the southern sector.

In the northern sector, shoreline changes are minimal, with rates generally within
+1 m/year, indicating a near-equilibrium state (Fig. 8 with Transects 1-3). In contrast,
the central sector shows alternating phases of erosion and accretion, with rates ranging
from approximately -2 to +2 m/year (Fig. 8 with Transects 4-7). This oscillatory pattern
is particularly evident during the 2019-2021 period.

The southern sector exhibits the highest degree of variability, with erosion rates
reaching -5 to -8 m/year during peak periods, followed by rapid accretion at rates of +4
to +6 m/year after 2021 (Fig. 8 with Transects 8-10). The intense erosion phase may be

37



Early accepted articles

Section on Special Construction Engineering - Vol. 9, No. 1 (Jun. 2026)

associated with increased wave energy or extreme events, while the subsequent
accretion indicates sediment recovery or redistribution processes.
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Fig. 7. Transects used in shoreline change analysis.
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Overall, the results demonstrate that shoreline changes in the study area are highly
dynamic and non-linear, characterized by alternating erosion and accretion phases. The
quantitative analysis highlights a spatial gradient in shoreline stability, with the southern
sector being particularly vulnerable to rapid morphological changes. These findings
confirm the necessity of continuous monitoring for long-term coastal management.

5. Conclusion

This study developed and validated a semi-automatic shoreline extraction
framework based on multi-temporal satellite imagery and open-source tools. By
integrating the AWEI index with an improved Otsu thresholding algorithm,
incorporating value range constraint and local thresholding, the proposed method
effectively enhances land-water separation in optically complex environments
characterized by turbid water, tidal flats, and thin cloud contamination. The approach
improves threshold stability, reduces spectral noise, and produces more continuous and
coherent shoreline boundaries. The extracted shorelines demonstrate strong spatial
consistency with high-resolution imagery, indicating the reliability of the method for
practical applications. Compared to conventional NDWI-based approaches, the
proposed method shows clear advantages in handling transitional zones and reducing
misclassification. The multi-temporal analysis (2016-2024) reveals significant spatial
heterogeneity in shoreline dynamics within Hung Yen province. The northern sector
remains relatively stable (approximately 1 m/year), while the central sector exhibits
alternating erosion and accretion (-2 to +2 m/year). The southern sector shows the
highest variability, with pronounced erosion (-5 to -8 m/year) followed by substantial
accretion (+4 to +6 m/year). These results highlight the complex and non-linear nature
of shoreline evolution, driven by hydrodynamic processes and sediment transport.
Overall, the study demonstrates that the proposed method is an effective and scalable
solution for shoreline extraction and monitoring. Its reliance on open-source data and
tools makes it particularly suitable for large-scale and long-term applications. Future
work will focus on incorporating higher-resolution data (e.g., UAV imagery) and
advanced machine learning techniques to further improve accuracy and enable fully
automated shoreline detection in more complex environments.
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NGHIEN CUU TU PONG TRICH XUAT DUONG BO

TU ANH VE TINH SU DUNG PHAN MEM VIEN THAM MA NGUON
MO: KHU VUC NGHIEN CUU TAI TINH HUNG YEN

Lé Minh Hang?, Vii Van Truong?, Bui Vin Ngoc?

YWién Ky thudt céng trinh ddc biét, Truong Pai hoc Ky thudt Lé Quy Pén

2Bé Tw lénh Thu d@6 Ha Ngi, B6 Quoc phong

Tém tat: Trong nghién ctru nay, nhom tac gia dé xuat mot phuong phép ban tu dong
nham trich xudt dudng bo tir anh vé tinh da thoi gian, st dung cong cu ma ngudn mo, véi khu
vuc tai tinh Hung Yén trong giai doan 2016—2024. Phuong phéap dé xuat cai tién thuét toan phan
ngudng Otsu bang cach gidi han pham vi gia tri ciia chi sé nuéc AWEI (Automated Water
Extraction Index) va ap dung phan ngudng cuc bd, nham giam thiéu nhidu phd do nudc duc, dat
am va bong may. Péanh gia truc quan véi anh d6 phan giai cao thi duong bo trich xuat co mirc
d6 phu hop cao v6i ranh gidi thuc té. Phéan tich dinh lugng bién dong dudng b trong giai doan
2016-2024 cho thiy su khac biét theo khong gian: khu virc phia Bic dao dong +1 m/niam, khu
vuc trung tam tir -2 dén +2 m/ndm, trong khi khu vue phia Nam bién dong tir -5 dén -8 m/nim
va boi tu dat +4 dén +6 m/nim. Phuong phap d& xuat 1a mot giai phap hiéu qua cho giam sat
bién dong dudng bo tai Viét Nam.

Tir khoa: Puong bo, Landsat; Sentinel-2; chi 56 AWEI: anh vé tinh da thoi gian.
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