ISPRS Journal of Photogrammetry and Remote Sensing 226 (2025) 102-115

Contents lists available at ScienceDirect

ISPRS Journal of Photogrammetry and Remote Sensing

ELSEVIER journal homepage: www.elsevier.com/locate/isprsjprs

Check for

Combining optical and SAR satellite data to monitor coastline changes in [
the Black Sea

b,c,*

Dalin Jiang® ©®, Armando Marino °, Maria Ionescu , Mamuka Gvilava“, Zura Savaneli ©,
Carlos Loureiro "¢®, Evangelos Spyrakos”, Andrew Tyler®, Adrian Stanica"”

2 Earth and Planetary Observation Sciences (EPOS), Biological and Environmental Sciences, Faculty of Natural Sciences, University of Stirling, Stirling, United Kingdom
Y National Institute of Marine Geology and Geo-ecology (GeoEcoMar), Bucharest, Romania

¢ Faculty of Geology and Geophysics, University of Bucharest, Bucharest, Romania

4 GIS and RS Consulting Center GeoGraphic, Tbilisi, Georgia

€ Tbilisi State University, Thilisi, Georgia

f Centre for Marine and Environmental Research (CIMA/ARNET), Faculty of Science and Technology, Universidade do Algarve, Faro, Portugal

8 Geological Sciences, School of Agricultural, Earth and Environmental Sciences, University of KwaZulu-Natal, Durban, South Africa

ARTICLE INFO ABSTRACT

Keywords: The coastal environments of the Black Sea are of high ecological and socio-economic importance. Understanding
Black Sea changes along this extensive and complex coastline can help us comprehend the pressures from nature, society,
Coastline

and extreme events, providing valuable insights for more effective management and the prevention of future
adverse changes. Current methods for monitoring coastal dynamics rely on the accurate extraction of coastlines
from optical and/or Synthetic Aperture Radar (SAR) images, providing information only on the rate of change.
This study developed a simple yet novel approach by combining Sentinel-1 SAR image for surface change
detection and Sentinel-2 Multispectral Instrument (MSI) optical image for coastline detection, which provides
data on both the rate and area of change. Coastlines were extracted from the Modified Normalised Difference
Water Index (MNDWI) calculated from MSI images and rates of change were calculated from the extracted
coastlines. SAR images for the same areas were stacked and differences during the analysis period were calcu-
lated, allowing the determination of the area of change. Another new method was developed to combine the
changes detected from optical and SAR images, and only results in locations showed consistent change direction
(erosion or accretion) were retained. The extracted coastlines were validated using in situ-measured coastlines
along the Romanian and Georgian coasts. The validation analysis showed that the average difference between
satellite-derived and in situ coastlines was 11.8 m. The method developed was then applied to the entire Black
Sea coast, revealing 35.1 km? of changes between 2016 and 2023. These observed changes include 23.9 km? (68
%) coastal advance and 11.3 km? (32 %) of retreat. A total of 54 % of the changes are estimated to be the result of
natural coastline erosion or accretion, whilst 35 % can be attributed to artificial changes related to construction
activity. Around 11 % are attributed to random occurrences due to boat/ship movement or land cover changes on
adjacent land. Natural coastline changes were mainly observed in the vicinity of deltaic and estuarine system and
along sandy shorelines, including along the Danube Delta, Kizilirmak-Yesilirmak deltas, Chorokhi-Rioni-Kodori
River mouths and the coast from Dnieper-Bug Estuary to Karkinit Bay. Artificial changes were mainly found
along the southern Black Sea coast, where airports, ports, harbours, and jetties have been constructed in recent
years. The proposed method provides a simple, efficient and accurate way for coastline change monitoring, and
findings in this study can support the sustainable coastal zone management in the Black Sea.
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1. Introduction

Coastal zones are one of the most diverse, productive and populated
areas (McLean et al., 2001). It is estimated that around 37 % of the
global population lives within 100 km from the coastline (Cohen et al.,
1997). Marshes, wetlands, lagoons, estuaries, beaches and river deltas in
coastal zones are important habitats for birds, fishes and other wildlife,
and provide essential ecosystem services to human society (Barbier
etal., 2011; Luisetti et al., 2014; Newton et al., 2018). However, coastal
zones face significant threats from sea level rise, storms, floods, and
anthropogenic disturbance (Edmonds et al., 2020; Nicholls et al., 2021).
A growing population and intensifying climate change, including more
frequent extreme weather events and accelerating rising sea levels,
amplify these threats (Nicholls and Cazenave, 2010; IPCC, 2021; UN,
2022). These can lead to, or accelerate, the loss of beach, destruction of
habitats, reduction of productivity, drive biodiversity declines, and
impact settlements in coastal zones (Michener et al.,1997; Nicholls and
Cazenave, 2010; Hauer et al., 2020; Hooijer and Vernimmen, 2021). The
sustainable management of coastal zones, therefore requires the moni-
toring of coastline change and a better understanding of their spatio-
temporal patterns, which in turn will enable the stability or vulnera-
bility of coastal areas to be established.

Coastline change monitoring at regional to global scales requires
datasets with extensive spatial and temporal coverage, as well as suffi-
cient detail to capture changes on the order of a few metres. Satellite-
based Earth Observation (EO) provides an efficient way for moni-
toring coastline changes due to its large synoptic spatial coverage, short
revisit period, and relatively long historical imagery archives (Luijendijk
et al., 2018; Mentaschi et al., 2018). Generally, there are two types of
spaceborne EO data that can be used for coastline change monitoring
(Apostolopoulos and Nikolakopoulos, 2021). The first, optical imagery,
enables coastlines to be extracted by calculating index such as the
Normalised Difference Water Index (NDWI) (Ghosh et al., 2015; Yasir
et al., 2020; Bishop-Taylor et al., 2021; Gormiis et al., 2021), image
classification tools (Sekovski et al., 2014; Vos et al., 2019; Scala et al.,
2024), machine learning models (Seale et al., 2022; Fogarin et al.,
2023), or combining some of those approaches. The advantage of optical
imagery is that it can clearly distinguish water and land because of the
high land reflectance and low water reflectance. However, it can be
influenced by clouds, shadows of clouds, buildings and mountains, and
reflection from sea floor and adjacent land (Feyisa et al., 2014; Jiang
et al., 2023). The second type of data is Synthetic Aperture Radar (SAR)
imagery, from which coastlines can be extracted using segmentation
methods (Niedermeier et al., 2000; Modava et al., 2018; Ciecholewski,
2024), and coastline changes can be detected by comparing the
extracted coastlines at different times. The advantage of SAR imagery is
that it is not affected by weather conditions (e.g., cloud or fog) and is
good at target detection (Tsokas et al., 2022; Yasir et al., 2024). How-
ever, the effectiveness of SAR data for coastline extraction can be
influenced by flat surfaces such as mudflat or fine sand beaches, because
their low backscattering is very similar to the one from surface water.
Some studies have tried to combine optical and SAR data for coastline
change monitoring (e.g., Zhu et al., 2021; Paz-Delgado et al., 2022; Bar
et al., 2024; Mao and Splinter, 2025), but they mainly used SAR as an
addition to optical data for coastline extraction. The consistency be-
tween coastlines extracted from these two types of data need more
investigation, and the effectiveness of SAR for surface objects and
change detection have not been fully used yet. Therefore, developing an
approach by using the advantages of optical imagery for water-land
differentiation and SAR imagery for surface change detection will be
very useful for coastline change monitoring.

The coastal zones of the Black Sea are experiencing various stressors
mainly due to human interventions, both directly along the coasts and
indirectly by reducing sediment supply, as well as from the impacts of
sea level rise, change in wind and wave conditions, intensified extreme
events, all of which leading to detrimental consequences such as loss of
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beaches, land, or damage to infrastructure and buildings (Karsli et al.,
2011; Allenbach et al., 2015; Kosyan and Velikova, 2016; Aydogan and
Ayat, 2018; Goksel et al., 2020; Vilibic¢ et al., 2021; Giosan et al., 1999;
Ungureanu and Stanica, 2000; Panin, 2005; Stanica et al., 2007; Abaza
et al.,, 2011; Avsar and Kutoglu, 2020). Many studies have been con-
ducted on the Black Sea coast, focusing on various aspects of coastal
dynamics including assessing coastline change to understand coastal
processes (Giosan et al., 1999; Panin, 2005; Stanica and Panin, 2009).
However, most of these studies rely on direct measurements of the
coastal geomorphological parameters, and topographic and bathymetric
maps. More recently, studies based on EO have been carried out to
monitor coastline change of the Black Sea (Karsli et al., 2011; Stanchev
et al., 2018; Kale et al., 2019; Goksel et al., 2020; Medinets et al., 2022),
but most of them focused on relatively small areas. For example, Ozturk
and Sesli (2015) studied the coastline changes in Kizilirmak Delta using
topographic maps (1962) and Landsat images (1974, 1987 and 2013),
indicating maximum erosion along the coasts of the delta of —827 m,
and the total area of change between 1962 and 2013 was 963 ha. At the
basin scale, the recent work by Gormiis et al. (2021) considered coast-
line changes in the Black Sea from 1972 to 2018 using the Landsat im-
agery archive. Gormiis’ approach relied on the use of only 3-8 optical
satellite images per coastline sector over the ~ 40 years of analysis,
leaving large temporal gaps between images used to investigate coast-
line changes. Given the increasing population, intensifying extreme
events and expanding economic activities in the Black Sea, and crucially
the increased availability of recently launched satellites (e.g., Sentinel-2
in 2015), providing higher spatial and temporal resolutions, new basin-
wide insights into coastline change characteristics can now be realised.

This study therefore aims to: (1) develop a new and simple method to
detect coastline changes combining Sentinel optical and SAR images; (2)
evaluate the accuracy and validate the developed method using in situ-
measured coastline data in sectors of the Black Sea; and (3) apply the
developed method to the entire Black Sea coast to monitor coastline
changes between 2016 and 2023.

2. Methodology
2.1. Study area

This study focuses on the entire Black Sea coast (excluding Sea of
Azov, Fig. 1), which is a semi-enclosed sea bordered by Bulgaria,
Georgia, Romania, Russian Federation, Turkey and Ukraine. The main
rivers flowing into the Black Sea are the Danube, Dniester, Dnieper and
Bug rivers located in the west and north-west. These rivers cover 82 % of
the total Black Sea catchment area and contribute to approximately 76
% of the total freshwater flow into the Black Sea. The largest and most
significant river is the Danube River, whose basin covers 44 % of the
entire Black Sea catchment (Vespremeanu and Golumbeanu, 2017). The
Danube’s influence is particularly significant for sedimentation on the
north-western Black Sea coast and shelf area. Its influence reaches far
south to the Bosphorus region and down to the deep-sea floor (Panin and
Jipa, 2002). The Black Sea coast can be categorised into three main
types: low and accretionary coasts, erosive sedimentary coasts, and
rocky mountainous coasts (Panin, 2005). The topography of the western
and north-western coasts is relatively flat, while the southern and south-
western coasts are bordered by the Balkan Mountains, and the eastern
and north-eastern coasts by the Caucasus Mountains (Panin, 2005; Tatui
et al., 2019). The Black Sea has complex current patterns, driven by
atmospheric circulation, wind, river discharge, and density differences,
rather than tides. These currents are influenced by the shape of the
coastline, underwater topography, and coastal structures like jetties.
The sea’s basin shape creates two large eddies in the west and east, as
well as a rim current around the entire basin (Halcrow, 2012).
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Fig. 1. Map of the study area. Blue lines represent rivers, the black solid line indicates the studied coastline in the Black Sea, black boxes with dashed line mark the
location where in situ coastline were measured, colour of the background indicates the elevation. River and elevation data were sourced from HydroSHEDS (Lehner
et al., 2008) and the General Bathymetric Chart of the Oceans (GEBCO), respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

2.2. Satellite data collection and processing

To define the area for analysis, a 1 km buffer around the entire Black
Sea coast was created based on the coastline location obtained from the
European Environment Agency (https://www.eea.europa.eu). This 1
km buffer zone along the Black Sea coast was used to download and crop
the satellite images. All further analysis of coastal dynamics were un-
dertaken within this buffer zone.

2.2.1. Optical image processing

We downloaded Sentinel-2 MultiSpectral Instrument (MSI) Level-1
top-of-atmosphere (TOA) reflectance images for the months of July
and August between 2016 and 2023 within the 1 km buffer using Google
Earth Engine (GEE). The spatial resolution of the MSI is 20 m, and only
scenes with cloud cover less than 10 % were used. The median of TOA
reflectance image in July and August in each year were calculated to
obtain yearly cloud-free images for the entire Black Sea coast. We then
calculated the Modified Normalised Difference Water Index (MNDWI,
Xu, 2006) from the median TOA reflectance image for each year:

Bs —By;
Bs + By

MNDWI = (@]

where Bz and B;; are the TOA reflectance of green (560 nm) and
short-wave infrared (SWIR, 1614 nm) bands from MSI, respectively.
MNDWI was chosen because of its simplicity and efficiency in land—
water differentiation, which has been widely applied in water body
detection and coastline extraction (Giinen and Atasever, 2024). Coast-
lines for each year were extracted from the MNDWI images with
thresholds determined using the method from Otsu (1975). Otsu’s
method can automatically select the optimal value between the two
peaks (water and land in our study) in the histogram of a greyscale
image, which has been widely used in image segmentation
(Ciecholewski, 2024; Zhou et al., 2023).

After extracting coastlines between 2016 and 2023, the linear
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regression rate (LRR) method was used to determine the change rate of
coastline. Firstly, we generated a reference by sampling the 2023 MSI-
derived coastline to points with a 100 m interval. Then, for each point
in the reference, we calculated the shortest distance between the point
and the coastlines in other years (i.e., 2016 to 2022). Finally, a linear
regression analysis was carried out between the time (years) and the
calculated shortest distances for each point, and the slope of the
regression analysis was determined as the coastline change rate (Fig. 2).
This resulted in a list of points with 100 m intervals along the Black Sea
coast containing positive slopes that correspond to coastline accretion
and negative slopes indicating erosion.

2.2.2. SAR image processing

Sentinel-1 C-band VH-polarized images in July and August between
2016 and 2023 within the 1 km buffer zone were downloaded from the
GEE platform. All VH images were pre-processed including thermal
noise removal, radiometric calibration and terrain correction, and
resampled to 20 m spatial resolution to match the resolution of MSI data.
Similar to MSI image processing, we calculated the median of SAR im-
ages in July and August for each year to smoothen out any noise and
irrelevant variations (e.g., waves).

To identify change, we initially tried the cumulative sum (CUSUM)
method (Ruiz-Ramos et al., 2020). We selected the VH image in 2016 as
the reference, and subtract the reference from VH images in other years
(2017-2023) to obtain the difference intensity (DIzo16, Eq. (2)). The area
of accretion was determined as pixels with DI exceeding the 95th
percentile of DI (positive values), while areas of erosion were deter-
mined as pixels where the DI values lower than the 5th percentile of DI
(negative values). However, we found that this approach was not
effective in detecting recent-accreted areas. We also tried to use CUSUM
method with the VH image in 2023 as reference to obtain DIygo3 (Eq.
(3)), but this led to misdetections of early-eroded area. To solve these
problems, we finally used the average of DIp16 and Dlggs in this study.
In fact, this resulted in the use of only VH images in 2016 and 2023, after
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solving Eq. (2) and Eq. (3), but it is more accurate in change area
detection compared to using only DIsg16 or Dlggas.

D12016 = mean(VHi — VH2016),1: = 20177 LA 2023 (2)

DIy = mean(VHzs — VH;),j = 2016, -, 2022 3)
2.2.3. Combining optical and SAR data

After obtaining the coastline change rate from MSI data and change
area from SAR data, we developed an approach to match the two results.
Firstly, we calculated the approximate envelope of change during the
study period for each point in the MSI result. The approximate envelope
is defined as the absolute value of change rate multiplied by the number
of years (i.e., 8), and a square buffer surrounding each point of the MSI
result was then created. We then investigated the result from SAR within
this envelope area (i.e., square buffer), and compared it with the MSI
result. If the change direction (erosion or accretion) within this area was
the same in both MSI and SAR results, and the determine coefficient of
linear regression in MSI data processing (section 2.2.1) was higher than
0.5 (i.e., RZ > 0.5), we considered this area has significantly changed
from 2016 to 2023, otherwise it was excluded from the results (Fig. 2).
This matching procedure can largely remove false detections due to
waves or land cover changes in the SAR results. It can also remove minor
changes that are within the error margin of the MSI-derived coastlines.
More importantly, it is a way of synergistic use and cross validation
between the SAR and MSI results, ensuring the detected results are
significant changes.

After matching the MSI and SAR results, we visually inspected each
area where coastline change between 2016 and 2023 was detected with
the reference from the Google Earth high resolution images, to assess the
type of changes. Changes were classified into three categories: natural,
artificial, and other changes. Natural changes are changes primarily due
to natural processes including fluvio-marine dynamics in deltas and
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estuaries along the Black Sea, changes to sedimentation patterns along
sandy coasts, including due to the impact of energetic waves and near-
shore currents. Artificial changes are those that result from direct human
activities on the coast, such as the construction of jetties, groynes or
seawalls, harbours and other port infrastructures, land reclamation for
airports and other engineering structures. Other changes are classified as
areas where changes are temporary in nature, mainly because of boat or
ship movement, land cover changes and other episodic occurrences.

2.3. In situ data collection and validation

In order to validate the coastlines derived from MSI images, we used
in situ-measured coastline position data along the Danube Delta on the
Romanian coast between 2016 and 2023 (in situ coastline 1 in Fig. 1),
and from the Rioni River mouth on the Georgian coast in 2020 and 2023
(in situ coastline 2 in Fig. 1). For in situ coastline measurements along the
Romanian Black Sea shore, a survey-grade Differential Global Naviga-
tion Satellite System (DGNSS) was utilised to record coastline co-
ordinates as points at 3-metre intervals, typically during July and August
each year. For the in situ coastline measurements in Georgia, a DGNSS
system operating in Real Time Kinematic (RTK) mode, integrated with
the GEO-CORS continuous base station network of Georgia, was used to
capture the configuration of the Rioni River mouth, including the
coastlines of the northern and southern river branches. Surveys were
conducted in May and August, with survey points recorded at intervals
of 5 to 10 m. To validate the accuracy of satellite-derived coastlines, we
first sampled the MSI-derived coastlines into points with 100 m in-
tervals, and calculated the shortest distance from the points to the in situ-
measured coastline for each year. Subsequently, we performed a sta-
tistical analysis of the errors for each year. To validate the accuracy of
MSI-derived coastline change rate, we calculated the change rate using
in situ coastline based on the same method as MSI-derived change rate
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between Sfantu Gheorghe branch of the Danube Delta and the Sahalin
Spit in Romania, where in situ data were available from all 8 years. Then
we compared it with the MSI-derived coastline change rate in the same
location. To validate the area where erosion and accretion exist from
SAR images, we visually compared the change area detected from SAR
with the in situ coastlines.

3. Results
3.1. Validation with in situ data

The average difference between in situ coastline and MSI-extracted
coastline was 11.8 m for all the validation sites in Romania and Geor-
gia (Fig. 3). 88.8 % of the MSI-derived coastline errors were smaller than
20 m (i.e., one pixel in this study). There are a few locations in 2016 and
2020 where the difference between MSI-derived and in situ-measured
coastlines is considerably larger. Those points are mainly located around
the highly dynamic regions at the Sahalin Spit in the Danube Delta. The
errors in the MSI-derived coastlines from 2020 to 2023 are overall
smaller than those from 2016 to 2019. The differences between the MSI-
derived coastline and the in situ coastline in Georgia is slightly smaller
than those in Romania. These results indicate that the coastlines were
accurately derived from MSI images with an average error of around half
a pixel.

Two examples of the comparison between satellite-derived coastlines
and in situ-measured ones in Sahalin Spit are shown in Fig. 4, which is a
highly dynamic region in the Danube Delta. The first example (Al)
shows an erosion coastline section (Fig. 4b and 4c), and the second
example (A2) shows an area of accretion between 2016 and 2023
(Fig. 4d and 4e). In both cases, the satellite-derived coastlines (points)
aligned well with the in situ-measured coastlines (solid lines).

The coastline change rate ranges from —42 m/year to 110 m/year
along the coast from Sf Gheorghe River mouth southward to the end of
Sahalin Spit (location is shown Fig. 4a). Extremely high coastline ac-
cretion (> 50 m/year) is observed at the end of Sahalin Spit as the blue
points shown in Fig. 5. The change rate from satellite-derived coastline
agrees very well with the value calculated from in situ coastlines with a
root mean square error (RMSE) of 1.73 m/year and mean absolute
percentage error (MAPE) of 24.40 % (Fig. 5).

When comparing satellite-detected areas of change based on SAR
imagery with in situ-measured coastlines from different years between
2016 and 2023, there is a good agreement. For example, Fig. 6a shows
the example of erosion at Sahalin Spit in the Danube Delta (Al as in
Fig. 4), the eroded area detected from SAR (red pixels) is located in
between the two in situ coastlines measured in 2016 and 2023. Similarly,
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Fig. 6b shows an example of accretion at Sahalin Spit (A2 as in Fig. 4),
where the detected change area from SAR images (blue pixels) agrees
very well with the changes determined from the in situ coastlines.

3.2. Coastline change

In total, 35.1 km? changes were observed along the entire Black Sea
coast from 2016 to 2023, which include 23.9 km? (67.9 %) where the
coastline advanced and 11.3 km? (32.1 %) where it has retreated. When
separating the results into different types of change, 54.5 % of them are
natural changes due to coastline erosion or accretion, 34.6 % are arti-
ficial changes due to construction activities, and 10.9 % are temporary
or random errors due to boat/ship movement or land cover changes on
adjacent land (Table 1). Among the areas classified as experiencing
natural changes, accretion areas evidence a slightly higher value than
erosion areas (9.7 km? vs 9.4 kmz), but erosion was observed along a
longer extent of coastline (101.3 km) than accretion (81.6 km). Unsur-
prisingly, in areas classified as artificial change, the total area of
coastline advance (11.7 km?) is significantly higher than coastline
retreat (0.5 kmz), and this is also the case for the extent of coastline
impacted by artificial changes (66.5 km vs 4.4 km for advance and
retreat respectively).

Natural coastline changes were mainly observed in four regions: the
coast of the Danube Delta in the western Black Sea, Kizilirmak-
Yesilirmak deltas in the southern Black Sea, Chorokhi-Rioni-Kodori river
mouths in the eastern Black Sea, and the coast from Dnieper-Bug Estuary
to Karkinit Bay in the northern Black Sea (Fig. 7). Most of the natural
changes were observed along deltaic and estuarine regions where river
mouths connected to the sea, leading to variability in fluvio-marine
channels mainly influenced by variability in river flows.

In the Danube Delta region, a total area of 5.4 km? has accreted
between 2016 and 2023, while 4.4 km? of erosion were observed. Along
these accretional and erosional areas, the average change rate was +
22.1 m/year and —10.1 m/year, respectively. The largest accretion
hotspot during the monitoring period was the southernmost tip of
Sahalin Spit in the Danube Delta, with an increase in area of 1.0 km? and
average change rate of + 64.0 m/year (Fig. 8a-8c). The most significant
erosion hotspot was also located at the Sahalin Spit with an eroded area
of 0.5 km? at an average change rate of —19.3 m/year (A1 in Figs. 4, 6).
The Sahalin Spit is highly dynamic, its southern part (A2 in Fig. 4)
represents a sink for sediments brought by the Sf Gheorghe branch of the
Danube River, which are transported by the longshore drift. However,
the middle section of the spit (Al in Fig. 4) is exposed to erosion driven
by wave-induced nearshore currents.

In the Kizilirmak-Yesilirmak deltas, a total area of 1.4 km? of
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Fig. 3. Difference between in situ-measured coastlines and MSI-derived coastlines. Red asterisks represent the median values for data in each year. The upper and
lower ends of boxplot represent the 75th and 25th percentiles. The horizontal dashed line indicates the mean difference of data from all eight years. The blue areas
represent data from Romania, and red areas represent data from Georgia. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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(b) A1, 2016-08-06

(d) A2, 2016-08-06
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Sf Gheorghe/

MSI-derived coastline 2023
In situ coastline 2023
MSI-derived coastline 2016
In situ coastline 2016

(c) A1, 2023-08-05

Fig. 4. Examples of comparison between in situ-measured coastlines and MSI-derived coastlines in 2016 and 2023 at Sahalin Split in the Danube Delta, Romania. (a)
Map of the Sahalin Split. (b) and (c) show an erosional area in the middle of Sahalin Split. (c) and (d) correspond to accretion observed at the tip of Sahalin Split.

Background images are from Sentinel-2 MSI true colour imagery.

coastline accretion and 1.3 km? of erosion were observed, with an
average change rate of + 9.2 m/year and —14.3 m/year, respectively. In
terms of hotspots of coastline change, the Yoriikler coast experienced
accretion of 0.5 km? and an average change rate of + 9.6 m/year
(Fig. 8d-8f), while erosion was prevalent in the Kizilirmak River Delta
near Lake Liman, where the coastline loss 0.7 km? with an average
change rate of —19.6 m/year (Fig. 8j-8 1). These two locations are
geographically very close, and the patterns of coastline change represent
the dynamic processes occurring in deltaic systems, where fluvial and
marine processes interact leading to episodic deposition of fluvial
sediment that is reworked by waves and nearshore currents.

On the Chorokhi-Rioni-Kodori River mouths coast in the eastern
Black Sea, a total area of 1.6 km? experienced accretion, while 1.8 km?
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were eroded, with average change rates of + 9.6 m/year and —7.9 m/
year, respectively. The largest accretional area was located at the north
flank of the Rioni River mouth, which has expanded by 0.3 km? at an
average change rate of + 9.6 m/year (Fig. 8g-8i). The largest erosional
hotspot was located along the mouth of the Kodori River channel, where
0.4 km? of coastal area was lost, at an average change rate of -41.8 m/
year (Fig. 8m-80). The Kodori River mouth is highly dynamic, and
during the monitoring period significant changes of the river channels
were observed, with the south channel expanding and the north channel
narrowing dramatically (Fig. 8n vs 80).

Along the coast from Dnieper-Bug Estuary to Karkinit Bay in the
north of the Black Sea, coastal changes are characterised by 0.7 km? of
accretion and 1.1 km? of erosion, with average change rates of + 10.9
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Fig. 6. Comparison of change area detected from SAR images with in situ-measured coastlines at Sahalin Spit in the Danube Delta. (a) Erosion case in A1, and (b)
accretion case in A2. Al and A2 are the same locations as in Fig. 4. Background is from the Sentinel-2 MSI true colour image on 5 August 2023. Colour of the pixel
represents the difference intensity (DI) from SAR images, where blue indicates accretion and red is erosion. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 1
Summary of coastline changes along the entire Black Sea coast during 2016 and
2023.

Type of Direction of Area of change Length of change

change change (km?) (km)

Natural Accretion 9.7 81.6
changes

Natural Erosion 9.4 101.3
changes

Artificial Advance 11.7 66.5
changes

Artificial Retreat 0.5 4.4
changes

Other changes All 3.8 21.2
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m/year and —6.8 m/year, respectively. Erosion and accretion hotspots
are both located at the Gulf of Tendra with equivalent areas of 0.2 km?,
and an average change rate of + 10.6 m/year for accretional areas and
—8.9 m/year for erosional areas (Fig. 8p-8r). The coastline is charac-
terised by a very narrow sandy barrier that separates the Gulf of Tendra
and the Black Sea.

In terms of artificial changes, which represent 34.6 % of the changed
area along the Black Sea coast, 95.8 % of the observed changes corre-
spond to seaward advance of the coastline, and only 4.2 % indicate
landward retreat. The vast majority of the observed changes are located
along the southern Black Sea coast, with some minor changes on the
western and northern coasts (Fig. 9). The top three coastal change
hotspots correspond to: (1) the coastal reclamation associated with the
construction of Rize-Artvin Airport in eastern Turkey, with the advance
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of the coast increasing an area of 2.4 km? (Fig. 10a-10c); (2) the recla-
mation along the coast of Istanbul, which are mostly related to the
construction of the Istanbul Airport (Fig. 10d-10f), where several loca-
tions experienced coastline advance with the largest two representing an
area of 1.9 km2; (3) the construction of Filyos Port on the south-western
coast (Fig. 10g-10i), where coastal advance occurred in an area of 1.1
km~.

Other changes are mainly noise from boat/ship movement within
ports and harbours, as well as land cover changes in land areas adjacent
to artificial changes. These are widely distributed along the coast of the
entire Black Sea, but are located mainly near cities where intensive
human activities exist. Fig. 11 shows an example of detected ship
movement in Constanta Port, Romania, between 2016 and 2023.

4. Discussion
4.1. Advantages and limitations of this study

This study developed a new simple approach based on optical and
SAR imagery to evaluate coastline change. The accuracy of coastline
position extracted from Sentinel-2 MSI images reached around half a
pixel (Fig. 3). This confirms that the method proposed in this work can
be very useful in coastline monitoring at medium to high spatial reso-
lution across extended regions, especially where in situ data are not
available. There are two main differences between our method and
existing ones. First, in addition to the information (i.e., coastline and
change rate) provided by traditional coastline change monitoring
methods, our proposed method can directly provide the changed area at
the pixel level from SAR data, these information collectively are
invaluable for coastal management. Second, the matching procedure
between the results from SAR and optical images provides a synergy and
cross validation, which increases the robustness of the proposed method
and ensures the results of detected changes are reliable. This procedure
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contributed to largely avoid false detections, such as due to wave-
induced variations at the water surface and vegetation changes on
adjacent land detected from SAR images, and also cloud patches in op-
tical images.

There is still room for improvement in the proposed method and the
results of this work. First, the proposed method didn’t consider the in-
fluence of tides because it is very small in the Black Sea, which can be
ignored when using a 20 m spatial resolution image. Further tests or
improvements are needed when applying our method to other regions
where the influences of tides cannot be ignored. For example, correcting
for the influence of tides by using a tide model and satellite image
acquisition time (e.g., Bishop-Taylor et al., 2021). We were not able to
detect small coastal changes, especially those at sub-pixel level, because
of the spatial resolution (20 m) of the SAR and optical images used in
this study. For example, coastline erosion has been observed from field
surveys along the southern Romanian Danube Delta coast (near Lake
Sinoe), but the sensitivity of the method in this study was insufficient to
detect all of those changes. This may have led to some underestimation
of coastline change along parts of the Black Sea basin. The spatial res-
olution of the imagery also contributed to inaccurate coastline delin-
eation in regions where complex coastline features present, such as small
jetties and groynes (e.g., Constanta-Tomis Port), small spits (e.g., Prirva
River Mouth in the Danube Delta), water bodies close to coast (e.g.,
Danube Delta, Yahorlyk Bay), wetlands with vegetations and aquatic
plants (e.g., Musra Bay in the Danube Delta, Dnipro River mouth). Those
inaccuracies in coastline identification have, for sure, generated inac-
curate shoreline change metrics in some sectors. Using higher spatial
resolution satellite images could address this problem in future studies.
River mouths and associated spits are highly dynamic, which adds to the
uncertainty of the analysis. For example, the southern tip of Sahalin Spit
in the Danube Delta has been subject to complex dynamics because of
sediments supplied through the Sf Gheorghe channel and the southward-
directed longshore drift (Giosan et al., 1999). Whilst the entire spit has
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Fig. 8. Examples of natural changes along the Black Sea from 2016 to 2023. Accretions at (a)-(c) Sahalin Spit in the Danube Delta, (d)-(f) Yoriikler coast in Turkey,
(g)-(i) Rioni River mouth in Georgia. Erosions in (j)-(1) Kizilirmak Delta in Turkey, (m)-(0) Kodori River mouth in Georgia, (p)-(r) Tendra Gulf in Ukraine. Pixel colour
scale represents the difference intensity (DI) from SAR images, where blue indicates accretion and red represents erosion. Background images are from Sentinel-2 MSI
true colour imagery. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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been moving south-westerly, simple linear erosion and accretion of the
southern tip were not able to comprehensively describe the whole
coastal change processes. Developing a new approach in the future
combining optical and SAR images to detect changes at a higher tem-
poral resolution may help to reconstruct the whole movement of the
spit, and improve the coastal dynamics monitoring results.

Our method and the thresholds we used were primarily determined
through trials and tests on the Romanian coast, where we have extensive
in situ data. Although the applications to the entire Black Sea coast
showed an overall good accuracy, a few disagreements between SAR-
detected changes and MSI-detected changes were found in the results.
The first case is in regions where the coast is characterised by flat and
bare land. In those regions, the backscattering from the bare land is very
low, with SAR processing overestimating the change areas due to the
inclusion of nearby areas where vegetation was observed. For example,
on the Yoriikler coast (Fig. 8d), the area of accretion detected from the
SAR imagery included some of the vegetation expansion area. The sec-
ond case is associated with the fixed percentiles of DI (i.e., 5 % and 95 %)
for erosion/accretion detection from SAR. It may have led to underes-
timation or overestimation in regions where the number of pixels of
coastline change are significantly different from those in our test re-
gions. For instance, some pixels of the airport were missed in the SAR
detected changes in Fig. 10a, which may because the threshold of 95 %
is too high. Developing a method to determine dynamical percentiles as
thresholds for different sections of the coast may improve results in the
future. Further studies are needed to quantify the accuracy of the esti-
mated surface area of the change detected from SAR images, and to
develop a propagation method for quantifying the uncertainties in the
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final results. In addition, difficulties existed in classifying natural and
artificial changes, especially for beaches impacted by human activities.
This concluded, for example, the accretion in several beaches on the
Romanian coast near Constanta, which are actually the result of a major
artificial beach nourishment project that started in 2015. Other exam-
ples of human-induced beach accretion observed along the eastern Black
Sea coast are related to the construction of groynes.

4.2. Comparison with reported coastline changes in the Black Sea

In this study, we observed extensive erosion in the Danube Delta,
Yesilirmak Delta, and along the coast from Dnieper-Bug Estuary to
Karkinit Bay, located along the west, south and north of the Black Sea
coast, respectively (Fig. 7). Our results from the period between 2016
and 2023 are in line with Gormiis et al. (2021), who also showed erosion
in the same regions but for the period between 1972 and 2018. In
addition, our results indicate severe erosion in the Kizilirmak Delta and
Chorokhi-Rioni-Kodori River mouths, located along the southern and
eastern Black Sea coast, respectively. These regions are highly dynamic
due to river inflows and sedimentary dynamics in the fluvial-marine
interface. In the north-western Black Sea, the coastal change patterns
reported here agree with the results from Cherkez et al. (2020), with
both studies demonstrating that the largest coastline changes in the
north-western Black Sea occur along the Danube Delta, with accretion
hotspots along the coast between Musura Bay and Solonyi Kut Gulf, and
erosion hotspots in the vicinity of river mouths, especially the Ocha-
kivs’ke River mouth.

On the northern Bulgarian coast, our results do not point to
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c) 2023-08-05

i) 2023-08-04

Fig. 10. Examples of artificial changes along the Black Sea from 2016 to 2023. (a)-(c) Rize-Artvin Airport on the eastern Turkey coast, (d)-(f) reclamation along the
Istanbul coast, (g)-(i) Filyos Port on the western Turkey coast. Pixel colour scale represents the difference intensity (DI) from SAR images, where blue indicates
accretion and red represents erosion. Background images are from Sentinel-2 MSI true colour imagery. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

'('a’x Constanta Port

2023 — 2016

Coastline

10

Fig. 11. An example of ship movement detected in Constanta Port (Romania) during 2016 and 2023. Pixel colour scale represents the difference intensity (DI) from
SAR images, where blue indicates accretion and red represents erosion. Background images are from Sentinel-2 MSI true colour imagery. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

significant coastline changes between 2016 and 2023, despite previous
work by Stanchev et al. (2018) indicating relevant coastline changes in
Bulgaria between 1972 and 2011 based on in situ coastline data, topo-
graphic maps, and very high resolution orthophoto images. This is likely
due to the fact that change rates during the 8-year study period of this
work are smaller, and within the error margin due to the 20 m resolution
satellite images we used to capture these changes. On the other hand, we
observed significant coastline changes near Istanbul Airport between
2016 and 2023 (Fig. 10d-10f), which agrees well with the results from
Goksel et al. (2020), who also reported that the main changes along the
Istanbul coast between 2009 and 2016 are related to the construction of
Istanbul Airport. The construction started in 2014 and finished in 2018
(Tanriverdi and Lezki, 2021), covering the period of both studies.

In the Yesilirmak Delta in the south of the Black Sea, our results
indicate erosion, which is similar to the changes in coastline position
identified by Kuleli et al. (2011) and Kale et al. (2019). Coastline erosion
in this area is likely due to the decrease of fluvial sediments supply due
to construction of dams along the river catchment (Kale et al., 2019). In
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the Kizilirmak Delta, we did not observe significant erosion at the
eastern flank of Kizilirmak Delta as reported by Kuleli et al. (2011) and
Ozturk and Sesli (2015). This is likely due to the construction of a groyne
field (top left coast in Fig. 8j) along the coast, which have stopped the
erosion in our study period. However, we observed severe erosion along
the coast adjacent to Lake Liman (Fig. 8j-8 1), which is located approx-
imately 3 km from the Kizilirmak River mouth, and there is no groyne
constructed along the coast. The erosion close to Lake Liman is appears
to also be related dam construction across the river catchment (Ozturk
and Sesli, 2015).

Although the monitoring period of our study is different from pre-
vious studies, as highlighted above, the overall agreement in terms of
coastline change hotspots indicates the locations that are most vulner-
able to coastal changes along the Black Sea at both interannual and
decadal timescales. This provides information required for implement-
ing site-specific coastline monitoring programmes and more detailed
studies, while also assisting in the definition of coastal zone manage-
ment measures.
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4.3. Implications for shoreline management

The natural coastline changes from 2016 to 2023 determined in this
study are mainly concentrated along the Danube Delta, the Kizilirmak-
Yesilirmak deltas, the Chorokhi-Rioni-Kodori River mouths, and the
coast from Dnieper-Bug Estuary to Karkinit Bay. These findings align
closely with the spatial distribution of coastal slope and shoreline types
(sands, sand with pebbles, sandy-aleuritic) reported by Tatui et al.
(2019), which indicate that sedimentary coastlines composed of sand
are more susceptible to erosion compared to rocky and other types of
shorelines. These change areas also correspond to the main river
mouths, which supports the findings from Panin (2005) that the most
vulnerable coasts in the Black Sea are characterised as being low-lying
and accumulative type. The more stable coastlines according to our re-
sults are the cliffs along mountainous areas in the south-western, south-
eastern, and northern Black Sea, which also matches with the distribu-
tion of coastal hard rocks, sedimentary rocks and moldy rocks from Tatui
et al. (2019). Those results confirm that coastline changes are highly
related to shoreline types along the Black Sea coast.

We observed 12.2 km? of artificial changes along the Black Sea coast
between 2016 and 2023, which corresponds to 34.6 % of the total
changes across the basin. Most artificial changes are located on the
southern coast of the Black Sea (Table 1). This indicates a considerable
expansion of human activities in the past eight years, especially along
the Turkish coast. From all artificial changes, 95.8 % consists of seaward
advance of the coastline, primarily due to the development of airports,
ports, harbours, and jetties (e.g., Fig. 10). These construction activities
have considerably altered the geomorphological characteristics of the
coast, influenced the nearshore current field, and impacted the natural
coastal change processes. The long-known effect of such artificial
structures on coastal sediment transport, with neighbouring updrift
areas experiencing accretion and downdrift areas subjected to acceler-
ated erosion has been extensively identified (Stanica et al., 2007). In
addition, pollutions such as noise, hydrocarbon spills, and disposal of
construction materials is likely to have occurred. All of those impacts
represent threats to the coastal habitats and aquatic animals, and
influenced their distributions. Appropriate management strategies are
needed to minimise those impacts.

Recently, there has been a shift towards the study and implementa-
tion of green or environmentally-friendly measures (nature-based) over
traditional grey infrastructure to address coastal erosion (Morris et al.,
2018; Singhvi et al., 2022). However, both types of measures bring their
own advantages and limitations. It is important to conduct thorough site
assessments to evaluate the unique needs of each location and balance
the pros and cons of each approach to develop an effective and sus-
tainable coastal defence strategy. The coastal management strategies
traditionally put in balance the costs and benefits of each of the coastal
protection strategies (Vaidianu et al., 2020). The main problem in
choosing the proper policy is generally the lack of detailed coastal dy-
namics information for longer periods of time. Hence, an accurate EO
approach, which can properly capture the longer term but also short
term (e.g., storm related) dynamics of the beaches and shoreline posi-
tions, is critical to support the selection of the proper coastal protection
policies especially in parts of the world where historical data are scarce
or missing.

The methods outlined and the approaches and tools developed in this
study would also be an indispensable contribution to the national
methodologies for the assessment of hydromorphological status, such as
the ones proposed for Georgia (Gvilava and Savaneli, 2024a, 2024b),
and concerned with the pilot location considered in this paper. These
methodologies would particularly benefit from integrating in situ mea-
surements with EO data to achieve a more comprehensive understand-
ing of hydromorphological dynamics in the Black Sea region.
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5. Conclusions

This study confirmed the important potential of Earth Observation
for coastline change detection, being especially helpful for large scale
monitoring in data poor areas of the Black Sea or where in situ moni-
toring is not possible. Our extensive validation confirmed that the
combination of MNDWI with Otsu’s thresholding method can efficiently
extract accurate coastlines from optical satellite imagery. SAR imagery
presented its good capability in change area detection after simply
calculating image difference between years. The combining approach
proposed in the study can effectively exclude remaining irrelevant noise
from SAR data due mainly to waves and land cover changes, and
insignificant/temporal changes detected from optical images. Future
directions by considering tides, avoiding influence from vegetation
changes nearby water, and using higher spatial resolution satellite data
can further improve our proposed method and widen its applicability.

In the Black Sea, we observed accretion and erosion primarily
occurring along deltaic and estuarine systems where the shorelines are
predominantly sandy. Artificial changes represent roughly a third of the
coastline change along the Black Sea from 2016 to 2023, and have been
mainly observed along the Turkish coast. These results provided useful
information for coastal zone management in the Black Sea countries,
and help to prioritize locations where further studies or measures need
to be taken. We recommend undertaking comprehensive studies at
erosional hotspots to identify the most appropriate and effective coastal
protection measures for each specific area. Such studies should assess
local conditions and needs to determine which strategies, whether
involving structural solutions or more natural approaches, are best
suited to mitigate erosion. Furthermore, coastal zone management
should be addressed not only from a local perspective but also on a
broader regional scale. This larger-scale approach ensures that strategies
are coordinated and integrated across different areas, enhancing overall
effectiveness and resilience in managing coastal erosion throughout the
Black Sea region.
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