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SUMMARY

This publication presents a study focused on identifying shores with archaeological
settlements submerged at depths of 2-3 meters in the northwestern Black Sea shelf,
specifically around the Dnipro Estuary. The primary research method utilizes satellite
technologies from the Sentinel-2 mission, applying combinations of spectral ranges using
water index formulas (NDWI, MNDWI, NDTI). While satellite data can effectively detect
water and underwater objects, limitations exist, such as dependency on weather conditions for
multispectral data, challenges in accurately delineating boundaries, as well as seasonal and
periodic changes and water turbidity caused by vegetation or algal blooms, particularly in
shallow areas, etc. By employing specific conditions and image processing techniques
outlined in this study, we successfully identified flooded paleo-banks with high pixel
contrast, which will greatly enhance the search and examination of archaeological findings
and sites classified as cultural and historical heritage of Ukraine.
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Introduction

Flooding and shoreline abrasion are common geological phenomena in the northwestern region of the
Black Sea. These processes contribute to the degradation of shores and nearby settlements, same as
impacting the preservation of archaeological sites that represent Ukraine's cultural and historical
heritage, many of which are submerged in shallow waters with depths down to 3 meters. Changes in
these flooded banks can be monitored at a distance by utilizing remote sensing technologies and
employing specialized data processing methodologies, enabling observations without the need for
direct access to the study site.

About a hundred archaeological settlements have been discovered in the North-Western Black Sea
region, the remains of which are located on the banks of water reservoirs or underwater. Within the
Dnipro Estuary, more than 10 archaeological settlements have been found in coastal areas, both
underwater and on dry land, according to the study (Iemelianov, et al., 2024), dating from the 1-3th
centuries (Zolotyi Mys settlement), the 4-3th centuries BC (Deep Wharf settlement) - the heyday of
the Olbian state, and the 14-16th centuries (Tyahyn fortress). The study of such sites requires their
accurate identification. A modern and optimal method for solving this problem is to use satellite data.
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Figure 1 Map of the Dnipro Estuary on Sentinel-2 image (True color). 1, 2, 3 - sections of the
coastline with archaeological settlements according to the data (Iemelianov, et al., 2024).

In general, researchers use optical or radar data with water index formulas to monitor changes in
water surfaces using remote sensing data: Normalized Difference Water Index (NDWI) (Gao, 1996);
Modified Normalized Difference Water Index (MNDWI) (Lai, et al., 2014); Normalized Difference
Turbidity Index (NDTI) (Hou, et al., 2017). SAR and optical data are used to solve hydrological and
environmental problems: Sentinel-1 (Melnychenko and Solovey, 2024; Shen, et al., 2022), Sentinel-2
(Lai, 2014), Landsat (Kwang, Osei Jnr & Sarpong, 2018), MODIS (Feng, et al., 2014; Melnichenko,
2018). When selecting optical data with pixel contrast to determine the paleo-shoreline underwater,
certain image selection conditions must be met: 0% cloud cover; predominant transparency of the
water column with no vegetation; consideration of seasonal changes with no snow cover, etc.

Method and Theory

The use of satellite technologies to identify changes in water surfaces and map them is one of the best
modern methods of research. The advantages of this method are: constant frequency of monitoring;
wide coverage area (290 km for Sentinel-2); coverage of water reservoirs, coastal zones and land;
archive and availability of stored images. To accurately identify the flooded coastline within the study
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area (Figure 1), multispectral data from the Sentinel-2 mission — Product S2B MSIL1C — were
selected and water index rasters were built using the formulas: NDWI (1), MNDWI (2) and NDTI (3).

NDWI = B Green — B nir /B 6reen + B nir, ()
where B green — green spectral band, B nir — near infrared spectral band.

MNDWI = B Green — B swir2 / B 6reen + B swir 2, 2
where B green — green spectral band, B swirz — shortwave infrared spectral band.

NDTI = B rep — B Green / B rep + B Green, 3)
where B rep — red spectral band, B green— green spectral band.

Overall, the research methodology can be divided into several stages:

o Selection of the satellite image and monitoring period: no cloud cover (for optical data);
transparency of the water column; no snow and ice cover, etc.

e Downloading from the data portal https://browser.dataspace.copernicus.eu/.

e Data processing using the SNAP open GIS platform (https://step.esa.int/main/download/snap-
download/); geo-referencing; raster image creation using water index formulas; classification,
post-classification and vectorization (if necessary).

e Mapping, building resultants maps, data analytics and description.

One of the main conditions for selecting images to accurately identify changes in the water surface is
to choose a monitoring period when atmospheric conditions are close to summer and there is no
vegetation or plankton on the water surface. For the climatic zone of the north-western part of the
Black Sea, to which the Dnipro Estuary belongs, the optimal monitoring period is late spring — early
summer. Therefore, in this study, the monitoring date of 2020.04.09 was chosen, which meets the
above criteria.

Results

Using the methodology described above and applying the water index formulas: NDWI (Figure 2),
MNDWI (Figure 3) and NDTI (Figure 4), the maps of the Dnipro Estuary were constructed.
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Figure 2 NDWI resultant map of the Dnipro Estuary with the archaeology-shoreline, based on
Sentinel-2 data (monitoring date 2020.04.09). Designations: 1, 2, 3 — shoreline sections with
archaeological settlements).
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Figure 3 MNDWI resultant map of the Dnipro Estuary with the archaeology-shoreline, based on
Sentinel-2 data (monitoring date 2020.04.09). Designations: 1, 2, 3 — shoreline sections with
archaeological settlements).

The maps (in pixel contrast) show a paleo-shoreline located under the water column at a depth of
about 2-3 m. The images obtained as a result of processing (Figure 2-4) show a sharp change in
pixels, which is explained by changes in the depth and transparency of the surface water layer and is
identified as the coastline of the past.
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Figure 4 NDTI resultant map of the Dnipro Estuary with the archaeo-shoreline, based on Sentinel-2
data (monitoring date 2020.04.09). Designations: 1, 2, 3 — sections of the coastline with
archaeological settlements).

On the NDWI (Figure 2) and MNDWI (Figure 3) maps, the contrast line has a clear frame compared
to the NDTI (Figure 4), this is due to the characteristics of the NDTI, which is mainly used (Hou, et
al., 2017) to determine the transparency/muddiness of the water surface. However, the identification
of paleobanks on images with different indices (Figure 2-4) once again confirms the accuracy of the
chosen methodology and data processing.
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Conclusions

So, using multispectral data from Sentinel-2 satellite images, we identified and mapped the flooded
coastline of the Dnipro Estuary, where archaeological settlements are located. The shoreline was
detected through pixel contrast at underwater depths of 2-3 meters using water indices (NDWI,
MNDWI, and NDTI). By adhering to specific methodological conditions, we effectively distinguished
flooded shores, including sites classified as Ukraine’s cultural and historical heritage, facilitating their
discovery and study. The proposed methodology is recommended for addressing geological,
archaeological, environmental, and other challenges in offshore and inland water reservoirs.
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