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Evaluating flood events caused by Medicane “Daniel” in the Thessaly District
(Central Greece) using remote sensing data and techniques

Evangelos LEIVADIOTIS®, Silvia KOHNOVA, Aris PSILOVIKOS

On September 4, 2023, Thessaly, Greece, underwent a catastrophic flood due to Medicane Daniel. Extreme rainfall,
ranging from 305 mm to 1096 mm between 4 and 12 September, caused extensive damage to the infrastructure, agriculture
and houses. Seventeen casualties were recorded. This study is aimed at using radar data from earth observation satellites
to detect the inundated areas and evaluate the impact of the flood. Sentinel images were acquired from Copernicus Open
Acess Hub For 7, 10, 13, and 19 September, 2023, along with a CORINE Land use/Land cover map. Processing
the satellite images involved several steps, including their calibration, noise removal, filtering, and polarization
adjustments. Flooded areas were quantified for the specified dates, thereby revealing substantial coverage of the land.
The damage assessment focused on irrigated and non-irrigated land and pasture areas, highlighting the impact's severity.
The highest impact was noticed on September 7 in irrigated land (95.62%). The second phase incorporated the Flood
Water Depth Estimation Tool (FWDET) to estimate the floodwater depths and reveal the maximum depths near riverbanks.
The maximum floodwater depth was also noticed on September 7 and reached 9.49 m. This study employed advanced
remote sensing and GIS techniques, allowing for a rapid estimation of flood characteristics and assessment of Medicine

Daniel's damage to the Thessaly prefecture from September 4 to 12, 2023.
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Introduction

Flooding is a natural process that greatly impacts
a drainage basin's hydrology. However, with regard to
human activity, floods are regarded as a type of natural
disaster (Pekarova et al., 2003). In reality, especially in
the countries of the Mediterranean, floods are among
the most  frequent, expensive, and destructive
catastrophic events (Thomas et al., 2023; Jorkman et al.,
2005; Khajehei et al., 2020). For local and regional
communities, they represent a serious economic threat
(Kellermann et al., 2015). The primary causes of this
threat are the numerous small catchments and
the frequent occurrence of rain events involving heavy
and rapid precipitation. In Mediterranean regions, flash
floods are the most frequent type of flooding due to small
river basins with short flow concentration times, high
slopes or low permeability of the soil and geological
formations and, most importantly, heavy precipitation
(Diakakis et al., 2012). Greece is more vulnerable to
flooding than the majority of European nations because
of its numerous small, mountainous catchments and large
floodplains, i.e., its Mediterranean climate, which
frequently experience extreme weather events; its
lithological structure, which contains numerous

impermeable lithologies; its sparse forest cover, and
countless human interventions (Diakakis et al., 2012). It
is considered one of the European nations that
experiences the greatest number of floods with the worst
damage from them, which have rapidly increased over
the past few decades (Diakakis et al., 2022; Diakakis et
al., 2011). It is noteworthy that flash floods account for
most Greek floods, despite many efforts to prevent them.
At this point, in time, however, recordings and data on
floods are scarce.

Remote sensing (RS) techniques, particularly satellite
imagery, provide a valuable source of information for
mapping flooded surfaces with sufficient temporal and
geographical resolutions; they offer accurate and
continuous data to aid in disaster mitigation, especially
for floods (Hruskova and Hlavacikova, 2023). These
observations cover vast and inaccessible areas, enabling
the identification of bodies of water over extensive
distances and facilitating crucial information for risk and
damage assessments (Buta et al., 2020; Bioresita et al.,
2019; Craciunescu et al., 2016; Psomiadis, 2016;
Klemas, 2015). Sentinel-1 Synthertic Aperture Radar
(SAR) images has been increasingly widespread for
flood extent mapping in flood hazard studies as they
provide accurate and high resolution results (Huang and
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Jin, 2020; Uddin et al., 2019)

The Copernicus program of the European Space Agency
(ESA) provides precise, timely, and freely accessible
Synthetic Aperture Radar (SAR) data of the Sentinel-1
satellite system. It can function day and night, is
unaffected by atmospheric water, smoke, and clouds, and
offers comprehensive details regarding the state of
an inundation. Every ten days, Sentinel-2 (S2), a brand-
new land monitoring and classification satellite, produces
optical spatial resolution imagery for terrestrial
observations covering the whole planet's land surface. Its
data are highly beneficial for mapping land use and cover
and quantifying associated changes.

Road closures, accessibility, and the allocation of
emergency and humanitarian resources depend on timely
information regarding floodwater depths. Whenever
accessible, flood depth or peak flow data can also be
utilized for flood-risk assessments and post-event studies
of property damage (Vyleta et al., 2023; Islam et al.,
2001; Nadal et al., 2010). Various methods have been
developed for estimating floodwater depths using flood
maps derived from remote sensing (Soltész et al., 2011;
Nguyen et al., 2016; Schumann et al., 2010). Cohen et al.
(2018) employed a concept akin to cross sections in their
Floodwater Depth Estimation Tool (FWDET). Unlike,
ordinary cross sections, FWDET determines floodwater
elevations for each cell within a flooded domain by
referencing the nearest flood-boundary grid cell, thereby
eliminating any requirement for specific data. This
approach maintains usability with complex and
fragmented flood extent maps from any source and
resolution, making it sensor and platform-independent.
In early September 2023, Europe experienced severe
weather conditions due to an Omega block, which is
characterized by a high-pressure system between two
low-pressure systems. This atmospheric pattern persisted
for over a week. Storm Daniel, which was linked to this
setup, caused catastrophic flooding in central and eastern
Greece, including Thessaly prefecture, which was
triggered by warm, moist air colliding with cold upper
air. Storm Daniel originated in Greece, was named by
the Hellenic National Meteorological Service, and
significantly impacted the Mediterranean region.
The storm moved inland over the Balkans on September
4, 2023, resulting in intense rainfall and thunderstorms.
Central Greece witnessed substantial daily rainfall,
leading to at least 15 fatalities and unprecedented
flooding.

This research aims at presenting and evaluating a new
approach that uses only the extent of the flood data
acquired by Sentinel imagery and a digital elevation
model (DEM) to estimating the depths of the water in
the flooded domains caused by Storm Daniel. The first
part of the study maps the inundated areas using SAR
images and assesses the land use/land cover damage.
The other part focuses on estimating floodwater depths
using the Floodwater Depth Estimation Tool (FWDET),
a straightforward Python script used in the methodology
to combine common geographic information system
(GIS) capabilities. Due to its relative simplicity, FWDET
can rapidly calculate floodwater depth rapidly with easily
accessible data, which is a handy feature for near-real-

time flood mapping applications or systems that evaluate
several floods.

Material and methods
Study area

The study area resides in the Pinios River basin (GR16),
the largest catchment in the Thessaly Water District
(GRO8); it has an area of 10,700 km?, a mean annual
rainfall of 779 mm, and a mean annual runoff of 3500
m3s?t (327 mm). It is situated between 39°11' N and
39°58' N latitude and 21°52' E and 22°45' E longitude
(Fig. 1). It is bordered by an extensive plain and several
mountainous areas, notably Olympus, the highest
mountain in Greece (2918 m). The most fertile and
productive agricultural lands in Greece can be found on
the Thessaly Plain, which is located in the catchment's
centre and mainly consists of a flat terrain subsequently
covered with alluvial deposits (Orengo et al., 2015). In
particular, agriculture constitutes 49.5% of the Thessaly
Water District's land area, while the Thessalian Plain is
estimated to represent the production site for 14.2% of
Greece's primary products (YPEKA, 2018). The Pindus
Sierra, Greece's most extensive mountain range, is
the source of the Pinios River, which discharges into
the Aegean Sea.

The Pinios River Basin's geomorphological features,
such as its circular catchment and its gradually sloping
terrain, favour inundation conditions and make it more
vulnerable to flood disasters. In particular, a number of
historically significant floods, including those that
occurred on June 4, 1907, October 27, 1980, March 23,
1987, and October 22, 1994, have been documented,
according to the EU Floods Directive (2007/60/EC)-
Preliminary Flood Risk Assessment, which was
implemented by the Ministry of the Environment and
Energy of Greece. Additionally, 31.7% of the total area
of the Thessaly Water District is classified as an area of
potentially significant flood risks (YPEKA, 2018).

Data

The materials and methodology employed to fulfil
the objectives of this study can be categorized into two
main sections. The initial section encompasses
inundation mapping utilizing SAR images, while
the subsequent section focuses on calculating flood
depths using the FWDET tool and damage assessment.
SNAP software was used for pre-processing Sentinel
images, including calibration, noise removal, a speckle
filter, and the terrain correction. A Corine Land use/Land
cover map (2018) (https://land.copernicus.eu/en/
products/corine-land-cover), and ALOS PALSAR DEM
(https://asf.alaska. edu/) (10m resolution) were used to
assess the flood damage and calculate the depth of
the water, respectively. The Sentinel-1 and Sentinel-2
cloud free images were downloaded via the Copernicus
Open Access Hub platform (https://sentinel.esa.int/web/
sentinel/home; ESA, 2019) during the catastrophic
event. Each image has a coverage range of 250 km with
a5 x 20 m resolution (Table 1). The images are Level-1
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Table 1. Characteristics of the Sentinel images used in the study
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Ground Range Detected (GRD) products; they were
detected, viewed multiple times, and projected to
the ground range using an Earth ellipsoid mode.
The acquisition mode was Interferometric Wide Swath,
and the images have a high resolution; the sensor pass is
ascending, with dual polarization, VV (Vertical-Vertical)
and VH (Vertical-Horizontal). SNAP software was used
for the digital image processing and satellite data
analysis, while ArcGIS was used for the spatial data
processing.

Sentinel pre-processing steps

We performed a series of seven pre-processing steps
using SNAP software to get the final inundation maps.
The first step was to apply an orbit file, which
automatically downloads and updates the orbit state
vectors in its product metadata for each SAR scene,
thereby providing accurate satellite positions and speed
information. Then, the thermal noise removal normalizes
the backscatter signal in each scene, which reduces any
discontinuities for multi-swath acquisition models
between the sub-swarths. Applying the border noise
removal next removes low-intensity noise and invalid
data on the edges of the scene. Subsequently, calibration,
a process in which pixel values are converted to
radiometrically  calibrated SAR  backscatter, is
performed. One feature of the images captured by SAR

Sentinel-1 e Subsetting

—

instruments is the random noise, or "speckling," which
appears within the image and resembles a "salt and
pepper" effect. In order to mitigate this effect, speckle
filtering, a process that reduces the effect of speckling
and enhances the image quality, is applied. This study
used a Lee filter (7X7 window) among the various filters.
The Range Doppler Terrain Correction operator applies
the Range Doppler ortho-rectification algorithm. To
bring the image's geometric representation as close to
reality as possible, terrain adjustments compensated for
these distortions. The Sentinel-1 SAR image pre-
processing finishes by converting the image to decibel
scaling, which, the SNAP software can handle
automatically and the final sigma dB was used using
backscattering values below -20 dB (Fig. 2). Sentinel-2
image processing steps included mosaic raster, RGB
combinations to distinguish the flooded area followed by
pixel sampling and applying the maximum likelihood
classification (MLC) algorithm to detect the inundated
areas (Aziz and Alwan, 2021). The validation of
inundated areas Fig. 3 shows that the workflow applied
is used to derive the flood inundation maps of each time
frame and contains the classification of pixels into water
and non-water bodies. The calibration threshold
technique, also known as binarization, is the most widely
accepted method and distinguishes flooded areas from
non-flooded ones through histogram generation, with
two methods employed for preprocessing SAR images:

Thermal Moise

Apply orbit file —_— =

Remaval
Range Doppler )
Terrain «—— | Speckle Filtering | 4—— Calibration B BD.;Z?,:;\:,[;FE
Correction
Conversion to dB
Fig. 2.  Pre-processing steps of Sentinel-1 images.
Sentinel-1 » Pre-processing steps 'L
Classification into
water and non-water ——»/ inun dZ*lfiDoDndma .
bodies P
Sentinel-2 » Pixel classification T
Fig. 3.  Workflow deriving flood inundation maps from Sentinel images.
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binarization utilizing dual threshold values for water area
detection, and image differencing between pre- and
during-event images to enhance them for subsequent
analysis. Validation process is essential for every product
of satellite image in order to enhance the use of remote
sensing data and techniques. In this study, kappa
coefficient was used as it is one of the most popular
metrics when it comes to classification methods.
The Copernicus  delineation  monitoring  products
wereused as reference data derived from
https://rapidmapping.emergency.copernicus.eu/ and
compared with the images of September 7 and 10, 2023
as they were the most recent and closed to date with
Copernicus product (September 7 and 9, 2023). Products
for the rest of the dates were not available due to
the termination of the event. Accuracy assessment
according to kappa coefficient results were excellent as
for 7 of September reached an accuracy of 78.95% and
for 10 of September, 80%, providing satisfying results for
proceeding in the following steps. However, the need of
ground truth data and additional supportive material of
other agencies from different dates of the event will
improve this research.

The implementation of the FWDET tool

Cohen et al. (2018) described in detail the fundamental
methodology for calculating the floodwater depth using
the FWDET tool. Step 1 in the implementation of
the FWDET tool involves converting a flood inundation
polygon into a polyline layer, then transforming it into
a raster layer with specified cell dimensions. This raster
layer assigns "No Data" values to non-relevant cells and
identifies boundary cells, even for complex floods,
resulting in a raster representation of the flooded area.
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Using ArcGIS Map Algebra, a new raster layer is created
by applying conditional raster calculations where
boundary cells from Step 1, excluding "No Data" cells,
are assigned elevation values from the DEM. The "Focal
Statistics” tool is then used to generate another raster
layer, where each cell is iteratively assigned the elevation
of its nearest boundary cell by increasing
the neighbourhood size in a conditional loop, ensuring all
cells receive the elevation of their closest boundary cell,
with a circular neighbourhood geometry for smoother
results (Step 3). The floodwater depth is calculated by
subtracting the DEM value from the raster layer
generated in Step 3, representing the elevation of
the nearest boundary cell, using an ArcGIS Map Algebra
expression and clipping the DEM to include only cells
within the flooded area to account for values on both
sides of the boundary cells. To mitigate sharp changes in
the floodwater depths arising from spatial mismatches or
actual transitions, a smoothing procedure is applied using
the "Filter" tool with a "low-pass" option in FWDET,
which calculates the average value for each cell based on
its 3 x 3 neighbourhood.

Results and discussion
Inundated areas

Storm Daniel started on September 4, 2023, and ended
on September 9, 2023, causing severe damage across
Central Greece. This study proposes a methodology of
using Radar Sentinel products for flood monitoring and
damage assessment and tools like FWDET for estimating
rapid water depths. Fig. 4 represents the inundated
areas of September 7, 2023. Through the analysis
of the Sentinel images, it was noticed that on the first two
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Map of Thessaly’s inundated areas, September 7™.
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dates (September 7 and September 10, 2023), the total
area covered by water was more than that on the last two
dates (September 13 and September 19, 2023). This
could be explained by the fact that on the first date
(September 7, 2023), the phenomenon was still ongoing.
The following image was right after the end of the event
(September 10, 2023) (Fig. 5). On September 7, 2023,
inundated areas covered 223.34 km?, with most of
the flooded areas in Western Thessaly (Fig. 4.).
The following image was acquired on September 10,
2023, right after the end of the storm. It shows
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the greatest extent of the flooding, which covered 516.52
km? and extended from western to eastern Thessaly.
After three days, on September 13, 2023, the flooded
areas derived from the Sentinel image showed
asignificant decrease, covering 169.70 km? it was
primarily located in Eastern Thessaly at Lake Karla
(Fig. 6).

Lastly, even after ten days since the end of
the phenomenon, the total area covered by water
accounted for 109.43 km? in that part of Eastern Thessaly

(Fig. 7).
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Analysis of floodwater depths

The investigation assessed the depth of the inundation at
various locations over a specified temporal interval.
The initial  observations from Fig.5 delineated
a discernible trend in the floodwater depths, indicating
an increase from September 7 to 10, 2023, followed by
a gradual decline until September 19, 2023. Specifically,
on September 7, 2023, the maximum inundation depth
reached 9.49 m, with notable concentrations near
riverbanks denoted by red circles within the Western
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Thessaly region (Fig.8). This pattern persisted on
September 10, with expanded flood coverage and
heightened depths in multiple areas (Fig. 9).
Subsequently, on September 13, 2023, a discernible
reduction in the floodwater depths was observed, with
the maximum value registering at 7.35 m (Fig. 10). In
conclusion, the temporal analysis on September 19, 2023,
exhibited a significant and abrupt decrease in
the floodwater depths, reaching a minimum of 2.34 min
the vicinity of the Lake Karla region in eastern Thessaly
(Fig. 11).
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Land use/Land cover damage assessments

The extent of losses and damage caused by floods
depends on the duration and extent of the flooding.
The other part of our analysis investigated the spatio-
temporal effects of flooding in a detailed spatial
resolution involving an overlay of the temporally
recorded inundation areas onto a classified land cover
map provided by Corine. On September 7, 2023,
the outcomes revealed that 95.62% of the Land Use and
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Distribution of flood water depth estimated from FWDET tool (September, 13,
2023, red circles indicate regions of high depth).

Land Cover (LULC) flooded area primarily comprised
irrigated land (Fig. 12). By September 10, 2023, the most
significantly affected areas encompassed irrigated land,
non-irrigated land, and pasture, constituting 72.81%,
15.57%, and 2.28% of the total area coverage,
respectively (Fig. 12). Fig. 12 illustrates the extent of
damage to each land use class on September 13, 2023,
indicating that irrigated land accounted for 71.30%,
water bodies for 18.27%, non-irrigated land for 4.73%,
and pasture for 2.34% of the total area cover.
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H19-Sep  90.92% 2.81% 0.00% 2.37% 0.45% 0.04% 0.00% 0.40% 0.00% 3.01% 23.05% 0.00%
Classes
H7-Sep W10-Sep M 13-Sep M 19-Sep
Fig. 12. Land use/ Land cover damage distribution from 7% to 19" of September.

The September 19, 2023, damage assessment indicates
atotal area coverage of 73.89% for irrigated land,
18.73% for water bodies, 2.45% for non-irrigated land,
2.29% for industrial units, and 1.93% for pasture
(Fig. 12). In conclusion, the most severely impacted
areas were identified as irrigated land.

Discussion

This study involved an extensive analysis of an area of

central Greece (Thessaly prefecture) exposed to flood
events caused by the storm Daniel on September 2023.
The methodology implemented has been frequently used
and provided a clear understanding of the impact
assessment and flood mapping (Carrefio Conde et al.,
2019; Jamali and Abdul Rahman, 2019). Several studies
utilized Sentinel satellite images and LULC maps to
monitor and assess the damage caused by this extreme
phenomenon (Billah et al., 2023; Atchyuth et al., 2023).
The other part of the research utilized the FWDET tool
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using the inundated areas and ALOS PALSAR DEM to
calculate the floodwater depths.

The Thessaly Plain has suffered from historical floods
across the years. Bathrellos et al. (2018) investigated
the historical floods of the Thessaly prefecture from 1979
to 2010, where 146 flood events occurred, the most
significant occurring on October 27 1980, March 23
1987, and October 22 1994. According to the Ministry of
the Environment and Energy of Greece, 31.7% of
the total Thessaly Plain is classified as an area of
potentially high flood risk (YPEKA, 2018).
Koutsoyannis and Mimikou (1996) pointed out one of
the most catastrophic flood events, which occurred in
October 1994, in which 80 Km of agricultural fields were
damaged. Before Storm Daniel, another major storm
devastated the Thessaly plain, i.e., Medicane “lanos”
(September 2020). Vassiliades et al. (2022) conducted
a hydrologic/ hydraulic analysis of the event and
estimated a flood extent of 234 km? and maximum depths
of over 2 meters. After analyzing this valuable research,
our study proposed a framework for rapidly mapping
flood extents and floodwater depths and assessing
the damage to various land uses. The first stage of
the analysis focused on creating maps that illustrated
the extent of the floodwater. After applying pre-
processing steps to the Sentinel image, the results
showed that the most significant floodwater occurred on
September 10 2023, covering 516.52 km? showing
the catastrophic effects of the phenomenon prior to lanos
(2020) where the maximum flood extent reached 253.37
km? (Falaras et al., 2020). These results are in agreement
with other studies that imply that the maximum flood
extent was reported after the end of the phenomenon
(Jamali and Abdul Rahman, 2019; Tripathi et al., 2020).
The proposed SAR-based inundation framework has
been applied in similar events such as storms, typhoons
or monsoon periods, however there are limitations of
their perfomarnce in dense urban areas (Pramanick et al.,
2022; Cerbelaud et al., 2021; Chung et al., 2015).
Regarding the damage assessment, the most impacted
LULC classes were the irrigated and non-irrigated land,
which addressed more than half of the study area.
Implementing the FwDET tool provided solid and
valuable information about the floodwater depths.
However, in our comprehensive comparison to
the Copernicus monitoring products, we found that
the depth values are overestimated. On September 7,
2023, the Copernicus product recorded a maximum depth
of 6.49 meters, whereas another product for the same date
showed higher values. On September 9, 2023,
Copernicus reported water depths up to 6.00 meters,
while FwDET indicated 9.94 meters. Additionally,
a recent study on post-event analysis by Dimitriou (2024)
reported similar floodwater depths. Peneus station
recorded 8.47 m on September 8, 2023, compared to our
values of 9.94 m on September 10, 2023, and 7.35 m on
September 13, 2023, in northeastern Thessaly. At Nomi
station in western Thessaly, the maximum depth was
estimated to be around 6.42 meters on September 7,
while FWDET results reached 9.49 meters in the same
region on the same date. Nevertheless, different values
could be interpreted due to the gap in the period of

the products and monitoring stations used to compare.
Initial increases were observed from September 7 to 10,
2023, followed by a gradual decline until September 19,
2023. Moreover, another research has demonstrated that
FWDET is a versatile tool that can help emergency
systems respond quickly by identifying critical regions
that require assistance (Das et al., 2023; Sohail et al.,
2023). Therefore, it is essential to construct specific types
of infrastructure in wvulnerable areas to minimize
the damage caused by floods. These types of
infrastructures include multifunctional dams for
irrigation, hydropower production, flood control and
domestic water supplies. Additionally, they should
incorporate strategic environmental interventions such as
rainwater harvesting systems and reforestation programs.
However, concerns were raised regarding the drawbacks
of employing FWDET, such as difficulties in acquiring
high-resolution DEMs and heightened uncertainty when
dealing with extensively fragmented flood extents
(Cohen et al., 2019). The precision and timing of
the remotely sensed flood map in relation to the flood
peak are expected to constitute the primary factors
contributing to uncertainty in FWDET's estimations of
flood depth.

Conclusion

Thessaly Plain is well-known as one of the most disaster-
affected areas on the territory of Greece regarding flood
events. According to Ministry reports, the area has
suffered more than 146 flood events since 1979 and is
under significant risk. Large-scale environmental
monitoring relies heavily on commercial and free Earth
observation (EO) satellite sensor data. Due to various
recent climate change phenomena and their effects on
the environment, which have resulted in natural disasters
such as flash floods, the use of SAR satellite sensors and
modern developed tools such as the FWDET are valuable
sources of information for estimating the impact and
monitoring of current catastrophic events. Implementing
appropriate and prompt action can significantly reduce
the damage caused by these flood episodes. Notably,
changes in the hydrological cycle components that could
be impacted by climate change are expected to increase
the frequency and occurrence of extreme floods.
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