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Abstract: The main scope of the study is to evaluate the prognostic accuracy of a one-dimensional
convolutional neural network model (1D-CNN), in flood susceptibility assessment, in a selected test
site on the island of Euboea, Greece. Logistic regression (LR), Naïve Bayes (NB), gradient boosting
(GB), and a deep learning neural network (DLNN) model are the benchmark models used to compare
their performance with that of a 1D-CNN model. Remote sensing (RS) techniques are used to collect
the necessary flood related data, whereas thirteen flash-flood-related variables were used as predictive
variables, such as elevation, slope, plan curvature, profile curvature, topographic wetness index,
lithology, silt content, sand content, clay content, distance to faults, and distance to river network. The
Weight of Evidence method was applied to calculate the correlation among the flood-related variables
and to assign a weight value to each variable class. Regression analysis and multi-collinearity analysis
were used to assess collinearity among the flood-related variables, whereas the Shapley Additive
explanations method was used to rank the features by importance. The evaluation process involved
estimating the predictive ability of all models via classification accuracy, sensitivity, specificity, and
area under the success and predictive rate curves (AUC). The outcomes of the analysis confirmed that
the 1D-CNN provided a higher accuracy (0.924), followed by LR (0.904) and DLNN (0.899). Overall,
1D-CNNs can be useful tools for analyzing flood susceptibility using remote sensing data, with high
accuracy predictions.

Keywords: flood susceptibility; remote sensing; convolutional neural network; geoinformatics;
Euboea; Greece

1. Introduction

Flood phenomena are considered one of the most devastating natural disasters. In
2022, floods were the dominant natural hazards worldwide, with 176 occurrences, which
is above the average number of 168 annual flood occurrences recorded in 2002–2021,
followed by storms (108) and earthquakes (31). The flood events that occurred in 2022
resulted in the loss of 7954 lives worldwide and caused economic losses amounting to
USD 44.9 billion [1]. Flood phenomena occur when the hydrographic network cannot
drain the volume of water that flows, usually during heavy rain events, resulting in
water overflowing and occupying ephemeral parts of land. The amount and intensity
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of precipitation, the permeability and infiltration capacity of the geological formations,
as well as the morphological characteristics of the basin are considered the three main
natural components that control flood phenomena. The causes of flood phenomena can
be distinguished into natural and artificial. Natural causes involve heavy rainfall or the
melting of snow, which result in the overflowing of rivers and lakes in lowland areas,
the transport of water from upstream areas and non-permanent watercourses, and also
the increased runoff of water due to the uplifting of groundwater table. The effects of
tidal phenomena, heavy storms, and tsunami waves belong to the natural causes that
affect the intensity and extent of floods, particularly in coastal areas. Artificial causes
include the failure of hydraulic works, such as dams, dykes, and aqueducts, and the under-
dimensioning or poor operation (e.g., of solid waste) of the rainwater drainage network.
Most of the flood phenomena that occur in Greece are characterized as flash floods, i.e., a
type of flooding characterized by high velocities and strong erosive characteristics.

According to [2], in Greece, a considerable number of flood events have occurred. From
2000 to 2020, more than 380 flood episodes were recorded, causing significant social and
economic consequences. These include the loss of 132 lives (with 38 fatalities occurring in
the Attica Prefecture), damage and destruction of infrastructure, transportation disruptions,
and more. Most floods occur in eastern Greece, despite western Greece experiencing higher
rainfall amounts. However, floods in western Greece typically have fewer casualties. These
events tend to happen in areas located within a short distance from the coast (less than
5 km) and at low altitudes (less than 50 m). The average slope in these regions is around
10–15%, and the basins affected are generally smaller than 100 km2 [3].

Natural disasters, such as floods, require an organized society to ensure safety con-
ditions for its citizens and the preservation of the environment. To mitigate the adverse
impacts of such catastrophic events, significant efforts are dedicated to prediction and
early prevention. Rather than solely focusing on post-event damage assessment, flood
management endeavors prioritize the assessment of susceptibility and vulnerability in
flood-prone areas [4]. In flood hazard and risk assessment surveys, susceptibility mapping
is a valuable method for identifying areas prone to flooding. Unlike other approaches,
susceptibility mapping focuses on identifying flood-prone areas without explicitly consid-
ering triggering events or temporal variables. Recently, there has been a growing adoption
of data-driven methods, particularly machine learning (ML) models, in environmental
studies. This is primarily due to the rapid advancement in technology in both hardware
and software. Technological progress has enabled the development and implementation
of innovative and computationally demanding algorithms. Furthermore, the availability
of large datasets from various sources has facilitated the application of ML techniques. In
flood susceptibility assessments, ML techniques are employed in an iterative process to
minimize prediction errors, primarily through supervised learning. The key objective of
utilizing ML in flood susceptibility assessments is to uncover hidden patterns in flood-
related data that might contribute to the occurrence of floods [5,6]. By leveraging the power
of ML algorithms, patterns and relationships within the data can be identified, leading to
more accurate predictions of flood susceptibility. ML models can analyze various factors
such as topography, hydrological characteristics, land use, and historical flood events to
identify the key variables that contribute to flood occurrence. Logistic regression, fuzzy
logic, Naïve Bayes, artificial neural networks, support vector machine, neuro-fuzzy, adap-
tive neuro-fuzzy inference system, decision trees, and random forest are the most widely
used machine learning methods [5–11]. Deep learning (DL) methods, i.e., a subtopic of
machine learning algorithms, are the “hot” topic for researchers and are used in various
applications for supervised or unsupervised methods, classification, and regression tasks.
They are rather efficient and useful when the dataset size is very large [12,13]. Apart from
flood-related assessments, these techniques have been applied in other natural hazards,
such as landslides, debris flows, erosion, subsidence, forest fires, etc. [14–19]. Their wide
use is related to their capability to model hidden and unknown complex relations that
may appear among data by exploiting multiple layers of nonlinear information, most com-
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monly using a multilayer neural network (MLP-NN), which is much more efficient than
conventional ML methods [20]. Supervised DL models involve the standard multilayer
perceptron neural network that has more than two or more hidden layers, convolutional
neural networks (CNN), recurrent neural networks (RNN), and transformer networks.
Unsupervised DL models that are not pre-trained involve self-organizing maps (SOM),
Boltzmann machines, and autoencoders.

Along with standard DL neural network models, CNNs are the most widely used
models in DL applications. Their popularity is mainly attributed to the ability to auto-
matically detect the important features in a dataset [21]. The implementation of CNN
involves the analysis of very-high-resolution remote sensing images for classification and
segmentation processes [22], semantic segmentation [23], and object detection and recogni-
tion [24,25]. In the scientific literature, one can find the implementation of CNNs in flood,
landslide, debris flow, and forest fire susceptibility mapping studies, and the authors of the
studies report CNNs’ higher predictive performance when compared to conventional ML
algorithms [12,13,26–31]. The architecture of a CNN includes the following layers: input,
hidden, convolutional, max pooling, fully connected, and output [32], and in most cases
the presence of training datasets from known recorded cases [24]. There are many known
architectures of CNNs that have been developed for various image recognition tasks, such
as: LeNet-5, AlexNet, VGGNet, ResNet, and InceptionNet [33]. Each architecture has its
own strengths and weaknesses, and the selection of architecture depends on the specific
image recognition task and the size of the dataset, and thus most researchers develop their
own models. This is because the architecture of a CNN can have a significant impact on
its performance, and developing a customized architecture that is tailored to a specific
task can lead to better results. There are different types of CNN models in respect to the
dimensionality of the input data, like 1D-CNNs, which handle one-dimensional data; 2D-
CNNs, designed for two-dimensional data; and 3D-CNNs, designed for three-dimensional
data. While the basic principles of CNN models remain the same across all three types,
the architecture and design of 1D, 2D, and 3D CNNs can differ significantly due to the
differences in the input data.

Customized or known CNN architecture models have been used in flood assessments.
For example, Zhao et al. [34] introduced a CNN model to assess flood susceptibility for the
Dahongmen urban catchment in Beijing, China, evaluating its validity and high predictive
performance. In the study, SCNN and LeNet-5 models were implemented and compared
with the performance of a SVM and a RF model using a point-based, an array-based, and
an imaged-based input strategy. The fixed-architecture LeNet-5 produced satisfactory
results. Wang et al. [12] proposed three CNN models, 1D-CNN, 2D-CNN, and 3D-CNN,
in flood susceptibility mapping in the county of Shangyou, China. The outcomes of the
study suggested that all the CNN-based methods produced reliable and accurate flood
susceptibility maps, surpassing in performance conventional machine learning models.
Ullah et al. [35] proposed a multi-hazard susceptibility mapping approach for the prediction
of the probability of the occurrence of flash floods, debris flows, and landslides using CNN.
The authors report that CNN outperformed the conventional machine learning algorithms,
LR and k-NN.

Remotely sensed data play a crucial role in flood susceptibility mapping and can
provide valuable information about the landscape and environmental factors that contribute
to flood occurrences. Remote sensing techniques, such as satellite imagery and aerial
photography, allow for the collection of high-resolution data on various flood-related
variables, including land cover, topography, hydrological characteristics, and historical
flood events [22,34]. The integration of these data sources with advanced deep learning
algorithms can enhance the understanding and prediction of flood events, ultimately
leading to more effective flood management and mitigation strategies.

In this context, the present study utilizes a 1D-CNN model to evaluate and produce a
flash flood susceptibility map, assuming a one-dimensional input vector which describes
the corresponding flood-related variables, whereas satellite images and cartographic flood-
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related products were used to extract flood and non-flood areas. The methodology in-
troduced in the present study was developed to present intelligent ways of utilizing DL
algorithms used in flash flood susceptibility assessments and compare their performance
against conventional ML models. R packages and python scripts in R and Python Shell
and ArcGIS 10.5.1 [36] were used for compiling the spatial data and generating the flash
flood susceptibility maps. The learning and predictive performance of the developed
methodology along with the performance of the benchmark models were tested in an area
located in the island of Euboea, Greece.

2. Study Area

The island of Euboea has an area of 3684 km2, with a population of 191,206 (population
density 54/km2) [37]. The study area covers an area of 654 km2, which is delimited by two
major and three minor water basins where the Lilas and Messapios Rivers and the streams
of Politika, Poros, and Mantania flow (Figure 1). The area is characterized by gentle slopes
apart from the high-altitude areas. Approximately 38% of the study area is characterized
as open slopes, 21% as plains, and 18% as upper slopes. The lithological units that cover
the area include Quaternary and Neogene formations, carbonate rocks, schist, flyschoid
formations, and magmatic/volcanic rocks. In detail, the area is covered by recent and
old quaternary deposits, Neogene formations, mainly marly limestone and conglomerate,
flysch formations, limestone, shale and phyllites, ophiolites, flint, and shaly siltstone [38].

Concerning the climate of the study area, it is characterized as Mediterranean. The
Mediterranean climate is characterized by dry summers and mild, wet winters and a
distinct seasonal pattern of rainfall, influencing various aspects of the natural environment,
including vegetation, agriculture, and water resources management. During the summer,
Mediterranean climates generally have a pronounced dry period, with little to no rainfall,
while rainfall is more possible in the winter [39]. In the study area, the mean annual
rainfall varies depending on the location. In lowland and coastline areas, the average
annual rainfall is around 450 mm, while in high-altitude areas, it increases to approximately
550 mm. The distribution of rainfall throughout the year also exhibits seasonal variations.
The period from November to January typically experiences the highest precipitation
amounts, indicating the peak of the rainy season. During this time, the region receives the
most substantial portion of its annual rainfall. On the other hand, the months from July to
August are characterized by the lowest precipitation amounts, reflecting the drier summer
season [40].

The wider study area has a history of flood events that have caused significant damage
to various aspects of the region, including agricultural land, infrastructure, buildings, and
the coastal area. These flood events have occurred predominantly between September
and December. The recent extreme rainfall event of August 2020 resulted in severe flood
phenomena and the unfortunate loss of eight citizens in the areas of Psachna, Politika,
Lefkanti, Vasiliko, and Bourtzi, highlighting the vulnerability of the region to heavy rainfall
and subsequent flooding [41]. In the Messapios river basin, the occurrence of a forest fire in
August 2019 near the Psachna settlement had a rather minor influence on the severity of the
flood phenomenon [41]. Figure 2 shows the devastating effects of the flood phenomenon,
which included huge volumes of debris materials, tree trunks, and large branches, and
severe damage to roads, infrastructure, and buildings. The severity of the consequences of
the flood event and the frequent recurrence of the phenomena in the specific area made
it suitable for the implementation of a newly developed flood prediction methodology to
evaluate its efficiency and predictive performance.
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3. Materials and Methods

The methodology developed during the present study follows a 5-phase process,
which involves: (i) the construction a flash flood and non-flash-flood inventory, (ii) data
selection, classification, weighting, and normalization, (iii) Pearson’s correlation, multi-
collinearity, and importance analysis, (iv), application of a 1D-CNN model and construction
of the flood susceptibility maps, and (v) estimation of the prediction ability of the 1D-
CNN model and comparison of its performance with other benchmark machine learning
algorithms. The successful completion of each phase has a significant impact on the final
deliverable. The three first phases (i, ii, and iii) are preprocessing phases that ensure
the overall quantity and quality of the training data. The process of constructing the
inventory database; selecting, classifying, and weighting the appropriate flood-related
parameters; and estimating their dependency, correlation, and predictive power are the
essential actions. The last two phases involve the implementation and validation of the DL
and conventional ML models, and the generation of the flood susceptibility map. Figure 3
depicts the flowchart of the five-phase methodology, providing a visual representation of
the sequential process followed to develop the flood prediction framework.

3.1. First Phase—Inventory Database

The first phase involved the construction of the flash flood and non-flash flood in-
ventory. The data were obtained from previous studies, satellite image processing, and
cartographic products available from the Greek Ministry of Environment and Energy
(GMEE) and the European Environment Agency (EEA) [41–44]. The satellite images were
available from the European Space Agency’s Copernicus Program and the Sentinels Scien-
tific Data Hub (SSDH). The Copernicus Sentinel satellites, particularly Sentinel-2, capture
imagery in multiple spectral bands, including the visible, near-infrared, and shortwave
infrared ranges. These bands provide valuable information about the land cover, vege-
tation health, and water bodies, and in our case, facilitate the accurate identification and
delineation of flooded areas. The SSDH provide high-resolution imagery with pixel sizes
as small as 10 m. This level of detail allows for the precise identification and mapping of
flooded areas, including smaller water bodies and localized flood events. The Copernicus
Program operates a constellation of satellites that cover the entire globe systematically
with Sentinel-2 capturing imagery every 5 days following an open data policy, making its
products available to the public. Two satellite images, before and after the flood events that
occurred in August 2020 (3 August 2020 and 13 August 2020, respectively) were assessed to
identify the flooded areas. The flooded area was identified based on the Difference of Nor-
malized Difference Water Indices (DNDWI) using the green (B03) and near-infrared bands
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(B08) to highlight water bodies of Sentinel-2 detectors as proposed by [45] (Equation (1)).
Band 3 has a resolution of 10 m/pixel, a central wavelength of 560 nm, and a bandwidth
of 35 nm, whereas Band 8 has a resolution of 10 m/pixel, a central wavelength of 842 nm,
and a bandwidth of 115 nm. NDWI expresses the ratio of the difference in the sum of the
intensities of radiation at near-infrared and green wavelengths [46]:

DNDWI = NDWIA − NDWIB =
B03A − B08A
B03A + B08A

− B03B − B08B
B03B + B08B

(1)

where DNDWI represents the Difference of Normalized Difference Water Index, B03A and
B03B the green band, and B08A and B08B the near-infrared (NIR) band, for the two time
periods after (A) and before (B) the flood event.
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A total of 400 points from the flooded areas were randomly created by using the
geo-processing tool Create Random Points, included in the Data Management Tool of the
ArcGIS platform [36], which along with 13 past flood events generated the flood inventory
database. The non-flooded locations were generated from the area outside the areas of
Potential Significant Flood Risk (APSFR). The APSFR areas have been developed following
the Directive 2007/60 of the European Union and the potential flood area (100-year return
period) by the Ministry of Environment and Energy [44]. The potential flood-prone area
extent delineates the area that is flooded once every 100 years assuming that flooding is
unrestricted, with the potential flood-prone area comprised of the river channel and the
floodplain. Figure 4a illustrates the outcome of the extraction process from the Copernicus
Sentinel-2 product, whereas Figure 4b shows the APSFR and potential flooded areas.

3.2. Second Phase

The second phase involved the selection of the appropriate flood-related variables,
the classification and weighting process, and the construction of the training and testing
database. The selection of the flood-related variables was based on the knowledge gained
from the study of previous reports with similar characteristics, the scientific literature, and
data availability. The morphological, lithological, and hydrological characteristics; the
soil cover and land use cover maps; and the climate variables were derived from various
sources. Thirteen factors were considered, namely: elevation, slope, profile curvature, plan
curvature, Topographic Wetness Index (TWI), Topographic Position Index (TPI), distance
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from river network, lithology, soil content (percentage of silt, sand, and clay content),
land use cover [47], and rainfall (Modified Fournier Index). The classification process
involved transforming the continuous flash-flood-related variables into variables with
discrete classes. Lithology and land cover did not undergo any classification process since
the raw data appeared with discrete classes.
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The weighting process involved the implementation of the Weight of Evidence (WofE)
method, which is a probability-data-driven approach [48–50]. The WofE method can
estimate the relation concerning the spatial distribution of the flooded areas and the spatial
distribution of the flood-related variables, expressed by the magnitude of contrast (C).
C is a measure that is estimated by the difference in positive spatial correlation between
the flood-related variables and the flood locations (W+) and analogous negative spatial
correlation (W−). A positive C implies a positive correlation, whereas a negative C implies
a negative spatial association [51] (Equation (2)).

C = W+ −W− = ln
P{F|A}
P
{

F|A
} − ln

P
{

A |F
}

P
{

A
∣∣F} (2)

P{F|A} is the prior posterior probability that a flood event (F) will occur under
the presence of an evidence A or the absence of an evidence A. The C value expresses
the influence that each flood-related variable has on the occurrence and evolution of a
flood event.

3.3. Flood-Related Variables

The geomorphological parameters such as elevation, slope, plan curvature, profile
curvature, TWI, and TPI were obtained by applying geoprocessing spatial tools from the
ArcGIS suite using data from the Alaska Satellite Facility (ASF), which provides a PALSAR
Phased Array type L-band DEM (Digital Elevation Model) with a resolution of 12.5 m
(https://asf.alaska.edu/data-sets/sar-data-sets/alos-palsar/ (accessed on 14 November
2022) (Table 1) [52]. Lithological cover and distance from the river network were obtained
from the geological (Euboea, scale 1:200,000) and topographic map sheets of the wider
research area (Psachna, Chalkida sheet, scale 1:50,000) [38]. The MFI was produced using
data from the WorldClim v.2.1 database [53]. The sand, silt, and clay cover were obtained
from the LUCAS topsoil database [54], whereas the CORINE Land Cover (CLC) of the
year 2018 provided by the Copernicus Land Monitoring Service was used for extracting
the land use cover [47]. All flood-related parameters were transformed into raster format
of 12.5 m by 12.5 m grid cell after applying resampling and downscaling methods where
necessary [36].

Table 1. Flood-related variables, source, and influence on flood occurrence.

Flood-Related Variable Source Influence on Flood

Land Cover CORINE 2018 Affects runoff accumulation and
infiltration rate

Elevation/Altitude DEM (ALOS-12.5 m) High-elevation areas increase runoff,
low-elevation areas prone to flooding

Slope Angle DEM Slope angle affects runoff and flooding
Modified Fournier Index WorldClim 2.0 MFI expresses the influence of the rainfall
Topographic Water Index DEM Affects runoff accumulation

Topographic Position Index DEM Affects runoff accumulation

Distance from River Network DEM/Topographic Map Areas close to river and streams are more
susceptible to flooding

Plan Curvature DEM The curvature of the surface influence runoff
and flooding

Lithology Geology Map Influence on hydrologic process (percolation
and water flow)

Profile Curvature DEM Surface curvature affects runoff and flooding
Sand Content (%) LUCAS topsoil database Affects the runoff and infiltration rate
Clay Content (%) LUCAS topsoil database Affects the runoff and infiltration rate
Silt Content (%) LUCAS topsoil database Affects the runoff and infiltration rate

https://asf.alaska.edu/data-sets/sar-data-sets/alos-palsar/
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Elevation has a significant influence on flood occurrence; higher elevation areas show
fewer chances of flooding, and vice versa [8,55,56]. The elevation was classified into
nine classes (<40 m, 41–80 m, 81–120 m, 121–160 m, 161–200 m, 201–240 m, 241–280 m,
281–320 m, and >321 m) (Figure 5a). Steepness is another controlling factor in water flow.
Thus, areas of lower slope angles show an increased probability of water appearance, which
may allow increased infiltration rates and lower surface runoff velocities and could be
characterized as more susceptible to floods [55,57,58]. The slope parameter was classified
into 5 classes (<5◦, 6◦–10◦, 11◦–20◦, 21◦–30◦, and >31◦) (Figure 5b). The plan and profile
curvature variable influence the manifestation of floods in water basins [59]; positive values
indicate a convex surface, while a negative value corresponds to a concave surface [56]. Plan
curvature corresponds to the surface that is perpendicular to the direction of the maximum
slope and influences the magnitude of convergence or divergence of a fluid flow across a
surface. Profile curvature corresponds to the surface that is parallel to the slope surface and
influences the acceleration or deceleration of fluid flow across a surface [36]. Three classes
were created in this regard (<−0.05,−0.04–0.05, and >0.06) (Figure 6a,b). The TWI is another
factor responsible for flood occurrence, which can indicate areas that, from a topographic
context, are prone to concentrate water [56,60,61]. Here, the TWI was reclassified into
5 classes (<6.02, 6.03–7.31, 7.32–8.94, 8.95–11.33, and >11.34) based on the Natural Breaks
(Jenks) classification method [36] (Figure 7a). The TPI is the difference between the elevation
value of a surface and the mean elevation value of a specified neighborhood around that
surface, and it is used to identify topographic features such as a hilltops, valley bottoms,
exposed ridges, flat plains, and upper or lower slopes [62–64]. In general, steep and high-
elevation areas are less likely to experience flood events than low-relief areas [65]. The TPI
was reclassified into 5 classes (<−18.30, −18.29–5.97, −5.96–3.63, 3.64–15.96, and >15.97)
based on the Natural Breaks (Jenks) classification method [36] (Figure 7b). Lithology
is another important flood-related variable related to the infiltration rate and the water
flow [20,66]. In general, geological formations of low permeability are more susceptible
to flooding. The research area is covered by recent and old quaternary deposits, Neogene
formations, mainly marly limestone and conglomerate, flysch formations, limestone, shale
and phyllites, ophiolites, flint, and shaly siltstone (Figure 8a). Land use cover affects
evaporation, infiltration, and runoff [57]. Regions which are covered by farmlands and
green land show lower susceptibility to flooding compared to urban areas, which are
covered by impermeable surfaces which favor surface runoff [66] (Figure 8b). Soil cover is
another critical factor responsible for the generation of floods. Soils that are characterized
by a high percentage of sand absorb water at a higher rate and more likely prevent surface
runoff, whereas soils characterized by a high percentage of clay are less porous; they store
water and are more prone to flooding [67,68]. The absorbance ability of the topsoil, which
depends on the percentage of sand, clay, and silt, was considered in the analysis [54]
(Figure 9a,b and Figure 10a). The distance from the river network affects the extent of
flooding [66] since the surfaces’ water storages are related to floods [56]. The areas which are
close to the hydrographic network appear to be more susceptible to flood occurrence [59].
The distance to river network was classified into 4 classes (50 m, 51–100 m, 101–200 m,
and >201 m) (Figure 10b). Rainfall is a major contributor in flood occurrence; intense and
short rainstorms favor the generation of flash floods [20]. Here, the MFI was introduced
to include the rainfall influence in the flood susceptibility analysis. Twelve (12) GEOTIFF
files concerning mean monthly rainfall values were obtained from the WorldClim v.2.1
repository and clipped to the study area extent, whereas a resampling technique based on
inverse-distance weighting was applied [53]. Rainfall aggressiveness is a function of the
interactions between the height and duration of rainfall events. The Modified Fournier
Index (MFI), which represents the ratio between average monthly rainfall and average
annual rainfall, is a strong indicator of rainfall aggressiveness and potential flash-flood-
related events [69,70]. The MFI variable was reclassified into 3 classes which are shaped
by the Natural Break (Jenks) classification scheme (<55, 56–65, and >66) [36], with higher
values indicating flood-prone areas (Figure 11).
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3.4. Third Phase—Pearson’s Correlation—Multi-Collinearity Analysis and Importance Analysis
3.4.1. Pearson’s Correlation

The third phase involves the estimation of the Pearson correlation coefficient. Also
known as Pearson’s r, it is a statistical measure which expresses the linear correlation
between two datasets. It is commonly used to assess the degree to which two variables are
related and to determine the extent to which changes in one variable are associated with
changes in the other. The output of the analysis provides values that range between −1
and 1. A highly linear correlation is present when values are equal to or greater than 0.7, a
significant linear correlation is between 0.5 and 0.7, a low linear correlation is between 0.3
and 0.5, and no linear correlation exists with values lower than 0.3.

3.4.2. Multi-Collinearity Analysis

In classification or regression problems, the independent/explanatory variables should
not be correlated. In the case in which the variables appear correlated, this correlation
affects the ability to evaluate their individual effects on the variable that must be estimated,
a problem known as multi-collinearity [3]. During the multi-collinearity analysis, two
metrics, the Variance Inflation Factor (VIF) and the tolerance index (TOL), are calculated,
with the presence of severe multi-collinearity in databases that have a VIF index higher
than 5 and a TOL index lower than 0.1.

3.4.3. Importance Ranking—Shapley Additive Explanations—SHAP

Shapley Additive Explanations (SHAP) is a powerful method for importance rank-
ing and the interpretation of machine learning models. The SHAP method is based on
cooperative game theory and provides a unified framework to quantify the contribution
of each feature towards the prediction of a model. It was proposed by Lloyd Shapley [71].
Shapley (SHAP) has gained popularity due to its ability to provide interpretable explana-
tions in a model-agnostic manner, making it applicable to a wide range of machine learning
algorithms and domains [72].

A Shapley value expresses the average marginal contribution of an instance of a
feature among all possible combinations. The SHAP value φi(f,x) is a numerical value that
describes the influence of the ith factor in the model prediction f, and x is the given input.
Factors with large absolute Shapley values are important. SHAP is also included in the R
xgboost package [73]. The absolute Shapley values per factors across the data are based on
the following, Equation (3):

Ij =
1
n

n

∑
i=1

∣∣∣ϕ(i)
j

∣∣∣ (3)
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3.5. Fourth Phase—Applying Deep Learning Models and Benchmark Machine Learning Models
and Constructing the Flood Susceptibility Maps
3.5.1. Convolutional Neural Network CNN

CNNs are inspired by biological brain activities, and in particular, the section which is
responsible for the perception of vision, with the theoretical models proposed by Hubel
and Wiesel back in 1959 [Hubel and Wiesel, 1959] [74]. The neurons in the visual cortex
are arranged in a hierarchical manner, with each layer processing increasingly complex
features. Similarly, CNNs consist of multiple layers of artificial neurons, with each layer
learning and extracting different features from the input data. The convolutional layers
in CNNs use filters to perform local operations on the input data, like how the receptive
fields of neurons in the visual cortex respond to local regions of the visual field. A CNN
architecture typically consists of three layers: convolutional, pooling, and fully connected
(Figure 12).
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CNNs have been used to deal with these complex problems, as they can extract and
learn localized features. They have a hidden layer with one or more convolutional layers,
pooling layers, and fully connected layers, as shown in Figure 12. Several filters have been
used in the convolutional layers to divide the input data into small dimensional parts.
Pooling layers are robust in dealing with distortion and noise by reducing the number
of factor maps. Finally, the fully linked layer connects all neurons to the neurons in the
previous layer to integrate the data with group differentiation in the convolutional and
pooling layers. In the CNN technique, the convolutional layer applies a set of convolution
kernels to learn an effective representation from the input data. If we have an input, the
feature vectors are V, which represents V1 to Vn (Equation (4)):

V = {V1, V2, . . . , Vn} (4)

If the kernels (k) are in the convolutional layer and the jth kernel has the weight (Wj)
and bias (bj), then the output (Cj) of the convolutional method can be calculated using the
following equation (Equation (5)):

Ci =
N

∑
i

f
(
Wj ∗Vi + β j

)
, j = 1, 2, . . . k (5)

where (f ) is the nonlinear activation operation and (∗) is the convolution operator.
To reduce the size of the feature vector and avoid the overfitting issue, the pooling

layer (max-pooling) that follows the convolution layer was used. By applying the max
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pooling method, the length of the feature vectors is reduced, and the depth remains
unaltered. This step is followed by fully concatenated layers that detect the extracted
feature vectors. Finally, softmax activation is used to transfer the detected vector into
a prediction probability for the corresponding category, which is calculated as follows
(Equation (6)):

P(y = mX) =
exp(WmX + βm)

∑M
n=1 exp(WnX + βn)

(6)

where m and M represent the predicted class and the number of categories, respectively;
Wm and Wn represent the weight vectors; and βm and βn represent the bias vectors.

The model’s accuracy is, in some manner, controlled by the choice in hyperparameters,
such as the number of layers and neurons, the batch size and number of epochs, the learning
rate, the optimizer, and the activation functions. To capture the high-level features, we used
a filter size of 3 × 3 with stride length of 2. The high-level features were aggregated using
a max pooling layer, and the activation function used was Rectified Linear Unit (ReLU).
The experiments were conducted using the Kaggle platform, choosing the accelerator GPU
T4 × 2 NDVIA and 30 GB of RAM.

3.5.2. Benchmark Models

In this phase, a comparison was made with several benchmark models. Specifically,
logistic regression (LR), Naïve Bayes (NB), gradient boosting machine (GBM), and deep
learning neural network (DLNN) were among the benchmark models.

Logistic Regression (LR)

According to Chau and Chan [75], LR provides the probability of an event to occur
over the probability of non-occurrence. In our case, the objective is to identify the relation
between the occurrence of a flood event and its dependency on flood-related variables,
which is expressed by Equation (7):

p f lood =
1

1 + e−z (7)

where pflood is the probability of a flood.
The pflood ranges from 0 to 1, plotted on an S-shaped curve, whereas the z factor

expresses the linear relation of the flood-related variables. LR involves applying an equation
to the dataset, like the following (Equation (8)):

z(xi) = b0 + b1×1 + b2×2 + . . . + bn×n (8)

where b0 is the intercept, bi is the slope coefficients of the logistic regression model, and xi
is the flood-related variables.

Naïve Bayes (NB)

The theory of Bayes is a mathematical framework for updating beliefs or probabilities
based on new evidence or data. The Bayes theorem is the main feature of Bayesian statistics,
which uses probability distributions to make inferences about unknown parameters or
hypotheses [76]. The process followed during the implementation of Bayesian classification
involves the estimation of the prior probability of each class of a variable based on a
training subset, assuming that the classification could be achieved via the calculation of the
conditional probability density and the posteriori probability [77]. The latter is calculated
using the following, Equation (9):

p(Cj|X) =
p
(
X
∣∣Cj
)
∗ p
(
Cj
)

p(X)
(9)
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where p(Cj|X) refers to the probability of the unknown X to belong to class Cj; p(X|Cj)
is the probability, given class Cj, that an unknown instance belongs to this class; p(Cj) is
the prior probability that the unknown X is observed in class Cj; and p(X) is the prior
probability that the unknown X is the same for each class Cj.

Naïve Bayes is a special case of Bayesian classification which assumes that all the
problem-related variables of the training subset are independent, and each of them con-
tributes in a similar manner to the problem. Assuming that the conditional independence
is true, p(X|Cj) is calculated using Equation (10):

p
(
X
∣∣Cj
)
=

k

∏
i=1

p
(

xi
Ci

)
(10)

In the case of numeric variables, the attributes within each class follow a normal
distribution, and the conditional probability is calculated using Equation (11):

p

(
xi
Cj

)
=

1√
2πδ

e
−(xi−µ)2

2δ2 (11)

where µ is the mean of xi, and δ is the standard deviation of xi.
In flood susceptibility assessments, yj is the Boolean output of the analysis, which

provides a prediction of the presence or absence of flood, based on the class with the
maximum posterior probability [77] (Equation (12)):

yj = argmaxP
(
yj
) k

∏
i=1

P

(
xi
yj

)
(12)

where j = {flood, non-flood}, and k represents flood-related variables.

Gradient Boosting

Gradient boosting (GB) is a powerful supervised machine learning technique that
combines multiple weak predictive models to create a stronger and more accurate predictive
model, developed by Friedman [78]. It can be used for regression and classification tasks,
as it optimizes an objective function by iteratively adding models that focus on the samples
where the previous models performed poorly. GB is based on the concept of improving
its accuracy on its predecessor gradually by reducing the errors, unlike random forest, in
which the learning process—training different decision trees—is parallel. In the case of a
GB, the training is based on a sequential manner with each decision tree learning from the
errors of the previous ones.

In the case of a flood-related database, (x, y)n
i , where x = (x1, x2, . . . , xn) are the flood

related-variables and y is the corresponding output, which could be either 0 (non-flood) or

1 (flood). The objective is to reshape the unknown functional dependence x
f→ y with the

estimate f̂ (x) to minimize a loss function θ(y, f ) as follows (Equation (13)):

f̂ (x) = argmin
f (x)

Θ(y, f (x)) (13)

In classification problems, like ours, the loss function is given as follows (Equation (14)):

Hp(q) = −
1
N

N

∑
i=1

yi log(p(yi)) + (1− yi)· log(1− p(yi)) (14)

where y represents the corresponding label (0 for non-flood or 1 for flood) and p(y) is the
predicted probability of the incidence being a flood for all N incidences.

For each flood, the function adds the log probability log(p(y)) to the loss and adds
log(1 − p(y)) for each non-flood.
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Deep Learning Neural Networks

The final benchmark model during the study was the DLNN model. In a DLNN
model, the number of layers and nodes defines the depth of the architecture the model
follows, whereas other important elements that must be defined are the activation and
transfer functions [79]. In reference to the number of layers and the processing elements
that are appropriate for a model, there is no universal rule. With this in mind, a grid
search technique was used to indicate the optimized number of hidden layers and nodes.
Concerning the activation function, which is used for mapping the nonlinearity relation
between inputs and outputs [79,80], the study used the Rectified Linear Unit (ReLu) [81]. In
a similar manner to the activation function, the transfer function, which is used to map the
nonlinearity of the final hidden and the output layer, the study used the sigmoid activation
function. Another important element is the choice in the optimization algorithm which
is used to adjust the learning rate. In our case, the Rmsprop technique, a gradient-based
optimization technique, was used [82]. Figure 13 illustrates the architecture of the DLNN
model used in our study, which consists of thirteen neural networks at the input layer,
three hidden layers, and one output layer with two nodes (flood and non-flood).
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3.6. Fifth Phase—Evaluation of the Performance of the Flash Flood Susceptibility Models

The last phase involved the evaluation of the predictive performance of the flood
susceptibility model through the receiver operating characteristic curve analysis and cal-
culating the area under the curve value. In addition, the fifth phase involved a pair-wise
comparison between the 1D-CNN model and the benchmark models to evaluate the chance
that the models produce statistically significant different outcomes, by estimating the p and
z values.

4. Results

The correlation between the independent flash-related variables and each other was
calculated after applying the Pearson’s method as shown in Figure 14. In most cases, a low
linear correlation was identified which indicated that the flash-related variables, which
describe the flood phenomena of the research area, are independent of each other. However,
a rather high correlation appears between the elevation and the modified Fournier Index,
accounting for 0.83. Slightly above 0.50, indicating moderate correlation, appears between
sand content cover and silt content cover (0.55) and between elevation and slope (0.53).
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The multi-collinearity analysis revealed that there is no multi-collinearity issue (Table 2).
Therefore, all variables were processed for further analysis. Elevation and MFI were the
variables with the lowest Tolerance value (0.2615, 0.2879), which, however, are higher than
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0.1, a value which indicates multi-collinearity. They also have higher VIF values (3.8237,
3.4731), values much lower than the value of 10, which indicates multi-collinearity.

Table 2. Multi-collinearity analysis and importance analysis.

Flood-Related Variable Significance Tolerance VIF

Elevation 0.224 0.2615 3.8237
Distance from River Network 0.128 0.8776 1.1394

Land Cover 0.092 0.9856 1.0145
Lithology 0.056 0.8722 1.1464

Slope Angle 0.043 0.5015 1.9938
Topographic Position Index 0.035 0.6984 1.4317

Sand Content (%) 0.023 0.5031 1.9872
Clay Content (%) 0.016 0.6708 1.4905
Silt Content (%) 0.010 0.6920 1.4449

Topographic Water Index 0.006 0.6153 1.6251
Plan Curvature 0.000 0.6231 1.6047

Profile Curvature 0.000 0.7471 1.3383
Modified Fournier Index 0.000 0.2879 3.4731

The analysis of variable importance contacted through the SHAP method revealed
that within the research area, elevation had the highest SHAP value (0.205), followed
by distance from river network (0.120), land cover (0.106), and slope angle (0.067). The
summary plot combines feature importance with feature effects (Figures 15 and 16).

Elevation is the variable identified as the variable with the highest impact on the
predictions. The Shapley values of elevation are very high or very low. Distance to
rivers also seems to have an impact on the predictions, and the rest of the variables are
characterized by a lower impact.

For the GB, DLLN, and 1D-CNN models, all the hyperparameter settings were opti-
mized during a training phase using the trial-and-error method [26] (Table 3).
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Figure 16. SHAP values. EL: elevation, SL: slope, DR: distance to rivers, LTH: lithology, LULC:
land cover.

Table 3. Optimized hyper parameters for GB, DLLN, and 1D-CNN models.

Hyper Parameter GB DLLN 1D-CNN

Epoch - - 200
Batch size - - 32
Dropout - - 0.5

Optimization algorithm - RMSprop RMSprop
Number of hidden layers - 3 -

Number of neurons - 64 -
Activation function - ReLU ReLU

Transfer function - Sigmoid -
Learning rate 0.1 - -

Number of trees 150 - -
Maximum depth of trees 6 - -

Figures 17–21 illustrate the products from the LR, NB, GB, DLNN, and 1D-CNN mod-
els’ flood probability/susceptibility maps. All models estimate the probability of flood oc-
currence and were classified into a five-level probability scheme (<0.25, 0.26–0.50, 0.51–0.75,
0.76–0.90, and >0.91) that corresponds to similar five-level susceptibility characterization
(very low susceptibility, low susceptibility, moderate susceptibility, high susceptibility, and
very high susceptibility). A rather similar spatial distribution of the flood susceptibility
zones was observed, which follows the spatial distribution of elevation and the river net-
work. This has already been identified during the importance analysis, expressed by the
SHAP values, where elevation and distance from the river network had the highest values.
However, in more detail, there are several differences concerning the coverage of each
susceptibility zone among the models. In general, most historical flood incidences are
within the high and very high susceptibility zones. Table 4 provides the relative density of
flood occurrence in each susceptibility zone.

The results indicate that the high and very high susceptibility areas concentrate the
highest frequency of floods, and very few floods appear within the very low suscepti-
bility areas. This is proof that all models captured, in high precession, the link between
the occurrence of historical flood events and the flood-related variables that shaped the
susceptible zones for all the models built during the study. In all cases, the relative density
of the high and very high susceptibility zones is over 75, which confirms the rationality of
the flood susceptibility maps. The GB model achieved the highest relative density (55.72),
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with a probability over 0.91, followed by the 1D-CNN (58.08) and the NB model (46.80),
whereas when considering a probability over 0.76 (high and very high susceptibility), the
1D-CNN model has the highest value (79.28), followed by the GB model (77.54) and the LR
model (77.32).
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Figure 20. Flood susceptibility map by the DLNN model.

According to the results, the learning and predictive performance of the models are
quite different (Figure 22a,b, Table 5). All models had excellent performance regarding
AUC values for the training dataset, ranging between 0.870 and 0.975, and for the test
dataset, between 0.829 and 0.949. GB had the best learning accuracy in terms of AUC
values (AUC values = 0.960), followed by the CNN (AUC value = 0.937) and the DLNN
(AUC value = 0.930). The worst performance was achieved by the NB (AUC value = 0.899),
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followed by the LR (AUC value = 0.920). Concerning the test dataset, CNN had the best
performance (AUC value = 0.924), followed by the LR (AUC value = 0.904) and the DLNN
(AUC value = 0.899). Like the train dataset, the worst performance was achieved by NB
(AUC value = 0.872), followed, however, by the GB model (AUC value = 0.877).
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Table 4. Flood susceptibility probability and relative density (multiplied by 100) of floods.

Flood Susceptibility
Probability LR NB GB DLNN 1D-CNN

<0.25
Very low susceptibility 1.79 3.26 2.20 1.45 0.86

0.26–0.50
Low susceptibility 6.09 9.67 5.12 4.09 7.46

0.51–0.75
Moderate susceptibility 14.80 10.24 15.14 10.86 12.40

0.76–0.90
High susceptibility 33.69 30.03 21.82 29.42 31.20

>0.91
Very high susceptibility 43.63 46.80 55.72 46.35 48.08

Table 5. Training and test database AUC values.

Models AUC
(Train/Test)

SE
(Train/Test)

95% CL
(Train/Test)

CNN 0.937/0.924 0.0113/0.0187 0.903 to 0.966/0.874 to 0.954
LR 0.920/0.904 0.0121/0.0201 0.894 to 0.941/0.859 to 0.938
NB 0.899/0.872 0.0135/0.0231 0.870 to 0.923/0.823 to 0.912
GB 0.960/0.877 0.0084/0.0226 0.940 to 0.975/0.829 to 0.916

DLNN 0.930/0.899 0.0107/0.0206 0.901 to 0.950/0.853 to 0.934
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Figure 22. (a) Sensitivity, 100-specificity, and ROC curves for the training dataset. (b) Sensitivity,
100-specificity, and ROC curves for the test dataset.

From the pair-wise comparison of the predictions made by the CNN, GB, LR, NB and,
DLNN models, statistically significant different results appear for the CNN, LR, NB, and
DLNN models, whereas the CNN and GB models, according to the z statistic value, could
not be considered statistically significantly different (Table 6).

Table 6. Pair-wise comparison of ROC curves on the test database.

CNN-GB CNN-LR CNN-NB CNN-DLNN

Difference
between areas 0.0129 0.0447 0.0394 0.0177

Standard Error c 0.0136 0.0150 0.0142 0.00987
95% Confidence

Interval −0.0137 to 0.0395 0.0153 to 0.0741 0.0116 to 0.0672 −0.00164 to 0.0370

z statistic 0.953 2.979 2.777 1.793
Significance level p = 0.341 p = 0.003 p = 0.005 p = 0.073

5. Discussion

According to the Directive 2007 of the European Commission, human activities, mainly
those related to the development of human settlements and other assets within floodplains;
the reduction in the natural capacity of the soil to retain water due to changes in land use;
and the effects of climate change, contribute to the increase in the probability of flood events,
with a corresponding increase in their negative effects. For the rational management of flood
phenomena, it is first necessary to delineate the susceptible areas with as much precision
as possible [83]. However, this is not an easy task, since the mechanism responsible for
the occurrence and evolution of flood phenomena depends on rather complex natural
processes that, in most cases, are not clearly understood [58]. Floods are characterized
as multidimensional dynamic phenomena, a natural phenomenon which is difficult to
prevent. RS data and GIS assist in exploring the extent of flooded areas and the post-event
effects, whereas nonlinear machine learning algorithms have been proposed for flood
modeling, with promising results [3]. In this context, our study focused on the application
of ML models, specifically a 1D-CNN model whose effectiveness was compared with four
state-of-the-art ML models, LR, NB, GB, and DLNN.

First, one must highlight that by leveraging the satellite images from the Copernicus
Program and the Sentinels Scientific Data Hub, the study benefits from high spatial reso-
lution, wide coverage, and frequent acquisitions, enabling the accurate identification and
mapping of flooded areas. These advantages enhance the reliability and effectiveness of
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the flash flood susceptibility mapping approach that this study follows. The Copernicus
Program follows an open data policy, making the satellite imagery and derived products
freely accessible to the public. This accessibility encourages widespread use and collabora-
tion among researchers, leading to advancements in flood assessment methodologies and
enabling comparisons between different regions and studies.

Concerning the identification of flood areas, the study calculated the DNDWI index,
which is based on B03 and B08 bands, to highlight water bodies and identify flooded
areas. As described in [45], the NDWI index is ideal to delineate open water features and
enhance their presence in remotely sensed digital imagery, using the reflected near-infrared
radiation and visible green light to enhance the presence of such features while eliminating
the presence of soil and terrestrial vegetation features.

The selection of specific satellite images was based on their availability, their being
freely and openly accessed, and their spatial and temporal coverage. In addition, their
fine spatial resolution, 10 m per pixel, provides more detailed information about the
land surface, allowing for better discrimination of water bodies, infrastructure, and other
land features. Also, their spectral bands, B03 and B08, were ideal to detect the presence
of water and differentiate between water and other land features, due to their unique
reflectance properties.

During the Pearson analysis, a high correlation between elevation and MFI (0.83) was
detected. Douglas et al. [84] suggests that the presence of high correlation values may lead
to an increased probability of flood occurrence. In our case, the observed high correlation
had a minor influence on the outcome’s accuracy. Multi-collinearity analysis indicated
that there was no significant correlation between any of the thirteen variables. The high
Pearson value refers to the linear relation between the two variables, whether the multi-
collinearity refers to a linear relationship between three or more variables. Thus, even if a
high correlation is observed between elevation and MFI, the non-existing multi-collinearity
implies that the problem is complex and could not be described by a linear model.

From the conducted importance analysis, elevation, distance to river network, land
cover, lithology cover, and slope angle were the most important flood-related variables,
according to the SHAP values. Similar findings have been found supporting the outcomes
of the study, although an apparent difference among studies concerning the importance of
flood-related variables could be the physical, morphological, and hydrological characteris-
tics of the research areas. The elevation parameter is assigned the highest importance value
by many authors; higher elevation receives a lower probability of occurrence of flooding,
and vice versa [29,58]. Areas of lower elevation receive the amount of water that flows
from the upper portions of a water basin. According to Lekkas et al. [41], the morphological
settings played a significant role in the case of the August 2020 flood event in the research
area. The water basins appear with steep slopes in their upstream section, which results in
high flow velocities, increased erosion, and mass movement phenomena.

Distance to river network has also been recognized as a variable that could explain the
presence of flood events with high accuracy. An increasing factor in shaping the degree
of influence of the specific variable is the effect of anthropogenic activities. This is also
recognized by Karkani et al. [85]. The authors report that human structures that are located
along the river network reduced the critical cross-sections of the rivers, causing local
overflows, which resulted in intense flood phenomena in the lowland areas.

Land cover appears to be a crucial variable that influences the occurrence of flooding.
The absence of vegetation creates flooding areas, whereas urban areas covered by impervi-
ous materials increase the flow of surface runoff [86–88]. In our case, the predicted flooded
areas are characterized by the presence of non-irrigated arable land (35%), complex cultiva-
tion patterns (27%), annual crops associated with permanent crops (13%), discontinuous
urban fabric (8%), and olive groves (5%).

Another variable identified by the SHAP model was the lithology cover. In general,
lithology cover has a high influence on flood phenomena, since it may influence runoff
and infiltration rates and control sediment production within the water basin [57,89]. In
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total, 37% of the research area is covered by carbonate rock formations, mainly found in
the upper portion of the research area, followed by Neogene formations (21%) and recent
and old quaternary deposits (17%). The latter showed the highest frequency of observed
floods (approximately 56% of the total observed flood areas), followed by the Neogene
formations (26%). Karymbalis et al. [90], who investigated the geomorphic evolution of the
Lilas river, report that climate, the highly erodible formations, and the steep slopes found
in the upper sections of the water basin of Lilas are conditions that favor weathering and
erosion processes. This produces huge volumes of sediments which are transported to the
lower lands of the water basin.

Finally, slope was the fifth variable with significant influence in shaping the flood
susceptibility index. As stated by several researchers, slopes influence the probability of
flood occurrence. Areas characterized by a low slope angle have a higher probability of
flood occurrence because of changes that appear in the infiltration rate and amount of
runoff [91]. Moreover, the morphological settings of the areas are those found in a typical
Mediterranean terrain, characterized by small water basins, less than 2000 km2 in size,
which are associated with intense precipitation events and disastrous flash floods [85].

Concerning the generated flood susceptibility maps, they have a similar spatial distri-
bution pattern; most flood-prone areas are identified in the lower land, close in distance
to the river network. These two variables shape the extent of the flooded areas. The most
susceptible areas are Politika, Psachna, Politika, Lefkanti, and Vasiliko.

Overall, the ML models showed a high predictive performance in terms of AUC values,
since the values ranged between 0.872 and 0.924. The CNN model showed the highest
performance, whereas statistically significant differences in the modelling process were
detected for the all the models. The higher predictive performance of the CNN model could
be attributed to the different learning patterns it uses and the specific structure of the data
that was implemented. According to Wang et al. [12] the 1D data structure contains all the
information concerning the flood-related variables, and the 1D-CNN topology evaluates
the local relations between the flood-related variables. This is apparent in our case, where
the 1D-CNN model successfully identified the flooded areas during the extreme rainfall
event of August 2020.

DL models and, in our case, the 1D-CNN model is typically trained using large
datasets and require significant computational resources, such as high-end GPUs and
distributed computing systems. However, they have demonstrated remarkable success in
a wide range of applications and are rapidly becoming a standard tool for data analysis
and decision making in various fields, including healthcare, finance, transportation, and
geoscience. Although LR and 1D-CNN are two different types of ML models, they appear
to have a similar predictive performance. LR is a simple and interpretable model; however,
it may not be able to capture complex relations between input features. The 1D-CNN
model, on the other hand, can automatically learn feature representations that capture the
complex spatial correlations between flood-related variables and the actual flooded areas
and can achieve high accuracy in classification tasks. The CNN model and the benchmark
models appeared with excellent predictive performance; however, there are several aspects
that may improve their performance even further. One of the most important issues is
the identification of the non-flash-flood areas, the presence of which is mandatory for
classification problems using machine learning methods. In our case, the generation of
non-flood areas was based on a random search method outside areas identified as Potential
Significant Flood Risk according to criteria defined by the Directive 2007, which may have
influenced the outcomes of all models. Comparing the computational time needed for
modeling and prediction needed between the models, the CNN model requires more time
than conventional machine learning methods. Thus, it is up to the researcher to decide
the trade-off between time efficiency and performance. Regarding future work, it could
focus on applying the 1D-CNN, based on the concept of Transfer Learning, to regions with
different geo-environmental settings. New parameters derived from sophisticated remote
sensing techniques and improving the quality of available data may assist in providing
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more accurate models, aspects that should be subjects of future work. The agenda of future
works should also include the investigation of the influence of the number of classes created
for each flash flood variable on the accuracy. Finally, future works should investigate the
application of different classification methods that may combine statistical, probabilistic,
and expert-based methods to improve the predictive accuracy of 1D-CNN models.

6. Conclusions

The main objective of the present study was to evaluate the performance of a 1D-CNN
model and compare its performance with benchmark machine learning models (logistic
regression, Naïve Bayes, gradient boosting, and deep learning neural network) in flood
susceptibility assessments. According to the multi-collinearity analysis, no collinearity was
detected among the flood-related variables, whereas elevation, distance to river network,
land cover, lithology, and slope angle were estimated to be the most important variables,
based on the results obtained using the SHAP method. The 1D-CNN model appeared
to have the highest predictive performance in terms of AUC value (0.924), followed by
the LR (0.904) and DLNN models (0.899). As mentioned in the discussion, the CNN’s
performance is based on the model’s ability to appropriately shape the degree of influence
of the flood-related variables not on the entire research area but according to the special
characteristics and settings of the local areas within the wider research area. In summary,
CNNs are a promising approach for flood susceptibility analysis, but their success depends
on the availability and quality of the training data, as well as the computational resources
available for training and inference. The information and knowledge gained from the
outcomes of the present study could assist local authorities and government agencies in
the direction of accurately identifying flash-flood-susceptible areas to implement in those
areas appropriate flood management plans.
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88. Petrović, A.M. Challenges of torrential flood risk management in Serbia. Journal of the Geographical Institute “Jovan Cvijic”.

SASA 2015, 65, 131–143. [CrossRef]
89. Miller, J.R.; Ritter, D.F.; Kochel, R.C. Morphometric Assessment of Lithologic Controls on Drainage Basin Evolution in the

Crawford Upland, South-Central Indiana. Am. J. Sci. 1990, 290, 569–599. [CrossRef]
90. Karymbalis, E.; Valkanou, K.; Tsodoulos, I.; Iliopoulos, G.; Tsanakas, K.; Batzakis, V.; Tsironis, G.; Gallousi, C.; Stamoulis, K.;

Ioannides, K. Geomorphic Evolution of the Lilas River Fan Delta (Central Evia Island, Greece). Geosciences 2018, 8, 361. [CrossRef]
91. Hong, H.; Tsangaratos, P.; Ilia, I.; Liu, J.; Zhu, A.-X.; Chen, W. Application of Fuzzy Weight of Evidence and Data Mining Techniques

in Construction of Flood Susceptibility Map of Poyang County, China. Sci. Total Environ. 2018, 625, 575–588. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.quaint.2020.04.047
https://doi.org/10.1080/10106049.2015.1041559
https://doi.org/10.3390/w6061515
https://doi.org/10.3390/w14193069
https://doi.org/10.3390/cli10120194
https://doi.org/10.1007/s11069-022-05793-y
https://doi.org/10.1073/pnas.39.10.1095
https://CRAN.R-project.org/package=xgboost
https://doi.org/10.1113/jphysiol.1959.sp006308
https://www.ncbi.nlm.nih.gov/pubmed/14403679
https://doi.org/10.1007/s10346-005-0024-x
https://doi.org/10.1016/j.catena.2016.06.004
https://doi.org/10.1214/aos/1013203451
https://doi.org/10.1016/j.aei.2018.06.004
https://doi.org/10.1007/s10710-017-9314-z
https://doi.org/10.1038/35016072
https://doi.org/10.1109/MSP.2012.2205597
https://doi.org/10.1007/s12145-020-00530-0
https://doi.org/10.1016/S0022-1694(00)00336-X
https://doi.org/10.3390/geohazards2040020
https://doi.org/10.1080/19475705.2017.1294113
https://doi.org/10.3390/w14162453
https://doi.org/10.2298/IJGI1502131P
https://doi.org/10.2475/ajs.290.5.569
https://doi.org/10.3390/geosciences8100361
https://doi.org/10.1016/j.scitotenv.2017.12.256
https://www.ncbi.nlm.nih.gov/pubmed/29291572

	Introduction 
	Study Area 
	Materials and Methods 
	First Phase—Inventory Database 
	Second Phase 
	Flood-Related Variables 
	Third Phase—Pearson’s Correlation—Multi-Collinearity Analysis and Importance Analysis 
	Pearson’s Correlation 
	Multi-Collinearity Analysis 
	Importance Ranking—Shapley Additive Explanations—SHAP 

	Fourth Phase—Applying Deep Learning Models and Benchmark Machine Learning Models and Constructing the Flood Susceptibility Maps 
	Convolutional Neural Network CNN 
	Benchmark Models 

	Fifth Phase—Evaluation of the Performance of the Flash Flood Susceptibility Models 

	Results 
	Discussion 
	Conclusions 
	References

