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Abstract: In this paper, three different flash floods episodes were analyzed, which occurred in October
2006, February 2010, and June 2018 in the Chalkidiki peninsula (North Greece). The Soil Conservation
Service (SCS) model and a revised assessment of the CN parameter were applied to estimate the flood
hydrographs, and Hydrologic Engineering Center’s-River Analysis System (HEC-RAS) software
was used for the flood simulations. Initially, hydrological and hydraulic models were calibrated at
Vatonias watershed (240.90 km2, North Greece), where three rain gauges and one water level station
are located. Vatonias is located very close to the Stavros ungauged watersheds and presents similar
geomorphology and land use conditions. The effectiveness and accuracy of the methodology were
validated using post-flash-flood measurements. The root mean square error goodness of fit was used
to compare the observed and simulated flood depths. Critical success index was calculated for the
assessment of the accuracy of observed and modeled flooded areas. The results showed that the
dense forest vegetation was not capable of preventing the flash flood generation or reducing the peak
discharge, especially in small watersheds characterized by short concentration times. The main cause
of flash flood generation was the human interference that influenced the hydraulic characteristics
of streams and floodplains. The revised assessment of the CN parameter enhanced the estimation
and spatial distribution of CN over the entire watershed. The results revealed that the proposed
methodology could be a very useful tool to researchers and policy makers for flood risk assessment
of higher accuracy and effectiveness in ungauged Mediterranean watersheds.

Keywords: flash floods; flood simulation; hydrological modeling; hydraulic modeling; post-flood
measurements; SCS-CN model

1. Introduction

Flash floods are natural phenomena that are an integral part of the hydrological cycle. Most of
them are the result of intense meteorological conditions, but they are also influenced by other factors
such as the relief, land uses, geomorphology, and human interference. In addition, flash floods are
considered to be by far the most dangerous, frequent, and widespread worldwide phenomenon,
especially in ephemeral streams [1–3]. These phenomena often generate serious negative consequences
for humans, such as infrastructure, property, and crop destruction, with significant financial cost for
repairs, restoration, and rehabilitation; sometimes human lives are even lost [4–7].

The continuously growing trend of flash flood phenomena and their devastating effects worldwide
require the constant improvement of flood risk management and modeling [8,9]. In Greece, as in the
rest area of Eastern Mediterranean area, the increased demand for agricultural land, the increasing
value of land due to exploitation for touristic and real estate purposes, and the unregulated building of
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settlements with the tolerance of the state have led to the gradual trespass of torrents, the reduction
of streambed width, and in some cases to their complete disappearance. Under these circumstances,
the hydraulic characteristics of streams and floodplains have been altered dramatically and have
resulted in the intensification of the flood phenomena [10–13]. The protective role of forests from
flash flood generation is questionable, and according to previous research studies is very limited,
indicating that forests have negligible effects on the reduction of peak discharge during extreme rainfall
events [10,12,14,15].

Over the past years, considerable efforts have been made to estimate flood risk and simulate flood
events, using hydrological and hydraulic models [16–23]. However, these models require the existence
of large time series and reliable stream flow and rainfall data, which in most Mediterranean areas are
unfortunately not available, especially for medium and small watersheds. To overcome these practical
difficulties, post-flash-flood measurements could be considered very useful for the evaluation of the
hydrological and hydraulic models by reproducing the flood events and comparing the observed
flooded area and flood depth with the simulated version.

In the current study, three different flash floods episodes, which occurred in October 2006, February 2010,
and June 2018, were analyzed. The flood events were simulated and the simulation results were
compared with the post-flood measurements and flood depths of the flooded areas in order to evaluate
and validate the hydrological and hydraulic models used in the current research work. Hydrological
and hydraulic models were applied for four medium and small typical Mediterranean watersheds
located in a highly touristic area of Greece, in Chalkidiki Peninsula, northern Greece. For the enhanced
evaluation of hydrological and hydraulic models, a calibration and validation process were applied in
a typical Mediterranean gauged watershed. The calibration of hydrological and hydraulic models
was initially performed in the Vatonias watershed, which presents similar geomorphology and land
use conditions as the watersheds in the Stavros area. The research examines the three specific flash
flood events, since they caused uncountable damage to infrastructure (roads, bridges, etc.), buildings,
vehicles, agricultural land, olive groves, and livestock deaths that cost millions of euros.

The objectives of the current research are: (i) the simulation of the aforementioned flood episodes
using hydrological and hydraulic models, (ii) the evaluation of the accuracy of hydrological and
hydraulic models comparing the results with the post-flash-flood measurements values, (iii) the
calibration of the hydrological and hydraulic models in typical Mediterranean area conditions, and
(iv) the increase of knowledge on the relation between the flood risk and the human interference in
ephemeral torrents in the Mediterranean area.

2. Materials and Methods

2.1. Watersheds Description

Hydrological and hydraulic models were applied in four typical Mediterranean watersheds
(Vatonias, Kryoneri, Samara, and Paliokastro). Vatonias is the first watershed, in which the calibration
process of the models was carried out, and is located in the central area of Chalkidiki Peninsula (North
Greece). The Vatonias basin area is 240.90 km2 and the sources of the main stream are located in the
Cholomontas mountain range at 1161 m above sea level. The main stream flows in a southwest direction
for about 32.4 km, passes very close to the Olynthos settlement, and flows into the Kassandra gulf
(Mediterranean Sea) (Figure 1). The relief of the watershed could be characterized as relatively steep,
with an average slope of 20.91%, but with considerable differentiation between the floodplain and the
areas above 500 m altitude. The dominant geological formation of the basin is semi-metamorphic rocks
of Triassic-middle Jurassic periods (quartzites and phyllites), which are rocks that are impermeable
to water and of considerable thickness (up to 500 m). Additionally, there are Mesozoic metamorphic
rocks (epigneiss, gabbro, dunites, peridotites) that respond to water infiltration as an impermeable
formation. A significant area is covered by Neogene formations of the upper Miocene-lower Pliocene
(red clay series, basal conglomerates series), which present medium to high permeability, as well as
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sedimentary rocks of the Quaternary-Holocene (alluvial deposits), characterized by high permeability
to water. Regarding the land uses, Vatonias basin contains typical Mediterranean vegetation, in which
sclerophyllous vegetation is the dominant type (39%), while agriculture areas represent 30% of the
total (crops represent 17.5% and olive groves 12.5%), followed by broad-leaved forests (15.30%).
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Kryoneri, Samara, and Paliokastro watersheds are located in the northeast of the Vatonias basin
(southeast area of Thessaloniki prefecture), at a distance of approximately 30 km (Figure 1). These three
basins form one single floodplain, where the significant touristic destination of Stavros settlement is
located. According to the Greek Census Report (2011), the permanent residents of Stavros settlement
number 4468, but during the summer months the population is particularly high. In the past, the
three torrents have been flooded several times, causing serious destruction, with the most recent and
significant one being the flash flood of June 2018. The Kryoneri torrent flows from the south to the
north, passes through the settlement of Stavros from the east side, and flows into the Strymonikos gulf
(Mediterranean Sea), while on the west side of the settlement flow two torrents, namely Samara and
Paliokastro, which contribute to one stream west of the settlement that flows into the Strymonikos
gulf. The mean slope of the area exceeds 50% and could be characterized as extremely intense, a fact
that significantly contributes to the phenomenon of rapid air mass concentration. Over 90% of the
watershed area is covered by broad-leaved forest, while the dominant rock of the area is gneiss,
exceeding 90% of the total. Despite the significant presence of forest area in the watersheds, the
described physical conditions of the study area can be considered as favorable to the generation of
flash flood events.

Based on the available meteorological data, the climate of the region could be characterized
as a typical Mediterranean climate, with very dry and warm summers and relatively mild winters.
Most of the precipitation is distributed in the Cholomontas and Stratoniko mountain ranges, while the
intense relief of the mountains causes rapid condensation of humidity and warm air masses, which are
transported from the Aegean Sea, causing frequent and severe flash flood events. The mean annual
rainfall ranges from 430 to 800 mm, with a maximum in autumn and a secondary peak in spring.

2.2. Floodplain Delineation

The Vatonias floodplain consists of Quaternary-Holocene sedimentary rocks, which are mainly
alluvial deposits. Alluvial deposits consist of sand, grit, clay, terra rossa, gravel, and cobble in various
gradation and ranging proportions, resulting from the gradual degradation, erosion, and leaching
of Neogene formations. Alluvial deposits are formations in lowland areas, valleys, and floodplains,
with considerable thickness and extended surface development, which present frequent and rapid
changes in their lithological composition and grain size distribution towards their horizontal and
vertical development. They are characterized by high erodibility and medium to high permeability.
There are sediments typical of coastal lakes and lagoons present to a lesser extent, which are located at
the seafront on either side of the main stream. The dominant type of land use in the floodplain is the
cultivation of olive groves. There are numerous oil mills and livestock farms, and very close to Vatonias
torrent, Olynthos settlement is located. At a distance of 3 km before the main stream flows into the
Mediterranean Sea, Vatonias presents a dramatical decrease in its width, with a parallel reduction
of mean slope of less than 1%, caused by the intense human activity and exploitation of the area as
cultivation land. Furthermore, adjacent to the coast line there are numerous touristic infrastructures.

The Stavros floodplain consists of Quaternary-Holocene sedimentary rocks, mainly alluvial fans
that are characterized by medium to high permeability. The intense residential development of the
previous years and the high demand for touristic infrastructures has formed the main characteristics
of the area; almost all the area of the floodplain is covered by building construction. As a result,
the natural dimensions of the streams and stream paths have changed significantly, especially in the
last 60 years, creating extremely favorable conditions for flood generation.

2.3. Flash Floods of October 2006, February 2010, and June 2018

The storm of 7–8 October 2006 was the most intense among the three rainfalls according to the
data from the meteorological stations in the area and affected almost all the Chalkidiki Peninsula and
southeast parts of Thessaloniki prefecture, causing overbank flow in the Vatonias torrent and many
other streams in the area. The highest rainfall intensities were recorded by 4 meteorological stations
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that operate in the study area. Taxiarchis, Arnaia, Agios Prodromos, and Polygyros are the locations of
the meteorological stations [24], and the highest values for the October 2006 rainfall were 86.6 mm/24 h,
98 mm/24 h, 74.4 mm/24 h, and 53.6 mm/24 h, respectively (Figure 2).
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Figure 2. Rainfall intensity at Polygyros observatory during the October 2006 flood event.

The storm recorded on 10th of February 2010 was located in the central and eastern part of the
Chalkidiki Peninsula, causing overbank flow in the Vatonias torrent and significant destruction on the
east coast of Chalkidiki, especially in Stratoni and Olympiada settlements [12]. The highest intensities
of the rainfall in Taxiarchis, Arnaia, Agios Prodromos, Polygyros, and Stratoni meteorological stations
were 70.7 mm/24 h, 53.4 mm/24 h, 39.5 mm/24 h, 75.6 mm/24 h, and 163.4 mm/24 h, respectively.

The storm on 27–28 June 2018 affected mainly Thessaloniki prefecture, especially the east part
close to the coast of the Strymonikos gulf (Mediterranean Sea), and caused significant damage to
Stavros, Vrasna, and Asprovalta settlements. The highest intensity of the particular rainfall event was
141.4 mm/24 h (Figure 3), which was recorded by the rain gauge located at Asprovalta settlement at
a distance of 3 km from Stavros settlement. Four days before the flash flood of 28 June, 160 mm of
rainfall was recorded, which was a very unusual phenomenon for the area, and especially for the
specific period of the summer season.
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Figure 3. Rainfall intensity at Asprovalta observatory during the June 2018 flood event.

2.4. Hydrological Modeling

Hydrological and hydraulic modeling was implemented in four different watersheds and
validation processes were performed using post-flash-flood measurements. Initially, the rainfall
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runoff model of the Soil Conservation Service curve number (SCS-CN) [25] was applied at Vatonias
watershed to estimate the hydrographs of the two rainfall events in October 2006 and February 2010.
The Hydrologic Engineering Center’s-Hydrologic Modeling System (HEC-HMS) software [26] was
used to estimate the flood hydrographs. Subsequently, the data from the hydrographs were simulated
using the River Analysis System (HEC–RAS) software from U.S. Army Corps of Engineers [27], and
the preparation of the hydraulic parameters was completed using the HEC–GeoRAS software [28].

The main components of the HEC-HMS software are the basin model (loss method, transform
method, basin area, base flow method, etc.), loss (initial abstraction, curve number, impervious area),
transform (graph type, lag time), meteorological model (precipitation), control specification (time
interval), and time-series data (units, time interval, time window, table with data). In the current work,
we applied the SCS-CN (loss method) and Soil Conservation Servise (SCS) unit hydrograph (transform
method), while no baseflow method (ephemeral streams without baseflow) was applied. Additionally,
initial abstraction was set to zero for antecedent moisture conditions III (AMCIII) values, and for
AMCII was set without any value (in HEC-HMS, when the value of the initial abstraction is empty,
HEC-HMS calculates the hydrographs by applying 20% initial water abstraction). Areas impervious
to water were incorporated into the CN parameter, thus zero value was set for the respective field.
For watersheds that were characterized by steep relief, larger peak rate factor was defined, according
to the HEC-HMS user’s manual. The lag time was defined by calculating the difference between the
time of the precipitation peak and the time of the observed peak discharge at the outlet point of the
watershed. To estimate the hydrographs of the two rainfalls (October 2006 and February 2010) in
the Vatonias watershed, the SCS-CN model was used, a well-known and widely applied model in
many countries [29–33] and in Greece [22,34–43]. The CN is a dimensionless empirical parameter for
predicting runoff and infiltration from rainfall excess [39]. It ranges from 30 to 100, with the highest
numbers indicating high runoff potential. In this study, it was decided not to apply the well-known CN
values from the Technical Release 55 table [44] and instead to apply a relatively new methodology for
the enhanced quality and spatial distribution of CN, which was presented by the Deucalion project [45].
In this method, the spatial estimation of the CN was carried out in geographic information system
software using three characteristic raster layers of spatial information, referring to the main factors
that interact with one another for the production of flood runoff. The reference value of the CN
parameter corresponding to the average humidity conditions (type II) and an initial loss rate of 20%
are denoted as CNII,20. This value is estimated by taking into account the dominant factors (Table 1)
of water permeability, land uses, and drainage capability of the watershed, according to the following
empirical equation:

CNII,20 = 10 + 9 × iPERM + 6 × iVEG + 3 × iSLOPE (1)

where iPERM, iVEG, and iSLOPE are factors that describe the water permeability, land uses, and
drainage capability, respectively, and receive values [1–5] according to the information presented in
Table 1. Equation (1) has been validated in Mediterranean watersheds by the research team of the
Deucalion project [45].

Antecedent moisture conditions (AMC) II and the corresponding CNII values are considered
representative of 50% of the flood events. The value that corresponds to the average humidity
conditions (AMC II) is related to the other two typical initial soil moisture conditions (AMC I and
AMC III), according to the following empirical relationships [46]:

CNI = 4.2 CNII/10 − 0.058 CNII (2)

CNIII = 23 CNII/10 + 0.13 CNII (3)

The range of antecedent moisture conditions for each class is shown in Table 2.
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Table 1. Coding of geomorphology characteristics for estimation of the reference value of the CN
parameter (CNII,20). Note: iPERM represents water permeability; iVEG represents land uses; iSLOPE
represents drainage capability.

Water Permeability iPERM Vegetation Density iVEG Drainage Capability iSLOPE

Very high 1 Very dense 1 Negligible 1
High 2 Dense 2 Low 2

Medium 3 Sparse 3 Medium 3
Low 4 Very sparse 4 High 4

Very low 5 No vegetation 5 Very high 5

Source: Deucalion 2014.

Table 2. Classification of antecedent moisture classes (AMC) for the Soil Conservation Service (SCS)
method of rainfall abstractions ([20], Table 4.2. p. 4.12.).

AMC Group
Total 5-day Antecedent Rainfall (mm)

Dormant Season Growing Season

I Less than 13 Less than 35
II 13 to 28 35 to 53
III Over 28 Over 53

The water permeability (iPERM) assessment was based on the soil and geological characteristics
of the basin and the dominant type of construction, which were determined using the geological maps
(1: 50,000) provided by the Institute of Geology and Mineral Exploration of Greece (IGME), as well as
field surveys. The vegetation factor (iVEG) was estimated using the Coordination of Information on
the Environment (CORINE) land cover data [47]. A correction was made to the polygons with codes
243 and 324 for the accuracy enhancement of the boundaries between crop land and forested areas,
using the forest map that was obtained from the Hellenic Cadastre. Aiming at the improvement of
the CN accuracy for the olive groves, the results of previous research studies from Mediterranean
regions [48,49] were taken into account. The drainage capability factor (iSLOPE) was estimated using
the digital elevation model (DEM, 5 m × 5 m resolution), which was available from the Hellenic
Cadastre. Some errors that were detected and could have negatively affected the results were corrected.
The DEM file was converted into a slope raster file, which was used for the classification of the iSLOPE
factor. It is very common practice to use geographic information system software for the enhanced
spatial distribution of geomorphological factors [45]. All raster calculations were conducted using the
Arc Geographic Information System (GIS) 10.2 software. The classification of the iPERM, iVEG, and
iSLOPE factors was implemented using Tables 3–5.

Using the proposed revised methodology [45] for the estimation of the CN parameter, CN
estimation is more qualitative, since classification of combined geomorphologic and land use features
are used, classified according to their influence on runoff generation and offering the opportunity
for calibration of higher accuracy. Three rain gauges (Polygyros, Agios Prodromos, Taxiarchis) are
located within the Vatonias watershed. The distances among them are less than 10 km, even though
only Polygyros operates, providing data for 10 min of recording. The daily rainfall data from Agios
Prodromos and Taxiarchis rain gauges were disaggregated because 24-h data were not sufficient to
estimate the flood hydrographs. Due to the lack of adequate rainfall data, the 24-h rainfall data from
Taxiarchis and Agios Prodromos were disaggregated according to the 10-min rainfall distribution of
Polygyros. Precipitation is very difficult to forecast because of the intense variability in both space
and time [50,51]. The disaggregation of daily rainfall data using hourly or 10-min rainfall data from
adjacent rain gauges is a commonly accepted practice [52,53]. To check the validity of the hypothesis
that rainfall of the two storm events (October 2006 and February 2010) had similar distribution within
the Vatonias watershed, the data of three adjacent rain gauges, namely Polygyros (10-min records),
Arnaia (1-h records), and Stratoni (10-min records) (Figure 4), were used to compare the rainfall
distribution of significant storm events.
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Table 3. Water permeability (iPERM) classes based on the soil and geological characteristics of the
basin and the dominant type of construction.

Water Permeability
(iPERM) Soil Characteristics Geological or Hydro-Lithological

Characteristics Structural Characteristics

Very High
(1)

Very light and well
drained soils

Highly karstic carbonates, extensively
developed, fragmented limestones,

dolomites, marbles
——-

High
(2)

Sandy and gravelly soils
with a low content of

sludge and clay

River deposits, non-coherent
conglomerates, Triassic breccias Very small settlements

Medium
(3)

Sandy thick soils,
sludges and silty soils,

sandy clay

Granular sediments, schists, cohesive
sandstones, slate or fine-grained

limestones in alternations with schist
formations

Sparsely built areas,
significant garden

development, urban parks

Low
(4)

Fine clay soils, clay soils,
soils poor in organic

materials

Flysch, metamorphic, plutonic and
volcanic rocks, alternations of sands,

marls, clays, conglomerates, marl
limestones, sandstones, molassic deposits

Discontinuous urban
fabric with small gardens

Very Low
(5)

Shallow soils that swell
when are wet, clays Impermeable solid rocks (granite)

Shopping centers, areas
with dense building

construction

Source: Deucalion 2014.

Table 4. Vegetation classes (iVEG) based on land cover characteristics.

Vegetation Classes (iVEG) Land Cover Characteristics

Very Dense(1) Forests (coniferous, broad-leaved, mixed)

Dense(2) Transitional woodland-shrubs, orchards, olive groves, riparian vegetation

Sparse(3) Pastures, crops, vineyards, grasslands, shrubs

Very Sparse(4) Sparsely vegetated areas, non-irrigated arable land, dunes, wetlands,
discontinuous urban fabric

No vegetation(5) Bare or rocky terrain, artificial surfaces (roads, buildings)

Source: Deucalion 2014.

Table 5. Drainage capacity (iSLOPE) classes based on mean slope and associated soil characteristics.

Drainage Capacity (iSLOPE) Mean Slope (%) Other Characteristics

Negligible(1) 0% Inadequate drainage system, frequent and extensive
floods, unformed hydrographic network

Low(2) 1–2% Significant floodplain areas, occasional floods, poorly
formed hydrographic network

Medium(3) 2–10% Small floodplain areas, rare floods, shallow, low
depth hydrographic network

High(4) 10–30%
Insignificant floodplain areas, well-formed

hydrographic network, existence of artificial
drainage network

Very High(5) 30% Mountainous relief

Source: Deucalion 2014.

Comparing the rain distribution values of the storm events (Figures 5–7), it is evident that there
is a significant similarity in rainfall distribution values among the data obtained from the three rain
gauges, despite the fact that there is a distance (17–35 km) among them.

According to the storm data (Figures 5–7), rainfall distribution from the Polygyros rain gauge
can be used to disaggregate the 24-h rainfall data form Taxiarchis and Agios Prodromos rain gauges,
where the distance among them is less than 10 km.
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Figure 5. Rainfall intensity at Stratoni, Polygyros, and Arnaia observatories during the February 2010
flood event.
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Figure 6. Rainfall intensity at Stratoni, Polygyros, and Arnaia observatories during the September
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Figure 7. Rainfall intensity at Stratoni, Polygyros, and Arnaia observatories during the October
2014 event.

The Vatonias watershed was divided into four sub-watersheds (Figure 4) according to the mean
elevation because of the significant differentiation of rainfall distribution in relation to the altitude
(Figure 8) within the Vatonias watershed, and the SCS-CN model was applied separately to these
four sub-watersheds.

The flood hydrographs of the four sub-watersheds were combined into one at the outlet point of
the Vatonias watershed, where the automated water level meter station is located. In October 2006, the
maximum flood depth was measured to be 4.27 m and in February 2010 was 3.30 m. The Manning
coefficient of roughness (n) was estimated to be equal to 0.040, since there is no vegetation in the
channel, banks are steep and contain trees and bushes, while the bottom contains gravel, cobble, and
boulders. The stream mean slope (J%) at the linear part where the water level meter station is located
was estimated to be 0.66%.

The SCS-CN model was applied for the two storm events (October 2006 and February 2010) in the
Vatonias watershed. The flood events were simulated using the SCS-CN model and the results from
the simulations were compared with the data obtained from the water level meter and the post-flood
measurements alongside the stream banks. The data from the water level gauge were converted into
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the flow discharge hydrograph using the Manning–Strickler equation. This process was performed
to calibrate the SCS-CN model. The calibrated model was used to reproduce the flood hydrographs
of the three watersheds (Kryoneri, Samara, Paliokastro) in the Stavros area. The process of applying
a calibrated hydrological model to an ungauged watershed it is widely used and it is very useful to
reduce the uncertainties of the model results [19].
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Figure 8. Relation between mean annual precipitation and altitude.

2.5. Hydraulic Modeling

The water discharge values that were calculated by the SCS-CN model were used to simulate the
flood events at Vatonias and Stavros watersheds. The hydraulic and geomorphological features of
torrents and floodplains were prepared and processed using the HEC-GeoRAS extension. The processed
data from HEC-GeoRAS were imported into the HEC-RAS software, where the hydraulic flood
simulation was performed. The theoretical base and model equations that were applied by HEC-RAS
are available in the user’s manual [27]. In this study, 1D modelling was implemented, while the
simulation of flood events was performed by applying the steady gradually varied flow with the
mixed flow regime. Because of the lack of sufficient data, especially high resolution Digital Terrain
Model (DTM) of the floodplain, it was not feasible to apply unsteady flow analysis, which is more
suitable for the hydraulic modeling of flash flood events in urban landscapes. The input data for the
steady flow analysis were the maximum discharge, which was calculated by the flood hydrographs,
while normal depth was chosen for external boundary conditions and assigned to the upstream and
downstream slopes. All the elements of the flood simulation (floodplain, stream bed and banks, bridges)
were assigned with a Manning roughness coefficient according to the HEC-RAS user’s manual [27].
The roughness tables were provided by the Ministry of the Environment, Planning, and Public Works
of Greece (2002) [54], along with the field surveys in the flooded areas.

A digital elevation model (DEM) of 5 m × 5 m resolution was used as an input in HEC-GeoRAS
to calculate the hydraulic and geomorphological features. The DEM was available from the Hellenic
Cadastre, and was the most accurate and provided the best resolution in Greece. Several stream bed
discontinuities were detected, mainly at the junctions with bridges, caused by the incorporation of the
bridges highs into the DEM raster cells. These were manually modified after the field survey and the
accurate measurement of bridges dimensions. The same process was implemented in locations where
the heights of big trees were incorporated into the DEM, especially in locations alongside the stream
banks, where the vegetation (e.g., Platanus orientalis, Salix species, Populus species) was considerably
dense. The heights of the buildings were incorporated into the DEM but the 5 m × 5 m resolution was
not sufficient to accurately describe the urban landscape, especially the streets among the buildings.
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2.6. Post-Flood Measurements

After the flash floods of February 2010 and June 2018, field surveys were organized in the flooded
areas in order to collect useful data in relation to the flood extent and flood depth. Throughout the
floodplains, the maximum flood extent was measured in specific locations. The flood depth in the
stream bed, but also in various points within the Vatonias (Figure 9) and Stavros (Figure 10) floodplains,
and the dimensions of the constructed works (bridges, culverts) that failed to channel the maximum
water discharge were also measured. The field survey was organized according to United States
Geological Survey (USGS) Techniques and Methods 3–A24 [55], with an emphasis on high water marks
that included wash lines, lines of dried mud on surfaces, seed lines, and leaves or pine straw stuck in
various places.Hydrology 2020, 7, x FOR PEER REVIEW 13 of 26 
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Residents and local authorities who witnessed the flood events were interviewed and important
information was obtained about the duration of the phenomena, the exact time that the flood occurred,
and the exact location of several flooded houses and facilities. All the post-flood measurement locations
were assigned with coordinates using GPS and exported to shape file format in the WGS84 coordinate
system for further analysis (Tables 6 and 7).

Table 6. Flood depth points at the Vatonias floodplain after the flood in February 2010.

Id Street Name Flood Depth (m) X Y

1 Unnamed rural road 0 23.348287 40.301443
2 Unnamed rural road 2.9 23.349236 40.300835
3 Archaeological Site of Olynthos 1.75 23.352248 40.2886
4 Archaeological Site of Olynthos 0.45 23.351907 40.288491
5 Archaeological Site of Olynthos 0.25 23.352511 40.288757
6 Unnamed rural road 0.85 23.351544 40.284139
7 Unnamed rural road 0 23.351928 40.282949
8 Unnamed rural road 2.55 23.348772 40.295589
9 Unnamed rural road 0.1 23.353276 40.285221
10 Unnamed rural road 0.55 23.351426 40.283387
11 Unnamed rural road 0.7 23.355864 40.281469
12 Unnamed rural road 3.65 23.354952 40.275934
13 Unnamed rural road 4.1 23.358143 40.270898
14 Provincial road Polygyros: Nea Potidea (bridge) 3.95 23.354452 40.279435
15 Unnamed rural road 0.9 23.353801 40.280767
16 Unnamed rural road 0.5 23.35329 40.287081
17 Unnamed rural road 0.75 23.350384 40.289853
18 Unnamed rural road 0.4 23.349308 40.289774
19 Unnamed rural road 0.5 23.352191 40.284774
20 Unnamed rural road 0.8 23.361231 40.270093
21 Unnamed rural road 0.6 23.362123 40.26955
22 Olynthos football field 0.3 23.34914 40.291372
23 Olynthos football field 0.45 23.349639 40.294497
24 Olynthos football field 0.25 23.351097 40.292848
25 Unnamed rural road 0.95 23.354423 40.285123
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Table 7. Flood depth points at the Stavros floodplain after the flood on June 2018.

Id Street Name Flood Depth (m) X Y

1 Georgios Papandreou: Bridge 1, west stream 1.55 23.689867 40.665598
2 Ellispondou, west main stream 1.5 23.689303 40.665266
3 Ellispondou, west main stream 1.5 23.688841 40.664469
4 Ellispondou, west main stream 1.5 23.689069 40.664923
5 Ellispondou, west main stream 1.5 23.688709 40.663935
6 Ellispondou, west main stream 1.5 23.688604 40.663083
7 Samara main stream 1.75 23.689537 40.662564
8 Samara main stream 1.75 23.690318 40.662182
9 Samara main stream 1.75 23.691122 40.661726
10 Samara main stream 1.75 23.692173 40.661267
11 Paliokastro main stream 1.6 23.688521 40.661993
12 West main stream 1.6 23.690801 40.66601
13 Panagouli: Bridge 2, west stream 1.55 23.691914 40.666361
14 Panagouli 0.5 23.691174 40.666614
15 Georgios Papandreou 0.2 23.692495 40.665254
16 Georgios Papandreou 0.25 23.691706 40.665261
17 Georgios Papandreou 0.3 23.690854 40.665392
18 Georgios Papandreou 0.2 23.693084 40.665251
19 Aristoteli 0.6 23.692719 40.667151
20 Panagouli 0.3 23.693124 40.666246
21 Georgios Papandreou 0.25 23.689119 40.665768
22 Panagouli 0.5 23.690523 40.666723
23 Georgios Papandreou 0.2 23.688755 40.665848
24 Panagouli 0.15 23.689009 40.666886
25 Aristoteli 0.2 23.691405 40.668144
26 Aristoteli 0.6 23.691268 40.667345
27 Kosti Palama 0.55 23.693072 40.668142
28 Panagouli 0.15 23.69406 40.666071
29 Lambraki 0.4 23.692003 40.665803
30 Georgios Papandreou 0.2 23.693743 40.665236
31 Andreas Papandreou 0 23.689331 40.668227
32 Paleologou: Bridge 3, Kryoneri stream 1.55 23.702699 40.664298
33 Xrysostomou Smyrnis, Kryoneri stream 0 23.702489 40.663516
34 Xrysostomou Smyrnis, Kryoneri stream 0 23.702246 40.663572
35 Kryoneri stream, near the coast line 0 23.703285 40.664876

Orthoimages dating from 2007 and black and white orthoimages dating from 1945 provided by
the Hellenic Cadastre were used to address any significant land use changes, stream flow direction
alternations, or any other important geomorphology changes that may have influenced the flood
generation process. The results of the flood simulation were compared and evaluated using the
mapped maximum flooded area and flood depth.

The root mean square error (RMSE) goodness of fit was used to compare the observed and
simulated flood depths at the 35 points of the Stavros floodplain and 25 points of the Vatonias
floodplain (Tables 3 and 4). A measure of fit (FitA) was calculated by applying the critical success index
(CSI) [56] for enhanced assessment of the accuracy of observed (FAobs) and modeled (FAmod) flooded
areas. The following equation [57] was used to calculate the FitA(%):

FitA(%) =
FAobs∩ FAmod
FAobs∪ FAmod

× 100 (4)

Figure 11 illustrates a flowchart with the proposed methodology, the data, the models, and the
software that were used during the hydrological and hydraulic modeling.
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Modeling System; HEC-RAS, Hydrologic Engineering Center’s-River Analysis System.

3. Results

3.1. Hydrological Modeling

The two storm events (October 2006 and February 2010) had different initial conditions for soil
moisture because of differences in antecedent rainfall days. Thus, during the implementation of the
SCS-CN model, AMCII (CNII) was applied for the October 2006 storm and AMCIII (CNIII) was applied
for the storm in February 2010. The lag time was calculated as the difference between the time of the
precipitation peak and the time of the observed peak discharge at the outlet point of the Vatonias
watershed. The lag time for the storm in October 2006 was estimated at approximately 2 h 40 min to
2 h 50 min, and for the storm in February 2010 it was from 2 h 50 min to 3 h.

On 7-8th of October 2006, precipitation series showed three rainfall peaks. The first occurred
between 13:00 and 13:50 (13.6 mm/h), the second and most intense between 02:30 and 02:50 (26.2 mm/h),
and the third between 16:00 and 16:50 (2.6 mm/h). The observed maximum discharge was 345.9 m3/sec
(Figure 12) at 05:50 on 8 of October, slightly higher than the respective value simulated with the SCS-CN
model (314.4 m3/sec).

The storm on 10th of February 2010 was of lower intensity and the rainfall peak occurred between
15:00 and 15:40. The observed maximum discharge was recorded at 18:40 and was 218.62 m3/sec,
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lower than that simulated with the SCS-CN model, which was calculated as 228.90 m3/sec (Figure 13).
The results of the applied hydrological model revealed that the calibrated SCS-CN model and the
produced hydrographs managed to describe the observed hydrographs of the two storm events
(October 2006 and February 2010) with a very satisfying accuracy, despite the difference between the
observed and simulated maximum discharges.
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Figure 13. Observed and simulated (after the model calibration) hydrographs of the October 2010 flood
event at Vatonias stream.

The calibrated SCS-CN model was applied to the three watersheds (Kryoneri, Samara, Paliokastro)
of the Stavros region in order to produce the hydrographs of the June 2018 storm event. Over the
preceding 4 days, 160.8 mm of rainfall were recorded, and consequently AMCIII (CNIII) was applied
to the SCS-CN model for the calculation of flood hydrographs. The lag time was estimated using the
Giandotti equation [58] and validated using personal interviews with residents and local authorities of
the Stavros settlement, who witnessed the exact time of the flood’s maximum discharge. The maximum
discharge of the Kryoneri stream was recorded between 01:50 and 02:10 on 28th of June, the peak
flow value was 78 m3/sec (Figure 14), and the lag time was 33 min. At the west side of Stavros, the
maximum discharge of the Samara and Paliokastro torrents was recorded between 01:50 and 02:10,
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the summarized peak flow was 45.7 m3/sec, and the lag time was calculated as 28 min and 17 min,
respectively (Figure 15).
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Figure 15. Simulated hydrographs of the June 2018 flood event at Samara and Paliokastro streams
(west Stavros).

3.2. Hydraulic Modeling and Post-Flood Measurements

HEC-RAS software was used to carry out the hydraulic modeling process, using as the flow input
the maximum discharges that were calculated through the calibrated SCS-CN model for Kryoneri,
Samara, and Paliokastro watersheds. The simulated flood depth and flood extent were compared with
the post-flood measurements from Vatonias and Stavros floodplains in order to validate the accuracy
of the simulation process.

Regarding the flood simulation for the February 2010 event at the Vatonias floodplain, where the
calibration process was implemented, the results showed a remarkable accuracy, especially concerning
the flood extent (Figure 16). More specifically, from the comparison of the observed and simulated
flood area with the CSI applied, the goodness of fit (FitA %) was 84.23%. The RMSE was calculated
by comparing the observed and simulated flood depths at the 25 post-flood measurement points of
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the Vatonias floodplain, and RMSE was 0.45 m. The main problem for this floodplain was located
in the area near to the coast line, where the dimensions of the main stream width were dramatically
reduced and the mean slope of the stream is less than 1%. The problematic conditions increase the
possibility of flood events near the coast line, which is depicted in Figure 16. From the results of the
statistical analysis (CSI, RMSE) and the simulation of flood depth and extent, it can be concluded
that the calibration of the SCS-CN model was detailed and accurate. The calibrated and validated
SCS-CN model constitutes a very useful tool that could be utilized in flood risk assessment, flood
management, and dimensioning of floods to prevent works in numerous ungauged watersheds in the
Mediterranean region.
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Regarding the Stavros floodplain, the simulated flood depth and flood extent were delineated
very well compared to the respective observed values. It was not feasible to accurately depict the flood
depth because of the dense building blocks. The CSI results of the Stavros floodplain, obtained from
the comparison between the observed and the respective modeled inundated areas, revealed that the
goodness of fit (FitA %) was 71.38%. The results of the hydraulic model, especially the flood depth,
were influenced by the DEM resolution, and for that reason the CSI is high for both floodplains, while
the RMSE is increased in the Stavros floodplain compared to Vatonias floodplain. The dense urban
structures influenced the DEM and the hydraulic simulation in the Stavros floodplain. CSI values
over 65% are generally acceptable [13,56] and show that the accuracy of the flood simulation is very
close to the real flood extent. The comparison between the simulated and observed flood depths at the
35 points of the Stavros floodplain showed an acceptable accuracy [13,56], where RMSE was estimated
at 0.51 m.

3.3. Critical Locations of Increased Flood Risk

The results of flood simulation in the case of the Kryoneri stream and the comparison between the
observed and simulated flood depth and extent values showed an acceptable accuracy. The estimated
maximum discharge was 78 m3/sec, slightly lower than the observed discharge that was calculated at
the bridge 3 (Figure 17) cross-section (Table 4, Id. 32), which was 84 m3/sec. Minor overflow for bridge 3
was simulated and confirmed by the observed water flow traces that were found on the metal bars of the
bridge. Flood simulation showed a critical overbank flow upstream of bridge 3, but at the same point
there are no observed flood water marks. This difference between the simulated and observed flood
extent could be attributed to the DEM resolution (5 m × 5 m) at the specific location, since the stream
width was not accurately dimensioned in the DEM, mainly due to the influence of the dense urban
structures and vegetation. The main problem for the Kryoneri stream is that the dimensions of bridge
3 were not the appropriate ones needed to successfully channel the peak discharge. Approximately
100 m upstream of bridge 3, the maximum discharge capability was calculated at 121.10 m3/sec, while
the maximum discharge capability of the bridge was 84 m3/sec (Figure 17), which is considered a very
significant decrease (30.6 %) and is the primary cause of flood generation in the Kryoneri stream.
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With regard to the western streams (Samara and Paliokastro), the calculated sum of the peak
discharge was 45.7 m3/sec, while the maximum discharge capability of the two existing bridges was
15.68 m3/sec (Figure 17, bridge 1, Id. 1) and 39.52 m3/sec (Figure 17, bridge 2, Id. 13).

These two bridges overflowed during the flood event of June 2018, causing significant problems
at the west side of the Stavros settlement. According to the field survey, the overbank flow began at the
contribution point of the two streams (Samara and Paliokastro, Figure 17, red circle), where the main
stream is a cement country road (Figure 18). The water flowed downstream following the shortest
route to the sea through the buildings and cropland. The comparison between the orthoimages dating
from 1945 and 2007 revealed the total extinction of the Samara natural main stream (Figure 17) and the
diversion of the stream using earthen levees (Figure 18), a fact that increases the flood hazard west of
the Stavros settlement.
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3.4. Discusion on Flood Generation Causes

According to the results, the main causes of flood generation in the western streams of the Stavros
floodplain were: (i) the total extinction of the natural route of the Samara main stream, (ii) the diversion
of the main stream using levees constructed by loose earth materials, (iii) the use of a cement road as
the main stream, and (iv) the insufficient dimensions of bridges 1 and 2 (Figure 18).

The hydraulic modeling applied in the four watersheds revealed that the flood hazard is very
intense, mainly because of the human interference that is associated with the alternation of the
natural route, the hydraulic characteristics of the main streams, and insufficient technical works
(bridges, culverts, etc.) parallel to the intense urban sprawl on the floodplains and coastal zone of
the study area. Faccini et al. [10] found that the urban sprawl and the reduction of the stream width
significantly influence the flash flood risk. There is a strong relation between the intense urbanization
of the Mediterranean coastal watersheds and the increase of the flash flood risk [59]. Respectively,
Diakakis et al. [11] in their research on the causes of the flood of Mandra in 2017 (Greece) indicate the
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influence of human interference that concerns the total alternation of the main stream dimensions
and flow paths. Additionally, Segura-Beltrán et al. [13] analyzed the flash flood of the Girona River
(Spain) in 2007 and found that some human-induced factors, such as artificially narrow stream width,
walls, and roads, caused the overbank flow. Similar findings from other researches [12,36,60–63]
in watersheds very close to the study area (Chalkidiki region) showed the significant influence of
insufficient dimensions of technical works, which increased the flash flood generation potential and
its impact.

With regard to the land uses, the fact that a significant part of the watershed area is covered by
dense coniferous and broadleaved forests but that this was proven to be insufficient to reduce the
peak discharge to a level that would retain the flash flood impact. In fact, forests are not capable
of retaining the extreme rainfall amounts, even if the percentage of forested area is significant [10].
More specifically, during extreme rainfall events the European forests have negligible effects on the
reduction of maximum discharge [14]. This is attributed to the fact that forest soil water retention
capacity is decreases very quickly during an extreme rainfall event, and for this reason AMC is of
higher importance than the vegetation type [15,60]. Additionally, research studies conducted within
the study area [12,36,61,62] have shown that despite the significant percentage of forested areas, the
watersheds of the Chalkidiki region are extremely susceptible to flash flood generation.

Therefore, under these circumstances, it is very important for the achievement of efficient flood
prevention plans that hydrologists and policy makers take into account all of the flash flood generation
factors in similar Mediterranean environments, focusing on the current hydraulic characteristics of
streams and floodplains that directly affect the flow path, flow depth, flow velocity, and maximum
discharge. Measures should be taken in cases that technical works are of limited discharge capability
in relation to the estimated maximum discharges.

4. Conclusions

Three different flood events were reconstructed using hydrological and hydraulic models that
were applied in four small and medium scale typical Mediterranean watersheds in northern Greece.
The hydrological and hydraulic models were calibrated and validated in the Vatonias watershed, and
the calibrated models were applied in three ungauged watersheds. The flood simulation was validated
using post-flood measurements that were recorded after the flash flood of June 2018. The results
showed that the vegetation cover was not sufficient to prevent the flash flood generation, especially in
small watersheds with short concentration times, despite the almost total coverage of the watersheds
area (Kryoneri, Samara, Paliokastro) with dense forests. Additionally, the human interference that
influences the hydraulic characteristics of floodplains, such as the alternation of the physical route
and dimensions of mains streams, was proven to be the main cause of flash flood generation in the
research area.

From a methodological point of view, the revised assessment of CN parameters was confirmed to
be a very useful tool for the enhanced and detailed estimation and spatial distribution of CN over the
entire watershed area. The results from the hydrological and hydraulic models were validated using
post flood measurements, and this process revealed that the methodology was accurate and quite
simple to be apply and repeat. This multidisciplinary and integrated methodology can be considered
very useful to the research community, as well as to policy makers, for the successful implementation
of high-significance protective construction and flood prevention works, flood risk assessment, flood
management, and flood mapping in Mediterranean ungauged watersheds.
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