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Abstract: Wildfires are an escalating global threat, jeopardizing ecosystems and human activities.
Among the repercussions in the ecosystem services of burnt areas, there are altered hydrological
processes, which increase the risks of flash floods. There is limited research addressing this issue in a
comprehensive way, considering pre- and post-fire conditions to accurately represent flood events. To
address this gap, we present a novel approach combining multiple methods and tools for an accurate
representation of post-fire floods. The 2019 post-fire flood in Kineta, Central Greece is used as a study
example to present our framework. We simulated the meteorological conditions that caused this flood
using the atmospheric model WRF-ARW. The burn extent and severity and the flood extent were
assessed through remote sensing techniques. The 2D HEC-RAS hydraulic–hydrodynamic model was
then applied to represent the flood event, using the rain-on-grid technique. The findings underscore
the influence of wildfires on flooding dynamics, highlighting the need for proactive measures to
address the increasing risks. The integrated multidisciplinary approach used offers an improved
understanding on post-fire flood responses, and also establishes a robust framework, transferable to
other similar cases, contributing thus to enhanced flood protection actions in the face of escalating
fire-related disasters.

Keywords: burnt areas; flash floods; post-fire flooding; remote sensing; meteorology; hydraulic–
hydrodynamic modeling; rain-on-grid; Kineta; Greece

1. Introduction

Wildfires have become an increasingly pressing challenge, with the changing climate
exacerbating their extent and severity worldwide [1,2]. This escalating trend threatens
ecosystems and human communities, as evidenced by the recurring occurrence of record-
high wildfire damages each summer [3]. Countries with drier climates, such as the Mediter-
ranean ones, are particularly susceptible to wildfires, and the summer of 2023 served as
compelling evidence [4,5]. This surge in wildfires indicates the need for further research
into their hydrological impacts [1], considering the characteristics of the burnt areas.

Wildfires notably alter the vegetation and land cover composition, and soil properties.
These fundamental changes directly affect the hydrological behavior of burnt catchments,
removing their canopy cover, modifying their runoff patterns, heightening streamflow
rates, and increasing sediment transport [6]. Thus, burnt areas are more vulnerable to
extreme peak flows [7]. Such effects have been explored from the perspective of identifying
the driving factors of post-fire flood risks [8], and the post-fire hazards considering infras-
tructure sedimentation to hypothetical watersheds [9]. In the context of Mediterranean
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regions, where the susceptibility to wildfires is pronounced, studies by Versini et al. [10]
and Lavabre et al. [11] have provided valuable insights into the potential hydrological
consequences of wildfires, emphasizing the need for region-specific understanding [12,13],
including integrated flood risk assessments. Previous works have examined the hydrologi-
cal response of burnt sites [14], their hydrological and soil-hydraulic properties [15], and
the formulation of hydrological models tailored to post-fire runoff simulation [16,17]. Some
studies have also analyzed the flood mapping of burnt sites through hydraulic modeling:
Godara et al. [18] applied a rain-on-grid technique in the hydraulic model Telemac to
explore the response of a Norwegian catchment to a design flood. Theochari and Baltas [19]
analyzed the hydrological and hydraulic response of flood-susceptible areas of a burnt site
in Evia island, Greece, to a design storm. Furthermore, the effect of flood protection works
on flood risk scenarios has been explored for the case of Mandra (Attica, Greece), which is
often under wildfire risk [20]. The findings of all these studies converge, demonstrating the
large extent of flooded areas following fires that increase the soil imperviousness, increase
the peak discharge, and reduce the time to peak of rainfall events [19], and underlining the
need for post-fire protection treatments and flood protection works [6,21]. Despite these
advancements, a notable gap persists in the literature concerning the response of burnt
catchments to real flood events represented by hydraulic models. Existing studies have
primarily focused on hypothetical scenarios or design storms. Therefore, understanding the
real-world implications of post-fire flood events remains an area in need of comprehensive
exploration. There are only a handful of papers studying the response of burnt catchments
to real flood events, represented by hydraulic models. This paper aims to fill this gap by
simulating a real storm that caused a flash flood in a Greek burnt catchment (Kineta in
Central Greece), using meteorological modeling combined with remote sensing techniques
for the assessment and validation of fire and flood events, and mapping the flood with
hydraulic–hydrodynamic modeling, for the first time to our knowledge.

The simulation of the exact meteorological conditions of the event was conducted
using the Advanced Weather and Research Forecasting (WRF-ARW) model. This enables
the precise representation of the flood event under real storm conditions [22,23]. The
atmospheric model WRF-ARW has been used to simulate various meteorological conditions
in Greece, demonstrating a satisfactory level of performance under different tests [24].
Furthermore, it has successfully simulated heavy precipitation events resulting in flash
floods [25], and predicted extreme storms [26] and flood events [22]. Although rainfall
inputs from WRF-ARW have been coupled with land hydrological models before [27], this
is, to our knowledge, the first application where the WRF-ARW weather model inputs
are used directly for hydraulic modeling, exploiting the rain-on-grid technique of HEC-
RAS [28]. This is a fundamental difference compared to the sole closest previous application
that our team employed for a different site [29], as the rain-on-grid allows a higher level of
spatial resolution, reflecting the actual rainfall patterns and variability across the study area.

Another challenge in flood simulation studies is the accurate knowledge of the flooded
areas, and additionally in our case, considering a post-fire flood, the accurate knowledge of
the burnt area. New technologies such as remote sensing (RS) have been successfully used
to provide detailed information on burn extent and severity [30–33], as well as flooded
areas [34–36]. In this work, we leverage the use of RS to assess both the burn extent and
severity, and the flooded parts of the study area. Burn severity and extent are critical factors
that directly influence post-fire land use changes in the catchment, while knowledge of the
flooded area is essential for developing an accurate hydraulic model and validating it.

Overall, this study introduces a novel, integrated, and multidisciplinary framework
for accurately assessing post-fire flood events. It combines different methodological ap-
proaches, uses new modeling tools, and is easily transferable to other cases, offering thus
an improved understanding of the impacts of combined fire–flood disasters.
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2. Study Area

The Kineta catchment, covering approximately 40 km2, is located in western Attica. Its
northern part drains the Geraneia mountains towards its southern part, through the Pikas
and two other, smaller, intermittent streams, where the coastal town of Kineta is located
(Figure 1). Part of the Geraneia mountains is a Natura 2000 Protected Area. The climate is a
typical Mediterranean climate, with hot, dry summers and mild, wet winters [37].
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Figure 1. The map of the study area, showing the location of Kineta in Greece and the catchment
with the digital elevation model (DEM) [38], the river network, and the pre-fire land cover in 2018
according to the CORINE classification [39].

The wider Kineta area has suffered in the past from flood events, with some incidents
reported in 1961 and 1977, with limited information available [40]. In September 2018, the
storm ‘Zorbas’ caused increased streamflows in the stream Pikas [41], and the main roads
above the town of Kineta were temporarily closed for precautionary reasons [42].

The Kineta area, a typical Greek site facing multiple interconnected water-related
challenges [43], has also suffered from wildfires, with notable incidents in 2017 and 2018
(Figure 2). On May 14, 2017, a fire broke out in the Panorama settlement in Agioi Theodoroi,
Corinthia (northwest of Kineta), claiming two lives and causing two injuries. The fire
reached close to the area’s settlements and consumed one of them [44].

On July 23, 2018, a large fire ravaged the pine forest of the Geraneia Mountains
above Kineta. The fire was attributed to strong winds bringing power lines into contact,
causing sparks that resulted in the ignition of dry grass [45], while there were also debates
regarding the possibility of an organized arson [46]. The fire advanced and burned down
the Panorama and Galini settlements, as well as houses in Kineta, causing 14 injuries.
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Figure 2. (A) Damage caused by the fire of 2017. Source: [44]. (B) The burnt pine forest after the fire
of 2018. Source: [47]. (C,D) Damage caused by the fire of 2018. Source: [48].

The next year (2019), an extreme storm event, named ‘Girionis’ by meteorologists, took
place between November 24 and November 26 and caused a destructive flash flood [49].
Among the findings of the subsequent visual inspection, it was found that the fire of 2018
played a key role in the magnitude of the flood damages [47]. After the fires in 2018, an
inspection revealed that there were already loose sediments in significant quantities within
the riverbeds [47]. The flood brought downstream a considerable amount of sediment
(mud, trees, rocks, etc.), which, combined with the large volume of water, caused severe
damages, as will be shown later.

However, there has been no comprehensive, data-driven assessment so far investi-
gating the mechanisms involved and under which this flood occurred. In particular, we
examine whether Girionis was such an extreme phenomenon that it was mainly responsible
for the flood, or to what extent Kineta faced the consequences of the partial recovery of
forest, land cover, and vegetation restoration, as well as the streams blocked by sediments.

In the following sections, we describe the process followed for the simulation of the
Girionis storm and Kineta’s hydraulic response to the post-fire flash flood of 2019.

3. Materials and Methods

Here, each sub-section presents each main modeling step. In particular, the atmo-
spheric model is presented first, which allowed us to accurately simulate the exact meteo-
rological conditions that led to the 2019 flood in Kineta. The results of our meteorologic
model consist of the rain-on-grid technique’s inputs to the hydraulic model. The burn
extent and severity and the actual flood extent were assessed using RS. This allowed us
to obtain detailed information on the spatial distribution of burned areas, helping us to
understand post-fire land use changes, which change the roughness coefficients of the
hydraulic model. Additionally, it provided critical data on the flooded regions, essential
for validating and refining the hydraulic model. The hydraulic model simulates the flood
event, where the inclusion of the rain-on-grid technique allowed for a higher spatial resolu-
tion, reflecting actual rainfall patterns and variability across the study area, along with a
detailed analysis of flood dynamics, considering the altered hydrological processes due to
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the wildfire. The integration of meteorological modeling, RS, and hydraulic–hydrodynamic
modeling facilitated a comprehensive analysis of the complex post-fire flooding conditions.

3.1. Simulating the Storm That Caused the Flood

The Advanced Weather and Research Forecasting (WRF-ARW) v4.2 model [50] was
used to simulate the meteorological conditions resulting in the heavy precipitation event
that caused the flash flood in Kineta. The WRF-ARW model is one the most used limited-
area numerical weather prediction models, and is capable of simulating adverse weather
conditions such as cyclones and severe storms [51]. A significant advantage of the WRF-
ARW model is its physics-based representation of complex processes during storms (e.g.,
convection, cloud microphysics, turbulence), which thus facilitates a detailed and accurate
forecasting of the amount and spatiotemporal distribution of heavy rainfall. The model
was set up by adopting a similar methodology as for the flash flood that occurred in the
neighboring region of Mandra, Attica, Greece on 15 November 2017, which is presented
in detail in Papaioannou et al. [52]. The model here was set up on three nested domains
with horizontal grid spacings of 9 km × 9 km (644 × 360 grid points), 3 km × 3 km
(292 × 286 grid points), and 1 km × 1 km (187 × 154 grid points), respectively. The third
domain well covered the flooded area and some adjacent regions, the second domain
covered Greece, and the first one covered a wide area including parts of Europe, the
Mediterranean, North Africa, and West Asia, respectively. The simulation was initialized on
24 November at 00:00 GMT (02:00 local time) to capture the atmospheric conditions prior to
the flash flood, and the simulation lasted 48 h, up to 26 November at 00:00 GMT (02:00 local
time). The initial and boundary (every 6 h) conditions of the simulation were constructed
using operational analysis data of the Global Forecasting System (GFS), provided by the
National Centers for Environmental Prediction (NCEP), on a horizontal grid spacing of
0.25◦ × 0.25◦. The initial conditions involved atmospheric data at several atmospheric
layers and near the surface, as well as soil moisture and temperature. The sea surface
temperature (SST) measurements in the lower boundary conditions of the simulation were
updated every 6 h and they were constructed using real-time global (RTG) SST analysis
data, also provided by the NCEP, on a horizontal grid spacing of 0.083◦ × 0.083◦. The
ground processes were parameterized employing the unified Noah [53] land surface model.
The long-wave and short-wave radiation processes were parameterized using the RRTMG
scheme [54]. Also, the WSM 5-class scheme [55] was used to parameterize the cloud
microphysics processes. Regarding the convective processes, the Grell–Freitas ensemble
scheme [56] was employed in the calculations of the first domain (9 km × 9 km), while
explicit resolve of convection was used in the second and third domains (3 km × 3 km
and 1 km × 1 km). Moreover, the Yonsei University scheme (YSU) [57] and the revised
Monin–Obukhov scheme were employed for the planetary boundary layer and the surface
layer processes, respectively.

3.2. Assessing the Characteristics of Kineta’s Burnt Area and Mapping of Burn Severity

Three Sentinel 2 satellite imageries of pre-fire (1 image) and post-fire (2 images) were
used for the mapping of the burnt area of the Kineta area, after the fire of 23 July 2018.
Sentinel 2A Level 1C tiles (tile ID: T34SFH) were acquired on 20 July 2018 (before the fire
event), 02 August 2018 (after the fire event), and 16 October 2019 (before the flood event
under investigation), and downloaded from the Copernicus Open Access Hub [58]. The
selection of the Sentinel 2 imagery was based on the tiling grid, which is available via the
ESA [59] as a KML file, providing unique IDs for each tile (100 km × 100 km ortho-images
in UTM/WGS84 projection).

Followingly, Sentinel 2 images were pre-processed by being imported in the semi-
automatic classification plugin (SCP) of the free and open-source cross-platform desktop
Quantum Geographic Information System (Q-GIS), v. 3.6.3-Noosa, to perform: (a) a
conversion of the images from digital numbers (DNs) to top-of-atmosphere reflectance
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(TOA), and (b) atmospheric correction (AC) by using the DOS1 method (an AC method
widely used by the Earth Observation community [60,61]).

The study area was delineated by using the shapefile of the Kineta catchment including
adjacent watersheds, while the mapping of burnt areas has been conducted for two periods;
the first one concerns the period between July and August 2018, and the second one
concerns the period between July 2018 and October 2019 with a basic aim of the detection
of regrown vegetation.

Burnt areas were mapped based on the double calculation of Normalized Burn Ratio
(NBR) (Equation (1)) [62] for both periods, by using bands B08 (NIR) and B12 (SWIR). This
index uses the differences of reflected light between healthy and burnt vegetation based
on the fact that green vegetation presents a very high reflectance in the NIR and a low
reflectance in the SWIR portion of the spectrum, while recently burnt areas present low
reflectance in the NIR and high reflectance in the SWIR [63]. The NBR index takes values
ranging from −1 to +1, with the healthy green and burnt vegetation presenting high and
low values, respectively.

NBR =
(NIR − SWIR)
(NIR + SWIR)

(1)

Subsequently, the change in Normalized Burn Ratio (delta NBR—dNBR) [62] was
twofold calculated to highlight the changes from the reference state, by subtracting the
post-fire NBR values (2 August 2018 and 16 October 2019) from the reference NBR value
of 20 July 2018 (Equation (2)). In this way, burn severity is more accurately assessed
than through the NBR index, as it is based on the measurement of per-pixel changes in
reflectance values.

dNBR = NBR pre f ire − NBR post f ire (2)

Followingly, according to Rahman et al. [64], a threshold value of +0.1 (proposed for
Sentinel 2 images) was set to both dNBR files for each period to appropriately differentiate
the burnt areas from unburnt areas along the study area.

Conclusively, the resulting dNBR values were multiplied by 1000 and afterwards
classified according to burn severity ranges proposed by the United States Geological
Survey (USGS) (Figure 3). Two-fold calculation of the dNBR highlighted initially the most
affected-by-wildfire areas for each period and then the observed changes in burn severity
levels from August 2018 to October 2019.
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3.3. Delineation of Flood-Inundated Areas

Most attempts to map flood-inundated areas through remote sensing data utilize either
spectral data from optical sensors or backscatter data from synthetic aperture radar (SAR)
imagery [65]. Although SAR imagery is capable of penetrating darkness and cloudiness,
it is affected by noise-like speckle and the inability to differentiate water and water-like
surfaces [66,67]. Additionally, Konapala et al. [66] explored the use of S2 bands (through
water indices) and S1 SAR imagery concerning their capability for generating accurate
flood inundation maps, while their results indicated the statistically significant superiority
of S2 band-based indices compared to the respective S1. Based initially on those results and
then on the fact that the only appropriate and available S1 SAR image of Kineta catchment
was of 27 November 2019, one cloud-free Sentinel 2 (S2) image of 25 November 2019 with
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the processing level 1C and time 09:23:21:024Z was used to map flood-inundated areas in
Kineta after the flood event that started on 24 November 2019. The S2 image was subjected
to the same pre-processing procedures as those used for the mapping of burnt areas.

Concerning the delineation of water on land, spectral indices containing visual bands
with a wavelength (µm) between 0.5 and 0.7 and near-infrared spectra with a wavelength
(µm) of 0.7 to 1.1 have been proven the most successful [68,69]. Therefore, in this study, sev-
eral spectral indices (NDWI, MNDWI, AWEI, RSWIR1, and RSWIR2) have been evaluated
by employing S2 bands.

In addition to these spectral indices, the SWIR2, NIR, and red bands were ascribed
to Red, Green, and Blue values (RGB), respectively, and converted to the HSV (Hue,
Saturation, Value) colors using a standardized transformation [70]. According to Pekel
et al. [71,72], water can be effectively delineated by defining a relation between the H, S,
and V components, while more information about the theoretical background and the
equations used can be found in Konapala et al. [66].

Five water indices (WIs) were calculated on the S2 image of 25 November 2019
(Figure 4), while the most significant task was to select the most representative threshold
value for each WI. Analysis of their histograms indicates a different magnitude peak,
while positive indices’ values normally correspond to water while negative or zero values
correspond to soil or terrestrial vegetation. In addition, manual (subjective) adjustment of
the thresholds is proven to achieve a more accurate result in the water delineation, which
was performed based on the actual images (pictures) and drone videos from the visual
inspection after the flood [39,62]. Then, after the application of the thresholds, each image
file representing each distinct WI was binarized, inputting a logical value (true) for values
greater than the threshold and a false value for lower values. The process for deciding
which ‘water’ image best describes the flooded area will be discussed in Section 4.2.

Land 2024, 13, x FOR PEER REVIEW 7 of 21 
 

those results and then on the fact that the only appropriate and available S1 SAR image of 

Kineta catchment was of 27 November 2019, one cloud-free Sentinel 2 (S2) image of 25 

November 2019 with the processing level 1C and time 09:23:21:024Z was used to map 

flood-inundated areas in Kineta after the flood event that started on 24 November 2019. 

The S2 image was subjected to the same pre-processing procedures as those used for the 

mapping of burnt areas. 

Concerning the delineation of water on land, spectral indices containing visual bands 

with a wavelength (µm) between 0.5 and 0.7 and near-infrared spectra with a wavelength 

(µm) of 0.7 to 1.1 have been proven the most successful [68,69]. Therefore, in this study, 

several spectral indices (NDWI, MNDWI, AWEI, RSWIR1, and RSWIR2) have been eval-

uated by employing S2 bands.  

In addition to these spectral indices, the SWIR2, NIR, and red bands were ascribed to 

Red, Green, and Blue values (RGB), respectively, and converted to the HSV (Hue, Satura-

tion, Value) colors using a standardized transformation [70]. According to Pekel et al. 

[71,72], water can be effectively delineated by defining a relation between the H, S, and V 

components, while more information about the theoretical background and the equations 

used can be found in Konapala et al. [66].  

Five water indices (WIs) were calculated on the S2 image of 25 November 2019 (Fig-

ure 4), while the most significant task was to select the most representative threshold value 

for each WI. Analysis of their histograms indicates a different magnitude peak, while pos-

itive indices’ values normally correspond to water while negative or zero values corre-

spond to soil or terrestrial vegetation. In addition, manual (subjective) adjustment of the 

thresholds is proven to achieve a more accurate result in the water delineation, which was 

performed based on the actual images (pictures) and drone videos from the visual inspec-

tion after the flood [39,62]. Then, after the application of the thresholds, each image file 

representing each distinct WI was binarized, inpu�ing a logical value (true) for values 

greater than the threshold and a false value for lower values. The process for deciding 

which ‘water’ image best describes the flooded area will be discussed in Section 4.2.  

 

Figure 4. Binarized spatial maps of calculated WIs. 

3.4. Simulating the Flood Event 

The hydraulic–hydrodynamic modeling has been conducted using the 2D Hydro-

logic Engineering Center’s River Analysis System (HEC-RAS) to map the inundated areas 

of the studied catchment, and analyze the water depth and velocity during the studied 

event. The main components needed for precise flood inundation modeling and mapping 

include the digital elevation model (DEM), stream channel characteristics (such as river 

flowpaths and banks), the hydraulic model setup (including initial and boundary 

Figure 4. Binarized spatial maps of calculated WIs.

3.4. Simulating the Flood Event

The hydraulic–hydrodynamic modeling has been conducted using the 2D Hydrologic
Engineering Center’s River Analysis System (HEC-RAS) to map the inundated areas of the
studied catchment, and analyze the water depth and velocity during the studied event. The
main components needed for precise flood inundation modeling and mapping include the
digital elevation model (DEM), stream channel characteristics (such as river flowpaths and
banks), the hydraulic model setup (including initial and boundary conditions, roughness
coefficients, and engineering structures), as well as the depiction of urban areas [73–75].
A 2 m resolution DEM was applied in this case, obtained from the National Cadastre and
Mapping Agency S.A. (NCMA) [38].
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Roughness is a key input in flood inundation modeling, as it directly affects the flow
conditions. The most common approach for the reasonable mapping of the Manning’s
roughness coefficients (n) is the use of typical values for land cover data based on the
literature, combined with personal judgment based on the area’s characteristics. This
approach was followed in this case, combining CORINE land cover data and typical values
for pre- and post-fire land use categories, always considering the burn severity conditions.
The spatially distributed roughness values used for the Kineta area were derived after
testing considering the typical minimum, median, and maximum n values provided by
the literature for similar areas and conditions (in particular: [17,76–85]), aiming for the
optimum set of values.

The 2D hydrodynamic calculations were based on a computational grid covering the
study area, using a variable high-resolution mesh computation point. The small mesh
spacing, especially around streams, makes the computations more demanding, but ensures
a high level of modeling detail.

The rain-on-grid technique was used, allowing us to spatially apply the detailed
rainfall accompanying the storm that caused the flood event, as simulated by the WRF-
ARW atmospheric model, on a grid over the Kineta catchment. The time step of the
rain-on-grid storm applied was 1 h, so 20 spatial datasets (raster files—20 grids from
24 November 2019 14:00:00 to 25 November 2019 09:00:00) representing the storm event
were inserted in HEC-RAS. The simulation was configurated based on these inputs, as
follows: the computation interval was set to 1 s, while the mapping, the hydrograph, and
the detailed output intervals were set to 5 min.

For the validation of the model, the flooded area’s polygon as obtained from the RS
imagery was used and assessed with typical indices that consider the flood extent. In
particular, the Critical Success Index (CSI), also known as threat score (TS) was used to
assess the accuracy of the simulated inundated areas against the validation polygon [86–88].
The CSI can be estimated according to Equation (3):

CSI =
A

A + B + C
(3)

where A is the correctly simulated flooded area (hits); B is the false-simulated flooded area
(false alarms); C is the flooded area that is not predicted by the model (misses); and the term
B at the numerator in Equation (3) is used to penalize the model’s overprediction [89,90].

4. Results and Discussion
4.1. Meteorological Analysis of the Flash Flood Event

On 24–25 November, Greece was affected by severe weather conditions. A deep
barometric low from the west brought heavy precipitation in many areas. More specifically,
a cold front, accompanying the barometric low, passed through the night between 24 and
25 November causing torrential rainfall in Kineta and adjacent areas. A meteorological
station of the National Observatory of Athens (NOA) network at Agioi Theodoroi located
approximately 8 km west–southwest of Kineta recorded 206.8 mm of 2-day rainfall on
24–25 November (daily data available from ‘meteo’—a Greek weather portal [91]). This
precipitation amount is extreme if one considers that the annual precipitation at this area is
about 400–450 mm [92]. The WRF-ARW model simulation estimated 182.6 mm of 2-day
rainfall at the same area, thus agreeing very well with the measurements. The results of
the WRF-ARW model, namely the simulated storm of the 24–25 November, are shown in
Figure 5. Most of the rain was simulated from 24 November at 20:00 GMT (22:00 local time)
to 25 November at 06:00 GMT (08:00 local time), as shown in Figure 5a. Especially in the
early morning of 25 November, a severe storm occurred around Kineta, as indicated by the
pattern and intensity of the 1 h accumulated precipitation in Figure 5b–d for 03:00, 04:00,
05:00, and 06:00 local time, respectively. The storm developed south–southwest of Kineta,
and then it gradually moved towards the Kineta area. The precipitation maps highlight the
persistence of the storm in the Kineta area compared to adjacent areas. The high rainfall
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rates caused significant increases in surface water runoff in the watershed upstream of
Kineta, finally resulting in the devastating flash flood. It is important to note here that there
were no reports of major hydroclimatic events in this area from the time of fire to the time
of flood, implying that the combination of severe rainfall with burnt area might be the only
two factors triggering this flash flood event.
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Figure 5. (a) Simulated 8 h accumulated precipitation (mm) for the period from 24 November at 20:00
GMT (22:00 local time) to 25 November at 06:00 local time. Simulated 1 h accumulated precipitation
(mm) for 25 November at (b) 01:00, (c) 02:00, (d) 03:00, and (e) 04:00 GMT (03:00–06:00 local time).
The figures show the storm progression over the greater Kineta-Athens area.
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4.2. Analysis of Wildfire Damages and Flood Extent Mapping

For both periods (July–August 2018 and July 2018–October 2019), the burn severity
classes covering the greatest areas are those subjected to moderate–high and moderate–low
severity and the unburnt areas (2018), and moderate–low and low severity and unburnt
areas for October 2019, respectively. It should also be noted that areas affected by high burn
severity in October 2019 are almost minimized compared to August of 2018 and are mainly
replaced by areas impacted by moderate–low burn severity (Figure 6).
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The two-fold calculation and the comparison of the degree of fire-induced changes
between the studied periods indicated a reduction in the fire’s effect over time and across
certain areas. Sentinel’s high spatial resolution offered the potential to improve the eco-
logical interpretation of heterogeneous burn severity effects and managed to detect the
vegetation regrowth, the increased moisture, and the decreased exposure of ash between
August 2018 and October 2019.

For the mapping of the flood extent, all calculated WIs were compared, interpreted
by using expert knowledge and visually checked, aligned to the 4 (Red)-3 (Green)-2 (Blue)
natural composite of the respective S2 image. Intensified analysis highlighted the RSWIR2
(accompanied by the threshold value ≥ −0.1) as the best performing index for the detection
of inundated areas (Figure 7), as it presented the most stable results.
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Figure 7. Flood extent mapped through RSWIR2 index calculation.

It is also worth noting that during the period of July 2018–November 2019, the land use
did not change in the studied catchment [39,93]. The mountainous northern part consists
of the forest, and the ‘middle’ part of the catchment has various vegetation classes, which,
as we go to the southern part, gives way to grassland and crops, until the coastal town of
Kineta [93].

4.3. Hydraulic–Hydrodynamic Modeling Results

After the tests were performed, two set of values of the n roughness coefficient were
defined (Table 1). These values were used in a spatially distributed format for the Kineta
area and combined with the DEM, the 2D flow area computational grid, and the rain-on-
grid input constituting the model setup for the initial (pre-fire) and the post-fire conditions,
respectively. In Table 1, the Classification Category field corresponds to the CORINE 2018
land cover categories (CLC2018), combined with the different conditions derived from the
RS observations (RS obs). So, the CLC2018 categories (e.g., complex cultivation patterns,
coniferous forest, mixed forest, etc.) were spatially combined with the RS observations (e.g.,
enhanced regrowth high, enhanced regrowth low, high severity, low severity, moderate–low
severity, moderate–high severity, unburnt), and produced the categories of the first column
of Table 1. This actually shows us spatially all the different land cover categories (according
to CORINE) with their different burn/recovered status (based on the RS observations).

Table 1. Manning’s roughness n values for the pre-fire and pos-fire scenario. The post-fire scenario
corresponds to the actual simulated flood of November 2019.

Classification Category (CLC2018 and RS obs) Manning’s n
(Pre-Fire Scenario)

Manning’s n
(Post-Fire Scenario)

Complex cultivation patterns, enhanced regrowth, high (post fire) 0.650 0.4903
Complex cultivation patterns, enhanced regrowth, low (post fire) 0.650 0.1708

Complex cultivation patterns, high severity 0.650 0.0110
Complex cultivation patterns, low severity 0.650 0.4903

Complex cultivation patterns, moderate–low severity 0.650 0.3305
Complex cultivation patterns, moderate–high severity 0.650 0.1708

Complex cultivation patterns, unburnt 0.650 0.6500
Coniferous forest, enhanced regrowth, high (post fire) 0.800 0.6028
Coniferous forest, enhanced regrowth, low (post fire) 0.800 0.2083

Coniferous forest, high severity 0.800 0.0110
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Table 1. Cont.

Classification Category (CLC2018 and RS obs) Manning’s n
(Pre-Fire Scenario)

Manning’s n
(Post-Fire Scenario)

Coniferous forest, low severity 0.800 0.6028
Coniferous forest, moderate–low severity 0.800 0.4055
Coniferous forest, moderate–high severity 0.800 0.2083

Coniferous forest, unburnt 0.800 0.8000
Discontinuous urban fabric, enhanced regrowth, low (post fire) 0.060 0.0233

Discontinuous urban fabric, low severity 0.060 0.0478
Discontinuous urban fabric, moderate–low severity 0.060 0.0355

Discontinuous urban fabric, unburnt 0.060 0.0600
Land principally occupied by agriculture with significant areas of

natural vegetation enhanced regrowth, high (post fire) 0.050 0.0403

Land principally occupied by agriculture with significant areas of
natural vegetation enhanced regrowth, low (post fire) 0.050 0.0208

Land principally occupied by agriculture with significant areas of
natural vegetation, low severity 0.050 0.0403

Land principally occupied by agriculture with significant areas of
natural vegetation, moderate–low severity 0.050 0.0305

Land principally occupied by agriculture with significant areas of
natural vegetation, moderate–high severity 0.050 0.0208

Land principally occupied by agriculture with significant areas of
natural vegetation, unburnt 0.050 0.0500

Mixed forest, enhanced regrowth, low (post fire) 0.800 0.2083
Mixed forest, high severity 0.800 0.0110
Mixed forest, low severity 0.800 0.6028

Mixed forest, moderate–low severity 0.800 0.4055
Mixed forest, moderate–high severity 0.800 0.2083

Mixed forest, unburnt 0.800 0.8000
Natural grassland, enhanced regrowth, high (post fire) 0.650 0.4903
Natural grassland, enhanced regrowth, low (post fire) 0.650 0.1708

Natural grassland, low severity 0.650 0.4903
Natural grassland, moderate–low severity 0.650 0.3305

Natural grassland, unburnt 0.650 0.6500
Road and rail networks and associated land, enhanced regrowth, high

(post fire) 0.013 0.0130

Road and rail networks and associated land, enhanced regrowth, low
(post fire) 0.013 0.0130

Road and rail networks and associated land, low severity 0.013 0.0130
Road and rail networks and associated land, unburnt 0.013 0.0130

Sea and ocean, enhanced regrowth, high (post fire) 0.070 0.0700
Sea and ocean, enhanced regrowth, low (post fire) 0.070 0.0700

Sea and ocean, low severity 0.070 0.0700
Sea and ocean, unburnt 0.070 0.0700

Sport and leisure facilities, enhanced regrowth, high (post fire) 0.025 0.0215
Sport and leisure facilities, enhanced regrowth, low (post fire) 0.025 0.0145

Sport and leisure facilities, high severity 0.025 0.0110
Sport and leisure facilities, low severity 0.025 0.0215

Sport and leisure facilities, moderate–low severity 0.025 0.0180
Sport and leisure facilities, moderate–high severity 0.025 0.0145

Sport and leisure facilities, unburnt 0.025 0.0250
Transitional woodland/shrub, enhanced regrowth, high (post fire) 0.800 0.6028
Transitional woodland/shrub, enhanced regrowth, low (post fire) 0.800 0.2083

Transitional woodland/shrub, high severity 0.800 0.0110
Transitional woodland/shrub, low severity 0.800 0.6028

Transitional woodland/shrub, moderate–low severity 0.800 0.4055
Transitional woodland/shrub, moderate–high severity 0.800 0.2083

Transitional woodland/shrub, unburnt 0.800 0.8000
Streams 0.060 0.0950
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Moreover, the hydraulic model considered the information retrieved from the visual
inspection after the fire of 2018 and the flood of November 2019, as reported in the respective
report, the news, and a drone video of the flooded area (as shown in Figure 8). This allowed
us to:

1. Create an accurate representation of the validation polygon of the areas that flooded
within the town of Kineta by refining the RS results of Figure 7 according to the
relevant descriptions and photos. This improved, ‘modified’ validation polygon is
shown in Figure 8, along with the relevant photos and references.
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Figure 8. The actual flood extent, as extracted from the RS observations of Figure 7, and refined
with the documented damages after the visual inspection of the flood event of November 2019 [47],
sourced from the Greek news [94] and a drone video taken by the UPstories team showing the
aftermath of the flood [95].

2. Consider the effect of the debris flow to the blocked drainage routes. In particular,
after the fire, it was reported that a considerable amount of rocks, mud, and wood
mass blocked the Pika stream’s drainage passage before the Olympia highway, and an
underground culvert at the two other smaller streams in the east (Figure 9). Figures
and further details justifying this can be found in the visual inspection report [47].
These were not blocked under the initial (pre-fire) conditions, so the hydraulic model
took into account these changes:

# In the pre-fire conditions, the Pika stream is considered to be a typical-surface,
open stream, while the other two streams have an orthogonal culvert of 3 × 5 m
for water drainage to the sea.
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# In the post-fire conditions, these are blocked, so the Pika stream was blocked
above the Olympia highway (using HEC-RAS’s terrain modification toolbox),
and the culvert is inactive.
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Figure 9. The location of the Pika stream–Olympia highway bridge (Athens–Corinth route); in the
second picture, there is a schematic of the underground culvert until its outlet to the sea. The post-fire
flood of November 2019 blocked both drainage routes. Sources: Google Earth; [47,94,95].

In these views from Figures 8 and 9, it is worth noting how many houses have been
built close to the streams, maximizing thus their exposure risks from potential damages of
a flood event.

The results of the hydraulic–hydrodynamic simulations are shown in Figure 10, con-
sidering the baseline (pre-fire) initial conditions, and the actual conditions of the 2019 flood
(post-fire scenario).
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Figure 10. The results of the hydraulic–hydrodynamic model under the Girionis storm: (A) Flood
extent for the initial pre-fire conditions; (B) Flood extent for the real post-fire conditions, representing
the flood event of November 2019. Both scenarios’ simulations were run with the rain-on-grid
technique. The flood depth results for the Kineta town area in comparison with the validation
polygon (of Figure 8) are shown in figures: (C) for the pre-fire conditions, and (D) for the post-
fire conditions.

The validation of the hydraulic model’s results was performed based the CSI scores,
as described in Section 3.4 (Equation (3)). The CSI for the flood of November 2019 in Kineta
was 0.65, which is a satisfactory value (CSIs above 0.5 are acceptable).

The total simulated flood inundation area was found to be 451,848 m2 (411,177 m2

inside the validation polygon) for the pre-fire scenario, and 595,246 m2 (549,308 m2 inside
the validation polygon) for the post-fire scenario. So, the actual effect of the fire on the
flood extent is 143,398 m2 more flooding in total, with the 138,131 m2 within the validation
polygon. This practically proves that if the Kineta pine forest had not been burned, and the
streams were not then blocked, the flood extent would have been reduced by 25.1%. At
the catchment scale, this might sound a small difference; however, for a small coastal town
covering approximately 4.5 km2, the 0.138 km2 is not negligible.

Figure 11 illustrates this difference between the flood extents between the pre-fire and
the post-fire scenarios for the town of Kineta (the difference between Figure 10C,D, within
the validation polygon area). The major difference is observed in the southwest where most
of the Pikas stream overflows were routed. However, both banks of Pikas stream were
affected by the post-fire conditions. Other minor effects are observed in the northern part of
the city, where the other two smaller streams exhibited slightly increased flows. The effect
of the blocked culverts is obvious. With respect to the water depth, the overall differences
are small, at the scale of 0–0.2 m, but the flooding extent had the biggest difference. Again,
it is worth noting that several houses are located very close to all three streams’ banks.
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compared to the pre-fire scenario.

In any case, as mentioned in the results in Section 3.1, the Girionis storm was indeed a
severe phenomenon. This indicates a potential flood risk in the area, regardless of the fire,
as the hydraulic model’s results confirmed for the initial pre-fire conditions (especially in
the eastern part of Kineta). This finding is in line with some other historic flood events, as
mentioned in the study area section. Moreover, the results of the RS analysis (Section 3.2)
showed that the land cover and vegetation have recovered from August 2018 since October
2019, although not completely, but the high-burn severity areas were minimized.

An interesting finding is that the Pikas stream was not the only one responsible for the
flood. A considerable amount of water also came from the other two smaller streams in the
eastern part of the catchment, mainly the one in the east. These are intermittent streams, but
it seems that their more abrupt slopes contributed to their increased streamflows. Another
factor that contributed to the increased post-fire flood scenario was the streams being
blocked by the flow of debris.

5. Conclusions

In this study, a new, integrated framework was introduced for the accurate represen-
tation of flood events based on real conditions. Its strength lies on the combination of
different methodological approaches (atmospheric, RS, hydraulic modeling) that can also
be applied to other case studies allowing the detailed assessment of post-fire flood disasters.

The atmospheric model WRF-ARW allowed us to represent the exact meteorological
conditions that caused the flood, thus making available the key input forcing (rainfall) for
the hydraulic model HEC-RAS. The rain-on-grid technique was found to be particularly
useful for this kind of analysis, as it enables the application of the simulated storm rainfall
on a grid. Another element that contributed to the level of detail of this analysis was the
DEM resolution being 2 m. The contribution of the RS input was also crucial and necessary
for the accurate setup of the hydraulic model based on the land cover changes due to the
fire (post-fire conditions) and the validation of the flood inundation mapping, based on the
actual flood that was observed.

The 2019 flood in Kineta was simulated for the first time, offering a thorough view of
the event and its implications, and the actual effect of the fire. During the period between
the wildfire and the flood, no other significant change to the study area was observed, e.g.,
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any major land use change, a long-term drought, or any extreme precipitation event. Our
results showed that although the storm was severe and there would have been a flood
anyway, the partial recovery of the land cover and the vegetation of the burnt site, along
with the flow streams being blocked by debris, contributed to the flood extent increasing
by 25.1%, which is non-negligible for a small town.

Thus, one would wonder if the post-fire flood was an unavoidable phenomenon or if
there could have been any potential actions and protection measures in place to prevent it.
Our results underscore the need for at least considering such protection measures, aiming
to mitigate such risks. The most common ways to achieve this is by applying post-fire soil
erosion and flood protection treatments [6], which can: (i) ‘cut’ the extreme streamflow
from the channels using check dams or other barriers; (ii) maintain and clean certain
drainage flowpaths; and (iii) boost the recovery of the land cover, the vegetation, and the
soil, speeding up the recovery of burnt sites, enhancing the water retention potential, and
improving their hydrological response to extreme events. Future research could consider
finding where there should be soil erosion and flood protection treatments and examining
their potential performance under these real conditions. We believe that it is crucial to assess
(and even quantify) the contribution of such protection measures to achieve a potentially
reduced flood extent, and to assess to what degree this could be achieved. The results of
this work showed that the post-fire conditions resulted in a 25.1% increased flood extent
compared to the pre-fire conditions, which indicates the need for post-fire flood protection
techniques that apparently were not in place. Moreover, the finding that the two smaller
streams of the area contribute to the flooding with significant amounts of water (even in
the pre-fire scenario) indicates the need for flood protection measures, including floodplain
zones, targeting these areas.

In general, it is difficult to estimate or predict the effects of a fire on the hydrological
response of a catchment, as these can be very case-specific and highly dependent on various
factors. The presented approach can be applied to other catchments as a methodological
framework, and is expected to be particularly useful for Mediterranean regions facing
increasing fire and flood risks. Thus, it can contribute to an improved understanding of
such risks and strengthen protection efforts with more informed decisions.
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