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Abstract: Wildfires pose a growing global danger for ecosystems and human activities. The degraded ecosystem
functions of burnt sites, include, among others, shifts in hydrological processes, land cover, vegetation, and soil
erosion, that make them more vulnerable to flood and extreme sediment transport risks. Several post-fire erosion
and flood protection treatments (PFPs) have been developed to avoid and mitigate such consequences and risks.
The Mediterranean region faces severe climate change challenges that are projected to escalate the wildfire and
post-fire flood risks. However, there is limited research on the dynamics of post-fire flood risks and their
mitigation through the design of the appropriate PFPs. This paper aims to cover this gap by simulating a real post-
fire flash-flood event in Central Greece, and design the PFPs for this case study, considering their suitability and
costs. An integrated framework was used to represent the flood under the baseline scenario: the storm conditions
that caused the flood were simulated using the atmospheric model WRF-ARW; the burn extent, severity, and the
flood extent were retrieved through remote sensing analyses; and a HEC-RAS hydraulic-hydrodynamic model was
developed to simulate the flood event, applying the rain-on-grid technique. Several PFPs were assessed, and
certain channel- and barrier-based PFPs were selected as the most suitable for the study area. The recommended
PFPs were spatially represented within a geographic information system (GIS). Moreover, we present a detailed
analysis of their expected costs. This study provides an interdisciplinary and transferable framework for
understanding and enhancing the flood resilience of burnt sites.
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1. Introduction
The increasing prevalence and severity of wildfires, exacerbated by a changing climate globally, pose a

pressing challenge with far-reaching consequences for ecosystems and human communities [1–3].
Mediterranean countries have been characterized as climate hot-spots [4], being particularly vulnerable to
wildfires of increased severity each coming summer [5–7]. Wildfires significantly change the land cover,
vegetation, soil conditions, hydromorphology, and the hydrological-hydraulic behavior of affected catchments
under intense storm events [8]. This causes altered runoff patterns, reduced infiltration, increased streamflow
rates and sediment transport for burnt sites, making them more susceptible to extreme peak-flows and flood
hazards [9–11]. Understanding and mitigating these hazards is crucial, given the rising global threats from
compound events, such as wildfires and extreme storms [12,13], and Mediterranean countries are among the
priority areas for timely resilience-building [14,15]. In order to speed up the restoration and recovery of the
hydrological processes of burnt sites, several practices have been developed, known as post-fire erosion and
flood protection treatments (PFPs). These can be cover-based and include barriers, mulch or hydromulch,
erosion control mats, silt fences, seeding, or in-channel treatments, such as check dams, grade stabilizers, in-
channel tree felling, debris basins, stream channel armoring, while road and trail or even chemical treatments
can be used [16].

The response of a burnt catchment to an extreme storm largely depends on multiple factors (fire- and non-
fire-related) that interact, so their thorough modeling is crucial for understanding the post-fire flood dynamics,
and ultimately designing the appropriate protection measures. However, model-based assessments of such fire-
and non-fire-related factors are scarce in the literature, mainly due to their computational complexity [17]. Also,
the design of the most suitable PFPs is a challenging, and quite overlooked topic, as it can be very case-specific,
and there is limited literature to provide general guidelines [18,19]. In this paper we aim to fill these gaps by: i)
simulating a real post-fire flash-flood event that occurred in a typical Mediterranean catchment (Kineta, Greece);
ii) assessing and recommending the most suitable PFPs, designing them spatially and estimating their costs.

The simulation of the flood event included the modeling of the main factors (as mentioned, fire- and non-
fire-related factors) that affect the flooding. First, understanding the storm conditions that caused the flood
(physical and meteorological characteristics) is a key factor [20,21]. For the storm simulation, the Advanced
Weather and Research Forecasting (WRF-ARW) v4.2 model was used [22]. The WRF-ARW atmospheric model
has been successfully used in previous applications for the simulation of meteorological phenomena in several
case studies, and Greek ones. These applications include heavy precipitation events and storms, and their
forecast [23–26]. Second, the burn severity and extent directly affect the hydrological response. These were
assessed by remote sensing (RS) techniques. RS is very common in studies relevant both to wildfires and floods,
and in general, particularly useful for obtaining ready-to-use information that is not available through on-site
observations [19,27,28]. In particular, RS has been used to assess wildfire impacts such as burn severity [29],
burn extent and site recovery [30], along with various other applications [31]. Also, the flood extent was
identified by RS. RS applications have been widely used for identifying flooded areas [32] with satisfactory
performance and spatial detail [33,34]. Third, a hydraulic model was developed to simulate how the storm
precipitation estimated by the WRF-ARW formed the flood extent (as obtained by the RS application). The 2D
Hydrologic Engineering Center’s River Analysis System (HEC-RAS, version 6.4.1) was used for this task, as it is a
common software for flood inundation mapping [35] which has been successfully performed under various
scales [25,36,37] and data availability conditions [38,39]. Although there are studies using similar approaches,
the combination of these tools to simulate a real flood event is a novel application. Previous studies have
explored the flood response of burnt sites primarily from the lens of hydrological modeling, underscoring the
need for the timely application of PFPs, given the increased post-fire flood risks [40]. The growing recognition of
the need for PFPs to mitigate flood risks has encouraged more studies exploring the role of PFPs, mostly
experimental though [41–43]. However, the literature on the PFP design and costs is still poor, and
underrepresented in countries outside the US, Spain and Portugal [41,42]. In their review article on PFPs, Lopes
et al. [44] found that only 27% of the papers assessed have performed model-based assessments on the role of
PFPs. Indeed, the few studies exploring the role of PFPs, usually do not reflect on their design principles (namely,
how and why to choose the most suitable PFPs), and focus on soil erosion and sediment transport mitigation, not
flooding [45–49]. So, the fourth element of this study aims to contribute to this issue by using the insights of the
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flood simulation model, the available literature, guidelines and general practice, to design the most suitable PFPs
for the study area, representing them spatially. Another crucial factor for flood-protection-related decisions is
the investments needed, but the literature still lacks thorough PFP-cost analyses [50–52], with the exception of a
handful of national guidelines available [53]. Therefore, we performed a PFP-cost analysis, providing a detailed
and transferable break-down of the cost components.

This paper not only provides valuable insights for a better understanding of the post-fire flood responses,
but also facilitates the design of PFPs and their economic implications, ultimately offering transferable
knowledge to other study areas to address the future risks from wildfires and their associated flood
consequences.

2. The Post-Fire Flood in Kineta Catchment, Greece
The case study application area is the Kineta catchment in western Attica, central Greece—a Mediterranean

area covering approximately 40 km2. The northern part of Kineta drains water flows from the Geraneia
mountains to its outlet to the sea in the southern part, around the coastal town of Kineta, through one main
stream and a few smaller ones (Figure 1). The climate follows the typical Mediterranean pattern, characterized
by hot and dry summers, and mild and rainy winters (Table 1).

Figure 1. The Kineta catchment in Greece.
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Table 1. Average monthly values of precipitation and temperature in Kineta (Data: 1991–2021, Source:
reference [54]).

The area has a history of wildfire threats, with notable incidents in the summers of 2017 and especially
2018. The 2018 fire consumed the pine forest of Geraneia mountains, and burned down the nearby settlements
(Panorama and Galini), as well as houses in the town of Kineta, causing many injuries (Figure 2).

Figure 2. Indicative photos of the damages in the Kineta catchment by the wildfire of 2018, spanning from the
mountainous pine forest to the coast [55–58].

Month Average Precipitation (mm) Average Temperature (oC)

January 58 8.3

February 52 8.9

March 53 11.3

April 25 14.7

May 20 19.5

June 7 24.2

July 4 26.8

August 3 26.7

September 18 22.8

October 33 18.3

November 56 13.9

December 65 9.9
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A visual inspection after the 2018 wildfires, reported that there were some PFPs in place, mainly aiming to
protect the road network from landslides [55]. In particular, only a few log-erosion barriers (LEBs) were placed
alongside the Geraneia road bridge, parallel to the contours, but as reported, they were not properly installed
[55]. The following year, 2019, an extreme storm caused a destructive flash-flood (November 24–26). The flood
brought downstream a considerable amount of sediment mainly through the streams (mud, trees, rocks, etc.),
which, combined with the large volume of water, caused severe damages (Figure 3). It is also reported that even
before the storm, the areas’ streams were blocked by sediments that have been accumulated since the wildfire
[55]. The wildfire probably contributed to some extent to this flood event, as the area had not adequately
recovered in terms of forest, land cover and vegetation conditions, and there were blocked streams by sediments.
Also, the PFPs were proved to be insufficient as they were probably not well-installed and maintained, and were
not particularly targeted for flood protection.

Figure 3. Damages by the flood of 2019 to infrastructure, road networks, and the coastline of the Kineta area [55
–57].

3. Methodology

3.1. Hydro-Meteorologic Model

The simulation of the storm of November 2019 by the WRF-ARW model was implemented with three
nested domains with horizontal grid spacings of 9 km, 3 km, and 1 km, covering a wide area from Europe to West
Asia, Greece, and the flooded area, respectively. The storm that caused the flash flood in Kineta took place on 24–
25 November 2019. So, the simulation was configured for 48 hours from November 24 at 00:00 UTC (02:00 local
time) up to November 26 at 00:00 UTC (02:00 local time). Global Forecasting System (GFS) data on a horizontal
grid spacing of 0.25° × 0.25° were used for the definition of the initial and boundary conditions. The initial
conditions involved atmospheric forcing data at several atmospheric pressure levels and near the surface, as well
as soil moisture and temperature. The sea surface temperature (SST) in the lower boundary conditions of the
simulation was updated every 6 hours and they were constructed using real-time global (RTG) SST analysis data,
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on a horizontal grid spacing of 0.083° × 0.083° [59]. The parameterization of the ground processes was achieved
through the unified Noah land surface model [26]. The RRTMG scheme was employed for the parameterization
of the long-wave and short-wave radiation processes [60]. The cloud microphysics processes were
parameterized by the WSM 5-class scheme [61]. Convective processes were handled by the Grell-Freitas
ensemble scheme for the first domain (9 × 9 km) and explicit convection resolution for the other two domains (3
× 3 km and 1 × 1 km) [62]. The Yonsei University scheme (YSU) and the revised Monin-Obukhov scheme were
used for the planetary boundary layer and surface layer processes [23,24,63].

3.2. Remote Sensing Application for Wildfire Effects

Three Sentinel-2 satellite images captured the Kineta catchment’s burnt (1 image) and post-fire (2 images)
conditions, to assess the fire’s damage. These images were obtained from the Copernicus Open Access Hub [64]
and were selected based on the ESA tiling grid with unique IDs for each tile (100 × 100 km ortho-images). The
images were pre-processed in Q-GIS 3.6.3 using the semi-automatic classification plugin, involving their
conversion from digital numbers (DN) to top-of-atmosphere (TOA) reflectance, and atmospheric correction via
the widely-used DOS1 method [65]. The study area was then delineated to map the burnt areas for two periods:
July to August 2018 and July 2018 to October 2019, focusing on the detection of the regrown vegetation. Burnt
areas were mapped using the Normalized Burn Ratio (NBR) (Equation (1)) for both periods, with bands B08
(NIR) and B12 (SWIR) [66,67]. NBR values range from －1 to ＋1, indicating high and low values for healthy
green and burnt vegetation, respectively.

��� =
(��� − ����)
(��� + ����) (1)

The change in Normalized Burn Ratio (delta NBR—dNBR) was computed in two steps to highlight changes
from the reference state. This involved subtracting post-fire NBR values (2 August 2018 and 16 October 2019)
from the reference NBR value of 20 July 2018 (Equation (2)). This approach offers an accurate assessment of
burn severity, as it relies on per-pixel changes in reflectance values. In accordance with Rahman et al. [31,68], a
threshold value of ＋ 0.1 was applied to both dNBR files for each period, facilitating the appropriate
differentiation of burnt and unburnt areas within the study region. The resulting dNBR values were multiplied by
1000 and classified based on burn severity ranges recommended by the United States Geological Survey (USGS).
The twofold calculation of dNBR initially identified the most wildfire-affected areas for each period and
subsequently illustrated changes in burn severity levels from August 2018 to October 2019.

���� = ���������� − ����������� (2)

3.3. Remote Sensing Application for Flood Effects

A single Sentinel-2 image from 25 November 2019 (processing level 1C, time 09:23:21:024Z) mapped the
flood-inundated areas in Kineta, aligning with the event starting on 24 November 2019. This image underwent
the same pre-processing as the burnt area mapping. For water delineation, spectral indices (NDWI, MNDWI,
AWEI, RSWIR1, RSWIR2) were evaluated using S2 bands. Additionally, SWIR2, NIR, and red bands were
transformed to HSV (Hue, Saturation, Value) colors following Pekel et al.’s method [69]. Water indices were
computed, each with a manually adjusted threshold for accurate delineation. Binarization produced the final
‘water’ images. Five water indices (WIs) were computed on the S2 image from 25 November 2019, to determine
the most representative threshold value for each WI. Histogram analysis revealed distinct peak magnitudes,
where positive values typically corresponded to water and negative or zero values to soil or terrestrial
vegetation. Manual adjustment of thresholds was employed to enhance the accuracy of water delineation, always
in relation to the actual images and drone videos of the visual inspection after the flood [55,70]. Subsequently,
each image file representing a distinct WI was binarized, assigning a logical value (true) for values exceeding the
threshold and false for lower values, resulting in the final ‘water’ images. These flooded areas served as the
validation area for the hydraulic model.
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At this stage, the hydraulic model was set up in HEC-RAS, with the following input data:
a) The 2 m-resolution Digital Elevation Model (DEM) retrieved by the Greek National Cadastre and Mapping
Agency [71];

b) the stream channel characteristics (river flowpaths and banks);
c) the storm precipitation (spatially distributed, as simulated by the WRF-ARW atmospheric model
mentioned above), which was applied as a rain-on-grid input representing accurately the real storm
event (time-step: 1 h, so 20 spatial datasets/grids from 24 November 2019 14:00:00 to 25 November
2019 09:00:00). This is achieved by the rain-on-grid technique, which applies the spatially distributed
rainfall directly, eliminating thus the need for a pre-defined hydrograph as the primary input for surface
runoff. The precipitation characteristics of the storm as estimated by the WRF-ARW model were
imported into the HEC-RAS through the rain-on-grid routine on an hourly basis (as distinct spatial
datasets representing different times of the storm) from 24 November 14:00:00 to 25 November
09:00:00;

d) land cover maps (pre-fire and post-fire conditions);
e) the spatially distributed Manning’s roughness. In particular, the Manning’s n coefficients were estimated
based on typical values from the literature for similar areas in similar conditions (combined land cover
types and burn severity classes), considering the fire effects [59,72–74]. In particular, the n values were
considered according to the combination of the areas’ land cover types (as in the CORINE2018
categorization) and the different burn severity conditions (as characterized from the RS results). Thus,
for each combination of land cover type (e.g., ‘complex cultivation patterns’, ‘coniferous forest’, ‘mixed
forest’, ‘grasslands’, ‘road networks’, etc.) with all the burn severity classes (e.g., ‘enhanced regrowth high’,
‘enhanced regrowth low’, ‘high severity’, ‘low severity’, ‘moderate-low severity’, ‘moderate-high severity’,
and ‘unburnt’), a roughness n value was assigned, based on typical values from references [59,72–74].
Several model-runs allowed us to calibrate the model based on the flood extent retrieved from the RS
results.

The HEC-RAS simulation output was the mapping of the inundated areas with the water depth and water
velocity during each time step of the studied event. The results were validated based on the flooded area polygon
(obtained from the RS analysis, as mentioned above). The Critical Success Index (CSI) was used to quantify the
accuracy of the simulated inundated areas against the validation area, as in Equation (3) [75,76]. A represents
the correctly simulated flooded area; B is the false-simulated flooded area (false alarms); C is the flooded area
that is not predicted by the model (misses).

��� =
�

� + � + � (3)

3.5. PFP Assessment

The next step, after the hydraulic simulation of the flood event, is the PFP analysis. This included initially a
brief review of the available information on each PFP type, considering their site suitability, potential
effectiveness, and costs. Although there is limited available information on this topic, at least in a coherent way
[16,77], the main categorization of the most commonly applied PFPs refers to [16,78]:

• Land treatments: These methods stabilize burned areas by providing soil cover, which reduces erosion,
and mitigates water repellency to improve infiltration. Land treatments focus on accelerating recovery
while preserving ecosystem integrity and functionality. There are two main types: cover-based
(improving land cover through practices like seeding) and barrier-based (installing barriers to trap
sediments, reduce excess flow, and slow runoff).

• Channel treatments: These are applied in the streams to address the adverse post-fire effects on water
quality, water control, water velocity, sediment trapping, and channel characteristics, protecting critical
downstream areas.

• Road and trail treatments: These are often used in conjunction with land and channel treatments, and aim
to minimize the impact of fires on transportation infrastructure.

The selection of the specific PFPs from each category or their combination, was done in combination with
the results of the RS and flood inundation models, and considering the available technical guidelines and each

3.4. Hydrodynamic Model
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PFP’s characteristics. The selected PFPs were spatially modeled in a geographic information system (GIS). Finally,
the potential costs for the application of the designed PFPs were estimated by a simple accounting process.

4. Results and Discussion
The RS analysis revealed the burn severity and extent, and their changes from the fire (August 2018) until

the flood event (November 2019). The dNBR analysis indicated vegetation regrowth from August 2018 to
October 2019, just before the flood: The extent of high burn severity areas was 12.5% in August 2018, and
decreased to 0.01% by October 2019, transitioning primarily to ‘moderate-low’ burn severity areas (Figure
4A,B). Moreover, after the fire (August 2018), the unburnt areas were covering 19% of the burn extent area,
while the areas with low burn severity 15.9%, and the areas with low-moderate burn severity 21%. In October
2019, the respective percentages were 24.1%, 29.3%, and 35.5%. The predominant burn severity classes in 2018
were ‘moderate-high’ and ‘moderate-low’ severity, and ‘unburnt’ areas, but in October 2019, the main burn
severity classes were ‘moderate-low’, ‘low’ severity and ‘unburnt’ areas.

In this context, the storm of November 2019 occurred in the Kineta catchment. The results of the
atmospheric model WRF indicated that the storm that caused the flood of November 2019 in Kineta was extreme.
A deep barometric low from the west brought substantial precipitation across various regions in Greece. This
low-pressure system, combined with a cold front, resulted in heavy precipitation at the broader Kineta area on
the night of November 24 to 25. The meteorological station of the National Observatory of Athens (NOA)
network at Agioi Theodoroi, about 8 km southwest of Kineta, recorded 206.8 mm of total rainfall during
November 24 and 25 [79]. The WRF-ARW simulation estimated 182.6 mm of precipitation in the same area,
closely matching the actual records (Figure 4C). Most of the precipitation occurred between November 24, 22:00
local time (20:00 UTC), and November 25, local time 08:00 (06:00 UTC), with a severe storm cell centered
around Kineta during the early hours of November 25, (approximately from 03:00 to 06:00 local time). These
rainfall rates were responsible for the extremely high runoff within the catchment, causing the flash-flood.

Figure 4. The RS results of the burn extent and severity were obtained. (a) During the wildfire period (July–
August 2018); (b)After the fire (July 2018–October 2019), before the flood event; (c) The simulated accumulated
precipitation (mm) as resulted from the WRF-ARWmodel, indicatively for the 8 hours from November 24 (22:00
local time) to November 25 (06:00 local time). The model also estimated the 1-hour precipitation amounts for
the entire simulation period; (d) The RS results of the flood extent of the studied event of November 2019,
according to the index RSWIR2.
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The flood extent map that resulted from the RS analysis (Figure 4d) occurred by comparing all the
computed Water Indices (WIs) and interpreting them with expert knowledge, while visually inspecting them
alongside the 4 (Red)-3 (Green)-2 (Blue) natural composite of the corresponding S2 image, as mentioned in the
Methodology section. The analysis showed that the Red and Short-Wave Infrared 2 Index (RSWIR2), with a
threshold value of ≥ －0.1, was the most effective in detecting inundated areas, consistently producing stable
results throughout the analysis.

The 2D HEC-RAS flood model ran for the flood of November 2019, according to the description provided in
the previous section, combining the DEM and the area’s topography, the n values, and the spatially distributed
rainfall representing the simulated storm. The resulting flood inundation map of the hydraulic model (Figure 5)
was compared with the RS flood extent result (as shown in Figure 4d). The validation of the HEC-RAS’ results
was assessed by the CSI scores (Equation (3)), which was 0.65. This indicates a satisfactory model performance,
as CSI values above 0.5 are acceptable. The total simulated flood inundation area was 595,246 m2, covering 24%
of the total Kineta’s town residential area, which is a significant portion of a small coastal town.

Figure 5.The hydraulic simulation results. (a) The extent of the flood in Kineta catchment; (b) The water extent
and depth in the Kineta town. The red “validation polygon” represents the boundary of the water extent as
resulted from RS analysis (shown in Figure 4d).

The proper installation of the appropriate PFPs for the area could have been the solution to mitigate this
flood. In order to identify the most appropriate, we were based on the categorization of PFPs into land, channel
and road and trail treatments (as mentioned in the methodology section). The PFP types under each category
were assessed and further specified for the Kineta catchment, taking also into account the available Greek
guidelines, and recent practical experiences from similar Mediterranean (and Greek) case studies [80–82]. Thus,
the most appropriate PFPs were proposed. In particular:

 First, the road and trail treatments are targeting certain routes of high importance and can be expensive
interventions. There are very few applications in Greece, following severe flood events, so in this case
they were not considered. The most commonly applied PFPs in Greece are land treatments (especially
barrier-based and channel-based), due to their relatively low costs, and ease of installation from local
timber.

 Barrier-based methods: Among the different land treatments, most cover-based approaches (e.g., mulch,
seeding, etc.) have not been used in Greece. In contrast, barrier-based methods are a common approach,
involving the on-site installment of barriers to trap sediments, reduce excess flow, and slow runoff. The
most common, easy-to-apply, and (reported to be) low-cost measures are the log-erosion barriers (LEBs).
LEBs are suitable for areas with high-moderate burn severity, and slopes between 20%–50%. Often many
applications consider the slope installation starting from 10%, with looser spacing till 20%, depending on
the morphology of the site. They are usually 0.2 m high, and placed every about 8 m, continuously along
the contour lines.
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 Channel treatments: As mentioned, these are used mainly to protect critical downstream areas from
floodwaters and sediments [83,84], so in our case where the downstream coastal area is the Kineta town,
a residential area, this type of PFP is necessary. The most commonly applied channel treatments are
wooden check-dams (smaller structures in more narrow streams), and concrete check-dams (larger
structures in the main channels). The wooden check-dams are usually constructed along the channels of
first- and second-order streams, namely the small tributaries, because they are more controllable in
smaller channel openings, exhibit higher durability, and are more easily accessible, allowing thus their
maintenance. Their typical height is 1 m, and they are placed in constrictions of channels having an
upstream widened bed and a slight stream slope (<20%), spaced at intervals of 50–100 m, although this
number is highly variable, depending on each area’s morphology. The concrete check-dams are usually 2
to 2.5 m tall, and are typically built in the main channels to serve as a third-level protection measure. Due
to the increased costs of the concrete check-dams, they are usually omitted.

For the studied case of Kineta catchment, LEBs and wooden check-dams were deemed to be the most
appropriate, feasible and realistic, considering the area’s characteristics, and according to the respective official
Greek guidelines. Specifically, the Hellenic Technical Specification on the Technical Guidelines for erosion control
structures, and relevant studies and technical reports describing the application of these PFPs [80–82], outline
the main criteria for their installation. These refer to the burn severity categories (as described in the bullets
above per case, and in our case estimated as in Figure 4), the stream slopes and order (as described in the bullets
above per case, and in our case estimated as in Figure 6a, based on the DEM), while the spacing and final
installation decisions are always according to the judgement of the on-field experts. Considering these, for the
Kineta catchment, the LEBs were installed every 10 m, along the contour lines according to the usual practice
followed in Greece. In particular, the evolution of the flood depth, and extent created during the hydraulic
simulation allowed us to identify the streams that delivered significant floodwaters, which were mainly in the
northeast part of the catchment. The water velocity was another factor that confirmed the need for more ‘dense’
protection of some streams, namely the ones in the northeast. To achieve this, we placed the wooden check-dams
in the third-order streams, and also, in a continuous line with the LEBs, within the channels, throughout the
whole catchment. So, overall, the wooden check-dams were installed within the small tributaries, i.e., the first-,
second- and third-order streams, approximately every 10 m. This is a more conservative approach than usual
(only in the first- and second-order streams, per 50–100 m), because the Kineta catchment is a small site, and its
third-order streams are quite narrow. At the spots where the LEBs meet a stream, the installation of a wooden
check-dam within these streams is applied, as mentioned, to form a continuous line of protection. Moreover, the
knowledge of the flood inundation, as resulted from the hydraulic models (Figure 5), indicates that a significant
amount of floodwater came from the northeast part of the catchment. The small streams contributing to the two
channels that delivered the majority of the floodwater are suitable for the installation of wooden check-dams, so
considering them in the third-order streams, approximately every 10 m, is expected to provide enhanced
protection downstream, “blocking” a considerable amount of runoff. The spatial distribution of the PFPs
designed is shown in Figure 6b.
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Figure 6. Designing the proposed works. (a) The stream order and slope were calculated based on the area’s
DEM within GIS, and together with the burn severity areas (as shown in Figure 4), to guide us in designing the
PFPs; (b) The final map with the locations of the designed LEBs and wooden check-dams.
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The total costs for the application of the designed PFPs (Figure 6b) took into account the necessary material
and transportation costs, as well as the installation and labor costs. Following the recent destructive wildfires at
large areas in Thrace, Northern Greece during the summer of 2023 [85,86], the Greek Ministry of Environment
and Energy has issued a detailed set of studies reporting the on-site installation of post-fire restoration works in
forests, including the associated costs [87]. The same approach is followed in this paper to estimate the cost for
the implementation of the suggested PFPs (LEBs and wooden check-dams). The cost analysis reported (based on
the joint Ministerial Decisions of the Greek Ministries of Infrastructure and Transport, and Environment and
Energy, on the application of Forestry works), takes into account the costs of logging (i.e., timber), their
transportation, and installation (construction), both for LEBs and wooden check-dams (as presented in Table 2).
The values refer to €2023 and the use of pine trees is considered as timber, which is also common in the Kineta
mountainous area.

Table 2. Cost analysis for LEBs and wooden check-dams, considering costs of materials (timber), transportation,
and installation (construction), in values of 2023 [87].

Logging Costs (for pine-trees 2 m long × 0.2m diameter)

Timber cost: 7.99€
Increase 10% for burnt sites: 0.80€
Increase 10% due to execution by the same work group: 0.80€
Allowance 5% for travel expenses for a distance of 0–50 km: 0.40€
Good performance bonus 5%: 0.40€
Employer’s insurance 24.44%: 2.54€
-----------------------------------------------------
Logging cost: 12.93€/m3

Displacement and transport costs (for pine-trees 2 m long × 0.2 m diameter)

Transport cost for distances less than 200 m: 8.98€
Increase 10% for burnt sites: 0.90€
Increase 10% due to execution by the same work group: 0.90€
Allowance 5% for travel expenses for a distance of 0–50 km: 0.44€
Good performance bonus 5%: 0.45€
Employer's insurance 24.44%: 2.85€
-------------------------------------------------------
Transport costs: 14.53€/m3

Estimation of LEBs construction cost per meter installed

Volume of a unit log (1 m long × 0.2 m diameter): 0.0314
Increase 10% for loss coverage and supporting brackets: 0.0345
Volume per meter installed: 0.066 m3/m
Logging cost = 12.93€/m3 ∙ 0.066 m3/m = 0.85€/m
Transport cost = 14.53€/m3 ∙ 0.066 m3/m = 0.96€/m
Labour cost of an unskilled worker for digging, construction and installation 3.06€/m
--------------------------------------------------------
Total cost per meter of LEBs installed: 4.87€/m

Estimation of wooden check-dam cost per square meter installed

The volume of timber required for a typical trapezoid wooden check-dam, using unit logs of typical dimensions as
above, and supporting brackets and a log, tied with wires is estimated to be 1.635 m3.
Logging cost = 12.93€/m3 ∙ 1.635m3 = 21.14€/wooden check-dam
Transport cost = 14.53€/m3 ∙ 1.635m3 = 23.76€/wooden check-dam
Labour cost of an unskilled worker and a logger for tools, digging, construction and installation 172.38€/m
---------------------------------------------------------
Total cost of a wooden checked-dam of open surface of 3.5 m2 = 172.38/3.5 = 49.25€/m2
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Based on these estimations, the costs for the PFPs designed (955,336 m of LEBs installed and 2035 wooden
check-dams of 3.5 m2 each— Figure 6b) for the Kineta catchment would be 4,652,486€ for the LEBs, plus
350,783€ for the wooden check-dams. This results in a total cost of 5,003,269€.

5. Conclusions
In this paper, a novel, integrated, and multidisciplinary framework was introduced for accurately assessing

post-fire floods, simulating the fire’s effect, and representing the flood event. Moreover, different PFPs were
assessed, and the most appropriate were selected for the study area considering the available guidelines and the
specific characteristics of the site and its response to the simulated flood. The presented framework mobilizes
different approaches and uses new modeling tools, combining them for the first time, enhancing the accuracy of
their application. The approach is easily transferable to other study areas worldwide, offering thus an improved
understanding of the impacts of combined fire-flood disasters and relevant protection measures. Sediment
transport is also another relevant factor, which is included in our future research plans, in order to provide more
holistic assessments of these combined flood-sediment hazards, as well as the respective protection measures.

The PFPs designed in this study were developed as a flood mitigation strategy for the Kineta catchment,
retrospectively, to propose a way to mitigate the effects of the flood of November 2019. Of course, the follow-up
question of this research would be on the effectiveness of the PFPs: If these PFPs had been in place after the
wildfire (in other words, if this investment of approximately 5 million euros had been done) would the flood
have been avoided? Currently, we cannot really know. But in this paper, we showed for the first time that the
protection can be designed based on comprehensive models, in a science-supported manner, and that it is
possible with relatively low-cost measures. In order to answer such a question, this would require modeling the
effectiveness of these PFPs to the flooding, as well as re-assessing the same flood under these hypothetical
conditions (assuming the PFPs were in place). Modeling the PFPTs’ effectiveness is a quite time- and
computationally-demanding task, particularly challenging in incorporating the LEBs and the wooden check-dams
in the terrain conditions of the hydraulic model. This is beyond the scope of this paper; however, it is considered
in our future research plans. The answer to this question, whether the flood would have been avoided if these
PFPs had been applied, is probably ‘not entirely’: Even if the PFPs were in place, the flood would not have been
totally avoided. But it would have been mitigated, and hence we believe that the investment in flood protection is
a worthy strategy to mitigate the flood risks.

Research has shown that stakeholders and communities are keen on adopting PFP measures but the lack of
knowledge about their design or implementation creates hesitation [88]. So, we are optimistic that this study can
serve as a starting point towards the timely consideration of PFPs, in an integrated and scientifically-supported
way.
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