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Abstract. Climate change—driven wildfires, especially in the
Mediterranean, are not only becoming more frequent and se-
vere but also amplifying flood risks by altering catchment
hydrology. Yet, post-fire flood risk management remains in-
adequately addressed. In response, we develop an integrated
simulation framework that combines meteorological, hydro-
logical, hydraulic-hydrodynamic models and remote sensing
techniques to represent post-wildfire flood hazards and sup-
port the design of Post-wildfire Flood Protection Treatments
(PFPTs). We utilize the framework to accurately represent
a post-wildfire flash flood event in a Mediterranean catch-
ment in Greece. The flood event is simulated under three
scenarios: pre-wildfire, post-wildfire without any PFPTs in
place (reality), and post-wildfire with PFPTs. The results
show that the wildfire’s impact on flood extent was around a
24.1 % increase, but the PFPTs could have counterbalanced
this impact. Moreover, we present an economic model for es-
timating the cost of the recommended PFPTs and the flood
damage direct costs, combining an accounting and a semi-
automated Al-based approach. The cost comparison reveals

that the protection would have cost around EUR 5.05 mil-
lion (just the 20 % of the flood damage costs, EUR 25.2 mil-
lion) potentially saving EUR 6.37 million in flood damage.
By filling critical knowledge gaps, our study offers insights
into the dynamics of post-wildfire flood events and provides
policymakers with valuable insights for timely risk mitiga-
tion amidst escalating fire-related disasters.

1 Introduction

The escalating frequency and intensity of wildfires, attributed
to climate change, present an unprecedented challenge with
widespread and complex ramifications for both ecosystems
and human populations (Wang et al., 2020). Although wild-
fires are most prevalent during summer periods, the asso-
ciated damages persist longer, posing severe risks (Brogan
et al., 2019b, a). Wildfires can cause substantial alterations
in vegetation, soil conditions, land cover, hydromorphology,
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and the hydrological response of burned catchments during
storm events (Alamanos, 2024; Hasan et al., 2020). The im-
plications become apparent when the first extreme storms oc-
cur, and the burned sites are found to be more vulnerable to
flash floods due to their reduced infiltration capacity, sensi-
tivity to peak flows, and increased runoff and sediment trans-
port loads (Havel et al., 2018). The Mediterranean region, a
climate change hotspot, has been particularly vulnerable to
increasingly severe wildfires and flood events over the last
few years, and such threats are anticipated to become more
prevalent in the future (Cos et al., 2022). Thus, it is impera-
tive to better understand the dynamics of such risks and to be
proactive through continuous resilience-building efforts. A
better understanding of fire-flood dynamics and their effects
can be achieved through data-driven models, which explore
the flooding response in burned sites. Resilience-building ef-
forts after a wildfire involve, at a minimum, treatments to
protect the burned sites from extreme runoff and soil erosion.
The cost and effectiveness of these approaches for enhancing
preparedness for flood hazards are scrutinized in this paper.
Data-driven approaches for evaluating the flood impacts
of wildfires include hydrological simulations of post-wildfire
runoff and flood mapping of burned sites. The former is
more common and focuses on how wildfires change soil and
hydrological properties, how they recover, or even perform
experiments to quantify the differences in hydrological re-
sponses (Ebel and Martin, 2017). The latter includes only a
few applications in the literature, as such models are data-
intensive. Typically, these models simulate various storms,
aiming to present different risk scenarios. Theochari and Bal-
tas (2022) analyzed the hydrological and hydraulic responses
of flood-prone areas in a burned site on Evia Island, Greece,
to a design storm. Godara et al. (2023) applied the hydraulic
model Telemac to investigate how a Norwegian catchment
responds to a design flood. Chrysovergis et al. (2021) stud-
ied a real post-wildfire event that caused flood and erosion
damages in Southern California, with the focus being on the
factors that caused the damages. These studies indicate that
burned areas are more vulnerable to flash floods due to in-
creased soil imperviousness and peak discharge, underscor-
ing the necessity for accurate models for flood inundation
mapping and assessing post-wildfire protection measures.
However, such studies are very scarce in the literature.
Post-wildfire Flood Protection Treatments (PFPTs) aim to
protect burned areas from flooding and other hazards, such
as landslides and soil erosion, which are linked to extreme
precipitation (Basheer and Oommen, 2024). PFPTs include
several interventions that are case-specific, depending on the
site’s physical characteristics. PFPTs include barriers, mulch
or hydromulch, and seeding (aiming for a quicker recovery
of the burned area), silt fences, erosion control mats, or the
installation of in-channel structures (e.g., trees, log-erosion
barriers, check dams) to “cut” excess runoff and debris flows.
The main and most common PFPT types, according to Nap-
per (2006) and Papaioannou et al. (2023), are the land treat-
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ments (installing barriers to reduce runoff and erosion), and
channel treatments (in-stream interventions for water con-
trol). Barrier-based land treatments are more suitable for ar-
eas with high to moderate burn severity and slopes of up to
60 %. Channel treatments, on the other hand, are most suit-
able in small headwater channels, typically where soil burn
severity is moderate to high, altered hydrologic response ele-
vate the risk to downstream values and channel gradients are
gentle enough for stable installation, ensuring site accessibil-
ity for timely maintenance and inspection. There is a lack of
studies on the performance of PFPTs, with the majority of the
studied cases being in the US, Spain and Portugal (Girona-
Garcia et al., 2021). While there are some studies on the ap-
plication of PFPTs, these primarily refer to specific types of
measures, mostly focusing on soil erosion rather than flood
hazards, and are highly case-specific (Girona-Garcia et al.,
2023; Robinne et al., 2020). In one of the few examples eval-
uating the effectiveness of PFPTs, Kastridis and Kamperi-
dou (2015) focus on two northern Greek basins, where the
applied measures included cutting burned trees, a total ban
on grazing, and the construction of log erosion barriers, log
check-dams, and contour branch barriers. They observed fail-
ures of these PFPTs, mainly due to the rush of construction
and their poor implementation, which resulted in subsequent
floods. The importance of the timely and properly planned
installation of PFPTs to enhance their effectiveness in miti-
gating post-wildfire flood risks is also highlighted by Theo-
fanidis et al. (2025) and Mitsopoulos et al. (2022), studying
another Greek burned site. A similar study (Posner and Geor-
gakakos, 2017) evaluated the feasibility and impact of check-
dams (gabion-dams) and vegetation coverage PFPTs in the
mountainous areas of Haiti, indicating that hillslope reveg-
etation primarily impacts lower return period storms, while
channel vegetation reduces peak discharge and delays flood
peaks, and combined gabion dams and channel vegetation ef-
fects are non-linear and dependent on storm characteristics.
But, to the best of our knowledge, no study simulates a real
post-wildfire flood event along with suitable PFPTs to test the
effects of the fire and the role of PFPTs in the actual flooding.
Even more scarce in the academic literature are studies eval-
uating the PFPT costs, considering various components from
installation to material and labour costs, probably due to the
case- and context-specific nature of this problem. These costs
are often cited as the greatest obstacle to their implementa-
tion.

Reflecting on the above, there are three apparent research
gaps. First, there are very few studies on the response of
burned sites to real flood events, as simulated by hydraulic
models. Second, the role of PFPTs remains under-explored,
and despite some general (national) guidelines for the selec-
tion and installation of certain treatments, there is still room
for improvement in simulating and assessing their effective-
ness and associated economic implications (Papaioannou et
al., 2023). Third, the costs associated with applying the nec-
essary PFPTs, and especially their comparison with the flood
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damage costs that can occur, are a crucial analysis to reveal
whether and how beneficial the PFPTs can be for building
flood resilience. In this paper, we aim to cover these three
gaps by: (i) a detailed representation of a post-wildfire flood
event in a typical Mediterranean site, based on our previ-
ous works combining atmospheric model with remote sens-
ing and hydraulic modelling (Alamanos et al., 2024b; Var-
las et al., 2024). (ii) Assessing the most appropriate PFPTs
and modelling them spatially. (iii) Assessing their effective-
ness for flood mitigation, by directly incorporating in the hy-
draulic model. (iv) Estimating their costs, as well as compar-
ing them with the estimated direct flood damage costs. Each
one of these analyses, and especially their combination, is a
novel contribution with direct practical and policy insights
to address the increasing threat of post-wildfire flood effects,
both in terms of understanding and mitigation.

2 Study area and post-wildfire flood event

A Mediterranean catchment was selected as the application
area: Kineta catchment in western Attica, central Greece
(Fig. 1). It covers approximately 40 km?. Its northern part
is mountainous and gradually lowers to the southern part,
where the coastal town of Kineta is located. The climate
of the Kineta catchment, like most Mediterranean areas, has
hot, dry summers and mild, wet winters (Kourgialas, 2021).
The main land uses are forests (pine forests in the north,
which were the main burned areas), complex cultivation pat-
terns with various fields in the southern part, and urban set-
tlements (the coastal Kineta town). The broader region has
faced increasing wildfire risks over the past few years, with
notable events in the summers of 2017 and 2018. These wild-
fires consumed the mountainous pine forest, a few houses in
Kineta town and two smaller settlements, also causing sev-
eral injuries. Following the 2018 wildfire, protection mea-
sures primarily focused on safeguarding the road network
against landslides (Lekkas et al., 2019). An extreme storm
event on 24-26 November 2019, led to a flash flood that
caused severe damage to the town of Kineta. The wildfire
contributed to this flood event, as the forest and vegetation
conditions had not sufficiently recovered from the 2018 wild-
fire. Prior to the storm that caused the flood, the streams were
blocked by sediments accumulated since the wildfire (Lekkas
et al., 2019).

3 Materials and Methods

The framework consists of the following steps (Fig. 2): First,
we simulate the storm that caused the studied flood event (at-
mospheric model). Second, Remote Sensing (RS) techniques
were used to identify the flooded area (flood extent) and de-
termine the burn extent and severity, which are crucial factors
in assessing the wildfire’s impact on the flood through altered
roughness coefficients. Next, we used a hydraulic model to
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simulate the flood event (RS-validated). We then designed
the PFPTs and modified the terrain in the hydraulic model to
incorporate them, allowing us to run different scenarios to as-
sess their effectiveness (pre-wildfire, post-wildfire, with and
without PFPTs). Finally, for each scenario, we estimated the
cost of the PFPTs and the direct flood damages to compare
them and provide policy insights. The methodology for each
step is presented below.

3.1 Atmospheric model

The storm simulation was achieved by applying the Ad-
vanced Weather and Research Forecasting (WRF-ARW)
v4.2 model. The WRF-ARW atmospheric model has been
successfully used in previous applications for simulating me-
teorological phenomena in several case studies, including
those in Greece. These applications include heavy precipita-
tion events and storms, as well as their forecasts (Alamanos
et al., 2024b; Varlas et al., 2024).

The WRF-ARW model simulated the meteorological con-
ditions that led to the storm of 24-25 November 2019, as
presented in detail in Alamanos et al. (2024b). The initial-
ization time of the simulation was set at 00:00 UTC on 24
November (02:00 local time), and the simulation lasted 48 h
until 00:00 UTC on 26 November (02:00 local time). Initial
and boundary conditions were set using data from the Global
Forecasting System (GFS) with a horizontal grid spacing
of 0.25° x 0.25°. These conditions involve atmospheric data
across multiple layers, soil moisture, and temperature. Sea
surface temperature (SST) for the lower boundary conditions
was updated every 6h, utilizing the real-time global (RTG)
SST analysis dataset on a grid spacing of 0.083° x 0.083°.
Ground processes were parameterized through the unified
Noah land surface model (Tewari et al., 2004). The param-
eterization of the long-wave and short-wave radiation pro-
cesses was based on the RRTMG scheme (Iacono et al.,
2008), while the cloud microphysics processes were parame-
terized by the WSM 5-class scheme (Hong et al., 2004). Con-
vective processes were managed by the Grell-Freitas ensem-
ble scheme for the first domain (9 km x 9km) and explicit
convection resolution for subsequent domains (3 km x 3 km
and 1 km x 1km) (Grell and Freitas, 2014). Finally, the plan-
etary boundary layer and surface layer processes were re-
solved by the Yonsei University scheme (YSU) and the re-
vised Monin-Obukhov scheme, respectively (Hong et al.,
2004).

3.2 Remote sensing

For the identification of the wildfire impacts and their ac-
curate representation in the hydraulic model, we processed
three Sentinel-2 MSI images (one pre-fire and two post-fire)
from the Copernicus Open Access Hub. Using QGIS 3.6.3
and the semi-automatic classification plugin, we converted
digital numbers to top-of-atmosphere reflectance and applied
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Figure 1. (A) The Kineta catchment’s digital elevation model (DEM). Adapted from: National Cadastre and Mapping Agency S.A. (NCMA,
2021) (B) The main land cover types and the river network. (C) Kineta’s location in Greece (red dot) (CORINE Land Cover). (D) A
picture from the wildfire of 2018, which initiated from the mountainous part of the catchment and reached the coast (Protothema, 2019).
(F-G) Damages caused by the flood of 2019, affecting critical infrastructure and properties. Sources: Lekkas et al. (2019); Protothema
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Figure 2. The general conceptual approach of the presented frame-
work.
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DOSI1 atmospheric correction. We delineated the study area
and calculated the Normalized Burn Ratio (NBR) from the
NIR (B08) and SWIR (B12) bands. We then derived the
change in NBR (dNBR) by subtracting the post-fire values
from the 20 July 2018, reference. Applying a +0.1 dNBR
threshold and USGS-recommended burn severity classes, we
produced a burn severity map. By overlaying land-use data,
we assigned updated Manning’s n roughness coefficients to
represent burned conditions in the hydraulic model, as ex-
plained below. For more details, as presented also in Ala-
manos et al. (2024b), see Sect. S1 and Fig. S1 in the Supple-
ment.

RS analysis was also used to obtain a picture of the actual
flood extent for the 24 November event, allowing us to vali-
date the hydraulic model. We used a single Sentinel-2 image
from 25 November 2019 (Level 1C, 09:23 UTC). After con-
verting digital numbers to top-of-atmosphere reflectance and
applying DOS1 atmospheric correction in QGIS, we eval-
uated five spectral water indices (NDWI, MNDWI, AWEI,
RSWIRI1, and RSWIR?2) and transformed SWIR2, NIR, and
red bands into HSV colour space. For each index, we per-
formed histogram analysis to identify peak values (positive
for water, negative or zero for land) and manually adjusted
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thresholds to match drone footage and post-flood imagery.
Binarizing each index produced logical water masks, which
were combined into a final inundation map. This observed
flood polygon served as the validation dataset for our hy-
draulic model (validation polygon). For more details, see
Sect. S1 and Fig. S2.

3.3 Hydraulic — Hydrodynamic model

The flash flood was modelled within the 2D Hydrologic En-
gineering Center’s River Analysis System (HEC-RAS) (Hy-
drologic Engineering Center (HEC), 2022). The input data
was:

The Digital Elevation Model (DEM) of the area, ob-
tained by the National Cadastre and Mapping Agency S.A.
(NCMA), has a 2 m resolution to achieve fine-quality and de-
tailed simulation even at small scales, including the detailed
representation of the stream network.

The meteorological conditions were obtained from the
WRF-ARW simulated precipitation. The output of WRF-
ARW (Sect. 2.1) was applied as a rain-on-grid input in HEC-
RAS. The rain-on-grid technique is a relatively new approach
that enables users to apply spatial datasets of gridded rain-
fall to the study area, in contrast to traditional point obser-
vations (Alamanos et al., 2024b; Papaioannou et al., 2021).
Therefore, 20 spatial datasets/grids were inserted into HEC-
RAS, representing the storm event from 24 November 2019,
at 14:00:00 LT to 25 November 2019, at 09:00:00 LT, using
a 1 h time step.

The Manning’s roughness coefficients (n) coefficients of
the catchment. The most common approach to define 7 is to
use typical minimum, median, and maximum values from the
literature for similar areas in similar conditions. We consid-
ered the land cover maps (CORINE) and their overlapping
burn extent areas and burned severity classes (as estimated
using RS techniques — Sect. 2.2) (Wu et al., 2021). For each
combination of land cover-burned extent and severity, we as-
signed n coefficients based on the literature for both the pre-
wildfire and post-wildfire conditions (Supplement Table S1).
Following this process, the spatially distributed Manning’s
roughness coefficients were estimated. For more details, see
Sect. S2 and Table S1.

The model provides the flood inundation (extent), water
depth and velocity for each time step of the simulated event,
and the flood maximum arrival time in both pre-wildfire (hy-
pothetically, if the same storm had occurred before the wild-
fire), and post-wildfire cases, for comparison purposes. The
flood extent results (validation polygon) produced by the RS
techniques (Sect. 2.2) were used to validate the results of the
HEC-RAS model. The accuracy of the hydraulic model was
quantified using the Critical Success Index (CSI), a widely
recognized metric for flood inundation models (Zotou et al.,
2022). The CSI takes into account the correctly simulated
flooded areas against the validation polygon while consider-
ing the false-simulated flooded areas, as well as those areas
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that flooded but were not predicted by the model (Nandam
and Patel, 2024). For more details, see Sect. S4.

3.4 Post-wildfire Flood Protection Treatments (PFPTs)
and scenarios for evaluating their effectiveness

The PFPTs would aim to protect the Kineta catchment af-
ter the 2018 wildfire from upcoming extreme storm events,
including the 2019 flood. However, such measures were not
fully in place or were only poorly installed.

We evaluated the most suitable PFPTs for the catchment.
First, we conducted a literature review to assess all avail-
able information on PFPT types and cost-effectiveness (see
Sect. S5 and Table S3) (Papaioannou et al., 2023). We ob-
served that the most commonly used PFPTs are land barriers
and channel barriers, mainly due to technical practicality and
lower (installation) costs. Particularly in Greece, these re-
fer to barrier-based log-erosion barriers (LEBs) and channel-
based wooden check dams (WCDs), respectively. We also
reviewed the official Greek studies for PFPTs’ application,
which were released after the 2023 wildfires in the coun-
try, suggesting such treatments for similar case studies to the
Kineta catchment (Greek Ministry of Environment and En-
ergy, 2023; Koudoumakis et al., 2024). They also suggested
LEBs and WCD due to their low cost and ease of installation
using local timber, expecting that these structures can trap
sediments, reduce excess flow, and slow runoff, thus protect-
ing downstream areas from floodwaters and sediments (Ala-
manos et al., 2024a). Thus, we designed a series of LEBs
and WCD for the Kineta catchment, tailored to its size and
slopes, as follows:

— 0.2m high LEBs (suitable for areas with moderate to
high burn severity and slopes between 10 %—50 %) are
installed every 10 m along the contour lines

— Im high WCD (usually recommended for slight
slopes < 20 %) are placed in the 1st, 2nd, and 3rd or-
der streams at intervals of 10 m, forming a continuous
line of protection also at the points of intersection with
the LEBs.

The designed PFPTs are shown in Fig. S3. The resulting
PFPT design forms a dense and realistic network of continu-
ous “protection lines” across streams and slopes.

Having designed the PFPTs spatially, we can modify the
terrain of the HEC-RAS model accordingly. The terrain was
modified to incorporate the suggested PFPTs according to
Fig. S3 using the R package “terra” to analyze the raster file
with the designed PFPTs (Fig. S3), the R package “sf” to ana-
lyze vectors (placing thus the LEBs and WCD in the defined
intervals), and the R package “smoothr” for lines smooth-
ing, making the PFPTs suggested installation realistic (see
Sect. S5). We then run different scenarios in the HEC-RAS
model:

Hydrol. Earth Syst. Sci., 30, 1487-1501, 2026
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— Pre-wildfire, No PFPTs (wildfire effect scenario). the
same storm applies in the catchment with pre-wildfire
conditions, using the respective Manning’s n coeffi-
cients from Table S1. No PFPTs are in place. This hy-
pothetical scenario was simulated for comparison pur-
poses of the pre- and post-wildfire situations, aiming to
isolate the effect of the wildfire on flooding.

— Post-wildfire, No PFPTs (reality scenario). the same
storm applies in the catchment with post-wildfire con-
ditions, using the respective Manning’s n coefficients
from Table S1. No PFPTs are in place. This is the reality
of what happened in Kineta, so the results of this sce-
nario were the ones that were validated, and all rough-
ness coefficients were adjusted accordingly. In this sce-
nario, the major culverts were excluded from the mod-
elling, and the bridge geometry was modified in the
DEM to represent full blockage by sediment and debris,
consistent with field observations from the actual flood
event.

— Post-wildfire, With PFPTs (protection scenario). the
same storm applies in the catchment, with post-wildfire
conditions, using the respective Manning’s n coeffi-
cients from Table S1, and the modified terrain that in-
cludes the PFPTs, so that the designed network of LEBs
and WCD is in place. This is our suggested wish-case,
where protection should have been considered after the
wildfire, to mitigate potential future floods. In this sce-
nario, it was assumed that PFPT works would retain de-
bris, and thus, major culverts and bridges would not be
blocked.

The results of these scenarios were tested in terms of (i)
flood extent (area), (ii) water depth, (iii) water velocity, (iv)
flood maximum arrival time, and (v) costs and damages (an-
alyzed in the following sections).

3.5 Economic analysis: PFPTs cost vs Flood damage
cost

From an engineering perspective, post-wildfire flood re-
silience heavily relies on the application of necessary protec-
tion measures. From an economic or policy perspective, how-
ever, the decision to apply the PFPTs is connected to the as-
sociated costs (Alamanos et al., 2024a). We assess the direct
economic implications of the proposed PFPTs’ application
by estimating their total implementation cost and comparing
them with the direct cost of avoided damage. Our estimations
for PFPTs consider the necessary material and transporta-
tion costs, as well as the installation and labour costs. This
information was obtained from the Greek guidelines, which
provide detailed cost breakdowns for such works. For more
information, see Table S4.

Moreover, we present a comparison of these costs with the
direct cost of avoided flood damage to provide a measure
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of the potential value of these protection efforts. The direct
damage costs caused by the flood were estimated taking into
account the damages that occur due to the physical contact of
objects with the floodwater (Merz et al., 2004; Thieken et al.,
2008), and are usually straightforward to estimate (Brémond
et al., 2013; Zabret et al., 2018).

To assess them, we counted the affected elements by the
flood by inputting the flood inundation results (flooded area)
into the Al tool “Segment Anything Model” (SAM) (Kirillov
et al., 2023), a widely used application for image segmenta-
tion. This tool delineates the objects in the area (e.g. houses,
commercial buildings, agricultural fields). A human check-
counting was also performed by navigating in Google Street
Maps and comparing the results to ensure that the identified
elements were complete and correctly counted (see Sect. S6,
Fig. S4, and Table S5). Thus, this semi-automated approach
involving Artificial Intelligence (AI) provided us with accu-
rate estimates of the affected properties. Then, typical insur-
ance and monetary values were used to calculate the direct
flood damage costs for those affected properties (see Sect. S6
and Table S5). For the calculation of the economic losses due
to a blocked road (Athens-Corinth highway) from flooding,
we used a general estimation model (Eq. S2), which takes
into account factors like the daily vehicle traffic, the addi-
tional distance of detour, vehicle operating costs, additional
travel time, and the direct economic value of time and goods
affected (see Sect. S6 and Eq. S2 in the Supplement). Finally,
the infrastructure damages were considered (repair costs of
roads, streams, land, and drainage) as reported by the local
authorities (see Sect. S6).

For all scenarios (Pre-wildfire, No PFPTs; post-wildfire,
No PFPTs; and Post-wildfire, with PFPTs), flood damage
costs were estimated based on the flood extent (area-based),
as we only account for direct costs. The results of the “re-
ality” scenario (Post-wildfire, No PFPTs) were validated
over the official Greek estimates for restoring the damages
in Kineta. For the other two hypothetical scenarios (Pre-
wildfire, No PFPTs and Post-wildfire, With PFPTs), we also
assume that the Athens-Corinth highway would have been
blocked, and we follow an area-based approach to calculate
the infrastructure costs.

4 Results
4.1 Atmospheric model results

The storm of 24 and 25 November was extreme, as a
deep barometric low originating from the west led to sub-
stantial precipitation across various regions in Greece. A
cold front accompanying this low-pressure system triggered
heavy rainfall in Kineta and its neighbouring areas during
the night of 24 to 25 November. The meteorological station
of the National Observatory of Athens (NOA) network at
Agioi Theodoroi (approximately 8 km southwest of Kineta)

https://doi.org/10.5194/hess-30-1487-2026



G. Papaioannou et al.: A lesson in preparedness: post-wildfire flood protection in Kineta 1493

recorded a total rainfall of 206.8 mm over the two-day period
of 24 to 25 November (Meteo/NOA, 2024). The results of
the WRF-ARW simulation estimated a rainfall of 182.6 mm
over the same area, aligning closely with the actual measure-
ments. As Fig. 3 shows, most of the precipitation occurred
between 24 November 20:00 UTC (local time 22:00) and 25
November 06:00 UTC (local time 08:00). Particularly in the
early morning hours of 25 November, a severe storm cen-
tred around Kineta, evident from the pattern and intensity
of the 1 h accumulated precipitation (Fig. 3) from 03:00 to
06:00 local time. These rainfall rates led to increased runoff
within the Kineta catchment, which caused the flash flood.

4.2 Remote sensing results

First, the results of the RS analysis indicated the burn sever-
ity and extent, as well as their changes during the period
from the wildfire until the flood event. The analysis of the
dNBR revealed regrowth of vegetation after the wildfire,
from August 2018 to October 2019, specifically just before
the flood event. During this period, the proportion of un-
burned areas (24.1 %) and those with low (29.3 %) or low-
moderate (35.5 %) burn severity increased compared to Au-
gust 2018, where the corresponding percentages were 19 %,
15.9 %, and 21 %, respectively. Furthermore, the predomi-
nant burn severity classes are those subjected to moderate-
high and moderate-low severity and the unburned areas for
2018, and moderate-low and low severity and unburned area
for October 2019. Notably, the extent of areas affected by
high burn severity (0.01 %) significantly decreased in Oc-
tober 2019 compared to August 2018 (12.5 %), with these
regions largely transitioning to areas impacted by moderate-
low burn severity (Fig. 4a, b and Fig. S1). Furthermore, the
RS analysis provided us with a map of the flood extent.
This was produced by comparing all computed Water Indices
(WIs), interpreting them with expert knowledge, and visu-
ally inspecting them while aligning them with the 4 (Red)-
3 (Green)-2 (Blue) natural composite of the corresponding
S2 image, as described in Sect. 2.2. The intensified analy-
sis revealed that the Red and Short-Wave Infrared 2 Index
(RSWIR2), with a threshold value of > —0.1, outperformed
other indices in detecting inundated areas (Fig. 4a, b). This
index consistently yielded the most stable results throughout
our analysis (Fig. S2).

4.3 Hydraulic-hydrodynamic model results

The HEC-RAS model runs under the scenarios described in
Sect. 2.4 (pre-wildfire, post-wildfire, without and with PFPTs
in place).

The model’s accuracy was tested by the CSI scores, for the
real case of the Post-wildfire, No PFPTs simulation, using
the validation polygon. The CSI score reached 0.65, indicat-
ing satisfactory performance (CSIs above 0.5 are acceptable)
(Eq. S1) (Zotou et al., 2022).
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The total simulated flood inundation area for the (real)
post-wildfire case was 595 246 m?2, covering almost 24 % of
the town’s total residential area. The pre-wildfire simulation
resulted in a flood inundation area of 451 848 m?. The dif-
ference in these flood extents reflects the impact of the wild-
fire on the flooding, which is 143 398 m?2. If the PFPTs were
in place after the wildfire, the flood extent would have been
447 575 m?. Therefore, the effect of these recommended pro-
tection measures would have reduced the flood-inundated
area by 147671 m? (24.8 %) (see detailed results in Fig. S5).
It is worth noting that this difference indicates that the ef-
fect of the wildfire could have been entirely avoided with the
PFPTs.

Figure 5 shows the differences between the reality and the
protection scenarios (isolating the effect of the PFPTs), as de-
tailed in Figs. S5 and S6. We observe that the PFPTs lead to
moderate reductions in peak water depths across much of the
inundated zone, of around 0.1-0.3 m, with the biggest differ-
ences being in the peripheral areas, and in the central stream
(Fig. 5A). Velocity reductions are spatially heterogeneous
but pronounced where flow paths concentrate (Fig. 5B). Yel-
low to orange zones (0.2-0.8 ms~! reductions) follow main
overland flow corridors, while even bigger reductions (1.0—
1.6 ms~!, red—pink) are observed in the main stream’s flood-
ing, and the rest of the broad flat areas exhibit minor reduc-
tions (0-0.2ms ™!, pale yellow). Such reductions, especially
to the west part, can significantly reduce infrastructure dam-
ages.

The PFPTs introduce meaningful delays in flood wave ar-
rival, as seen in the arrival-time difference map (Fig. 5C).
Peripheral urban areas and floodplain margins experience
minimal delays (0-0.4 h, brown-light orange), while central
zones downstream of barrier clusters show delays of 1.0-
2.2 h (light purple to deep blue). The central part of the city,
which appears to be the most flood-prone, had the largest
delays due to PFPTs, and this is crucial for emergency re-
sponse, evacuation, traffic management, and individual pro-
tection measures. Moreover, elongated travel times reduce
flood peaks, lessen hydraulic loads on downstream struc-
tures, and allow more water to infiltrate or be retained, show-
casing PFPTs’ role in temporal flood risk mitigation.

Regarding the flood extent, the dark blue areas would have
been inundated without PFPTs but remain dry when they’re
in place. The blue shading shows the additional flood extent
caused by the wildfire (post-wildfire with PFPTs vs. pre-
wildfire without PFPTs), underscoring how burn-induced
changes expand inundation inland. This joint comparison il-
lustrates that while the post-wildfire landscape is inherently
more flood-prone, strategically placed PFPTs can reclaim
substantial areas from inundation.

4.4 Cost of protection and flood damage direct costs

The estimation of the cost of the recommended PFPTs con-
siders the typical expenses for materials (wood), transporta-
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Figure 3. The results of the WRF-ARW model of the simulated accumulated precipitation (in mm) for: (a) 8h for the period from 24
November at 22:00 local time to 25 November at 06:00 local time, (b) 1h for 25 November at 03:00 local time, (¢) 1 h for 25 November
at 04:00 local time, (d) 1h for 25 November at 05:00 local time, and (e) 1h for 25 November at 06:00 local time. Source: Alamanos et
al. (2024b).
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tion, and construction (installation), in values of EUR 2023,
according to the official Greek techno-economic specifica-
tions (Table S4). Based on these estimations, the costs for
the PFPTs designed for the Kineta catchment would be
EUR 4.87 per meters of LEBs installed, and EUR 49.25 per
square meters of wooden check dams. The spatial model for
the proposed PFPTs (Fig. S3) resulted in 636 049 m of LEBs
and 2065 wooden check dams (of an average installed area
of 3.5 m2). Therefore, their total cost would be:

— EUR4.87 per meters-636049m of LEBs in-
stalled = EUR 3.1 million, plus

— EUR49.25 EUR per square meters - 2065 per wooden
check dams - 3.5 m* each = EUR 355 954,

Which, in total, sums to EUR 3.45 million. The final PF-
PTs cost, including the overhead and contractor’s profit mar-
gin and the VAT, is EUR 5.05 million.

The total estimated flood damage cost considered residen-
tial house properties, commercial buildings (namely hotels
in the area), private vehicles, agricultural fields, the closure
of the Athens-Corinth highway for an entire working day,
and reported infrastructure damages to roads, streams, land,
and drainage. A semi-automated Al image segmentation and
human counting approach was applied to count the affected
elements, and we assigned monetary values to them based
on insurance data. For the highway closure due to the flood,
a general estimation model for such economic losses was ap-
plied (see Eq. S2). This applied to all scenarios, given the
severity of the flood, with the water reaching up to the road
in all simulations. The infrastructure cost was adjusted based
on the flooded area of each scenario.

The resulting total cost of EUR25.2 million was cross-
checked and validated over the estimates of the West Attica’s
Region Technical Works Observatory on the total repair costs
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(which was reported to be EUR 21.6 million) (West Attica
Region, 2021). The total estimated cost, considering all these
components is EUR 25.2 million.

The results of the PFPTs costs and flood damages are sum-
marized as follows:

— Pre-wildfire, No PFPTs. Reduced count of residential
homes, commercial buildings (hotels), private vehicles,
and agricultural fields affected compared to the ‘“re-

ality” scenario; Same cost for the same highway clo-

sure; Reduced infrastructure cost based on the reduced
flooded area, compared to the “reality” scenario. Cost

of PFPTs=EURO0. Flood damage cost=EUR 19.1

million. The difference in the flood damage cost is

EUR 6 136 996 (or 24.33 % of the real event’s damage),

which is purely attributed to the wildfire.

Post-wildfire, No PFPTs. The exact affected number
of residential homes, commercial buildings (hotels),
private vehicles, and agricultural fields; Actual cost
for the Athens-Corinth highway closure; Actual infras-
tructure cost. Cost of PFPTs =EURO0. Flood damage
cost=EUR 25.2 million. This represents the real case,
which highlights the extensive financial burden on local
authorities and communities, underscoring the need for
effective flood management and mitigation strategies to
reduce long-term economic impacts.

— Post-wildfire, With PFPTs. Reduced count of residential
homes, commercial buildings (hotels), private vehicles,
and agricultural fields; Same cost for the same highway
closure; Reduced infrastructure cost based on the re-
duced flooded area. Cost of PFPTs = EUR 5.05 million,
Flood damage cost=EUR 18.9 million. The difference
in the flood damage cost is EUR 6.4 million. This indi-
cates that the PFPTs could have reduced the actual real

Hydrol. Earth Syst. Sci., 30, 1487-1501, 2026



1496

430000

G. Papaioannou et al.: A lesson in preparedness: post-wildfire flood protection in Kineta

430000

between the
post-wildfire no
PFPTs and the
post-wildfire
with PFPTs
scenarios

m
[ Jo-01

[ Jo1-02
[]02-03
[ 0.3-04
[ 0.4-05
B 05-06
B 06-0.7
Emo7-038
B 0.8-0.9
B oo-1

15 L
152
-2

4202000

4201000

Legend

Difference of
Velocity
between the
post-wildfire no
PFPTs and the
post-wildfire
with PFPTs

g scenarios

mis

[ Jo-02
[ J]o02-04
[ Jo4-06
[ ]o6-0.8
I 03-1
-2
214
B 14-16
B 16-18
. 1s-2
2

4202000

T

4201000

Legend

Difference of
Arrival Time

§ (Max) between

| the post-wildfire
no PFPTs and
the post-wildfire
{| with PFPTs

g scenarios

hr
Emo-02
B o02-04
I 0.4-06
[ ]06-08
[ ]o8-1
[ ]1-14
[]1.4-18
1822
B 22-26
. 26-3

4202000

430000

Difference in
flood extent
between the post-

I fire no PFPTs and

post-fire with

PFPTs scenarios

Difference in

flood extent

between the pre-
L fire no PFPTs and
post-fire no
PFPTs scenarios

4202000

T
430000

Figure 5. Assessment of the effect of the PFPTs on: (A) Water depth, (B) water velocity, (C) Flood maximum arrival time, (D) water extent.
These are presented as the differences between the Post-wildfire No PFTs and Post-wildfire With PFPTs, while for the floodwater extent (D)
we compare all scenarios. Base-map source: Imagery © 2025 NASA, Imagery Date: 23 August 2025, Map data © 2025 Google.

case’s flood damage costs by 25.3 %, completely offset-
ting the wildfire’s impact.

5 Discussion
5.1 Modelling post-wildfire floods and PFPTss

The representation of the post-wildfire flood event, consid-
ering a combination of methods (meteorologic model, RS,
hydraulic-hydrodynamic, and spatial PFPTs-design model)
is a challenging and interdisciplinary modelling task. With
this combined modelling approach, on the one hand, we pro-
vide a framework for similar analyses, as all models are
freely available and can be used in combination (soft-linked)
to represent other post-wildfire flood events. On the other
hand, this approach led to accurate representation that en-
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ables building on the findings (flood inundation maps) to
consider protection measures and enhance resilience. Also,
the modelling of the PFPTs within HEC-RAS is a novel ap-
plication. An interesting set of findings here is the wildfire’s
and the PFPTs’ effects on flooding. The effect of the wild-
fire on the flood extent is 24.1 % (difference of the pre- and
post-wildfire scenarios), which is not negligible for a small
town. Regarding the effectiveness of the PFPTs, if the rec-
ommended measures were in place, 24.8 % of the flooding
would have been avoided, while most of the floodwaters
would have been delayed, coming with reduced velocities
and depths.

5.2 Exploring the effect of PFPTs

The analysis for the application of the most suitable PFPTs,
their mapping, and cost-effectiveness is also a challenging
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task, as the literature on PFPTs is limited. To the best of our
knowledge, this is the first attempt to model PFPTs based on
spatially modelled physical characteristics and case-study-
specific technical guidelines, along with a detailed assess-
ment of their cost-effectiveness for flood mitigation. This ap-
proach illustrates how the PFPTs can be followed to other
study areas, similarly, and give at least a preliminary pic-
ture/estimation of the potential post-wildfire measures. As
mentioned, their effectiveness is significant, completely oft-
setting the wildfire’s impact on flooding. Especially if we
consider the significance of the downstream residential area,
and take into account the overall effects in water extent,
depth, velocity, and arrival times, as well as the relatively
low costs, there is no doubt on the PFPTs’ value. In addition
to reducing flood extent, the PFPT scenario also resulted in
lower flow depths and velocities (Fig. SA-B), with velocity
reductions exceeding 1.0ms~! in parts of the main channel.
These reductions are directly linked to flood hazard intensity
and damage severity, further supporting the protective value
of the proposed measures.

To our knowledge there is no other study exploring all
these flood- and PFPTs-related effects with hydraulic mod-
elling based on a real post-fire event. In order to validate
or cross-check our findings with the broader literature, we
also reviewed field based studies from the Mediterranean
area. Indeed, the results are consistent, demonstrating the ef-
fectiveness of small-scale interventions in reducing post-fire
runoff and sediment yield. Margiorou et al. (2022) showed
that wooden check dams significantly reduced sediment dis-
charge in burned suburban catchments, while Kastridis et al.
(2022) emphasized their cost-efficiency when combined with
other erosion control measures. Furthermore, Theofanidis et
al. (2025) highlighted that the timing of PFPT implementa-
tion is crucial, early post-fire construction enhances sediment
interception and reduces downstream impacts. The conver-
gence of our model-based findings with field evidence under-
scores the mitigation role of PFPTs when rapidly deployed
and appropriately located within affected catchments.

Overall, as Fig. 6 summarizes, the PFPTs are particularly
effective along the main stream, where well-established flow-
paths and gentle slopes allow LEBs and WCD to intercept
and attenuate floodwaters over long reaches. This configu-
ration not only reduces peak velocities but also meaning-
fully delays water arrival times, offering valuable lead-time
for downstream communities. In contrast, PFPTs prove less
efficient in the smaller Intermittent Rivers and Ephemeral
Streams (IRES) in the northeast part of the catchment with
steeper, more abrupt slopes. These were responsible for the
majority of the flooding, indicating the need to map IRES,
as they are not mapped in Greece (Pastor et al., 2022), and
usually not considered in flood protection plans, however, as
proved, these can cause severe damages, under all scenarios.
Yet even here PFPTSs can substantially slow the initial flood
buildup, providing critical flood delay in the town centre.
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It is worth noting that the storm of November 2019 was
a severe phenomenon, that would have caused flooding un-
der all scenarios, underscoring the vulnerability of the area,
and the need of perhaps even more strict flood protection
works. The PFPTs largely mitigate the wildfire’s hydrolog-
ical impact, rather than the flood event itself: even under pre-
wildfire conditions, this storm was severe enough to inundate
much of the floodplain. Thus, additional and more robust
flood defences remain essential for events of this magnitude.

5.3 Economic assessment

The cost of the PFPTs, the flood damage direct cost, and
ultimately their comparison, were insightful for the cost-
effectiveness of protection investments. The cost of the ex-
amined PFPTs resulted to EUR 5.05 million, while the di-
rect flood damage cost was estimated to EUR 25.2 million
(around 5 times higher). This indicates a considerable dif-
ference, with the cost of the measures aiming to the flood
damage mitigation (PFPTs) being just the 20 % of (only) the
direct flood damage costs. This is a “lesson in preparedness”,
highlighting that investing in mitigation works can help re-
ducing much larger hazard-induced damages.

At this point, the limitations should be mentioned. Due to
unavailable data, we did not consider certain components of
the flood damage cost — in particular, those beyond the direct
costs: The economic impact of business interruption caused
by the flood (this includes lost revenue, additional expenses
incurred due to downtime, and potential long-term impacts
on business operations) has not been considered. Moreover,
the health impacts of the flood, including medical expenses,
emergency response costs, and potential long-term health ef-
fects were not taken into account in the flood damage cost
estimations. Other environmental damages such as pollution,
habitat destruction, and cleanup costs, were not considered.
Finally, the community and social costs were also ignored
(including displacement of residents, loss of community ser-
vices, and psychological effects).

So, our flood damage cost estimates are quite conserva-
tive (just the direct costs), and in reality, they are way higher
— significantly more than five times the investment in post-
wildfire flood protection. Moreover, the flood damage esti-
mation was primarily based on the flooded area. In the pro-
tection scenario (Post-wildfire, With PFPTs), we observed
that even if there was floodwater in some parts, the depth
was lower than 20-10cm, and the velocity was also negli-
gible, indicating that in reality the damage cost might have
been less than EUR 18.9 million. At the same time, the PFPT
measures proposed for the case of Kineta are also conserva-
tive (i.e., a dense network of LEBs and wooden check-dams
was proposed), but other approaches might consider less PF-
PTs, significantly lowering their costs. Having a “low-end”
estimate of flood damage cost, and a “high-end” estimate of
the PFPTs’ costs, and still proving their significant differ-

Hydrol. Earth Syst. Sci., 30, 1487-1501, 2026



1498

oo b :
This part of the flo

channel is the major effect of the
Idfire. PFPTs were able to reclai

4202000

4201000

€, with the PFPTs costing only 3.4mil€

i place around the main channel, reducing the
direct flood damage from 25.3mil€ to 18.8miil.

G. Papaioannou et al.: A lesson in preparedness: post-wildfire flood protection in Kineta

| Legend

Water Depth,
Post-wildfire,
With PFPTs

(m)
[ Jo-02
[o02-05
Bl os-1
-2

B 2

town is quite flood prone du
to these two small ephemera
streams. PFPTs can delay the
flood, but probably the
abrupt slopes limit their

AN
o ﬁ‘ e central part of the town
«’glfloods under all scenarios.
4 PrPTs moderately reduce the
water velocity and depths,
with a more significant effect
around this part.
Significant reductions in the
arrival time (by 1.4-1.8hours).

0.75

1.5

2.25

3
I Kilometers]

T
430000

Figure 6. Summarizing the main findings on the effect of PFPTs, over the Post-wildfire With PFPTs scenario. Base-map source: Im-
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ence, highlights even more the fact that “precaution” seems
to be a wiser decision than “cure”.

6 Conclusions

The findings of this modelling study, beyond the general
framework provided for the integrated analysis of similar
phenomena, show the importance of investing in the flood
resilience of burned sites. This study showed that the PF-
PTs would have been able to reduce a substantial floodwa-
ter amount, somewhat larger than the entire flood that was
due to the wildfire. Of course, this does not mean that if the
PFPTs had been in place after the wildfire, the flood would
have been totally avoided. In other words, the investment
of approximately EUR 5.05 million would not have been
enough to avoid the EUR 25.2 million flood damage cost.
However, the flood would have been mitigated, saving at
least EUR 7 million from the damages. Again, this estimate
is quite conservative, as explained in the discussion section;
therefore, we believe that the investment in preparedness is
definitely worthwhile. For now, our findings can provide food
for thought and serve as a lesson in preparedness, indicating
that post-wildfire flood protection can be a cost-effective de-
cision, relatively inexpensive, and can be achieved at local
scales (e.g., at the municipality scale) with local means.
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A follow-up question from this research is on the need to
map the IRES, and those like the one in Kineta that have
abrupt slopes, to consider enhanced protection measures. An-
other follow-up question is, although the studied storm was
indeed extreme and caused a flood under all scenarios, why
are these protection measures not applied to mitigate it? One
possible explanation is limited awareness among decision-
makers, combined with weak communication and possibly
lack of trust between authorities and experts who hold rele-
vant knowledge. Another explanation could be that decision-
makers consider PFPTs as an expensive objective compared
to flood damage costs, which will not likely grab headlines
(in contrast to news reporting a big fire or flood) (Nature Sus-
tainability, 2023). Following the wildfires in Kineta, Greek
newspapers argued that a significant investment in preventive
measures is necessary to address future flood risks, noting
that even after the flood, there was still no protection work
in place (Ecozen, 2019). Often, flood damage compensation
is not being paid in Greece, and restoration works are be-
ing significantly delayed. This also occurred in Kineta, where
the latest reports on the case indicate that the compensation
for the affected households was still pending (Papadopoulou,
2025). Therefore, if there is a tendency to dismiss flood dam-
age compensation, then the application of PFPTs seems in-
deed like an unnecessary and undesirable expense. At the
end of 2024, after extended protests, the case of Kineta was
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brought to court, as no PFPTs were in place, nor compen-
sations were granted. The primary defendant is the Former
Regional Governor of Attica, and the case is underway (Pro-
tothema, 2024).

Further science-to-policy bridges and collaboration can
significantly improve our understanding of complex hazards,
such as post-wildfire floods, an often-overlooked topic, and
assess the potential of PFPTs, while highlighting the need
for timely resilience-building and preparedness as a neces-
sary step, rather than inaction.
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