SDSN Global Climate Hub

Report:

Post-fire flood hazards: Integrated modelling, protection
measures, economic and policy implications

August 2025



Authors and affiliations:

Phoebe Koundouri?>?, Angelos Alamanos®, George Papaioannou®, Vassiliki Markogianni®, George
Varlas®, Mohammed Basheer’, Nikolaos Nagkoulis!, Angelos Plataniotis’, Russell M. Wise®, Stefanos
Xenarios®?, Olympia Nisiforou®, Anastasios Papadopoulos®, Elias Dimitriou®.

1. Sustainable Development Unit, ATHENA Research Center (RC), Athens, Greece

2. School of Economics DIEES and ReSEES Research Laboratory, Athens University of Economics and
Business, Athens, Greece

3. Department of Earth Sciences, University of Cambridge, Cambridge, United Kingdom
4. Independent Researcher, Berlin, Germany

5. Department of Forestry and Management of the Environment and Natural Resources, Democritus
University of Thrace, Orestiada, Greece

6. Hellenic Centre for Marine Research, Institute of Marine Biological Resources and Inland Waters,
Anavissos, Attiki, Greece

7. Department of Civil & Mineral Engineering, University of Toronto, Toronto, Ontario, Canada
8. CSIRO Environment, Canberra, Australian Capital Territory, Australia

10. Nazarbayev University, Graduate School of Public Policy, Astana, Kazakhstan

Recommended citation:

Koundouri P, Alamanos A, Papaioannou G, Markogianni V, Varlas G, Basheer M, Nagkoulis N,
Plataniotis A, Wise RM, Xenarios S, Nisiforou O, Papadopoulos A, Dimitriou E. (2025). Post-fire flood
hazards: Integrated modelling, protection measures, and economic implications. Report, UN SDSN
Global Climate Hub. August 2025, Athens, Greece.




The Global Climate Hub

The UN Sustainable Development Solutions Network’s (SDSN) response to the multifaceted contemporary

challenges is the Global Climate Hub (GCH), which came as an initiative for change, leveraging science-
based solutions for a holistic and equitable sustainability transition [1,2]. These solutions are developed
at regional, national, and sub-national level based both on the scientific expertise of its members, and the

engagement with local policymakers (representatives of central and/or local government) — there are
dedicated teams of GCH scientists specialized across various fields, working in research projects, as well
as a network of SDSN National Hubs, facilitating communication, outreach, and solutions’
implementation. The overall philosophy of the GCH can be summarized in the combination of five critical
innovations, for developing acceptable and implementable sustainable pathways. These work as a
framework for the analysis of any problem:

l. Cutting-edge models: This includes the use/development of system-dynamics based cross-
sectoral simulation models.

. Powerful digital Al-driven infrastructure that supports the handling of big data, their
harmonization and management, as well as the coupling of the various models and the results’
visualization. This facilitates the integration of the above models.

[l Development of the socio-economic narrative for the just and equitable implementation of the
science-based pathways, a process fostering the co-ownership of the pathways across
stakeholders, such as scientists and technology developers, policymakers, finance and business
sectors, NGOs and civil society.

IV.  Stakeholder engagement: Transformative participatory stakeholder approaches (workshop-
based) for co-designing the pathways in detail.

V.  Openness: The whole process of analyzing, co-designing, presenting and applying sustainable
pathways supports the widespread adoption of the principles of Open Science and Open Access
to data, models developed, and in general scientific infrastructure.

The GCH consists of nine separate units/working teams that have expertise to handle relevant research
and practical applications (see the table below). These units are scientific areas, conceived as necessary
‘steps’ towards sustainability, as each one contributes a unique perspective and insight towards the
development of customized strategies for climate neutrality, resilience, and sustainability.

All units operate under the philosophy of the five innovations explained in the previous section, together
and always in coordination, to achieve the long-term goals.
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Figure a. The 9 units of the Global Climate Hub.

The GCH is hosted by Athens University of Economics and Business (AUEB) and the “Athena” Research
and Innovation Center in Information, Communication, and Knowledge Technologies (ATHENA RC), both
integral components of the Alliance of Excellence for Research and Innovation on Aephoria (AE4RIA —in
Greek ‘aephoria’ is a synonymous concept to sustainable development). Within the GCH, AE4RIA plays a
vital role in securing funding from competitive projects, ensuring the necessary resources to fulfill its
multidimensional mission. The Research Centre for Atmospheric Physics and Climatology of the Academy
of Athens also supports the GCH.

In this report we present a thorough study on an overlooked issue: post-fire floods and protection,
along with a breadth of interrelated factors and modelling scenarios. A local case study is presented,
and we argue on the generalization and transferability of the findings, by suggesting newly developed
tools.



https://www.aueb.gr/
https://www.athenarc.gr/en/home
https://www.athenarc.gr/en/home
https://ae4ria.org/

Executive Abstract:

Climate change-induced wildfires are increasingly prevalent, particularly during summer periods, with
evident consequences in multiple regions worldwide. Wildfires affect and change the condition,
functionality, and ecosystem services of the burned sites. Altered hydrologic processes make burnt areas
more flood-prone. However, the actual effects of wildfires to flooding, the post-fire protection measures
and their economic implications remain still overlooked issues. In this report, we cover these gaps in a
multi-disciplinary way. More specifically:

PART A: We present a novel, integrated and interdisciplinary computational framework that we have
developed for the accurate modelling of post-fire flash-flood events. The 2019 post-fire flood in Kineta,
Central Greece is used as a case study-example.

The proposed approach assesses the fire impacts (burn extent and severity) with Remote Sensing
techniques; ‘recreates’ real storms using the atmospheric model WRF-ARW; simulates the flood using the
2D HEC-RAS hydraulic-hydrodynamic model; and validates the results with remote sensing analysis on the
flood extent. We detail the linking of those models, step-by-step, for the first time. We build upon the
findings by reviewing, selecting and designing the most appropriate Post-fire Erosion and Flood-protection
Treatments (PEFTs), and represent them within a Geographic Information System (GIS), which allows their
incorporation to the HEC-RAS hydraulic model. The flood event is simulated under three scenarios: pre-
fire; post-fire (real case, happened in November 2019), and post-fire with the PEFTs protection. Thus, for
the first time, we reveal the effects of the fire on flooding (~¥25%), as well as the effectiveness of the
suggested measures to mitigate the flood (completely offsetting the fire’s effect).

In order to assess the economic implications of the potential flood protection interventions, we present
also a detailed estimation of the: i) Costs of the proposed PEFTSs, ii) The flood damage direct costs, which
were estimated by a semi-automated Al-based approach using image segmentation and human-checks.
The comparison of the costs reveals that protection could have cost just 13.6% of the direct damages.

Part B: Drawing from the inaction and poor protection of our real case study, we explore the governance
gaps. We performed a knowledge-transfer exercise from similar cases in Australia (climate and
governance similarities), based on the VRK (Values-Rules-Knowledge) framework. We provide a detailed
stakeholder engagement roadmap targeting changes in anachronistic perceptions about the extreme
phenomena, the understanding and application of solutions, and their communication as necessary,
multi-benefit and cost-effective measures. These findings are applicable to other case studies, too.

Part C: For the facilitation of similar analyses nation-wide, we provide a national Greek inventory of design
storms based on the official IDF (intensity-duration-frequency) Curves. For this purpose, we developed a
novel tool called Catchment2Storm that provides customized design storms (return periods, durations,
time intervals) using just the desired catchment’s location. We comment on the results of its Greek-wide
application, highlighting the need for localized design considerations in critical sites such as urban centers,
ports, and agricultural areas.

Finally, we synthesize all the above into a concrete, agenda-setting list of policy recommendations to
foster resilience to combined hazards.
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1 Background

1.1. Post-fire floods

Wildfires have become an increasingly pressing challenge, with the changing climate exacerbating their
extent and severity worldwide [3,4]. This escalating trend threatens ecosystems and human communities,
as evidenced by the recurring occurrence of record-high wildfire damages each summer [5-9]. Countries
with drier climate, such as the Mediterranean ones, are particularly susceptible to wildfires, and the
summer of 2023 served as compelling evidence [10,11]. Although wildfires are strongly felt during
summer periods, the associated damages last longer, posing severe risks [12]. Wildfires notably alter the
vegetation and land cover composition, and soil properties. These fundamental changes directly affect
the hydrological behaviour of burnt catchments, removing their canopy cover, modifying their runoff
patterns, heightening streamflow rates, and increasing sediment transport [13]. Thus, burnt areas are
more vulnerable to extreme peak-flows [14,15].

Text Box 1:

» Rapid rainfall runoff over burned areas and can cause flash flooding
»> Stay weather ready if you are near an area affected by wildfire

"7 | Weather-Ready Nation ~ National Weather Service

weather.gov/flood

National Oceanic and Atmospheric Administration

Flood danger after wildfire — Informational Material from the US National Weather Service, warning
for the Mesa Country?.

1 Source: https://www.mesacounty.us/departments-and-services/sheriff/divisions/emergency-services/wildland-
fire-management/after/flood
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The Mediterranean region, a climate change hotspot, has been particularly vulnerable to increasingly
severe fire and flood events over the last years, while such threats are anticipated to become more
prevalent in the future [16—18]. Thus, it is imperative to better understand the dynamics of such risks, as
well as being proactive through continuous resilience-building efforts.

Such effects have been explored from the perspective of identifying the driving factors of post-fire flood
risks [19], and the post-fire hazards considering infrastructure sedimentation to hypothetical watersheds
[20,21]. Also, previous works have examined the hydrological response of burnt sites [22], their
hydrological and soil-hydraulic properties [23], and the formulation of hydrological models tailored to
post-fire runoff simulation [6,24,25].

Some studies have also analyzed the flood mapping of burnt sites through hydraulic modelling: Godara et
al. [26] applied a rain-on-grid technique in the hydraulic model Telemac to explore the response of a
Norwegian catchment to a design-flood. Chrysovergis et al. [27] studied a real post-fire event causing
flood and erosion damages in Southern California, with the focus however being on the factors that
caused the damages. Theochari and Baltas [28] 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 fire risk [29,30]. The findings of all these studies converge, demonstrating the large extent
of flooded areas, following fires that increase the soil imperviousness, the peak discharge, reduce the time
to peak of rainfall events and also underlying the need for post-fire protection treatments and flood
protection works. However, there are only a handful of studies focusing on the response of burnt
catchments to real flood events, represented by hydrometeorologic-hydraulic models [31,32]. We aim 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 modelling, combining it with remote sensing techniques for the
assessment and validation of the fire and flood events, and mapping the flood with hydraulic-
hydrodynamic modelling.

1.2. Simulating post-fire conditions, storms and flood events

A 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 [33—37], as well as flooded areas [38—41].

RS techniques are very common in studies relevant both to fires and floods, and in general, are particularly
useful for obtaining ready-to-use information that is not available through on-site observations
[32,41,42]. RS has been used to assess fire impacts such as burn severity [43], burn extent and site
recovery [44], along various other applications [45]. Additionally, RS applications have been widely used
for identifying flooded areas [46] with satisfactory performance and spatial detail [47,48].

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 the knowledge of the flooded area is essential for developing an accurate
hydraulic model and validating it.



As mentioned, most studies considering post-fire floods use typical design storms, rather than the actual
storm caused a real event. The simulation of the exact meteorological conditions of the event can be
achieved though, by using meteorological modelling. In this work, the Advanced Weather and Research
Forecasting (WRF-ARW) model enabled the precise representation of the flood event under real storm
conditions [49,50]. The atmospheric model WRF-ARW has been used to simulate various meteorological
conditions in Greece, demonstrating a satisfactory level of performance under different tests [51],
including heavy precipitation events and storms, and their forecast [52-54]. Rainfall inputs from WRF-
ARW have been coupled with land-hydrological models [55]. However, this report presents a novel
approach, where the WRF-ARW weather model inputs are used directly for hydraulic modelling, exploiting
the rain-on-grid technique of HEC-RAS [56], as it allows a higher level of spatial resolution reflecting the
actual rainfall patterns and variability across the study area. Remote Sensing (RS) techniques were used
for the identification of the flooded area (flood extent), and also for the impacts of the fire to the flood,
through the determination of the burn extent and severity.

Text Box 2:

=
=]

————

A schematic animation of the different components of our framework: Remote Sensing assessment
(burnt conditions), atmospheric modelling (storm), and hydraulic simulations (flood).

For the simulation of the flood event, the hydraulic-hydrodynamic modelling has been conducted using
the 2D Hydrologic Engineering Center’s River Analysis System (HEC-RAS), one of the most commonly used
software for that purpose [21,57-59]. HEC-RAS is a common software for flood inundation mapping [60]
which has been successfully performed under various scales [54,61] and data availability conditions
[21,32,62,63].

1.3. Post-fire Erosion and Flood-protection Treatments (PEFTSs)

Watersheds receiving precipitation close to their usual-average levels, and have generally good hydrologic
conditions, yield relatively small amounts of sediment, while their stream baseflow remains sustained for
extended periods, or even the entire year. For example, in watersheds where hydrologic conditions are
satisfactory (e.g., dominated by litter and vegetation, exceeding the 75% of their ground cover), only
about 2% of rainfall becomes surface runoff, and erosion rates are low [64]. Even if such watersheds
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receive enough rainfall, sustainable annual streamflow conditions and little sediment production can be
achieved when there are good hydrologic conditions [65].

However, this behaviour can significantly change after fires. Fires affect all watershed characteristics,
including soils, vegetation, and land cover, which are critical to fundamental hydrologic processes such as
runoff, streamflows, and sediment transport [65,66].

In particular, depending on the burn severity and the fire’s duration, post-fire areas have reduced organic
litter and vegetation covering the ground surface (even less than 10% of the ground), so there is very
limited water retention. Subsequently, increased runoff leads to sediment transport, soil erosion, and
water quality deterioration, even after mild precipitation events [67—69].

Robichaud et al. [70] find that the surface runoff can increase over 70% in such cases, while erosion can
increase by three orders of magnitude. In general, after a fire, precipitation events have noticeable effects,
such as the formation of water-repellent soils that cause immediate runoff, floods, roughness reduction,
high peak flows, hydrological connectivity alteration, disruption of the infiltration processes,
topographical alterations, delivery of sediment, post-fire debris flows and ash to streams [71-73]. The
above negatively affect habitats, bridges, roads, buildings, and other infrastructures [74,75]. Water quality
and channel stability are also severely affected, along with soil erosion, due to the movement of soil
particles. Studies also show the effects of such post-fire cascade effects and the impacts on erosion, flood
risks, sediment transport, and water quality [76,77]. The hillside slopes can also be affected, leading to
the immediate occurrence of dry ravels after a fire event [78]. This further enhances the transport of
surface materials through channels [79,80]. Many studies provided evidence that the most severe
sediment losses occurred within the first year after the fire [81,82]. However, the magnitude of the
damages can vary depending on multiple factors, such as climate, fire frequency, soil type, geology,
topography (especially slopes), and vegetation [22,83]. Regarding water quality, Rust et al. [84] studied
several sites in the western USA, and found that nutrient flux (different forms of nitrogen and
phosphorus), major-ion flux, and metal concentrations are the most common pollutants in streams within
the first five years after a fire. The importance of having good hydrologic and land cover conditions in
watersheds will be more valuable in the future, as the changing climate increases the length of the fire
weather seasons [85]. Considering all the consequences mentioned in the previous para-graph, one can
understand how many co-benefits lie in the timely restoration of post-fire sites. As Girona-Garcia et al.
[72] noted, mitigating the prone areas to erosion and floods after fires is crucial to decreasing potential
downstream risks and preserving the eco-systems' sustainability. In order to speed up a burned
watershed’s land cover restoration and thus boost its hydrological and erosion response [86], several
practices have been developed, known as PEFTs. These can be cover-based and include barriers, mulch or
hydromulch, erosion control mats, slit fences, seeding, or even in-channel treatments, such as check
dams, grade stabilizers, in-channel tree felling, debris basins, channel deflectors, and stream channel
armoring, while road and trail or even chemical treatments can be used. While the literature review
highlights the importance of immediate action by applying various PEFTs, considerably less information is
available about the operation and effectiveness of those PEFTs. The lack of consistency in evaluating and
assessing the PEFTs’ effectiveness is due to the highly variable influence of site-specific factors (climate,
terrain slopes, land uses, burn severity, costs, etc.). The large dependence of a watershed’s response to
PEFTs on multiple factors that interact makes any evaluation of PEFTs challenging and the generalization
of most findings almost impossible.
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Text Box 3:

Examples of different post-fire recovery treatments, from the Watershed Center, US (2024)2.

Thus, the literature is restricted to specific case studies on a regional or local scale, evaluating PEFTs under
certain conditions. In this report, we provide a categorization and analysis of the effectiveness of PEFTs in
relation to most factors reported by the existing literature, along with insights on their costs, from the
available literature.

1.4. Design, Effectiveness, and Costs of PEFTs

PEFTs include several interventions that are quite case-specific, depending on the sites’ physical
characteristics, hence the literature around them is not rich or concise. The literature on PEFTS’
performance is poor, with the majority of the studied cases are in the US, Spain and Portugal [72]. While
there are some papers on the application of PEFTs, these refer to certain types of measures, mostly
focusing on soil-erosion rather than flood hazards, and they are highly case-specific [72,87].

In one of the few examples evaluating the effectiveness of the PEFTs, Kastridis and Kamperidou [88] focus
on two northern Greek basins where the applied measures referred to the cutting of burned trees, a total
ban on grazing, and construction of log erosion barriers, log check-dams and contour branch barriers.
They observed failures of these PEFTs, mainly due to the rush of construction and their poor
implementation, which resulted in subsequent floods. The importance of the timely and proper

2 Source: https://watershed.center/project/post-fire-ecological-recovery/
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installation of PEFTs to enhance their efficiency in mitigating flood risks is also highlighted by Mitsopoulos
et al. [30], studying another Greek burnt site. A similar study by Posner and Georgakakos [89] evaluated
the feasibility and impact of check-dams (gabion-dams) and vegetation coverage PEFTs in the
mountainous areas of Haiti, indicating that hillslope revegetation primarily impacts lower return period
storms, while channel vegetation reduces peak discharge and delays flood peaks, and combined gabion
dams and channel vegetation effects are non-linear and dependent on storm characteristics.

But, to our knowledge, there is no study simulating a real post-fire flood event along with the suitable
PEFTs to test the effects of the fire and the role of PEFTs in the actual flooding. Even more scarce in
academic literature are studies evaluating the PEFT 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 argued to be the greatest obstacle for their implementation. For our case
study, we provide detailed cost breakdowns in this report.

1.5. Economic Implications

From an engineering point of view, the post-fire flood resilience highly relies on the application of the
necessary protection measures. From an economic or policy point of view however, the decision to apply
the PEFTs is connected with the associated costs [90].

The costs for applying the necessary PEFTs and especially their comparison with the damage costs of a
flood that can occur is a crucial analysis to reveal how beneficial the PEFTs can be in the long-run, and
inform decision-making on flood protection. The estimation and comparison of a real- flood damage costs
to the costs of the recommended protection measures is a challenging task that requires extensive data,
specific for the studied case, and needs to be based on comprehensive modelling.

To our knowledge, it has not been performed in the literature so far. However, performing such an analysis
can be highly valuable and informative, as the findings might be similar for several cases (e.g. comparable
numbers/magnitudes of costs and damages). In this report, we present such an analysis, showing a
detailed breakdown of both protection costs and flood damages.

1.6. Policy Debate and need for Capacity Building

The described situation is actually a complex problem, lying in the intersection of modelling and
governance spaces, consisting of:

i) combined hazards (climate change, wildfires, floods) — where we do not always know the impacts and
severity, or the ways they are linked and increase risks;

ii) post-fire erosion and flood protection works (PEFTs) — which are currently poorly studied, categorized,
and there is limited information on their cost-effectiveness;

iii) a decision that has to be made on the level (investment and work) of post-fire protection treatments
(mitigation).
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In practice, this is a difficult problem, as often information is lacking on both three points. For example,
we do not have a clear picture at the local scale, of the effect of a wildfire to a subsequent flood, the risks
it can bring, what PEFTs exactly to consider, how effective they will be, how much they will cost, and if
this investment is ‘profitable’.

In reality, we often see cases being burnt and then flooded, even repeatedly, highlighting systematic
failures [91]. In this report, we aim to bridge this governance gap with two ways:

e Interdisciplinary simulation modelling, aiming to shed light on the effect of a wildfire to a
catchment, the simulation of extreme storms and floods that can occur, the design of specific and
tailored PEFTs, and a thorough assessment of their costs and effectiveness, comparing it to the
flood damages.

e Stakeholder capacity building support, and a detailed roadmap, drawing upon real cases. This is
applicable to any country, based on state-of-the-art theories for stakeholder engagement to cover

any governance gaps in science-to-policy uptake and flood protection.

1.7. Research approach summary

In this report, we aim to cover the research and policy gaps mentioned above by:

i) A detailed representation of a post-fire flood event in a typical Mediterranean site, combining
atmospheric model with remote sensing and hydraulic modelling.

ii) Assessing the most appropriate PEFTs and modelling them spatially, as a recommended protection plan
for the study area.

iii) Assessing their effectiveness for flood mitigation, by directly incorporating them in the hydraulic
model.

iv) Estimating their costs, as well as comparing them with the estimated direct flood damage costs.

v) Analyze the drivers behind the current inaction in terms of flood protection, and reflect on them based
on a transformation framework used for similar cases in Australia.

vi) Propose a capacity building roadmap, targeting existing flood governance gaps, applicable to similar
cases.
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Text Box 4:
Post-wildfire flood assessment and mitigation framework

Atmospheric
modelling & Remote
Sensing & Hydraulic

modelling .
- Economic
Designing
. Assessment
protection .
(protection
treatments
costvs
l damage cost)
Wildfire
impacts on Policy insights
flooding
T Scenario
Evaluation (pre-
Real post- fire, post-fire,
wildfire flood protection
event treatments)
simulation

Schematic summary of our research approach, as described in the points above.

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-fire flood effects, both in terms of
understanding and mitigation.

For each analysis, novel tools have been developed aiming to couple/link models.

The findings are easily transferable and the approach has an operational character, both in terms of
modelling and stakeholder analysis.

1.8. Sustainability Implications

The presented approach consists of: i) methodological advances and combined models for the simulation
of post-fire floods; ii) the assessment of protection works; iii) their economic implications in terms of costs
of protection versus the flood damage costs; iv) a capacity building roadmap to bridge similar science-to-
policy flood protection gaps.
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All these four aspects are interdisciplinary and have multiple layers with implications for sustainability,
resilience, climate change adaptation and mitigation, and science-supported policies. These principles are
core elements for the Global Climate Hub’s research [92,93]. These are essential insights not only for the
study area, but for any area where such a thorough analysis can be carried out. These sustainability
implications are briefly outlined below, in relation to the relevant Sustainable Development Goals (SDGs),
which are the blueprint of the Hub [94,95].

e SDG1 - Poverty: Avoidance of consequences from combinations of disasters thanks to the
implementation of the proposed mitigation measures. Resilience against flood risks is crucial to
avoid the economic decline of the critical agricultural sector of the Mediterranean region [96].

e SDG2 - Hunger: Protection of agricultural crops from the loss of arable land as well as a large
number of people who depend on agriculture [97,98].

e SDG3 — Health: The results of the implementation of the proposed system are directly related to
the protection of human lives, as well as the avoidance of numerous diseases related to floods
and extreme soil erosion events [99].

e SDG6 — Water and Sanitation: Through the identification of the risks in the study, municipal water
supply and irrigation networks and sanitation facilities can also be protected, ensuring the
availability and quality of water [100].

e SDG8 — Economy and Development: Economic development of areas that can avoid soil erosion
and flood risks. Strengthening research and innovation, creating jobs, which can be achieved
achieved through the creation of the proposed system [101,102].

e SDG9 - Infrastructure: Measures to strengthen areas facing increased risks from the natural
disasters under investigation [103].

e SDG11 — Cities: Resilience to extreme events, protection of cities and settlements, allowing their
continued development [104].

e SDG13 — Climate: Management of the impacts of climate change by reducing the number of
affected people and preserving the sustainability of the area [105].

e SDG14 - Life Below Water & SDG15 — Life on Land: Avoidance of degradation and desertification
of vulnerable areas, preservation of biodiversity, and avoidance of pollution of coastal areas due
to protection from erosion and floods [8,37,106].

e SDG17 — Partnerships: Interdisciplinary nature of the proposal (methodologically and at the level
of implementation and policy) with multiple benefits (see above), thus it can build bridges of
cooperation for their implementation [107].

Structure of the report

Text Box 5:

The rest of this report is organized by presenting each step the approach, describing its methods and
results in the same section, in order of application.

In particular:

e Study area, and research problem;
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Quantifying the wildfire’s impacts to the catchment’s flooding response;

‘Recreating’ a real storm;

Representing the flood, and validating the result;

Reviewing available PEFTSs;

Selecting and designing the most appropriate ones for the case study;

Running scenarios to reveal the effectiveness of the PEFTs, and compare their flooding and
economic performance;

Specifically, for the economic performance, we compare the costs of PEFTs vs the flood damage
costs, for each scenario;

The following schematic summarizes the modelling framework:

Effect of wildfire on burnt area's hvdrological
response
_ Remote sensing analysis of pre- and post fire
Storm representation images, to determine the burn extent and burn
Atmospheric model (WRF-ARW) severity

AN —

Flood event simulation
Hydraulic-Hydrodynamic model (HEC-RAS), using:
- spatiotemporal storm inputs, from the WRF-ARW
- topography, land cover & wildfire-effects

expressed by Manning's roughness coefficients for

the post-fire conditions
Ii\
V)
Flood inundation validation
Observed: Remote sensing analysis (producing "water images")
Vs

Simulated: HEC-RAS model result

PEFTs Design

Literature Review: Qualitative sclection of cost-effective PEFTs,

Choosing the PEFT types that are usually applied in Greece,

Designing them in the studied catchment based on the official technical guidelines
(density, construction specifics, etc.),

Further modify their design to make them more efficient for the specific flood
event (e.g. increasing density of small dams in parts & streams that flooded first)

While more details on the technical parts will be provided in the next sections.

Drawing on the results of this framework, in the second part of the report, we:
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e Present a governance assessment framework and analyze the existing gaps;
e Propose a stakeholder capacity building framework, targeted to fill those gaps.

The final part of this report presents the first step towards a national-scale resilience-building effort,
by:

e Using design storms for future flood protection assessments.
e Applying a novel tool in all officially delineated Greek catchments (~11,000).
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2 Post-fire flood in Kineta, Central Greece

A Mediterranean catchment was selected as an application area: Kineta catchment in western Attica,
central Greece (Fig.1). Kineta catchment, covering approximately 40 km? 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 there is the coastal town of Kineta. A part of the Geraneia mountains
is a Natura 2000 Protected Area.

The climate of the Kineta catchment has, like most Mediterranean areas, hot, dry summers and mild, wet
winters [108,109]. The main land uses are forests (pine forest in the north, which was the main burned
area), complex cultivation patterns with the various fields in the southern part, and the urban settlements
(the coastal Kineta town).

Legend
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Elevation Model (DEM), the river network, and the pre-fire land cover in 2018 (according to the CORINE
classification) [58,110].

The Kineta area faces risks from fires, with notable incidents in 2017 and 2018 (Fig.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 [111] On July 23, 2018, a large fire ravaged the pine forest of 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 [112], while there were also debates regarding the possibility of an organized
arson [113]. 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) Damages by the fire of 2017. Source: [111]. B) The burnt pine forest after the fire of 2018. Source:
[114]. C, D) Damages by the fire of 2018. Source: [115].

Next year (2019), an extreme storm event, named ‘Girionis’ by the meteorologists, took place during
November 24-26 and caused a destructive flash flood [116]. Among the findings of the subsequent visual
inspection, was that the fire of 2018 played a key role in the magnitude of the flood damages [114]. After
the fires in 2018, an inspection revealed that there were already loose sediments in significant quantities
within the riverbeds [114]. The flood brought downstream a considerable amount of sediment (mud,
trees, rocks, etc.) which, combined with the large volume of water, caused severe damages (Fig.3).

However, there is no comprehensive, data-driven assessment so far, investigating the mechanisms
involved and under which this flood occurred.
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Figure 3: Damages by the flood of 2019 to infrastructure, road networks, and the coastline of the Kineta area
[111,114,115].
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PART A: The modelling framework / techno-economic assessment

3 Assessing the fire’s impact and mapping the burn severity through Remote Sensing techniques

For the identification of the 2018 fire impacts, 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)
and 02 August 2018 and 16 October 2019 (after the fire event and before the flood event under
investigation), and downloaded from the Copernicus Open Access Hub [117]. The selection of the Sentinel
2 imagery was based on the tiling grid which is available by the ESA [117] as a KML file, providing unique
IDs for each tile (100 km x 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-GlIS), v. 3.6.3-Noosa to
perform: (a) conversion of images from digital numbers (DN) to top-of-atmosphere reflectance (TOA) and
(b) atmospheric correction (AC) by using the DOS1 method (an AC method widely used by the Earth
Observation community) [118,119].

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 the period between July 2018 and October
2019 with basic aim the detection of regrown vegetation.

Burnt areas were mapped based on the double calculation of Normalized Burn Ratio (NBR) (Equation 1)
[120] for both of periods, by using bands BO8 (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 low in the SWIR portion of the spectrum whilst recently burnt areas
present low reflectance in the NIR and high in the SWIR [121]. NBR index takes values ranging from -1 to
+1 with the healthy green and burnt vegetation presenting high and low values, respectively.

_ (NIR — SWIR) (1)

NBR=———
(NIR + SWIR)

Subsequently, the Change in Normalized Burn Ratio (Delta NBR-dNBR) [120] was twofold calculated to
highlight the changes from the reference state, by subtracting the post-fire NBR values (02 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 prefire — NBRpostfire (2)

Followingly, according to Rahman et al. [122] 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 from unburnt areas
along the study area. Conclusively, the resulted dNBR values were multiplied by 1000 and afterwards
classified according to burn severity ranges proposed by the United States Geological Survey (USGS),

22



(Fig.4). Two-fold calculation of dNBR, highlighted initially the most affected-from-fire areas for each
period and then the observed changes in burn severity levels from August 2018 to October 2019.

Severity Level dNBR Range (scaled by 103} dNBR Range (not scaled)
[ Enhanced Regrowth, high (post-fire) -500to -251 -0.500 to -0.251
Enhanced Regrowth, low (post-fire) -250 to -101 -0.250to -0.101
[ Unburned -100 to +99 -0.100 to +0.99
Low Severity +100 to +269 +0.100 to +0.269
Moderate-low Severity +270 to +439 +0.270 to +0.439
| Miderate-high Severity +440 to +659 +0.440 to +0.659
[ | High Severity +660 to +1300 +0.660 to +1.300

Figure 4: Pictures of Kineta’s Burn severity levels, following the categorization proposed by the relevant USGS
Table.

Results:

The two-fold calculation of the dNBR indicated a vegetation regrowth between August 2018 and October
2019 with the percentages of unburnt areas and those characterized by low or low-moderate burn
severity (2019) being increased compared to those of August 2018 (Fig.6). In addition, for both periods,
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 area 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 (Fig.5).
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Figure 5: Results with the burn severity classes of the Kineta catchment during the fire (July-August 2018) and
post-fire, before the flood event (Jul 2018 — October 2019) [58].



DATE

WJuly 2018 - August 2018
EJuly 2018 - October 2019

100

Percentage (%)

BURN SEVERITY LEVEL

Figure 6: Percentage extent of burn severity classes (USGS) along the study area for both the studied time periods.

4 Representing the storm that caused the flood through the Atmospheric model WRF-ARW

The Advanced Weather and Research Forecasting (WRF-ARW) v4.2 model [49] was used to simulate the
meteorological conditions resulting to the heavy precipitation event that caused the flash flood in Kineta.
The model here was set up on three nested domains having horizontal grid spacings of 9 km x 9 km (644
x 360 grid points), 3 km x 3 km (292 x 286 grid points) and 1 km x 1 km (187 x 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, Mediterranean, North Africa and
West Asia, respectively.

The simulation was initialized on 24 November at 00:00 UTC (02:00 local time) to capture the atmospheric
conditions prior to the flash flood and the simulation lasted 48 hours up to 26 November at 00:00 UTC
(02:00 local time). The initial and boundary (every 6 hours) 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° x 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) in the lower boundary conditions of the simulation were
updated every 6 hours 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° x 0.083°. The ground processes were
parameterized employing the unified Noah [123,124] land surface model. The long-wave and short-wave
radiation processes were parameterized using the RRTMG scheme [125]. Also, the WSM 5-class scheme
[126] was used to parameterize the cloud microphysics processes. Regarding the convective processes,
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the Grell-Freitas ensemble scheme [127] was employed in the calculations of the first domain (9 km x 9
km) while explicit resolve of convection was used in the second and third domains (3 km x 3 km and 1 km
x 1 km). Moreover, the Yonsei University scheme (YSU) [128] and the revised Monin-Obukhov scheme
were employed for the planetary boundary layer and the surface layer processes, respectively.

Results:

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’ — Greek weather portal [129]).

Text Box 6 (animations — moving images):
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Acc. Precipitation (mm/h) - Streamflow (m”¥s) - Wind at 10m e
Monday, 25 Nov 2019 00 UTC WRF-ARW V4.1.2 & WRF-Hydro V5.0
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The modelling results of the accumulated precipitation and river streamflow for the Greek grid
(upper), and the sub-section of the study area (lower), over time.

The WRF-ARW model simulation estimated 182.6 mm of 2-day rainfall at the same area, thus agreeing
very well with the measurements. Most of the rain was simulated from 24 November at 20:00 UTC (22:00
local time) to 25 November at 06:00 UTC (08:00 local time) as shown in Fig.7a. 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 Fig.7(b-d) for 03:00, 04:00, 05:00 and 06:00 local time
respectively. The high rainfall rates caused significant increase of surface water runoff in the watershed
upstream of Kineta, finally resulting to the devastating flash flood.
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Figure 7: (a) Simulated 8-h accumulated precipitation (mm) for the period from 24 November at 22:00 local time to
25 November at 06:00 local time. Simulated 1-h accumulated precipitation (mm) for 25 November at (b) 03:00, (c)
04:00, (d) 05:00 and (e) 06:00 local time [58].
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5 Delineation of flood inundated areas through Remote Sensing techniques

The RS analysis provided us with a map of the flood extent. One Sentinel 2 (S2) image of 25 November
2019 with processing level 1C and time 09:23:21:024Z was used to map flood inundated areas in Kineta
while the flood event started on 24 November 2019. The S2 image was subjected to the same pre-
processing procedure as those used for the mapping of burnt areas. Concerning the delineation of water
on land, spectral indices containing visual bands with wavelength (um) between 0.5 and 0.7 and near
infrared spectra with a wave-length (um) 0.7 to 1.1 have been proven the most successful [130,131].
Therefore, in this study several spectral indices (NDWI, MNDW!I, AWEI, RSWIR1, and RSWIR2) have been
evaluated by employing S2 bands. In addition to the 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) colours using a standardized transformation [132]. According to Pekel et al. [133,134] water can
be effectively delineated by defining a relation between H, S and V com-ponents while more information
about the theoretical background and the equations used can be found in Konapala et al. [135].

Five water indices (WIs) were calculated on the S2 image of 25 November 2019, 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 [114,136]. Then, after the application of the thresholds, each image file representing each
distinct W1 was binarized, putting as logical value (true) for values greater than the threshold and false for
lower values.

Results:

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 (Fig.8), as it presented the most
stable results.
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Legend
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Figure 8: Flood extent mapped through RSWIR2 index calculation. The flood extent at the location of Kineta town
was used as the validation polygon, to validate the flood model (next section) [58].

6 Simulation of the flood extent and water depth through hydraulic-hydrodynamic modelling

The hydraulic-hydrodynamic modelling 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 modelling 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. A 2m resolution DEM was applied in this case, obtained by the National Cadastre and
Mapping Agency S.A. (NCMA).

Roughness is a key input in flood inundation modelling, as it directly affects the flow conditions. The most
common approach for the reasonable mapping of 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
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the typical minimum, median, and maximum n values provided by the literature for similar areas and
conditions (in particular: [25,137-145]), aiming to the optimum set of values. After the tests performed,
two set of values of the n roughness coefficient have been 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 constituted 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 post-fire scenario. The post-fire scenario corresponds to
the actual simulated flood of November 2019.

Manning’s n Manning’s n
Classification Category (CLC2018 & RS obs) . . . .
(pre-fire scenario) (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
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 occu.pled by agriculture, with s-lgnlflcant.areas of natural 0.050 0.0403
vegetation enhanced regrowth, high (post fire)
Land principally occu.pled by agriculture, with 5|gn|f|cant'areas of natural 0.050 0.0208
vegetation enhanced regrowth, low (post-fire)
Land principally occupied by agr!culture, W|th.5|gn|f|cant areas of natural 0.050 0.0403
vegetation low severity
Land principally occupied b-y agriculture, with S|gnlf|cant areas of natural 0.050 0.0305
vegetation moderate-low severity
Land principally occupied by agriculture, with significant areas of natural 0.050 0.0208

vegetation moderate high severity
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e . Manning’s n Manning’s n
Classification Category (CLC2018 & RS obs)

(pre-fire scenario) (post-fire scenario)
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

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 modelling detail.

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 Fig.9). This allowed us to:
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e Create an accurate representation of the validation polygon of the areas that flooded within the
town of Kineta, by refining the RS results of Fig.8 according to the relevant descriptions and
photos. This improved, ‘modified’ validation polygon is shown in Fig.9, along with the relevant
photos and references.

Figure 9: The actual flood extent, as extracted from the RS observations of Fig.8, and refined with the documented
damages after the visual inspection of the flood event of November 2019 [114], sources from the Greek news
[146] and a drone video by the UPstories team showing the aftermath of the flood [147].

e Consider the effect of the debris flow to the blocked drainage routes. In particular, after the fire,
it was reported that 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 (Fig. 10). Figures and further details justifying this can be found in the
visual inspection’s report [114]. These, under the initial (pre-fire) conditions were not blocked, so
the hydraulic model took into account these changes:

0 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 3 x 5 m for water
drainage to the sea.
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In

0 In the post-fire conditions, these are blocked, so the Pika stream was blocked above the
Olympia (Athens-Corinth) highway (using HEC-RAS’s terrain modification toolbox), and
the culvert is inactive.

Legend
[__"] Modified Flood Extent RSWIR2

— Ry L

Plls stream
Olympia highway

»

1.6 J‘
_ ilome:

Figure 10: The location of the Pika stream — Olympia highway bridge (Athens-Corinth route), and in the second
picture, there is the 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; [114,146,147].

these views from Fig.9 and 10, it is worth noting how many houses have been built close to the streams,

maximizing thus their exposure risks from potential damage of a flood event.
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The rain-on-grid technique was used, allowing us to apply spatially 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 rain-on-grid is a relatively new technique that allows the user to apply spatial
datasets of gridded precipitation to the study area, in contrast with the traditional point-observations
[21,57]. The time-step of the rain-on-grid storm applied was 1 hour, 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 second, while the mapping, the hydrograph and the detailed output
intervals were set to 5 minutes. The model provides the flood inundation (extent) and water depth for
each time step of the simulated event, in both the pre-fire (hypothetically, if the same storm had
happened before the fire), and the post-fire cases.

Text Box 7 (animation — video):

The link videol.mp4 leads to a video of the 2D simulation, see screenshot below:

Results 25NOV201905:00-00

Tim

> | 4 00:11.51 3

= =

This is a useful output, as it shows the evolution of the flood, with several insights that cannot be
seen from a static flood map (e.g. which parts of the catchment flooded first, from where they
got the biggest amount of water, or how fast this happened).
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The results of this simulation are shown in Fig.11, considering two initial® scenarios:

e Pre-fire —the same storm hits Kineta catchment, with the pre-fire Manning’s coefficients and the
streams not blocked with debris. This is a theoretical scenario in order to explore the fire’s effect
to the actual flood.

e Post-fire — the reality of what happened in Kineta: the simulated Girionis storm hits the area

considering the post-fire Manning’s coefficients and blocked streams from debris.
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Figure 11: The results of the hydraulic-hydrodynamic model under the Girionis storm: Flood extent and depth for
the pre-fire scenario (A, C) and the real post-fire conditions representing the flood event of November 2019 (B, D),
over the validation polygon (D) [58].

3 In the following sections, one more scenario is added, considering the application of PEFTs.
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Model validation:

For the validation of the model, the results of Figure 11D were compared to the validation polygon of
Figure 8 (also presented in Fig.11D with red colour).

In particular, the flooded area’s polygon as obtained from the RS imagery was used (Figure 8) and assessed
with typical indices that consider the flood ex-tent. In particular, the Critical Success Index (CSl), also
known as threat score (TS) was used to assess the accuracy of the simulated inundated areas against the
validation polygon [148-151]. The CSl can be estimated according to Equation (3):

csl = —4 (3)

A+B+C

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 [152-154].

The CSI for the flood of November 2019 in Kineta was 0.65, which is a satisfactory value (CSls above 0.5
are acceptable). The total simulated flood inundation area was found 451,848 m? (411,177 m? inside the
validation polygon) for the pre-fire scenario, and 595,246 m? (549,308 m? 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 m? within the validation polygon.

This practically proves that if the Kineta pine forest has 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 km?, the 0.138 km? is not
negligible. In any case, as mentioned in section’s 3.1 results, 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 (Fig.11). This finding is in line with some historic
flood events, as mentioned in the study area section. Moreover, the results of the RS analysis 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 main responsible for the flood. The water came
in principle from the other two smaller streams in the eastern part of the catchment, and mainly the one
in the east. These are intermittent streams, but it seems that the more abrupt slopes contributed to the
increased streamflows. Another factor that contributed to the increased post-fire flood scenario was the
streams being blocked by the debris flow.

The next step is to explore what kind of protection (PEFTs) could have been applied in Kineta.

7 Post-fire Erosion and Flood Protection Treatments (PEFTs): A literature-based assessment, and
analysis of their suitability

There are many different kinds of PEFTs. All of them aim to speed up the recovery of burned watersheds,
improving thus their response to hydrological processes and erosion. The way each PEFT tries to achieve
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this differs. The most common PTTs’ categorization is based on which watershed element they are aiming
to improve. According to Napper [155], PEFTs can be categorized per treatment type, such as land

treatme

nts, channel treatments, road and trail treatments. These are described as follows:

Land treatments: Stabilizing burned areas can be accomplished using several land treatments by
providing soil cover (reducing erosion), trapping sediment (reducing sedimentation), and/or
reducing water-repellence (improving infiltration). These ways aim to speed up recovery while
maintaining ecosystem functionality and integrity by limiting the expansion of unwanted species
[156]. Land treatments can be cover-based (working on the land cover improvements, including
seeding) or barrier-based (installed barriers to trap sediments, reduce excess flow, or slow runoff).
Channel treatments: Channel treatments focus on mitigating the negative post-fire effects on
water quality, loss of water control, lower water velocity, trapping sediment, and preserving
channel characteristics. As a result, they are highly beneficial for downstream areas, minimizing
the hazardous impact of potential high flows and flooding, erosion, deposition, and sediment
transport.

Road and Trail Treatments: Combined with the previous two types (land and channel treatments),
road and trail treatments can reduce the post-fire effect on the transportation infrastructure.

They also protect life, safety, and property, supporting thus critical natural or cultural resources.

Since the available information on PEFTs is so limited and not concisely presented, we conducted first a
literature review: In the Annex of Papaioannou et al. [157] we provide a detailed overview of the most
typical works under each type of treatment, along with a description, commenting on their suitability/
effectiveness. In this section, Table 2 highlights the main factors that one must consider when assessing
the effectiveness and suitability per type of treatment.

Table 2. Different treatment types with the most common works, and comments on site suitability and

effectiveness [157].

Type of Typical works Suitability and Effectiveness
Treatment
Land — Aerial Hydromulch Suitability: Areas with high-moderate burn severity; steep slopes; soils with

Cover-based

Ground Hydromulch
Straw Mulch
Slash Spreading

Erosion Control Mats, etc.

high erodibility factor; low winds.

Effectiveness depends on: Proper installation, application rates, slope length
and steepness, and wind conditions. Combinations of mulching and seeding is
more effective in germination but not necessarily in surface cover. Wood-
based mulches are equally or more effective than straw mulch in reducing
post-fire erosion. Erosion Control Mats are costly solutions, with limited
information about their effectiveness [155].

Land —
Barriers

Log Erosion Barriers
Fiber Rolls or Wattles
Silt Fences, etc.

Suitability: Areas with high-moderate burn severity and highly erodible and
water-repellent soils; slopes between 20% - 60%; accessible for maintenance
and inspection.

Effectiveness depends on: Proper installation, slope, tree size and length.
Barriers are more effective in low-intensity storms only [158]. Their
maintenance requires significant effort and attention. Barrier construction
remains a typical hillslope treatment with better effectiveness when
combined with other treatments [157].

Land -
Seeding

Soil Scarification
Ploughing
Seeding, etc.

Suitability: Areas with high-moderate burn severity and highly erodible slopes;
vulnerable for invasive and noxious plants spreading.

Effectiveness: While there is limited available information, seeding is
inefficient in reducing sediment yield compared to no treatment [158].
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Seeding (e.g. < 60% surface cover) is not very effective in the first year after a
fire and is neutral in the following seasons. Combining seeding with mulch-
treatments increases the germination potential.

Land - Polyacrylamides (PAM) Suitability: There is not adequate information to generalize their site
Chemical other pol suitability. Areas with very mild rainfall events are preferred, as they boost
polymers ]
the vegetation development fast.
treatments Effectiveness: Very few cases report their effectiveness, with no effects found
on runoff and little erosion reduction achieved [159-161].
Channel - Check dams Suitability: Areas with high burn severity; smooth slopes where sediment
Barriers | . storage can be achieved; with <20 % ground cover; small catchments and
n-Channel Tree Felling . . . . . .
N drainage areas; where construction, maintenance, and inspection is
Grade Stabilizers accessible; high-risk value (road crossing, sensitive aquatic species) and need
Stream Channel Armoring to protect the downstream areas.
Channel Deflectors Effectiveness: Channel barriers are more effective in smooth slopes, when
Debris Basins, etc. used in series, and for mild storms and flows. They can reduce most of the
runoff and also significant amounts of erosion, but they have short-term
effectiveness and require maintenance following runoff events [162]. Debris
basins are expensive treatments [155].
Road  and Outsloping Suitability: Areas prone to flow concentration (e.g. mild slopes, bad drainage
Trail Rolling Dips with undersized culverts) that need immediate protection from floods

Overflow Structures
Culvert Modification
Trail Stabilization, etc.

(important access, infrastructure, vulnerability, etc.).

Effectiveness: Limited data suggest that if properly designed and installed
correctly, they provide significant benefits in terms of discharge, reduced
sediment delivery to stream channels and less road maintenance [155,157].

It is worth noting that the costs of post-fire erosion and flood protection techniques can vary widely
depending on factors such as the size and severity of the burn area, the steepness and slope of the terrain,
the proximity to water bodies and infrastructure, the type of vegetation present, and the specific
technique employed [158].

These factors affect only the costs, but also the effectiveness of most treatments. There is very limited
information on the cost-effectiveness of PEFTs. A recent assessment based on 63 sites in Spain, Portugal,
USA and Canada [163], finds that land treatments are the most cost-effective (e.g. straw mulch, wood-
residue mulch, and hydromulch). The cost-effectiveness of barrier PEFTs was found to be low because
their effectiveness is low related to the reduced erosion rates and they might have high implementation
costs in some cases [163]. Concerning the barriers, it is noteworthy to mention that log erosion barriers
had slightly better cost-effectiveness values than other barrier types [163]. Keeping in mind that the cost
ranges can be highly variable, seeding PEFTs have in general low costs (but require considerable time and
labour to implement), while chemical treatments erosion control mats are considered costly PEFTs. In
certain cases, invasive plant management may also be necessary to prevent further damage to the
ecosystem, but can be expensive. According to Girona-Garcia et al. [163], while all treatment types
significantly reduce post-fire soil erosion, the cover and barrier treatments reduce significantly also the
runoff. In particular, straw and wood mulches were much more effective in mitigating erosion than
hydromulch. This finding is in line also with Robichaud et al. [70]. Mulch is generally more effective in
short-duration and high-intensity rainfall events than erosion barrier treatments that provide little ground
cover. However, the effectiveness of the different mulch types depends on several factors, e.g.,
application rates, while other measures (e.g. seeding) still have uncertain potential. Seeding can provide
hardly little protection during the initial post-fire damaging runoff events, since it must grow first. For
immediate protection from excess runoff and sediment transport, barrier treatments applied in the
appropriate slopes were found to be effective. Channel and road treatments are effective when properly
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applied to serve certain purposes, namely, to avoid expected failures in certain channels, culverts and
road passages at risk. Based on limited information, chemical treatments have been found to be inefficient
for runoff and erosion reduction. According to Pizzeghello et al. [164] their effectiveness majorly depends
on the occurrence of light rainfall events in order to allow vegetation to grow shortly after fire.

Text Box 8:

Examples of PEFTs, including (in order of appearance): Heli-mulching operations, contour-felled log, in-
channel check dams (wooden); hillslope log debris dam*.

As shown, there are many kinds of PEFTs. All of them aim to speed up the recovery of the burned site.
Although each treatment of the categories presented has case-specific factors and potentially different
site suitability, we can draw a general conclusion regarding their effectiveness:

e lLand treatments can generally reduce runoff and/or sediment yields during the first rainfall
events. Still, their effectiveness depends on several factors, such as the application rates, the
proper installation (e.g., log barrier installation is vital for the effectiveness of the treatment [88]),
post-fire climatological conditions (e.g., rainfall amount and intensity [157]), slope length and

4 Source: Papaioannou et al. [157].
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steepness-terrain gradient make/brand of tackifier, and the time (e.g., seeding does not provide
instant protective effect, especially in the first year) [157].

Channel treatments seem more efficient in gentle gradients and areas of low or moderate flows,
as the risk of failure is lower. Moreover, channel treatment effectiveness is highly correlated with
the adjacent areas' land treatments since these areas supply the channels with water and
sediments [155]. However, specifically for check dams with finite storage capacity, their
effectiveness is restricted due to their limited life expectancy (short-term sediment control
solution) [165]. Moreover, channel treatment effectiveness is usually a function of the proper
installation (e.g., log dams' installation is essential for the effectiveness of the treatment [88]), the
appropriate positioning of the treatment (e.g., some channel treatments should be constructed
in series), their maintenance (e.g., debris basin maintenance) [155] and the post-fire
climatological conditions (e.g., rainfall amount and intensity affect the erosion, sediment
transport, and deposition processes).

Road and trail treatments may benefit road facilities and deliver less sediment into channels.
However, similar to the channel treatment, the effectiveness of these treatments can be affected
due to their poor installation and/or due to insufficient maintenance. On the other hand, there
are limited data documenting their effectiveness [166].

Overall, the effectiveness of all treatment types is subject to large uncertainties due to the difficulty in
monitoring their actual effect and the multiple factors that can affect it. Even listing and documenting
these factors is not easy, as it would be an attempt to generalize several site-specific cases. According to
Robichaud et al. [166] these factors can be divided into not-fire-dependent and fire-dependent, as their
combination determines the actual watershed response and, subsequently, the effectiveness of the post-
fire treatments [167]. These factors are presented and further discussed in Table 3.

Table 3. An overview of some important factors affecting the effectiveness of post-fire treatments where all

factors, except the “treatment implementation-installation”, are based on the analysis of Robichaud et al. [70],

references therein, and Papaioannou et al. [157].

Factors Description
1. Factors Unrelated to Fire:
Rainfall a. Intense, short-duration storms with high rainfall intensity and low rainfall volumes cause high stream
characteristics, peak flows, and substantial erosion episodes after fires.
especially rainfall b. An increase in runoff, erosion rates, and stream flows means potentially lower effectiveness of any
intensity treatment.

Topography

Land use and
management

Treatment
implementation-

a. Erosion rates are generally higher in bigger slopes and hillslope lengths (flow path).

T

challenging for post-fire treatments.

a. Inaddition to natural elements like rainfall and topography, the extent of a watershed's reaction to
a hydrological event is also influenced by manmade activities like road construction, fuel reduction,

and timber harvesting.

c

extension, erosion, and flooding, posing important challenges for any treatment.

used for the treatments [7,49,53].
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The cumulative effect of these anthropogenic activities can lead to the rise of runoff severity and, by

The effectiveness of many post-fire treatments depends on the accuracy of the installation, the
selected design type, the post-installation maintenance, and the level of experience of the personnel



Factors

Description

installation and b. With proper treatment implementation, we can avoid failures and improve functionality and
design matters effectiveness over the long term.
2. Fire-Dependent Factors:
a. Burn severity can be seen as a measure of damage to ecosystem properties. It is usually expressed
Burn severity (also by the degree of soil heating and/or vegetation mortality or precisely the degree of overstory plant
referred to as “fire mortality.
severity”) b. Ingeneral, higher burn severity is translated into larger and quicker watershed responses to rainfall,
being thus more challenging for the post-fire treatments.
a. Soil burn severity expresses the fire effects of soil heating and the soil’s organic material
consumption. Thus, higher soil burn severity leads to soil properties alteration resulting in soil
Soil burn severity infiltration reduction and high soil erodibility.
b. Both these effects lead to an increase in surface runoff, higher peak flows, flow concentration,
sediment transport, and erosion.
.a. A crucial factor for burn severity mapping is positively related to postfire erosion rates.
Amount of bare soil . . .
b. Land cover treatments, such as natural or straw mulching, can reduce post-fire erosion.
a. Post-fire soil water repellency is associated with soil burn severity and reduced infiltration.
Soil water b. Although its effects vary over space, time, and soil type, most relevant treatments aim to rewet the
repellency soil to minimize the soil water repellency and its negative consequences since it depends on soil
moisture (it is reduced or absent following prolonged wet conditions).
a. The treatments' effectiveness is largely dependent on runoff, sediment transport, and soil erosion.
Moreover, soil texture, structure, and organic matter content are important factors considering
erosion resistance.

Soil erodibility b. Soil texture (namely its inorganic particles by size, such as sand, silt, and clay) is ordinarily unaffected
by the fire. On the other hand, soil structure is affected by fire (namely, the arrangement of primary
particles into aggregates). Therefore, soil structure can become disaggregated, making soil more
erodible and reducing its infiltration capacity.

a. This factor refers to the ecosystem's natural recovery (soil structure, vegetation, microclimate, etc.).
For example, more significant and faster vegetation recovery means smaller instant surface runoff

Time since the fire rates and reduced erosion rates.
b. As discussed above, timely action with post-fire treatments can improve watersheds' overall

response and avoid post-fire negative consequences.

The factors of Table 3 are the main and more generic ones, but are not the only ones relevant to the
effectiveness of the post-fire treatments (for example roughness also changes after a fire, affecting the
water retention and flow [140]). Finally, we should keep in mind that all these factors are interrelated,
resulting in more complex cause-effect relations in terms of watershed responses (damage, runoff,
erosion, etc.), and more complex relations on the treatment’s impact and effectiveness.

8 Designing PEFTs for the case of Kineta, Greece

The most important factors to consider when designing PEFTs, according to the studies reviewed are:

e the burn severity and extent, as it determines the damages caused,;
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e the climatic conditions, especially rainfall intensity and duration, as it determines the risk;

e theslopes and roughness; or in general, the terrain morphology (geomorphology) of the areas, as
they affect the runoff and sediment movements, as well as the accessibility for applying the
treatments reviewed;

e the proper application —installation of the works and their monitoring over time (e.g., annual time
step) to ensure maximum efficiency;

e other site-specific factors, including social and behavioural aspects that define the response for
human interventions and other criteria such as costs and rehabilitation efforts [168].

Thus, a combination of techniques will be the most efficient way (and also necessary) to mitigate and
protect from erosion and flooding risks adequately.

For the case of Kineta, we started from the most common PEFTs as categorized above, namely, land
treatments, channel treatments, and road and trail treatments.

The literature on specific treatments in Mediterranean sites is mainly focused on soil erosion, and there
are very limited studies focusing specifically on flood protection. The most commonly applied PEFTs in
Greece are barrier-based (land treatments) and channel-based (channel treatments), due to their
relatively low costs, and ease of installation from local timber. In particular, these works include log-
erosion barriers - LEBs (barrier-based) which are placed across the contours to retain peak flows and
sediments, and wooden check-dams (channel-based), which are placed within the channels. Usually,
these PEFTs aim to trap sediments, reduce excess flow, and slow runoff [169,170]. Depending on their
placement spatially, they can offer sufficient protection to roads from floodwaters and sediments.

For the case of Kineta catchment, these PEFTs (LEBs and wooden check-dams) were assessed, according
to the respective official Greek guidelines, to specify their recommended installation strategy. In
particular, according to the Hellenic Technical Specification on the Technical Guidelines for erosion control
structures, and relevant studies and technical reports describing the application of these PEFTs [171-173],
the main criteria for their installation were retrieved:

e LEBs are suitable for areas with high-moderate burn severity (at the time after the fire, to target
the most vulnerable areas), and slopes between 20% - 50%, while it is also common for many
applications to consider the slope installation starting from 10%, with looser spacing till 20%).
LEBs are typically installed every 8m along the contour lines, while in practice, longer distances
are also considered (usually 10m or even 20m) to reduce the installation costs, the labour and
maintenance requirements. They are usually 0.2 meters high.

e Wooden check-dams are constructed along channels of 15t and 2" order streams (the small
tributaries, because they are more controllable in smaller channel openings, due to the
practicality of installing small wooden structures, where they exhibit higher durability). They are
placed in constrictions of channels having an upstream widened bed and a slight stream slope
(<20%), spaced at intervals of 50-100 meters (and always according to the expert of the on-field
experts). They are usually 1 meter high.

These criteria, namely, burn severity categories (as occurred from the RS analysis — Fig.5), stream slopes
and order (Fig.12A) were spatially visualized over the DEM of the study area in GIS, so the locations
meeting the installation criteria for LEBs and wooden check-dams were identified.
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The LEBs were installed in every 10m, along the contour lines according to the usual practice followed in
Greece. At the spots where the LEBs meet a stream, we recommend the installation of wooden check
dams within this stream, to ensure that the ‘protection line’ is not interrupted. Moreover, specifically for
the studied catchment, instead of installing wooden check-dams in the channels of 1%t and 2" order
streams, we recommend their installation in the 3™ order steams as well. The reason is the specific
characteristics of the studied catchment, and in particular, its small size and the quite narrow morphology
of the 3™ order streams. So, the wooden check-dams were placed in the 1%, 2" and 3™ order streams,
every approximately 10m contour lines, within the streams. Compared to the general guidelines, as
mentioned in the bullet points above, it is worth noting that the PEFTs that we considered for the Kineta
catchment are quite conservative, with a dense network of LEBs (slope from 10%-50%) and wooden check-
dams, as can be seen from their spatial distribution (Fig.12B).
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Figure 12: A) stream order and slope, and B) final map with the locations of LEBs, and wooden check-dams. Source:
[174)].
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9 Scenario analysis: Pre-fire, Post-fire no protection, and Post-fire with protection

Besides the pre-fire and post-fire scenarios, a flood protection scenario was also considered, to quantify
the PEFTS’ effectiveness. The PEFTs scenario considers the application of the PEFTs, namely the LEBs and
the wooden check-dams, as shown in Fig.12.

So, now the scenarios are the pre-fire and post-fire ones (as explain above), plus a post-fire PEFTs scenario.
In summary:

e Pre-fire (same as above): same storm, pre-fire conditions with the respective Manning's n
coefficients, and no PEFTs in place.

e Post-fire, No PEFTs (same as above, reality scenario): the same storm applies in the catchment
with post-fire conditions, using the respective Manning's n coefficients, and no PEFTs in place.
This is the reality of what happened in Kineta, so the results of this scenario were the ones that
were validated, as shown in Fig.11.

e Post-fire, With PEFTs (protection scenario): the same storm applies in the catchment, with post-
fire conditions, using the respective Manning's n coefficients. The suggested PEFTs now are
included: Having designed the PEFTs spatially (Fig.12), we can modify the terrain of the HEC-RAS
model accordingly. The terrain was modified to incorporate the suggested PEFTs according to
Fig.12 using the R package "terra" to analyze the raster file with the designed PEFTSs, the R package
"sf" to analyze vectors (placing thus the LEBs and WCD in the defined intervals), and the R package
"smoothr" for lines smoothing, making the PEFTs suggested installation realistic (see Text Box 9).
The model in this scenario has a terrain with the designed network of LEBs and WCD in place. This
is our suggested wish-case, where protection should be considered after the wildfire, to mitigate
potential future floods. In this scenario, it was assumed that PEFTs works would retain debris, and
thus, major culverts and bridges would not be blocked.

Text Box 9:

A central part of the protection scenario was to run the hydraulic model HEC-RAS with a terrain
reflecting the protection scenario with the spatially designed PEFTs in place.

In order to incorporate the PEFTs (log-erosion barriers (LEBs) and wooden check-dams (WCD)) of Fig.12
in the terrain model, we used the R packages ‘terra’ to analyze rasters, ‘sf’ to analyze vectors and
‘smoothr’ for lines smoothing.

First, we exported the PEFTs layout (Fig.12) as a high-resolution raster mask. Using the R package
‘terra’, we loaded the original digital elevation model (DEM) and overlaid the PEFTs raster, adjusting
elevation values where barriers and check-dams were to be installed. For each LEB, we raised the DEM
by 0.2 m along the contour lines at 10 m spacing; for each WCD, we inserted 1 m high linear features
within stream channels at specified intervals.

Next, the ‘sf’ package parsed the vector data, point and line shapefiles representing PEFTs locations,
allowing precise georeferencing of structure footprints and extents. Finally, to avoid artificial
hydrological artifacts caused by unnaturally jagged barrier alignments, or odd curves in the LEBs as they
followed the contours of the DEM, we applied ‘smoothr’ to gently smooth linear features, preserving
their designed geometry while ensuring flow continuity in the hydraulic mesh. The result is a modified
terrain surface that realistically incorporates PEFTs elevations and geometries, ready for HEC-RAS’s
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rain-on-grid simulation, thus capturing how these treatments divert, slow, and attenuate post-fire flood
flows.

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 (analyzed in the following sections).

10 Comparing the results of the scenarios: Insights on flood protection performance of PEFTs

The total simulated flood inundation area for the (real) post-fire case was 595,246 m?, covering almost
24% of the town’s total residential area. The pre-fire simulation resulted in a flood inundation area of
451,848 m? (Fig.13B and Fig.13D).
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Figure 13: The extent of the flood in Kineta catchment (A),(C),(E) and the water extent and depth in the Kineta
town (B),(D),(F). These are shown for the hypothetical Pre-fire scenario (A),(B); the real Post-fire, No PEFTs
scenario (C),(D); and the hypothetical Post-fire, With PEFTs scenario (E),(F), respectively. The red “validation
polygon” in Fig.S4D represents the boundary of the water extent as resulted from RS analysis. Source: [175].



Text Box 10:

The difference in the flood extents of pre-fire vs post-fire reflects the impact of the wildfire on the
flooding, which is 143,398 m? (the one fifth of the flood ~ 25%), as also mentioned in the previous
sections.

Here is the difference of the floods of the post-fire — pre-fire scenarios:

Legend

I Difference in
flooding
between the pre-
fire and post-fire
scenarios

e seeeesw s Kilometers)
0 0.125025 0.5 0.75 1

In simple words, if there was no fire the previous summer, the illustrated flood water would not have
been there!

If the PEFTs were in place after the wildfire, the flood extent would have been 447,575m?. Therefore, the
effect of these recommended protection measures would have reduced the flood-inundated area by
147,671 m? (24.8%) (Fig.13F).

It is worth noting that this difference indicates that the effect of the wildfire could have been entirely
avoided with the PEFTSs.

As shown in Fig.14, the effect of the fire and of the PEFTs are also evident in terms of water velocity and
flood arrival time. In fact, the proposed works could have offset significant parts of water velocity in other
parts of the town, while delaying them.
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Figure 14: The water velocity (A),(C),(E), and the flood maximum arrival time in the Kineta town (B),(D),(F). These
are shown for the hypothetical Pre-fire scenario (A),(B); the real Post-fire, No PEFTs scenario (C),(D); and the
hypothetical Post-fire, With PEFTs scenario (E),(F), respectively. Source: [175].
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In particular, Fig.15 shows the differences between the reality and the protection scenarios (isolating the
effect of the PEFTs), as detailed in Fig.13 and Fig.14. We observe that the PEFTs lead to moderate
reductions in peak water depths across much of the inundated zone, of around 0.1-0.3m, with the biggest
differences being in the peripheral areas, and in the central stream (Fig.15A). Velocity reductions are
spatially heterogeneous but pronounced where flow paths concentrate (Fig.15B). Yellow to orange zones
(0.2-0.8 m/s reductions) follow main overland flow corridors, while even bigger reductions (1.0-1.6 m/s,
red—pink) are observed in the main stream's flooding, and the rest of the broad flat areas exhibit minor
reductions (0-0.2 m/s, pale yellow). Such reductions, especially to the west part, can significantly reduce

infrastructure damages.
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Figure 15: Assessment of the effect of the PEFTs on: A) Water depth, B) water velocity, C) Flood maximum arrival
time, D) water extent. These are presented as the differences between the Post-fire No PFTs and Post-fire With
PEFTs, while for the floodwater extent (D) we compare all scenarios. Source: [175].
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The PEFTs introduce meaningful delays in flood wave arrival, as seen in the arrival-time difference map
(Fig.15C). 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 PEFTs, and this is crucial for emergency response, evacuation, traffic management, and individual
protection measures. Moreover, elongated travel times reduce flood peaks, lessen hydraulic loads on
downstream structures, and allow more water to infiltrate or be retained, showcasing PEFTs' role in
temporal flood risk mitigation.

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

11 Economic analysis: Flood protection vs flood damage costs

From an engineering perspective, post-fire flood resilience heavily relies on the application of necessary
protection measures. From an economic or policy perspective, however, the decision to apply the PEFTs
is connected to the associated costs [174]. We assess the direct economic implications of the proposed
PEFTs' application by estimating their total implementation cost and comparing them with the direct cost
of avoided damage.

Flood protection cost

Our estimations for PEFTs consider the necessary material and transportation 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.

More specifically:

Following the recent destructive fires at large areas in Thrace, Northern Greece during the summer of
2023 [176,177], 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
[178]. The same approach is followed in this paper to estimate the cost for the implementation of the
suggested PEFTs (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 4). The
values refer to €2023 and the use of pine trees is considered as timber, which is also common in the Kineta
mountainous area.
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Table 4. Cost analysis for LEBs and wooden check-dams, considering costs of materials (timber), transportation,
and installation (construction), in values of 2023 [178].

Logging costs (for pine trees 2m long x 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 0-50km: 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 2m long x 0.2m diameter)

Transport cost for distances less than 200m: 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 0-50km: 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 (1m long x 0.2m diameter): 0.0314

Increase 10% for losses coverage and supporting brackets: 0.0345

Volume per meter installed: 0.066m3/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 1.635m3

Logging cost = 12.93€/m3 - 1.635m3 = 21.14€/wooden check-dam

Transport cost = 14.53€/m3 - 1.635m?3 = 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 3.5m? = 172.38/ 3.5 = 49.25 €/m?

Based on these estimations, the costs for the PEFTs designed for the Kineta catchment would be 4.87€
per meter of LEBs installed, and 49.25 €/m? of wooden check dams. The spatial model for the proposed
PEFTs (Fig.12) resulted in 636,049 m of LEBs and 2065 wooden check dams (of an average installed area
of 3.5 m?). Therefore, their total cost would be:

e 4.87€/m - 636,049 m of LEBs installed = €3.1mill, plus
e 49.25€/m?- 2065 wooden check dams -3.5 m? each = 355,954€,

Which, in total, sums to €3.45mill.
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Flood damage direct costs

The direct damage costs caused by the flood were estimated. This was achieved by synthesizing the flood
inundation results of the RS and the hydraulic model, a semi-automated approach involving Artificial
Intelligence (Al) for image segmentation and human checks to estimate the affected properties, and
typical monetary values of the affected properties.

The direct flood damage costs involve the damages that occur due to the physical contact of objects with
the floodwater [179,180], and are usually straightforward to asses, especially in cases with limited data
availability [181,182]. To assess them, we conducted a semi-automated approach to count the elements
affected by the flood.

First, the part of the Kineta town that was affected by the flood (namely the area within the validation
polygon) was exported as an image. This was then used as an input to the Al tool “Segment Anything
Model” (SAM) [183], a widely used application for image segmentation. The SAM uses a database of over
1billion masks on 11million licensed and privacy respecting images, to distinguish elements within new
images (zero-shot segmentation) [184,185]. So, the SAM delineated the properties affected within the
flood-affected area, in particular residential homes, commercial buildings, and agricultural fields.

As a cross-check, a human check was also performed by navigating in Google Street Maps and comparing
the results to ensure that the identified elements were complete and correct, before counting them
(Fig.17 and Table 5).

Figure 16: Estimating the cost of the flood damages per category of affected properties and infrastructure.

The counted elements affected from the flood are shown in Table 5, along with the approach followed to
estimate the damage caused. In particular, to estimate the damage in residential homes, we used data
from a relevant report of the Hellenic Association of Insurance Companies [186]. According to this report
the average damage to homes from heavy precipitation in 2019 is 3,393€, which for the 541 counted
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houses damaged, translates into a total cost of 1,835,613€, and 2,095,531€ in 2023 value (considering the
Greek cumulative inflation factor of 1.142 [187]). Regarding the impact of heavy precipitation on
businesses, according to the same data, the average loss in 2019 was 21,203£€. If we use this figure as an
approximation for the average damage suffered by Kineta hotels, we have a total cost of 339,248€, which
is 387,285€ in 2023 value.

According to the visual inspection study on the aftermath of the November 2019 flood of Kineta, extended
damages were reported to private vehicles [114,188]. The average number of private vehicles is estimated
to 1.2 per household, and the average insurance coverage is around 1100€. So, for the affected
households and vehicles, the total cost is estimated to 714,120€ in 2023 value.

For the estimation of the direct costs of floods on agricultural fields in Kineta, Greece, we focused on the
necessary cleanup expenses, as no direct loss of profits from production was incurred due to it being
November when the fields were not cultivated. The total area affected by flooding, based on the flood
model’s simulation results was 549,308m?, with around 67% (386,910m?) being agricultural land. The cost
estimation involved calculating the labour costs for an unskilled worker, tasked with tools handling,
transportation, drainage and the removal of sediments such as mud and wood debris. The typical hourly
wage is 6.43€ and given that a worker could clean approximately 20m? per hour, a total of 17,853 hours
was required for the entire affected area. Consequently, the estimated total labour cost for drainage and
sediment removal the agricultural fields amounted to approximately 124,392€ in 2023 value [176—
178,189].

For the calculation of the economic losses due to a blocked road from flooding, we used a general
estimation model (Equation 4) which takes into account factors like the daily vehicle traffic, the additional
distance of detour, vehicle operating costs, additional travel time, and the economic value of time and
goods affected [190-194].

E = (VxDxCt) + (TxCg) + 1 (4)
Where:
. I is the daily vehicle traffic (number of vehicles per day).
. D is the additional distance of the detour (in kilometres).
. Ct is the cost per vehicle per km (considering fuel, wear and tear, and other operating
costs).
. T is the additional travel time caused by the detour (in hours).
. Cg is the cost per hour per vehicle (valuing the time of the passengers and goods).
. I represents any indirect costs such as loss of revenue, long-term economic impacts, etc.

For the case of Kineta, we assumed typical traffic data for the closed section of Athens-Corinth highway,
for a working day. This is approximately 10,000 vehicles per day, with 25% being commercial vehicles. The
detour caused an extra 2km and an additional 30 minutes of travel time for all vehicles. The direct costs
were computed by assigning an operational cost of 0.5€/km for private vehicles and 0.8€/km for
commercial vehicles, along with a value of time at 15€/hour for private vehicles and 50€/hour for
commercial ones [190-194]. By applying these values in Equation (1) the total economic loss per day was
calculated at 130,250€. No indirect costs considered due to data limitations (so, 1=0). The road closure of
the section of Athens-Corinth highway in the north of Kineta town lasted for two days [188,189]. Thus,
the total cost was estimated to 260,500€ (in 2023 value).
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Table 5. Estimating the cost of the flood damages per category of affected properties and infrastructure, for the
“reality” scenario: Post-fire, No PEFTs.

Affected . Estimated
. Quantity / L
Properties and Cost estimation approach value (€ of
. Extent
infrastructure 2023)
Residential Based on the average damage cost to homes from heavy
homes 541 precipitation in 2019 as reported by the Hellenic Association of 2,095,531
Insurance Companies
Commercial Based on the 2019 average loss figure for businesses affected by
buildings 16 heavy precipitation, also provided by the Hellenic Association of 387,285
(hotels) Insurance Companies

Based on the 2019 average loss figure for vehicles affected by
Private Vehicles 649.2 natural disasters according to the Hellenic Association of 714,120
Insurance Companies

Here, our approach focused on labour costs for cleanup and
restoration, considering no direct profit loss from production,

Agricul | 1
gricu tura 386’29 0 and was based on the costs for an unskilled worker to clear mud 124,392
fields m L .
and debris, with an estimated area coverage rate and hourly
wage.
The estimation was based on general estimation formula that
fori | di .
Blocked roads 2 days accc?unt or.lrlcreased tr_ave dlstanFe and time due to detours, 260,500
with specific costs assigned per kilometer and per hour for
private and commercial vehicles
Roads,
Infrastructure streams, Official estlmat.edlcosts frc.)m the Region (Prefecture) of West 21,643,068
land, Attica's Technical Works Observatory
drainage
Total estimated cost 25,215,275

The total estimated cost so far (except of the last row on infrastructure of Table 5) sums at 3,572,206€.
This value is very close to the reported reimbursements of 3,500,000€ for the Kineta flood [197].

Adding to that, the flood caused significant damages to the local infrastructure (last row of Table 2),
including costs for cleaning the streams from sediments (increased volumes due to the wildfire), works of
land stabilization, restoration of the road network and the drainage network [114]. As reported by the
Region (Prefecture) of West Attica's Technical Works Observatory, the total repair costs for these damages
reached 18,950,000€ (2021), i.e., 21,643,068€ in 2023 value [198]. So, our total estimated cost
(€25.22mill.) is very close to those reported costs (€3.5mill. + €21.63mill. = €25.14mill.).

The same process was followed to estimate the flood damage costs for the other two scenarios, as
summarized in Table 6 below.
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Table 6: Estimates of direct flood damage costs under the three scenarios explored. Source: [175].

Pre-fire, No PEFTs Post-fire, No PEFTs Post-fire, With PEFTs
Affede(fl (wildfire effect scenario) (reality scenario) (protection scenario)
Properties and
infrastructure Quantity / Estimated value (€ of | Quantity / Estimated value (€ of | Quantity / Estimated value
Extent 2023) Extent 2023) Extent (€ of 2023)
Residential
412 1,595,857 541 2,095,531 405 1,568,743
homes
Commercial
buildings 16 387,285 16 387,285 14 338,874
(hotels)
Private Vehicles 495 320,055 650 714,120 486 315,511
Agricultural
figlds 295,701 m? 95,068 386,910 m? 124,392 290,923 m? 93,532
Blocked highway 2 days 260,500 2 days 260,500 2 days 260,500
Roads, Roads, Roads,
Infrastructure streams, land, 16,429,135 streams, land, 21,643,068 streams, land, 16,273,769
drainage drainage drainage
Zzts:' Damage 19,087,901 25,224,897 18,850,929

The results of the PEFTs costs and flood damages are summarized as follows:
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Pre-fire, No PEFTs: Reduced count of residential homes, commercial buildings (hotels), private
vehicles, and agricultural fields affected compared to the "reality" scenario; Same cost for the
same highway closure; Reduced infrastructure cost based on the reduced flooded area, compared
to the "reality" scenario. Cost of PEFTs = O€. Flood damage cost = €19.1mill. The difference in the
flood damage cost is 6,136,996€ (or 24.33% of the real event's damage), which is purely attributed
to the wildfire.

Post-fire, No PEFTs: The exact affected number of residential homes, commercial buildings
(hotels), private vehicles, and agricultural fields; Actual cost for the Athens-Corinth highway
closure; Actual infrastructure cost. Cost of PEFTs = 0€. Flood damage cost = €25.2mill. 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-fire, With PEFTs: 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 reduced flooded area. Cost of PEFTs = €3.45mill, Flood damage cost = €18.9mill.
The difference in the flood damage cost is €6.4mill. This indicates that the PEFTs could have




reduced the actual real case's flood damage costs by 25.3%, completely offsetting the wildfire's
impact.

11 Discussion: Flood Protection versus Flood Damages

The results of this integrated analysis refer to three main ‘sets’ [175]:

1) Modelling post-fire floods and PEFTs

The representation of the post-fire flood event, considering a combination of methods (meteorologic
model, RS, hydraulic-hydrodynamic, and spatial PEFTs-design model) is a challenging and interdisciplinary
modelling task. With this combined modelling approach, on the one hand, we provide a framework for
similar analyses, as all models are freely available and can be used in combination (soft-linked) to
represent other post-fire flood events. On the other hand, this approach led to accurate representation
that enables building on the findings (flood inundation maps) to consider protection measures and
enhance resilience. Also, the modelling of the PEFTs within HEC-RAS is a novel application. An interesting
set of findings here is the wildfire's and the PEFTs' effects on flooding. The effect of wildfire on the flood
extent is 24.1% (difference of the pre- and post-fire scenarios), which is not negligible for a small town.
Regarding the effectiveness of the PEFTs, if the recommended 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.

2) Exploring the effect of PEFTs

The analysis for the application of the most suitable PEFTs, their mapping, and cost-effectiveness is also a
challenging task, as the literature on PEFTs is limited. To the best of our knowledge, this is the first attempt
to model PEFTs based on spatially modelled physical characteristics and case-study-specific technical
guidelines, along with a detailed assessment of their cost-effectiveness for flood mitigation. This approach
illustrates how the PEFTs can be followed to other study areas, similarly, and give at least a preliminary
picture/estimation of the potential post-fire measures. As mentioned, their effectiveness is significant,
completely offsetting 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 PEFTs' value.
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Figure 17: Summarizing the main findings on the effect of PEFTs, over the Post-fire With PEFTs scenario. Source:

[175].

Overall, as Fig.17 summarizes, the PEFTs are particularly effective along the main stream, where well-
established flowpaths and gentle slopes allow LEBs and WCD to intercept and attenuate floodwater over
long reaches. This configuration not only reduces peak velocities but also meaningfully delays water arrival
times, offering valuable lead-time for downstream communities. In contrast, PEFTs 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 [156], and usually not considered in flood protection plans,
however, as proved, these can cause severe damages, under all scenarios. Yet even here PEFTs can
substantially slow the initial flood buildup, providing critical flood delay in the town center.

It is worth noting that the storm of November 2019 was a severe phenomenon, that would have caused
flooding under all scenarios, underscoring the vulnerability of the area, and the need of perhaps even
more strict flood protection works. The PEFTs largely mitigate the wildfire's hydrological impact, rather
than the flood event itself: even under pre-fire conditions, this storm was severe enough to inundate
much of the floodplain. Thus, additional and more robust flood defenses remain essential for events of
this magnitude.
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In simpler words, for such extreme storm events that can lead to floods anyway, although the PEFTs
perfectly did what they are meant to do, namely avoiding the fire-induced flooding, they are not enough
alone. The additional and more robust flood defenses include [199]:

Early Warning Systems (EWS) to predict and warn for sudden floods in advance.

The role of intermittent rivers and streams (IRES) is crucial for dry areas. These are waterways
that remain dry most of the time but flood after heavy rain. Without accurate mapping (an
overlooked topic in many countries) showing where they are and how much water they can carry,
it's nearly impossible to design effective flood defences.

Infrastructure planning and land use: Measures such as moving levees further away from rivers,
allowing natural floodplains to absorb overflow, or deepening riverbeds to increase their flowing
capacity, along with sustainable land-use practices like reforestation and sustainable farming
helping the soil absorb water and reduce runoff, are key. It’s also critical to stop building on flood-
prone land near rivers, a practice still common in Greece.

Drainage and irrigation upgrades are other crucial interventions. Maintaining and modernizing
dikes, canals, and irrigation systems can help regulate water flow during both droughts and floods.
In Greece specifically, this means rethinking how we design flood, drainage, and even road
infrastructure. Simply rebuilding what existed before a flood isn’t enough, as those older designs
were based on rainfall patterns from decades ago, which no longer apply, as climate changes and
we have to adapt to more extreme rainfalls. That's why we keep seeing repeated failures in the
same places.

Nature-Based Solutions (NBS) can also help in sustainable ways with multiple co-benefits
[200,201]. These include smaller-scale, ‘smart’ projects like restoring riverbanks and floodplains,
reconnecting rivers to their natural flood zones, and planting vegetation to slow down runoff.
Removing manmade barriers that disrupt river flow, creating wetlands to reduce peak water flow,

and using urban sustainable drainage systems (SuDS).

3) Economic assessment

The cost of the PEFTs, the direct flood damage cost, and ultimately their comparison, were insightful for
the cost-effectiveness of protection investments. The cost of the examined PEFTs resulted to €3.45mill,
while the direct flood damage cost was estimated to €25.2mill (around 7.5 times higher). This indicates a
considerable difference, with the cost of the measures aiming at the flood damage mitigation (PEFTs)
being just 13.7% of (only) the direct flood damage costs. This is a 'lesson in preparedness', highlighting
that investing in mitigation works can help reduce much larger hazard-induced damages.
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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 effects 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 services, and psychological effects).

So, our flood damage cost estimates are quite conservative (just the direct costs), and in reality, they are
way higher — significantly more than five times the investment in post-fire flood protection. Moreover,
the flood damage estimation was primarily based on the flooded area. In the protection scenario (Post-
fire, With PEFTs), we observed that even if there was floodwater in some parts, the depth was lower than
20-10cm, and the velocity was also negligible, indicating that in reality the damage cost might have been
less than €18.9mill. At the same time, the PEFT measures proposed for the case of Kineta are also
conservative (i.e., a dense network of LEBs and wooden check-dams was proposed), but other approaches
might consider less PEFTSs, significantly lowering their costs. Having a 'low-end' estimate of flood damage
cost, and a 'high-end' estimate of the PEFTs' costs, and still proving their significant difference, highlights
even more the fact that 'precaution' seems to be a wiser decision than 'cure’.
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PART B: The governance problem and a transformative roadmap for stakeholders

1 The governance problem

There is inertia in the adoption and implementation of PEFTs by local actors responsible for managing
natural hazards and disaster risks [202,203]. The response of local governance and the necessary
behavioural changes to adapt to combined hazards often lag, resulting in numerous instances of
inadequate flood protection. Integrating modelling insights with local governance and stakeholder
perspectives poses significant challenges, necessitating multidisciplinary and transdisciplinary approaches
[204,205]. These approaches require qualitative, discursive methods intended to understand complex
factors, such as values, psychology, norms, and regulations, that influence human responses to new and
highly uncertain risks, that are driven by climate change [206].

It is vital to account for the decision contexts (defined by the interconnected systems of values, rules, and
knowledge) into which scientific information must be integrated for it to be credible, legitimate, and
relevant in policy and planning processes. Addressing the knowledge-to-policy gaps by combining
improved quantitative and qualitative tools is crucial for creating resilient societies [207].

2 Lessons and knowledge transfer potential from Australia

The need to bring such model-driven insights into policies implementing PEFTs, led us to augment the
modelling approach with a governance framework followed in Australia, which has many similar hazard
and governance characteristics to those of Greece [208]. Greece and Australia were selected because they
have similar conditions of local governance-led flood protection approaches and projections of increasing
wildfire and flood hazards under climate change [209,210].

Similar to Greece, many fire-prone regions of Australia have been experiencing increasing wildfire threats
due to climate change. Many of these regions also have Mediterranean climates characterized by hot, dry
summers and mild, wet winters [211]. These conditions, coupled with dense vegetation and rugged
terrain, create an environment highly susceptible to wildfires — which are called bushfires in Australia —
during the dry season and flash-floods during the wet season [212].

The frequency, extent and intensity of mega-fires across Australia have increased in recent decades due
to climate change. The most recent of these occurred between November and February 2019/20 in
southeast Australia, where more than 23% of temperate forests in the region were burned [213]. In mid-
February 2020, a severe rainstorm occurred in the region, which combined with the absence of vegetation
cover due to years of drought and the widespread wildfires, led to severe flooding, landslips and landslides
across the southeast coast. The post-fire floods significantly impacted residential and commercial
properties in New South Wales (NSW), resulting in over 98,000 insurance claims and an estimated insured
loss of about $1.67 billion [214].
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Because of these similarities in the climate, topography, vegetation and natural hazard behaviours, we
draw upon Australian wildfire-flooding experiences to inform lessons for Greek policymakers on the
importance of timely and proactive flood mitigation measures.

Additionally, both countries have similar governance approaches making comparisons of lessons useful
for enhancing practice in each country. In Greece, the Ministry of Environment provides at the national
level generic guidelines for hazard protection, and the Regions are responsible for implementing such
plans. In Australia, the governance arrangements involve the Federal Government establishing the overall
strategic policy environment and providing funding support for pre- and post-disaster activities, which
include emergency management, disaster recovery, and strategic disaster risk reduction. The State and
Local governments are responsible for local land-use planning, approving development applications,
disaster management, and the supply of local services (e.g., water, sewage, local roads, etc.). In both
countries, local authorities (i.e., municipality-level), individually or in groups, are the first to take the
initiative to design and implement PEFTSs.

3 The governance framework

Integrating the proposed modelling approach and the insights about flood risks and PEFTs into relevant
decision-making processes is challenging and has not occurred in the case study of Kineta. Increasing
awareness and use of this modelling approach and outputs requires understanding the formal and
informal rules governing how decisions are made, the values, preferences, interests and priorities of
relevant decision-makers, and the knowledge bases that these decision-makers consider to be credible
and legitimate. A deeper understanding of these three dimensions — values, rules and knowledge — and
their interactions, has been repeatedly shown in a range of context to be effective at revealing strategies
for how these can be ‘shifted’ to accommodate new knowledge (e.g., about novel risks and interventions)
or value priorities. This perspective on decision contexts is the values-rules-knowledge (VRK)
perspective/model and is applied to the Kineta case study to reveal leverage points for improving the
uptake and use of the modelling insights in flood risk management (Fig.18).

The VRK model of decision contexts assists in diagnosing constraints and barriers to interventions or
decisions, particularly novel ones, and better prepare decision-makers for significant and uncertain
changes [215]. The VRK framework emphasizes that prevailing systems of values, rules and knowledge
can affect (positively or negatively) the options available to decision-makers. The effects merge over time
through complex social, cultural, behavioural processes in organizations or communities. The intersection
of these three factors, which is called the decision context, forms the envelope or space for a set of
practical and permissible (legitimate-V, legal-R, and credible—K) decisions/interventions that can be
made. When these three factors are aligned, a decision-maker is legally able to choose from a variety of
options that are also viewed to be credible and legitimate amongst relevant stakeholders. However, when
the societal values, rules or knowledge are misaligned, decision-makers may find themselves constrained
by their decision context and forced to select from a limited array of less effective options. This includes
the rejection of potentially effective novel solutions and a reliance on business-as-usual options. A
fundamental assumption of this model is that shifts in decision-making can only arise after modifications
in values, rules, and knowledge occur at the organizational, community or societal levels.
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VALUES

DECISION
CONTEXT

KNOWLEDGE

Values are what we consider to be important in life. They can be
expressed as moral principles, desirable goals and preferences.

Rules are both rules-in-use (norms, practices, habits) and rules-in-
form (regulations, laws, directives) that provide agreed guidance on

how to behave.

Knowledge is both evidence-based (scientific and technical)
knowledge and knowledge acquired through everyday experience.

Figure 18: lllustration of decision contexts as the intersection of the societal systems of values, rules and
knowledge (VRK). Adapted from [208,215]

The entailments of this approach for situations of emerging risks such as post-fire flooding, where novel
solutions need to be adopted (e.g, PEFTs), are [208,216]:

i) the application of the VRK model as a diagnostic tool to identify the main V, R, or K barriers and to
indicate leverage points that overcome these barriers and

ii) the need for proactive inclusive engagement with stakeholders that supports the deliberative co-
production of knowledge about risks and adaptive learning about the effectiveness of novel responses.

We use the VRK model in this study as a lens on the local decision contexts in Kineta to help diagnose the
constraints (and opportunities) leading to the inaction and to reveal transferable insights and lessons that
can encourage and support similar changes and initiatives in other areas of Greece [206,217].

4 Bridging the knowledge and implementation gaps: Targeted points for stakeholder workshops

The total cost of applying the suggested PEFTs in Kineta has been estimated at €3.45 million (2023 values),
as analyzed in Part A. The direct flood damage cost was found around €25.2 million (2023 values) - for the
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flood damages to assets and infrastructure only. This means that the suggested preventive costs for the
flood mitigation measures could amount to only 1/7 of the post-flood damages.

In retrospect, insufficient PEFTs have been installed after the wildfire to intercept possible forthcoming
flood events. Also, no compensation has been granted from the government to the regional authorities
for the flood-affected communities [218].

At the end of 2024, after extended protests, the case was brought to court, with the primary defendant
being the Former Regional Governor of Attica [219]. This situation demonstrates a perverse outcome
whereby the government has avoided both the cost of risk protection and post-disaster compensation,
transferring these risks and costs to the impacted communities and businesses. This has happened in
other Greek cases suffering from catastrophic flood damages due to insufficient protection, e.g. the region
of Thessaly in Central Greece in September 2023, where the Former Regional Governor was found guilty
and convicted [220].

In our case, we followed the VRK framework’s principles to identify the governance gaps in Kineta. After
informal communications with local authorities, we identified certain gaps in V(alues), R(ules) and
K(nowledge) that can help explain the limited awareness and adoption of sufficient flood mitigation
measures, as presented in Table 7.

Table 7: Factors limiting the VRK decision context for the Kineta case, which should be targeted in stakeholder engagement
processes [208].

Factors reducing the VRK intersection spaces and hence constraining the decision context Intersection space
limited
Policymakers set low priorities (R & V) for PEFTs because they feel that they are unlikely to be widely Values & Rules
publicised (“the media come for the disasters, but afterwards they don’t care”). (VR)

Policymakers set low priorities (V) for PEFTs because their effectiveness will not be immediately
evident (K) after implementation but after the first storms. In contrast, policymakers tend to prioritize
(V) measures that have immediate results (K), to build their legacy quickly through advertising.
Existing regulations (R) continue to require that flood-damaged infrastructure be restored to pre-
disaster standards (R), which are generally based on outdated storm data (K) (+50 years ago) that no
longer reflect the current and future (changing) climate (K).

The funding, staffing and training levels (V & K) of those responsible remain insufficient to support Rules & Values
effective mitigation of the growing magnitude and frequency of the hazard risks. (RK)
Unclear roles and responsibilities (i.e., accountability) (R) and siloed communications within and across
organisations lead to uncoordinated decisions and inaction, particularly in diverse areas with uneven
disaster impacts (V) and complex property rights (R & V). This is also often used as an excuse by local

Values &
Knowledge (VK)

Rules &
Knowledge (RK)

Rules & Values

authorities that are responsible for implementing flood protection measures but feel unsure how to (VR)
act.
Although there are regulations (R) and national plans (R) for hazard mitigation and adaptation in place,
there is little available information or assessments on the suitability and cost-effectiveness of PEFTs Knowledge &
(K). This is especially the case in specific instances requiring novel PEFTs that are more effective at Rules (KR)
mitigating the changed hazard risk profiles. This knowledge gap (K) leads to generic regulations (R)
around risk mitigation and leads to poor/limited implementation.
The widespread lack of awareness (K) about post-fire effects on the hydrological response of a burnt
site to a subsequent storm or flood. Rules &

The timely application of appropriate PEFTs can have many co-beneftisto flood protection (e.g. rapid
recovery, reduced soil erosion, avoided damage etc.) but these are overlooked due to the lack of
incentives (R) and awareness (K).

Knowledge (RK)
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Local authorities continue with BAU mitigation practices (e.g., clearing the streams from sediment and
rubbish) because these are associated with simple and easy implementation requirements (K) and
levels of accountability (R), even though these are no longer as effective as they used to be.
Policymakers’ ways of thinking and behaving (V, R & K) (i.e., prevailing poor or anachronistic
understanding of compounding extreme hazards) have not changed to account for the “new normal”
of radically different hazard behaviours under climate change (K). This is reflected in these ‘extreme
events’ being considered exceptions and justifying BAU, which is hindering the adoption of necessary
mitigation efforts.

Knowledge &
Rules (KR)

Values, Rules &
Knowledge (VRK)

It is evident that when it comes to the local stakeholders that are responsible for the implementation of
protection measures, a combination of factors has been causing several issues, which can be summarized
as: policymakers tend to be unaware or deprioritise PEFTs (VK); the lack of analytical depth and previous
experiences with PEFTs (KR); low levels of awareness and acceptance that such extreme storm events are
not exceptions but constitute the “new normal” in the context of climate change. This is sustained by a
consistent lack of flood modelling insights and PEFT-design approaches or an insufficient level of detail)
(KV). The above examples illustrate how prevailing interactions between 2 or more of the VRK elements
of the decision context are excluding PEFTs from the set of options considered credible, legal and
legitimate, as presented in Fig.18. This raises salient questions about what actions are taken, when, where
and why, and helps explain the decision-making inertia around the novel PEFTs that has finally happened
in the case of Kineta. This decision-making inertia is further aggravated by inadequate investment and
lack of human and institutional capabilities needed to support hazard risk reduction initiatives.

Bridging the existing science-policy and knowledge-action gaps in Kineta requires participatory processes
and knowledge co-production, including the adaptive development and testing of the simulation
modelling approach that draws upon stakeholders’ experiential knowledge and enhances their
understanding and awareness.

The engagement process also needs to target the specific factors listed in Table 7 in ways which increase
the overlaps between V, R and K through shifting prevailing and predominant paradigms, norms, practices,
perceptions, and policies so these better account for the new and emerging dimensions of post-fire flood
risks and PEFTSs.
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_ /\

PEFTs
Knowledge
Values - low priority for PEFTs Potential argumentation on the benefits and the policy co-benefits (e.g. protection, small
and easy local scale works of low cost, creation of local jobs, etc.
Rules - lack of accountability & Potential argumentation on enhancement of communication skills, clarification of the
poor integration of PEFTs in the governance processes, and use of tools like the modelling framework, or previous
regulations applications for the design of PEFTs.
Knowledge - awareness for Use of modelling tools, such as the one presented, to raise awareness on the
combined hazards interactions among wildfires - extreme storms - floods - protection works

Figure 19: An illustration of the values-rules-knowledge perspective on the decision context of those responsible
for flood risk management in Kineta. The separation of the systems of v, r, and k on the left-hand side illustrates the
prevailing situation where PEFTs are not seen by decision-makers to be credible or legitimate and policies don’t exist
to prioritise their adoption. The overlapping v, r and k on the right-hand side illustrates the situation where the
simulation modelling insights about flood risks and suggested PEFTs for the Kineta case study are being effectively
considered in policies and inform investment priorities.Source: [208].

The combined use of the modelling insights and the VRK application can assist decision-makers in
recognising the need to focus on certain actions required to alter the boundaries of their decision context
(i.e., increase the VRK overlap) to achieve the necessary adaptations (in this case, the PEFTs) for coping
more effectively with the changed hazard risk profile (Fig.19).

As indicated above, there are several notable examples demonstrating the application of the VRK model
with a range of government and non-government stakeholders in Australia and globally [215,221-223].
We believe that it is likely that Greece can also adopt such approaches and utilize combined modelling-
governance insights in stakeholder participatory approaches. Recently, in Greece, the municipal
authorities of the second largest city and its metropolitan area — Thessaloniki (1.1 million) - have made
significant efforts to engage citizens in disaster risk reduction and resilience planning in the region.

However, more coordinated policies must be established by local, state, and national governments, as
well as the private sector, focusing on redirecting funding mechanisms towards resilience planning,
informed by deeper understanding of the VRK dynamics of the decision-making contexts of relevant
stakeholders. We hope that the proposed approach combining modelling and VRK-based insights will be
a useful roadmap for such future science-to-policy assessments.
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6 Building capacity

At this stage, the insights of the modelling framework (representation of flood event and proposed
protection measures), were used as inputs to a capacity building exercise, aiming to trigger a discussion
that will identify the necessary behavioral changes for flood protection enhancement. In particular, the
design of this transitional process was based on the Systems Innovation Approach (SIA) [224,225].

The SIA is a process designed for capacity building/ behavioral transition exercises (living labs), and
consists of the following main steps:

a) Selection of the stakeholder group, and their assignment.
b) Analysis of the problem.
c) Analysis of existing solutions, with their strengths and weaknesses.

d) Identification of tipping points to apply solutions, or create new solutions. e) Stakeholder collaboration
for solutions implementation.

For steps (a)-(c), the inputs of the modelling framework, and the broader scientific literature on the topic,
are integral parts.

Steps (d) and (e) are in essence an analysis of both technical and policy gaps in order to use them as goals
for the necessary capacity development, through solutions development.

The capacity development plan, using SIA’s steps (Table 8) can largely use the modelling framework’s
results (steps a-c) to identify the stakeholders, analyze the problem, and the technical solutions. However,
the focus of such a process would be on a broader behavioral change (step d).

First, it is crucial to understand that such extreme events (including combined fire-flood hazards) are not
an exception, but the “new normal”. There are several examples in Greece over the past four years,
justifying this argument. A coordinated science-to-policy two-way informational process is key to build
resilience in a socially acceptable way, maximizing the locals’ welfare, that can be supported from existing
funds and local assets (humans and raw materials).

Table 8. Designing a capacity development exercise for flood protection, according to the SIA [226].

Step: Goal/ Expected Outcome

a) Selection of | Representatives from central and regional government, scientists, experts on floods, and
the stakeholder | experienced professionals on protection works, citizen scientists.

group

Climate change, wildfires and impacts on catchments, extreme storms and flood risks.
b) Analysis of | Inadequate infrastructure and (post-fire) flood protection action and basic design of flood
the problem protection works based on outdated data that cannot cope with future’s climate. Unclear
responsibility and accountability for remote areas.
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Issues identified in Table 7 (based on the VRK framework) should be core targets for
behavioural change.

Analysis of post-fire flood protection techniques, and implementation processes (logistics,
¢) Analysis of | economics, regulations).

existing

solutions Solutions such as PEFTs should be suggested as counter-arguments to the obstacles of Table
7.
Behavioural changes (understand severity and frequency, and necessity to act).
Non-protection risks vs protection benefits narrative (drawing insights from the techno-

d) Identify/ economic analysis of Part A).

design solutions Building technical expertise. Collaboration/ coordination to apply proposed post-fire cleaning

and flood protection works (drawing insights from the techno-economic analysis of Part A).

Emphasis on local stakeholders, using available regional funds, and proactive action.

Boosting local economy with the application of the proposed measures from local timber and
workers.
e) Solutions

. . Coordinative action and responsibilities sharing after wildfires, including installation and
implementation

maintenance.

Again, drawing motivation from the promising performance of the PEFTs analyzed in Part A.

An important element at this stage is the dissemination and publicity of such efforts. Since
policymakers give particular weight to the public perception of their low-cost and highly

f) Dissemination effective actions in the short-term, this effort should be communicated as such.

The journalistic narrative should stress the immediate / short-term benefits of PEFTs as
restoration and resilience actions.

Indeed, capacity development has been seen as a key component of the implementation of Sustainable
Development Goal (SDG) 6, as highlighted in the SDG 6 Global Acceleration Framework as one of the key
accelerators [227,228].

In this exercise we are referring to the ability of the government, organizations, and society as a whole,
to manage combined extremes successfully. In this regard, major changes needed are the following:

a. Appropriate institutional arrangements should support the “new normal” of frequent wildfires
and flooding

b. The central and regional government should be acquiring the knowledge to understand the new
updated data and tools used to identify the problem and provide possible solutions and
protection measures and improve its operational capacity to effectively respond in time or even
better proactively.

c. Behavioral change is important to empower society to adapt to the “new normal” conditions
taking into consideration local context and specifications, especially in vulnerable remote areas.
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d. Proper communication and argumentation on the cost-effectiveness and multiple benefits of
PEFTs protection.

PART C: Towards generalization at the national scale

The approach presented so far was based on the representation of an existing storm event (Girionis).
However, the usual flood protection design is based on standards, namely design storms. Design storms
are essential tools in engineering hydrology, guiding the design of stormwater infrastructure, flood control
systems, and erosion protection. Manually generating them for each project is time-consuming and limits
large-scale analysis and generalization of flood protection interventions.

To address this, we developed Catchment2Storm by Alamanos and Papaioannou [229], a Python-based
tool that generates design storm hyetographs from watershed shapefiles using the official Greek gridded
IDF parameters provided by the Ministry of Environment [230]. The tool overlays a user-defined
catchment shapefile onto the national IDF grid, calculates area-weighted IDF parameters for each
intersected sub-area, and synthesizes a complete hyetograph. The storm is reduced spatially using the
Area-Reduction-Coefficient ¢ (Phi) and is temporally rearranged using the Alternating Block Method
(ABM), resulting in a realistic design storm profile. The Catchment2Storm can provide a ready-to-use
hyetograph for any user-specified return period, storm duration, and time interval. The output includes a
plot, Excel step-by-step summaries, and rainfall input tables (either depth-based or intensity-based)
formatted for direct use for HEC-HMS and HEC-RAS. This tool enables engineers and hydrologists to
rapidly develop site-specific design storms from spatial inputs, ensuring compatibility with national
standards and model-ready outputs.

Applied nationally to approx. 11,000 sub-catchments, we produced a comprehensive inventory across
Greece. By comparing total rainfall depth and peak intensities under different return period scenarios, we
reveal variations across urban centers, port cities, and agricultural zones. The findings indicate the need
for localized urban drainage sizing, port stormwater resilience planning, and site-specific agricultural
runoff control, rather than uniform national design standards.

1 The Catchment2Storm tool

The Catchment2Storm tool follows a structured geospatial-hydrologic workflow to generate customized
design storm hyetographs. First, it loads the user-defined catchment shapefile and the national Greek IDF
parameter grid (“ombrian parameters”), which is publicly available from the Greek Ministry of
Environment [230].
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First, it ensures that both shapefiles share a common coordinate reference system (so the catchment
overlays the Greek IDF grid). This spatial overlay identifies which IDF grid cells intersect the user’s
catchment (Fig.20).

For each intersected polygon (sub-catchment), the script calculates its area and relative contribution to
the total catchment, extracting the corresponding IDF parameters (a, n, & A, B). If any portion of the
catchment lies outside the IDF grid, the nearest valid IDF cell is assigned.
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Figure 20: An example catchment, overlaying with the official Greek IDF Grid, where each cell has its own set of IDF
parameters. The users do not have to open any spatial files, like in this figure. Instead, they can just load their
catchment’s shapefile in the Catchment2Storm App. They will get (as a first output) the (black) set of IDF
parameters for their catchment. Source: [229].

The script then computes intensity (i) and precipitation depth (P) for each sub-area over the storm
duration using the generalized IDF Equation 5.

The user defines the desirable return period (T), duration (D), and the time interval (t), so k is estimated
as the time step {t, t+1, ..., D}.

Area-weighted (based on each sub-catchment’s area shares) intensities and depths are aggregated across
sub-catchments for each time step.

To account for spatial variability, the area reduction coefficient ¢ is applied based on the total catchment
area and duration, using the empirical formula by Koutsoyiannis and Ksanthopoulos [231] (Eq.6).

™$
(E) ‘i (5)
(1+5)

i(mm/hr) = A~
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The resulting hyetograph is temporally distributed using the Alternating Block Method (ABM) [232],
producing a center-peaked design storm.

Final outputs include a plot of the hyetograph, an Excel summary, and CSV tables formatted for direct use
in HEC-HMS and HEC-RAS hydrologic and hydraulic models (Fig.21).

A B C D E F
A) Subnatchm|Kappa (hr)| Intensity (mm/hr) |Precipitation (mm]| i (mm/hr) area ‘ P (mm) area| D)
1 0.25 122330785 30.582696 27.45849 6.864623
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1 A/A| kappa (hr]| i (mm/hr) | P (mm) |P (mm) Incremental [P (mm) Phi REd;ABM P (mm) ‘ Phi (area reduction coefficient)
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Figure 21: An Catchment2Storm detailed result reports: (A) per sub-catchment; B) for the entire catchment. C) The
design storm plot. D) the resulted created files, with the additional ready-to-input HEC-HMS and HEC-RAS files.

Source: [229].

The developed Catchment2Storm tool has been developed in Python, and we are considering its
commercial use. It streamlines the traditionally complex and often manual process of generating design
storms by automating geospatial analysis and storm synthesis directly from national IDF data. Thus, it
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enables engineers to produce accurate, model-ready hyetographs in seconds, ensuring consistency with
official standards.

2 Applying the Catchment2Storm tool in Greece: A national-scale IDF-based design storm hyetograph
inventory

We showcase how this tool can be also used for multiple catchments: We have applied the
Catchment2Storm tool to all Greek sub-catchments, as provided by the Ministry of Environment
(N=10,773), using a batch-run approach in Python, which also summarized key metrics for different
hyetographs (Fig.22).
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Rainfall Peak Intensity (mm/hr)
under different design storm examples
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Figure 22: Indicative summary metrics of the design storms produced at the national scale. Upper: Total rainfall
depth (sum of the design storm precipitation). Lower: Rainfall peak intensity (max intensity of the design storms).
Source: [229,233].

Text Box 11:

Availability of data and code:

The developed Catchment2Storm tool has been developed in Python, and we are considering its
commercial use.

All materials are stored in a private Github repository (
https://github.com/Alamanos11/Catchment2Storm ), including step-by-step guidance on running the
Catchment2Storm tool, also for multiple catchments, summarizing key metrics of the results, and
mapping them in QGIS, even in the case of missing values

See screenshot below:
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Catchment2Storm

This Python script automates the full warkflow for hydrolagists and civil engineers to generate design storm
hyetographs directly from a catchment shapefile, using the official Greek national gridded IDF parameters (“ombrian

parameters”), available from https://floods.ypeka.gr/sdkp-lap 2round/ Packages
kages |
Reference:
Languages
Alarmanos, A. & Papaicannou, G. (2025). Generate customized (T,D,t) design storms for any Greek catchment: The
Catchment25torm app.
® Python 100

The presented tool streamlines the traditionally complex and often manual process of generating
design storms by automating geospatial analysis and storm synthesis directly from national IDF
data, at any catchment or scale. Thus, it enables engineers to produce accurate, model-ready
hyetographs in seconds, ensuring consistency with official standards.

Applied nationally to approx. 11,000 sub-catchments, we produced a comprehensive inventory
across Greece.

Results for specified catchments can be made available upon reasonable request to the authors.

3 Need for localized design approaches

Moreover, we compared total rainfall depth and peak intensities under different return period
scenarios, for certain critical zones in Greece: urban centers, port cities, and agricultural zones [234].
The findings indicate variations that justify the need for localized urban drainage sizing, port
stormwater resilience planning, and site-specific agricultural runoff control, rather than uniform

national design standards.
In particular:

A. Major Cities / Urban Centers
Cities compared: Athens, Thessaloniki, Patras, Heraklion, Volos, Larissa
e Athens: Lies in Attica — moderate rainfall depths (~200-256 mm range).
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e Thessaloniki: In Central Macedonia — shows lower depths, ~158-207 mm.
e Patras: West Greece — appears in a darker shade, ~256-304+ mm.

e Heraklion (Crete): Hotspot in T=100yr map (>353 mm).

e Volos/Larissa: Inland Thessaly — moderate-to-high (~¥256—304 mm).

Finding:

Greek urban centers are exposed to markedly different design storm magnitudes, suggesting that a
single national standard storm (e.g., 100 mm in 24h) would under-design for Heraklion or Patras and
overdesign for Thessaloniki. This supports the argument for regionally customized urban drainage
design standards. While this happens by considering local design storms with return periods
according to the project type guidelines, the storm durations might play a role. The Catchment2Storm
tool, allows the easy consideration of several design storms for the analysts to test.

B. Major Ports

Ports compared: Piraeus, Thessaloniki, Patras, Heraklion, Alexandroupoli, Kavala, Igoumenitsa
e Piraeus: Same as Athens — mid-range.
e Thessaloniki: Low storm depth.

e Heraklion / Patras / Alexandroupoli: High — 304-451 mm zone.
e Igoumenitsa / Kavala: Also fall in elevated zones in NW and NE Greece.

Finding:
Coastal port cities in different basins face radically different design rainfall, despite similar sea-level
settings. For port drainage, stormwater storage, and critical asset protection (e.g., container yards),

regional IDF derivation is essential, not optional.

This could motivate a national Port Resilience Framework based on localized design storms.

C. Main Agricultural Areas

Sites compared: Thessaly Plain (Larissa, Karditsa), Central Macedonia, Evros, Argolis, Boeotia, Crete’s
Messara plain

Thessaly & Central Macedonia: Moderate depths — 207-304 mm range
Evros / NE Thrace: 158-207 mm — relatively low

Crete (Messara): 353—-402 mm — significantly high

Peloponnese valleys: Mixed — some moderately high

Finding:
Agricultural catchments show less consistent patterns, meaning irrigation and drainage infrastructure
design (e.g., field ditches, farm ponds, culverts) need local calibration. This spatial disparity argues
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|II

against a “one-size-fits-all” rural drainage policy. Also, Peak Intensities drive soil erosion and runoff
loss. High-intensity storms in Crete and Western Peloponnese support erosion-focused water
management in those basins.

The findings overall show that even under equal exposure assumptions (same T, D), different
catchments reveal nonlinear hydrologic responses, suggesting spatial risk inequalities. Thus.
resilience strategies tied to localized extremes, not national averages. This is especially timely under
climate adaptation policies.
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Conclusions

The findings of this modelling study, beyond the general framework provided for the integrated analysis
of similar phenomena, argue for the importance of investing in the flood resilience of burnt sites. This
study showed that the PEFTs would have been able to reduce the amount of fire-induced floodwater. Of
course, this does not mean that if the PEFTs have been in place after the fire the flood would have been
totally avoided, as it was an extreme event. But the effects of the fire were ‘cancelled’. We proved that
the flood would have been mitigated, saving at least €7mill from the damage. Again, this estimate is quite
conservative, as explained in the discussion section; therefore, we believe that the investment in
preparedness is definitely worthwhile.

The take-away message here is that after wildfires, PEFTs are absolutely necessary, and should be seen as
a money-saving decision, relatively cheap, which can be achieved in local scales (e.g. at municipality scale),
with local means.

Beyond that, the need to further mitigate flood hazards is evident. This means: designing based on past
extremes, updated design storms, and considering enhanced protection measures, additionally to PEFTs.

An insight from this research is the need to map the Intermittent Rivers and Ephemeral Streams (IRES). In
the case of Kineta, those were the ones that contributed most to the flood, so it is necessary to map them
and consider enhanced protection measures.

A follow-up question from this research is why these protection measures are not applied? One
explanation could be the lack of knowledge of the decision-makers, combined with the lack of
communication (and perhaps trust) with those who have the knowledge [192, 193]. 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 [236]. Often, flood damage compensation is not being paid in Greece, and restoration works are
being 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 [218]. Therefore, if there is a tendency to
dismiss flood damage compensation, then the application of PEFTs seems indeed like an unnecessary and
undesirable expense. As mentioned, at the end of 2024, after extended protests, the case of Kineta was
brought to court, as no PEFTs were in place, nor compensations were granted. The primary defendant is
the Former Regional Governor of Attica, and the case is underway [219].

The need to consider stakeholder engagement processes is recognized long ago. The Australian
experiences of consultation with local and state governments, informed by the values-rules-knowledge
model of decision contexts, have led to the collaborative development of comprehensive risk
assessments, adaptation plans, and investment strategies. The application of the VRK framework shows
a way to find specific gaps that need to be addressed in such processes, hence we provided a targeted
capacity building roadmap. Due to the inherent uncertainties associated with future disaster risks and
responses, there will always be a policy-making debate on “prevention versus cure”, and contestation
about the problem and solutions. However, from our experience in different contexts and countries, we
believe that the gaps identified (Table 7) apply for most Greek areas, and the findings and roadmaps
suggested are generalizable.
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Building resilience to future similar hazards requires a fundamental shift in how knowledge about
problems and solutions is viewed, produced, and used. We believe that a key point here is the awareness
of extreme and combined hazards as a regular situation that policymakers should seriously address,
supported by model-based assessments. To effectively confront complex problems like post-fire flood
risks, researchers and policy makers shall co-develop and apply tools and frameworks to generate policy-
relevant and scientifically robust insights. This urgency cannot be understated due to the high and growing
stakes as climate change speeds up and exposure levels continue to grow.

With respect to the national scale application and design storm inventory, the use of tools such as the
Catchment2Storm is essential to facilitate fast and accurate assessments. Using multiple design storms is
the first crucial step to design protection under different conditions.

The findings of the Greek-wide application indicate that national-scale IDF standards are inadequate given
the spatial variability and nonlinear scaling of design storms across the country. We recommend region-
specific storm design, zoning of IDF curves, and resilience strategies tailored to localized extremes,
particularly critical for urban, port, and agricultural regions. More specifically, urban centers like Athens
and Thessaloniki fall within moderate to low ranges, while Patras and Heraklion experience much higher
storm depths, indicating that a single national standard would be inadequate. Similarly, major ports
(though at similar sea levels) show substantial variation, reinforcing the need for region-specific
stormwater and resilience planning. In agricultural zones, spatial variability is even more pronounced.
While some areas like Thessaly and Central Macedonia show moderate depths, others like Messara in
Crete face intense storms, suggesting localized design for rural drainage and erosion control is essential.

Policy Recommendations

To summarize, the main Policy Recommendations arising from this work are listed in Table 9.

Table 9. List of recommendations per target-category.

For modelling analysis:
1. The simulation of storm events, burn conditions, and flood events, as demonstrated in this report, is
crucial for accurately understanding post-fire floods and designing effective protection measures. Also,
connecting models such as WRF and HEC-RAS, using the realistic rain-on-grid technique is now possible,
offering highly granular results. It is recommended to conduct similar analyses, even before the wet
season (e.g., considering design storms), to support timely and efficient protection efforts.

2. The Catchment2Storm tool is a reliable option with nation-wide coverage in Greece, allowing the
fast generation of customize design storms, and hence the consideration of several scenarios. Its use
and the consideration of different return periods (T) and durations (D) is recommended.

3. The use of new Al-based tools, such as the image segmentation methodology presented, has proven
to be a valuable addition to the techno-economic analyses performed. At least, they should be used for
a quick picture of the extent of the affected types of properties.
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For local authorities, stakeholders and on-site work and analysis:

4. Post-fire Erosion and Flood-Protection Treatments (PEFTs): It is recommended to analyze the
suitability and proper installation of appropriate PEFTs, as their effectiveness is highly case-specific.
This ensures that the measures are tailored to the specific conditions and requirements of each site. Of
course, modelling insights are complementary.

5. Stream and Drainage Network Condition: Our findings indicate the critical importance of cleaning
streams and the drainage network, especially after a wildfire and before the wet season. This
intervention helps reduce the risk of floods and ensures the proper functioning of drainage systems.

6. Map Intermittent Rivers and Ephemeral Streams (IRES) and integrate them in flood protection
planning. We showed that these have been mainly responsible for several events, leading to ‘surprising’
floods. Considering the proper protection level for IRES is something that is completely absent in
Greece.

7. Go beyond the basic mitigation practices: Clearing the streams from sediment and rubbish because
these are associated with simple and easy implementation requirements and levels of accountability,
are not enough. Engage with scientists, dialogue with model-based insights and expand the protection
capacity with new and targeted flood defences.

8. Investment in PEFTs: The effectiveness of PEFTs in flood mitigation and their cost-efficiency indicate
that they are worthy investments, compared to the flood damages, which account for much higher
expenses. Timely application of these treatments, using local-based raw resources, following the
analyses presented, is highly recommended to maximize their benefits and protect vulnerable areas.

For policymakers:

9. Set higher priority for flood protection investments: First, they need to understand their
importance and necessity, then apply them, and finally publicize them with the appropriate narrative
to get the visibility and immediate political traction.

10. Understanding: Move beyond anachronistic perceptions of randomness of extremes (e.g. “this will
not happen again in the next 100 years”). Instead, realize that compounding extreme hazards are likely
to be the “new normal” due to climate change.

11. Increase the awareness about post-fire effects on the hydrological response of a burnt site to a
subsequent storm or flood, to mobilize the timely application of appropriate PEFTSs.

12. Increase the awareness about PEFTs and their co-benefits to flood protection (e.g. rapid recovery,
reduced soil erosion, avoided damage etc.).

Same for the need and benefits for several protection actions, such as: Early Warning Systems (EWS),
IRES mapping and protection — buffering, infrastructure planning and land use measures, Nature-Based
Solutions (NBS), etc.

13. Applying PEFTs: PEFTs should be explicitly included into National Flood and Drought Management
Plans, in order to increase the level of awareness and improve the technical capacity over the updating
cycles of these Plans.
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14. Communicating flood protection: Widely publicize flood protection actions and force media uptake.
Present and explain the role of PEFTs and flood defences as results-based actions with both short- and
long-term benefits, even naming specific protected areas.

15. Regulatory commitment to re-design works: Redesign flood-damaged infrastructure and drainage
works using updated storm data reflecting the current and future climate.

16. Accountability: Set clear roles, responsibilities, and regular communication channels within and
across organisations to maximize coordination and flood protection actions.

17. Invest in capable people: The necessary funding, staffing and training levels of the responsible
authorities and consulting scientists should all meet certain standards, which must be ensured by the
legislative framework and controlled regularly.
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