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Abstract: Post-fire geomorphic processes and associated risks are an important threat in Mediter-
ranean environments. Currently, post-fire mass movement prediction has limited applications across
the Mediterranean despite the abundance of both forest fires and landslide/debris flow disasters.
This work applies a debris flow generation likelihood model to evaluate the probability of mass
movement phenomena in different catchments of a burnt area, after a catastrophic fire near Schinos
(Attica, Greece) in 2021. Then, it uses field observations from the area, recording mass movement
phenomena after high-intensity rainfall events, to validate the results. The findings show that the
model is successful in determining the probability of debris flow generation in the 21 basins of
the study area, ranging from 0.05 to 0.893. The probability values show a statistically significant
correlation (sig. = 0.001) with the actual debris flow occurrences in the area, and satisfactory results
in terms of the model’s predictive ability, functioning well within the particular geo-environmental
characteristics of the Mediterranean environment. The results establish the reliability of the approach
as a tool to assess mass movement risks in a region with an abundance of post-fire related hazards
and disastrous events.

Keywords: debris flow; post-fire; likelihood regression model; Mediterranean environment

1. Introduction

Despite the fact that forest fires are an integral part of the Mediterranean ecosystems,
their occurrence affects, often heavily, the hydrologic and geomorphic processes, inducing
significant changes in the burnt landscape, as well as important subsequent hazards,
including erosion [1,2], desertification, soil loss [3,4], and flood and mass movement
phenomena [5,6]. One of the most common hazards of a post-fire environment is the
occurrence of debris flows of various magnitudes [7–10], triggered by intense rainfall
events mobilizing sediments of various grain sizes (from clay to boulders) [11]. Together
with water, sediments flow by gravity downstream causing severe impacts, posing a risk to
the population [12–16].

Debris flows concentrate large amounts of material due to intensified erosion in post-
fire environments, occurring through various mechanisms, including increased weathering
of bedrock surfaces [17,18], enhanced slope instabilities [5], and removal of vegetation due
to burning (including the root system) [19,20]. In addition, reduced protective ground
cover, lack of vegetation canopy [17], changes in soil properties [21], decreased infiltration
and increased runoff [1,17,22] can intensify erosion processes. Moreover, other landscape
characteristics, beyond the fire, can influence debris flow generation and mass movement,
including geological attributes [23], or the presence of fine-grained material [24,25].
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Despite their significance and frequency, there is no systematic diagnosis of debris
flow risks after forest fires in the Mediterranean region [26]. Current practice in the area
bases debris flow prediction on forecasted (or accumulated) rainfall or analysis of historical
events [26,27]. In addition, there is extensive literature on rainfall thresholds for triggering
landslides and debris flows [28,29]. These approaches have significant value but bear
weaknesses in terms of the spatial dimension of occurrence prediction within the fire-
hit area, not capitalizing terrain-specific factors that have been associated with debris
flow generation. This spatial distinction of debris flow generation risks is particularly
useful in planning, prioritizing and placing post-fire protection measures and informing
citizens on high-risk locations, allowing for informed decisions when it comes to land
use and risk management. Given the catastrophic forest fires of the last decades across
the Mediterranean [30] and Greece in particular [31,32], it is important to exploit all the
tools available to assess in depth subsequent fire-induced risks. This need becomes even
more pressing when we take into account the expected increase in such events due to
climate change [33–35], as well as the persistence of debris flow hazards for years after fire
containment [5,17,36–38].

In the last few years, witnessing debris flow disasters in different places of the world,
the research community, and the community of risk-professionals gradually developed
mostly empirical methods for debris flow prediction and warning. These approaches
include the use of rainfall thresholds [39–43], the analysis of features of the burnt area [44],
and other approaches that are focusing on determining the conditions that may lead to
debris flow occurrence [45–47]. Some of the most elaborate of these models and the most
commonly used have been developed for the Western U.S. [36,47–50], a part of the world
that in many respects (geo-environmental, geomorphological and climatological setting)
has similarities with the Mediterranean region. The models developed for the Western
U.S. employ mostly binary logistic regression to predict debris flow occurrence based on
statistically significant associations of various factors with the outcome of a storm on the
landscape [49–51].

In this context, this work examines the applicability of a debris flow likelihood model
used in the Western U.S., by introducing its application to the Easter Mediterranean region,
using European soil data to estimate the probability of debris flow occurrence in the post-
fire environment of Schinos-Alepochori in Attica, Greece, after a catastrophic fire in 2021.
Then, by monitoring the area and carrying out field observations, this study assesses the
model’s results by comparing them to actual debris flow occurrences in the fire-hit region.

2. Study Area
2.1. Setting

The study area is located at the northern slope of Geraneia Mt. Administratively, its
eastern end belongs to the Attica Region, while its western part to the Corinth Regional
Unit of Peloponnese Region. It extends generally from Loutraki in the south to the southern
shores of the Alkyonides Gulf in the north and from Megara in the east to Perachora in
the west (Figure 1). It is 30 km long in the E-W direction, 13 km wide in the N-S direction
and has a perimeter of 125 km. Thus, it forms a natural barrier between central mainland
Greece and the Peloponnesus, a natural obstacle that should be circumvented, either via its
northern or southern sides. The northern pass involves a long and tedious detour, so the
most straightforward corridor runs along the southern flank, which has been known under
the name of Kakia Skala, i.e., the Skironian Rocks of the antiquity.

Geraneia has all the characteristic properties of mountains close to the sea. Its peak
(Makryplagi, 1369 m) is located at a distance of only 4.5 km from the coastline, it is a
rocky mountain with considerable relief comprising very deep gorges and steep slopes
dropping down both towards the Corinth and the Saronic Gulfs, to the north and south,
respectively. This intense morphology is attributed to the geological and neotectonic
structure of the mountain. It consists of alpine formations and post-alpine deposits [52–54].
It comprises outcrops of Mesozoic carbonate rocks, tectonically overlain by an ophiolitic
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suite, which consists of peridotite, and serpentinite, mafic bodies, shales and cherts. The
ophiolites are observed at the central part of the mountain and its northern flanks, while
the Mesozoic carbonate outcrops prevail in the eastern, western and southern parts of
the Geraneia Mt. The post-alpine deposits are uncomformably deposited over the alpine
formations and include alluvial deposits and recent scree and talus cones of Holocene
age and marine, fluvio-terrestrial and lagoonal deposits of Pliocene and Pleistocene age
(Figure S1 in Supplementary Material).
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Figure 1. Map of the study area showing (a) its general location in the Eastern Mediterranean, (b) its
position between the Alkyonides and the Saronic Gulf in Greece, and the boundary of the May 2021
fire (red-colored line), and (c) the main settlements and elevation in relation to the extent of the
2021 fire.
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The studied drainage basins have been formed in the northern slopes of Geraneia and
they consist of both alpine formations and post-alpine deposits [52]. The first formations
comprises limestone-dolomite of Middle-Upper Triassic–Middle Jurassic and a Middle-
Upper Jurassic schist-chert formation, while the latter contain Pliocene and Pleistocene
alternations of clays, sands, sandstones and conglomerates, Pleistocene scree and talus
cones, alluvial and coastal sand deposits [52].

As regards neotectonics and active tectonics of the area, the area is disrupted by
seismic faults, which are responsible for the uplift of Geraneia Mt and the related intense
relief. The most important faults in the study area are the oblique-normal, north-throwing
onshore Schinos and Pissia faults formed at the western end of the studied basins and the
offshore Alepochori fault located north of the basin outlets [55–57] creating sharp relief in
the area.

The 1981 earthquake sequence occurred in the eastern part of the Corinth Gulf and in-
cluded three strong earthquakes with magnitude Ms = 6.7, Ms = 6.4 and Ms = 6.3 generated
on 24, 25 February and 4 March 1981, respectively [55,58], resulting in 20 fatalities, 500 injured
people and severe non-structural and structural damage to thousands of structures in the
earthquake-affected regions of Boeotia, Attica and Corinth [59]. Taking into account all
geological and seismological data for the earthquake affected area, it is revealed that all
earthquakes were caused by normal faults, which dominate the area and accommodate N-S
extension. In addition to the effects on the built environment, these earthquakes caused
a large number of primary and secondary effects including extensive primary surface
faulting and significant coastal uplift and subsidence in Schinos, Pissia and Alepochori
areas, rockfalls, onshore and offshore landslides, liquefaction phenomena and a weak
tsunami [60,61].

The synergy of the active tectonics, the intensely fractured and brecciated limestones
and the highly tectonized and weathered outcrops of the ophiolites on the northern slopes
of the Geraneia, where the studied basins are formed, result in the occurrence of extensive
slope movements. These phenomena comprise the frequent generation of rockfalls, which
are greatly increased when triggering events such as earthquake and rainfall take place,
and debris flows whose probability of occurrence increases especially after the occurrence
of forest fires in the area. The latter follow the course of torrents that discharge into the
Alkyonides Gulf.

Regarding the hydrology of the study area, 21 drainage basins (shown in Figure 2)
have been formed in along the northern slopes of Geraneia Mt, with an approximate N-S
direction and area ranging from 0.09 to 34.96 km2. All these catchments (in this study named
“B1”, “B2”, . . . , “B21”) drain into the southern part of the Alkyonides Gulf (Figure 2).

The drainage network of the wider area is developed over both alpine formations
and post-alpine deposits. It is characterized as parallel or even parallel in places, with the
streams showing a high length-to-width ratio. The arrangement of the streams is largely
asymmetrical, which is mainly attributed to the influence of active tectonics of the area.
In general, the drainage system is considered dense. The streams show intense incision
upstream, while downstream deposition from mass wasting events prevails and alluvial
fans have been formed.

With regard to vegetation according to the classification of forest vegetation as made
by Dafis [62] for the vegetation zones in Greece, the study area belongs to the Euromediter-
ranean vegetation zone (Quercetalia ilicis). Before the 2021 fire, the area was covered by
characteristic forests of Pinus halepensis and in several sites by new plantations and dense
stands of Pinus halepensis and evergreen broadleaves after earlier localized small fires.
Apart from Pinus, the area hosted Cypressus sempervirens and lower vegetation such as
Arbutus Andrachne, Cercis Siiquastrum, Erica arborea, Quercus coccifera, Pistacia lentiscus
and other typical of the environment [63].
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2.2. The 2021 Fire Event

On 19 May 2021 (21:45 local time), a forest fire broke out in a grassland located
east of Schinos area, close to a forest. Open-field burning of agricultural remains has
been speculated to be the cause of the forest fire. Due to extreme weather conditions
including up to 8 Beaufort wind gusts, fire spread quickly eastwards and affected several
villages situated on the northern slopes of Geraneia Mt [64] mainly along the coast. The
fire boundary in the north reached the coastal zone (Figure 3), while the burnt slopes
with abundant loose material drained directly to the Gulf of Alkyonides (Figure S2 in the
Supplementary Material).
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Figure 3. Sentinel-2A satellite images of the study area (a) on 13 May 2021 before the fire and (b) on
25 May 2021 after the fire. The dark red colors show the burnt area.

The synergy of the intense relief of the tectonically active area, the wind gusts of gale
force (value 8 in Beaufort wind force scale) and the dense vegetation facilitated the spread
of fire and made it difficult to extinguish. On 20 May, the forest fire entered Attica Region.
Part of the fire smoke was transported over Attica basin resulting in a gradual increase in
particulate matter (PM2.5 > 100 µg/m3) in many districts, as recorded in real time by the
Panacea Research Infrastructure network of sensors [65] revealing poor to extremely poor
air quality as a result of the fire.

Due to the spread of the fire near residential areas including villages in the coastal
area from Schinos to Alepochori and on the northern slopes of Gerania Mt, the 112 Emer-
gency Communications Service was activated three times by sending emergency alert
and warning/evacuation messages to residents and visitors of the fire-affected area. The
involved Civil Protection authorities evacuated over 10 villages during the evolution of
the phenomenon. On 20 May 2021, the Rapid Mapping of the Copernicus Emergency
Management Service was activated in order to delineate the boundary of the fire-affected
area [66]. The extent of the fire-affected area was 5664.1 ha on 20 May and 6647 ha on 26
May based on products with spatial resolution of 12 m [66]. Based on PlanetScope imagery
with approximately 3 m per pixel resolution [67], Lekkas et al. (2021) calculated the total
extent of the fire-affected area at 46,687 decares composed of coniferous forest (75.49%),
shrublands (15.51%), arable land (8.33%), open shrublands (0.60%) and permanent crops
(0.08%) and scattered unaffected patches. Approximately 6414 decares (13.74%) of the
fire-affected area were formally protected by the Natura 2000 network. As regards the fire
impact on the built environment, houses and infrastructure were affected.

As regards the fire impact on the built environment and structures, the fire affected
mainly illegally built houses and a livestock unit with sheep located in Mavrolimni area.
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Furthermore, two small boats at the Mavrolimni fishing shelter were burnt along with fish
cage materials lying on the beach on the eastern edge of the shelter. Regarding the impact
on the livestock, the fire affected beehives and the livestock in the aforementioned unit.
The fire history of the area comprises a fire on 3 August 1986, outside the current study
area, burning through the forest of the entire southern slope of Geraneia Mt after traveling
a distance of about 7 km within almost three hours. In a similar event, the southern slopes
of Geraneia Mt (outside the study area) were burned in the 2018 Kineta fire.

3. Materials and Methods
3.1. Approach

One of the most commonly used models for determining the likelihood of a debris
flow occurrence is logistic regression, assuming a binary dependent variable denoting the
response of catchment to a storm [43,50,51,68,69]. This type of approach, in general, seeks to
characterize debris-flow hazard through association of geospatial data describing catchment
geomorphology and soil properties, as well as burn severity and storm magnitude, with
the occurrence or non-occurrence of a debris flow (binary response). In this context, the
statistical likelihood of a debris-flow generation is calculated based on binary logistic
regression, using the logistic curve and is given from the following Equation (1) [50]:

P = ex/(1 + ex) (1)

where P represents the statistical likelihood number ranging from 0 to 1, (with higher values
denoting higher likelihood of debris flow generation), x is the link function (2), which is
given through the following equation (Equation (2)) and ex is the exponential function (e is
the Euler’s number and equal to 2.718)

x = β + (C1 × X1) + (C2 × X2) + . . . + (Cn × Xn) (2)

where β, C1, C2, . . . , Cn are parameters derived empirically, whereas X1, X2, . . . Xn
represent independent variables that have an influence on the binary outcome (that is
debris flow generation).

The model selected and tested in the present study, is the one developed by Staley et al. [50]
that is currently operational in the Western United States [70]. Apart from its proven value,
this model was selected because of its relatively low data requirements and the fact that
it has been shown to function in a geo-environmental setting similar to that of Greece,
characterized by sharp relief and high inclination shaped by active tectonics, similarities in
geology, soil and vegetation, as well as semi-arid landscape and climate [71–74].

In the Staley et al. [50] model, the β, C1, C2, C3 parameters are determined, as shown
in Equation (3).

x = −3.63 + (0.41 × X1R) + (0.67 × X2R) + (0.7 × X3R) (3)

where
P denotes the statistical likelihood of debris-flow generation;
X1R denotes the part of upslope area classified as high or moderate soil burn severity

and with gradients ≥23◦, multiplied by the peak 15 min rainfall accumulation of the design
storm (in millimeters [mm]);

X2R denotes the average differenced normalized burn ratio (dNBR/1000) of the up-
stream area, multiplied by the peak 15 min rainfall accumulation of the design storm (in
millimeters [mm]);

X3R denotes the soil KF-Factor of the upslope area multiplied by the peak 15 min
rainfall accumulation of the design storm (in millimeters [mm]).
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3.2. Data Collection

To calculate slope inclination, we used elevation data derived from the Greek land
registry service (Hellenic Cadastre), which were part of the national digital elevation raster
data of 5 m × 5 m resolution [75]. We obtained slope values using the “Slope” tool of
Spatial Analyst toolset of ArcGIS software [76].

The 15 min rainfall maximum accumulation of the design storm for the area was based
on local IDF curves published by the Ministry of the Environment and Energy [77]. Given
the small size of the area (69 km2 in total and just 18.7 km in width) in contrast with the
relatively low resolution of IDF estimation, and the fact that the catchments in question
have very similar elevation range and morphology, we assumed the same value of rainfall
(i.e., the peak 15 min rainfall accumulation of the design storm equal to 15.2 mm) is valid
for the whole area.

We used the differential Normalized Burn Ratio (dNBR) index for estimating burn
severity. This methodology concerns the generation of raster layers coming from the
processing of satellite imagery acquired before and after a fire event, recording the pre- and
post-fire conditions. The bands that participate in this raster calculation procedure (we used
the Raster Calculator tool of ArcGIS software [76]) cover the Near Infrared and the Short-
Wave Infrared wavelength parts of the spectrum. Specifically, we used the 10 m resolution
Sentinel-2A B08 and B12 bands, respectively, extracted from two image datasets with a
12-day time difference, before (13.5.21) and after (25.5.21) the event, for the generation of
two NBR raster layers. Each 100 square meter pixel obtains a new value after the following
calculation shown in the following equation, and this raster processing is repeated twice
for both datasets.

NBR = (B08 − B12)/(B08 + B12) (4)

The next step requires the calculation of dNBR which is achieved after subtracting the
post-fire NBR values from the pre-fire NBR values (Equation (5)) for each pixel (Figure 2).

dNBR = NBRpre-fire − NBRpost-fire (5)

Finally, we reclassified the resulting raster layer into 5 categories, namely: Unburned,
Low Severity, Moderate Severity, High Severity, and Increased Greenness.

Given the lack of field-validated soil burn severity data, we used Burned Area Re-
flectance Classification image as a proxy indicator, as described in previous works [50,78,79].
To acquire BARC, we used dNBR raster data of the burned area as a basis following previ-
ous works [80–82]. In detail, BARC was derived by a resampling to unsigned 8-bit images
of the raw dNBR dataset, generating a BARC256 layer with values between 0 and 255,
using the following equation [83]:

BARC256 = (dNBR + 275)/5) (6)

Then, BARC4 maps were generated by adjusting the BARC256 maps into a four
categories, following previous publications [84], namely: unburned (BARC256 < 78), low
(78 < BARC256 < 112), moderate (112 < BARC256 < 188), and high (BARC256 > 188),
creating a 4-class thematic raster.

With regard to soil erodibility factor (K-factor), which in the U.S. application is de-
rived by Schwartz and Alexander [85], we used a Europe-wide dataset published by Joint
Research Centre of the European Commission and the European Soil Data Center (ES-
DAC) [86] with a 500 m-resolution grid. We selected this dataset because of its spatial
coverage, so that in our adaptation of the model, its application remains highly transferable
to other locations in the region.

With regard to field observations, we visited the area at different times after storms
in the post-fire period, namely: on 10 and 15 October, on 19, 24 and 26 November, as
well as on 11 and 29 December in the autumn and winter of 2021 to record possible
mass movement phenomena triggered by storms. In terms of rainfall accumulation these
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October events recorded 11 mm and 21 mm, respectively, whereas the November ones
recorded 24.0 mm, 16.0 mm and 34.2 mm, respectively. The aforementioned December
storms recorded 19.4 mm and 23.0 mm, respectively. In the course of these field surveys,
we in fact recorded sediment flows on 26 November in the form of debris flow generation at
specific locations along the main channel of certain basins, reaching the respective outlets.
Figure 4 illustrates debris flow phenomena recorded on 26 November 2021 near Vamvakies
village (exact location details shown in the next section).
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Figure 4. Characteristic image of a debris flow occurrence in the study area after the 26 November
2021 storm, (a) via satellite imagery [67] and (b,c) via ground observations at the outlet of basin B7.

With regard to validation, we used the ROC analysis [87,88] which is has been used
before in mass movement phenomena modeling and post-fire debris flow studies [40,89,90],
as well as a statistical tests, to explore a possible statistical differences between the likelihood
calculated in each catchment and the actual debris flow generation findings from the
field surveys.

In summary, the methodological steps of the present work include:

1. Collection of elevation and slope raster data, 15 min design rainfall data, and soil
erodibility factor raster data of the study area;

2. Calculation of the dNBR index using satellite imagery of the burnt area and calculation
of BARC4 soil burn severity raster data (based on the dNBR index);

3. Calculation of probability value for each basin by applying the Staley et al. [50] model
(i.e., Equations (1)–(3));

4. Identification of debris flow generation through field survey;
5. Statistical tests and ROC analysis to explore a potential statistical association between

the calculated probability and the actual debris flow occurrences identified in the field
(step 4).
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4. Results

Based on the above equations, we calculated the statistical likelihood of debris flow
occurrence in 21 basins along the coastal road from Alepochori to Schinos, for a given
maximum 15 min design rainfall accumulation. The probability (P) ranged from 0.05 to
0.893, with an average of 0.485.

Subsequently, five classes of equal interval were defined for the probability P obtained
for cartographic illustration purposes, a practice followed also in previous works [70],
namely: (1) 0–0.2: slightly probable, (2) 0.2–0.4: moderately probable, (3) 0.4–0.6: probable,
(4) 0.6–0.8: very probable, (5) 0.8–1.0: highly probable. The following map (Figure 5) shows
the probability in the study basins.
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Figure 5. Map of the study area, with the values of the probability in each basin. The names B1 to
B21 represent the codename of each basin.

Figure 6, shows characteristic images from the debris flows occurrences identified
after the storm of 26 November 2021 at the outlet of basins B7, B12 and B13 near Vam-
vakies and Mavrolimni port (Figure 6a,b), between Schinos and Vamvakies villages at the
outlets of basins B5 and B6 (Figure 6c,d,h) and at the outlets of basins B8, B14, and B15
(Figure 6e–g, respectively).

Comparison of debris flow occurrence with the probability of occurrence calculated
based on the above equations shows initially correlation (Figures 7 and 8), as we identified
debris flows at the outlet of eight basins (namely: B5, B14, B12, B15, B6, B13, B8, B7), based
on field observations, all in basins with relatively high debris-flow occurrence probability.

To explore the statistical significance of this association, we examined the variable of
probability against the actual catchment binary response (i.e., debris flow generation or no
debris flow generation) through a Mann–Whitney U test. The test showed a statistically
association between the two variables (sig. = 0.001), indicating a statistically significant
difference between the value of probability in the basins, where we recorded a debris flow
generation, and the basins that we did not.

In addition, we examined the predictive ability of the model, testing with the actual
debris flow occurrences (true positives), through the Receiver Operating Characteristic
(ROC) graph curves (Figure 9). The analysis revealed a fairly good model prediction
accuracy with an AUC (area under the curve) value of 0.913. In this study, the ROC graph
and the AUC value were derived using the ArcSDM tools in ArcGIS 10.7 software.
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Figure 6. Debris flow occurrence in multiple locations across the study area, namely: (a) along the
road from Vamvakies to Schinos, in the southwest edge of Vamvakies settlement (outlet of basin B7),
(b) in Mavrolimni small port (near the outlets of basins B12 and B13), (c) along the road between
Schinos and Vamvakies at the outlet of basin B6, (d,h) at the outlet of basin B5, and (e) at the outlet of
basin B8, (f) along the road from Mavrolimni to Alepochori at the outlet of basin B14, and (g) at the
outlet of basin B15.
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Figure 8. Map of the study area, showing the calculated probability of debris flow occurrence in five
categories, against the actual debris flows (DB) generation during the 21 December storm in the area.
The names B1 to B21 represent the codename of each basin.
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5. Discussion

This work explores the applicability of a logistic regression model for debris flow
generation prediction in Greece, as a characteristic example of the Eastern Mediterranean
region landscape, using the post-fire environment of Schinos fire-hit area as a case study. In
this study, a model already in use in the western U.S. was selected (Staley et al. [50]), with
an adaptation of involving a European dataset of soil erodibility data (K-factor). Overall,
the findings show that the model is able to provide results in the terrain of the study area,
as a characteristic example of the Eastern Mediterranean region, preliminarily indicating a
good match with debris flow occurrence in the area (i.e., statistical association and other
criteria used). The findings are a strong indication that the model in question can be further
used in the area in a more systematic way to assess debris flow risk immediately after forest
fires. The results indicate that the model can function with established European K-factor
datasets [86], which is a critical point when it comes to retaining a high transferability of
the approach.

The model tested has relatively low data requirements and therefore is more desirable
for rapid assessment of the situation. This is particularly useful for authorities and the
local communities, as they strive to find and use all the available tools and methods to
deal effectively with fire-induced hazards that can potentially appear in the next rainfall
season [91–93] (i.e., in a short period), as recorded in fire-hit areas in the past [5]. These
characteristics are useful in the sense of allowing a rapid assessment of debris flow likeli-
hood that provides the foundation for planning and especially prioritizing interventions
(i.e., post-fire measures) given that their development is time-sensitive. Thus, this model
fits the needs for a tool functioning within the context of limited time and data availability.

Furthermore, in terms of advantages and improved prediction of debris flow occur-
rence and intensity, allows for better preparation and mitigation of the potential damage
they can cause. Enhanced ability to identify areas of high risk and design targeted protective
measures at those particular locations to reduce the impact of debris flows.

In addition, given that such hazard can persist for several years after the actual fire,
increased awareness of the effects of debris flows on the environment and the locations
of high risk, allow for more effective management and conservation of resources, includ-
ing better decision-making about land use and management as well as distribution and
prioritization of funds. Moreover, a better understanding of debris flow risks, allows for in-
formed decision making when it comes to infrastructure effective design and maintenance
strategies, the foundation to a more robust infrastructure network, able to withstand such
dangerous phenomena [94,95]. Further, improving the spatial understanding of risks has
the potential to enable a more effective disaster response, allowing the emergency or civil
protection authorities to focus on the more sensitive areas or the basins with higher debris
flow generation probabilities. For example, by restricting access to dangerous parts of the
road network prior to an expected high-intensity storm.

One of the advantages of the approach used is that it provides results in a geospatial
form, creating maps that can be understood and communicated more easily to local stake-
holders, authorities and even towards the public [96]. Moreover, the approach can function
in terrains characterized by the small-sized catchments, with dense infrastructure and pop-
ulation, high resolution results are needed [97,98]. This fits the geo-environmental setting
of the Eastern Mediterranean and of Greece in particular, with its mountainous terrain,
dominated by high-inclination, ephemeral streams and complex alternating lithologies.

With regard to limitations, a primary source of uncertainty concerns the small sample
of basins and debris flow occurrences analyzed in the present study. The present application
bears an added value for exploring the applicability of the approach, especially given the
field validation data. However, future research in the region would benefit from including
a larger number of catchments aiming to collect more data with the potential to improve
the empirically derived parameters of the model to fit better in the region, a process that
took several years in the Western U.S. applications. One additional limitation in the current
application of the model is the selection and use of a single value for the 15 min rainfall
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accumulation. Given the small differences in values and distance of the neighboring
stations as well as the small size of the study area, it is expected to have a negligible effect in
the overall calculation of the statistical likelihood across the different catchments examined.
However, it has to be noted that applications in larger study areas should include the spatial
variability of the design rainfall. Moreover, it is important to note that small high-intensity
increments in rainfall (e.g., 5 min peaks) may be associated with debris flow generation
locally [99], indicating that beyond 15 min rainfall accumulation values, rainfall data of
higher temporal resolution could be interesting to explore as well. In addition, it has to be
mentioned that the use of pan-European soil data, in the present study, bears limitations
that are associated with the methodological assumptions of this dataset development and
its resolution [86]. Specifically, it has to be noted that local high-resolution soil datasets
can be used instead of the relatively coarser resolution European-wide ones, used in the
present study to describe the soil erodibility. However, considering the European dataset’s
extent and its wide usage, as well as the relatively low spatial variability of values of soil
erodibility (in comparison for example with elevation or slope) this tradeoff is considered
beneficial for the transferability and the standardization of the approach.

6. Conclusions

This work explores the applicability of a binary regression model for debris flow
generation statistical likelihood assessment in Greece, as a characteristic example of the
Eastern Mediterranean terrain. The results together with the field validation, by means
of field observations of actual debris flow occurrence in the study area, show that the
method can function within the particular geo-environmental characteristics of the study
area, indicating that this approach can be used in more extensive applications in the region,
in terms of area covered. The calculated probability ranged from 0.05 to 0.893, with an
average of 0.485, with 11 out of 21 basins presenting relatively higher values. Eight out of
these eleven basins experienced a debris flow in the period studied, showing a statistically
significant association (sig = 0.001) and a high AUC value (0.913) in a ROC analysis. The
model is considered highly transferable, taking into consideration that it has relatively
limited data requirements, uses easily available geospatial data and can function well
with the adaptation of using established European soil datasets (K-factor). These features
support its applicability across the region. Moreover, the application of the model fits
the context of rapid assessment that is required immediately after a fire, helping to take
informed decisions regarding implementing measures or other risk management initiatives
in the short time available between summer fire season and autumn–winter rainfall period
that follows.

The application of such models has the potential to lead to improved hazard assess-
ment and through it, better and more effective risk management. A better prediction of
debris flows is critical in the Mediterranean region and has the potential to enable a more
informed resource management, prioritization and planning of interventions, effective
design of infrastructure and prevention of high-risk situations especially involving human
lives. The systematic use of such a tool can contribute to the overall efforts to reduce
exposure of people, infrastructure, and important natural, cultural, and economic resources
to these hazards.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/land12030555/s1, Figure S1: title Geological map of the
study area, illustrating alpine and post-alpine formations and the active faults; Figure S2: Charac-
teristic viewpoints of the burnt area near the coast, showing (a,b) high inclination slopes typical of
the study area, (c,d) views from uphill with slopes covered by loose material – rocks and soil, (e)
the main road axis crossing the burnt area, and (f) the boundary of the fire along the burnt slope
neighboring the beach. At the hill at the far end of the picture is Schinos village (f).

https://www.mdpi.com/article/10.3390/land12030555/s1
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