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Abstract: Forest fires are a seasonal phenomenon in Greece, reoccurring annually and causing adverse
impacts on both human-made and natural environments. Our case study focuses on the devastating
fire that took place in July 2018 in the second-housing area of Mati, East Attica. In this research,
we propose a simple and effective approach that combines the deformation trend obtained from
the Permanent Scatterer Interferometry (PSI) analysis with the burn severity assessment aiming to
identify and classify potential ground-burn hazard zones. To maximize the number of measuring
points, we employ a weighted full-graph PSI approach. Additionally, we calculate the burn severity
by comparing Sentinel-2 satellite images captured before and after the event. The resulting datasets
are reclassified on a scale from 1 to 5, and the proposed equation yields the final product. Numerous
high and very high hazard zones have been identified using this methodology. The research findings
reveal the proximity between these hazard zones and the stream network. Overall, the proposed
method offers valuable insights for the post-fire monitoring and management of urban and peri-urban
landscapes in the affected areas.

Keywords: PSI; full graph; deformation trend; burn severity; risk zones

1. Introduction

Natural disasters such as forest fires are seasonal phenomena in Greece occurring
every year and emerging as a highly controversial topic in terms of post-catastrophic
management. A broad statistical view of fires in Greece is provided by the European Forest
Fire Information System (EFFIS) (https://effis.jrc.ec.europa.eu/, accessed on) as shown in
Figure 1.
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Figure 1. Official data about fires in Greece for the 10 last years. The bars correspond to burned areas
in hectares and the line corresponds to the number of fires. The data is provided by the EFFIS.
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Such occurrences exert high pressure on urban and peri-urban landscapes, making
urban planning a challenging task. Furthermore, urban sprawl, a negative form of urban
expansion [1] and a chronic problem in Greece, adds a greater degree of difficulty to
the planning and management of the affected areas. Such an example is the broader
area of Mati on the east coast of the Attica region, 30 km east of Athens. In July 2018, a
wildfire that evolved into a deadly urban conflagration engulfed the area resulting into an
unprecedented toll on human life and substantial damage to the buildings, infrastructure,
and the natural environment. Remarkably, it is characterized as one of the most devastating
fires of the century, globally. The disaster is partially attributed to inefficient urban planning
with an ill-structured street layout along with illegal and unplanned constructions. Since
then, intense ground deformation phenomena are observed, especially during severe
rainstorms, posing a risk to the existing buildings and infrastructures. This statement is
validated by the facts, as shown in Figure 2.
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Figure 2. Residential building subsidence occurred at the beginning of September 2022 in Neos
Voutzas following an intense rainstorm. The images are sourced from the archive of the Hellenic state
television (https://www.ertnews.gr/tag/neos-voytzas/, accessed on 3 August 2023).

In early September 2022, a significant subsidence event impacted a residential building
in the Neos Voutzas settlement. According to the official data from the Hellenic National
Meteorological Service (http:/ /www.emy.gr, accessed on 3 August 2023), the precipitation
in January 2022 reached 91.2 mm, spanning across 25 rainy days. The region was densely
vegetated prior to the fire, and the affected building is situated in alignment with the edges
of a stream.

It is well known that the potential for severe soil erosion increases in a post-fire event
since plant material is totally destroyed leading to soil stability degradation and connecting
with major post-fire effects such as landslides, deformation, and soil changes [2,3]. The
post-fire soil erosion has notably intensified across the extensive Mati settlement area,
resulting in the onset of deformation phenomena. The escalation of soil loss subsequent
to the fire event has been verified [4]. Despite the lack of official data linking soil changes
during the pre-fire and post-fire periods, we operate under the assumption that this factor
directly contributes to the occurrence of deformation phenomena.

This research aims to estimate the deformation trend in time, to map potential hazard
zones, and to provide a valuable information layer regarding the preservation of the
current urban landscape and a potential urban expansion in the future. A new special
urban plan is now under consultation aiming towards urban regeneration, environmental
protection, and dealing with the consequences of the catastrophic fire. Furthermore, we
proposed a combination of the deformation trend and burn severity to classify the level of
the hazard zones. Our research constitutes the first study using the Permanent Scatterers
Interferometry (PSI) technique for this affected area and the combination with burn severity.

PSI is a powerful remote sensing tool established in the early 2000s and has the
capability to estimate deformation and height over stable points that behave as permanent
scatterers (PS) in time with high accuracy by exploiting large time series of radar images [5].

The original PSI technique is characterized by the restriction that a target must be
coherent in all generated interferograms. This condition is easily met in urban areas where
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existing man-made structures are the dominant scatterers. To overcome this restriction and
make PSI exploitation more feasible in different types of landscapes (rural, mountainous
areas, vegetated, extra-urban, mixed-areas), several approaches are introduced with respect
to the original PSI technique. The Small Baseline Subset (SBAS) technique is the first major
extension using a small baseline image graph connection to minimize spatial decorrelation
and the spatial coherence factor as a criterion for the points’ selection [6]. The Stanford
Method for PS (StaMPS) [7] was introduced using a single-master baseline configuration
and it is based on phase stability. A StaMPS method update [8] was introduced that com-
bines the PS and SBAS methods. The Quasi-PS (QPS) approach [9] was introduced to deal
with partially coherent targets. The method uses a minimum spanning tree (MST) image
graph by maximizing the average spatial coherence and adopts the spatial coherence as
the interferometric phase weight. The novel SqueeSAR algorithm was introduced [10] that
uses a full-graph image connection and adopts the statistical homogeneity of neighboring
pixels to jointly process the permanent (PS) and distributed (DS) scatterers. A more detailed
review of PSI algorithms can be found in [11].

The contribution and validation of the PSI technique are well-established through several
studies in the literature [12-15] related to various disciplines. Urban areas [16-20], infrastruc-
ture [21-24], groundwater [25-28], mining [29-31], geohazards [32-36], volcanos [37-41], oil,
and gas [42—44] are some of the fields utilizing the PSI technique.

In this paper, our method focuses on the use of a multi-master approach adapting a
full-graph connection with the use of spatial coherence as a weight to deal with the partially
coherent targets, aiming to maximize the measuring points (PS and DS) in the study area.
Due to the time-consuming processing of the weighted full-graph approach, we chose
connected interferograms based on a coherence threshold value of 0.35, aiming to minimize
the time processing and to guarantee that the graph remained connected, a mandatory
factor for the proper implementation of the PSI technique. The value 0.35 was selected
based on the assumption that the interferograms showing coherence below 0.3 are very
noisy and meet the above conditions (time and connectivity). The data used were Sentinel-1
images using dual orbits (ascending/descending) and VV polarization was the chosen
method. The method was implemented to estimate the LOS (line-of-sight) deformation
trend for the period from August 2018 to August 2022. Another aspect of this research was
the mapping of potential hazard zones based on the combination of the deformation trend
and burn severity. The materials and methods are presented in Section 2, where the results
are shown in Section 3.

It must be noted that the processing was implemented via SARPROZ software, which
is a powerful and flexible research tool for PSI INSAR analysis [45].

2. Materials and Methods
2.1. Study Area

The study area spans the east coast of the Attica region, including the affected set-
tlements of Neos Voutzas, Mati, Neos Pontos, Agia Varvara, Kokkino Limanaki, Kioupi
Skoufeika, and Peukonas, as shown in Figure 3. The area is characterized as a mixed-area
consisting of low-rise buildings, low vegetation, and bare land. The size of the burned area
reached 13,000 acres approximately, where half of them residential, which is the main area
of interest (AOI) of this research.

The topography of the area creates an intense network of streams starting from the
hilly area in the west and ending up in the seaside Mati settlement in the east by crossing
the rest of the settlements. This fact adds a higher pressure to the ground deformation
phenomena, especially during intense rainstorms. Apart from the devastating fire event, an
additional reason for choosing to study this area arises from its character as a recreational
or second-housing area that is predominantly used during summertime along with its
reputation as a seaside resort attracting many tourists every year.

According to Corine 2018, the land use in the study area primarily consists of a
discontinuous urban fabric intertwined with complex cultivation patterns. In the northern
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region, the urban fabric aligns itself with a coniferous forest, while in the western part, it
interfaces with sparsely vegetated areas. However, following the occurrence of a fire, the
post-fire land use has transformed into a combination of discontinuous urban fabric and
barren land.
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Figure 3. Locator map. In the upper left part, the red color corresponds to the burned area, and the
grey color to the built-up area. The lower part illustrates two satellite images before and after the event.
The vector of the burned and built-up areas (red line) was obtained via the Copernicus Emergency
Management Service-Mapping portal. (https://emergency.copernicus.eu/mapping/download/1631
43/EMSR300_02RAFINA_01DELINEATION_MAP_v2_vector.zip, accessed on 22 February 2023).

From a geological perspective, the fourth-generation sediments are loosely consoli-
dated and composed of mixed phases as follows: clay silts, sands, pebbles, gravels, and
variable-sized pebbles with fluctuating proportions, as shown in Figure 4.

These deposits are found in low-lying areas, valleys, and streams and originate from
the weathering and erosion of older formations with diverse compositions. They often
exhibit significant thickness, reaching several hundreds of meters, and show frequent and
rapid changes in lithological composition and grain size distribution both horizontally and
vertically within the formation.

They are characterized by moderate to high hydraulic conductivity and typically give
rise to aquifers with a high potential and significant fluctuations. Due to their extensive
surface distribution, many settlements across the country have developed on these de-
posits, often facing geotechnical issues such as settlement and soil displacement. They
are susceptible to erosion and washing. Their physical and mechanical characteristics
vary depending on the individual lithological composition and grain size distribution.
Additionally, their behavior is influenced by factors beyond the aforementioned, including
the deposit thickness and slope of the terrain (especially during dynamic loads).

They exhibit rapid lateral variations in lithological composition, leading to strong
heterogeneity in the mechanical behavior of the formation on a larger scale.


https://emergency.copernicus.eu/mapping/download/163143/EMSR300_02RAFINA_01DELINEATION_MAP_v2_vector.zip
https://emergency.copernicus.eu/mapping/download/163143/EMSR300_02RAFINA_01DELINEATION_MAP_v2_vector.zip

Remote Sens. 2023, 15, 4598 50f17

Figure 4. Geotechnical map in a scale 1:500,000 of the study area. The data provided by the Hellenic
service of geological and mineral research (https:/ /www.eagme.gr/, accessed on 3 August 2023).

2.2. Data

The data used in this research was acquired via the Sentinel-1 satellite and collected
using the Alaska Vertex Hub (https://search.asf.alaska.edu accessed 10 May 2022). A total
of 229 SAR SLC-IW images were collected from ascending and descending orbits using VV
polarization. Furthermore, burn severity was calculated using two multispectral satellite
images obtained from Sentinel-2, which were captured before and after the event. The

details of the data are outlined in Table 1.

Table 1. Data description.

SAR Parameters Ascending Descending
Satellite Sensor Sentinel-1A Sentinel-1A
Number of Images 116 113
Orbit 102 7
Swath and Polarization IW2/VVv IW1/VVv
Sensing Period 10 August 2018/7 August 2022 4 August 2018/1 August 2022
Rg x Az sampling (m.) 3.67 x 13.93 4.17 x 13.96
Wavelength (cm.) 5.55 5.55
Incidence angle (deg.) 40 33
Temporal Baseline (days) 12 12
Muli-Spectral parameters Pre-fire Post-fire

Satellite Sentinel-2B Sentinel-2A
Number of Images 1 1
Sensing Period 5 July 2018 19 August 2018
Processing level Level-2A Level-2A
Pass direction Descending Descending
Cloud cover percentage 1.54 2.94
Instrument MSI MSI

A high-resolution DSM was used as the external, which was derived from the Pleiades

tri-stereo images acquired in 2016 for the topography component removal. Furthermore,
the stream network was extracted via the DSM from the area’s topographic diagram
(1:5000) obtained via the Hellenic Military Geographical Service (https://www.gys.gr/
hmgs-topographic_en.html, accessed on 22 February 2023).
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2.3. Method

Starting with the data preparation, it is required to subset the area of interest, update
the orbit files for appropriate image coregistration, and estimate the coherence of all
possible connections in the images’ space. Adopting a multi-master approach, the full
graph connectivity was chosen and modified based on the coherence threshold of 0.35,
aiming to minimize the processing time and keep the graph connected, as shown in Figure 5.
The rationale behind the selection of this specific threshold was to identify the highest
possible value for optimal connection minimization while also ensuring graph connectivity.
The derived value of 0.35 proved to be the most suitable choice.
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Figure 5. SAR images of full graph connection. All the dots are line connected, ensuring the
connectivity of the full graph. The color lines represent the coherence of each connection. The left
and right graphs correspond to the ascending and descending data, respectively.

Indeed, the number of connections decreased from 6671 to 2572 for the ascending
data and from 6329 to 1648 for the descending data. This shows that the most complex
method is not always the most suitable for every application and study area. In our case,
the excessive number of connections is unnecessary and modifying it via the selected
coherence threshold appears to be a suitable approach with the additional benefit of saving
processing time. Having defined the connection graph of the images, the preliminary
analysis must be carried out while including the reflectivity map and amplitude dispersion
index (1-sigma/mu) calculation.

For the preliminary geocoding procedure, a clearly visible pixel in the SAR images was
selected as a ground control point (GCP) to geocode the dataset. The transfer of the external
DEM in the SAR coordinates” system is mandatory to complete the preprocessing stage.

Since we are dealing with Permanent Scatterers (PS) and Distributed Scatterers (DS)
points, it is desirable to enhance the DS points’ Signal to Noise Ratio (SNR), improving the
estimation of their parameters. To achieve it, a space adaptive filter is applied to extract the
Statistically Homogeneous Pixels (SHP) only. To evaluate the likeness of the adjusting pixels,
the amplitude time series was compared according to the Anderson-Darling statistical
test [46], aiming to identify the reasonable clusters of similar pixels. The search window
size, significance level, and connectivity were set at 25 x 7 (rg x az) for the ascending data
and at 23 x 7 (rg x az) for the descending data, with 0.95 and 8 pixels, respectively. The
dimensions of the search window used correspond to approximately a hectare, assuming
this will yield a reliable estimation of the coherence values.

Next, the interferograms and spatial coherence were calculated and filtered using the
multi-temporal adaptive mask. Figure 6 illustrates the reflectivity map, amplitude disper-
sion index, multi-temporal adaptive mask, and spatial coherence products. Contrasting
the reflectivity map and adaptive mask cluster size, it becomes evident that the pixels with
low amplitude values, likely corresponding to the DS points, tend to form larger clusters.
Conversely, the pixels with high amplitude values, possibly indicative of the PS points,
exhibit minimal changes or remain unchanged.
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Figure 6. Generated products from ascending orbit during data preparation for PSI analysis. Upper
left, upper right, down left, and down right are the reflectivity map, amplitude dispersion index,
multi-temporal adaptive mask cluster size, and spatial coherence, respectively.

As the preprocessing was completed, PSI analysis was followed. A first set of Per-
manent Scatterer Candidate (PSC) points was selected based on the amplitude dispersion
index (1-sigma/mu) plus the spatial coherence threshold of 1.5, assuming that this set is
stable enough in time to estimate the atmospheric phase screen (APS). The triangulation
network between the selected points, as shown in Figure 7 was implemented and the pa-
rameters as the deformation trend, residual height, and temporal coherence were computed
in relation to a reference point. The reference point is a permanent GNSS reference station;
therefore, it is considered to be quite stable. The PSC points present quite dense spatial
distribution and high coherence connections that is desirable for the APS estimation. It
must be noted that, during the APS calculation, images with low coherence and significant
“phase jumps” in the calculated atmosphere were discarded from the time series data.
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Figure 7. Triangulation network between the selected points for APS estimation. The colored lines
represent the coherence of each connection.
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After estimating and evaluating APS, it is intriguing to explore the additional PSC
points. To accomplish this, a second set of points was chosen utilizing the same indicator
as mentioned earlier, but with a relaxed threshold. A reasonable value of 1.0 was employed
to apply the multi-temporal PSI analysis. One more difference in this stage is the adaption
of spatial coherence as a weight during the processing, aiming to maximize the number of
measuring points. Since the parameters were calculated, the measuring points that showed
temporal coherence equal to or higher than 0.8 were selected as the stable points to reliably
estimate the deformation trend.

After extracting and assessing the consistency of the two velocity fields obtained from
the ascending and descending datasets, two vector files representing the LOS deformation
trend were created for the post-processing stage.

The deformation values were converted into absolute values and classified based on
the conservation criticality index classes and the relative PS velocity range, as shown in
Table 2 [47].

Table 2. Conservation criticality index classes (I.c) and relative PS velocity range.

Icc Class Velocity Range
A | Viax | <1.5 mm/yr
B 1.5 mm/yr < | Vimax | <2.0 mm/yr
C 2.0mm/yr < [ Viypay | <3.5 mm/yr
D 3.5mm/yr < | Vpax | <10 mm/yr
E 10 mm/yr < | Viax |

Inverse Distance Weighted (IDW) interpolation was implemented to identify and map
the candidate deformation zones, setting a search radius distance of 60 m that selected
based on a spatial autocorrelation via distance analysis using Morans I statistic, as shown
in Figure 8.
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Figure 8. Graphical representation of spatial autocorrelation via distance analysis. The number of
distance bands and distance increment are 30 and 20, respectively. The main peak corresponds to
60 m distance.

Since the research deals with absolute deformation values, the point features from the
ascending and descending orbits were merged for interpolation implementation.

Furthermore, the burn severity (ANBR) was calculated with the use of two Sentinel-2
images before and after the fire event. The severity is the outcome of the subtraction be-
tween the pre-fire and post-fire Normalized Burn Ratio (NBR), as described in Equation (1),
and is classified based on the proposed table of the United States Geological Survey (USGS),
as shown in Table 3 [48].
(NIR — SWIR)
(NIR + SWIR)’

where NIR is the near infrared and SWIR is the short wave infrared.

NBR = 1)
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Table 3. Proposed burn severity classification table by USGS.

Severity Level dNBR Range
Enhanced Regrowth, high (post-fire) —0.500 to —0.251
Enhanced Regrowth, low (post-fire) —0.250 to —0.101
Unburned —0.100 to +0.099
Low Severity +0.100 to +0.269
Moderate-low Severity +0.270 to +0.439
Moderate-high Severity +0.440 to +0.659
High Severity +0.660 to +1.300

Burn severity is used in developing emergency rehabilitation and restoration post-fire
plans. It can be applied to estimate not only the soil burn severity, but also the likelihood of
future downstream impacts due to flooding, landslides, and soil erosion.

Our proposed method for the combination of the deformation trend and burn severity
is based on the reclassification of the two datasets on a scale from 1 to 5 and in Equation (2).
The proposed equation will preserve the outcome in the same scale as the reclassified
datasets (from 1 to 5). The initial component of the equation aims to delineate the spatially
correlated regions within the two datasets by categorizing each zone with a hazard level
ranging from 1 (low) to 5 (high). The subsequent segment of the equation functions as a
weighting factor, particularly in cases where one dataset exhibits a maximum value of 5,
while the other displays a minimum value of 1. A smaller numerical value corresponds to
the reduced impact on the final outcome and vice versa. The addition of integer 1 serves
to eliminate integer zero from the resulting decimal number, facilitating multiplication
between the two equation components.

m_<mem)xO+N?D> @)

with H; (hazard index) as the outcome, d; as the reclassified deformation trend, b; as the
reclassified burn severity, and NAD as the normalized absolute difference between d; and
bs, as shown in Equation (3).

di — bs
dt + bs

Equation (2) generates a new information layer about the hazard level and is classified
into four classes (A to D) using the equal interval classification method, as shown in Table 4.
The statistics of the result are presented in Table 5.

NAD—‘ , 3)

Table 4. Proposed classification of the deformation trend and burn severity combination layer.

Class Range Risk Level
A 1-1.90 Very low
B 1.90-2.70 Low
C 2.70-3.60 High
D 3.60-4.50 Very high

Table 5. Statistics of the deformation trend and burn severity combination layer.

Statistics
Min 1
Max 4.5
Mean 1.73
Standard deviation 0.71

The minimum and maximum values pertain to the result of multiplying the two
components of the equation and correspond to the hazard level category. The mean and
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standard deviation values suggest that the study area is largely classified as having a low
hazard level.

3. Results

The first aspect of this research was the calculation of the deformation trend and the
zoning of the measuring points via spatial interpolation to generate the first information
layer for the research objective. Figure 9 shows the deformation trend of the measuring
points per orbit and Figure 10 shows the deformation classes after the point features are
converted to absolute values, merged, and interpolated.
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Figure 9. Measurement points (PS and DS) in the study area. On the left is the result from ascending
data and on the right from descending data. The letter “V” within the legend signifies velocity.

To assess the consistency between the ascending and descending datasets, we selected
adjacent points within a 5 m distance, close to the range resolution of the system. A total
of 2441 measurement points were identified for evaluating their statistics, as presented in
Table 6.

Table 6. Statistics and comparison of the two datasets.

Datasets Statistics

Dataset Ascending Descending
Max 3.05 3.11
Min —6.10 —6.48
Average —0.26 —047
Median —0.21 —0.41
Standard deviation 0.96 0.99
Kurtosis 0.85 0.49
Skewness —0.31 -0.19
Datasets comparison
ME —0.20
std 1.24
RMSE 1.26
MAE 1.02
std 0.74
MAE Standard error 0.01

ME is the mean error, MAE is the mean absolute error, std is the standard deviation, and RMSE is the root mean
square error.
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Figure 10. Deformation zones derived via interpolation. The data is classified according to Table 2.
Class A is illustrated with no color for a better representation of the other classes since it is considered as
a stable area. The hillshade representation of the high resolution Pleiades DSM was used as a basemap.

Based on the statistics, the initial assessment of the two datasets can be deemed
satisfactory, as their values are sufficiently close. The standard deviation (std) for both
datasets is approximately 1 mm/yr. Kurtosis and skewness offer insights into the shape and
characteristics of the distribution of the datasets. The skewness of both datasets is nearly
zero, exhibiting slightly negative values that suggest an almost symmetrical distribution.
However, there exists a slightly elongated tail on the left side of the distribution due to
the variations between the minimum and maximum values. Similarly, the kurtosis value
approximates zero, implying a normal distribution for both datasets.

Based on the comparison outcomes, the standard deviation of the mean error and the
root mean square error are slightly high at 1.24 and 1.26 mm/yr, respectively. Since we are
estimating the trend of LOS deformation, these values indicate how closely or distantly the
target has moved from the satellite sensor. In other words, if there is deformation along
the horizontal axis, opposite values are derived for the ascending and descending data.
This is supported via the standard deviation of the mean absolute error (MAE), which
represents the variability of absolute errors around the MAE average value, regardless of
the error direction. The standard deviation of MAE presents a value of 0.74 mm/yr, which
can be considered sufficient. In addition, the Standard Error measures the precision of the
MAE estimation. A value of 0.01 indicates a relatively well-estimated MAE. In summary,
the assessment of the derived velocity fields demonstrates a high consistency between the
ascending and descending datasets.

As the deformation zones were mapped, the second research aspect is followed, that is
the estimation of burn severity with the use of Sentinel-2 images, as shown in Figure 11. The
assumption behind this assessment is that higher burn severity leads to greater degradation
of soil stability. This means that burn severity adds a measurable risk factor by itself.
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Figure 11. Map of burn severity level. The data is classified based on Table 3. Unburned areas are

illustrated with no color for a better representation of the other classes.

As the two main aspects of this research are already established and assuming that
they are considerable factors for planning a future urban expansion or for monitoring and
maintaining the existing urban fabric, the combination between them via the proposed
method seems appropriate to create the final layer of information that presents the classified

ground risk zones, as shown in Figure 12.
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Figure 12. Map of the detected hazard zones via the proposed method.

on the northwest side of the study area, toNeos Voutzas settlement.

An intense zone is detected
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Based on the results of the proposed method, numerous risk zones have been identified.
It is evident that the high and very high hazard level zones have been aligned with the
stream network. It is a fact that in many cases, residential buildings are being constructed
in close proximity to the stream edges. However, based on the research findings, these
areas are deemed unsuitable for residential purposes. The necessity for establishing a
buffer zone, which would restrict construction activities, is becoming increasingly apparent.
Two notable examples are illustrated in Figure 13.

Google Earth

Google Earth

Figure 13. Examples of residential buildings in proximity with the stream edges. The areas of high
and very high risk are depicted in red color. The impacted buildings are indicated by the yellow
circles. The basemap is the 3D Google Earth Pro model.

Notably, the northwest side of the study area is of significant interest as it encompasses
a substantial area characterized by high and very high hazard levels. This region was
densely vegetated prior to the fire but has now been completely stripped of its vegetation,
transforming into a bare landscape post-fire. Given its expanse of 55 hectares and its
proximity to the urban plan limits, this zone is considered unsuitable for urban expansion.
We extracted this zone and illustrated it in Google Earth Pro, as shown in Figure 14.
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Figure 14. Zoom into the sizeable risk zone on the northwest side of the study area, illustrated with
red color. The remaining zones are displayed in grey color. The yellow line presents the urban plan
limits provided by the Hellenic Ministry of the Environment and Energy through e-poleodomia
platform (http://gis.epoleodomia.gov.gr/, accessed on 3 March 2023). The zone is located on the
slopes of the stream. The basemap is the Google Earth Pro 3D model.

4. Discussion

The first aspect of this research was to investigate the potential ground deformation
phenomena in the affected area. The use of a multi-master PSI approach maximized the
number of measuring points and, by extension, they presented an ideal spatial distribution.
The proposed method exploits the deformation trend and burn severity by combining them
simply and effectively. It seems that the combination of the ground conditions, topography,
and the fire impact has contributed to the appearance of high and very high level hazard
zones. The vulnerability of our approach lies in the lack of official data for accurately as-
sessing its precision. However, considering the demonstrable accuracy of the PSI technique
and the evaluation of burn severity as indicated in the existing literature, we are operating
under the assumption that our proposed method produces dependable outcomes.

Concerning the research findings, noticeable risk zones were detected that lack an
appropriate urban plan. Moreover, a sizeable risk zone was detected in the northwest
boundaries of the study area characterized by a steep topography. Furthermore, this
location is identified as unsuitable for urban expansion. Another finding is the intense
proximity of the risk zones with the streams. Due to the area’s topography, there is a dense
network of streams transcending the urban fabric, which is in conjunction with the illegal
and anarchic construction settings of at-risk existing buildings. The identified risk zones in
the study area show a considerable proximity to certain sections of the main avenue passing
through the study area, Marathonos Avenue. It is a major and relatively new infrastructure,
which was completed in 2004, that connects the east sector of the Attica region with Athens.
Due to the high significance of this infrastructure, monitoring and timely maintenance are
crucial for an appropriate function.

In a nutshell, remarkable hazard zones have been detected in the study area. Consider-
ing the short post-fire period (5 years) that has passed until today, we can claim that the area
requires permanent monitoring. This research has mapped the candidate hazard zones that
allow the use of targeted monitoring that offers a positive impact on decision making and
the immediate appropriate interventions. The research findings could be used as a useful
spatial information layer in the new urban plan that is currently under preparation or for
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the zoning of buildings and public utility services. The proposed method is applicable in
anyone affected in the study area after a fire event.

Since the Hellenic cadastre provides the land parcels as open-source spatial informa-
tion, there is the possibility to examine the research outcome on a parcel scale creating a
piece of extra valuable information for future building constructions.

5. Conclusions

PSI is a powerful, efficient, and cost-effective technique for ground deformation
studies. It offers the possibility to study remotely large areas with a short processing
time. The outcome has a high value for risk assessment and urban planning especially in
residential landscapes, since prevention is the key to avoiding unwanted situations. In
our case, significantly high and very high hazard zones were detected that emerged as
a major problem for the built-up space. Furthermore, it is worth underlining the intense
adjacency of very high hazard level zones with the streams. The research findings highlight
the importance of the permanent future monitoring of the study area.

Our future work will focus on the study of the non-linear deformation phenomena
aiming to create a comprehensive picture of the study area. Moreover, we eagerly await the
official data that will enable us to assess the effectiveness of our proposed method.
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