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Abstract: The InSAR technique is known to be a powerful tool for precise monitoring of wide areas
in terms of displacements. It is conceivable to also use this technique to monitor landslide areas, but
geometrical distortions due to ground morphology and land cover could make INSAR processing
ineffective for such applications. Because of the computational burden of INSAR processing, it is
important to have preliminary knowledge about the possible suitability of the technique for the
inspected area before acquiring and processing the data. This paper aims to perform a preliminary
analysis of the InNSAR sensitivity for the specific case of landslide monitoring. A new approach is
proposed considering aspects specific to landslide displacements, which are basically tangent to the
slope direction. Pre-processed coherence maps were used to account for the impact of land cover.
The whole analysis can be carried out without acquiring cumbersome SAR datasets and can be used
as a preliminary step. The Italian Emilia-Romagna region has been considered as the study area, with
landslide areas accounting for more than 12% of its territory. The outcomes show that the inspected
area has favourable morphological conditions, mainly thanks to its mild slopes and the limited
number of landslides facing north, but the land cover has a strong negative impact on the InSAR
sensitivity. Nevertheless, 7.5% of the landslide areas have promising conditions for monitoring using
radar interferometry.

Keywords: landslides; monitoring; INSAR; DEM; GIS; satellite geometric distortion

1. Introduction

Among natural disasters, landslides represent critical phenomena considering both
their global occurrence and their related hazards and risks [1]. Italy is the European country
with the highest rate of landslide occurrence, especially considering mountainous and hilly
areas, covering about two-thirds of the total surveyed phenomena in Europe [2]. In particu-
lar, Emilia-Romagna is one of the most significant regions in Italy in terms of landslide area
diffusion: geological maps indicate a total of about 79,000 landslide features, equal to 23% of
the regional land surface [3]. Regional authorities are therefore involved in the assessment
and evaluation of the landslide phenomena, producing updated maps and inventories
representing their spatial distribution and geometrical characteristics [4]. Moreover, these
inventories aim to catalogue the existing landslide deposits by distinguishing between
the different types of movements and involved material, representing fundamental data
sources for any study concerning landslide-related analysis and risk assessment [1,4,5]. The
currently active landslides in the Emilia-Romagna region are mainly due to reactivation
phenomena in previously existing unstable situations related to strong precipitation or the
melting of significant snowpacks [6]. These events usually induce surface expansions and
the overlapping of several accumulating areas, inevitably leading to huge damage to in-
habited areas, industrial activities, and infrastructure [7]. Moreover, landslide phenomena
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and related hazards can be strongly enhanced by other factors like heavy precipitation,
earthquakes, and human activities [5,8,9]. Indeed, recent events that occurred in May 2023
in the Emilia-Romagna region are an example of how climate change, strong urbanization,
and deforestation can intensify the issues related to landslide phenomena.

In this context, mapping and monitoring landslide areas are essential supporting
activities in assessing their physical mechanisms (i.e., the velocity of movement, the evolu-
tion over time), allowing for proper land use planning and defense to prevent or mitigate
possible risks [1]. The integration of historical, geomorphological, hydraulic, and climatic
data is necessary for dealing with complex studies related to landslide phenomena. All the
mentioned information can be efficiently handled by means of Geographic Information
Systems (GISs), ensuring the proper management of different reference systems [10].

The difficult accessibility of landslide areas, and the potential correlated risk, com-
monly makes their characterization challenging [4]. Several possibilities exist in terms of
the measuring techniques usable for these applications which ensure high levels of accu-
racy. These include the use of in situ Global Navigation Satellite System (GNSS) receivers,
aerial and terrestrial photogrammetry through the Structure from Motion (S{M) approach,
Terrestrial LIDAR (Light Detection and Ranging), the employment of classic topographic
instruments (i.e., Total Stations), and remote sensing techniques. All the mentioned tech-
nological solutions can be employed both to map the spatial distribution of landslide
areas (i.e., inventory maps) and to identify their movements (i.e., monitoring applications).
Nevertheless, the areas of interest are usually hardly accessible, making the use of some
geomatic techniques potentially ineffective, too expensive, or even unfeasible [8,11]. This
fact is particularly true for those techniques which imply surveyors’ access to the area to
be monitored, such as Total Stations, Terrestrial LIDAR, and the use of GNSS receivers.
Moreover, the measurement frequency and the number of monitored points are restricted
in the case of using classic topographic techniques or GNSS acquisitions, thus limiting the
extension of the area and the capability to describe displacements over a non-rigid sliding
body. Furthermore, in the case of ground measurements, the field of view of the instrument,
as well as the possible lack of supporting networks, could represent a limiting factor for
survey realization.

Remote sensing techniques inherently solve these problems related to accessing areas
and the inter-visibility between instruments, while the availability of several satellite
sensors offering a revisiting time of one/two weeks allows for frequent and effective
monitoring. Among the possible remote sensing techniques, in recent years, Radar Satellite
Interferometry (INSAR) has gained interest in the scientific community, and several research
works have proved the effectiveness of its application to landslide movement monitoring
worldwide [8,9,11-16].

Unlike optical remote sensing, SAR satellites are able to collect data regardless of the
presence of external electromagnetic energy sources and under any weather conditions,
ensuring continuous acquisitions with global coverage. SAR satellites generate two types of
2D images: one type that includes the amplitude of the reflected radar signal and one type
that reports the phase of the signal. To obtain displacement information, SAR acquisitions
are processed by applying the principles of differential interferometry, i.e., DInSAR.

Based on the wavelength of the radar signals, the INSAR technique is in principle
capable of observing sub-centimeter displacements [17]. Amplitude and phase images
together are used to spot so-called persistent scatterers (PSs): image pixels which are stable
in amplitude and coherent in phase and therefore have a high probability of referring to
the same object on the ground [18]. SAR satellites follow polar orbits, thus moving south
to north in so-called “ascending” acquisitions and north to south in “descending” ones
(see Figure 1a). SAR sensors are based on side-looking geometry: the Line of Sight (LOS)
is usually oriented to the right side with respect to the traveling direction of the satellite
(azimuth direction), with a certain incidence angle to the ground (see Figure 1b). The
viewing geometry is thus defined by two main parameters: the heading and incidence
angles [19].
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Figure 1. SAR acquisition geometry: (a) heading angle for descending (left) and ascending (right)
passes; (b) incidence angle.

Side-looking SAR sensors induce distortions and blinding effects like those shown
in Figure 2, in particular foreshortening, layover, and shadow. Foreshortening areas are
the ones exposed to the LOS direction. In this case, a small difference in range involves
a surface much wider than that in flat terrain, thus causing a reduction in the ground
resolution of the SAR images. On the opposite side, hillsides facing the direction opposite
to the satellite are represented at an increased resolution. Layover and shadow effects
happen when the topography is characterized by strong height variations. In the first case,
points at high elevation reflect signals at the same time as some points geographically closer
to the sensors, thus making it impossible to detect their correct ground position. Finally,
points laying on steep slopes not facing the satellites cannot be hit by the radar signals and
then remain in shadow, so the SAR sensor is blind to these areas [20].

Figure 2. Schematic representation of the three geometrical distortions affecting SAR acquisitions.

Furthermore, displacements in the LOS directions can be split between the vertical and
plane directions using PSs detected in both the ascending and descending geometries [21].

Considering the almost polar directions of the satellite orbits, the displacements along
the plane component are almost fully hidden in the north-south direction. Thus, landslide
slopes facing north or facing south cannot be monitored since sliding displacements will
not induce variations in the SAR phase. On the other hand, slopes facing the sensors whose
sliding surfaces are orthogonal to the LOS also cannot be efficiently monitored for the
same reason.

Reasonably, SAR acquisitions over hilly and mountainous areas are vulnerable to
strong geometrical distortions due to their steep and rough topography, which cannot be
avoided [9,12]. Besides this, the performance of the INSAR measurements depends on
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other factors like the presence of vegetation cover, which is particularly relevant when
dealing with mountainous environments [5,9,12]. For these reasons, several studies have
recently explored the potential of landslide monitoring using the InSAR technique, mainly
considering a priori evaluation of geometric distortions” occurrence based on the local
topography [22-24]. Other works, such as [25], have investigated the correlation be-
tween InSAR coherence and vegetation coverage, highlighting the impact of vegetation
on landslide detection. In [26], a methodology for assessing the applicability of InNSAR to
landslide deformation a priori at a global scale was presented based on the sensitivity index
proposed in [27].

The aim of this paper is to analyze the possibility of using the SAR remote sensing
technique to monitor landslides over the Emilia-Romagna territory, knowing that such a
technique only provides insights into geometrical displacements, which should be inte-
grated with other sources of information and geological considerations. This study helps
us figure out in which areas InNSAR can be considered more or less sensitive by evaluating
factors such as the ground topography and the land cover. The ground topography, avail-
able from Digital Elevation Models (DEMs), impacts the distortion and blinding effects
related to the satellite geometries. In particular, critical effects like shadow, layover, and
foreshortening are considered, besides the orientation of the landslide slopes with respect to
the satellite’s azimuth. This problem has already been addressed in other papers [4,28-34].
Furthermore, the ground coverage and the presence of structures or infrastructure impact
the probability of finding a sufficient number of PSs over the inspected area, which enable
the use of the InNSAR technique.

This issue has already been addressed by Colombo et al., 2006 [35]. Over the years,
however, several INSAR processing services have been made available to users. In partic-
ular, the Centre for Observation and Modelling of Earthquakes, Volcanoes and Tectonics
(COMET) has created LiCSAR [36], a portal through which users can download InSAR
products. These include coherence maps from which reliable information on the presence
or absence of PSs can be extracted [37]. The pixel coherence in time and space, given by the
web service (https://comet.nerc.ac.uk/comet-lics-portal/, accessed on 1 May 2024), was
thus used to predict the availability of PSs over the study area, which varied based on the
land cover.

In our analysis, we considered the satellite geometry of the Sentinel-1 SAR mission
since it provides open data, and free open-source software are available for their processing.
Sentinel-1 includes twin satellites, Sentinel-1A and Sentinel-1B, which have been fully
operational since 2016 [38]. The mission is part of the Copernicus project, the Earth
Observation component of the European Union’s space programme, that aims at developing
information services based on satellite Earth Observation data.

In the following, a detailed description of the data sources used for the analysis is
provided, and then three independent parameters considering both topography and land
cover are proposed and combined to form an overall SAR Landslide Sensitivity Index
(SLSI). Results on the computation of these parameters for the Emilia-Romagna territory
will be discussed and compared to what can be obtained by using the globally available
service from Van Natijne et al. [26].

2. Materials and Methods

In the first part of this section, details on the dataset and a priori information used in
the analysis are provided. Then, in the second part, the parameters used to estimate the
SAR sensitivity for landslide monitoring are defined.

The dataset we used to analyze the specific case of the Emilia-Romagna region is made
of a DEM and a landslide inventory. We used the Digital Terrain Model provided by the
regional website of Emilia-Romagna [39], which results from LiDAR surveys performed in
the year 2009 and has a spatial resolution of 5 X 5 m.

The landslide inventory is a vector layer produced starting from geological survey
campaigns supplemented by aerial images. This database is constantly updated through
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local studies, technical reports, inspections, survey data, and aerial and satellite image
analysis coupled with historical cartographic sources [40]. Each landslide feature (i.e., its
corresponding polygon) is classified according to the area, linear extension, the synthetic
description of its movement, and the state of its activity (e.g., active or reactivated, quiescent,
stabilized, and undetermined). A total of 117,882 landslide features have been identified in
the Emilia-Romagna region. For this study, we only considered those classified as “active”
or “quiescent” (Figure 3), covering a surface of about 2750 km?, which means 12% of the
regional area.

Landslides inventory
B active

] quiescent

45°N

10°E 11°E 12°E

Figure 3. Landslide inventory map in the study area: active and quiescent landslides are evidenced.

Finally, we considered the SAR geometry for the Sentinel-1 Wide Swaths (IW) acquisi-
tions using the two local values for the heading angle, namely —14° for the ascending orbit
and —166° for the descending orbit. The incidence angle has been considered in its local
value, which changes depending on the DEM pixel distance from the ground projection of
the satellite orbits.

Three independent parameters have been defined starting from these data sources.
Coherence maps from the LiCSAR database were used to define P1, while the SAR geom-
etry and the DEM were used to compute parameters P2 and P3 (see Figure 4), hereafter
described in detail. These parameters were computed pixel by pixel according to the
DEM’s 5 m x 5 m spatial resolution. The geospatial elaborations were performed us-
ing the open-source software package QGIS 3.34.8 [41] and by exploiting ad hoc Python
(3.8 version) scripts based on GIS modules.

Coherence Map > P1 —
b Aspect Heading Angle [—» P2 —
g —» SLSI
DEM
B Slope Incidence Angle —» P3 —
4
I
Active/Quiescent SAR
Landslides Inventory Geometry

Figure 4. SLSI estimation workflow: from the input open-source datasets to the computed parameters.
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2.1. PI—SAR Land Cover Sensitivity

The P1 parameter aims to define a coefficient describing the expected probability of
a certain area having SAR persistent scatterers describing the local displacements. Even
though it is known how the specific INSAR processing techniques [42-45] and parametriza-
tion can strongly impact the number of PSs found in the same area, we assumed the
coherence maps to be a reliable source for investigating the probability of effective SAR pro-
cessing in a specific area. In particular, we have chosen to set the P1 value to zero for pixels
where the coherence value is below 0.05, while P1 is set to one for values exceeding 0.1.
Then, the P1 values vary linearly between the two thresholds. These were set considering
that 0.05 is a lower bound for reliable unwrapping [46], whereas a coherence higher than
0.11is said to imply limited errors in that same crucial processing phase [37]. The ground
sampling of the LiCSAR products is 100 x 100 m, much coarser than the 5 X 5 m resolution
of the DEM. Each DEM pixel belonging to the same 100 x 100 m tile has been assigned the
same P1 value.

2.2. P2—A Dip Orientation Parameter

The P2 parameter accounts for the landslide orientation with respect to the SAR
satellite’s heading direction. In particular, the average dip direction for each landslide
feature was derived using the Aspect Qgis tool, which computes it for each pixel of a DEM
raster. Then, the dip direction was compared to the satellite heading, both for the ascending
and descending geometries (Figure 5), by computing the o angle:

Xasc/desc; = headingasc /desc deepi’ (1)

A
N Heading N

angle

Figure 5. Basic scheme of the « angle (green) linking satellite and landslide geometries.

The P2 coefficient value should be maximum when the landslide surface faces the
SAR sensor and null if the dip direction is 90° to the satellite heading. Knowing that the
latter condition is critical for angles very close to 90°, but it will improve more than linearly
when a moves to zero, we defined the weight for P2 as follows:

, (2)

P2asc/ desq; = | sin( Kasc/ desc)

Finally, for each pixel i, the P2 coefficient is obtained by averaging the P2, and
P2gesc, values. Figure 6 shows the variation in P2 values depending on the azimuth of the
landslide dip direction.
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90°

180°

Figure 6. P2 values as a function of the landslide orientation. Zero degrees aligned with the
north direction.

2.3. P3—A Slope Immersion Parameter

The P3 parameter considers the relation between the immersion of each landslide and
the local SAR incidence angle. The Slope Qgis function was used to retrieve, again from
the DEM layer, the immersion angle (slope) for each pixel, which ranges from 0° (flat) to a
maximum of 90° [41].

We then defined the angle 3 from the LOS direction against the orthogonal to the
immersion direction of each landslide (see Figure 7). The P3 weight was then assigned
depending on the {3 angle and considering that (i) for sliding directions orthogonal to the
LOS, displacements cannot be detected in terms of phase variations since the range does
not change; (ii) areas in “shadow” conditions, namely 3 > 90°, are hidden from the SAR
sensor; and (iii) slopes in the “enhancing” condition are easier to monitor than those in
“foreshortening” (see Figure 2). Therefore, we defined the P3 values as follows:

—(90O — il’lC) <B<0 — P3asc/desc = ﬁ

0< B < B — P3asc/desc =\ ﬁﬁc ®)
f’c < B <90° — P?’asc/desc = H
B> 90° — P3 asc/desc — 0

where 3. is a critical value for 3 that we now set to 80°. 3. has been introduced so that
terrains very close to the shadow condition cautiously are not considered optimal because
of the possible shadowing due to terrain roughness, isolated rocks, or trees in the area
above. Figure 8 shows how the P3,./4esc Value changes depending on the 3 angle.

The same calculus was carried out for each landslide, both for the ascending and
descending geometries, and the final P3 values were computed by averaging P3,s;, and
P3ges;- The choice to average values from the ascending and descending geometries
accounts for the fact that having both data on the same surface allows for better monitoring
and also allows splitting displacements into vertical and horizontal directions, but sliding
movements can be monitored just using a single LOS acquisition anyway.
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for

Incidence
angle

Figure 7. Basic scheme of the 3 angle (yellow) linking SAR incidence angle and landslide slope.

105°_90° 750
120°

60°

1509 30°
1659 15°

-]

180°

0 020.4060.81.0

Figure 8. P3 values as a function of the angle between the horizon and the normal to the surface (zero
means a vertical slope facing the sensor). The green dashed line represents the LOS direction.

2.4. Parameter Integration and Final Index (SLSI)

Finally, the three parameters (P1, P2, and P3) have been integrated into a single index
named the SAR Landslide Sensitivity Index (SLSI), with positive values ranging between
O0and 1:

SLSI = P1-P2-P3, 4)

The choice to have multiplying factors is driven by the need to have a null final
value in cases in which any of the parameters are zero, equating to the impossibility of
monitoring the related landslide through SAR measurements. SLSI was computed for
each 5m x 5m pixel. Then, to define the level of monitorability of each landslide, the
SLSI values were averaged over the best 5% of pixels belonging to each of them. This let
us consider a sufficient number of PSs without discarding the possibility of monitoring a
landslide because of a suboptimal average SLSI value. In the case of small landslides, the
5 pixels with the highest SLSIs were considered instead to guarantee the minimum number
of representative measuring points.

3. Results

In this section, the outcomes from the analysis performed in the Emilia-Romagna
region following the above-described approach are presented. First, the terrain geometry
over the landslide areas shows a mild topography, with most of the slope angles within 45°,
which means shadowing effects in the SAR acquisitions are avoided, while less than 5% of
the landslide slopes exceed this value, as shown in Figure 9a. The dip direction angles are
more varied, as shown in Figure 9b, with a higher percentage aligned with the east-west
direction and more landslides facing south compared to those oriented towards the north.
This geometrical set is rather convenient considering the characteristic heading angles of
the SAR satellites.
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Figure 9. Classification of landslides according to slope (a) and orientation (b) angles.

Figure 10 gives an overview of the spatial distribution of the landslide orientations,
which are almost homogeneously distributed over the hilly areas of the region.

Orientation map
B oc-45°
B 450 - 90°
| I 90° - 135°
135° - 180°
180° — 225°
I 2250 - 270°
B 2700 -315°
Bl 315° - 360°

45°N

44°N

10°E 11°E 12°E

Figure 10. Map of landslides classified by dip direction angles.

As for the analysis of the probability of having PSs in the inspected area, the results in terms
of P1 are presented in Figure 11. There, four classes are used to classify the Emilia-Romagna
landslides pixel by pixel. Most of them belong to the Appennino Tosco-Emiliano hilly area,
where there is a prevalence of vegetation and a poor presence of urban infrastructure.

The top left of Figure 12 reports a histogram of the P1 values over the whole set of
pixels belonging to the landslide areas. The median of their distribution is zero, meaning
that more than half have a P1 equal to zero, while almost 80% have a P1 below 0.1. Only
10% of pixels have P1 values above 0.5, with 4% of them between 0.9 and 1.

The results in terms of parameter P2 are shown in Figure 13, and the related histogram
is top-right in Figure 12 As expected, the orientation of the slopes in the inspected area is
favorable for SAR monitoring in most of the cases: half of the landslide pixels have a P2
value higher than 0.69, and in almost 24% of cases, P2 remains above 0.9.
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The P3 parameter (Figure 14) mainly takes values between 0.6 and 0.8, and in less than
1% of the cases, it is below 0.3 (see bottom left of Figure 12). Half of the P3 values are above
69%, thus showing an overall promising condition from the point of view of slopes.

45°N

44°N

10°E 11°E 12°E

Figure 11. Spatial distribution of P1 values over the study area.
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i ¥
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Figure 12. Histograms of the values for the parameters P1, P2, P3, and SLSI computed pixel by pixel.
The top-right boxes in each graph report descriptive parameters such as minimum, maximum, mean,
median, and 90th percentile of the distribution of the values.
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I 0.00-025
[ 025-050
[ 1050-075
B 075-1.00

45°N

44°N

10°E 11°E 12°E

Figure 13. Spatial distribution of P2 values over the study area.

B 0.00-025
[T 0.25-0.50
[ ]050-075
S 0.75-1.00

45°N

44°N

10°E 11°E 12°E

Figure 14. Spatial distribution of P3 values over the study area.

Finally, the pixel-by-pixel results of computing SLSI for the inspected region are
depicted in the bottom-right histogram in Figure 12. Most of the pixels have SLSIs equal
to zero, and only 10% of them are rated above 0.17. These results are mainly affected by
the P1 parameter, somehow related to the land cover. In particular, the pixels with higher
values in terms of P1 unfortunately belong to unfavorable geometries for which P2 or P3 is
very low.

Then, the results in terms of the estimated monitorability of each landslide body are
reported in Figure 15 and Table 1. There, values are referred to as the average SLSI over
the 5% of pixels, or at least 5 pixels in cases of landslides covering fewer than 100 pixels,
with the highest values. Almost 75% of the Emilia-Romagna landslides have a SLSI5 value
lower than 0.25, while only 680 of them can be considered under optimal conditions for
SAR monitoring. Overall, 18% of the landslides have SLSI5 values between 0.25 and 0.5
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and could possibly be monitored, whereas another 6% have a good probability of having
enough effective PSs across them.

SLSI_5

I 0.00-0.25
[ ]025-050
[ ]050-075
[ 075-1.00

10°E 11°E 12°E

Figure 15. Spatial distribution of SLSI values, computed considering the best 5% of the pixels for
each landslide, or the best 5 pixels in cases of small landslides.

Table 1. Numerical results in terms of SLSI5: the average SLSI value is computed for each landslide
considering the 5% highest pixel values, or at least the highest 5 values for those including fewer than
100 pixels. Results are organized into four classes considering the number of landslides (column 2)
and the percentage of landslide area (column 3).

SLSI; Intervals LSN Area%
0.00-0.25 67,741 74.5
0.25-0.50 9660 18.0
0.50-0.75 2751 6.5
0.75-1.00 680 1.0

4. Discussion

The InSAR technique is a powerful instrument allowing us to observe surface changes
over large areas without heavy or risky field operations, although it is known that it suffers
from some inherent geometric constraints which make data processing and interpretation
challenging. This paper aims at a preliminary evaluation of the feasibility of landslide
monitoring using SAR data over the Emilia-Romagna region. A specific approach to
performing such an evaluation was introduced in the paper. Even though this approach
can be applied to any SAR constellation, it was applied to the Sentinel-1 mission, which
provides open data and can be used by many researchers or public administrations. The
computation of SLSI for the considered area shows that most of the landslides are hardly
monitorable by InNSAR, but such a result mainly depends on the impact of the P1 parameter,
the one related to land cover and the expected number of PSs. It is worth a reminder
that such a parameter has been defined starting from coherence maps available online to
all users, avoiding the need to acquire SAR raw observations and process them. As was
defined in Section 2.1, P1 can be considered rather optimistic; therefore, landslides with low
P1 values will actually be hard to monitor with good reliability. As for the application of the
method to the Emilia-Romagna region, we also restricted the analysis to active landslides
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only (see Figure 3), those with the greatest need to be monitored, but statistically, almost
the same results were found in terms of SLSI5.

We also wondered what the scenario would be considering the geometrical aspects
only; thus, the P2 and P3 parameters were multiplied so as to compute the results listed
in columns 2 and 3 of Table 2. More than 95% of these values are between 0.25 and 0.75,
showing that most of the landslides in the region are virtually monitorable by SAR from
the geometrical point of view, while in only 4% of the cases is the terrain morphology a
limiting factor.

Table 2. Numerical values of the estimated geometrical parameters P2 * P3 (columns 2 and 3) and the
sensitivity index (s) estimated following [26] (columns 4-5) over the study area. Values are expressed
in terms of landslide number (Ls n) and percentage of the total area (area %) and grouped into four
classes 0.25 wide.

P2 *P3 S
Parameter Value
Ls N Area% Ls N Area%
0.00-0.25 9442 3.7 4394 3.1
0.25-0.50 43,777 66.7 26,431 38.7
0.50-0.75 24,996 28.9 46,287 56.9
0.75-1.00 2587 0.6 3696 1.1

We then compared these results to those retrieved by using the service available
worldwide (https://data.4tu.nl/articles/dataset/ World-wide_InSAR_sensitivity_index_
data_set_for_landslide_deformation_tracking/14095777/1, accessed on 1 May 2024) de-
scribed in [26]. We computed the sensitivity index (s) on the web service for the whole
Emilia-Romagna region and cropped the results by using the same landslide inventory
considered in our work. Table 2 reports the obtained results in terms of “s” in columns 4
and 5, confirming that most of the landslides have a sensitivity index between 0.25 and
0.75. Differences in the two analyses are probably due to (i) the different definitions of the
sensitivity index, mainly in terms of the relation between the immersion angle and the
incidence angle (our P3), and (ii) the different resolutions of the DEMs used to compute the
local geometrical parameters.

This study provides insights into which areas are more well suited to being monitored
by integrating InSAR displacement information into other geological analyses. Further
studies could be undertaken hypothesizing about InNSAR processing to evaluate a posteriori
the relation between the number of PSs and the land cover and the actual reliability of using
coherence information to predict the presence of PSs, while also considering that different
types of processing have different responses. Moreover, the possibility of placing ad hoc
corner reflectors in the inspected areas and the evaluation of their impact in improving the
SAR sensitivity should be considered.

5. Conclusions

This paper addresses the problem of defining an a priori estimation of the effectiveness
of InSAR processing in landslide monitoring. The case study of the Emilia-Romagna
region is considered, exploiting an ad hoc high-resolution DEM to compute the geometric
distortions. Many other papers [4,5,9,20,29,47,48] have already addressed the impact of the
ground morphology on InSAR processing, but this was mainly approached by considering
satellite geometric distortions (SGDs) like foreshortening, layover, and shadow or the
apparent slope [26]. These aspects impact the possibility of defining stable and reliable PSs
in the inspected scene, but they do not consider the SAR's sensitivity to the displacements
characterizing landslides, namely tangent to the slope plane. Differently, the parameter
P3 proposed here also focuses on the sensitivity in terms of SAR phase variations with
displacements happening along the sliding surface. In some cases, the land cover usage
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was also considered [30,35], but here, the actual ground response to radar signals has
been integrated into the analysis, starting from already available coherence maps. The
strength of this paper is its proposal of the combination of all the aspects discussed into a
common analysis, specific to landslide monitoring applications. Overall, this work provides
a method for performing an inexpensive pre-processing analysis specific to the area to be
inspected based on open data to provide insights into the feasibility of INSAR monitoring
before taking on the effort of interferometric processing. In the specific case of the Emilia-
Romagna landslides, mainly due to land cover, only 7.5% of the landslides are expected
to be effectively monitorable through InSAR. This work helps identify those areas where
successful monitoring can be expected.
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