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Abstract: The increasing availability of satellite Synthetic Aperture Radar (SAR) images is opening
new opportunities for operational support to predictive maintenance and emergency actions. With
the purpose of investigating the performances of SAR images characterized by different geometric
resolutions for post-earthquake damage detection and mapping, we analyzed three SAR image
datasets (Sentinel-1, COSMO-SkyMed Spotlight, and COSMO-SkyMed StripMap) available in Norcia
(Central Italy) that were severely affected by a strong seismic sequence in 2016. By applying the
amplitude and the coherent change detection processing tools, we compared pairs of images with
equivalent features collected before and after the main shock on 30 October 2016 (at 06:40, UTC).
Results were compared against each other and then measured against the findings of post-earthquake
field surveys for damage assessment, performed by the Italian National Fire and Rescue Service
(Corpo Nazionale dei Vigili del Fuoco—CNVVF). Thanks to the interesting and very rare opportunity
to have pre-event COSMO-SkyMed Spotlight images, we determined that 1 x 1-m nominal geometric
resolutions can provide very detailed single-building damage mapping, while COSMO-SkyMed
StripMap HIMAGE images at 3 X 3-m resolutions return relatively good detections of damaged
buildings; and, the Sentinel-1 images did not allow acquiring information on single buildings—
they simply provided approximate identifications of the most severely damaged sectors. The main
outcomes of the performance investigation we carried out in this work can be exploited considering
the exponentially growing satellite market in terms of revisit time and image resolution.

Keywords: Synthetic Aperture Radar; earthquake; change detection; natural hazard; emergency
assessment; IRIS software; disaster monitoring

1. Introduction

In the last two decades, many studies have been carried out worldwide aiming to
identify and to map land cover variations or post-event damaged areas through change de-
tection approaches, using remotely sensed data acquired by different sensors and platforms
(e.g., Satellite, UAV) applied to floods [1], volcanoes [2], earthquakes [3-8], wildfires [9],
urban development [10,11] and landslides [12].

The first step in any emergency response is to assess the extent and the impact of the
damage caused by the disaster. First responders need to recognize and to collect useful
information to mount their rescue operation effectively and quickly. There is indeed a
strong link between timely rescue operations and the percentage of survived victims from
natural disasters. Therefore, it is extremely important to ensure effective deployment
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of rescue teams as soon as possible by means of the optimization of resources, accurate
information on how to access and to settle in the affected areas, and the definition of
operational priorities. To further optimize the activity on the field, the potential of SAR
satellite analysis was approached, thinking backwards about the seismic event of 30 October
in Norcia (occurred at 06:40, UTC), where a damage map derived by CNVVF field surveys
and satellite products for comparative analysis were available.

Among the different kinds of Earth Observation systems, satellite SAR data are con-
sidered one of the most powerful systems for natural hazard detection and assessment due
to their advantage of being independent from atmospheric and sunlight conditions and
the capability of satellites to regularly acquire data over the same area [13]. Today, several
satellite SAR missions are available, characterized by different technical features in terms of
wavelengths, and temporal and geometric resolutions [14]. COSMO-SkyMed (Italian Space
Agency) is one of the most powerful datasets available thanks to its 5-satellite constellation
equipped with X-band SAR sensors [15] that can provide images with geometric resolutions
up to 0.35 m (Spotlight mode), with a potential sampling frequency of a few hours. On
the other hand, SAR missions such as C-band Sentinel 1 (made up of two satellites since
2015) are collecting images worldwide with a 6-day sampling frequency and a 5 x 20-m
geometric resolution.

In the last few years, a growing number of missions that are expected to provide
high-resolution (1 m or less) images with high sampling frequencies (days/hours) are
under development or in planning (i.e., [16,17]) and, in the light of this scenario, it is
important to understand the performance of satellite SAR images characterized by different
geometric resolutions to better support emergency phases after natural disasters. With this
aim, we focused on the 2016 central Italy seismic sequence that caused severe damage in
several municipalities in the region [18,19]. This sequence of moderate to large earthquakes
produced three main shocks: 24 August 2016 (Mw 6.0), 26 October 2016 (Mw 5.9), and
30 October 2016 (Mw 6.5). The epicenter of the latter was located close to the small
towns of Norcia and Castelluccio. In these two towns that were severely affected by the
30 October 2016 earthquake, we had the opportunity to exploit the availability of three pre-
event and post-event datasets of SAR images with different geometric features: Sentinel-1
Interferometric Wide Swath (20 m x 5 m meter nominal geometric resolution); COSMO-
SkyMed StripMap (background mission in Italy with 3-m nominal geometric resolution),
and COSMO-SkyMed Spotlight (1-m nominal geometric resolution) acquisition modes.
Spotlight is not planned to be the background acquisition mode of COSMO-SkyMed but it
is, at present, among the radar satellite missions one of the best images resolutions, and
in this area we have the very rare opportunity to have pre-event acquisitions and to test
the performance of such a radar image, especially considering the future satellite mission
planned. Different change detection approaches implemented in SARPROZ [20] and IRIS
software by NHAZCA S.rl. were applied to compare two or more pre- and post-event
images with similar technical features to identify and to map amplitudes or phase changes
due to the consequences of the 30 October main shock. Then, we benchmarked the results
against the findings of field surveys carried out by experts of the CNVVE.

2. Materials and Methods

In this study, three datasets of satellite SAR data acquired from different constellations
have been used and compared to conduct a “multiresolution and multifrequency” perfor-
mance comparison, considering the pros and the cons of the satellite mission calibrated on
a rapid response to emergencies. This approach is summarized in the flowchart reported
in Figure 1; and, it is aimed at giving an effective contribution to the planners of future
satellite missions and to assess the potential of satellite SAR data as an important tool to
support the decision-making processes of first responders and to address rescue units in
case of earthquakes or any other natural disaster.
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Figure 1. Workflow of the approach carried out to evaluate the performance of Multi-resolution
Satellite SAR Images for Post-Earthquake Damage Detection and Mapping.

2.1. Spaceborne SAR Data

High-resolution COSMO-SkyMed and medium-resolution Sentinel-1 data were used
in this study (Table 1). COSMO-SkyMed is a four-satellite constellation carrying onboard
X-band SAR sensors (9.60-GHz frequency and approximately 3.1-cm wavelength); it was
launched in 2007 and designed for both civil and military purposes [15]. A COSMO-
SkyMed second-generation constellation is planned to operate in addition to the original
constellation to guarantee operational continuity and to improve the revisit time of the
system, whose first satellite was launched in 2019 and began operation in 2021. The sensors
scan with different modes, allowing investigations of areas with different resolutions and
sizes. In this work, we used a rare stack of 3 Spotlight 1 x 1-m-resolution images (2 pre-
earthquake and 1 post-earthquake) covering Norcia village and 8 ascending and descending
StripMap 3 x 3-m-resolution images (4 pre- and 4 post-event) covering the Norcia and
Castelluccio villages (Figure 1).
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Table 1. Description of the analyzed dataset (dates are in dd/mm/yyyy hh:mm UTC). The SAR
images for each dataset have been acquired with the same acquisition condition and geometry.

Acquisition
Mode

Geom.
Resol.

Standard
Polarization Ascending Revisit
Time

Ground . Look Incidence
Resol. Swath Width Angle Angle

Spotlight
CsK

StripMa
HII\I/EAGE
CSK

w
Sentinel-1

StripMap
HIMAGE
CSK

w
Sentinel-1

Imx1m

3mx3m

20m X 5m

3mx3m

20m x 5m

31 August 2016 (04:58 UTC)
05m x 0.7m 10km x 10 km 52.39° \'A% 30 October 2016 (04:58 UTC) na.
31 October 2016 (04:58 UTC)
5 Octoli)er 2016 (04:41 UTC))
o 21 October 2016 (04:41 UTC
21m x 23m 40 km x 40 km 29.35 HH 6 November 2016 (04:41 UTC) 16 days
Right 22 November 2016 (04:41 UTC)
20 October 2016 (17:04 UTC)—S1B
° 26 October 2016 (17:04 UTC)—S1A
34mx 14m 250 km 4381 v 1 November 2016 (17:04 UTC)—S1B 6 days
7 November 2016 (17:04 UTC)—S1A
Descending
11 October 2016 (17:08 UTC)
HH 27 October 2016 (17:08 UTC)
3 November 2016 (17:08 UTC)
19 November 2016 (17:08 UTC)
19 October 2016 (05:19 UTC)—S1B
o 25 October 2016 (05:19 UTC)—S1A
42m x 14m 250 km 33.82 v 31 October 2016 (05:19 UTC)—S1B
6 November 2016 (05:19 UTC)—S1A

21m x 22m 40 km x 40 km 26.58° 16 days

6 days

Sentinel-1 (European Space Agency) is a two-satellite constellation carrying onboard C-
band SAR sensors (5.40-GHz frequency and approximately 5.55-cm wavelength), launched
in 2014, and it is able to acquire SAR images with extremely variable resolutions and
coverage swaths up to 400 km [21]. Specifically, the standard acquisition mode of Sentinel-1
is the Interferometric Wide Swath (IW), which is characterized by 250-km-wide images.
One of the main advantages of Sentinel-1 is its short revisit time, at 6 days (or 12 days for
specific regions of the planet) over the same area, considering both satellites, S1A and S1B.
In this study, we used a stack of 4 ascending and 4 descending 20 m x 5 m (4 pre- and
4 post-event) IW images (Figure 2).
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Figure 2. Footprints of the selected SAR datasets over Norcia and Castelluccio towns.
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2.2. Field Survey Damage Mapping

The CNVVF approaches seismic emergencies with a systematic assessment method
aimed at accurately dimensioning the operational response through subsequent approxima-
tions.

When a seismic event happens, the first step is an analysis of the first data available
related to the seismic event, such as shake maps, a localized call for help to the operations
rooms of the National Fire and Rescue Service with territorial competence, information
about traffic, information from social media, etc. In this way, areas “with greater criticality”
can be defined, and they can be useful for the first sizing of the operational emergency
response system. On these areas, a second assessment step is carried out by helicopter
overflights, outlining smaller areas with evidence of critical issues. A third in-depth study
is carried out in such smaller areas, CNVVF expert technicians make a site inspection in the
field in order to detect structural criticalities through an activity structural analysis called
“QuickTriage”.

To cross-check the satellite damage map, we use the findings of the conducted Quick-
Triage in Norcia village by CNVVF (i.e., a building damage mapping based on field surveys).
Specifically, QuickTriage results are derived from the rapid on-field detection of severe
and imminent danger for the safety of people and buildings, and their aim is to estimate
the countermeasures to be adopted in the days immediately after the event. This activity
was performed using a building-to-building survey based on a dedicated form that was
manually filled out by expert technicians. Starting from these results, only the buildings
indicated to be affected by partial or total collapse were selected.

Furthermore, the CEDIT catalog [22], the most complete database of earthquake-
induced ground effects in Italy, was also examined. Particular attention was given to the
EQtLs (EarthQuake triggered Landslides) that impacted transportation routes during the
20162017 central Italy seismic sequence.

2.3. IRIS Software

The IRIS software developed by the company NHAZCA Ltd. (Rome, Italy) can
be used to implement advanced image-processing algorithms to monitor ground and
structural displacements and changes; IRIS was conceived to work with terrestrial, aerial,
and satellite imagery of any data type (radar, optical, thermal, or near-infrared). This
software allows users to reach subpixel accuracy in displacement monitoring with several
digital image correlation (based on the most common DIC algorithms, such as [23,24]
and change detection algorithms (based on the SSI Index [25]), allowing a multitemporal
approach with the generation of displacement time series. From image preparation, pre-
processing, and manual/automatic processing to post-processing, IRIS implements several
analysis modules. IRIS can be used individually or combined with other monitoring
systems without the installation of contact sensors/reflectors, and it allows real-time
analyses, with results ready within minutes after image acquisition.

2.4. Amplitude and Coherent Change Detection

SAR images consist of complex data containing the amplitude and phase information
of backscattered signals. Both these information types can be used as indicators for change
detections.

Two change detection approaches can be performed using SAR data [26]: the ampli-
tude change detection (ACD), which identifies changes in backscatter intensity between
two or more scenes; and the coherent change detection (CCD), which investigates interfero-
metric coherence between two or more scenes [27].

To simulate an emergency scenario and to investigate the performance of our datasets,
we selected the images pairs nearest to the event (StripMap and Sentinel-1) and, in the case
of Spotlight, it was the only available since they are very rare. In the CCD method we also
selected image pairs considering the best compromise with the lower temporal baseline
and InSAR coherence.
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Pre-processing of the COSMO-SkyMed and Sentinel-1 SAR images, including coregis-
tration and interferogram computation to generate interferometric coherence, was carried
out by using SARPROZ software before applying ACD/CCD.

Both IRIS and SARPROZ software were used for the ACD/CCD analyses, with the
aim to generate an RGB image through the combination of different channels together, by
using two or more SAR images and assigning to the R, G, and B channels the amplitude or
the InNSAR coherence of the SAR images (Equations (1) and (2)).

In ACD methods, amplitude values are used without interferometric phase informa-
tion by calculating the amount to which the backscatter intensity changed due to natural
disasters, using the difference between or the ratio of SAR images acquired before and
after the event [12]. This technique is sensitive only to changes that affect backscatter and
does not consider complex SAR information (intensity or phase). However, such events
must be of adequate size to be recognizable in SAR imagery, and the changes in backscatter
intensity must be higher than the noise or the speckle effect. We combined the amplitudes
of three different images to generate RGB images (i.e., two images taken before and one
after the earthquake).

We assigned the RGB channels as follows (Table 2).

R = amplitude Image #1; [0-255]
G = amplitude Image #2; [0-255] (1)
B = amplitude Image #3. [0-255]

Table 2. RGB combination used for each stack for the ACD.

Dataset Image #1 Image #2 Image #3
(dd/mm/yyyy) (dd/mm/yyyy) (dd/mm/yyyy)
Spotlight 31 August 2016 30 October 2016 31 October 2016
StripMap HIMAGE Ascending 5 October 2016 21 October 2016 22 November 2016
StripMap HIMAGE Descending 11 October 2016 27 October 2016 3 November 2016
Sentinel-1 Ascending 20 October 2016 26 October 2016 1 November 2016
Sentinel-1 Descending 19 October 2016 25 October 2016 31 October 2016
In CCD, the InSAR coherence of an image pair is used to quantify changes in the phase
of each pixel of the images. Loss of coherence or any decorrelation in the phase allows
the quantification of the scattering characteristic changes and the subsequent detection of
surface changes [28,29]. This approach reveals changes that are not detectable in the pixel
intensities/amplitudes, since changing the surface generates phase differences and leads to
the decorrelation of complex signals. We combined the amplitudes and the phases of two
images from each dataset (i.e., one taken before and one after the earthquake) to generate
RGB images. In particular, the RGB channels were filled as follows (Table 3).
R = interferometric coherence between Image#1 and Image#2 [0-255]
G = (amplitude Image#1 + amplitude Image#2) /2 [0-255] (2)
B = amplitude Image#1—amplitude Image#2 [0-255]
Table 3. RGB combination used for each stack for the CCD.
Dataset Image #1 (dd/mm/yyyy) Image #2 (dd/mm/yyyy)
Spotlight 30 October 2016 31 October 2016
StripMap HIMAGE Ascending 5 October 2016 6 November 2016
StripMap HIMAGE Descending 27 October 2016 3 November 2016
Sentinel-1 Ascending 26 October 2016 1 November 2016

Sentinel-1 Descending 25 October 2016 31 October 2016
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Focusing on the ACD results, the red (Image #1 amplitude), green (Image #2 ampli-
tude), and blue (Image #3 amplitude) pixels identified the sectors in which the amplitude
in the image assigned in the red, green, or blue channels was greater than those assigned to
the other two channels, respectively. All other colors represented pixels with different com-
binations of amplitude values for each pixel in the three analyzed images: white represents
pixels with high and similar amplitudes among the three images (e.g., intact buildings),
black represents pixels with low amplitudes in the three images (e.g., vegetation/water),
and so on. Since we were looking for structures, whose shapes were significantly modified
by shaking, we focused on the yellow (e.g., high amplitude in Images #1 and #2 and low
amplitude in Image #3) and blue (e.g., low/medium amplitude in Images #1 and #2 and
high amplitude in Image #3) pixels.

Regarding CCD results, the red pixels identify sectors in which the interferometric
coherence between Image #1 and Image #2 was high and their amplitudes were stable,
green pixels identify sectors in which the interferometric coherence between Image #1
and Image #2 was medium/low and their amplitudes were high, and blue pixels iden-
tify sectors in which the interferometric coherence between Image #1 and Image #2 was
low /medium and their amplitudes changed sharply. All other colors represent pixels with
different combinations of amplitude and phase values for each pair of pixels. Since we
wanted to focus on structures whose shapes were significantly modified by shaking, we
focused on the cyan (e.g., low InSAR coherence in Images #1 and #2 and medium/high
amplitudes) and the blue (e.g., low InSAR coherence in Images #1 and #2 and strongly
changed amplitudes) pixels.

3. Results

The results achieved for the COSMO-SkyMed and Sentinel-1 datasets in the Norcia
and Castelluccio areas are reported in Figures 3 and 4, respectively.

In both Norcia (Figure 3) and Castelluccio (Figure 4), the differences in the ground
resolutions among the COSMO-SkyMed Spotlight, StripMap and Sentinel-1 images can
be clearly appreciated, thus helping to define the capability of each image source to detect
backscattering variations referred to as single buildings. It is worth mentioning that
Castelluccio village was not included in the Spotlight COSMO-SkyMed footprint; therefore,
in this area, the ACD and the CCD analyses were carried out using only the StripMap
COSMO-SkyMed and the IW Sentinel-1 datasets.

In Figure 5, an extract of the San Benedetto Church in Norcia is shown to compare and
to appreciate in detail the potential of the three datasets used at the single-building scale.

The cross-check conducted with an on-site damage mapping in Norcia village (Figure 6
and Table 4) confirmed that the ACD and CCD processing of the Spotlight COSMO-SkyMed
images had the potential to serve as excellent options for rapid damage mapping at the
single-building scale under operational conditions.
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Figure 3. Results achieved in Norcia village: (A) ACD Spotlight COSMO-SkyMed; (B) CCD Spotlight
COSMO-SkyMed; (C) ACD StripMap COSMO-SkyMed ascending; (D) ACD StripMap COSMO-
SkyMed descending; (E) ACD IW Sentinel-1 ascending; and (F) ACD IW Sentinel-1 descending.
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Figure 4. ACD results achieved in Castelluccio village: (A) StripMap COSMO-SkyMed ascending;
(B) StripMap COSMO-SkyMed descending; (C) IW Sentinel-1 ascending; (D) IW Sentinel-1 descend-
ing; and (E) Google Earth background of Castelluccio village and elevation contour lines (in m. a. s.
L.). The red dotted lines indicatively separate the east-facing portion and the west-facing portion of
the village. The difference of the foreshortening related to ascending and descending geometry is
clear and demonstrates the importance of the double geometry to map damaged areas in complex
topographic environments.
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Figure 5. Extracts of the San Benedetto Church in Norcia. (A,B) Locations and post-earthquake
pictures of the church (source: Google); (C) ACD Spotlight COSMO-SkyMed; (D) CCD Spotlight
COSMO-SkyMed; (E) ACD StripMap COSMO-SkyMed descending; and (F) ACD IW Sentinel-
1 descending.
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Figure 6. Cross-check among field surveys, COSMO-SkyMed Spotlight, and StripMap results. The
white dotted line is the perimeter of the Norcia ancient walls used for the quantitative evaluation of

the damage map reported in Table 4.

Table 4. Quantitative evaluation of damage map in Figure 5.

Extension (m?) Overall Accuracy (with Respect to “Ground Truth”)
Norcia village 232,000 m? /
Damaged areas by “ground truth” 17,600 m? Reference (100%)
COSMO-SkyMed Spotlight damage map 15,900 m? 90%
COSMO-SkyMed Stripmap damage map 7900 m? 45%
Sentinel-1 damage map Not determinable

Furthermore, it is worth mentioning that, using Spotlight COSMO-SkyMed images,
it is possible to map, with many details, the damage affecting slopes, transportation
routes, and other infrastructure that are not commonly inventoried during “Triage” field
inspections and that focus mainly on buildings, as reported in Figure 7, an extract of ancient
walls in Norcia that were not inventoried by the Triage.

However, we cannot neglect that some false positives can be detected, as shown by
the yellow polygons in (Figure 6). These features show changes occurred due to the rise of
the rescue facilities. They can be easily filtered out because the position of these structures
is known through civil protection emergency plans.

A quantitative evaluation for the accuracy of each dataset, computed with respect to
the “ground truth” derived from Triage field surveys, is reported in Table 4. Collapsed
buildings were selected by setting a threshold on yellow (210 < R < 255; 210 < G < 255;
0 <B < 60) and blue (0 <R < 60; 0 <G < 60; 210 < B < 255) and taking into consideration
only clusters with at least 4 pixels to discard false alarms due to single noisy pixels.
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Figure 7. Extracts of two portions of the ancient walls of Norcia [source: Google maps in (A,B)].
(A,C,E) show the locations and ACD results of the northwestern sector of the walls. (B,D,F) show the
locations and ACD results of the eastern sector of the walls.

As we can see, COSMO-SkyMed Spotlight returns a very accurate mapping, detecting
of approximately 90% of the structures severely damaged, while COSMO-SkyMed Stripmap
has been able to detect about the 45% of the damaged buildings.

4. Discussions

The ACD/CCD results clearly reveal the different capabilities of sensors with different
resolutions and acquisition geometries to perform single-building damage mapping after
earthquakes. As we can see from Figures 4 and 6, COSMO-SkyMed Spotlight images
allowed very detailed single-building damage mapping. In Figure 5C, the yellow pixels
represent the line-of-sight (LOS) visible front of the building that is now collapsed, while
the blue pixels represent the shadowed-in-LOS portion of the church that is now covered by
backscattering debris. In Figure 5D, the CCD method achieved a perimeter of the shape of
the collapsed structure with a high precision. Additionally, the COSMO-SkyMed StripMap
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ACD results (Figure 5E) showed an adequate capability of mapping the collapsed building,
though with less detail than that obtained with Spotlight (Figure 6). On the other hand, the
Sentinel-1 ACD results (Figure 5F) did not allow single-building damage mapping to be
achieved because of the relatively poor geometric resolution of the sensors.

In this study, the pros and the cons of the three analyzed datasets are deepened as
follows; COSMO-SkyMed was designed for both civil and military purposes. In its nominal
configuration, the constellation can guarantee a 12-h revisit time (in emergency conditions)
for 100% of the Earth’s surface. With the aim of creating a regularly updated interferometric
archive according to the specific needs of the Italian Civil Protection Department, the ASI
activated the “Mapltaly project” in 2009. Thanks to this project, historical image series were
acquired over the whole Italian territory based on 16-day, 40 x 40-km-swath StripMap
acquisitions obtained in double-orbital geometry. On the other hand, Spotlight COSMO-
SkyMed was not planned as a “background mission” acquisition in Italy. This implies that
there is no already-acquired pre-event radar map of the territory, but image collection is
instead planned on demand or for specific purposes.

The ascending and the descending acquisition geometries that are available for
StripMap data have proven to be fundamental for obtaining the information of villages,
structures, and infrastructures in complex topographic environments, as demonstrated
by the results obtained for Castelluccio village. In contrast with the Norcia village results,
we can see how the radar images in Castelluccio were affected by typical foreshortening
and layover geometric distortions [13], affecting the visibility of the village. Specifically,
the east-facing portion of the village was visible under descending geometry, while the
west-facing portion was affected by foreshortening under this condition (Figure 4B). In
contrast, under ascending geometry, we could map and detect damage to the west-facing
portion of the village (Figure 4A). In such a scenario, if a single orbital geometry had
been used to map damaged areas, incomplete information would have been provided to
emergency units.

By comparing the ACD and the CCD results obtained for the same satellite mission,
we can see how both processing methodologies can be effectively applied for damage-
mapping purposes with comparable results (Figures 4 and 5). Since CCD is related to
phase variations, it is worth mentioning that the satellite revisit time plays a key role in the
results. The greater the time span between the image pair, the lower the effectiveness of the
approach because of the temporal decorrelation of the INSAR coherence [30]. In contrast,
the ACD method is less affected by the temporal decorrelation effect than the CCD method.

The Spotlight images were also proven to be effective in mapping EQtLs, which—in
several cases—are the main causes of routes interruptions. In Figure 8, we show an example
of an EQtL that was detected in high detail by both ACD and CCD analyses conducted
on Spotlight images, with less clear but still visible results obtained with StripMap data.
Sentinel-1, on the other hand, was not able to detect this feature. Such information is
fundamental for defining potential damage or interruptions to communication routes to
avoid slowdowns in an emergency context and to guarantee the fastest and the most
effective actions for rescue units.



Remote Sens. 2022, 14,2210

14 0f 18

-~

LYR v

ACD CSK Spotlight  [§ Ve D)  CCD CSK Spotlight

Image#1: 31/08/2016 Y i Image#1: 30/10/2016
Image#2: 30/10/2016 ; : 2 i ; S Image#2: 31/10/2016
Image#3: 31/10/2016

ACD C§K Stripmap f . e F)  ACD S1 Descending
Ascending -

Image#1: 05/10/2016 i Image#1: 19/10/2016
Image#2: 21/10/2016 - 1 Image#2: 25/10/2016
Image#3: 22/11/2016 Image#3: 31/10/2016

ACD: R=ampl. image#1; G= ampl. image#2; B= ampl. image#3
CCD: InSAR coherence between image#1 and image#2; G= (ampl. image#1 0 225 450 m %
+ ampl. image#2)/2; B= ampl. image#1 — ampl. image#2

Figure 8. Extracts of EQtL in the northeastern sector of Norcia (red ellipses). (A,B) show the locations
and pre/post-earthquake pictures of the landslide; (C) ACD Spotlight COSMO-SkyMed results;
(D) CCD Spotlight COSMO-SkyMed results; (E) ACD StripMap COSMO-SkyMed descending results;
and (F) ACD IW Sentinel-1 descending results.

Lastly, Sentinel-1 has the advantage of providing background data collection with a
6-day revisit time, thus allowing very rapid temporal reactions (from 1 to 6 days); however,
single-amplitude IW ground resolutions cannot aid in mapping or detecting damaged
areas with the necessary precision. In contrast, recent studies that applied single Sentinel-1
images for natural or anthropic disaster mapping indicated that the images were useful
when dealing with spatially widespread phenomena [31,32]. However, if the aim is to
detect and to map individual buildings or transportation routes, one must manage a
time series of images or despeckled mean amplitudes [33]. In an emergency scenario,
when only a single amplitude is available after the event, the S1 IW ground resolution
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is not adequate to provide effective information to rescue units with the aim of properly
addressing emergencies, identifying priorities, and quickly moving people to safe locations.
On the other hand, the Sentinel-1 StripMap mode has a higher spatial resolution (5 m x 5m)
than other modes, and it can be used to support emergency services; however, this imaging
mode is not used regularly, and no archive data are available with global coverage [34].

In summary, the performances and the reaction times of the utilized datasets, as
demonstrated, were functions of the combination of the: (i) ground resolution, (ii) revisit
time, and (iii) availability of historical acquisition data in double-orbital geometry of each
dataset; the results are recapped in Table 5.

Table 5. Estimated times required for damage map provisioning for each dataset used to study
post-earthquake emergencies.

COSMO-SkyMed
StripMap HIMAGE
(3-m x 3-m res.)

Sentinel-1
(20-m X 5-m res.)

COSMO-SkyMed Spotlight
(I-m x 1-m res.)

Availability of tg acquisition (Italian territory) No Yes Yes
Standard Revisit time na. 16 days 6 days

Post-earthquake acquisition (from the
occurrence of the event) and delivery to
service provider
Pre-processing, processing, interpretation,
and validation (hours/10 km?)

Damage map provision from event (days)

up to 1 day (for civil
protection request)

up to 1.25 days

up to 1 day (for civil

protection request) from 6 to 1 day

6 h/10 km?

up to 1.25 days from 6.25 to 1.25

days

Considering an overall production effort of 6 h/10 km?, we can derive that by using
high resolution satellites it would be reliable to expect an accurate damage map provision
up to 1.25 days after the event that can be a suitable time for evaluating the impact of the
event and address rescues.

In literature, at present, most of the other works investigate the potential of optical or
radar images by exploiting images acquired even months after the event, however without
considering timing, as we did, which plays a key role in natural disasters. We wanted
to provide an operational contribution on the suitability of SAR data for the purposes
of emergency management to direct the user responsible for the rescue to manage the
emergency through a comparison of data with significantly different geometric resolution
and revisit times. Most of these above-cited authors stated that the use of optical or ancillary
data is needed to provide accurate damage maps. By using high-resolution and frequent
revisit time SAR data, which at that time were not operational, we demonstrate that a
quick-response damage map can be conducted in a “blind” manner without the use of
ancillary or optical data. In fact, we used ancillary data (QuickTriage) just as ground truth
to benchmark and to evaluate the performances of our approach.

In addition, considerable literature applied sophisticated algorithms, such as machine
learning, genetic algorithms, principal component analysis, etc. [6,35-37], or multitemporal
acquisitions, all methods that can involve a considerable computational effort and an
emergency response timing not adequate. Besides, the more complex the model, the harder
it is to seek its theoretical consistency in statistical terms (see e.g., [38,39]). On the contrary,
we used a rapid, relatively simple method that had success also thanks to the availability
of very high-resolution SAR images.

5. Conclusions

In this work, the performances of SAR images acquired by different satellite missions
with different geometric resolutions when mapping post-earthquake damage were ana-
lyzed. We focused on the earthquake that affected Norcia and Castelluccio (Italy) on 30-31
October 2016 by applying ACD and CCD methodologies to COSMO-SkyMed and Sentinel-
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1 images. The COSMO-SkyMed Spotlight images allowed very detailed single-building
damage mapping, while the COSMO-SkyMed StripMap HIMAGE images returned good
delimitations of buildings; hence, both image types can be effectively used for emergency
purposes. On the other hand, Sentinel-1 did not allow single-building damage mapping to
be achieved but instead provided approximate identifications of the most severely dam-
aged sectors. Additionally, COSMO-SkyMed Spotlight was also proven to be effective in
mapping and detecting small EQtL that can cause street interruptions and slow emergency
actions. The double-acquisition geometry was proven to be fundamental for obtaining
information on villages, structures, and infrastructures located in complex topographic
environments.

Thanks to its all-day and all-weather acquisition capabilities, spaceborne SAR im-
ages are the best option for damage mapping during emergency conditions caused by
earthquakes, when rescue units need rapid answers to address their support. However,
other factors are fundamental for emergency operations in addition to the right geometric
resolution, such as the temporal resolution and the availability of background historical
acquisitions in double-orbital geometry at the global scale.

At present, few satellite SAR missions have the potential to provide images with ade-
quate geometries and temporal resolutions, as shown in the present paper. Therefore, simi-
lar applications are performed using competitive technologies like UAV or aerial/satellite
flights equipped with optical sensors, able to provide similar or, in some cases, even better
results. However, rescue operations during emergency condition have strict requirements
in terms of results delivery time, accessibility, and extension of sites (not compatible in case
of unfavorable light/weather conditions or economically sustainable for large areas).

In this perspective, the exponentially growing number of satellite SAR missions that
we are experiencing in recent years is expected to provide in the near future very high-
resolution SAR images (<1 m) with very high temporal resolutions (up to multiple revisits
per day) in any weather/light conditions immediately before and after event. Our research
and the unusual chance to have high-resolution images immediately before and after event,
can guide the choices of future satellite missions, and it can make operators aware of the
potential of these types of data for their applications.

If the expected capabilities of these new generations of “Small-satellites” missions
(i.e., [16,17]) are confirmed, single-building damage mapping by SAR images after earth-
quakes and other natural hazards should soon become an excellent operational tool used
for disaster management.
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