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Abstract—The distribution of free and open access radar satellite
datasets, like those of Sentinel-1, has provided new opportunities
for monitoring archaeological sites and monuments in a systematic way, and especially after earthquake events. While optical
sensors are established in the scientific literature and radar sensors are lately introduced in the relevant literature, the role of
satellite-driven ready products is still limited discussed. With the
continuous improvement of remote sensing satellite data quality
and accuracy, high-resolution data needs to be processed, while
at the same time, this required high computational complexity.
In respect to this, over the last years, various efforts have been
made to support high-performance cloud-based processing, providing to the end-users ready products in a short time. This study
presents the results from the exploitation of a relevant new cloud
platform, namely the Hybrid Pluggable Processing Pipeline (HyP3)
system that integrates GAMMA software, for detecting ground
displacement within archaeological sites in Cyprus, after a 5.6
magnitude scale earthquake in 2015. Ascending and descending
pairs of Sentinel-1 images, acquired before and after the event,
were processed through the HyP3 platform, revealing small relative
ground displacements in the area under study. The processing chain
was performed in less than 1 h -per pair- on the HyP3 system,
indicating that similar approaches could be beneficial in the future
to support cultural heritage management of large areas.
Index Terms—Cultural heritage, earthquakes, Hybrid Pluggable
Processing Pipeline (HyP3), interferometric SAR (InSAR),
deformation, Sentinel-1.
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I. INTRODUCTION
ARTH observation is well established in the literature for
monitoring purposes of large areas [1], [2]. During the
last decade, the significant advancements of space technology
have triggered novel methodologies for monitoring areas of
archaeological interest all around the world [3], [4].
For instance, recent studies [5]– [7] have shown that both
optical and radar sensors can be used to detect looting activities
in conflicted areas, as the case of Syria, while Tapete and Cigna
[8] have demonstrated that satellite sensors can map not-widely
known flooding events in the vicinity of archaeological sites.
An overview of the role of earth observation of cultural heritage
applications can be found in [9] and [10].
The use of freely distributed and open-access satellite datasets
such as those of Sentinels-1 have been investigated in the recent
past for monitoring natural hazards. Several studies exist in the
literature, whereas these sensors, as well as other radar satellites,
are used for a rapid response to natural hazards, providing a rapid
damage mapping [11]–[13].
In [14], pairs of Sentinel-1 images have been used to study
the deformation analysis in Mindanao, Philippines, after four
strong earthquakes of magnitude >6.4 occurred successively in
2019, while high coherence Sentinel-1 images processing were
implemented for dam monitoring in [15]. The use of Sentinel-1
blended with freely distributed image software analysis was
proposed as a solution for monitoring archaeological sites [16].
In [17], radar high-resolution satellite images were able to detect
small displacements over the Historical Center of Rome. An
overview of the trends and the perspectives of the spaceborne
synthetic-aperture radar (SAR) applications for archaeological
research can be found in [5], while the importance of the
Copernicus radar sensors for geohazard assessments in cultural
heritage sites is highlighted in [18].
Notwithstanding the plethora of examples on the use of satellite data for monitoring microdeformations, still, the processing
chain of the radar deformation requires in-depth knowledge
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of the radar theory [19], [20] and hardware accessibility with
the high-computational performance [21]. While several free
software packages have been developed in the recent past and
are currently available, these remain technically complex and
can be challenging to use for nonexperts [22].
The latest can be nowadays realized as the technological
trend is moving toward big-data cloud-platforms [23]–[25] that
can provide in short time satellite-driven ready products. These
platforms enable end-users to have access to high-performance
cloud computers, initially for the radiometric and geometric
calibration of the radar images, before the generation of interferograms and vertical displacements.
As earth observation may support in multiple ways the disaster
risk management cycle intended for tangible cultural heritage—
see more in [26]—the technological advancements—in terms
of computational changes of satellite data processing—can radically change the traditional way of processing of the data, from
the desktop analysis to cloud-based analysis.
Already the use of the Google Earth Engine (GEE) [27] has
been presented in the literature for archaeological and heritage
management studies [28]. In the light of the above, this article
aims to highlight the growing significance toward the analysis
ready data (ARD). Therefore, this study showcases an example
of a relevant new cloud platform namely the Hybrid Pluggable
Processing Pipeline (HyP3) cloud-based system [29], operated
by the Alaska Satellite Facility (ASF) [30]. The platform is still
limited presented in the relevant literature [31], while no studies
for their use for heritage management can be found.
The current study is organized as follows: after a brief introduction on the HyP3 platform, some details regarding the
earthquake event are given. Then, the satellite data and the
overall methodology are presented, with a particular focus on
areas with archaeological interest. Last comes the conclusion
section, highlighting the benefits and drawbacks of the study.
II. HYP3 SYSTEM
The HyP3 platform was used for the needs of the current
study for archaeological monitoring sites against natural hazards
(earthquakes), and discusses the usability of ARD for heritage
management [31]. HyP3 is a cloud-based system provided by the
ASF—one of the Distributed Active Archive Centers (DAACs)
[32], which archives and distributes SAR data available to
researchers of a variety of disciplines worldwide. It provides
custom on-demand higher-level SAR processing for users [29].
The HyP3 system relies on core Amazon services such as
Lambda, the simple notification service, relational database
service, elastic compute cloud (EC2), simple storage service,
and Elastic Beanstalk [29]. Currently, the HyP3 system runs on
a beta version and provides a specific amount of processing for
a user per month (one-time processing). The platform was recently expanded to process beyond the ALOS PALSAR data, the
Sentinel-1 datasets, through an international agreement between
ASF and the European Space Agency (ESA).
The HyP3 system allows users to request satellite data processing using several predefined algorithms. Data were initially
selected through the Earth Data ASF cloud platform [32].

The HyP3 system automatically accesses the ASF cloud-based
archive through the DAAC RESTful application programming
interface and processes the data on Amazon’s EC2. Final products are distributed through Amazon’s S3 and are available for
users to download [33].
The HyP3 platform currently runs a series of different processing chains such as Interferometric SAR (InSAR), radiometric
terrain correction, and change detection. The processing of the
radar images is based on either the Sentinel Toolbox [34] or
GAMMA software [35]. The end-users also can define a series
of processing options, however, no commands for changing the
process or any other graphic interface is available. Therefore, in
its current version (v. 1.2), the HyP3 platform implements the
predefined steps of the Sentinel Toolbox and GAMMA software
in the cloud services of Amazon.
III. EARTHQUAKE EVENT
Cyprus was affected by strong earthquakes, since antiquity
[36], as it is located on a seismic zone on the margin of two
tectonic plates, namely the Anatolian plate on the north and the
African plate on the south, forming the so-called the “Cyprus
arc.” The Cyprus arc is in the collision between these two plates
that meet on the southern part of Cyprus [37].
One the most significant earthquakes that hit Cyprus in the
recent years was a 5.6 magnitude scale seismic event that took
place on 15th April 2015, at 08:25 UTC, and it was strongly felt
throughout the country.
As reported in the official website of the Cyprus Geological
Survey Department [38], the earthquake was “very strongly felt
in the Pafos district, especially in the epicentral area. Strongly
felt in the Lemesos district. Moderately felt in the Lefkosia district and lightly felt in the Larnaka and Ammochostos districts.”
The epicenter of the earthquake was estimated at 8 km NW of
Paphos (34.8238°N, 32.3690°E) with a depth of 27.62 km. This
earthquake remains the biggest in Cyprus—until today—from
the launch of the Sentinel-1 sensors in 2014.
Fig. 1 presents the seismicity events registered for the last
five (5) years in Cyprus, by the Cyprus Geological Survey
Department. The earthquake event under study is evidenced
within the yellow square in Fig. 1.
Several sources of uncertainty arise when calculating the deformation of the surface using the InSAR deformation analysis.
One of these sources is related to the errors of the topographic
model [39] (see Fig. 2).
The highest peak of the island is placed on Troodos mountain,
while—with exception of the capital of the island, Lefkosia
(Nicosia)—the rest of the major urban centers are placed on
the coastline: starting from Pafos on the west, Lemesos (Limassol) on the south, Larnaca on the south-east, Ammochostos
(Famagusta) on the east and Keryneia on the north (see Fig. 2).
The seismic network of Cyprus (operated by the Cyprus
Geological Survey Department, which is the official provider
for earthquake information of the country), includes six (6)
seismic stations all over Cyprus, and provides values related to
the peak ground acceleration (PGA), the peak ground velocity,
and the peak ground displacement. In detail, the earthquake
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TABLE I
EARTHQUAKE EVET AS RECORDED FROM THE LOCAL SEISMIC NETWORK
STATION OF THE CYPRUS GEOLOGICAL SURVEY DEPARTMENT

Fig. 1. Earthquake events in the wider area of Cyprus. The size of each event
is relevant to the magnitude scale. Earthquake took place on 15th of April 2020
is shown within the yellow square circle. Data from the official website of the
Cyprus Geological Survey Department. Map produced by Atho Agapiou.

HHE stands for East-West horizontal movements, HHN for North-South horizontal
movements, and HHZ for vertical movements.

IV. DATA AND METHODOLOGY
A. Datasets

Fig. 2. Elevation zones of Cyprus and major towns of Cyprus. Map produced
by Atho Agapiou.

was recorded from the HHE (East–West horizontal movements),
HHN (North–South horizontal movements), and HHZ (vertical
movements) channels. The results from this record are shown in
Table I.
The Akamas station, located just some kilometers on the
north of the epicenter of the earthquake has recorded significant
displacements for all channels (HHZ = 0.07 m, HHN = 0.15 m,
and HHZ = 0.16 m). Indeed, high displacement values in this
area have been reported from the line of sight (LOS) wrapped
interferogram, displacement fringes and vertical displacement of
the ascending orbit. Smaller movements have also been reported
from the rest of the stations that, however, are located further
from the epicenter of the earthquake.
The differences between the vertical displacement and the
ground stations should be linked with the reference point selected by the GAMMA processing chain. The products, therefore, can be assumed to provide relative differences from a
reference point and these could be further elaborated with other
ground measurements such as the global navigation satellite
systems networks.

For the needs of the study, two pairs of Sentinel-1 images
were used: one pair in ascending orbit (south pole toward the
north pole) and the other pair in descending orbit (north pole
toward the south pole). For each pair, an image before and
after the event was used. In specific, the following two pairs
of images in interferometric wide (IW) swath Single Look
Complex (SLC)—were used: 1) a pair of images acquired on
14th April and 26th April 2015, in ascending mode; 2) a pair
of images acquired on 15th April 2015 and 27th April 2015,
with ascending mode. Table II summarizes the characteristics
for the ascending orbit images and Table III the characteristics
for the descending orbit images. It should be mentioned that in its
current version, the HyP3 GAMMA InSAR processing supports
only the VV polarization of the Sentinel-1 images [40].
B. Methodology
As mentioned earlier, the image processing chain applied for
InSAR deformation analysis was executed through the HyP3
platform. In particular, the InSAR GAMMA algorithm was used.
The methodology describing the GAMMA software for InSAR
analysis using Sentinel images is comprised of 11 steps briefly
described as follows [32].
Step 1: Determination of the overlapping area upon the Sentinel
input images. At this stage, the imported images are cut in the
overlap region such that only pixels (looks) from the same
burst and subswath are combined into a multilook Intensity
image.
Step 2: Download of an available digital elevation model (DEM)
file, covering the overlap area. In our case study, the EU-DEM
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TABLE II
ASCENDING SENTINEL-1 IMAGES’ CHARACTERISTICS USED IN THE STUDY

TABLE III
DESCENDING SENTINEL-1 IMAGES’ CHARACTERISTICS USED IN THE STUDY

step, a simulation of the unwrapped interferometric phase
using the EU-DEM height is created, and deformation rate
using orbit state vectors.
Step 5: Removal of the flat earth phase.
Step 6: Removal of the topographic phase.
Step 7: Refinement of the slave image with the master image
due to offsets. A check for convergence is performed using
the azimuth offset as a limit (less than 0.02 pixels).
Step 8: Resampling of the slave image to match the master one.
Step 9: Creation of the final interferogram.
Step 10: Unwrapping the phase using the minimum cost flow
(MCF) algorithm. MCF algorithm permits a global automatic
optimization robust phase unwrapping taking into consideration disconnected areas of high coherence.
Step 11: Geocoding the results and completion of generating the
output products.
The ascending and descending pairs of Sentinel-1images are
different processing products within the HyP3 platform. The
processing time on this cloud platform was estimated to be 1 h
for each pair of images, providing the following end-products.
1) Wrapped interferogram (in PNG image and KMZ file).
2) Unwrapped interferogram (in GeoTIFF, PNG images, and
KMZ file).
3) LOS displacement map (in GeoTIFF format).
4) Vertical displacement map (in GeoTIFF format).
5) Coherence map (in GeoTIFF format).
6) Amplitude image (in GeoTIFF format).
The following section presents the overall results for both
orbits (ascending and descending).
V. RESULTS

(v11) was used. The latest is a hybrid product based on SRTM
and ASTER GDEM data fused by a weighted averaging
approach [41].
Step 3: Formation of a lookup table between DEM and SAR
imagery. In this step, a lookup table for SLC co-registration,
considering terrain heights is created. The data are filtered
with adaptive data filtering.
Step 4: Generation of a differential interferogram using the DEM
height along with the coregistration with the DEM. At this

The first result generated from the InSAR processing is the
wrapped interferogram. Wrapped interferogram indicates phase
fringes corresponding to half the radar wavelength [42].
The phase difference map, i.e., the interferometric phase at
each SAR image pixel, depends—if we exclude all other factors,
see also next section—on the difference in the travel paths
from the Sentinel-1 sensor to a specific point (pixel) during the
acquisition of each image.
The wrapped interferogram is useful for visualization purposes, as it shows deformation in multiples of half of the sensor
wavelength. Interferometric fringes represent a full 2π cycle of
phase change. Fringes appear on an interferogram as cycles of
colors, with each cycle representing relative range difference of
half a sensor’s wavelength, in the LOS direction from the sensor
[43], [44].
Fig. 3 shows these fringes for both ascending (see Fig. 3,
top) and descending (see Fig. 3, bottom) orbits. The location of
the epicenter is also shown in Fig. 3 with a red dot. Each fringe
corresponds to change in range of λ/2, where λ is the radar wavelength (∼5.54 cm for the Sentinel-1 satellite). The closer the
fringes are together, the higher the deformation on the ground.
As evident, the descending and the ascending orbits tend to give
different results, as this will also be discussed in the next section.
Examining the descending orbit result (deformation fringes at
Fig. 3, bottom), it shows that no significant deformation has
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Fig. 3. Deformation fringes related to the earthquake of 15th of April 2015, as
derived from the Sentinel-1 SAR images in ascending orbit (top) and descending
orbit (bottom). The location of the earthquake is shown with the red dot.
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Fig. 4. Unwrapped interferogram as derived from the Sentinel-1 SAR images
in ascending orbit (top) and descending orbit (bottom).

are relative values.
taken place during this period (i.e., 15th April–27th April 2015,
Sentinel-1 image, Table II). In contrast, the ascending orbit (see
Fig. 3, top), reveals a pattern near Paphos town, on the south and
south of the earthquake event.
Once the wrapped interferogram was produced, then the
so-called, unwrapped interferogram that converts the wrapped
2-π scale into a continuous scale (of multiples of pi) is
produced.
Phase unwrapping process was based on the MCF and triangulation method (see more in [46]). Fig. 4 shows the unwrapped
values of the area under investigation, corresponding to the
change in the distance along the LOS of the sensor. Fig. 4 (top)
shows the results from the ascending orbit, while Fig. 4 (bottom)
the results from the descending one. Values greater than zero
(positive) indicate movement away from the sensor (subsidence)
(purple color in Fig. 4), while negative values (blue color in
Fig. 4) indicate movement toward the sensor (uplift).
Finally, a vertical displacement map was generated from the
platform under the assumption that the interferometric phase is
related to topography only (see also section below). Values are in
meters, with positive values indicating uplift and negative values
indicating subsidence. To produce the displacement, map (1)
was used. It should be mentioned that these displacement values

Vertical displacement(mm) = (ϕunwrapped × λ (mm))/
4π × cos θincident

(1)

The results are shown in Fig. 5 for the ascending orbit (top)
and descending orbit (bottom).
VI. COHERENCE AND CROSS COMPARISON
While the previous findings were derived from the HyP3
platform as ready products, it is important to examine their
accuracy and consistency. A first attempt can be made for both
products (i.e., ascending and descending orbits) through their
coherence maps, that indicate the level of accuracy of the images
used in each pair.
The degree of coherence is defined as the magnitude of the
normalized interferogram g, defined as the normalized complex
correlation coefficient of the complex backscatter intensities s1
and s2 [45]. Coherence is estimated using (2).




S2 S1 ∗


γ = 
 .
 S1 S1 ∗S2 S2 ∗ 

(2)
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Fig. 5. Vertical displacement map as derived from the Sentinel-1 SAR images
in ascending orbit (top) and descending orbit (bottom).

The coherence map of the interferogram is a crucial indicator
showing the reliability of the interferometric phase [46]. Coherence values range from 0 to 1; the larger the number, the
higher the coherence. The coherence map for both ascending
and descending orbits are shown in Fig. 6 (top and bottom,
respectively). Areas highlighted with red color indicate regions
with low coherence. Therefore, the vertical displacements and
wrapped interferogram are influenced by noise, while blue color
indicates areas with less noise, and therefore, the results are more
accurate. As it is evident, the coherence map is different for both
orbits. A threshold of around the 0.60 coherence value is usually
used to exclude areas with noise [16].
Noise can influence the results of the InSAR analysis. In
general, the interferometric phase (Δϕ) is impacted by four
parameters as these are described in the following equation.
1) Topographic distortions arising from slightly different
viewing angles of the two-satellite passes (t) (these distortions have been taken into consideration for the vertical
displacement maps, Fig. 5).
2) The atmospheric effects (α).
3) Range displacement of the radar target (ΔR) (for moving
objects).
4) Other noise such as decorrelation effects (as these are also
indicated from the coherence maps, Fig. 6).

Fig. 6: Coherence map as derived from the Sentinel-1 SAR images in ascending orbit (top) and descending orbit (bottom).

The interferometric phase (Δϕ) is estimated using (3)
4π
ΔR + α + t + noise.
(3)
λ
Therefore, differences between the two pairs of images, in
ascending and descending orbits, can be explained considering
the variables affecting the coherence level, which differs due to
the atmospheric effects, as the images were taken from different
angles and on different dates.
A common way to examine the ascending and descending
deformation analysis products is a cross-comparison between
them [47]. A cross-comparison of the InSAR measurements can
quantitatively inform us about the consistency of measurements
between these two products. Any differences could be due to
the noise, as earlier described, as well as due to georeferencing
uncertainty, seasonal biases and different temporal coverage.
For the needs of this cross comparison, more than 8500 random
points were used. These points are randomly scattered over
the area of interest. For these points, the vertical displacement
(corrected with the cosine of the incidence angles), for both
ascending and descending Sentinel-1 images, was calculated.
The cross-comparison result of both orbits is shown in Fig. 7.
Similar findings were also observed after the elimination of
points with coherence value less than 0.60 (not shown here). The
low correlation value between these two datasets should be not
Δϕ =
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Fig. 7: Quantitative comparison of the LOS displacement rates between
ascending and descending orbits. Offset from zero is related to local viewing
angles’ differences, but also to other noise.
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Fig. 9: Quantification of vertical displacements based on Fig. 8(b). Area (a)
indicates the archaeological site of “Nea Paphos,” area, (b) the archaeological
site of the “Tombs of the Kings”, and area (c) the historic center of Paphos town.

TABLE IV
UNWRAPPED INTERFEROGRAM (UNIT: METERS)

Fig. 8: (a) Unwrapped interferogram. (b) Vertical displacements. (c) Coherence map, enveloping important archaeological sites of the area.

only restricted to the different viewing angles of the ascending
and descending orbits of the sensors, but also to other noise (see
above).
VII. DEFORMATION ANALYSIS IN THE VICINITY OF
ARCHAEOLOGICAL SITES
The results obtained from the ascending orbit were further
analyzed and exploited to understand the possible impacts of
the seismic event on archaeological sites. Significantly, the area
of the earthquake’s epicenter coincides with important archaeological sites and monuments on the western part of Cyprus, in
Paphos town. At this area are located the archaeological park

of Nea Paphos (the capital of Cyprus during the Hellenistic
and Roman periods) [48], the ancient necropolis “Tombs of
the Kings” [49], both listed in the UNESCO World Heritage
monuments catalogue, as well as other heritage sites and historic
buildings (see Fig. 8).
The InSAR analysis resulted in small ground displacements
in the specific area, both from the images taken in ascending
orbit and the seismic network (see Akamas station). Fig. 8(a)
indicates the results from the unwrapped interferogram, while
Fig. 8(b) evidences the vertical displacement results. Finally,
Fig. 8(c) shows the coherence values based on the pair of
Sentinel-1 images used in the ascending orbit (see Table II). The
images used for Fig. 8(a)–(c), were enhanced using a standard
deviation nonlinear histogram enhancement to highlight small
displacements in the area. Areas with low coherence values (less
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than 70%, Fig. 8(c) were excluded from the analysis (i.e., areas
highlighted with red in Fig. 8(c).
The map of Fig. 9 clearly highlights the quantification of the
vertical displacements based on Fig. 8(b) and following the contours of the examined area. The most significant relative ground
displacements are precisely recorded within the archaeological
sites, accommodating amongst others, freestanding columns
[i.e., Fig. 9(a)].
In the light of the above, it becomes evident that relative
displacements have occurred in the areas of the UNESCO
Heritage sites. The displacements retrieved from the current
interferometric analysis are also supported by the findings of
a similar study, emanated from the same seismic event [16].
Table IV reproduces the quantification of the displacements
detected. The range of values for (a)–(c) areas of Fig. 8 are
given in meters [for Fig. 8(a) and 8(b)] and absolute unit [for
Fig. 8(c)].
VIII. CONCLUSION
This study showcased the existing capacities of big-data cloud
platforms to support radar processing chains, such as those
of InSAR analysis using Sentinel-1 data. These platforms can
provide ARD for heritage management, after a sudden natural
hazard in a short time.
The earthquake event that emanated this study is the biggest
reported in Cyprus, since the launch of the Sentinel-1 sensors.
The selection of this type of sensor was made upon its free and
open access policy based on which the ESA permits researchers
to work with and elaborate on this type of data. In addition, the
access to the HyP3 platform, even in beta version, fulfills a more
general scope, that of monitoring large sites in a systematic way,
rapidly and shortly before or after seismic events. Monitoring
purposes aside, the presented pipeline is of importance regarding
the detection of possible damages on monuments, the quantification of the damage and consequently the prioritization of physical intervention for conservation purposes, the development
of strategic preservation planning (i.e., accumulative displacements in a specific area/monument, should be given priority).
The results of the interferometric analysis are enhanced by
the ground seismic network station of the Cyprus Geological
Survey Department. Especially for the area of Akamas, where
a significant peak ground displacement HHE (vertical movements) was recorded both by ground and satellite data. This
alignment further validates the scientific path showcased in the
present study.
Another key finding of this study is that the datasets used
were processed in less than 1-h for each orbit, thus significantly
minimizing the computational time compared to traditional
desktop analysis. This observation underlines the continuous
improvement of the processing time for ARD.
The use of ARD products produced through the HyP3 platform, are key inputs for heritage management, as they can
provide displacement information over large areas, in a very
short time. Their use is expected to grow in the near future as
the big-data technology is growing.
However, as in almost all earth observation processing
chains, these results require ground verifications and calibrations. Therefore the interferometric analysis here presented, also

merits the same approach for a comprehensive and integrated
outcome, primarily due to the ground sensitivity of the specific
research field, namely in situ archaeological remains.
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