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Abstract: Surface motion is a complex, dynamic phenomenon that draws significant scientific
attention. This study focuses on the development of a cartographic toolset for the visualization of
space-borne Persistent Scatterer Interferometry (PSI) surface motion measurements. The entire archive
of Sentinel-1 Synthetic Aperture Radar (SAR) imagery over the broader Thessaloniki (Greece) area has
been exploited to derive the PSI measurements utilizing the Surface motioN mAPPING (SNAPPING)
service on the Geohazards Exploitation Platform (GEP). A collection of web map applications,
interactive visualization tools, and an animated map were developed based on state-of-the-art
approaches. This geo-visualization toolset consists of the following: (i) Three web map applications
exploring PSI velocity rates, PSI time series, and a comparison of PSI with geodetic leveling data;
(ii) Two interactive map tools focusing on 3D visualization of PSI time series and estimating velocity
rates for predefined temporal frames; and (iii) An animated map of PSI time series. The utilization of the
aforementioned visualization toolset provided useful conclusions about the variety of land displacement
that occurs in different subareas of Northern Greece from different causes. More specifically, certain
subareas with significant subsidence rates range from —2 mm/year up to —18 mm/year from 2015
to 2020. The magnitude of displacement and the underlying causes (subsidence, faults, landslides,
human processes, etc.) varies across different subareas. On the other hand, a subarea of uplift trend
exists in the north of the city of Thessaloniki with displacements up to 5 mm/year for the period
between 2015-2020, despite being constrained by the fact that the geo-visualization platform is able
to display SNAPPING PSI measurements from any location around the world, making it a useful
tool for global exploration. The platform’s contents are available through a user-friendly graphical
interface and are mostly addressed to domain experts as well as end-users. Opposed to similar
approaches where static 2D maps and velocity rates web applications are presented through this
platform, users can monitor and study the dynamic behavior of surface motion to a spatiotemporal
extent more thoroughly.

Keywords: web mapping applications; geo-visualization; cartography; PSI interferometry; surface
motion; SNAPPING service

1. Introduction

The abundance of spatial data, in combination with advances in technology, leads to
the development of various digital mapping products. Key attributes, such as speed and
the relatively low cost of production, in parallel with the almost real-time visual interaction
from the end-user, solidify the advantageous role of these applications. The need for
more efficient ways to present and communicate cartographic data has always been a
challenge among various fields [1]. This need directed the researchers to focus on the more
dynamic aspects of map-making [2], such as the evident transition from distributed types
of information delivery to discrete and the domination of wired access over wireless [3].
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One of the most distinct types of modern cartographic applications is web mapping, as it
enables the process of designing, implementing, generating, and delivering maps on the
World Wide Web [4].

Creating and using web mapping applications provides an effective way to present
spatial data to domain experts and the general public [5]. Considering the wide spectrum
of dataset types and the users’ need for multiple and different ways of engagement, the
conceptualization of the most optimal visual output is rather crucial [6]. Visualization
involves not only representation but also interaction [7-9]. Therefore, a visualization
specialist should be able to design and construct graphic representations that encode
information about real-world occurrences in a legible and interesting way, as well as graphic
interfaces that allow users to alter these representations effectively and efficiently [10].

Ground deformation and instability phenomena are geo-hazards-induced processes
that require systematic detection, monitoring, and mapping. Interferometric Synthetic
Aperture Radar (InSAR) technology is a mature geodetic imaging technique, which became
popular back in the 1980s, and over the course of its development, it has been proven
capable of mapping and monitoring ground deformation [11]. Despite being constrained
by inherited limitations, similar to all measurement techniques, it offers several advantages
compared to other traditional geodetic approaches, such as the Global Navigation Satellite
System (GNSS) and leveling. InSAR’s advantages include independence from ground
installations and long-range coverage at low cost, while obvious shortcomings include the
extraction of motion along a satellite’s line of sight (LoS) in a single direction, compensa-
tion for atmospheric delays, and the spatio-temporal decorrelation effect. The Persistent
Scatterers Interferometry (PSI) approach, as a viable extension of INSAR techniques, can
effectively compensate for those shortcomings, providing surface motion measurements
with millimeter-scale accuracy [12]. The PSI sensitivity to small ground displacements is
one of the key advantages of the technique [13], establishing PSI as a widely accepted tool
for measuring surface motion, as shown by numerous case studies [14-17].

Recently, a new era of systematic monitoring utilizing SAR sensors has begun since
the launch of the first satellite of the Copernicus Sentinel-1 mission on 8 April 2014.
Sentinel-1 is a significant advancement over the previous European C-band SAR missions
(ESA’s ERS and ENVISAT historical missions), as it reduced the temporal revisit time from
35 to 12 days (6 days with two satellite segments) while ensuring large swath coverage of
250 km. As a result of the open and free dissemination strategy for the Sentinel data and the
maturity of INSAR techniques, there has been ever-increasing exploitation of spaceborne
SAR data for land applications, especially for geohazards [18].

To this extent, the availability of platform-based solutions plays a crucial role in access-
ing Earth Observation (EO) data and execution of complex algorithms in a user-friendly
manner. The Geohazards Exploitation Platform (GEP) is a cloud-based environment pro-
viding access to satellite imagery in addition to EO processing services that allow mapping
hazard-prone land surfaces and monitoring surface motion. The platform is continuously
expanding by integrating a broad range of on-demand and systematic services hosted
on cloud resources. Its aim is to contribute to a better understanding of geohazards and
their impact through the exploitation of EO services. Among the services offered to users,
the on-demand Surface motioN mAPPING (SNAPPING) service consists of independent
components for the PSI analysis of Copernicus Sentinel-1 mission data. The service has
been operational since February 2021, offering GEP users access to an automatic chain for
extracting average motion rates and corresponding displacement time series [19].

Currently, with the availability of all individual components, namely operational
SAR missions, open and free EO data, and hosted cloud services, users are given all
means for the massive production of EO-based results. Still, their interpretation remains
a challenging process [20]. Thus, proper visualization of interferometric measurements
should be considered a priority, especially to support further investigation and analysis by
non-expert users.
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In the same context, visualization of the wealth of information “hidden” within PSI
measurements is not often the case. Indeed, a large number of published studies involving
PSI or other multi-temporal INSAR techniques are limiting their analysis and visualiza-
tion to static 2D maps of velocity rates [21-25] with no special attention to corresponding
displacement time series. On the other hand, well-configured interactive web-map applica-
tions exist, such as the European Ground Motion Service (EGMS) [26] and the Norwegian
Ground Motion Service [27]. However, they are developed for specific pre-processed data
and not as stand-alone tools to be used with the other sources of the measurements.

It is thus clear that even though the rate of EO practitioners utilizing PSI measure-
ments keeps increasing, there is a lack of well-tailored visualization tools for the proper
exploitation of these geodetic datasets. Therefore, the availability of open-source interactive
cartographic tools for visualizing the totality of information provided by a PSI dataset
in a user-friendly manner is required. Interactive geo-visualization tools can be proven
critical and decisive components in visualizing and exploring PSI datasets. Using those
tools may enhance comprehension and interpretation of multi-temporal datasets. By using
one open-source geo-visualization toolset, domain experts, as well as end-users, are given
the means to perform collective operations benefiting decision-making processes.

The aim of this study is to present a newly developed interactive toolset in support of
EO practitioners, providing access to different cartographic approaches for the visualization
and exploitation of spaceborne PSI measurements. The toolset includes visualization
web map applications focusing on exploring PSI velocity rates and PSI time series and
comparing PSI data with leveling data. It also contains an animation video for exploring
displacement values of a PSI time series dataset through time. Finally, it provides two
interactive visualization tools, contributing to the 3D visualization of time series of PSI data
and estimating velocity rates of a predefined time interval. To the best of our knowledge,
stand-alone, open-access, interactive tools have not been presented yet for visualizing all
derived data of a PSI dataset.

2. Study Area

The study area of this research refers to the northern Greece region that entirely covers
the city of Thessaloniki, Koronia Lake, some of the major rivers, such as Gallikos, Axios,
Loudias, Aliakmonas, and Anthemountas, the Thermaikos gulf, and the Koronia-Volvi
National Park (Figure 1). Elevation ranges from 0 m in coastal areas up to 1196 m on mount
Chortiatis, and the whole area of the region is about 500 km?2.

The geological setting lies within the Axios—Vardar geotectonic zone and Circum
Rhodope Belt of internal Hellenides. They are characterized by a complex tectonic history
and alternating lithostratigraphic units with the evident presence of ophiolitic complexes.
In particular, the Axios—Vardar zone consists of NE dipping thrust sheets, with an NW-SE
strike, dominated by the presence of metamorphic and deep-sea sedimentary rocks [28],
while the neighboring Circum Rhodope Belt is characterized by repeated SW-directed thrust
sheets consisting of sedimentary, igneous, and various types of metamorphic rocks [29,30].

Over the past years, several INSAR studies have been conducted over the study area,
successfully quantifying ongoing subsidence phenomena [31-34]. Since 1991, vertical
deformation phenomena have been detected, with the highest subsidence rates located
in the Kalochori-Sindos—Chalastra region, Mygdonian Basin, and Anthemountas Basin.
Motion rates reach —15 mm/year, varying depending on time interval and subarea under
consideration. Some of the applications and tools created herein were evaluated on the part
of the aforementioned regions exhibiting high displacement gradients, namely the broader
Sindos region.
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Figure 1. Area of interest located in the north part of Greece, referring to land included within the red line,
bounding box. Base map source: Esri, GEBCO, DeLorme, NaturalVue, Garmin, FAO, NOAA, USGS.

3. Materials and Methods
The methodological part of the study can be divided into three main components:

1.  Data Acquisition, describing the SAR and the leveling data used;

2. Data Processing, detailing the techniques implemented for processing the SAR im-
agery as well as their post-processing as part of their preparation for further carto-
graphic analysis;

3.  Geo-Visualization, referring to an animated map, cartographic tools, and 2D layers
properly visualized that contribute to the web map creation.

Finally, a geo-visualization toolset is developed, consisting of an animated map, three
web map applications, and two interactive visualization tools. Each of the geo-visualization
toolset elements contributes to the efficient and valuable visualization and diffusion of
ground motion data. The methodology is based on the flow chart presented in Figure 2.

3.1. Data Acquisition

The entire archive of Sentinel-1 Single Look Complex (SLC) data used consists of
138 SAR images acquired along descending track 7, well-distributed over a period of
approximately 6 years (between April 2015 and December 2020). The preference for
the descending orbit was due to the fact that for the specific acquisition time (at about
04:30 UTC), the influence of the atmosphere and ionosphere was relatively lower.
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Figure 2. Workflow of methodology followed for the integration of the research.

Additionally, the leveling data was available for the period between June 2018 and June
2020. Leveling is a precise and time-consuming procedure by which the height differences
between the neighboring points can be measured with sub-centimeter precision [35-37].
Spirit leveling was conducted in the broader area of the Sindos region. Leica DNA03™,
a high-precision digital level with a nominal accuracy (standard deviation per kilometer
double run) of 0.3 mm, was the instrument utilized for the measurements. A network of
11 points was established in the study area, and a reference point was located outside the
deformation-affected area. The data reveals the diachronic occurrence of subsidence in the
Sindos region, while some investigations have detected significant uplifts. According to
these reference data, a total vertical displacement trend of up to —15 mm for the first year of
measurements between 2018 and 2019 occurs. In the second period (June 2019-June 2020),
the majority of values are determined by relative stability, and the remaining few values
are characterized by a significantly lower displacement (subsidence or uplift).

3.2. Data Processing

The interferometric processing of the Sentinel-1 data was performed using the SNAPPING
service on GEP. Specifically, SNAPPING Interferogram Generation (IFG) service was run
for the generation of the interferometric stack, a collection of single reference differential
interferograms stored on the platform resources for further analysis. This IFG stack was
then inserted as input for the actual time series analysis through the SNAPPING PSI service.
SNAPPING PSI was run at medium spatial resolution (PSI Med) since a relatively large
area was considered (approx. 90 x 90 sq. km). At medium resolution, identified Persistent
Scatterer (PS) targets were merged, over a 100 m search radius, based on specific criteria,
thus reducing their numbers over regions of high point densities. As a consequence of
the reduced point density, SNAPPING PSI Med allows for the decrease of computational
time and resources required for the processing. Since our work focused more on the post-
visualization of PSI measurements and not on the detailed mapping of surface motion,
medium-resolution results were considered adequate for our demonstration purposes.

Following the completion of PSI processing, measurements come in delimited text
format, specifically as a CSV (comma-separated values) file, which includes information
about coordinates, velocity, velocity sigma, temporal coherence, heights, and incident angle,
as well as the displacement time series for each of the points. The velocity and velocity
sigma attributes refer to the average LoS displacement rate and the corresponding standard
deviation, respectively, both measured in mm/year. A PSI time series is associated with a
single point measurement and depicts the displacement history of that Persistent Scatterer
(PS) target through time, starting from the initial acquisition date [26].

The incorporation of the measurements on the geodatabase server is achieved through
the conversion of the CSV file into a GIS-suitable format (shapefile). In that way, each one
of the points consisting of that file will be located by its coordinates but will also provide
all the above-mentioned information, such as velocity rates and time series displacement.
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This specific PSI dataset consists of almost 44,000 geolocated PSs with 138 acquisitions
between 2015-2020. Thus, the whole dataset contains more than 6,000,000 registrations. A
similar process is conducted on leveling data. Leveling measurements refer to the height
differences in geolocated points. Leveling output dataset is converted from CSV file to
shapefile so data can be readable by the server and also be comparable with PSI data.

An important point that has to be examined is the time contained in PSI data. For
this purpose, time is presented in columns at the attribute table, in two ways, as a date
(ex. 30 June 2020) and as a decimal date (ex. 2020.4955). Transforming date into the decimal
date gives the opportunity of using dates of time series in equations. Our dataset contains
138 unique dates (referring to every SAR image processed) from 4 October 2015 up to
27 December 2020, with no equal time interval between them.

3.3. Geo-Visualization

The first and probably one of the most crucial aspects that had to be examined at this
stage was the cartographic scale. Spatial data might provide varied information about
the examined features and their relationships depending on the scale used [38]. The
cartographic scale should be prefixed, and the symbol size of PSI data (point vectors)
should be adapted on every different scale. By this categorization, it is easier for the viewer
to have a better overview of the data. Prefixed cartographic scales that were used for these
data are as follows:

1. 1:1,000,000, covering the whole study area, correlated with the extent of a SAR satellite
image;

2. 1:500,000, able to present PSI data over extensive geomorphological units, such as
lakes, mountains, rivers, etc.;

3. 1:250,000, suitable for the presentation of PSI data covering municipalities and big
cities;

4. 1:100,000, providing a sufficient depiction of PSI data over cities and villages.

5. 1:50,000, able to provide information on PSI data over big human structures such as
airports, bridges, etc.;

6.  1:25,000, providing presentation of PSI data even over smaller areas, such as rural
areas and settlements;

7. 1:10,000, suitable for presenting PSI data over different sizes of public road networks;

1:5000, able to present PSI data on building blocks;

9. 1:2500, for neighborhood or building-based scale presentation of PSI data.

&

Scales 2, 5, 6, 7, and 8 are also compatible with cartographic scales used in geological
and topographic maps provided by the Hellenic Military Geographical Service and Hellenic
Authority for Geological and Mineral Surveys.

Symbol size was adjusted accordingly to every unique chosen scale, bigger-sized
symbols for smaller cartographic scales (1, 2, 3, 4, 5) and smaller-sized symbols for big
cartographic scales (6, 7, 8, 9), respectively. All cartographic scales mentioned are pre-
sented in Figure 3.

The second aspect involves the classification of quantitative data that provides a better
visual representation of the PSI velocity field by the cartographic method of the graduated
symbol. Velocity rates present average LoS displacement in mm per year. For this specific
data set, the min value is —17.5 mm/year, and the maximum value is 7.6 mm/year, where
most of the values occur on the value interval of 3 mm/year. In order to approach the
most suitable cartographic method for visualizing PSI velocity data, five classification
methods were applied to the same data set. These methods are as follows: Equal Intervals
(1 mm/year for each class); Equal Intervals (2 mm/year for each class); Quantiles; Nat-
ural breaks; and Stretched method. The evaluation of the classification method is based
on how well each technique meets various criteria, such as smooth fluctuation between
velocity rates of displacement, demarcation of deformation or none-deformation zones,
visualization of extreme values, and feasible comparison with other corresponding re-
search. Each one of them has advantages and disadvantages, depending on the different
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usages of each map. Three of them display a satisfactory visual representation of veloc-
ity displacement rates. The cartographic results of all other techniques were considered
unsatisfactory because they did not present sufficient distribution of data, resulting in
not fulfilling the above-mentioned criteria; therefore, they have been excluded from the
evaluation process. The three most suitable cartographic techniques are Stretched, Equal
Interval (one mm/year for each class), and Natural Breaks, as shown in Figure 4. The

employed classification methods shown in Figure 4a—c are the most suitable classification

methods for velocity rates of PSI data depiction, presenting good distribution of data and

fulfilling the above-mentioned criteria. The Stretch Method shown in Figure 4a is proposed

as the most suitable approach for visualizing velocity rates of PSI data. Although the equal

Interval Method (Figure 4d) shows a sufficient distribution of data, there is not a smooth

fluctuation in velocity rates. The quantiles classification technique (Figure 4e) does not

adequately distribute the data, and the visualization of extreme values is unclear.
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Figure 3. Categorization of the nine different prefixed cartographic scales used for presenting PSI data.
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Figure 4. All five cartographic techniques i.e. (a) stretched, (b) equal interval (one mm/year for
each class), (c) natural breaks, (d) equal interval (two mm/year for each class) and (e) quantiles were
evaluated on the same dataset. Cartographic results are presented respectively by their velocity

values contributions and color pallets.
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3.3.1. 2D Visualization to Web Maps

The field of web cartography is constantly evolving and improving with frequent
updates and technical advancements [39-41]. During various stages of PSI data processing,
web-based GIS can play a crucial role in the collection and dissemination of essential
information in a rapid, relatively inexpensive, and clear manner [42]. In order to manage
(store, process, visualize, and share) all of those data, the ArcGIS Enterprise geodatabase
server was used. For efficient visualization of velocity rates, time series displacement
values, and leveling data (points), three web maps have been created:

1. The velocity web map, presented in millimeters per year, visualizes the mean velocity
rates of the study area for the period between 2015-2020;

2. Time series web map, visualizing the displacement values in millimeters of the study
area. Each point of the data set includes information on the displacement value of
every intermediate date between 2015-2020;

3. Leveling data web map presents time series values of PSI data combined with leveling-
derived displacement values. Both datasets present displacement in millimeters for
the period of June 2018-June 2020.

Those three web maps have been used to create interactive web applications.

3.3.2. Animated Map

A cartographic animation is an expressive form of dynamic visualization in the context
of spatial data management, allowing for the display of exceedingly complex processes.
Geospatial data animations can display changes in space (position), location (attribute),
and time [1]. One of the most common ways to visualize temporal point data is by creating
an animation video [43]. During this study, an animated map presenting displacement
values from 2 May 2015 to 19 March 2021 of the study area was created. The animated map
created also contains elements of a common map, such as a title, orientation, and legend.
The date is also presented as an active field corresponding to the data presented on the
animated map. The animated map was finally uploaded to YouTube™, making it accessible
to all users of the geo-visualization toolset.

3.3.3. Tool Development for 2D /3D Visualization

In order to visualize and interactively explore the INSAR time series, two interactive
map tools were developed: (i) an interactive 2D tool that estimates and visualizes velocity
rates for predefined time frames; and (ii) an interactive 3D exploration and visualization
tool of time series, presenting every intermediate value of displacement of the point dataset.

Furthermore, by working on the visualization of the velocity data, we realized the need
to estimate the velocities of each point on smaller periods and areas. Velocity estimation
for each point comes from calculating the slope of the linear regression between the single
displacement value and time. The main idea here is to re-estimate the slope velocity of
every single point of the data set for smaller time frames in different subareas of interest.
If the acquisition period or the observation time window changes, then the velocity rate
of each point is also affected. Based on the latter, an ArcPy script was developed, which
automatically estimated the velocity rates of points depending on the studied time interval
within the time frame range of the original dataset. Velocity rates of each point of the
dataset are estimated by the linear regression between displacement values and time.

The first step was to isolate the subarea of interest by selecting and extracting all
points that are enclosed within. Then, we transformed the date into a decimal number, so it
could be in the proper format in order to be part of a linear regression. Additionally, we
created a new null column on the attribute table of the shapefile in order to store every
new estimated value. Then, we added a slide bar of time, which expanded the time range
of the data set. In the next step, we encoded a script that worked as a loop by estimating
the velocity of the data (depending on the time selected) set and overwrote the results on
the newly created file. Finally, the user has the option to define the time range of interest
by the time slider and then call the script created. Data for this tool are shared as a layer
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package, so users are able to download and open it on ArcGIS Pro. Subsequently, they
should also download the supplementary script as a text file, then paste it and run it on the
ArcGIS Pro notebook. Then, by looping from point to point, the velocities of every point of
the dataset are calculated and visualized (by refreshing data) on a predefined color pallet
similar to the one used for visualizing the velocity of PSI measurements (from blue to red
when uplift or subsidence, respectively). Users also have the option to manually select a
point by id and have a graph of all its displacement values through the selected time frame,
which represents the linear regression line that refers to its mean velocity value. By clicking
on graph properties, users have the option to see the equation of linear regression that
estimates the mean velocity of each point. The value of the velocity rate for this specific
point is also written on the new field created on the attribute table. Overall, the script
became a useful tool that generated mean velocity values depending on any time frame
and subarea needed.

When visualizing PSI data over a study area, the main visualized variable is
velocity [13,18,44,45]. When exporting the PSI data per PS target, there is also information
about individual displacement values corresponding to the satellite acquisition dates. This
information is crucial to the study because of the evolution of motion for each PS through
time. Usually, it can be represented by using time slider bars on 2D maps or a series of 2D
maps. The need for immediate visualization of this useful information led to a 3D visualiza-
tion approach, where the third dimension refers to time. This visualization is achieved via
colorized tiles (depending on displacement value) that expand on the z-axis above every point
of data. The idea for this approach stems from the space—time cube representation that has
been widely used for the simultaneous display of time and spatial data.

This visualization tool also provides sliders that give the opportunity to select period
and displacement value ranges. When users make a selection with these sliders, the
corresponding tiles are depicted in the final visualization. Finally, by selecting a random
(on time and location) part of that space-time cube, a graph is created that illustrates
displacement values through time. If one point of the data set is selected (by id), then the
created graph refers to the evolution of this point for the exact selected period. If more than
one point is selected, the presented graph automatically splits all points by id into different
colored lines for the selected period. A complete interpretation of the evolution, through
time, of the displacement values is given by also using a 3D navigator, as well as time and
displacement values slide bars. This tool is also shared as a layer package, so there is a
need for specific software in order to download and experience it.

3.3.4. Web Map Applications

Gehlot and Hanssen [20] refer to the importance of a clear view and understanding
of ground deformation data (such as those pertaining to land subsidence) by authorities
and other relevant bodies. However, the PSI data processing technique is sometimes too
challenging for a “non-expert” in the broader user community. In order to bridge this gap
between PSI measurements and end-users, they used Geographical Information Systems
(GIS) that could work as an interactive tool to visualize and analyze radar time series data.
Moreover, a Web-GIS interactive visualization interface was developed to communicate
PS-derived land subsidence data to end-users.

Following the same concept, through ArcGIS Web App Builder™, we created three web
map applications that work as cartographic tools in order to visualize and provide a full and
clear perspective of ground displacement PSI measurements. These three web map applications,
ie., (a) a PSI velocity rates web map application, (b) a PSI time series web map application,
and (c) a PSI vs. leveling web map application, are analytically described henceforth.

The PSI velocity rates web map application focuses on visualizing LoS mean velocity
rates (mm/year). Users are able to explore the area of interest and examine velocity rates
per point by clicking on the respective point and retrieving all relevant information (latitude,
longitude, velocity, velocity sigma) on a pop-up window. The application offers the option
of using a toolbar, including crucial information about the dataset, such as legend, all
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layers loaded, and general processing information. By using this toolbar, users have the
option to load further supplementary data. These data could be imported from each user’s
personal repository or via a URL (if loaded on the geo-server). Hence users practically
have the flexibility to load any available online data and investigate the possible correlation
with the PSI velocity information. Additionally, with the “selection tool” available in
the toolbar, users can select (by polygon) an area of interest and save it as a new layer.
This layer can then be studied individually by means of its attribute table or optionally
used in conjunction with the “analysis tool”, where tools such as buffer creation or point
interpolation (for continuous layers) are available. Using analysis tools provides the option
of a dynamic statistical analysis process that could lead to drawing immediate conclusions
for the selected area of interest. All the analysis tool outputs can be saved on the server
and loaded again in the application as new layers. Moreover, the “filtering tool” provides
the option for defining upper and lower velocity values thresholds as well as velocity
sigma in mm/year. Land use types for each point provided through the ESA Land Cover
2020 dataset [46] are merged with the primary PSI data file. Users also have the option
of filtering data points based on the corresponding land use. After defining the desired
parameters, points are filtered, and only those points that fit the selection criteria are
depicted on the map. The application also provides the option of loading the attribute table
of the dataset so that users can zoom in on points by selecting specific lines of the table and
sorting data by a specific column.

The PSI time series web map application supports the visualization of PSI time series
data. Every displacement value for each unique date is presented in order to visualize the
evolution of those values in time. A toolbar is also available here, through which users can
retrieve general dataset information and also see the legend and the layers used. Users
have the same options for adding and selecting data as well as creating sub-layers from all
selected subsets. The most important tool here is the time slider tool, used to define and
visualize data corresponding to specific dates. The results of the visualized data refer by
default to the last available date. There is also an option for the continuous presentation of
all intermediate dates by defining the step interval between dates using the “play” button
on the time slider tool. Users also have the option of configuring the sequence speed of each
consecutively presented result. For this tool usage, a slow presentation speed is advised
so that all data are correctly rendered on the map. Working with a very large amount of
data (almost 6,500,000 points) is a challenge and computability-demanding procedure for
rendering and visualizing. That is one of the reasons why animated video visualization
was also created.

Users finally have the option of using the filtering tool, by which they can select a
specific date in order to have the corresponding data as a map result. The main precondition
here is that the selected date corresponds to a date where data actually exist. In order to
support this selection, the attribute table is also available so that users can have an overview
of every available date.

The PSI versus leveling web map application is about comparing displacement values
coming from two different methods. The methods used for this comparison are PSI
(Persistent Scatterer Interferometry) and leveling. Leveling is quite a demanding procedure
in terms of time and manpower; hence, it was conducted in a smaller subarea of interest.
A network of 11 stable points was established in this subarea of the Sindos region and
measured during the period between June 2018 and June 2020.

As per the previously presented applications, options, such as legend, layer list, and
general information presentation, are available in the main toolbar of the application.
Users have the option of applying filters on PSI or leveling points in order to study them
separately. A time slider is also available for both data sets. The main tool of this application
is the chart creation tool, through which graphs of the evolution of displacement values for
each point of both datasets can be generated and compared. Users are able to select points
of the data set by spatial filters, e.g., by zooming on a specific map area and creating a
chart for the points included within this area or by creating a predefined shape (point, line,
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polygon circle, etc.) that includes the points of interest. Subsequently, a graph is created,
and users have the option to change its parameters, such as color lines, axes, and legend, as
well as to enlarge it.

Through this procedure, users are in a position to create graphs for each of the points
of the datasets and can, thus, have a better understanding of the evolution of their displace-
ment through time.

3.3.5. Geo-Visualization Toolset

A geo-visualization toolset that includes all web map applications, interactive visu-
alization tools, and an animated map was created so that users could collectively explore
them. Each element of that cartographic toolset is presented by its title and can be accessed
by selectable previews that work as eligible links. Web map applications are uploaded
on the geo-server, and animation map is uploaded online on YouTube. Both are directly
accessible, to all users, by clicking on each preview/link of the toolset. Cartographic tools
are shared as web layers, where users can click on their previews and download them
automatically in the exact same configuration environment as the one they have created.

4. Results and Discussion
4.1. Animated Map

In order to have a quick overview of the PSI displacement time series of the whole
study area, an animated map that visualized those values was created. It is a video of
approximately 40 s, at a scale of 1:900,000, that continuously presents all PSI displacement
time series from 2015 up until 2020. For a quick and efficient illustration of such a long-term
phenomenon, the time frame interval of each of the 138 acquisition dates was adjusted to 0.28 s.
In the video margins, the title, legend, scale, and active (currently shown) date are indicated.
With the aid of this animated map, it is possible to study the evolution of displacement
through time. Its values appear to have a negative trend, especially in the aforementioned
subareas, although most of the broader study areas seem to be generally stable.

Overall, users have the option to pause the animation video on demand and obtain
a static map of displacement for the whole study area for every available date. All this
information can be selected and compared for multiple dates, depending on the user’s
needs. A preview of the animated map is presented in Figure 5.

The entire dataset displays a wide range of deformation values (40 mm to —80 mm),
so stretched method was selected on a color ramp from red to blue (negative to positive
values) for visualization. The prefixed scale provides an effective interpretation of overall
temporal displacements that prevail in the study area.

4.2. PSI Velocity Rates Web Map Application

The PSI velocity rates web map application can be used for exploring PSI velocity rates
over a study area. Users have the option to filter points by velocity rates, velocity sigma, and
land use. This web map application also provides the option to load any other available layer
and compare it with PSI velocity rates. In order to further investigate the spatial distribution
of data, users can also apply analysis tools, such as buffer layers and interpolated layers
generation. An example of this application usage is presented in Figure 6.

By using this web map application, not only visualization but also an exploration
of PSI velocity rates is available. By exporting all dataset values as a layer, a map was
created, where four main subareas showing land subsidence (negative surface motion
rates) are shown. Those subareas are depicted in Figure 7: (1) Sindos—Kalochori-Chalastra
region, with a minimum velocity rate of —11.6 mm/year and a maximum of 2.5 mm/year;
(2) The NW part of lake Koronia lake with a minimum velocity rate of —7.6 mm/year and
a maximum of 2.5 mm/year; (3) The broader area of Thessaloniki airport, with a minimum
velocity rate of —16.1 mm/year and a maximum of 3.0 mm/year; and (4) The broader area
of Moudania region, with a minimum velocity rate of —16.7 mm/year and a maximum of
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3.0 mm/year. In these subareas, similar motions seem to occur, as indicated by the many
independent research endeavors throughout the years [31-33,47-51].

Central
Macedania

Figure 5. Animation map, with all PSI time series displacement values, presented from 2015 to 2020
in the broader area of Thessaloniki Region. Date presented here is 21 January 2019.
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Figure 6. PSI velocity rates from 2015 to 2020 in the broader area of Thessaloniki International Airport,
northern Greece. Velocity rates range from 4.0 to —18.0 mm/year and refer to points that are located

over buildup areas.
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Figure 7. Subareas of (1) Sindos-Kalochori—Chalastra region, (2) the NW part of lake Koronia lake
(3) the broader area of Thessaloniki airport and (4) the broader area of Moudania region with negative

displacement velocity rates from 2015 up to 2020. Base map source: Esri, DeLorme, NaturalVue.

The first cartographic challenge we had to face was scale and symbol size. We suggest
that available scales when visualizing PSI data, should be predefined (depending on
the study area), and point size should be alternated in accordance with the selected scale.
Through this approach, visualization becomes more efficient and accurate on every different
scale selection.

The second challenge we had to overcome was the selection of the cartographic method
and color ramp for the optimal visualization of PSI velocities. The stretched method is
suggested, with a color ramp from red (negative values) to blue (positive values). The goal
here is to achieve an equiponderant color ramp.

4.3. PSI Time Series Web Map Application

The PSI time series web map application can be used for filtering and visualizing PSI
time series data of each intermediate date. Users have the option of selecting a specific
date of interest and visualizing displacement values over the study area. A preview of this
web map application is presented in Figure 8. The selected date in this figure is the 10th of
February 2020. Displacement values vary from —40.6 mm up to 34.34 mm relative to the
first data acquisition date. The lowest displacement values are mostly presented in the NW
of Koroneia lake, whereas the highest displacement values are mostly located on the S part
of the subarea.
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Figure 8. Evolution of deformation web map application, presenting deformation values of unique
dates (in mm) in a subarea NW of Koroneia lake.

One of the limitations of this web map application is the large amounts of records
loaded. That is why users have the option to select the time and location-based subsets
and export them as a new layer. By using this web application, users have the option of
extended and detailed exploration of deformation values on specific dates and subareas.

4.4. PSI Versus Leveling Web Map Application

PSI versus leveling web map application focuses on comparing PSI time series data
against leveling ground displacement data. Users have the option to explore values of
displacement of two different datasets and also to create graphs for the comparison of
land displacement trends and values of adjacent points. By using the application and
comparing the two methods, the correlation between the two datasets is evident. A general
presentation of the web map application interface is presented in Figure 9. Eleven leveling
points from this dataset are presented as rhombuses with black outlines, whereas all other
points refer to the PSI dataset. The NE leveling point (Figure 9) is used as the reference
point during the field measurements. The majority of points present subsidence trend
values from June 2018 to June 2019 and more stable or even uplift trends between June
2019 and June 2020. An example of graph generation between adjacent points of different
datasets is presented in Figure 10.

The direct comparison of PSI and leveling displacement trends correlates successfully
as both graphs follow similar fluctuations in terms of subsidence and uplift rates (Figure 10).
The nature and limited time interval of the leveling procedure result in a more linear and
simpler trend (i.e., only three timestamps), always in complete agreement with the general
gradual fluctuations of the PSI trend. One of the limitations of this web map application
arises from the availability and acquisition of leveling data. Leveling is quite a demanding
procedure that has to be conducted in the same location and time extended with the
available PSI data so both datasets are comparable and visualized simultaneously.
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Figure 9. PSI vs. leveling method comparison web application, with two datasets of points depicted

over Sindos region.
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Figure 10. Example of displacement trends comparison via graphs, between PSI time series data
(point A) and leveling data (point B), for the same time frame. Graph (A) shows subsidence trend
from 17 June 2018 to 6 July 2019, relative stability trend from 6 July 2019 to 15 November 2019, and
an uplift trend from 15 November 2019 to 27 December 2020. Graph (B) shows a subsidence trend
from 15 June 2018 to 15 June 2019 and an uplift trend from 15 June 2019 to 15 June 2020.

4.5. 3D Visualization of Vertical Displacement Tool

By using the 3D visualization of the vertical displacement tool, users have the option
to inspect PSI time series over an area and temporal subset through a 3D map. Every inter-
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mediate displacement PSI time series value is presented in tiles, including all 138 different
dates in layers expanding on the z-axis from old (lower layers) to recent dates (upper layers).
An example of this 3D visualization tool of PSI time series data is applied and presented
in a subarea of interest, for a predefined period, in Figure 11. Each layer represents one
specific date, starting from 10 April 2015 on the lowest layer and ending on the higher layer
and the last date of 27 December 2020. For the examined period, displacement values vary
from —28 mm up to 2.5 mm. The lowest values are present mostly in the SW part of the
study area, which is characterized by subsidence. The rest of the study area is characterized
by many random value fluctuations (mostly stable, with some low-level motion detected
occasionally). Displacement seems to increase in the SW part of the study area towards the
more recent dates, with maximum displacement average values of approximately 28 mm
in the last two years (2019-2020).

(@) (b)

Figure 11. A presentation of 3D visualization of PSI time series displacement values in Sindos Region
from 2015 to 2020. The value for each date is presented as a tile in space. The orientation of image (a)
is SE to NW, while that of image (b) is SN.

Another capability of this 3D visualization tool is to filter data by predefined time frame
and value of displacement range by using slide bars, as shown in the example of Figure 12.

1/19/2017 4/9/2019

Figure 12. Tiles of displacement values after selection of time and value range. Values between
19 January 2017 and 9 April 2019, ranging from —19.1 mm to —4.8 mm, are presented in this example.

This 3D visualization tool also offers the capability to select one or more different
points on multiple epochs and generate PSI time series graphs, which present the evolution
of displacement, as shown in Figure 13.
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Figure 13. In image (A), a chart of the evolution of displacement values for one specific point is
presented for the period between May 2015 and November 2020. All selected displacement values of
the point are presented in blue color on the 3D map. In image (B), multiple selections of points (their
displacement values) and dates are selected and presented on the chart, from March 2018 until June
2020. Displacement values of each selected record are depicted by different colored lines on the graph.

By using this cartographic tool, users not only have the option of visualizing and
exploring PSI time series data in one 3D map but also generate graphs of the temporal evo-
lution of each point of the dataset. With this capability, a comparison of deformation trends
between various records of the dataset can be achieved. A limitation of this visualization
3D tool stems from the need to become an easily accessible web map application instead of
being shared as a layer package.

4.6. Velocity Estimation Depending on Time Frame Tool

This visualization tool can be used for estimating mean velocity rates on smaller
predefined areas and time frames. Moreover, by isolating and estimating mean velocity
rates for a predefined subarea and a temporal frame, abrupt land displacement phenomena
(e.g., landslides or earthquakes) can be studied and visualized. These phenomena would
otherwise not have been properly presented through a large number of record time series
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dataset visualization because of their smoother fluctuation through time. An example of
the mean velocity estimation tool is presented in Figure 14.

71072075}
sindes

Realationship between Time and Vertical Deformation

Vertical
Deformation (mm)

2016 2017 2018 2019 2020

Time

Figure 14. Mean velocity rates of Sindos region have been estimated and visualized for the period
between 2015 and 2020. A graph of the PSI time series displacement values but also mean velocity is
presented by the linear regression line for the selected record in the SE.

By estimating velocity rates of isolated temporal and spatial subareas, expert users
have the option to visualize and compare them with the default dataset rates. A limitation
arises from the need of downloading a supplementary file in order to use this cartographic
tool. This file contains the script developed for estimating velocity rates for any temporal
and spatial subset selected. This cartographic tool is also served as a layer package.

4.7. Geo-Visualization Toolset

This web application offers a cartographic toolbox for visualizing and exploring PSI
vertical ground motions. Every cartographic element of this application has a different
symbology, scale, time reference, and area of interest. Therefore, each element has, in
general, a different purpose, contributing to an overall visualization and understanding of
PSI displacement motions.

A preview of the toolset is presented in Figure 15. Users can access this web applica-
tion through a desktop computer/laptop with internet access and a web browser. Every
thumbnail of each cartographic element is selectable and linked with an application, tool,
or video, respectively. Both laboratories that have been involved in this study are also
presented and linked to this final application. The geo-visualization toolset is accessible by
the link: https:/ /bit.ly /Geo-VisualizationPSIData (accessed on 9 December 2022).

By studying PSI data, it is evident that the comparison between different pieces of
research is rather challenging because of different cartographic representation approaches.
A common cartographic approach to PSI measurements could lead to more efficient com-
parisons between different studies.

The PSI dataset referring to Northern Greece provided an excellent opportunity to
utilize the geo-visualization toolset. We strongly believe that the whole study area should be
continuously studied in order to have a full overview of the evolution of land displacement
through the years and to be able to visualize and efficiently diffuse the results to the
users and the general public. One way to achieve that is through the integration of
specifically designed scientific tools, an example of which is proposed in this study. This
temporal monitoring would have many environmental, educational, humanitarian, and
economic implications. The quality of the results from Northern Greece suggests that a
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similar approach can not only improve but also upscale the level of ground displacement
phenomena research over large areas.

Geo-Visualization Tools of PSI Data

PSI Velocity Rates Visualization PSI Time Series Visualization PSl vs Leveling Visualization Velocity Estimation Depending on Time
& Frame

3D Visualization of Vertical
Deformation

A

)
C = CARTOGRAPHY & GEOFNFORMATICS
7 LABORATORY

Figure 15. Geo-visualization toolset of all six cartographic elements created.

There is a large variety of different types of ground displacement [51,52]. Hence, it is
suggested that the whole geo-visualization toolset should be further used on different study
areas with different characteristics and types of displacement phenomena (e.g., landslides,
earthquakes, volcanoes, etc.) or even in areas with the same mechanisms of displacement
but with different rates and values so that tools are tested on a wide range of different
conditions. All the geo-visualization toolset needs as input is a generic PSI export. Most
PSI export data, such as EGMS’s [26], etc., after some individual configurations for each
application, could be used as inputs so that data could be explored and visualized through
the visualization platform created (geo-visualization toolset).

In order to further expand the usage of the geo-visualization toolset, the idea of
serving every individual cartographic tool under the terms of contextual cartography
is being examined. By this approach, users do not need to have any knowledge about
the cartographic theory, as everything is predefined within the applications and tools
creation. All they have to do is describe their own context so they receive the corresponding
cartographic results [53]. Data about ground displacement, such as urban land subsidence
or the behavior of infrastructures, bridges, and dykes, has proven to be really helpful
for city authorities, municipal departments, planners, infrastructure industries, mining
industries, and non-governmental organizations (NGOs). However, it is usually difficult
to provide that information to a “non-expert” user due to the intricacies of PS InSAR
processing. Moreover, these parties are mostly interested in the final results rather than the
complementary information [20]. In other words, users without cartographic experience can
utilize a context-aware map application since the map is (or should be) accurately created
by the application [53]. The main value of using contextual cartography in visualizing land
displacement data is the fact that all data exported are fully used and served accordingly to
each user’s needs, saving time and pointless research through map layers and information.

5. Conclusions

To address the need for geo-visualization of PSI data, which are globally used for
monitoring the dynamic phenomena of surface motion, a PSI geo-visualization toolset was
developed. The combination of web map applications, interactive visualization tools, and
animated maps shared on this geo-visualization toolset leads to the efficient exploration of
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PSI data and provides useful information about the prevailing conditions in the study area
in terms of ground motion.
More extensively:

e  PSlvelocity rates web map application contributes to efficient visualization of mean
velocity rates of a study area. This web map application enables each user to interac-
tively explore PSI velocity rates in detail, offering a variety of tools, including filtering,
analyzing, and exporting subsets of the dataset.

e  PSI time series web map application contributes to the visualization of the temporal
evolution of deformation values. This web map application enables expert users to
have a quick exploration of temporal PSI deformation values, as well as offering tools
for filtering by date and exporting subsets of the dataset. For non-expert users, a
temporal overview of PSI time series values is provided by the animated map.

e PSIversus leveling web map application contributes to the interactive comparison
between PSI and leveling datasets. This web map application enables expert users to
easily import leveling data (when available) in order to evaluate PSI measurements.
Users also have the option of temporal exploration and comparison of both data
sources by graph generation presenting trends of displacement.

e 3D visualization of the vertical displacement tool contributes to efficient visualization
of the evolution of PSI time series values of displacements in one map. This visu-
alization tool enables expert users to immediately explore PSI time series values by
applying date and displacement value filters as well as to generate graphs of time se-
ries displacements. Utilizing the 3D visualization tool enables users to verify whether
the evolution of PSI time series values is smooth and stable or even to detect and
visualize any abrupt phenomena that occur.

e  Velocity estimation of vertical displacement tool contributes to velocity estimation rate
over different subareas and temporal subsets. By using this tool, expert users have
the opportunity to isolate and explore abrupt phenomena by re-measuring velocity
rates for those subareas as well as generating graphs of PSI time series evolution of
data displacement.

e  The combination of all those tools is about fulfilling each visualization need. Each
of the cartographic applications, map tools, or animated map of the toolset could be
tailored with mostly any generic PSI export data to provide a complete operational
tool for interactive data visualization for each case study. Further research is mainly
oriented on the investigation of scale issues (geographic, cartographic, spatial, and
temporal) on efficient visualization of PSI fine resolution data, which will lead to the
development of useful cartographic tools.
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