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Abstract: Land subsidence and its subsequent hazardous effects on buildings and urban infrastructure
are important issues in many cities around the world. The city of Uppsala in Sweden is undergoing
significant subsidence in areas that are located on clay. Underlying clay units in parts of Uppsala
act as mechanically weak layers, which for instance, cause sinking of the ground surface and tilting
buildings. Interferometric Synthetic Aperture Radar (InSAR) has given rise to new methods of
measuring movements on earth surface with a precision of a few mm. In this study, a Persistent
Scatterer Interferometry (PSI) analysis was performed to map the ongoing ground deformation
in Uppsala. The subsidence rate measured with PSI was validated with precise leveling data at
different locations. Two ascending and descending data sets were analyzed using SARPROZ software,
with Sentinel-1 data from the period March 2015 to April 2019. After the PSI analyses, comparative
Permanent Scatterer (PS) points and metal pegs (measured with precise leveling) were identified
creating validation pairs. According to the PSI analyses, Uppsala was undergoing significant
subsidence in some areas, with an annual rate of about 6 mm/year in the line-of-sight direction.
Interestingly, the areas of great deformation were exclusively found on postglacial clay.

Keywords: Sentinel-1; PSI; INSAR; precise leveling; deformation; clay

1. Introduction

The latest ice age, that began about 100 000 years ago and ended about 10,000 years ago, had an
enormous impact on the near-surface geology in Sweden [1]. A consequence of the ice melting and the
time after, with a significant land uplift, were the mighty layers of clay that were formed [2]. One of
the most significant drawbacks of clay, as a foundation for human development, is its mechanical
properties that makes it a weak layer, which have consequences like subsidence [3] and swelling and
shrinkage [4]. Subsidence in clay can occur as a natural process but also because of an increased
level of stress, caused by additional loads from human activity or a lowering of the ground water
table [5]. In urban areas, subsidence can cause serious problems on the built environment, like tilting
buildings, caused by uneven subsidence, and a ground surface that subside faster than buildings that
have pile foundation.

In Sweden, some cities are located on clay and are characterized by uplift and land subsidence
phenomena similar to many other cities of the world, for instance London [6] and Las Vegas [7]. These
cities are subsiding in different rates, and many of them are undergoing rapid development and
densification, so knowledge about the large-scale subsidence could be important in the long-term
planning of a city. There are different geodetic techniques to measure subsidence, where the very
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accurate precise leveling is the most traditional and most used in the field of civil engineering in
Sweden [8]. Another technique, which can accurately be used on a large scale, is the satellite based
Interferometric Synthetic Aperture Radar (InSAR) technique, where the key concept is to calculate the
phase difference between two SAR images, by creating interferograms [9,10]. For accurate deformation
monitoring (mm-precision), traditional InNSAR have some considerable limitations and to overcome
this, many images over the same area and from different times can be used, in which certain pixels
are selected and studied in terms of phase difference through time. This multi-image technique is
commonly called Persistent Scatterer Interferometry (PSI) and is suitable when measuring urban
subsidence, because of the high accuracy [11,12].

For this study, Sentinel-1 radar data from the European Space Agency (ESA) was used. Many
studies have been carried out where the PSI technique has been applied with Sentinel-1 data to
monitor deformations of the ground surface. Crosetto et. al. [13] were among the first to apply the
PSI technique with Sentinel-1 data. They achieved promising results, even though the studied period
was rather short, from October 2014 to April 2015. Newer studies have been performed, for instance,
by Del Soldato et. al. [14] and Roccheggiani et. al. [15]. In the former, about 300 Sentinel-1 images
were used in three analyses considering a two — three years study period, to investigate the subsidence
rate in an area in central Italy. In the later, about 320 images were used in a three years study period,
to analyze the ground displacement caused by underground tunneling. Sentinel-1 data can also be used
in PSI analyses for other applications than ground surface monitoring, like measuring deformations of
important infrastructure like dams and bridges [16-18].

In the application of subsidence monitoring, validation studies between precise leveling and the
PSI technique, with data from other satellites than Sentinel-1, have been performed. Hung et. al. [19]
used 20 ENVISAT images from two years in an agricultural area in Taiwan. They found that the
Root Mean Square (RMS) of all the differences in vertical displacement rates from the PSI-analyses
and precise leveling was 6 mm/year. Karila et. al. [20] compared the subsidence rate, in an urban
environment in Finland, measured with PSI and precise leveling. In that study, PSI analyses were
performed with ERS and ENVISAT data from 14 years and the agreements were rather good, as the
differences between precise leveling and PSI were between —0.9 mm/year and +0.6 mm/year, with a
mean at 0.03 mm/year.

In this study, Sentinel-1 radar images, collected between March 2015 and April 2019, were processed
and analyzed with PSI technique, to accurately measure the subsidence rate in Uppsala, which is an
urban area built on clay. Furthermore, the results from the PSI analyses were validated with metal
pegs that have been measured with precise leveling. The goal of this study is mainly to generate a
deformation map of Uppsala to understand the ongoing heterogeneous deformations and to highlight
risk zones, which are undergoing a relatively higher subsidence rate. In addition, a geological and
geodetic data analysis was carried out to examine the correlation between deformation rates, detected
in this study, and the type of quaternary deposits. Moreover, we will analyze how accurate Sentinel-1
data can measure subsidence rate, when the PSI technique is applied, and how well Sentinel-1 PSI and
precise leveling agree in validation for our study area.

2. Study Area

Our study covers an area of about 38 km?, for both ascending and descending satellite images,
and includes the main buildings and infrastructures of Uppsala (Figure 1). The city of Uppsala with a
population of about 220,000 is located just north of Stockholm (Figure 1) and it is the fourth-largest
city in Sweden. Uppsala is situated on top of some varying near-surface geology, which makes it an
interesting target for large-scale deformation studies. According to the quaternary deposits map from
the Geological Survey of Sweden (SGU) [21] there is an esker (Uppsaladsen) going in a north-south
direction in the middle of the city, on which some old and important buildings are located, such as
the city hospital, castle and cathedral. Big parts of the city though is built on clay, seen in Figure 1.
Postglacial clay is the dominant deposit in the city and most parts of the modern city center is located
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onit. Areas of glacial clay are typically found in higher elevation. In Uppsala, the glacial clay is varved
with layers of silt, while the postglacial clay is mostly homogeneous and organic content can occur,
which makes it a gyttja-bearing clay [1]. In some places, the clay layer is massive with a thickness of
almost 100 m [22]. Based on a few sparse precise leveling measurements, a subsidence rate of about
5-10 mm/year in areas located on thick layers of clay have been reported [23]. However, there has
been no comprehensive accurate subsidence analysis in this city and no InNSAR-generated deformation
map exists.
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Figure 1. (a) The quaternary deposits map of the study area (shown in (b)), overlaid by ascending
and descending image boundaries. The building used as reference in PSI analyses is shown with a
circle. Base map © National Land Survey, Quaternary deposits © Geological Survey of Sweden (SGU).
Coordinate system: SWEREF 99 TM; (b) The location of Uppsala, about 70 km north of Stockholm.

Pile foundation is the dominant foundation type on modern buildings on clay in Uppsala and
these building do not subside, in general. Nevertheless, there are a lot of old buildings in the city
center that are “floating” on the clay, which means they are not standing on piles and are therefore
subsiding in about the same rate as the surrounding ground surface. In Uppsala, different problems
caused by subsidence can be observed on several buildings and in Figure 2, some typical examples of
problems are shown.
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Figure 2. Some obvious damages to buildings, due to subsidence problems in Uppsala: (a) a diagonal
crack in a building, which is a typical problem with uneven subsidence (photo: Faramarz Nilfouroushan,
1 October 2019); (b) a ground surface that is subsiding, while the building has a pile foundation and is
therefore not moving, causing a “gap” (photo: Jonas Fryksten, 17 October 2019).

3. Data and Methods

3.1. Sentinel-1 Data Sets

To measure the ground deformation with the PSI technique, C-band Sentinel-1 SLC products from
ESA were analyzed. In total, 42 scenes from the ascending pass direction, and 44 from the descending,
were used (Table 1). The selected study periods were from March 2015 to April 2019, for the ascending
data set, and from June 2015 to April 2019, for the descending data set. The temporal resolution was
about one month, with some exceptions. For the winter season, slightly less data was used, due to the
snow cover that usually causes poorer coherence. Furthermore, in some periods data were lacking,
which changed the intended monthly temporal resolution. The longest period of no data availability
was for the descending data set between late October 2015 to early June 2016.

Table 1. Properties of the Sentinel-1 ascending and descending data sets.

Data info Ascending Descending
Number of scenes 42 44
Acquisition period 5 March 2015 to 1 April 2019 9 June 2015 to 13 April 2019
Relative orbit number 102 95
Incidence angle 38.76° 33.32°

Acquisition mode Interferometric Wide swath (IW)

Product level 1

Product type Single Look Complex (SLC)

Polarization Vertical Vertical (VV)

3.2. Precise Leveling Measurements

The consulting company Bjerking AB in Uppsala has established and measured a precise leveling
network with many metal pegs (Figure 3) on different buildings in Uppsala city center. These metal
pegs on the buildings have not been measured on a regular basis. Some buildings have been measured
only at a few occasions but during a very long time (decades), while other buildings have been
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measured at many occasions during a shorter time (1-2 years). This difference in temporal resolution
between different buildings was caused by the request of the property owners for measurements.
The precise leveling measurements have been performed between different benchmarks in and around
the city. These benchmarks are maintained by the city and are referenced to the official height system,
which currently is RH 2000. The absolute heights in the height system of the benchmarks and the
metal pegs mounted on building are of no interest in this study though, as only relative movements
are important. The precise leveling data collected by Bjerking AB will be used in this study to validate
our deformation rates obtained by PSI analyses. According to the precise leveling data from Bjerking
AB, it can be assumed that the subsidence rate in Uppsala is linear for the study period (about 4 years).

Figure 3. A metal peg, that has been measured with precise leveling, mounted in a building’s foundation
(photo: Jonas Fryksten).

3.3. Methods

In this study, the PSI analyses were performed in the software SARPROZ, which can do all
necessary steps in a PSI analysis and produce time series of deformation [24]. The SARPROZ software
has been successfully tested for different applications including urban subsidence studies [25-28].
SARPROZ can handle data from different sensors, including Sentinel-1. In this study, single-master
baseline configurations were used and the pixel selection was based on amplitude stability and
temporal coherence [15]. The time series resulting from the PSI analyses were generated for each
Permanent Scatterer (PS) point and then compared with the subsidence rates resulting from repeated
leveling measurements between metal pegs in areas of great subsidence.

3.3.1. PSI Analyses

In SARPROZ, one PSI analysis was done with the ascending data set and one with the descending.
The software automatically downloaded precise orbits for each image, and NASA'’s Shuttle Radar
Topography Mission (SRTM) with a resolution of 3 arc seconds as Digital Elevation Model (DEM) [29].
Each scene was “clipped” and extracted into only containing an area of about 32 km?, covering central
Uppsala, seen in Figure 1. The master image in each analysis was automatically selected by the software.
The single-master interferogram formations by the SARPROZ software are shown in Figure 4.
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Figure 4. Interferogram formation for the Sentinel-1 data sets, with one interferometric pair between
the masters and each slave. (a) Time-position plot of the ascending data set, where image acquired in
4 July 2017 (shown by diamond) is the master; (b) time-position plot of the descending data set, where
image acquired in 1 November 2017 is the master.

The weather at the date of the chosen master images were controlled at CELSIUS weather
observations, to see that there was no precipitation or snow cover for the chosen dates [30].
Co-registration was then performed in the software.

The data sets were geocoded manually through a Ground Control Point (GCP) that could be
identified in both the reflectivity map, produced by SARPROZ, and in an ordinary satellite image,
and in this case, Google Earth was used. The GCP was chosen on an isolated object of high reflection in
an area that otherwise had low reflectivity, which made it easier to identify the specific object that was
used as the GCP. The same GCP was used to geocode both the ascending and descending data sets.

The atmospheric phase component was estimated in the location of the Permanent Scatterer
Candidates (PSCs), which were selected based on the Amplitude Stability Index (ASI), with a threshold
value set to 0.8 [15], which correspond to a Dispersion of Amplitude (DA) of 0.2. The DA (or the ASI),
are efficient parameters in choosing pixels with low phase standard deviation, if the DA is lower than
0.4 (ASI higher than 0.6) [31,32]. In the atmospheric phase component estimation, the displacement
was set to be linear for all points. The arbitrary reference point with the assumption of the zero velocity
was chosen on a relatively new building situated on top of the esker, for both the ascending and
descending analyses, and can be seen in Figure 1.

The final multi-temporal analyses generated time series of deformation in the location of the PSs,
which were selected based on two parameters: the ASI and the temporal coherence. To be selected as a
PS in this study, the pixel had to have an ASI of at least 0.64 (DA less than 0.36) and a coherence of at
least 0.70. The ASI threshold was set to a lower value than in the selection of PSCs, so that a sufficiently
large amount of PSs would be selected for analyses. After the selection of PSs, they were geocoded and
exported from the software and transformed to PS points.

3.3.2. Correlation between Subsidence Zones and Quaternary Deposits

Since the deformation maps resulting from both ascending and descending analyses had similar
subsidence rates, we only focused on one of them and used the ascending PS points for further geological
analysis. The ascending PS points and their annual displacement rates were analyzed based on the
near-surface geology at the location of the points. As such, differences in displacement rates between
deposits could be analyzed. The PS points were visualized together with the quaternary deposits map
from the Geological Survey of Sweden [21] (Figure 1), as a base layer, for a visual interpretation.
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3.3.3. Validation of the Results with Precise Leveling

Buildings that had generated one or more PS point from both the ascending and descending
analyses, and that had also been measured with precise leveling in an adequate way, were identified
and considered as possible validation objects. From the many metal pegs mounted on the foundation,
the most representative peg was chosen for each PS point on a building. This was done by looking
at which part of the building had radar reflection generating a PS point, and then identify the
representative metal peg. Validation object 1 is used as an example in Figure 5 to show how the pair
points were chosen. A PS point together with a representative metal peg was called a validation
pair. The distances between the selected metal pegs and the corresponding PS points were a few
meters (shown in Figure 5) and the old building for this comparison was about 15 meters high.
To assess if precise leveling measurements for objects were adequate, which mean they could be
compared with PSI measurements, the time span of the precise leveling measurements were analyzed.
If leveling had occurred within the time span of the PSI analysis, or during a very long, precise leveling
measurements were considered adequate. Furthermore, validation objects were only selected in areas
of great subsidence, which had PS points with a relatively higher subsidence rate ranging between 3 to
6 mm/year. However, as we said before, for validation of our results, we were restricted to only those
PS points that had the nearby metal pegs, which had been measured with precise leveling and could
provide a reliable displacement rate.

Figure 5. Validation object 1 and its selected validation pairs. The blue arrows show the pairs that
were examined and were expected to have similar rates of movements. Base map: Orthophoto 0.25m
© National Land Survey.

The movements of all PS points from the PSI analysis are in respect to one stable reference point
on the esker, while movements measured in precise leveling (on metal pegs) are in respect to a specific
benchmark, and these benchmarks could be moving in respect to the very stable PSI reference on
the esker. To overcome this problem of relative movements, another requirement had to be fulfilled
for possible validation objects to become a validation object. This was that the part of the building,
in which the benchmark was mounted, that had been used in the precise leveling measurement, for an
object, was represented by a PS point. Consequently, in the validation of the PSI, there had to be PS
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points representing both the benchmark and one or more metal pegs on the object, so that a relative
movement for validation with the precise leveling could be generated. This relative movement of a PS
point was generated by taking the time series values of the PS point representing the metal peg and
subtract them with the one representing the benchmark.

All movements measured in the PSI analyses were in the direction of Line-Of-Sight (LOS), while
movements measured in precise leveling were vertical. To do a comparison between the two techniques,
the movements measured in the PSI were transformed to vertical, according to Equation 1, where m,
was the movement in the vertical direction, m; g was the movement in the LOS direction and i was
the incidence angle. By doing so, it was assumed that all movements taking place at an object were
vertical. If horizontal movements existed at an object, this would be seen in differences between the
ascending and descending analyses. The ratio between a length in the LOS direction and in the vertical
direction was 1.28 for the ascending analysis (incidence angle = 38.8°) and 1.20 for the descending
analysis (incidence angle = 33.3°).

My = Mpog/ Cosi (€))]

4. Results

In our analysis, PS points in the multi-temporal analyses, were selected to have an ASI higher
than 0.64 and a temporal coherence higher than 0.7. This resulted in about 6 900 PS points for each
analysis (ascending and descending data sets), which equals to about 215 PS points/ km? in the whole
study area. In the urban area, the density of PS points were higher, with about 750 PS points/ km? for
both analyses. With only a few expectations, buildings were the only kind of object resulting in PS
points. The maps, which show the analyzed PS points locations, for the ascending and descending
analyses, are shown in Figure 6.

The results from the two analyses showed a good agreement. The two independent ascending and
descending data sets identified the same two major areas of great subsidence, where the cumulated
displacements were up to about 25 mm in 4 years in the LOS direction, and they could be observed
just southeast and north of the city center (Figure 6). With respect to the reference point, chosen for PSI
analysis, there were significantly more PS points of negative movements (away from the SAR sensor),
than of positive (towards the SAR sensor), for both the ascending and descending analyses, and the
displacement rates in the LOS direction were found in the range between —6 mm/year and +2 mm/year.
The resulting PS maps and their rates indicted that the city of Uppsala has been subsiding in many
areas at least in this 4-years period.

It is also important to note that PS points with a relatively fast rate of subsidence, between 3 to 6
mim/year, were observed close to or along the railway in the southeastern part of the study area. This
suggests that a segment of about 3 km of the railway, observed in our study area, has been deforming
in this period (Figure 6).
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(b)

Figure 6. The LOS displacement rates for PS points from: (a) the ascending and; (b) the descending

analysis. The color of the points represents the displacement rate with respect to the reference point
on a building on the esker (black circle). Negative values are a movement away from the sensor and
positive values towards.

5. Discussion

Our PSI analyses of 4-years Sentinel data showed that a big part of the city is subsiding with up to
6 mm/year in the LOS direction. The distribution of this deformation is not homogenous and the maps
of the PS points (Figure 6) appeared somehow speckle in the areas of great subsidence, with points of
high subsidence (red) mixed with more stable points (green and yellow). This raise the question if the
subsurface deposits influence the ground surface subsidence. However, part of this heterogeneous
deformation could also be explained by different foundation types among buildings in the same area,
where buildings standing on piles being more stable than non-piled buildings, which subside in about
the same rate as the surrounding ground surface.
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In the following sections, firstly the deformation maps generated by SAR analysis is compared
and correlated with the quaternary deposits map and then the results are validated with precise
levelling measurements.

5.1. Correlation between Subsidence Zones and Quaternary Deposits

The ascending PS points were analyzed based on the quaternary deposits map, to see how different
deposits affect the displacement. In Figure 7, a map of these PS points is shown with the quaternary
deposits map as background. It appears that in the areas of great subsidence, the deposit consist of
postglacial clay. It also appears that buildings located on other deposits are significantly more stable,
even those on glacial clay.
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Figure 7. The LOS displacement rate for the 6900 PS points from the ascending analysis, overlaid on
the quaternary deposits map. Negative values are a movement away from the satellite (subsidence).
Base map: Quaternary deposits © Geological Survey of Sweden (SGU).

Tor make further detailed analysis, the PS points were grouped based on the near-surface deposit
under the point and then visualized in a box plot, which can be seen in Figure 8. The PS points on
the esker had a median and mean value very near zero and the variation was equally great on the
negative and positive side. This was expected, as the reference point with zero velocity was placed on
a building on the esker. All quaternary deposits except postglacial clay had a similar distribution of the
PS points’ movement, as the mean and the median were near zero and the mid 50 % values (between
the first and third quartile) were all found between —0.3 and +0.6 mm/year. The only deposit that
stood out was postglacial clay, where the mid 50 % values were found between —1.5 and +0.2 mm/year
and where there existed significantly more high negative values.
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Figure 8. Box plot of the annual displacement rate for all 6900 PS points from the ascending analysis
grouped in near-surface geology in the location of the PS points. The boxes contain the values between
the first and third quartile. The second quartile (the median) is the line within the box and the mean is
the cross. The vertical lines are the whiskers. Under and above the whiskers some outlying points
are found.

It is interesting to note that the buildings located on postglacial clay subside significantly faster
than those on glacial clay (Figure 8). Glacial clay is older than postglacial clay, which means that
the subsidence rate caused by creep should be lower [5], and glacial clay is usually found in higher
elevation and is not as deep as postglacial clay, and clay depth is tighly correalated with subsidence
rate. Furthermore, the glacial clay in Uppsala has silt layers, which makes it less prone to subside at an
equally rapid rate.

5.2. Validation of the Results with Precise Levelling

The subsidence in the study area can be a result of both primary consolidation, which is caused
by an increasement of the effective normal stress (from additional loads for instance), and secondary
consolidation (creep), which is a natural process caused by time [33,34]. Clay subsidence is highly
affected by the consolidation, which is caused by the very low drainage rate in clay and have
important consequences like gradually generated deformations that can take a very long time to be
fully created [35]. The consolidation process, and therefore clay subsidence, is of a non-linear nature,
as the deformation rate decreases through time. If considering a relatively short time (about 10 years),
the deformation rate caused by creep will not change considerably, as this has occurred during a very
long time [33]. In Uppsala, most areas are mature, which make them more likely to be affected by creep
and not very much of primary consolidation. Because of this, even a few, or rather old, measurements
from precise leveling can contribute significantly in validation of our InSAR results and also to check
if the ongoing subsidence, detected by InSAR for 4-years period, has had the same trend in the past
where leveling measurements are available.

Uppsala city center is located on varying near-surface geology, with the esker and the deep clay
that are found relativelly close to the esker in some places [22]. This was seen at the displacement
rates of the PS points, where small displacements were observed on the esker and relatively big
displacement rates were seen relatively near the esker in some places. Figure 9 shows a large scale
map of the city center only, where differences in displacement rates in rather small areas, which can
cause uneven settlements of buildings, can be observed. For validation of the results, three validation
objects were identified in areas of rather great subsidence, which had PS points with a relatively higher
subsidence rate ranging between 3 to 6 mm/year, and their locations can be seen in Figure 9. In these
three validation objects, in total ten validation pairs were identified, where six were from the ascending
analysis and four were from the descending.
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Figure 9. A large scale map of the city center only with the LOS displacement rate for the PS points from
the ascending analysis, together with the quaternary deposits map. Negative values are a movement
away from the satellite (subsidence). The three validation objects are shown as black circles. Base map:
Quaternary deposits © Geological Survey of Sweden (SGU).

Validation object 1 was a building located in an area where the clay depth is rapidly increasing in
the northeast direction [22] and therefore, the building is subsiding unevenly, with about 3 mm/year in
the southwest part and about 6 mm/year in the northeast part, according to the precise leveling. Three
validation pairs from the ascending analysis and two pairs from the descending could be identified.
The metal pegs have been measured with precise leveling several times between 2005 and 2018 but
only the two latest measurements, in July 2013 and October 2018, were used when the displacement
rates were calculated.

Validation object 2 was a building located in an area of rather high subsidence and according to
the precise leveling, the building is subsiding with about 7.5 mm/year. Two validation pairs from
the ascending analysis and one from the descending could be identified at this object. The metal peg
used in the descending validation pair (peg 29), was also used in one of the ascending validation pair.
The metal pegs have been measured with precise leveling four times between 1998 and 2015 but only
the two latest measurements, in May 2005 and September 2015, were used when the displacement
rates were calculated.

Validation object 3 was the old station building at the railway station. One validation pair from
the ascending analysis and one from the descending could be identified at this object and the same
metal peg was used in both validation pairs. The metal peg has been measured with precise leveling in
May 2017 and January 2018 and the displacement rate was calculated for this period.

In Figure 10, the validation pairs from all three objects are shown, where the time series of
the PS points and their corresponding validation metal pegs are aligned, for a visual comparison.
The displacement rates for the PS point time series and metal pegs in all validation pairs are shown in
Table 2. In Figure 10 and Table 2, the movements of the PS points have been transformed to the vertical
direction and are relative to the PS point representing the benchmark, for a fair comparison.
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Figure 10. The time series of all validated PS points and their corresponding metal pegs: (a) ascending

PS points at validation object 1; (b) descending PS points at validation object 1; (c) ascending PS points

at validation object 2; (d) descending PS point at validation object 2; (e) ascending PS point at validation

object 3; (f) descending PS point at validation object 3. The direction of movement is vertical, and the

movement is in respect to the leveling benchmark, at each object, for both the metal pegs and the PS

point time series.
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Table 2. The displacement rate and the standard deviation for all PS points. Under each PS point,
the annual displacement rate of the corresponding metal peg in the validation pair is written. For
each validation pair, the difference in displacement rate between the two techniques is seen in the last
column. The direction of movement is vertical and is in respect to the benchmark at each object, for
both the metal pegs and the PS point time series.

Displacement Difference
Validation . . Time Series splaceme Prec. lev. —
. Technique Track Point Rate
Object o (mm) (mm/year) PSI
y (mm/year)
PSI Ascending 3763 2.7 6.1 -0.3
Prec. lev. Peg 4 —6.4
PSI Ascending 3762 2.8 -5.6 +0.5
Prec. lev. Peg 3 =51
Object 1 PSI Ascending 3736 26 -33 +0.5
Prec. lev. Peg 1 -2.8
PSI Descending 3725 2.0 =51 +0.4
Prec. lev. Peg 16 —4.7
PSI Descending 3787 1.2 -3.3 -0.1
Prec. lev. Peg 10 -34
PSI Ascending 2388 1.8 -6.9 -0.6
Prec. lev. Peg 29 -7.5
Object 2 PSI Ascending 2387 1.6 -82 +0.9
Prec. lev. Peg 39 -7.3
PSI Descending 4741 2.8 —-6.6 -0.9
Prec. lev. Peg 29 =75
PSI Ascending 2925 3.3 -5.6 +0.3
Object 3 Prec. lev. Peg 14 -5.3
PSI Descending 3892 1.6 -4.6 -0.7
Prec. lev. Peg 14 -5.3

According to Table 2, the difference in displacement rates between the PS points and the metal pegs
(precise leveling - PSI) in all validation pairs were rather small and in the range between —0.9 mm/year
and 0.9 mm/year, which also can be seen on the trend lines in Figure 10. The mean of the differences was
0.00 mm/year, while the RMS of the differences was 0.58 mm/year. At validation object 1, the differences
were in the range between —0.3 mm/year and +0.5 mm/year. Because of the small difference, the uneven
subsidence of the building could also be seen with the PSI technique at object 1. At validation object 2,
the differences were in the range between —0.9 mm/year and 0.9 mm/year. One of the ascending PS
points was underestimating the subsidence rate, while the other one overestimated it. The descending
PS point was underestimating the subsidence rate. The two PS points that had peg 29 as validator
(one ascending and one descending) did both underestimate the subsidence rate. At validation object
3, the differences were in the range between —0.7 mm/year and +0.3 mm/year. The ascending PS
point was overestimating the subsidence rate, while the descending PS point was underestimating the
subsidence rate.

The standard deviations of the time series were found in the range between 1.2 mm and 3.3 mm.
This difference is caused by different coherence of the PS points at the metal pegs and by different
coherence at the PS points representing the benchmark, which were different for different validation
objects and analysis (ascending or descending).
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5.3. Limitations and Uncertainties

There are many natural and anthropic factors that play a role in land subsidence which takes
place at different spatio-temporal scale [36]. However, the determination of the contribution of each
factor needs several sources of in situ data, which were not available for this study. We only focused
on subsurface deposit types and interestingly found a very good correlation between them and the
upper surface deforming zones.

In the validation of the PS displacement rates with precise leveling data there were several
uncertainties involved. The identification of validation pairs was not straight forward, because of the
limited spatial resolution of the PSI analysis (about 3 m in range and 22 m in azimuth). As such, it was
not obvious which part of a building that was the main reflector. Furthermore, the PS points were
georeferenced to the earth surface, but buildings are 3D objects and the satellites are looking at the
earth from the side. These factors had to be considered when analyzing the PS points on the buildings.
The issues stated above are extra important to consider in areas where the displacement rate can vary
rather fast in a small area, for instance where the geological properties are changing rapidly, or on
buildings that are tilting. The geocoding of the SAR data sets was also a source of uncertainty due to
the relatively low spatial resolution of C-band Sentinel-1 data. Other uncertainties are, for instance, the
assumption of no horizontal movements and that metal pegs were mounted in buildings’ foundation,
while PS points in general probably were caused by roof reflection. The impact of uncertainties is not as
big in areas of uniform subsidence with buildings that are not tilting, or if only a general knowledge of
subsidence is interesting and not building-specific movements. Nevertheless, our PS analysis showed
a rather good agreement with precise leveling data despite these uncertainties.

Unfortunately, the temporal resolution of the available precise leveling data for metal peg was
not consistent. They have not been measured on a regular basis and the occasion of measurements
differed between the validation objects. At object 2, for instance, the displacement rate was calculated
between the two latest measurements in 2005 and 2015. This displacement rate can differ to the one in
the period of the PSI analyses (2015-2019). Nevertheless, the displacement rate should not change very
much between the two periods and the validation here is therefore adequate. At validation object 3,
precise leveling have only occurred for eight months, which makes this object less reliable. However,
this object is undergoing great subsidence and that is why this object is used despite the short time it
has been measured.

A result of the atmospheric phase estimation in SARPROZ was the image-to-image coherence
between the master and each slave. In the two analyses (ascending and descending), nine images had
a significantly lower image-to-image coherence. Seven out of these nine images were acquired during
the four winter months (December to March). This indicates that winter-conditions, with snow and ice,
have a negative impact on the quality of the SAR images, which should be considered when deciding
the downloading data.

6. Conclusions

Our study, once again, reveals the usefulness and reliability of Sentinel-1 data together with PSI
technique in monitoring of active deformation in cities. The accumulative Sentinel-1 data, with a
revisiting time of six days, makes it possible to generate time series and monitor temporal variations
of the ground surface level, which can be useful to detect and study risky deforming zones and
infrastructures in vulnerable cities.

This study, for the first time, has shown that there are many places in Uppsala (shown in Figure 6)
that are undergoing significant subsidence (sinking), with a maximal annual rate of about 6 mm/year in
the LOS direction. The areas of relatively higher rate of subsidence were found where the near-surface
quaternary deposit was postglacial clay.

Our results also showed that there are a few PS points on a segment of railway that are subsiding
with about 3-6 mm/year. If this subsidence continues, the accumulation could become a threat to
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safe operation of the rail system. This is important to consider, and it suggests performing periodic
deformation monitoring for railway safety.

The high accuracy of the results was tested against the historical precise leveling data and it
showed a satisfying agreement. Between the two techniques, the vertical subsidence rate differed
between —0.9 mm/year and 0.9 mm/year, for all ten validation pairs (PS point and representative
metal peg). The mean of the differences was 0.00 mm/year, while the RMS of the differences was
0.58 mm/year.
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