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Abstract
Many cities in Sweden are partly located on clay and because of that, some urban
city centres are undergoing significant subsidence. To measure subsidence in cities,
precise leveling has been the traditional technique, but the interest for the Persistent
Scatter InSAR (PSI) technique has increased in the last years, in this application.
With the PSI technique, a mm-accuracy can be obtained and the analyses can be
done over large areas. In this study, a validation between the PSI and the precise
leveling techniques was performed for a selection of buildings located in areas that
are facing great subsidence. A correlation between the subsidence rate achieved in
the PSI analyses and near-surface soil type was also done, to easier identify risk
zones. The city of Uppsala was chosen as study area, because it is partly built on
deep layers of clay and the consulting company Bjerking AB has established a
leveling network with metal pegs on many buildings. One ascending and one
descending PSI analysis was performed, with Sentinel-1 data from the period mid2015 to mid-2019, and the PSI analyses were done in SARPROZ. After the PSI
analyses, comparative permanent scatters (PS) points and metal pegs were identified
creating validation pairs. 15 different validation pairs were identified in four
different objects, which was one or two buildings. The PSI analyses showed that
Uppsala is undergoing significant subsidence in some parts, with an annual rate of
about 6 mm/year in the line-of-sight (LOS) direction, which corresponds to about
7.5 mm/year in the vertical direction. The areas of greatest deformation were
exclusively found on postglacial clay. The standard deviation of the time series were
calculated around their linear regression lines, which was a measure of how
temporal coherent the points were. The mean of this standard deviation for the PS
points in the 15 validation pairs was 1.5 mm. This standard deviation increased to
2.3 mm in the time series where the direction was transformed from LOS to
vertical and where the movements were in respect to the benchmarks. Between the
PSI and the precise leveling techniques, in the validation, the vertical subsidence rate
differed less than 1 mm/year in all validation pairs and the mean of all differences
was 0.56 mm/year. Based on these results, Sentinel-1 data can measure urban
subsidence in a satisfactory way, when the PSI technique is applied.
Keywords: InSAR, PSI, precise leveling, validation and clay.
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1 Introduction
1.1

Background

The latest ice age, that began about 100 000 years ago and ended about 10 000 years
ago (Lundqvist et al., 2011), had an enormous impact on the near-surface geology in
Sweden. A consequence of the ice melting and the time after, with a significant land
uplift, were the mighty layers of clay that were formed (Fredén, 2009). Clay is the
most fine-grained soil type, with smaller rock fragments than sand and silt, and clay
has properties that are very different compared to, for instance, sand. For
agriculture, clay possesses beneficial properties, like high water-holding capacity,
but as a foundation for human development, clay has some drawbacks. One of the
most significant drawback is its mechanical properties that makes clay a mechanically
weak layer, which have consequences like landslides and subsidence. Both landslides
and subsidence can occur as natural processes but also because of an increased level
of stress in the clay, caused by, for instance, additional loads from human activity
(Axelsson & Mattson, 2016).
In urban areas, subsidence is extra problematic, as the built environment is complex
with many buildings and important infrastructure. Subsidence can cause different
problems like tilting buildings and a ground surface that subside faster than
buildings. Tilting buildings can be caused by uneven subsidence, where one side of a
building subsides more. A subsidence rate that is faster for the ground surface than
for the surrounding buildings is possible when buildings are standing on piles and
therefore not moving. Large-scale measurements of subsidence in big urban areas is
interesting, as many cities in Sweden are located on clay and these cities are slowly
sinking. Many of these cities are undergoing rapid development and densification, so
knowledge about the large-scale subsidence is important in the long-term planning
of a city. Furthermore, large-scale measurements of movements can reveal different
risks, for instance areas where landslides could occur.
There are different geodetic techniques to measure movements of the ground
surface and they can be terrestrial, non-terrestrial or satellite based. Precise
leveling, which is a terrestrial method, is the most traditional method for high
precision vertical displacement measurements and it is also the most used and wellestablished technique in the field of civil engineering (Anderson et al., 2015). The
drawbacks of the technique are that it is expensive, as two persons are needed, and
that only a few points can be measured, so therefore, a large-scale knowledge of a
city’s subsidence is almost practical impossible. Another technique for subsidence
measurements, which easily can be used on a large scale, is the satellite based
Interferometric Synthetic Aperture Radar (InSAR) technique (Anderson et al.,
2015). A further development of InSAR is the persistent scatter InSAR (PSI)
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technique, which is suitable when analysing urban subsidence, because the accuracy
is high and many acquisitions can be analysed simultaneously, creating time series of
subsidence (Ferretti, Prati & Rocca, 2000). The drawbacks are that it is a not well
used technique in the field of civil engineering, one does not really know what
within the cell that has caused the reflection and that only relative movements are
measured. Furthermore, the accuracy is not as high as for precise leveling, if the
area is small. PSI analyses became significantly easier to perform in 2014 when the
first of the two Sentinel-1 satellites was launched, which continuously provides SAR
imagery of the whole world for free.
Many studies have been done where the PSI technique has been applied with
Sentinel-1 data to monitor deformations of the ground surface. Crosetto et. al.
(2016) were among the first to apply the PSI technique with Sentinel-1 data, and
they achieved promising results. In this study though, the studied period was rather
short, from October 2014 to April 2015. An example of a newer study was
performed by Del Soldato et. al. (2018), where Sentinel-1, ENVISAT and the global
navigation satellite system were used to investigate the subsidence rate in an area in
central Italy. In this study, almost 100 Sentinel-1 images were used in each analysis
in a three years study period. Sentinel-1 data in PSI analyses can also be used for
other applications than monitoring deformations of the ground surface. Borghero
(2017) studied the deformation of a dam in northern Sweden with the PSI technique
and Sentinel-1 data.
According to the author’s knowledge, no studies have been done where the result
from PSI analyses, with Sentinel-1 data, have been validated to precise levelling in
the application of subsidence monitoring. However, validation studies between
precise leveling and the PSI technique, with data from other satellites, have been
performed in areas that are undergoing subsidence. Hung et. al. (2011) used 20
ENVISAT images from two years in an agricultural area in Taiwan. They found that
the root mean square of all the differences in vertical displacement rates from the
PSI-analysis and precise leveling was 6 mm/year. Karila et. al. (2013) compared the
subsidence rate, in an urban environment in Finland, measured with PSI and precise
leveling. The PSI analyses were performed with ERS and ENVISAT data from 14
years and the agreements were rather good, as the differences in vertical
displacement rates were all under 1 mm/year.
1.2

Aim and objectives

The aim of this study will be to enhance the knowledge of how well Sentinel-1 can
measure subsidence for urban areas built on clay, applying the PSI technique. To
reach this aim, the city of Uppsala will be studied, which is partly built on mighty
layers of clay, and three main research questions are answered:
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1. How does Uppsala subside on a large scale and where are the areas of
greatest deformation?
2. Can any risk zones be found in central Uppsala, based on information about
large-scale subsidence and geology?
3. In validation, how well does the subsidence rate measured with the PSI
technique agree with the subsidence rate measured with the precise leveling
technique?
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2 Theory and central concepts
2.1

Radar

2.1.1

SAR

2.1.1.1

Introduction to SAR

A very useful radar technique is the Synthetic Aperture Radar (SAR), which is an
active remote sensing technique with many applications for both ocean and land
observations. In contrast to passive sensors, like Landsat, SAR sensors are active,
which means they can both emit artificial radiant energy and then measure the
reflected energy. SAR systems are mounted on moving platforms like airplanes or
satellites and they are using the movement of the platform to create the synthetic
antenna, which is significantly longer than the actual platform antenna, and because
of this, SAR systems can enjoy a high resolution (Cambell & Wynne, 2011; Simons
& Rosen, 2015). The SAR equipped satellites are constantly circulating around the
globe in different orbits, usually on a height of about 500-900 km. The Sentinel-1
mission, that was launched in 2014, is a C-band SAR mission. The mission is a part
of the Copernicus programme conducted by the European Space Agency (ESA) and
it is continuously providing SAR imagery of the whole world for free, which is
unique. The revisit time decreases near the poles, as the orbits are near-polar, and in
Europe, new images are available every one to two weeks, for both ascending and
descending tracks, so the temporal resolution is high for the Sentinel-1 mission. SAR
systems, in general, are both an all-weather and a day and night technique, due to
the microwave range in which it is operating in (Simons & Rosen, 2015).
2.1.1.2

Properties of SAR satellites

All remote sensing system, both passive and active, are designed to operate in
specific ranges of the electromagnetic spectrum, depending on the purpose of the
mission. SAR systems operate in the microwave range, usually in the X (2.5–3.75
cm), C (3.75–7.5 cm) or L bands (15-30 cm) (Ferretti et al., 2007). All these bands
are located in the big atmospheric window above 2 cm in which the atmospheric
effects are small (Cambell & Wynne, 2011). The different bands have different
penetration depth, where radar signals of a longer wavelength have higher
penetration. Radar signals in X-band reflects on the first material it hits, which are
the same things that would be seen by an aerial photograph, while radar signals in
the L-band can penetrate through vegetation. Another property of the radar signal is
polarization, which is the orientation of the signal, and SAR systems can both
transmit and receive the electromagnetic energy either vertically or horizontally
(Cambell & Wynne, 2011). If the signal is transmitted and received in the same
orientation, it is called like-polarized, while cross-polarized means that the
4

orientation of the transmitted and received signal is switched. Different modes of
polarization can be used to identify different characteristics of the landscape.
2.1.1.3

Geometry of SAR satellites

Satellite SAR systems are of a side-looking nature, which is needed to measure
distances to different objects. If the system would not side-looking, it would not be
possible to differ between objects on the left and right side of the satellite
(left/right-side ambiguities) (Simons & Rosen, 2015). The geometry of a typical
SAR equipped satellite is shown in Figure 1. The satellite is travelling in its orbit in a
flight path and the corresponding track projected on the earth is called nadir track or
along-track. On the ground there are two directions, namely azimuth and range,
where azimuth is the direction parallel to the satellite, while range is the direction
perpendicular to it. Azimuth and range directions can also be called along-track and
across-track. The direction in which the distance of the radar signal is measured is
called slant range, which is the shortest distance between the radar antenna and an
object on the ground (Hanssen, 2001).

Figure 1. The geometry of a typical SAR satellite mission.

Due to the side-looking nature, the satellite will look at objects on the ground from
different directions, which can be specified by some angles, who can be seen in
Figure 1. The look angle is assigned to the angle between the nadir and the look
direction of the radar signal, while incidence angle is defined as the angle between a
line perpendicular to the ground and the look direction (Cambell & Wynne, 2011).
The look angle and incidence angle correlate and vary for different objects within an
5

image. A consequence of the side-looking nature is the big impact of the ground
surface topography, which can cause geometric errors like radar shadow and radar
layover (Simons & Rosen, 2015). A higher incidence angle gives a higher risk of
radar shadow, which occurs when steep terrain or buildings prevent the radar signal
to reach certain areas.
2.1.1.4

Spatial resolution

The spatial resolution for a SAR system is decided by a number of variables and the
resolution in the ground directions of azimuth and range differs. The azimuth, or
along-track, resolution is determent by the beam width, which is dependent on the
wavelength and antenna length (Cambell & Wynne, 2011). Shorter wavelength and
longer antenna results in a finer azimuth resolution, where the antenna length is the
synthetic length caused by the platform movement. The range, or across-track,
resolution is determent by the length of the radar pulse. Shorter radar pulses will
easier separate two objects on the ground, as the echoes from them can be
distinguished, creating a finer range resolution. The range resolution on the ground
is also largely dependent on the surface topography, as sloping terrain will distort
the range resolution, which is tightly coupled to effects like layover and shadow
(Ferretti et al., 2007). For the Sentinel-1, the spatial resolution differs between the
different acquisition modes. The resolution of the Interferometric Wide (IW) swath
mode, which is the main acquisition mode over land, is shown in Table 1. The
spatial resolution is the capacity of the system to separate between nearby objects,
while pixel spacing is the pixel size in the SAR image.
Table 1. Sentinel-1 spatial resolution and pixel spacing in interferometric wide swath mode.
Property
Value (range × azimuth)
Spatial resolution
2.7 to 3.5 m × 22 m
Pixel spacing
2.3 m × 14.1 m
2.1.1.5

The SAR image

From the SAR platform, like a satellite, short pulses of microwave radiation with
constant frequency are emitted and the pulses are then reflected on objects on the
ground. The reflected energy is then received in the platform and typically a SAR
image contains of amplitude and phase information of the emitted pulse that has
been reflected (Ferretti et al., 2007; Hanssen, 2001). Amplitude is the strength of
the reflected energy that is received by the sensor and this part of the SAR image is
interpretable, because different objects on the ground reflects is a characteristic
way. The phase information of a SAR image is related to the distance between the
sensor and the ground. This distance can be expressed as a very big number of
integer cycles and a fractional part defined by its phase. The phase information of a
SAR image only contains of the fractional part and the values of the pixels are in an
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interval of 2π if measured in radians. The appearance of the phase information is
random and is of no practical use (Ferretti et al., 2007). It is only when combining
two different images the phase information can be used. This can either be done
with two images acquired at the same time but with different polarimetry or with
two images acquired at different times but from approximately the same place,
which is called interferometry (Hanssen, 2001).
2.1.2

InSAR

In Interferometric SAR (InSAR), the key concept is to calculate the phase difference
between two phase images, from different moments, for each cell, by creating
interferograms (Ferretti et al., 2007; Hanssen 2001; Rosen et al., 2000). This way,
the phase information from the SAR imagery can be used, by creating interpretable
interferograms. To create interferograms, the images have to be acquired by sensors
with the same properties and preferable with the same sensor. The distance between
the positions of the sensor for the two acquisitions is expressed as the baseline (𝐵),
which can be seen in Figure 2.

Figure 2. General set up off satellites in interferogram creation. The same sensor at two acquisitions (t1
and t2) separated by a baseline. The difference in measured length could be caused by, for instance, a
movement of the ground surface (𝛥𝑧).

The measured phase difference between two acquisitions in an interferogram can be
a result of different components, which each depends on different phenomena
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(Crosetto et al., 2016; Kampes, 2006). A general equation of the different
components that sums up the total phase difference (Δ𝜑) is here shown:
Δ𝜑 = 𝜑𝑑𝑖𝑠𝑝 + 𝜑𝑡𝑜𝑝𝑜 + 𝜑𝑎𝑡𝑚 + 𝜑𝑜𝑟𝑏 + 𝜑𝑛𝑜𝑖𝑐𝑒 + 2𝑘𝜋

(1)

where 𝜑𝑑𝑖𝑠𝑝 is the outcome of ground movement, which results in Δ𝑧 in Figure 2.
𝜑𝑡𝑜𝑝𝑜 is the result of the terrain elevation and the earth’s curvation. The difference
in 𝜑𝑡𝑜𝑝𝑜 caused by terrain elevation depends on the pixel height over the earth’s
reference ellipsoid (𝑧 in Figure 2) and on the baseline between the two acquisitions
(𝐵 in Figure 2), while the difference caused by the earth’s curvation is related to the
flat earth phase. 𝜑𝑎𝑡𝑚 is the consequence of atmospheric effects, which occur in the
troposphere and ionosphere, and this components is a major source of error in
traditional InSAR (Crosetto et al., 2016). The wet tropospheric part is the main
contributor to the atmospheric phase difference in interferogram, while other
effects are of a smaller magnitude and evenly distributed (Zebker, Rosen & Hensley,
1997). 𝜑𝑜𝑟𝑏 is orbital errors related to the position of the satellite, and 𝜑𝑛𝑜𝑖𝑐𝑒 is
noise at the reflecting objects. The term 2𝑘𝜋 is a consequence of that the phase is
expressed in an interval of 2π, where 𝑘 is the phase ambiguity, which is an integer
value (Crosetto et al., 2016).
The goal of an InSAR analysis is usually to decide one of the components in equation
(1), on the basis that the other components are known, can be ignored or calculated.
InSAR is generally used to generate Digital Elevation Models (DEMs) or to decide
the movements of the ground surface or of different objects on the ground. In DEM
generation, the topographic phase (𝜑𝑡𝑜𝑝𝑜 ) is decided and a condition is that the
displacement phase (𝜑𝑑𝑖𝑠𝑝 ) is known or assumed to be zero. When movements are
of interest, the displacement phase (𝜑𝑑𝑖𝑠𝑝 ) is decided and a condition for that is that
a DEM is available. The InSAR technique of deciding movements is called
Differential InSAR (DInSAR) (Crosetto et al., 2016).
2.1.3

DInSAR and PSI

In traditional DInSAR, only one interferogram is created, from two images, and this
technique is reliable when measuring large deformations like tectonic and volcano
related activities (Hanssen, 2001). For small deformation monitoring, DInSAR have
some considerable limitations, where the most important is the atmospheric phase
contribution. To overcome this, lots of 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 Scatter InSAR (PSI), which is a further development of DInSAR (Ferretti,
Prati & Rocca, 2000). The more images in the analysis, the better quality of the final
time series. The minimum number of images in a PSI analysis for C-band data is
8

about 15–20, while for X-band data, less images can be used (Bovenga et. al.,
2012). The selection of pixels, that are used to calculate the atmospheric phase and
later the time series, are selected based on permanent scatters (PS). PS are strong
reflecting object that are dominant in a cell, in contrast to distributed scatters (DS)
that are many, equally reflecting, objects in a cell (Kampes, 2006). A cell with one
PS and a cell with many DS can have the same amount of back scattered energy, but
the cell with one PS will have a stable phase signal over time and can therefore be
used in PSI analysis. With the PSI technique, the accuracy is improving significantly
compared to traditional, one interferogram, DInSAR and small deformation can be
monitored with a accuracy of just a few millimetres. This has created new
applications for the SAR technology, like measuring subsidence and movements of
structures and monitor potential land-slide areas (Crosetto et al., 2016).
2.2

The mechanical properties of clay

Clay has some disadvantageous mechanical properties that makes it unsuitable for
human settlements, like landslides and subsidence. The property that is of interest in
this study is subsidence and other properties, like landslides, will not be explained.
The subsidence properties are very different for different soil types in Sweden and
clay is the soil type with the most remarkably properties. In sand, for instance, the
subsidence is occurring instantly and are usually small, while in clay, the subsidence
never ends and can become very big. There are two kinds of subsidence in clay, who
are caused by different things. The subsidence caused by additional loads are called
primary consolidation, while the natural subsidence that are caused only by time are
called secondary consolidation, or creep (Axelsson & Mattson, 2016; Sällfors,
1996)). The reason they are called consolidation is because deformations in clay are
gradually generated, as clay has a very slow drainage rate. A primary consolidation
subsidence can because of this, take decades to be fully created. Furthermore,
primary consolidation subsidence does not have a linear behaviour, as the clay
deform much faster in the start and then the deformation rate decreases.
The knowledge of secondary consolidation, or creep, is generally poor and it is not
fully possible to divide primary and secondary subsidence in measurements, as they
probably occur at the same time (Hansbo, 1975; Olsson, 2010). The deformation
rate caused by creep is more linear, if considering a relatively short time. In areas
that are newly exploited, the subsidence should be of a non-linear nature, because of
the effects of primary consolidation, while in mature areas, the subsidence should be
of a more linear nature. This is because the effects from the primary consolidation
have decreased, so the subsidence that is occurring in mainly creep.

9

3 Study area and data
3.1

Study area

The city of Uppsala is located in Sweden, just north of Stockholm, which can be
seen in Figure 3. Uppsala is situated on top of some interesting near-surface
geology, which is the reason it was chosen as study area. In the middle of the city
there is an esker (Uppsalaåsen) going in a north-southerly direction, on which some
old and important buildings are found, like the hospital, castle and cathedral
(Geological Survey of Sweden, 2019). Big parts of the city though, like the modern
city centre, is built on clay, seen in Figure 3 which shows the near-surface soil types.
In some places, the clay layer is massive with a depth of almost 100 m (Lundin,
1988). In the areas with deep layers of clay, it is believed, by some of the most
experienced geotechnical experts in the city, that the subsidence rate is about 5-10
mm/year, which also Eldh (1990) stated. The study areas of the PSI analyses for the
ascending and descending datasets are also shown in Figure 3, where the two areas
are of the same size (32 km2). The study areas are covering big parts of the city but
some suburbs are not included.
a)

b)

Figure 3. (a): The location of Uppsala in Sweden. Background map: Light Gray Canvas Base (Esri,
HERE, Garmin, © OpenStreetMap). (b): The near-surface geology in Uppsala and the study areas for
the ascending and descending analyses. Road map © Lantmäteriet; Property map © Lantmäteriet;
Background map: Quaternary deposits © Geological Survey of Sweden (SGU). Coordinate system:
SWEREF 99 TM.
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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 centre 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. Roads and other infrastructure, like water and sewage
pipes, can be expected to subside in the same rate as the ground surface.
3.2
3.2.1

Data

SAR Sentinel-1 data

For the PSI analyses, Sentinel-1 data have been used that were downloaded from the
Copernicus open access hub (https://scihub.copernicus.eu/), where data from all
Sentinel missions can be downloaded for free. 42 scenes from the ascending pass
direction and 44 from the descending were downloaded and some properties of the
data is shown in Table 2. The intention was to download monthly data from the first
accessible image, to the last image for which precise orbits could be downloaded.
Precise orbits are released 20 days after acquisition and because the analysis was
performed in late April/early May, the final study periods were from March 2015
to early April 2019, for the ascending data, and from June 2015 to mid-April 2019,
for the descending data. Monthly data were then downloaded, with some
exceptions. For the winter seasons, slightly less data were downloaded.
Furthermore, in some periods data were lacking, which changed the intended
downloading schema. The longest period of no data availability was for the
descending track between late October 2015 to early June 2016.
Table 2. Properties of the downloaded Sentinel-1 data for both the ascending and descending pass
directions.
Number of scenes
Acquisition period
Relative orbit number
Incidence angle
Acquisition mode
Product level
Product type
Polarization

3.2.2

Ascending
Descending
42
44
2015-03-05 to 2019-04-01
2015-06-09 to 2019-04-13
102
95
38.76°
33.32°
Interferometric Wide swath (IW)
1
Single Look Complex (SLC)
Vertical Vertical (VV)

Precise leveling measurements

The consulting company Bjerking AB in Uppsala has established a leveling network
with many metal pegs on different buildings in Uppsala city centre and on these
metal pegs, precise leveling measurements have been performed. The buildings have
11

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 measured at many occasions during a short time (1-2 years). This difference in
temporal resolution between different buildings is caused by that buildings are
usually measured when the property owners wants them to be measured. The
measurements have been done on metal pegs mounted in the buildings’ foundations.
These measurements have been performed in respect to different benchmarks
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 interesting. The precise
leveling data from Bjerking AB will be used to validate PS points from the PSI
analyses.

12

4 Methods
4.1

General

To reach the aim and the objectives stated in section 1.2, PSI analyses were
performed with Sentinel-1 imagery, as well as an archive study of existing precise
leveling data at Bjerking AB. 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 (Perissin, Wang & Wang, 2011). SARPROZ is a MATLAB
written research tool, meaning it is constantly developing, and can handle data from
different sensors, including Sentinel-1. In this study, a single-master baseline
configuration was used, which means that all images had the same master and the
number of interferograms was the number of images minus one. The pixel selection
was based on amplitude stability and temporal coherence. When the results from
the PSI analyses were done, the validation started, which was a qualitative process,
where comparative PS points and metal pegs were identified and analysed, in areas
of great subsidence.
4.2
4.2.1

PSI analyses

Data processing

In the software SARPROZ, one PSI analysis was done with the ascending data and
one with the descending data. The software automatically downloaded precise orbits
for each image, as well as a DEM, which was the SRTM 1 arc-second that covered
the area. The downloaded scenes were very big, covering huge areas that did not
were of interest. The scenes were therefore “clipped” and extracted into only
containing an area of about 32 km2, covering central Uppsala, seen in Figure 3, for
further analysis. In the interferogram formation the master was selected based on
information about the baseline lengths and acquisition dates.The master images were
automatically chosen by the software and the weather for the chosen master dates
were controlled at CELSIUS weather observations (http://celsius.met.uu.se/), to
see that there was no precipitation or snow cover the chosen dates. As a last step of
data preparation, co-registration was performed in the software.
4.2.2

Preliminary analysis and geocoding

When the data were prepared, some necessary tasks had to be performed before the
estimation of the atmospheric phase. The average of reflectivity from all images and
the temporal standard deviation, or Amplitude Stability Index (ASI), were
calculated for each cell, and maps of these two variables were generated. The ASI in
the software was defined as:
13

𝐴𝑆𝐼 = 1 − 𝐷𝐴

(2)

where 𝐷𝐴 is the Dispersion of Amplitude. Given there are several images from
different acquisitions, where the amplitude of each pixel varies in time, the DA in
each pixel was defined as:
𝐷𝐴 = 𝜎𝑎 ⁄𝑎̅

(3)

where 𝜎𝑎 is the standard deviation of the amplitude and 𝑎̅ is the mean of the
amplitude (Kampes, 2006). Therefore, a pixel with high reflectance that do not vary
very much do have a low DA and a high ASI.
The datasets were geocoded manually through a ground control point that could be
identified in both the reflectivity map and in an ordinary satellite image and in this
case, Google earth was used. The ground control point 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 ground control point. The
same ground control object was used for geocoding in both the ascending and
descending dataset.
4.2.3

Estimating the atmospheric phase

The atmospheric phase was estimated in the location of the so called Permanent
Scatterer Candidates (PSCs) in SARPROZ. In general, the atmospheric phase, for
each image, is estimated by assuming that the atmospheric component is changing
faster than the deformation component (temporal assumption) and that the
atmospheric noise must smoothly vary in space (spatial assumption) (Hanssen,
2001). In SARPROZ, the atmospheric phase components were estimated in the
atmospheric phase screen (APS) tool, for each image and for a selection of points
(the PSCs) that created a Delaunay graph. To select the PSCs, the ASI parameter
was considered with a threshold value of 0.8 (DA = 0.2), but a down-sampling was
also performed by the software, reducing the number of points. DA, or the ASI, are
efficient parameters in choosing pixels with low phase standard deviation 𝜎𝜙 , if the
DA is lower than 0.4 (ASI higher than 0.6) (Colesanti et al., 2003; Ferretti, Prati &
Rocca, 2001).
In the APS tool, the displacement phase component was set to be linear for all
points. The reference point had to be chosen so that it represented a very stable part
of Uppsala that do not move, and it was therefore chosen on a relatively new
building situated in the hospital area on top of the esker, for both the ascending and
descending analyses. When the reference point had been selected, the APS
estimation was performed. After the removal of the estimated APS, the pixel-based
and the image-to-image temporal coherence were controlled. Some images had a
significantly lower image-to-image coherence, in respect to the master image, so
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images with an image-to-image coherence of lower than 0.85 were excluded in the
time series in the validation.
4.2.4

Multi-temporal analyses

At last, the atmospheric phase calculated in the APS tool was subtracted from the
interferograms, in the location of the PSs to get the final time series of deformation.
In SARPROZ, the PSs were selected based on two parameters: the ASI and the
pixel-based temporal coherence. In contrast to the ASI, which is based on the
amplitude information in the SAR image, the temporal coherence is based on the
phase information. The temporal coherence explains the mean difference between
the observed and modelled phase, for each pixel and interferogram (Ferretti, Prati &
Rocca, 2000; Kampes, 2006). The temporal coherence is tightly coupled to the
standard deviation of the final time series, which is a measure of how well the time
series fit its linear regression line.
To be selected as a PS in this study, the pixel had to have an ASI of at least 0.64 (DA
= 0.36) and a coherence of at least 0.70. In contrast to the selection of points in the
APS (the PSCs), in the multi-temporal analyses the threshold of ASI was lower,
which included more points, and no down-sampling was performed by the software,
so all points that passed the two threshold values were selected as PSs. After the
selection of pixels, the pixels were geocoded and exported from the software. All
pixels were then transformed to PS points, who were situated in the middle of the
pixels.
4.3

Correlation between subsidence and soil type

The ascending PS points and their annual displacement rate were analyzed based on
the near-surface geology in the location of the points. This was done so that risk
areas could be easier identified and to see differences between different soil types.
The PS points were visualized together with the quaternary deposits map from the
Geological Survey of Sweden (2019), showing the near-surface soil types, as a base
layer, for a visual interpretation. The points were also grouped based on the nearsurface soil type under the point and then visualized in a box plot, to see the
difference in displacement rate for each soil type.
4.4
4.4.1
4.4.1.1

Validation

General
Identify validation objects and validation pairs

The PSI analyses in SARPROZ resulted in 6900 PS points for each dataset
(ascending and descending) and buildings were the kind of object that resulted in PS
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points (with a few exceptions). Buildings that had generated one or more PS points
from both the ascending and descending analyses, and that also have been measured
with precise leveling in an adequate way, were identified and considered as possible
validation objects. Buildings usually have several metal pegs mounted in the
foundation, so the most representative peg was chosen for each PS point on a
building. This was done by looking at which part of the building that had given rise
to the reflection that had resulted in the PS point and then identify a metal peg that
should have similar movements. This PS point together with its most representative
metal peg was called a validation pair. 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
time (and not necessarily within the time span of the PSI analysis), the precise
leveling measurements were considered adequate. Furthermore, validation objects
were only selected in areas of great subsidence or in risk zones.
4.4.1.2

Relative movements

The movements of all PS points from the PSI analysis are in respect to one very
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 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, according to:
𝑚𝑝𝑒𝑔𝑟𝑒𝑙,𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 = 𝑚𝑝𝑒𝑔𝑟𝑒𝑙,𝑒𝑠𝑘𝑒𝑟 − 𝑚𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘𝑟𝑒𝑙,𝑒𝑠𝑘𝑒𝑟

(4)

where 𝑚𝑝𝑒𝑔𝑟𝑒𝑙,𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 is the movement of a PS point representing a peg relative
to the benchmark, 𝑚𝑝𝑒𝑔𝑟𝑒𝑙,𝑒𝑠𝑘𝑒𝑟 is the movement of a PS point representing a peg
relative to the very stable reference on the esker and 𝑚𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘𝑟𝑒𝑙,𝑒𝑠𝑘𝑒𝑟 is the
movement of a PS point representing the benchmark relative to the esker.
𝑚𝑝𝑒𝑔𝑟𝑒𝑙,𝑒𝑠𝑘𝑒𝑟 and 𝑚𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘𝑟𝑒𝑙,𝑒𝑠𝑘𝑒𝑟 were obtained in the PSI analysis and
𝑚𝑝𝑒𝑔𝑟𝑒𝑙,𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 is the movement that was used in the validation.
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4.4.1.3

Direction of movements

All movements measured in the PSI analysis are in the direction of line-of-sight
(LOS) (𝑚), that is explained by the incidence angle (𝑖), while movements measured
in precise leveling are vertical (Δ𝑧). To do a comparison between the two
techniques, in the validation, the movements measured in the PSI were transformed
to vertical. By doing this, it was assumed that all movements taking place at an
object were vertical and that no horizontal movements existed. The transformation
is shown in equation (5) and the parameters can be seen in Figure 4. In Table 2, the
ratios, explaining the relationships, between a length in the LOS direction and the
corresponding length in the vertical direction, can be seen. As the ascending and the
descending data had different incident angles, according to Table 2, the ratios were
different. For the ascending data, LOS movements had to be multiplied with 1.28 to
achieve vertical movements, while for the descending data, this value was 1.20.

Figure 4. The parameters in the transformation of the directions of movements from LOS to vertical.

(5)

Δ𝑧 = 𝑚⁄cos 𝑖

Table 3. The ratios between a length in the LOS direction (m) and this length in the vertical direction
(𝛥z), for the ascending and descending data.
Ascending
38.76°

Descending
33.32°

Incidence angle 𝑖
Δ𝑧 = 𝑚⁄cos 𝑖 𝑚⁄0.78 = 𝟏. 𝟐𝟖 · 𝑚 𝑚⁄0.84 = 𝟏. 𝟐𝟎 · 𝑚
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4.4.2

PS point evaluation

Four validation objects were found where the requirements stated in section 4.4.1.1
were met. An object consisted of one or several buildings with metal pegs mounted
in the foundation. For each object, for both ascending and descending PS points, one
or more PS point were identified who could be compared to a representative metal
peg, creating validation pairs. All the PS points in the validation pairs had passed the
threshold values of ASI/DA and temporal coherence but still, they were of different
quality. The quality of the PS points was calculated as the standard deviation (σ)
around their linear regression lines in the time series (trend lines). This standard
deviation is tightly coupled to the temporal coherence, but it made more sense to
express the quality in mm (standard deviation) in this application (subsidence). The
annual displacement rate of each point was also calculated as the slope of the linear
regression line. This displacement rate, and the related standard deviation, was in
respect to the very stable reference on the esker and in the LOS direction. For each
object, the PS point that was used to represent the benchmark was also analysed, for
both the ascending and descending validation, because these points were used to
achieve movements in respect to the benchmark.
4.4.3

Comparison with precise leveling data

When validation pairs (comparative metal peg and PS point) had been identified on a
validation object (one or more buildings), they could be analyzed and validated. The
time series of the validated PS points were plotted in a graph. The corresponding
metal pegs, for each PS point, were also plotted in the graph and aligned to the PS
point time series, so that a fair visual comparison could be done between the two
parts of the validation pair. The vertical axis in the graph showed relative movement
in the vertical direction, so the absolute values did not matter. What mattered were
the slopes of the linear regression lines of the PSI time series and the precise leveling
peg. The slopes of the linear regression lines were calculated and interpreted as the
displacement rate. The displacement rate of the PS point and the peg in a validation
pair could then be compared. What also mattered was the standard deviation of the
time series around their linear regression lines. In contrast to the standard deviation
of individual points, explained in section 0, this standard deviation was a result of
the movement of two points (in respect to the benchmark) and of the
transformation of direction from LOS to vertical. The standard deviation was
interesting to analyze the accuracy and to evaluate how trustworthy the calculated
displacement rates were.
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5 Results
5.1

PSI analyses

Interferogram formation

5.1.1

One ascending and one descending analysis was performed in the software
SARPROZ, with 42 and 44 acquisitions respectively. The analyses were of the
single-master type, where the master was automatically chosen by the software.
When the master was chosen, the interferogram formation was performed and that
result is shown in Figure 5 for both the ascending and descending analyses.
a)

b)

Figure 5. Interferogram formation for the ascending (a) and descending (b) datasets. On the horizontal
axis, the date of acquisition can be seen and on the vertical axis the perpendicular baseline can be seen.

19

For the ascending analysis, the acquisition in early July 2017 was chosen as master,
while for the descending analysis, the acquisition in early November 2017 was
chosen as master. In Figure 5, it can be seen that it was sparser between the
acquisitions during the winter, especially for the ascending dataset. The lack of data
between late October 2015 to early June 2016 for the descending dataset can also
be seen in the figure, resulting in, for instance, a later master date.
5.1.2

The atmospheric phase estimation

In the APS tool in SARPROZ, the PSCs were selected based on the amplitude
stability index together with a down-sampling, according to section 4.2.3. This
resulted in 272 PSCs for the ascending analysis and 276 PSCs for the descending,
which correspond to about 9 PSCs/km2 for both analyses. The temporal coherence
for the reference, on the very stable building in the hospital area, was 0.97 in the
ascending analysis and 0.98 in the descending. The image-to-image coherence
between the master and each slave was significantly lower for some acquisitions
after the removal of the estimated APS, which can be seen in Figure 6. Therefore,
four images (2016-02-16, 2017-08-09, 2018-03-13 and 2019-01-19) were excluded
in the ascending validation, while five images (2017-12-07, 2018-02-05, 2018-0301, 2018-07-29 and 2019-01-31) were excluded in the descending validation. Of
these nine excluded images, seven were acquired during the winter (December to
Mars).
a)

b)

Figure 6. Coherence between each slave and master after APS estimation for the ascending (a) and
descending (b) analyses.
5.1.3

Multi-temporal analyses

The general result of the PSI analysis was satisfying with a high density of PS points
in urban areas, for both the ascending and the descending data. To become a PS
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point in the multi-temporal analyses, the two thresholds of an amplitude stability
index higher than 0.64 and a temporal coherence higher than 0.7, had to be
fulfilled. This resulted in about 6 900 PS points for each data set (ascending and
descending) in the study areas that were about 32 km2, which equals to about 215
PS points/ km2 in the whole study area but in the urban area, the density of PS
points were higher with about 750 PS points/ km2 for both analyses. With only a
few expectations, buildings were the only kind of reflecting object resulting in PS
points. Maps of the PS points, for the ascending and descending data, are shown in
Figure 7.
The results from the two datasets showed a good agreement in the central parts of
the study area, where the city centre is located as well as the building in the hospital
area that was used as reference. Nevertheless, a difference could be seen in the two
maps, especially east of the city centre, where the PS points from the descending
data set had lower values, with more yellow points instead of green points, which
dominated the ascending PS points in this area. Despite the difference in the east
part, the two maps were both identifying the same areas of greatest subsidence in
the city. One area of great subsidence was found just south of the centre in a southsouth-easterly direction and another was identified just north of the centre in a
northly direction. In respect to the reference, which was assumed to be stable and of
no movement, there were significantly more PS points of negative movement (away
from the sensor), than of positive (towards the 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. This indicted that the city of
Uppsala was subsiding in many areas.
The maps of the PS points appeared somehow speckle in the areas of greatest
deformation, with points of high subsidence (red) mixed with more stable points
(green and yellow). This could be explained by different foundation types among
buildings in the same area, where buildings standing on piles being more stable than
non-piled buildings.
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a)

b)

Figure 7 Map of the PS points from the ascending (a) and descending (b) analyses. The color of the
points represents the displacement rate in respect to a building in the hospital area (black circle), in the
LOS direction. Negative values are a movement away from the sensor and positive values towards. 42
acquisitions between Mars 2015 and April 2019 were used in the ascending analysis, while 44
acquisitions between June 2015 and April 2019 were used in the descending analysis.
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5.2

Correlation between subsidence and soil type

The ascending PS points were analysed based on the quaternary deposits map,
showing the near-surface soil types, to see how different soil types affect the
displacement. In Figure 8, a map of these PS points is shown with the soil type map
as background. It appears that in the areas of greatest displacement, the near-surface
soiltype consist of postglacial clay. It also appears that buildings located on other soil
types are signifacanly more stable, even those on glacial clay.

Figure 8. The LOS displacement rate for the 6 900 PS points from the ascending analysis, together
with the quaternary deposits map, showing the near-surface soil types. Negative values is a movement
away from the satellite (subsidence). Roadmap © Lantmäteriet; Property map © Lantmäteriet;
Background map: Quaternary deposits © Geological Survey of Sweden (SGU). Coordinate system:
SWEREF 99 TM.

To validate if the ascending PS points located on postglacial clay were moving faster,
the PS points were grouped based on the near-surface soil type under the point and
then visualized in a box plot, which can be seen in Figure 9. PS points on the esker
had both a median and mean value very near zero and the variation was equally great
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on the negative and positive side. This was expected, as the reference of movement
was placed on a building on the esker. All soil types expect 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) are all
found between -0.3 and +0.6 mm/year. The only soil type 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 much more high negative values. This validates
the visual appearance stated before.

Figure 9. Box plot of the annual displacement rate for all 6 900 PS points from the ascending analysis
grouped in near-surface soil type in the location of the PS point. 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, who describe the variety outside the box. Under and above
the whiskers some outlying points are found.

The buildings in Uppsala city centre are located on interesting near-surface geology,
because of the esker and the deep clay depths that are found relativelly close to the
esker in some places. 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, which can be
seen in Figure 10. Therefore, in rather small areas, the difference in displacement
rate could be quite large, which could cause uneven settlements of buildings. These
areas could be considered as risk zones, especially for infrastructrure and old
buildings that are not pile foundated, and were mainly found just east of the esker,
both south and north of the cathedral.
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4

3

Figure 10. The LOS displacement rate for the PS points in Uppsala city centre from the ascending
analysis, together with the quaternary deposits map, showing the near-surface soil types. Negative
values is a movement away from the satellite (subsidence). The four validation objects are shown as
black circles. Roadmap © Lantmäteriet; Property map © Lantmäteriet; Background map: Quaternary
deposits © Geological Survey of Sweden (SGU). Coordinate system: SWEREF 99 TM.
5.3
5.3.1

Validation

General

Four validation objects were found where the requirements stated in section 4.4.1.1
were met. The locations of the validation objects can be seen in Figure 10 and are
found in areas of rather big subsidence and validation object 1 and 2 are found in a
risk zone with a high possibility of uneven subsidence. In these four validation
objects, 15 validation pairs were identified, where 8 were from the ascending
analysis and 7 from the descending.
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5.3.2

PS point evaluation

The quality of the individual PS points in the validation pairs were analysed, by
calculating the standard deviations, which was explained in section 4.4.2. The
displacement rates and the related standard deviations can be seen in Table 4, where
the movement is in respect to the reference on the esker and in the LOS direction.
For each object, the PS point that was used to represent the benchmark can also be
seen in the table, for both the ascending and descending validation. The standard
deviations of the validated PS points were found in the range between 0.6 mm and
2.9 mm, where the mean was 1.5 mm. Because objects in areas of subsidence were
chosen, the displacement rates for the validated PS points were of rather high
negative values but the PS points representing the benchmarks were all close to
zero.
Table 4. All individual PS points in validation pairs. The standard deviation of the time series is
calculated around their linear regression lines and is a measure of how temporal coherent the point is.
The movement is the displacement rate and corresponds to the slope of the regression line. The
movement is in the LOS direction and in respect to the reference on the esker.

4

1.6
1.3
1.6
1.8
1.9
2.9
1.8

-4.5
-4.1
-2.3
0.3
-3.8
-3.0
0.3

2387
2388
2594 (benchmark)
2925
2160 (benchmark)

1.2
1.0
1.6
2.1
1.1

-6.1
-5.1
0.3
-3.8
0.6
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Movement (mm/year)

3

3763
3762
3736
3401 (benchmark)
3573
3572
3401 (benchmark)

Point

Time series σ (mm)

2

Point

Movement (mm/year)

1

Descending

Time series σ (mm)

Object

Ascending

3725
3787
4127 (benchmark)

1.6
1.0
1.0

-4.3
-2.8
0.0

3903
3936
3937
4127 (benchmark)
4741
4331 (benchmark)

0.9
2.5
0.6
1.0
1.6
1.9

-2.7
-1.3
-0.6
0.0
-5.5
0.0

3892
4709 (benchmark)

0.9
0.8

-4.3
-0.5

5.3.3
5.3.3.1

Comparison with precise leveling data
General

The four validation objects, that each contained some validation pairs, will in this
section be gone through one by one. Until now in this chapter (chapter 5), all
movements have been expressed in the LOS direction and in respect to the
reference on the esker. In this section (5.3.3), all movements have been
transformed to the vertical direction, according to section 4.4.1.3, and are in
respect to the PS point representing the benchmark, according to section 4.4.1.2.
5.3.3.2

Validation object 1

Validation object 1 included one building which is located at the intersection
between Skolgatan and Sturegatan. The object is located in a risk zone of uneven
subsidence, which also was confirmed in the validation. The building was well
covered with PS points from both the ascending and descending analyses. 3
validation pairs from the ascending analysis and 2 from the descending could be
identified. The location of the metal pegs and the PS points used in the validation
pairs can be seen in Figure 11.

Asc. PSI 3763
Peg 4
Asc. PSI 3762
Peg 16
Peg 3
Desc. PSI 3725
Peg 1
Peg 10
Asc. PSI 3736

Desc. PSI 3787

Figure 11. The location of the metal pegs and the PS points, from both the ascending and descending
analyses, that were used in validation, for validation object 1.
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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. According to the
metal pegs, the building is subsiding unevenly, with about 3 mm/year in the
southwest part and about 6 mm/year in the northeast part. In Figure 12, the
validation pairs are shown for both the ascending and descending analyses, where
the time series of the PS points and their corresponding validation pegs are aligned,
for a visual comparison. The displacement rate for the PS point time series and
metal peg for each validation pair are shown in Table 5, in which also the standard
deviations of the time series are shown.

2018

2017

2016

2015

2014

Relative movement (mm)

2013

2020

Peg 16
PSI 3725
Peg 10
PSI 3787
Trendline PSI 3725
Trendline PSI 3787

Descending

Year

2020

2018

2017

2016

2015

2014

2013

Relative movement (mm)

70
65
60
55
50
45
40
35
30
25
20
15
10
5
0
-5
-10
-15
-20

Year

2019

Peg 4
PSI 3763
Peg 3
PSI 3762
Peg 1
PSI 3736
Trendline PSI 3763
Trendline PSI 3762
Trendline PSI 3736

Ascending

2019

70
65
60
55
50
45
40
35
30
25
20
15
10
5
0
-5
-10
-15
-20

Figure 12. The relative movement of the validated PS points, with their time series, and the
corresponding metal pegs, whose graphs are aligned, for comparison. The direction of movement is
vertical, and the movement is in respect to the benchmark, for both the metal pegs and the PS point
time series.
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According to Table 5, the difference in displacement rates between the PS points
and the pegs in all validation pairs were rather small and in the range between 0.1
mm/year and 0.5 mm/year. This can also be seen in Figure 10, on the slopes. The
uneven subsidence of the building was therefore also seen in the PS points. The
standard deviations were found in the range between 2.6 mm and 2.8 mm, for the
ascending time series, and significantly lower, between 1.2 mm and 2.0 mm, for the
descending time series. This could be explained by the significantly lower standard
deviation of the PS point representing the benchmark in the descending analysis,
seen in Table 4.
Table 5. The movement and the standard deviation for the PS points. Under each PS point, the annual
movement of the corresponding metal peg in the validation pair is seen. The direction of movement is
vertical, and is in respect to the benchmark, for both the metal pegs and the PS point time series.
Technique
PSI
Prec. lev.
PSI
Prec. lev.
PSI
Prec. lev.
PSI
Prec. lev.
PSI
Prec. lev.
5.3.3.3

Time series σ Movement
(mm/year)
(mm)
Ascending 3763
2.7
-6.1
Peg 4
-6.4
Ascending 3762
2.8
-5.6
Peg 3
-5.1
Ascending 3736
2.6
-3.3
Peg 1
-2.8
Descending 3725
2.0
-5.1
Peg 16
-4.7
Track

Point

Descending

3787
Peg 10

1.2

-3.3
-3.4

Validation object 2

Validation object 2 included two buildings and is located just south east of validation
object 1 at the intersection between Sysslomansgatan and S:t Johannesgatan. This
validation object is located in the same risk zone of uneven subsidence as validation
object 1, which also could be seen on the measurements on the metal pegs. The
building was well covered with PS points from both the ascending and descending
analyses. 2 validation pairs from the ascending analysis and 3 from the descending
could be identified. All descending PS points were located between metal pegs, and
because the buildings were subsiding unevenly, the movement of the metal pegs
were weighted, to create a representative movement in the location of the PS
points. For descending PS point 3903, the relative movements from peg 2 and 3
were weighted. As peg 3 was nearer the PS point, the relative movement at this peg
was weighted higher. In this case, the weight for peg 2 was 20 % and 80 % for peg
3. For descending PS point 3936, peg 1 (30 %) and 2 (70 %) were weighted, and
for descending PS point 3937, peg 7 (50 %) and 8 (50 %) were weighted. The
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location of the metal pegs and the PS points used in the validation pairs can be seen
in Figure 13.

Peg 8

Desc.
PSI 3937

Peg 6
Peg 7

Peg 3
Desc.
PSI 3903

Peg 11

Asc. PSI
3572

Peg 2
Asc. PSI
3573

Peg 1
Desc.
PSI 3936

Figure 13. The location of the metal pegs and the PS points, from both the ascending and descending
analyses, that were used in validation, for validation object 2.

The metal pegs have been measured with precise leveling three times between 1992
and 2018 but only the two latest measurements, in Mars 2014 and December 2018,
were used when the displacement rates were calculated. According to the metal
pegs, validation object 2 is subsiding unevenly, with about 1 mm/year in the
southwest part and about 4 mm/year in the northeast part. In Figure 14, the
validation pairs are shown for both the ascending and descending analyses, where
the time series of the PS points and their corresponding validation pegs are aligned,
for a visual comparison. The displacement rate for the PS point time series and
metal peg for each validation pair is shown in Table 6, in which also the standard
deviations of the time series are shown.
According to Table 6, and what can be clearly seen in Figure 14, the ascending PS
points overestimated the subsidence rate, while the descending PS points
underestimated it. The ascending PS points overestimated the subsidence rate with
between 2.3 mm/year and 2.4 mm/year, while the descending PS points
underestimated the subsidence rate with between 1.0 mm/year and 1.7 mm/year.
This could be explained by horizontal movements, for instance that the buildings are
moving eastward, which would generate this kind of result.
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Figure 14. The relative movement of the validated PS points, with their time series, and the
corresponding metal pegs, whose graphs are aligned, for comparison. The direction of movement is
vertical, and the movement is in respect to the benchmark, for both the metal pegs and the PS point
time series.

The standard deviations of the time series were found in the range between 2.5 mm
and 3.6 mm, for the ascending time series, and between 1.1 mm and 3.5 mm, for
the descending time series. The higher standard deviations of the ascending PS
points could be explained by that the PS point representing the benchmark in the
ascending analysis had a significantly higher standard deviation than the one in the
descending analysis, seen in Table 4. Ascending PS point 2572 and descending PS
point 3936 were the points with the notably highest standard deviation, both as
individual points (Table 4), and in respect to the benchmark (Table 6).
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Table 6. The movement and standard deviation for the PS points. Under each PS point, the annual
movement of the corresponding metal peg in the validation pair is seen. The movement direction is
vertical, and is in respect to the benchmark, for both the metal pegs and the PS point time series.
Technique
Prec. lev.
PSI
Prec. lev.
PSI
Prec. lev.
PSI
Prec. lev.
PSI
Prec. lev.
PSI
5.3.3.4

Time series σ Movement
(mm/year)
(mm)
Peg 6
-2.6
Ascending
3573
2.5
-4.9
Peg 11
-1.3
Ascending
3572
3.6
-3.7
Peg 2/3
-4.1
Descending 3903
1.4
-3.1
Peg 1/2
-3.2
Descending 3936
3.5
-1.5
Peg 7/8
-1.7
Descending 3937
1.1
-0.6
Track

Point

Validation object 3

Validation object 3 was an L-shaped building and is located at the intersection
between Kungsängsgatan and Bäverns gränd. This validation object was undergoing
rather high subsidence of about 7.5 mm/year, according to the precise leveling. 2
validation pairs from the ascending analysis and 1 from the descending could be
identified on this object. The metal peg used in the descending validation pair (peg
29), was also used in one of the ascending validation pair. The location of the metal
pegs and the PS points used in the validation pairs can be seen in Figure 15.

Peg 39

Asc. PSI 2388

Peg 29
Asc. PSI 2387

Desc. PSI 4741

Figure 15. The location of the metal pegs and the PS points, from both the ascending and descending
analyses, that were used in validation, for validation object 3.
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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. Between 1998 and 2005,
the displacement rates were about 1 mm/year in higher negative values (higher
subsidence rate). In Figure 16, the validation pairs are shown for both the ascending
and descending analyses, where the time series of the PS points and their
corresponding validation pegs are aligned, for a visual comparison. The
displacement rate for the PS point time series and metal peg for each validation pair
is shown in Table 7, in which also the standard deviations of the time series are
shown.
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Figure 16. The relative movement of the validated PS points, with their time series, and the
corresponding metal pegs, whose graphs are aligned, for comparison. The direction of movement is
vertical, and the movement is in respect to the benchmark, for both the metal pegs and the PS point
time series.
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According to Table 7, the difference in displacement rates between the PS points
and the pegs in all validation pairs were in the range between 0.6 mm/year and 0.9
mm/year. One of the ascending PS points was underestimating the subsidence rate,
while the other one overestimated, and 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.
The standard deviations was significantly higher for the descending PS point, which
could be a result of that the PS point (4741) and the PS point representing the
benchmark (4331) both had a slighter higher standard deviation than the ascending
PS points, according to Table 4.
Table 7. The movement and the standard deviation for the PS points. Under each PS point, the annual
movement of the corresponding metal peg in the validation pair is seen. The direction of movement is
vertical, and is in respect to the benchmark, for both the metal pegs and the PS point time series.
Technique
PSI
Prec. lev.
PSI
Prec. lev.
PSI
Prec. lev.
5.3.3.5

Time series σ Movement
(mm/year)
(mm)
Ascending 2387
1.6
-8.2
Peg 39
-7.3
Ascending 2388
1.8
-6.9
Peg 29
-7.5
Descending 4741
2.8
-6.6
Peg 29
-7.5
Track

Point

Validation object 4

Validation object 4 was the old station building at the railway station. 1 validation
pair from the ascending analysis and 1 from the descending could be identified on
this object and the same metal peg was used in both validation pairs. The location of
the metal peg and the PS points used in the validation pairs can be seen in Figure 17.
The metal peg has been measured with precise leveling in May 2017 and January
2018 and the displacement rate was calculated between these dates. In Figure 18,
the validation pairs are shown for both the ascending and descending analyses,
where the time series of the PS points and their corresponding validation pegs are
aligned, for a visual comparison. The displacement rate for the PS point time series
and metal peg for each validation pair is shown in Table 8, in which also the standard
deviations of the time series are shown.
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Desc.
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Peg 14

Figure 17. The location of the metal pegs and the PS points, from both the ascending and descending
analyses, that were used in validation, for validation object 4.

According to Table 8, the difference in displacement rates between the PS points
and the peg in the validation pairs were between 0.3 mm/year and 0.7 mm/year.
The ascending PS point was overestimating the subsidence rate, while the
descending PS point was underestimating the subsidence rate. The standard
deviations were significantly higher for the ascending PS point, which also can be
seen in Figure 18. This could be a result of that the ascending PS point had a notable
higher standard deviation as individual PS point, according to Table 4.
Table 8. The movement and the standard deviation for the PS points. Under each PS point, the annual
movement of the corresponding metal peg in the validation pair is seen. The direction of movement is
vertical, and is in respect to the benchmark, for both the metal pegs and the PS point time series.
Technique
Prec. lev.
PSI
Prec. lev.
PSI

Time series σ Movement
(mm/year)
(mm)
Peg 14
-5.3
Ascending 2925
3.3
-5.6
Peg 14
-5.3
Descending 3892
1.6
-4.6
Track

Point
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Figure 18. The relative movement of the validated PS points, with their time series, and the
corresponding metal pegs, whose graphs are aligned, for comparison. The direction of movement is
vertical, and the movement is in respect to the benchmark, for both the metal pegs and the PS point
time series.
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6 Discussion
6.1

Data

The SAR images that were used in this study came from the two Sentinel-1
satellites. The main reason to why Sentinel-1 data were used, was that it is free and
easily downloaded. These factors are important, as they make SAR data more
available, which increases the possibilities to do SAR analyses, like PSI.
Unfortunately, data were lacking in some periods and the descending analysis
suffered hardest from this, with a gap of almost eight months. This should have
affected the quality of the descending PSI analysis and the gap is clearly seen in the
time series. Seven of the nine excluded images, who were excluded because of low
image-to-image coherence after the APS estimation, were acquired during the four
winter months (December to Mars). 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 schema. Either one can download
more images during the winter and hope that some of them will have high
coherence (caused by, for instance, warm weather), or one downloads less images
during the winter. The latter was the case in this study.
6.2

PSI analyses

In the ascending and descending PSI analyses, 272 respectively 276 PSCs were
identified in the atmospheric phase estimation, which corresponded to about 9
PSCs/km2. According to Colesanti et al. (2003), the PSC density should be at least
about 3 PSCs/km2 to estimate the atmospheric noise in a satisfying way. The PSC
densities in this study should therefore have been enough. In the atmospheric phase
estimation, the movement references were chosen among the PSCs and decided to
be on an assumed very stable building in the hospital area on the esker. The
temporal coherence in the pixels of these references, in the ascending and
descending analyses, were 0.97 and 0.98 respectively. These pixels had among the
absolute highest temporal coherence in respectively analysis, so the quality of the
references should be fine.
In areas of great subsidence in this study, the deformation rates among PS points
could vary very much from one building to another, creating a speckle appearance
of the PS points maps. This was probably a consequence of different foundation
types among the buildings, so PSI analyses could therefore be used when
investigating what foundation a building has, in areas of great subsidence. Non-piled
buildings will there subside in about the same rate as the surrounding ground
surface, while piled buildings will be stable. In the PS points maps, one could also
see that some buildings were covered of several points while other buildings were
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not covered at all. One reason to this could be that different buildings have different
roof and façade material, but this has not been analyzed in this study.
One interesting finding in this study was that buildings located on postglacial clay
subside significantly faster than those on glacial clay and that buildings on glacial clay
subside in about the same rate as buildings on all other non-clay soils. Glacial clay is
older than postglacial clay, which means that the subsidence rate caused by creep
should be lower. Furthermore, 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. These are possible explinations to why buildings on glacial clay do not seem to
subside as those on postglacial clay.
6.3

Validation

The quality of the individual PS points in the validation pairs, expressed as standard
deviation, which can be seen in Table 4, was overall good. The lowest standard
deviations were lower than 1 mm and the mean of all of them was 1.5 mm. The
mean of the standard deviation of the 15 vertical time series, who were compared to
the metal pegs’ movements, where the movements were in respect to a PS point at
the benchmark (and not the very stable point on the esker) and in the vertical
direction, was 2.3 mm. This means that the mean of the standard deviation
increased from 1.5 mm to 2.3 mm, which can have been caused by two phenomena.
The first one is that the vertical time series were a result of a the subtraction
between the PS points at the metal pegs and the PS points at the benchmarks,
creating a comparative relative movement, so these time series were a result of the
movement at two PS points. The second one is the transformation of direction,
from LOS to vertical, were all values became slightly larger and should therefore
also increase the standard deviation a little bit. Of these two phenomena, I think that
the usage of two PS points (one at metal peg and one at benchmark) has the greatest
impact in the increasement from 1.5 mm to 2.3 mm. The usage of two PS points
was nevertheless necessary to do the validation with precise leveling.
The difference in displacement rate between the PS points and the metal pegs were
between 0.1 mm/year and 0.9 mm/year, in all validation pairs except those in
validation object 2. Unfortunately, the metal pegs have not been measured on a
regular basis within the period of the PSI analyses and for validation object 3, for
instance, the displacement rate is calculated between the two latest measurements in
2005 and 2015. The displacement rate in that period can differ to the one in the
period of the PSI analyses (2015-2019), which means that it is not a perfect
comparison. Nevertheless, the displacement rate should not change very much
between the two periods and the validation here is therefore adequate. In validation
object 4, precise leveling have only occurred for eight months, which makes this
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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.
Validation object 2 was special, because the ascending PS points overestimated the
vertical subsidence rate with between 2.3 mm/year and 2.4 mm/year, while the
descending PS points underestimated it with between 1.0 mm/year and 1.7
mm/year. The over and underestimations were significantly larger than the
differences in subsidence rates for the other validation objects. This could be
explained by that the buildings are moving eastward, which would generate this kind
of result. A rough geometric calculation was performed in the post analysis, which
showed that the buildings are moving eastward with a rate of 0.5 mm/year to 1.5
mm/year, faster in the east part. If these horizontal movements are considered, the
ascending PS points overestimates the subsidence rate with between 0.6 mm/year
and 0.9 mm/year, while the descending PS points overestimates it with between
0.0 and 1.1 mm/year. This means that the descending PS points are not
underestimating the subsidence rate anymore, and that the difference in
displacement rates between the pegs and the PS points in the validation pairs are of
the same magnitude as those in the other validation objects. The fact that horizontal
movements can be detected with PSI is a benefit compared to precise leveling but
one has to consider that only east-westerly movements can be detected and not
north-southerly.
There were several uncertainties involved in the identification of validation pairs,
because it was not easy to understand which part of a building that was the main
reflector. 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 analysing what part of the building the PS points
represented. Furthermore, the cell resolution is also a factor creating uncertainties,
as anything in a pixel could be the main reflector that had created the PS point that is
just drawn in the centre of the pixel. The issues stated above are extra important to
consider in areas where the displacement rate can vary rather fast in a small area,
like in the identified risk zones, where the geological properties are changing
rapidly, or on buildings that are tilting. 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.
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7 Conclusions
This study has shown that Sentinel-1 data can measure urban subsidence for cities
built on clay in a satisfactory way, when the PSI technique is applied. Big parts of
Uppsala, that was the study area, are undergoing significant subsidence, with an
maximal annual rate of about 6 mm/year in the LOS direction. This subsidence is
probably a consequence of primary consolidation, which is caused by additional
loads from human settlement, and secondary consolidation (creep), which is caused
by time. The areas of greatest deformation were found where the near-surface soil
type was postglacial clay. Areas on all other soil types were subsiding in about the
same magnitude, including glacial clay which was surprising. Risk zones were
identified in areas where the clay depth is increasing rapidly in small areas, which is
the case in some areas near the esker.
In the validation, the PSI technique and the precise leveling technique showed a
satisfying agreement. Between the two techniques, the vertical subsidence rate
differed between 0.1 mm/year and 0.9 mm/year, for all validation pairs (PS point
and representative metal peg), expect those in object 2, where the differences were
significantly higher. This could have been caused by horizontal movements of object
2, because when they were considered, the difference in vertical subsidence rates
were between 0.0 and 1.1 mm/year. The mean of all differences in vertical
subsidence rate was 0.56 mm/year, if the horizontal movements of object 2 was
considered
The mean of the standard deviations in the time series, which is a quality
measurement, for the PS points in the validation pairs was 1.5 mm. These time
series were in respect to the very stable reference point on the esker and in the LOS
direction. When the movements of the PS points in the validation pairs were
transformed to be in respect to a PS point representing the benchmark and to the
vertical direction, the mean of the standard deviations in the time series increased to
2.3 mm.
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