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Abstract. Subsidence can now be routinely mapped on a national scale thanks to ESA’s Sentinel-1 sensors and
advanced scalable SqueeSAR® processing. In order to be integrated into existing monitoring programmes, the
SqueeSAR® datasets can be calibrated with GNSS measurements. The dense spatial coverage of SqueeSAR®
deformation maps captures local deformation phenomena, and with appropriate calibration, can advance the
understanding of regional deformation trends. The regular and reliable SAR image acquisitions by Sentinel-
1, as well as significant improvements in the scalability of SqueeSAR® processing allow regular updates of
deformation maps on a national scale. Filtering the large amount of data for relevant information is achieved by
using an algorithm to detect changes in displacement trends.

1 Introduction

The Sentinel-1 satellites of the European Space Agency
(ESA) are acquiring SAR images since late 2014, and are
the first (civilian) sensors specifically designed for surface
deformation monitoring over large areas. The Sentinel-1
image stacks have been used to produce the deformation
maps presented here, which have been processed using TRE
ALTAMIRA’s advanced InSAR processing algorithm called
SqueeSAR®. Significant improvements in computing power
and adapting the SqueeSAR® processing to cloud comput-
ing allow regular updates of nationwide InSAR deformation
maps. The calibration methodology presented here provides
a way to integrate InNSAR deformation maps with GNSS
measurements. The results show examples from some of the
yearly updated national deformation maps currently provided
for Denmark, Japan, France and California (US) (e.g. Ferretti
et al., 2019). Furthermore, examples from Tuscany are pre-
sented, where as part of a continuous monitoring programme,
regional deformation maps are updated every two weeks. To
retrieve relevant information from this large amount of data,
the maps are filtered with a trend change detection algorithm
to highlight areas of significant deformation (Del Soldato et
al., 2019).

2 Methodology

SqueeSAR® is a proprietary multi-interferogram technique
(Ferretti, 2014; Ferretti et al., 2011), providing high precision
measurements of ground displacement by processing multi-
temporal satellite SAR images acquired over the same area,
from the same acquisition geometry. By means of a statis-
tical analysis of amplitude and phase data, the SqueeSAR®
technique can select a sparse grid of image pixels, which can
be used as a “natural geodetic network” to study and monitor
slow surface deformation phenomena, with a precision of a
few millimetres (Ferretti, 2014).

2.1 2-D Displacement Data

As any other InSAR analysis, the SqueeSAR® technique
measures the projection of the displacement vector affect-
ing each radar target along the satellite’s line of sight (LOS)
(Ferretti et al., 2019). However, a proper combination of
SqueeSAR® results obtained from two different acquisition
geometries (i.e. ascending and descending), acquired over
the same area in the same temporal period, allows one to
estimate 2-D measurements, along vertical and east-west di-
rection.
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Figure 1. Decomposition of LOS displacements into vertical and
horizontal components from images acquired in ascending and de-
scending orbits.

This methodology requires the same target to be visible
from both ascending and descending orbits: a condition not
met very often in real-life scenarios. To overcome this lim-
itation, the constraint of the radar target is relaxed: the area
of interest is split into small patches of terrain and the mea-
surements of all measurement points within the same cell
are averaged, creating just one “pseudo-PS”. The combina-
tion of the results and the estimation of the 2-D displacement
time series is then performed for each cell containing data
from both acquisition geometries (Ferretti, 2014; Teatini et
al., 2011).

It should be noted that, since the acquisition dates usually
differ from one dataset to another, the displacement measure-
ments of each “pseudo-PS” are interpolated and re-sampled
on a common temporal grid. For Sentinel-1 data, the spatial
grid used for the estimation of 2-D displacement data is typ-
ically 80 x 80 m, while the sampling step in time is usually
kept equal to 12 d.

2.2 Wide area monitoring with INSAR (SqueeSAR®)

Compared to InSAR analyses over areas of interest of hun-
dreds or a few thousand square kilometres, Wide Area Pro-
cessing (WAP) is characterized by four main challenges (Fer-
retti et al., 2019):
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Atmospheric effects — It is well known that the variance of
atmospheric effects increases with the distance from a refer-
ence point (Ferretti, 2014; Hanssen, 2001). Moreover, iono-
spheric effects can become more significant. It is then ex-
tremely important, for the generation of high quality InNSAR
results over wide areas, to reduce the impact of this kind of
disturbances, by using prior information (e.g. using GNSS
data) or numerical weather models (Yague-Martinez et al.,
2016).

Data mosaicking — in WAP, it is mandatory to deal with
data mosaicking, to avoid introducing inconsistencies in
combining results obtained from a number of independent
“processing sites”. As a minimum, for Sentinel-1 data ac-
quired in TOPS mode, the processing algorithm should not
introduce any phase variations passing from one burst to an-
other (Yague-Martinez et al., 2016).

Computational burden — It is somewhat obvious that what
is feasible when running a multi-interferogram approach on
30 images acquired over an area of interest of 100km? can
become extremely challenging, if not impossible, when ex-
tended to 300 000 km? covered by thousands of SAR images.
Requirements on data storage, processing times, number of
CPUs involved, and speed for data transfer can change by or-
ders of magnitude. Although cloud computing can indeed be
the solution, it is worth recalling that a proper and efficient
use of the cloud requires bespoke software development, at
least for complex processing chains, which can have major
impact on processing costs.

All three points mentioned above, were carefully consid-
ered when developing the new processing chain for wide area
processing used to generate the InSAR results presented in
this paper.

2.3 SqueeSAR® calibration using GNSS networks

Calibration with other measurements, such as GNSS data, is
essential to validate and to tie nationwide InSAR data into
existing monitoring programmes. In order to limit the im-
pact of spurious regional trends on the estimated displace-
ment data, it is recommended to rely on several GNSS sta-
tions to calibrate the SqueeSAR® datasets. An example of
the calibrated SqueeSAR® results for the Denmark national
deformation map is shown in Fig. 2, with the GNSS stations
marked in red.

The calibration methodology can be applied to both LOS
measurements and the derived vertical and east-west compo-
nents. The following outlines the main steps in the calibration
procedure:

Time series filtering: GNSS time series are filtered using
a moving average to reduce noise in the measurements. The
time series of SqueeSAR® measurement points within a cer-
tain radius of each GNSS station (e.g. 200 m) are averaged.

Low frequency phase component: during the initial
SqueeSAR® processing, the large-scale low frequency phase
patterns are removed, to avoid biases caused by uncompen-
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Figure 2. GNSS calibrated vertical deformation over Denmark. GNSS stations are shown in red.

sated atmospheric components. To recover low frequency
patterns due to real motion, first the difference in average ve-
locity (linear trend) between each average SqueeSAR® time
series and the corresponding filtered GNSS station time se-
ries was calculated. These differences were then used to esti-
mate a first order surface (plane), which was subtracted from
the SqueeSAR® data. This ensures that SqueeSAR® mea-
surement points now also contain the low frequency com-
ponent of the motion that was removed during the initial
SqueeSAR® processing.

Calibration: this step ties the two measurement techniques
together and references the relative SqueeSAR® measure-
ments to the reference of the GNSS network. The proce-

proc-iahs.net/382/31/2020/

dure involves the generation of a time series of residuals,
which is derived from comparing the averaged SqueeSAR®
time series to the corresponding GNSS time series for each
GNSS station. All the time series of residuals are then av-
eraged to define a common time series of residuals (cRTS).
This cRTS represents the movement of the local SqueeSAR®
reference points with respect to the GNSS reference frame.
The cRTS was then removed from every SqueeSAR® mea-
surement point time series.
The flow chart in Fig. 3 is a summary of these steps.
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Figure 3. Overview of the steps in the calibration procedure.

3 Results

The following examples are taken from the national
SqueeSAR® map for California (US), which was calibrated
with GNSS data, from the national SqueeSAR® map for
Japan, which was not calibrated with GNSS data and from
the SqueeSAR® monitoring service provided to the region
of Tuscany (Italy), which is updated every two weeks.

3.1 Aquifer related subsidence in San Joaquin Valley,
California (US)

Nationwide ground deformation maps can deliver unique in-
formation by constraining the spatial extent of large-scale
ground deformation phenomena, such as the subsidence in
San Joaquin Valley, California, shown in Fig. 4. It is well
established that land subsidence in San Joaquin Valley is a
danger to infrastructure, such as bridges, and that it has been
caused by a combination of anthropic and natural factors,
such as water pumping for agriculture and droughts (Faunt
et al., 2016). In fact, water overdraft and the subsequent land
subsidence over San Joaquin Valley already started in the
1920s, and became a widespread concern in the 1950s, when
the water levels were lowered at unprecedented rates (Ireland
et al., 1981). Since land use, surface-water availability and
aquifer recharge vary, land subsidence across the valley is
heterogenous, which makes monitoring crucial for managing
the risk posed to infrastructures (Faunt et al., 2016). The na-
tionwide ground deformation map created with SqueeSAR®,
based on Sentinel-1 SAR images, reveals these heteroge-
nous patterns. The vertical displacement time series in Fig. 4
demonstrate the different subsidence behaviours at two lo-
cation, which appear to be influenced by varying degrees of
aquifer recharge.

3.2 Post-seismic subsidence in Kumamoto (Japan)

Monitoring ground deformation on a large spatial scale ben-
efits from GNSS calibration, since the calibration allows low
frequency components of motion to be included. However,
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Figure 4. Map of the subsidence observed over California’s St
Joaquin Valley. Location is indicated on the overview map in the
bottom left corner. Time series in the graph below show the differ-
ence in subsidence behaviour at location A compared to location B.

if no GNSS data are available, large scale phenomena can
still be detected, such as the deformation occurring in the
aftermath of the earthquakes in April 2016 in Kumamoto,
Japan, shown in Fig. 5. This example was taken from the
SqueeSAR® national deformation map for Japan, which is
based on Sentinel -1 SAR images (Ferretti et al., 2019).

The ground displacement patterns shown in Fig. 5 match
well with the results of ALOS-2 interferometry published by
Fujiwara et al. (2016). The structures shown in Fig. 5 are
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Figure 5. Maps showing (a) vertical and (b) east-west displacement
rates between December 2015—-June 2018 over Kumamoto, Japan.
The location is indicated on the overview map in bottom right cor-
ner. Black lines show faults inferred from ALOS-2 SAR interfer-
ometry by Fujiwara et al. (2016). The time series shows vertical
displacement at location C, indicated in map a).
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Figure 6. LOS deformation map from the continuous monitoring
service provided to the region of Tuscany (Italy). The location is
indicated on the overview map in bottom right corner. The violet
markers highlight SqueeSAR® measurement points that display a
significant recent trend change in their displacement. The time se-
ries is an example of a measurement point highlighted by the trend
change algorithm.
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secondary faults interpreted from the results of the ALOS-2
interferograms by Fujiwara et al. (2016). According to the
authors, these faults form a graben group and are not directly
related to the main faults on which the earthquakes occurred.
The SqueeSAR® time series in Fig. 5 shows that there is
approximately —15 mm vertical displacement between April
and December 2016. A second phase of relatively fast verti-
cal displacement started in March 2017, however the cause
for this is unknown (see time series in Fig. 5). From June
2017 onwards, the area appears to stabilise.

Fujiwara et al. (2016) point out that there remains a ques-
tion as to whether these secondary fault systems could be-
come “primary” earthquake faults in the future. While there
is currently no concrete answer for this, Fujiwara et al. (2016)
suggest that preparing for the possibility is important. Rou-
tinely monitoring displacement using InSAR may help to
better understand and predict the behaviour of these struc-
tures.

3.3 Local subsidence in the region of Tuscany (ltaly)
automatically detected by a trend change algorithm

Despite the benefits of a dense spatial coverage of
SqueeSAR® measurement points over wide areas, filtering
the data for relevant information can become challenging.
This is especially important if deformation maps are up-
dated more regularly, such as for the service provided to the
region of Tuscany (Italy), where SqueeSAR® deformation
maps based on Sentinel-1 SAR images are updated every
two weeks. This continuous monitoring generates a stream
of data that needs to be filtered for significant changes in the
displacement trends. This task is currently performed by an
automatic trend change detection algorithm. Variables such
as the magnitude of the trend change deemed significant, or
the time period considered, can be changed depending on the
phenomena of interest (Del Soldato et al., 2019).

The map in Fig. 6 shows the displacement rate along as-
cending LOS, over an industrial area in the Montemurlo Mu-
nicipality, Tuscany. The time series in the graph in Fig. 6
shows that after negative displacement started in Decem-
ber 2016, there has been another more recent trend change,
which was highlighted by the trend change algorithm.

The negative displacement in LOS shown in Fig. 6 is likely
to be related to the over-pumping of water to meet the needs
of local textile factories, which are numerous in the Monte-
murlo Municipality (Del Soldato et al., 2019). The displace-
ment pattern observed in this industrial estate (see Fig. 6) is
discussed as a case study in more detail by Del Soldato et
al. (2019).
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4 Conclusions

Deformation can now be mapped routinely on a national
scale with the frequent and reliable coverage provided by
ESA’s Sentinel-1 SAR sensors, both in LOS and vertical- and
east-west direction. Producing these maps is possible with
bespoke cloud-based software using the SqueeSAR® algo-
rithm, which allows scalable processing of the large SAR im-
age stacks. By calibrating the SqueeSAR® data with absolute
GNSS data, the deformation maps can be integrated into ex-
isting monitoring programmes. Furthermore, GNSS calibra-
tion allows the monitoring of large-scale, low frequency de-
formation patterns with unprecedented spatial resolution. In
addition, the great amount of data generated in this way can
be filtered for recent localised displacement trend changes,
as for example caused by landslides.

Data availability. All data presented in this paper have been ob-
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shared or distributed by the authors without written consent of the
final users.
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