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Radar images include both amplitude and phase components. The amplitude gives 
information on the reflectivity of the terrain, and is related to the amount of the energy 
backscattering to the receive antenna ( ). The phase is a property related to the 
sensor-target distance, used in SAR Interferometry (InSAR) (see section 2.2). 

Because of the sinusoidal shape of radar wave, the sensor-target distance can be 
expressed as a 

  
 



6 
 

 

 



7 
 

The spatial resolution in SAR varies according to the sensor and is different in azimuth 
and range direction. The slant range resolution depends on the bandwidth of the sensor. 

 

 

SAR characteristics Related to Impact on 

Sensor wavelength Used frequency band 

Detection capability (dep. on the velocity 
of the moving area), atmosphere 

penetration & stability on different 
surfaces 

Spatial resolution 
(ground range & 
azimuth resolutions) 

Bandwidth, antenna length in 
along-track direction and 

incidence angle 

Detection capability (dep. on the size of 
the moving area) 

Spatial coverage Antenna size, incidence angle  Size of the potential analysed area 

Line-of-sight Orbit and incidence angle Detection capability (dep. on the 
movement direction) 

Temporal resolution Revisit cycle of the satellite Detection capability (dep. on the velocity 
on the moving area) & decorrelation 
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Despite the official life duration, the satellite is still operating.
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Figure 6
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As discussed in section 2.1.5, the phase information of a single image is not directly 
usable. However, phase differences between two (or more) different acquisitions are 
meaningful. This is the main topic of SAR interferometry (InSAR). By computing phase 
differences between two acquisitions from two different locations, it is possible to build 
a Digital Elevation Model (DEM), while by computing phase changes between two 
acquisitions at two different times, it is possible to detect ground deformation along the 
line-of-sight (LOS). This is the focus of this report. 

The analysis of phase changes between two acquisitions at two different times can 
provide information about ground deformation along the line-of-sight (LOS) of the SAR 
sensor (Figure 8). InSAR 

depends on the flying orientation of the satellite (track) and 
the incidence angle of the radar beam (see section 2.1.2). S

 

Due to the modulo-2π and the effective wavelength λ/2 explained in section 2.1.5, there 
is an ambiguity if the phase difference between the two acquisitions is higher than λ/2. 
Thus, in practice, for a sensor with a wavelength of 5.55 cm with a revisit time of 24 
days (as RADARSAT-2), a moving area with velocity higher than 2.8 cm in 24 days 
will induce a phase ambiguity. 
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Figure 8), the atmospheric effects and other noise 
contributions has to be taken into account. The interferometric phase difference can thus 
be expressed as : 
 

 

Figure 9 shows an example of an interferogram between two ENVISAT ASAR 
acquisitions in 2003-2004. The results highlight the co-seismic displacement field 
originating from an earthquake in Bam, Iran. The values are expressed in modulo-2π (-π 
to + π) corresponding to λ/2 (28 mm or -14 to 14 mm). This interferogram is thus 
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wrapped, highlighting a succession of patterns called fringes. In section 2.3, we will 
show how to convert these cyclic phase differences to absolute phase differences and 
thus continuous distance differences (unwrapping procedure). 
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Figure 11: Example of coherence map over Bergen. It clearly appears that the urban area has high 

coherence values (yellow-red), while the areas with vegetation or water are affected by low coherence 
(blue). 
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Figure 12
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Figure 12 Figure 12
Figure 12
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o convert cyclic phase 
difference into continuous phase difference
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Colesanti et al,. 2003; 
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PSI methods uses a stack of interferograms generated with the same master scene 
(Figure 16, left) to analyze the temporal phase evolution of individual coherent point 
scatterers (Figure 16, 

The 
PS can be selected looking at amplitude dispersion below a defined threshold.

 

   

 

PSI procedure includes two networks of Persistent Scatterers. The first PS network is 
built using a sparse grid of very highly stable targets (low amplitude dispersion) in order 
to remove irrelevant components such as atmospheric effects. Using a large stack of 
interferograms (Figure 16, b) and based on the assumption that a

Figure 16, c  
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Similar to PSI, SBAS method uses a stack of interferograms to remove or reduce the 
effects of irrelevant phase components. However, it incorporates a larger number of 
interferograms, not from a unique master scene as for PSI (Figure 17, left) [Berardino, 
et al. 2002]. Spatial and temporal baselines below chosen thresholds are applied in order 
to reduce geometric and temporal decorrelation, as well as the effects due to errors in 
the used DEM. Moreover, a complex multilooking procedure is applied at the beginning 
of the processing chain. This reduces the spatial resolution, but improves the signal 
quality of pixels characterized by  (Figure 17, right). 
 

 

Different InSAR results can be produced. The most common output is a deformation 
map over the area in interest. The map can display the annual mean velocity as in Figure 
18 or specific displacements between two defined times when mean velocity value does 
not make sense (by example displacements between June and September 2012 if the 
stack uses only snow-free scenes in a mountainous region). As discussed above, 
according to the processing method, each element of the map will represent a selected 
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Persistent Scatterer below a defined amplitude dispersion threshold (for PSI, as in 
Figure 18, top) or a multilooked pixel above a defined coherence threshold (for SBAS, 
as in Figure 18, bottom) for the area visible from the satellite (without shadow) and 
unaffected from geometrical distortions (without layover). For each selected PS or 
SBAS pixel, time series usually displayed on a displacement/time graph can be 
extracted (Figure 18, bottom). These two outputs allow providing complementary 
information about the spatial distribution of the movement and its temporal evolution. 
In addition, derived products such as coherence map, intensity map, shadow mask, 
layover mask can be generated.  
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It should be reminded that the results are relative to a reference point and the satellite is 
only able to measure 1D displacement along its LOS. However, having available data 
from different acquisition geometries over the same area, it is possible to retrieve multi-
dimensional information. In practice, using satellites data only, due to the near-polar 
passes of all the SAR sensors, two geometries (ascending/descending) are available, 
allowing only a 2D decomposition (vertical/horizontal components in the East-West 
LOS-plane). An example over Nordnes rockslide (Troms region) is 
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After discussion between the partners of the projects, it appeared that Bergen area 
including the town and various sectors located within 100 km toward the East is an 
interesting case-example to illustrate the potential of InSAR technology for ground 
deformation detection. In section 3.1, the natural hazards context of the region is 
introduced, as well as the main sectors of interest highlighted by 

Bergen area is interesting for its natural hazards context. Looking at the inventory of the 
historical events, it clearly appears that the natural hazards are a significant issue for the 
management of infrastructure and the safety of population in this region ( ).  
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Unsurprisingly the main clusters of registered events are located along the main 
infrastructure in areas characterized by significant relief. The density is especially high 
along the E16 road from Arna to Evanger via Dale (top-right part of the ), as 
well as around the NE part of Samnagerfjorden (Årland, Haga) and over Kvamskogen 
(middle of the ). It appears that most of the events are classified as rockfalls, 
landslides or avalanches. 

The project description highlighted three main areas covered by the available datasets 
and interesting because of the density of events and the importance of infrastructure 
(roads and rail). 
 
They are located within an approximate 50 km distance around Bergen: 

E16 and rail Arna-Dale, eventually to Evanger (and also on the other side of the 
fjord, along the south part of Osterøy); 

Fv7 over Kvamsskogen, especially around Norheimsund (Tokagjelet); 

The area at the head of Samnangerfjorden. 

These are covered at least by one of the available satellite dataset. However, due to 
several limitations regarding to the characteristics of the datasets (see section 3.2) and 
the region (see sections 4.1 & 4.2), the main focus of the ground deformation analysis 
will be placed on the western part of the region including Bergen and Indre Arna (see 
sections 4.3.1 & 4.3.2). 
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in the eastern part of the region, 
only RSAT-2 Standard mode is available. Because of its low resolution, it makes 
impossible the detection of small moving areas. 
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etection capability. Indeed, due to the 
ability of the satellite to measure only 1D displacement along the LOS, any moving area 
with a direction perpendicular to the LOS will be missed, and more the directions of the 
displacements diverge than the LOS, more they are underestimated. 

  
 
 

 

The LOS has also an impact on the geometrical distortions according to the local 
topography (see section 2.1.4). In , the Digital Elevation Model (DEM) of the 
area is presented as well as shaded reliefs generated using the information about the 
SAR track and its line-of-sight to define the orientation of the illumination source. It 
appears that with an ascending geometry, the west-facing relief with a slope 
perpendicular to the LOS will be affected by layover effects, while the east-facing relief 



31 
 

can be affected by shadow (and the opposite for descending geometry). The areas 
affected by layover and shadow thus vary according to the datasets and require the 
generation of masks. They will be presented and compared in section 4.1. 
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This Chapter presents results from InSAR analysis using the case study of Bergen area. 
As briefly described in section 2.3.4, the most interesting results concern usually the 
ground deformation and can be expressed as deformation maps or time series (section 
4.3). But other derived produces can also be generated. They are mainly related to 
geometrical effects and temporal decorrelation. Because they are valuable to better 
understand advantages and limitations of InSAR technology, they will be presented in 
sections 4.1 and 4.2.  

Shadow and layover masks can be generated depending on the line-of-sight and the 
local topography. The areas affected by these geometrical effects will be removed of the 
final analysis. 

Over Bergen area, the datasets are overall not highly affected by shadow due to the 
relatively vertical views of the satellite, but the layover effect has a high impact. 
Depending on the different lines-of-sight, layover varies significantly according to the 
datasets. Due to its small incidence angle, the RADARSAT-2 (RSAT-2) Standard mode 
dataset is highly affected by layover on east facing slopes, but little by shadow. For 
RSAT-2 Ultrafine mode (descending geometry), the layover effect occurs 

 

The shadow and layover masks for the three datasets are presented in  and 

 
 compares RSAT-2 Standard mode and TSX/TDX 

StripMap mode (RSAT-2 Ultrafine not available at this location). Both datasets have an 
ascending geometry with quite similar LOS orientation toward NE, but 

StripMap mode

 

Overall it clearly appears the use of the RSAT-2 Standard mode is strongly limited by 
the layover. The mask affects a large proportion of the scenes (16 % on land). It reduces 
the areas available for the analysis, but also makes them discontinuous and thus more 
difficult to process. 
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As described in section 2.2.4, InSAR results can be affected by temporal decorrelations 
due to changes 

 In the eastern part, the 
patches of medium coherence corresponding to the mountainous parts without dense 
vegetation are discontinuous which makes difficult the production of relevant InSAR 
results.  
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The coherence varies also in time. For example, t
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he seasonal variations can require removing winter scenes. In 
areas where snow affects large areas over a long time period, this is a significant 
limitation that can severely reduce the amount of usable interferograms  

In practice the coherence map is also used to select pixels that will be used for the 
ground deformation analysis. During the SBAS processing, in addition to the 
layover/shadow masks, a coherence mask is thus generated using a coherence threshold 
defined by the operator   
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The selected pixels correspond finally to those outside the layover/shadow masks with a 
coherence value above a defined coherence value (for ex. 0.3) for a minimum percent 
(for ex. 25 %) of the  The choice of the thresholds is a balance 
between amount of selected pixels and good coherence. A too high coherence threshold 
can indeed lead to too small areas of analysis organized in discontinuous patches. 

For PSI processing, instead of a coherence threshold, the amplitude dispersion is used to 
select the points used for the analysis. As for the coherence threshold in SBAS 
procedure, the choice of the thresholds is a balance between low amplitude dispersion 
and amount of points. 
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The ground deformation results are presented separately for different subareas. In 
section 4.3.1, the results on Bergen are analyzed. Although this area was not specified in 
the main areas of interest for the partners (see section 3.1.2), it is the only sector 
covered by RSAT-2 Ultrafine mode and it is interesting to have one case study 
comparing the three datasets. Moreover the coherence is good in this area due to the 
urban infrastructure which give overall better results than most of the areas in the 
eastern part. In section 4.3.2, results in Indre Arna are analyzed. In section 4.3.3, some 
results from the eastern part of area are introduced (Samnangerfjorden - Kvamsskogen - 
Dale). However, it has to be noted that due to the limitations described in sections 3.2, 
4.1 and 4.2, especially related to the spatial resolution, the geometrical effects and the 
coherence, the reliability of the results are highly reduced. 

The main deformation maps presented thereafter are based on stacking and PSI methods 
(see section 2.3.3). A SBAS method is used to retrieve the time series presented in 
sections 4.3.1.2 and 4.3.2.2. All the maps displayed the mean velocity in millimeter per 
year along the line-of-sight. Negative values correspond to deformation away from the 
SAR sensor. Positive values correspond to deformation toward the SAR sensor. The 
millimetric interval that was chosen for the color scale highlights that the displacements 
over the area are very small. It should be noted that for display purpose the scales vary 
from a dataset to another. The results differences are due to the different wavelengths 
and revisit times of the sensor, as well as the different lines-of-sight, spatial resolution, 
temporal coverage of the datasets. 

The availability of three datasets on Bergen makes this area interesting to compare 
InSAR results. 
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oom B on downtown. V

Comparing the results of the three 
datasets and the PSI and stacking methods, it appears that the moving sectors detected 
thanks to stacking are less well displayed by PSI due to small amount of Persistent 
Scatterers in the these areas. 
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 corresponds to the zoom C in the area of the airport. Here only the two 
RSAT-2 datasets are available. The moving area in the North of the landing strips 
appears to be a gravel pit, while the areas highlighted along the strips are artificial 
banks. The comparison of the two datasets clearly highlights the impact of the spatial 
resolution on the delineation and rate of movement. Comparing the results of PSI and 
stacking methods, it appears that the moving sectors detected thanks to stacking are less 
well displayed by PSI due to small amount of Persistent Scatterers aside the main 
artificial infrastructure. In the eastern part, some small patterns and especially on 
RSAT-2 Ultrafine dataset are probably due to unwrapping errors due to the patchy 
coherent area. 
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 presents results on zooms D-E-F that show

The moving patterns are present 
on the different datasets but only TSX/TDX StripMap mode results are highlighted 
here. Due to the spatial resolution and the line-of-sight, it allows indeed a better 
detection and delineation of the movement.  
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In addition to the analysis of the spatial distribution of ground deformation, it is possible 
to have a look on the temporal evolution of the displacements. The time series are 
extracted fro
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In Indre Arna, only two datasets are available: RSAT-2 Standard mode and TSX/TDX 
StripMap mode. The  highlight moving areas close to 
harbour and the railway, and along the north-east facing slopes. On TSX/TDX StripMap 
mode results, movements on the bridge on the south-eastern part of the image are also 
visible. It should be noted that the reduced deformation map on the west facing slopes 
for RSAT-2 Standard mode is due to layover effects (wider mask than TSX/TDX 
StripMap mode).  
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In Indre Arna time series can also be analyzed. Here only TSX/TDX StripMap results 
are presented due to the better spatial reso
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In the eastern part of the region of interest, only RSAT-2 Standard mode dataset and a 
little part of TSX/TDX StripMap mode dataset are available. In addition to the problems 
of geometrical effects (layover) and temporal decorrelation (due to vegetation and snow 
in winter), this reduces the detection capability due to the spatial resolution of RSAT-2 
Standard mode. The SBAS processing did not provide reliable results, while PSI 
processing produced information on reduced sectors due to overall high amplitude 
dispersion.  
 

E16
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Advantages Limitations 

Main element Description Main element Description 

Remote sensing No need of access to the 
monitored area 

Relative 
measurement 

Measurement relative to a 
calibration/reference point  

Active sensors Acquisitions independent 
to illumination by the sun 

Uncontinuous 
monitoring 

At this moment, revisit time 
usually > 10 days. No InSAR 

information in between 

Microwave 
sensors 

Acquisitions independent 
to weather conditions  Phase ambiguity 

Velocity has to be < λ/2 
between 2 acquisitions and 2 

points 

Large coverage 
Specially suitable for 

movement detection at 
regional scale 

Geometrical 
distortions 

Layover, shadow effects limit 
the real coverage. 

Variable spatial 
resolution 

Spatial resolution can be too 
low to be able to detect small 

moving areas 

Good accuracy Ability to detect mm/yr 
displacement rates  

1-dimensional 
measurement 

Measurement along the line-
of-sight (LOS). No sensitivity 

in N-S plane (near polar 
orbits) 

Sensors 
development 

Constant improvement of 
coverage, revisit times, 

resolutions, etc. 

Coherence 
variability 

Reduced capability on 
vegetated area, snow, etc. 
limits the real coverage 

InSAR 
technology 

development 

Significant research field: 
constant improvement of 

the processing chain 

Unwrapping 
procedure 

Due to the potential 
discontinuous movement 
patterns and decorrelation 

Constant 
datasets 

enlargement 

Availability of data from 
the 90’s. Large datasets 

allow overcoming part of 
processing limitations 

Removing of 
atmospheric & 

topographic 
effects 

Due to the high variability of 
the atmospheric delay & 

uneven quality of the DEM 
used to remove the 

topographic component 
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real estate, hydroelectric 
companies, etc.)
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of several major limitations on the results quality will progressively decrease. Indeed, 
most of the research activities relative to the sensors themselves, as well as those 
relative to the processing methods, are now focused on finding ways to overcome a part 
of the limitations presented in the right columns of . The availability of data with 
shorter revisit time allows monitoring more continuously the areas of interest and 
detecting faster movement. The availability of various sensors with different 
wavelengths, spatial resolutions and coverages, etc. allows wider applications (on 
various surfaces, at various scales and for detection of various movement rates). The 
enlargement of datasets can partly overcome the problem of atmospheric effects and 
allow more robust and representative results. Finally, it is obvious that the constant 
increase of research in this field allows developing complementary methods (e.g. SBAS, 
PSI), new algorithms and processing chains (for unwrapping procedure, atmospheric 
effects removing, DEM-errors estimation and removing, combination of geometries to 
get 2(3)-dimensional information, etc.). 
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SAR satellite Spatial resolution [m] Launch Revisit time Coverage [km] 

Sentinel-1a/1b IWS1: 5 x 20 
1a: 2014 - 
1b: 2016 - 

12 days 
6 days2 

IWS: 250 x 250 

Cosmo-Skymed 
SG – CSG 

0.8 x 0.8 
3 x 3 
4 x 20 
6 x 40 

2018 - 

2

3

10 x 10 
40 x 40 

100 x 100 
200 x 200 

TerraSAR-X 
NG 

1.2 x 1-4 
3 x 3-6 
16 x 16 

2017 - 6 days3 
5-10 x 10 

30 x 30-50 
100 x 100 

RADARSAT 
CM 

3 x 3 
5 x 5 

30 x 30 
2018 - 4 days2 

20 x 20 
30 x 30 

125 x 125 

1 IWS = Interferometric Wide Swath mode 
3 Revisit time with 2 satellites  
3 Revisit time with 3 satellites  
In Italic: Uncertain launch time 
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In the previous chapters, basic theory and main advantages and limitations of satellite 
InSAR technology for ground deformation detection were explained (Chapter 2), 
exemplified using the case of Bergen area (Chapter 3 and 4) and discussed (Chapter 5).  

InSAR is a unique method for both mapping and monitoring of movement in natural 
terrain and manmade infrastructure. InSAR’s greatest advantages are that it can be 
applied over remote and otherwise unmonitored areas and it gives in many cases a broad 
overview of the deformation, not only punctual information as most of the in situ 
monitoring techniques. It is also independent of any deployed infrastructure, except if 
you want to measure during the snow season or in heavy vegetation where the use of 
artificial corner reflectors is needed. 

However, even if InSAR gives unique opportunities and for several applications the 
methods are today mature, several issues regarding to the characteristics of the sensors 
and the processing methods can still limit its use, i.e. in steep terrain (shadow and 
layover effects), in regions affected by vegetation and snow cover (temporal 
decorrelation) and for the detection of small areas moving fast (due to spatial resolution 
and phase ambiguity).  

Being aware of these actual limitations, it is possible to play with the complementarity 
of the datasets, and to adapt the choice of them to the characteristics of the area and the 
required applications. It also shows the need to continue the development and research 
to overcome the present limitations and extend the capabilities and applicability of the 
technology. 

In the report we have exemplified the use of InSAR showing the differences with regard 
to temporal and spatial resolutions and spatial coverage of some of the most common 
sensors today. To cover broad areas Sentinel-1 will be ideal. With both Sentinel-1a and 
1b operational we will have 6 days temporal resolution, giving unpreceded opportunities 
for regional monitoring. The European Space Agency has a free and open Sentinel-1 
data policy, but a national coverage with InSAR will need resources for the processing 
and interpretation of the results. Applying these data at a regional scale, we will get an 
overview of areas to be further investigated for risk and eventually more closely 
monitored. 

For many applications the spatial resolution of Sentinel-1 will not be sufficient (e.g. for 
roads, railways or small geohazards). There is thus a need for higher resolution satellites 
such as e.g. TerraSAR-X/TanDEM-X or Cosmo-Skymed. These satellites are operated 
commercially, do not have a continuous acquisition plan (data need in many cases to be 
ordered in advance to get time series) and data are relatively expensive. However, for 
certain high priority areas, such as bridges, dams, some roads or railway sections these 
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data can give a very detailed and cost efficient method for surveillance compared to 
intensive in situ monitoring networks.  

InSAR is however not sufficient for high risk objects where continuous surveillance and 
warning is necessary, as the well-known geohazards of Mannen, Åknes or Nordnes. 
InSAR need time series of 15-20 scenes before we can obtain reliable results, and the 
temporal resolution will never be sufficient for continuous monitoring. However, for 
‘medium risk’ objects, that need to be followed on a cost effective way over many 
years, InSAR with deployment of corner reflectors is a valuable method for long-term 
periodic monitoring. 

To conclude, we see that InSAR in the coming years, both due to the steadily increasing 
availability of data, better processing methods and an increasing number of users and 
service providers, will be more and more used as a tool for mapping and monitoring of 
geohazards and infrastructure. 
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