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Abstract - Although Norway is situated along a passive
continental margin, it is not devoid of tectonic activity. Several
studies have documented significant movements along faults
within the last 10-12 ka. Most of such movements probably
occurred shortly after deglaciation, when rates of crustal
rebound were very high. Nonetheless, current seismicity along
the Norwegian coast suggests that crustal deformation is still
taking place.

I.

INTRODUCTION

Although Norway is situated along a passive continental
margin, it is subject to tectonic stresses due to the presence of
the Mid-Atlantic Ridge to the north and west. In addition, the
Fennoscandian Shield is still experiencing isostatic uplift in
response to the melting of the last ice sheets [1]. This
postglacial uplift is as high as 9 mm/yr in the Gulf of
Bothnia, and is responsible for considerable flexural stress
along the Norwegian coast [2]. Because of these two forces,
there are several large faults that have been active after
deglaciation, and may still be active today (e.g. [1, 3]).

Ranafjord, in northern Norway, is a region with higher than
average seismic activity. A six-station seismic network installed
by NORSAR detected numerous earthquake swarms in the
area. In order to retrieve further crustal deformation data
relative to Ranafjord it was decided to use differential SAR
interferometry (DInSAR).

Ranafjord, in northern Norway, is an area with anomalous
seismic activity [4]. Indeed, it was the location of the largest
earthquake recorded in Scandinavia in historical times [5].
The Båsmoen Fault, which runs through the area, was
probably active after deglaciation [6]. As part of a continuing
investigation into neotectonic activity in the area, it was
decided to investigate the use of differential interferometry to
measure surface movements in the area.

The application of conventional DInSAR is extremely
challenging because the expected deformation rates are low (a
few mm/yr) and over long time spans phase coherence is not
preserved on large portions of the area to be investigated. The
Permanent Scatterers (PS) technique overcomes these
drawbacks by exploiting long series of ERS data. At Permanent
Scatterers, i.e. individual phase stable point-wise radar targets,
displacement data can be retrieved with millimetric accuracy.
The PS grid can be seen as a high spatial density natural
geodetic network.

In addition, due to the steep local topography, the
Ranafjorden area was seen to be a good test area for the
detection of landslide-related movements. Landslides are a
major hazard in Norway and new techniques aimed at
monitoring large areas are a major public priority.

Thirty-seven ERS scenes covering the time span 1992-2000
were involved in a Permanent Scatterers (PS) analysis. The
selected test site has an area of 80 km x 60 km. The area
presents some new challenges. Only scenes acquired during the
summer months were chosen to minimize snow cover. Previous
PS analyses have used all available scenes. In addition, this is
one of the first tests of the PS technique in barren, rocky nonurban areas.

II.

STUDY AREA

An earthquake of magnitude 6.0 occurred in the Ranafjord
area on August 31, 1819, causing widespread damage,
numerous rockfalls and liquefaction phenomena [5]. Bungum
et al. [7] report that the seismic activity in this region is
currently higher than in most other onshore regions in
Norway. It has been speculated that the 1819 earthquake
occurred along a major east-west fault in the area, the
Båsmoen Fault.

The velocity field determined by PS analysis shows numerous
examples of gravitational creep phenomena, subsidence and
deformation of man-made structures. Others surface
movements in this region include tilting due to continued postglacial uplift, and possibly deformation related to local crustal
deformation. These have not yet been quantified, however.

The 50 km long Båsmoen Fault [8] running parallel to the

0-7803-7536-X/$17.00 (C) 2002 IEEE

203

Rana fjord has been the subject of study for several years.
Trenching of the Båsmoen Fault at Båsmofjellet has revealed
structures which indicate a reverse fault were the hanging
wall block of the faulted rock has penetrated up to some 4050 cm vertically through the till and sand cover of the
lowermost part of the fault slope [6]. In spite of indications of
postglacial movement along the fault, conclusive evidence as
to its neotectonic significance has not been found. In fact, a
recent seismic study suggests that current active tectonics in
the Mo i Rana area may be concentrated along other
structures.

• Atmospheric artifacts (atmospheric phase screen, APS)
superimposed on each interferogram, mainly due to the effect
of the local water vapor content on the phase of the
propagating SAR signal.
Decorrelation can prevent large portions of interferograms
from providing any information. APS generates phase
patterns that are often extremely difficult (at least in
individual interferograms) to be discriminated from the ones
related to ground deformation [9].
The Permanent Scatterers approach is a two-step
processing technique aimed at isolating the different phase
terms (APS, deformation and residual topography) on a
sparse grid of phase stable, point-wise radar targets. The PS
approach is based on the exploitation of long time-series of
interferometric SAR data (at least 25-30 images). The
technique is able to overcome both main limiting factors: PS
are only slightly affected by decorrelation and can be used to
estimate and remove the atmospheric phase screen. Detailed
descriptions of the processing technique can be found in [10],
[11] and [12]. Here we will review the basic ideas.

A six-station seismic network was installed in June, 1997,
in the Ranafjord area by NORSAR, initially aimed at
monitoring possible seismic activity along the Båsmoen
Fault. Over the next three years, approximately 350 seismic
events were located within or close to the network [4]. The
main part of the activity, approximately 250 earthquakes,
occurred in the western parts of the network, the same area in
which many of the effects from the 1819 earthquake were
reported. These earthquakes occurred as swarms. Five major
swarms consisting of between 20 and 70 quakes were
identified, in addition to three smaller swarms with less than
15 quakes. All five major swarms exhibit the same NW-SE
trend in the hypocenter locations. The two largest
earthquakes had magnitudes of ML 2.8 and 2.7.

All available images (N+1) are registered on the sampling
grid of a unique master image. N differential interferograms
are generated with respect to the common master, regardless
of the normal (and temporal) baseline. In fact, due to their
point-wise character, PS are only slightly affected by
geometric decorrelation. On the basis of a “pixel-by-pixel”
analysis of the amplitude returns relative to each SAR image
in the data set, points that are likely to behave as PS are
identified (Permanent Scatterer Candidates, PSC). The first
step is to isolate the APS term on the sparse grid of PSC.
APS is then re-sampled and filtered (outlier removal) at once
on the regular grid of the master image by means of Kriging
interpolation [13] (taking into account the strong spatial
correlation of atmospheric phenomena described by the
Kolmogorov turbulence model [9]). This is feasible as long
as the PSC spatial density is high enough (5-10 PSC/km2).
The second step of the PS approach is aimed at
discriminating phase contributions due to residual topography
from ground deformation terms. Since large normal baseline
interferograms are involved in the processing, inaccuracies in
the reference DEM cannot be neglected. (In a 1200 m
baseline interferogram the ambiguity height, corresponding to
a full phase cycle, is around 7.5 m.) In order to separate the
two phase terms, their different behavior is exploited: the
topographic phase contribution is proportional to the normal
baseline, whereas deformation is correlated in time. This last
step is carried out (on the available set of differential
interferograms compensated for APS) on a “pixel-by-pixel”
basis identifying all Permanent Scatterers.

The anomalous seismic activity in the Mo i Rana is
evidence of crustal movement, probably along as yet
unidentified NW-SE trending structures. Most of the events
suggest normal faulting, and the coast-perpendicular
tensional axes are consistent with what would be expected
from stress due to post-glacial uplift [4]. It is still unclear
how large a part regional tectonics plays.
A GPS network with 18 points has been established in the
area, but it will take several more years to establish a clear
picture of the regional deformation. It is hoped that by
utilizing the archive of available ERS images for the area, we
will be able to identify deformation that has occurred in the
last decade.
III.

THE PERMANENT SCATTERERS TECHNIQUE

Differential SAR Interferometry (DInSAR) is well known,
having the potential to detect millimetric surface deformation
along the sensor – target direction (Line-of-Sight, LOS).
Nevertheless, DInSAR has not yet become a fully operational
tool for ground-displacement mapping. This is mainly due to
a couple of limiting factors:
• Decorrelation due to variations in the complex
reflectivity of individual sampling cells as a function of the
acquisition geometry (geometric decorrelation) and/or time
(temporal decorrelation).
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Fig. 1. LOS velocity field around Ranafjord. Note the increase in PS density towards the west (far range).
The sparse PS grid can be thought of as a high spatial
density (up to 400 PS/km2, in highly urbanized areas)
geodetic
network
allowing
ground
deformation
measurements (along the LOS direction) with millimetric
accuracy (0.1-1 mm/yr on the average LOS deformation rate
and 1-3.5 mm on single measures).
IV.

The PS analysis carried out in the Ranafjord area is of
special interest from the point of view of PS DInSAR
processing as well. The main issues being faced are:
• The almost complete absence of urbanization. Processing
relies upon the fact that barren, rocky areas show a certain
number of phase stable radar targets.
•

PROCESSING

The impact of snow coverage on the PS spatial density.

• Effects of involving mainly (or even exclusively)
summer acquisitions in a PS analysis, i.e. working on a nonuniform sampling grid along time dimension, with clusters of
data nearly periodically spaced one from the other.

Since Permanent Scatterers mainly correspond to portions
of man-made structures, and a minimum PSC density is
required to guarantee the measurements reliability, most
significant PS results have been obtained analyzing urban
areas and their immediate neighborhood. The PS approach
allows the identification of isolated phase-stable targets in
low coherence areas. These provide precise surface
deformation data in areas where a conventional DInSAR
approach fails due to decorrelation noise (e.g. the descent
front of the Ancona Landslide in the low urbanized slope of
Montagnolo, Italy, [10], [12]).

Thirty-seven ESA ERS-1 and ERS-2 images gathered over
Ranafjord in the time span May 1992 – October 2000 were
involved in the PS analysis. No data relative to the winter
months (November to March), when the snow coat is
particularly thick, were ordered. Images relative to April and
October were used to start studying the effect of a snow coat
of variable thickness on Permanent Scatterers.
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still bare. Analogous results were obtained in different alpine
test sites (Valtellina and Valcamonica, Northern Italy). This
is probably a very advantageous consequence of the VV
polarization of the ERS SAR signal. The resonance
mechanisms occurring at Permanent Scatterers (making their
response dominating on the clutter of the sampling cell) takes
place along vertical features, much less sensible to snow
coverage, as long as the coat is thin enough to avoid
obscuring them. A future issue is a quantitative check of this
interpretation exploiting data relative to the snow coverage.

N

• The exclusion of winter acquisitions from the data set
involved in a PS analysis proved feasible. Nonetheless,
particular attention should be devoted to the phase
unwrapping of deformation data along the time dimension,
since the irregular sampling grid enhances the risk of
incorrect resolution of the ambiguity of phase measurements.

1 km

V.

Fig. 2. Creep phenomena in blocky avalanche deposits
on the island of Aldra. Yellow PS are stable. Red PS are
moving downwards at rates up to 5 mm/yr.

RESULTS

The results of the PS analysis show movements at several
scales, resulting from various processes, including creep,
subsidence and possibly isostatic uplift.

The master image (1997.07.20) was chosen such that it had
favorable weather conditions on the acquisition day and
minimized the dispersion of the normal baseline values. For
generating the differential interferograms, a DEM derived
from the Norwegian National Mapping Authority's (Statens
kartverk's) 1:50,000 topographic contours was used.

A.

Creep

The steep slopes in the area are covered with blocky
colluvium, deposited by rock and snow avalanches. Most of
these deposits are stable, but large blocks or portions of the
slopes seem to creep down slope due to gravity (Fig. 2.).
Vertical velocities are up to 5 mm/yr. This implies a higher
true velocity as there is also a horizontal component to the
movement of the deposits.

Given the complex issues faced, it is not possible to draw
quantitative conclusions from a single case study.
Nevertheless, we wish to informally outline some relevant
preliminary considerations:

B.

Subsidence/Compaction

Several towns in the area, including Bjerka and part of Mo
i Rana, are built on river-delta deposits. The town of Mo i
Rana is shown in Fig. 3. A number of buildings or other
structures are subsiding at rates as high as 4-5 mm/yr. South
of Bjerka, along the Røssåga River, the valley fill is
dominated by clay deposits. A number of buildings near the
village of Korgen appear to be subsiding in this area.

• The a posteriori PS density is higher than we originally
expected, in average around 75 PS/km2 (overall average
value including sea areas). Despite the absence of man-made
structures the PS density reached 250-300 PS/km2 in
particularly favorable areas (far range, slopes facing towards
west). A correlation of the PS density with the type of rocky
surface and the local topography is quite evident and deserves
further study, in order to try to be able to forecast the
expected local PS density from geological data, a key issue to
estimate in advance the success probability of a PS analysis
in non-urbanized areas. Moreover, as expected, we could
appreciate that the average PS density gets higher from near
to far range (Fig. 1.). This is due to the increasing incidence
angle that makes ground resolution finer, reducing the
geometric decorrelation noise induced by secondary
scattering centers in the sampling cell at hand.

Southeast of Mo i Rana is a lake called Storakersvatnet.
The northeast outlet of the lake has been dammed as part of a
hydroelectric project. Several PS located on the slope of the
dam show subsidence rates of up to 8.5 mm/yr. Statkraft, the
state power company, has been monitoring compaction in the
rock-filled dam since its construction two decades ago.
Measurements at the thickest part of the dam show a
compaction rate of approximately 18 mm/yr during the
period 1992 to 2000. The compaction rate is proportional to
the thickness of the dam material, so the lower velocities
measured by our analysis is likely due to the placement of the
PS on the lower part of the dam.

• It seems that as long as the snow cover is thin, the
survival rate of natural Permanent Scatterers (i.e. exposed
rocks) is high. Since complete snow coverage would induce
full decorrelation, this means that, as long as the snow coat is
not thick, the features corresponding to natural PS are often
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