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ABSTRACT

Katla volcano is situated in the south of Iceland, and is
largely covered by the Mýrdalsjökull ice cap. Histori-
cally, Katla is one of the most active of Iceland’s volca-
noes, with 20 eruptions in the last 1100 years, the last one
being in 1918. The proximity of populated areas and in-
ternational flight paths makes prediction of the timing and
character of any future eruption particularly important.
Between late 2000 and early 2005 there was increased
seismicity beneath the caldera and west flank of Katla, ac-
companied by upwards and radially outwards movement
of two continuous GPS stations north of Katla caldera.
This motion has since ceased, but two continuous GPS
sites on the southern flank have been trending upwards
and south-southwest since 2000, and this motion contin-
ues to the present.

We use both persistent scatterer and combined multi-
ple acquisition InSAR techniques to analyse ENVISAT
ASAR data acquired from September 2003 to July 2006,
and ERS data acquired between 1995 and 2003, to deter-
mine line-of-sight displacements for the area surrounding
Katla. The signal we see is consistent with a response to
ice unloading, and intrusion of magma or fluids is not re-
quired to explain the data. We don’t, however, rule out
shallow intrusion beneath the caldera causing local de-
formation that is not visible on the volcano flanks. We
also identify possible local landsliding occurring on the
volcano flanks.
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1. INTRODUCTION

Katla volcano is situated in the south of Iceland, at the
southern end of the Eastern Volcanic Zone (Figure 1).
Most of the upper regions of the volcano, including the
caldera, are covered by the Mýrdalsjökull ice cap. Katla
is abutted on the west flank by Eyjafjallajökull volcano.
Historically, Katla is one of the most active of Iceland’s
volcanoes, with 20 major eruptions in the last 1100 years,
the last one being in 1918 [2]. Eyjafjallajökull volcano is

also active and experienced recent intrusive episodes in
1994 and in 1999 to 2000 [3]. The proximity of popu-
lated areas and international flight paths makes prediction
of the timing and character of any future eruption partic-
ularly important.

In July 1999, following bursts of low-frequency seismic
tremor, a jökulhlaup was released [4, 5]. The subsequent
formation of an ice cauldron implies that the jökulhlaup
was caused by a subglacial eruption [5, 6]. Between late
2000 and early 2005 there was a moderate increase in
seismicity rate beneath Katla caldera, and a much greater
increase in seismicity rate in the Goðabunga area, on the
west flank of Katla. The increase in seismicity was ap-
proximately coincident with upwards and radially out-
wards movement of two campaign GPS stations north
of Katla caldera [7]. This motion has since ceased, but
two continuous GPS sites on the southern flank have been
trending upwards and south-southwest, after subtraction
of plate-spreading motion, since installation in 2000 [8],
and this motion continues to the present.

Figure 1. Location of region for which we processed
data in Iceland. Katla Volcano is the large volcano on
the east side of the processed region and Eyjafjallajökull
Volcano is the smaller volcano abutting the west flank
of Katla. Background image shows volcanic systems in
Iceland plotted on topography in shaded relief, modified
from [1].
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Figure 2. Wrapped interferograms in radar coordi-
nates formed from descending track 324 data acquired by
ASAR over Katla, with 4 looks taken in range and 20 in
azimuth. The “master” acquisition date is 18 Aug 2004.
Each color fringe represents 2.8 cm of displacement in
the line-of-sight and the intensity reflects interferogram
amplitude.

Crustal deformation occurs in the region of Katla due
to tectonic motion related to rifting, thinning of Mýr-
dasjökull and other icecaps, landsliding, and movement
of magma/volcanic fluids. In order to differentiate be-
tween these different processes it is essential to have dis-
placement measurements at many points on all sides of
the ice cap and at various distances. Currently, there are
only three continuous GPS stations operating to the south
of Mýrdalsjökull and none to the north. There are also in-
frequent measurments from campaign GPS benchmarks
and optical leveling tilt stations [3]. The spatial density
of measurements from InSAR on the other hand is ex-
tremely high; however, until now problems associated
with noise due to the change in atmospheric delay be-
tween satellite passes and inaccuracy in digital elevation
models (DEMs) for the area, have made it possible to de-
tect only large signals associated with magma movement
in neighbouring Eyjafjallajökull volcano [9, 10]. Smaller
signals, such as those expected due to snow and ice mass
balance changes, are not detectable above the noise. Fur-
thermore, most ERS-2 data since 2000 are not useable
and very few acquisitions have been made by ENVISAT-
ASAR, since it started operating in 2003.

Recently, techniques have been developed that are able to
estimate atmospheric phase and errors in DEMs, as well
as overcome problems of decorrelation, by processing
multiple acquisitions together. There are two broad cat-
egories of approach: persistent scatterer (PS) and small
baseline. Here we use the PS approach developed by
Hooper et al. [11] which is applicable when only a few

Figure 3. Wrapped phase of persistent scatterer pixels
identified in ASAR descending track 324, after correction
for look angle error and common-mode atmospheric de-
lay and orbit error. Each color firinge represents 2.8 cm
of line-of-sight displacement.

images are avaiable (in this case eight) and when defor-
mation is non-steady. We have enhanced the method by
the addition of a new three-dimensional phase unwrap-
ping algorithm based on statistical cost functions. We
also implement a combined multiple acquisition method
incorporating both PS and small baseline approaches, to
maximise the area with useful signal [14]. This method
operates on the data at the highest possible resolution and
also incorporates three-dimensional phase unwrapping.

2. DEFORMATION 2003 TO 2006

Although ASAR Swath IS2 data are requested routinely
over Katla between May and October, which are gener-
ally the snow free months, there have been many cancel-
lations. The most snow-free images of Katla that exist for
any descending track is, therefore, only eight, for track
324 and frame 2313.

We formed seven interferograms relative to our chosen
“master” scene of 18 August, 2004 (Figure 2). To re-
move topography we used the 25m posting digital el-
evation model of the National Land Survey of Iceland.
We analysed the resulting interferometric phase using the
PS method of Hooper et al. [11]. In this method, pixel
phase is adjusted for contributions due to geometry and
spatially-correlated terms, and pixels are selected based
on the correlation of their adjusted phase with the perpen-
dicular baseline separation of satellite position. This cor-
relation exists because the phase due to error in estimated
look angle is proportional to perpendicular baseline. The
wrapped phase of the PS pixels selected is shown in Fig-
ure 3.



Persistent scatterer analysis becomes increasingly diffi-
cult with fewer images, as there is a greater chance that
pixels with random phase will fit the model of variation
with perpendicular baseline by chance. However, as long
as true PS pixels are unwrapped correctly, the presence of
pixels with random phase adds only noise to the overall
deformation field. Reliable phase unwrapping is then es-
sential. Two algorithms for three-dimensional phase un-
wrapping of InSAR time series were presented by Hooper
et al. [12]. We have improved on these algorithms by ex-
tending the two-dimensional statistical cost algorithm of
Chen [13] to apply to InSAR time series. Phase differ-
ences between neighbouring PS pixels are first smoothed
and unwrapped in time to estimate probability distribu-
tions of the unwrapped phase difference for each pixel-
pair in every interferogram. The probability of any un-
wrapped solution can then be assessed, and a cost al-
located which is equal to the negative of the log of the
probability, i.e.,

Cost = −log(P ) (1)

where P is the probability. We use network methods to
find approximate minimum-cost solutions in the two spa-
tial dimensions in a similar way to Chen [13], except that
we form network by Delaunay triangulation rather than
using a grid.

The method of Hooper et al. [11] estimates the spatially-
uncorrelated look angle error of PS pixels prior to phase
unwrapping, but spatially correlated look angle error,
which is present due to spatially correlated errors in the
DEM, is only estimated after unwrapping. In the case
of large DEM errors and large baselines, however, this
contribution can cause the phase to be unwrapped incor-
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Figure 4. Unwrapped phase of persistent scatterer pixels
identified in ASAR descending track 324, after correction
for atmospheric delay and orbit error and converted into
line-of-sight displacement.

rectly. We adopt here an iterative approach to phase un-
wrapping. First we only unwrap the phase of PS interfer-
ograms with the smallest perpendicular baselines. Next
we estimate the spatially-correlated look angle error for
every PS pixel, relative to an arbitrary reference PS pixel,
by finding the best-fitting phase to perpendicular baseline
slope in the unwrapped interferograms. Simultaneously
we estimate the “master” contribution to the phase due to
atmospheric path delay and error in orbit determination,
which is given by the zero baseline intersect. We then ad-
just the wrapped phase of all interferograms from these
estimates and unwrap again, this time including larger
perpendicular baselines. We iterate around this process
until all images are unwrapped, refining the estimates of
look angle error and “master” atmospheric and orbit error
phase in each iteration.

The results of phase unwrapping are shown in Figure 4.
The northeast part of the image did not unwrap reliably
and is not shown. The contributions of the “slave” im-
ages to atmospheric and orbit error phase has also been
estimated and subtracted. The results imply that no sig-
nificant deformation occurred on the flanks of Katla dur-
ing the period from September 2003 to July 2006.

3. DEFORMATION 2000 TO 2003

This time interval includes most of the period of in-
creased seismicity rates in the caldera and in the
Goðabunga region. This interval also includes the move-
ment of two campaign GPS stations, located on nunataks
to the north of Katla caldera, upwards and radially out-
wards relative to a station located at the western end of
Eyjafjallajökull [7]. Sturkell et al. [7] propose an infla-
tionary source to explain this deformation, but the spar-
sity of the GPS network means that the spatial extent
of the deformation cannot be well constrained by GPS
alone. In particular, it is not known from GPS whether
any deformation occurred in the vicinity of Goðabunga.

We processed 27 images acquired by ERS-1/2 in track
324 using the PS method of Hooper et al. [11] as above.
All except one of the images were acquired in 2000 or
before, and one was acquired in October 2003. The un-
wrapped phase between September 2000 and this acqui-
sition is shown in Figure 5. Because the last image is iso-
lated in time we are not able to estimate the atmospheric
contribution by filtering in time and space. Look angle
error has, however, been removed. We find PS pixels in
the Goðabunga region, and their phase implies that there
was no significant systematic deformation in this region
during this period. We don’t, however, rule out a shallow
intrusion beneath the caldera, as proposed by Sturkell et
al. [7], that causes only local deformation, not visible on
the volcano flanks.
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Figure 5. Displacement in the line-of-sight of persistent
scatterer pixels to the west of Goðabunga area, between
September 2000 and October 2003, from data acquired
by ERS-2 satellite along track 324. Positive represents
movement towards the satellite. The red shaded circle
marks the approximate extent of the area of increased
seismicity.

4. DEFORMATION 1995 TO 1998

In order to determine the secular velocities on the flanks
of Katla, we processed 16 images acquired between 1995
and 1998. We excluded ERS data acquired before and af-
ter this period to avoid including deformation due to two
intrusive episodes in Eyjafjallajökull, one in 1994 and
the other in 1999 to 2000. We used the combined mul-
tiple acquisition InSAR method of Hooper [14], which
extracts the phase of both persistent scatterer pixels and
stable distributed scatterer pixels using a high resolution
small baseline approach.

The results are shown in Figure 6, together with the ve-
locities of three continuous GPS stations projected into
the satellite line-of-sight. There is an overall trend of in-
creasing velocity towards the northeast, consistent with
elastic and viscoelastc reponses expected due to thinning
of the Vatnajökull ice cap, which lies to the northeast.
There is also a trend of decreasing velocity radially out-
wards from Katla, consistent with the response to thin-
ning of the Mýrdalsjökull ice cap overlaying Katla [15].
Also visible are variations in velocity on the flanks of
Katla and Eyjafjallajökull, which may be due to creep-
ing landslides.

5. CONCLUSIONS

Using an enhanced version of the method of Hooper et al.
[11] we identify and unwrap the phase of persistent scat-

Figure 6. Mean line-of-sight velocities for stable InSAR
pixels in a series of ERS images acquired along track 52
between 1995 and 1998. Positive represents movement
towards the satellite. Also plotted in black are continuous
GPS velocities relative to Reykjavík on the North Amer-
ican plate, projected into the satellite line-of-sight, with
one sigma errors in the line-of-sight direction plotted as
circles. For comparison line-of-sight velocities from sta-
ble InSAR pixels within 100 m of the GPS benchmark are
plotted in red, with one sigma errors plotted as circles.
The background image is topography in shaded relief.

terer pixels using just eight images. Using the combined
multiple acquisition InSAR approach of Hooper [14] we
achieve better coverage than using the persistent scatterer
method alone. We find that there is no significant system-
atic motion of the flanks of Katla from 1995 to 1998 and
from 2000 to 2006, other than that expected from thin-
ning of Vatnajökull and Mýrdalsjökull ice caps. We con-
clude that increased seismicity in the region of Goðbunga
was not accompanied by significant deformation. We also
detect local variations in velocities that may be due to
landsliding.
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