Journal of Glaciology, Vol. 47, No. 156, 2001

Glacier—-volcano interactions deduced by SAR interferometry

Hercr Bjornsson,' HELmuT RoTT,” SVERRIR GUDMUNDSSON,' ANDREA FISCHER,” ANDREAS STEGEL,”

MacnUs T. GupMUNDSSON!
"Science Institute, University of Iceland, Dunhagi 3, 1S-107 Reykjavik, Iceland
2 Institut fiir Meteorologie und Geophysik, Universitiit Innsbruck, Innrain 52, A-6020 Innsbruck, Austria

ABSTRACT. Glacier-surface displacements produced by geothermal and volcanic
activity beneath Vatnajokull ice cap in Iceland are described by field surveys of the surface
topography combined with interferograms acquired from repeat-pass synthetic aperture
radar images. A simple ice-flow model serves well to confirm the basic interpretation of
the observations. The observations cover the period October 1996—January 1999 and
comprise: (a) the ice-flow field during the infilling of the depressions created by the sub-
glacial Gjalp eruption of October 1996, (b) the extent and displacement of the floating ice
cover of the subglacier lakes of Grimsvotn and the Skafta cauldrons, (c) surface displace-
ments above the subglacier pathways of the jokulhlaups from the Gjalp eruption site and
the Grimsvotn lake, (d) detection of areas of increased basal sliding due to lubrication by
water, and (e) detection of spots of temporal displacement that may be related to altering
subglamal volcanic activity. At the depression created by the Gjalp eruption, the max-
imum surfacc displacement rate away from the radar decreased from 27 cmd '

2 emd ' over the period January 1997—January 1999. The observed Vertlcal dlsplacement
of the 1 ice cover of Grimsvétn changed from an uplift rate of 50 cmd ' to sinking of
48 cmd ', and for Skafta cauldrons from 2cmd 'to 25 emd !

INTRODUCTION

Glacier-surface displacements produced by geothermal and
volcanic activity beneath ice caps are commonly observed in
Iceland. The glacier surface subsides locally where ice melts
at the base and when the meltwater drains away. Depressions
are situated above subglacier geothermal areas and created
by volcanic eruptions that may even melt openings and
canyons through the ice cover. The surface depressions tend
to be gradually reduced by inflow of ice, and meltwater may
accumulate in a subglacier lake beneath the depressions,
sealed by the surrounding ice overburden pressure. The fill-
ing is interrupted during drainage of the lakes in glacier-out-
burst floods (jokulhlaups) toward the glacier margin.
Following jokulhlaups the subglacier lakes are normally
sealed again, and ice flows into the depression, gradually
reducing its depth until water drains again in a new jokul-
hlaup. Subsidence may also be observed above subglacier
pathways transporting jokulhlaups. All of these expressions
of glacier—volcano interactions were observed on the surface
of western Vatnajokull during the period 1996-99 (Fig 1).
This activity, described by synthetic aperture radar (SAR)
images from satellites, is the subject of this paper.
Observations of the effects of subglacier volcanic and
geothermal activity on glaciers in Iceland have mainly been
obtained by reconnaissance flights, oblique and vertical
aerial photography, Landsat images, ground-based measure-
ments of surface elevation and surface velocity, and airborne
radar altimetry profiling (Askelsson, 1936; Bjornsson, 1974,
1988, 1992; Thorarinsson, 1974; Thorarinsson and others,
1974; Gudmundsson and Bjornsson, 1991; Gudmundsson
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and others, 1995, 1997, 1999, 2000). Recently, repeat-pass
SAR images from the European Remote-sensing Satellite
(ERS-1/-2) tandem mission have been used to explore the
western Vatnajokull which is underlain by the volcanic zone
of Iceland. Both satellites were orbiting in a 35 day repeat
cycle, with a time difference of exactly 1 day between over-
passes of the same ground point (Dow and others, 1996;
Duchossois and others, 1996). After June 1996, SAR tandem
data were acquired occasionally, to exploit the improved
geographic coverage provided by new receiving stations
and to observe dynamic phenomena of special interest.

Previous work with the tandem pairs of Vatnajokull in-
cludes a description of surface deformation related to filling
of the depression that was formed during the Gjalp volcanic
eruption in October 1996 (Rott and Siegel, 1998) and studies
of the displacement field of the Skafta cauldrons from
March to October 1996 (Jonsson and others, 1998). Alsdorf
and Smith (1999) reported on changes of ice topography
and velocity based on tandem pairs of March 1996 and
January 1997. Their derived surface velocities in the Gjalp
area show differences to our results, probably because they
had only a very coarse digital elevation model for subtract-
ing the topographic phase. For the present paper, the ERS
tandem dataset of nine image pairs, acquired over a period
of 2 years after the eruption, was analyzed, using updated
digital elevation maps (DEMs) for topographic correction
of the interferograms. We describe the development of the
depressions created by the Gjalp eruption, subsidence above
tunnels conducting the jokulhlaup following the eruption,
and the displacement of the ice cover of the subglacier lakes
at Grimsvotn and Skafta cauldrons.
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Fig. 1. Amap of western Vatnajokull. The inset map of Iceland
shows the area covered by the map and the location of the active
volcanic zone. Subglacier lakes are situated beneath surface
depressions in the geothermal areas of Grimsvitn and the
Skafta cauldrons. Location of the fissure of the Gjalp eruption
site of 30 September—12 November 1996, the subglacier volcano
Bardarbunga, the ice dam east of Grimsvitn, and the Skeidarar-
sandur. The largest dashed box surrounding the Gjalp—Grims-
vitn—Hdabunga area shows the coverage of the SAR image in
Figure 5, and the arrow shows the look direction of the SAR.
The smaller dashed boxes show the coverage of the digital
elevation models in Figure 2.

WESTERN VATNAJOKULL: VOLCANOES, SUB-
GLACIER LAKES AND JOKULHLAUPS

More than 80 volcanic eruptions have been accounted for
from western Vatnajokull (8100 km?) during the last 800
years, many producing catastrophic floods (Thorarinsson,
1974; Bjornsson and Einarsson, 1991; Larsen and others,
1998). A few of the volcanoes contain geothermal systems
maintaining permanent depressions, underlain by subglacier
lakes that drain periodically in jokulhlaups. The best-known
depressions at geothermal areas are the Grimsvotn depres-
sion and the Skafta cauldrons (Fig. ).

Ice drains toward the Grimsvotn depression from an
area of 160 km? where a geothermal system continuously
melts ice at a rate of 0.2-0.5km”a ' (Bjérnsson, 1988;
Bjornsson and Gudmundsson, 1993). The meltwater forms a
subglacier lake in the floor of the caldera; normally, the
250 m thick ice cover that floats on the lake rises 10-15ma .
The seal 1s broken when the lake level has risen typically 80—
110 m, and the water flows 50 km beneath Skeidararjokull
down to the Skeidararsandur outwash plain (Fig. 1). Jokul-
hlaups from Grimsvétn have occurred at 1-10 year inter-
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vals, with a peak discharge of 600-50000m”s ' at the
glacier margin, a duration of 2 days to 4 weeks and a total
volume of 0.5-4.7 km?® (Gudmundsson and others, 1995;
Bjornsson, 1997; Snorrason and others, 1997).

The two Skafta cauldrons are situated over subglacier
geothermal systems, 10-15km northwest of Grimsvotn.
Since 1953, at least 30 jokulhlaups have drained from the
cauldrons to the river Skafta (Fig. 1). The ice cauldrons are
approximately circular (Bjornsson, 1976, 1978, 1988). The
centre of the eastern cauldron subsides by about 100—150 m
in a jokulhlaup draining a volume of 0.2—0.4 km® of water;
the other cauldron subsides by 50—100m and drains a
volume of 0.05-0.16 km® (Zophoniasson and Pélsson, 1996).
The period between these drainage events is about 2-3
years for each cauldron. The ice-drainage areas of the
western and eastern cauldrons have been estimated at 33
and 58 km?, respectively (Bjérnsson and others, 1992).

GEOTHERMAL AND VOLCANIC ACTIVITY IN
WESTERN VATNAJOKULL, 1996-99

The 1996 eruption and its effects on the glacier surface

During 13 days, from 30 September to 13 October 1996, a vol-
canic eruption took place on a 67 km long fissure under Vatna-
jokull (Einarsson and others, 1997; Gudmundsson and others,
1997). The eruption occurred beneath 500—-750 m thick ice,
midway between the Bardarbunga and Grimsvétn volcanoes
(Figs 1 and 2). An approximately north—south-trending de-
pression, 2—4 km wide and heavily crevassed, was formed in
the glacier surface above the volcanic fissure as 3 km® of melt-
water drained from the eruption site toward the subglacier lake
in Grimsvotn. The elongated depression contained almost
circular cauldrons at each end. At a third central cauldron,
the eruption melted an opening through the ice (initially
500m thick) feeding the subaerial eruption for 12 days
through a 50-100m high chimney which remained 200~
300 m wide; melting of ice was apparently compensated by
inflow of ice. From this site, meltwater drained on the glacier
surface southwestward along the central axis of the depres-
sion and melted an ice canyon, 60—100 m deep and 300 m
wide. Reaching the southernmost cauldron, water disap-
peared down-glacier, but a shallow linear subsidence was
visible at the glacier surface marking the subglacier pathway
of the warm meltwater (at least 15-20°C) draining into
Grimsv6tn (Gudmundsson and others, 1997).

At the end of the 1996 eruption its effects were limited to a
2—4 km wide depression. The glacier surface remained intact
outside this area, and no rapid basal sliding occurred on a
regional scale. The sudden removal of mass from the glacier
base during the eruption led to an inflow of ice to the depres-
sion which widened from 4 to 7 km in the first 3 months after
the eruption, reaching a maximum width of 8 km in summer
1997. Since then the effects of the eruption on the glacier sur-
face have not been more widespread. At the same time the
depression has become shallower (Fig. 2); the volcano fissure
has gradually cooled, and melting of ice diminished.

Topographic data from the eruption site and environ-
ments have repeatedly been acquired since October 1996
and used to construct topographic maps of the ice surface
(Fig. 2; Gudmundsson and others, 1997, 1999). Airborne
altimeter soundings were made along east—west traverses on
12,17 and 21 October and 11 November 1996, and 3 January
and 5 April 1997. The aircraft was flown at a fixed altitude,
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Fig. 2. Time sequence of contour maps of the Gjalp—Grimsviln area. For location see Figure 1. (a—f) The Gyalp area and the
location of the profile ABC of Figure 7 that is placed in the look direction of the SAR. Coordinates of the points: A, 64°3142" N,
17°27.89 W; B,64°31.94' N, 17°22.88 W; C,64°52.45 N, 17°17.86" W. ( g—h ) Grimsvitn before and after the events in October—
November 1996. The cross shows the location at the centre of Grimsvitn where the elevation of the floating ice cover is monitored.
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positioned with global positioning system, and altimeter
readings taken approximately every 200 m. Ground-based
measurements, using sub-metre differential global position-
ing system (DGPS) were obtained in June and August 1997
and 1998 and in June and September 1999. Digital maps with
grid spacing of 100 m x 100 m were compiled by interpolation
of data from the sounding lines. The accuracy of the maps is
considered better than 10-20 m.

Filling and drainage of the Grimsvotn subglacier
lake, 1996-99

The meltwater from the eruption site of 1996 accumulated
in the Grimsvétn subglacier lake until it drained in a cata-
strophic jokulhlaup flood of 4-7 November 1996. By 4
November the lake had risen to the highest level ever
observed, 1510 m. The ice closing the lake was lifted off the
glacier bed late in the evening of 4 November, and 10.5 hours
later water emerged from the margin of Skeidararjokull as a
flood wave inundated Skeidararsandur, the most rapid
jokulhlaup ever reported from Grimsvétn. The jokulhlaup
reached a peak in 16 hours and ended on the morning of 7
November. The total volume of water released from the
glacier was estimated at 3.2 km®. During the drainage the
lake surface subsided by 175 m (Fig. 3), and the floating ice
cover was reduced from 40 to <5 km?

During the drainage of water out of the lake a 6 km long,
lkm wide and 100m deep depression was formed in the
glacier surface across the ice dam east of the lake (Figs 1 and
2g and h). The subsidence was created above the collapsed ice
tunnel that served as a conduit for the jékulhlaup. The volume
of the depression was 0.3 km®, so the average temperature of
the 3.2 km” of water released from the lake was about 8°C.

Since the jokulhlaup of November 1996, the drainage con-
ditions of the Grimsvétn subglacier lake have been abnormal.
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At first, water accumulated in the lake, but due to damage to
the ice dam of Grimsvétn the lake level could not rise above
1390 m (i.e. ice surface elevation of 1420 m; see Fig. 3). From
late December 1996, water drained continuously out of the
lake until the end of April 1997. Subsequently, water accumu-
lated again in the lake until a jokulhlaup drained water from
it in mid-February 1998. This flood started at a lake level of
about 1400 m, some tens of metres lower than had typically
been the case before the jokulhlaup in November 1996,
because the ice dam had been damaged during that event.
The lake level declined to about 1370 m and did not rise again
until late April 1998. The next jokulhlaup took place in early
February and early November 1999 (Fig. 3).

Digital maps were constructed of the Grimsvotn area in
September 1996 and July 1997 (Fig. 2g and h) on the basis of
airborne radar altimetry and a ground-based DGPS. The
accuracy of the maps is about 5 m. The maps could be up-
dated throughout 1997 because the lake level was monitored.

Infilling and drainage of the Skafta cauldrons

The eastern Skafta cauldron drained during the periods 26—
29 July 1995 and 15-19 August 1997, releasing 370 x 10° m®
and 170 x10°m® of water, respectively (Zéphoniasson and
Palsson, 1996; personal communication from S. Z6phonias-
son, 1999). The depression was gradually reduced after the
jokulhlaups, and the average uplift of the lowest point in this
cauldron was 10cmd ' from June to September 1998 and
6cmd ! from September 1998 to June 1999 (Fig. 3b). The
western cauldron drained during the periods 9-17 August
1996 (145 x 10° m?), 24-25 August 1997 (35 x 10° m?) and Sep-
tember 1998 (115 x10°m®). The average uplift of the lowest
point in this cauldron was 20 cmd ' from September 1997 to
June 1998 and 8 em d ' from June to September 1998 (Fig. 3).

Digital maps of the cauldrons, with an accuracy of 5 m,
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substdence compared with data from SAR interferograms of the ERS-I/-2 tandem mussion.
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were constructed based on measurements in summer 1996
and June 1997. They were updated with an accuracy of 15 m
until August 1997 when both cauldrons subsided during
jokulhlaups. Thereafter the uncertainty in elevation was
about 50 m.

SAR INTERFEROMETRIC STUDIES OF WESTERN
VATNAJOKULL, 1996-99

Of the available ERS SAR tandem data, nine pairs were
selected to study the surface displacements after the 1996
eruption (Table 1). In order to be able to generate an interfer-
ogram from a SAR image pair, the phase contribution of the
observed object must remain constant. Surface melt, precipi-
tation and wind erosion may cause rapid decorrelation of
snow and ice surfaces (Rott and Siegel, 1997). For this reason,
the tandem mission pairs, separated by 1 day, provide a key
benefit to derive interferograms of glaciers under rapidly
changing weather conditions. Over the study area, seven
tandem pairs were acquired from the ascending pass
between 23—24 October 1996 and 17-18 December 1997, and
an additional pair on 6-7 January 1999. From the descending
pass, one tandem image pair was acquired on 21—22 October
1996. The coherence of the tandem pairs showed significant
spatial variability on the glacier surfaces. Good coherence
was observed over the complete image for the tandem pairs
of 1-2 January 1997 and 67 January 1999. The coherence of
the tandem pair of 23—24 October 1996 was quite low over
large parts of the glacier, so this pair was not used for dis-
placement analysis. In tandem pairs 2-7 the coherence of
the eruption site and Grimsvétn region was suitable for inter-
ferometric analysis. In the tandem pair of 21-22 October
1996, the signal decorrelated at the eruption site because of
the rapid deformation of the surface, but the coherence was
comparatively high on the undisturbed glacier surfaces.

Background of surface-displacement analyses

An across-track SAR interferometer measures the change of
the signal phase across the SAR image swath (Massonnet
and Feigl, 1998; Rosen and others, 2000). If the phase of the
scattering object and the atmospheric phase delay are the
same in both images, the range difference, AR, from the

Table 1. Characterustics of the analyzed interferograms

No. Dates B, H, Coherence
m m
Track 044, frame 1287 ( ascending )
1 23-24 October 1996 73 134 Bad
2 1-2 January 1997 253 43 Good
3 12-13 March 1997 59 169 Variable
4 21-22 May 1997 40 237 Variable
5 30-31 July 1997 44 232 Bad
6 8-9 October 1997 189 50 Variable
7 17-18 December 1997 240 42 Variable
8 6—7 January 1999 124 80 Good
Track 009, frame 2295 (descending )
9 21-22 October 1996 125 78 Variable

Notes: B, baseline component perpendicular to the radar beam; /,, height
of ambiguity; coherence conditions refer to glacier surfaces.
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two antenna positions to the object is related to the inter-
ferometric phase, ®, by

47
CI)_TAR’ (1)

where A is the radar wavelength (5.66 cm for ERS SAR).
With a repeat pass, interferometer ® depends on the height
above the reference surface (the topographic phase), and varies
with the surface displacement in range between the two
orbits. The topographic and the displacement-related phase
can be separated by means of differential interferometry
using two or more interferograms, if the surface motion is
steady (Joughin and others, 1996; Reeh and others, 1999).
However, the assumption of a steady motion is not valid
for the areas subject to glacier—volcano interactions in
western Vatnajokull. Therefore, we eliminated the topo-
graphic contributions by means of synthetic interferograms,
calculated from digital elevation data and orbital param-
eters. Because the ice motion and the topography changed
due to filling of the depressions, it was necessary to use
digital elevation data from different dates (Iig. 2).

Since the height sensitivity is proportional to the perpen-
dicular baseline B,, interferometric pairs with short base-
line are preferable for analysis of surface motion. The
height of ambiguity, H,, represents the height that corres-
ponds to a phase change of 27 (one fringe):

ARsinf

H, =~ y
) 2 Bn

(2)

where B, is the baseline component perpendicular to the
radar beam, 0 is the radar look angle and R is the range from
the satellite to the glacier surface. The H, of the analyzed
interferometric pairs is 42—237 m (Table 1), corresponding to
a difference in the sensitivity to elevation, and consequently
also to errors in the elevation data used to calculate the syn-
thetic interferogram.

After subtracting the topographic phase, the phase
across the image is related to the surface displacement by
(Joughin and others, 1998)

Dgis = 4; (Aysing — Azcosg), (3)
where Ay is the component of displacement tangential to
the surface of a reference ellipsoid and directed across track,
Azis the displacement directed normal to the ellipsoid, and
s 1s the incidence angle at a horizontal surface. The ¢ varies
from 20° to 26° across the image swath of ERS SAR. In the
centre of the swath (¢ =23°), one fringe corresponds to a hori-
zontal displacement Ay = 7.24 cm or a vertical displacement
Az =307 cm.

From an interferogram we obtain only the displacement
rate in the direction of the radar beam. In order to separate
the three components of the displacement vector, informa-
tion from other sources or assumptions on the flow behaviour
are required. For steady-state ice masses the assumption is
usually made that the surface ice is constrained to flow paral-
lel to the ice surface (Joughin and others, 1998; Reeh and
others, 1999). Under this assumption the displacement vector
can be obtained from interferograms of crossing orbits if the
surface slope is known (Joughin and others, 1998; Mohr and
others, 1998). Irom interferograms of a single look direction
the velocity vector can be determined if the ice-flow direction
is obtained from features in aerial photography, optical satel-
lite images or SAR amplitude images (Rott and others, 1998).
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Interferometric time series

Figure 4 shows an interferogram of the Grimsvotn—Gjalp
area. It 1s a subsection of the interferogram derived from
the ERS SAR tandem pair of 1-2 January 1997. The phase
pattern results from the phase shifts due to topography and
to surface displacement. At the sites of glacier—volcano
interaction the fringe pattern is dominated by ice motion:
() at the depression of the 1996 Gjalp fissure eruption and
the 1.5 km wide linear trench, above the subglacier pathway
of the meltwater from the eruption site toward Grimsvotn,

.
Look Direction
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(2) on the ice covers of the lakes at Grimsvotn and the Skafta
cauldrons, and (3) at the depression across the ice dam east
of Grimsvotn, created above the collapsed ice tunnel that
served as a conduit for the jékulhlaup of 4—7 November. In
the other parts of the image the topographic contribution
dominates, with one topographic fringe corresponding to
an elevation difference of 43 m.

Figure 5a—f show six interferograms of the Gjalp—
Grimsvotn area that were acquired between 1-2 January
1997 and 67 January 1999 (interferograms 2—4 and 6—8 in

Table 1). Analysis of the interferograms requires several

Fig. 4. Interferogram of the Grimsvitn—Gjalp area derived from an ERS SAR tandem image pavr of 1-2 January 1997, super-
imposed on an amplitude image ( for location see Fig. I). Coordinates of the corner points are: upper left, 64°53.09' N, 17°46.07 W;
upper right, 64°37.52' N, 17°09.29' W; lower left, 64°17.37' N, 17°35.13' W; lower right, 64°21.75' N, 16°58.75' W. One colour
cycle (one fringe) corresponds to a phase shift of 2m. The phase contribution of the flat Earth has been removed. The phase is
ambiguous within integer multiples of 2 ( the wrapped phase ). The slope on the east site of the depression at the Gydlp eruption site,
which is tilted towards the SAR, appears shortened ( foreshortening) because the image has not been corrected for distortions
induced by the radar geometry. C—D, the 1996 eruption site of Gyalp; D, an elongated depression; C, a canyon trending in the
direction southwest—northeast; P, a trench above the subglacial pathway of the meltwater; G, Grimsvitn; E the route of the jokul-
hlaups across the ice dam and towards Skeidardrsandur; S, western and eastern Skaftd cauldrons; H, Hdabunga.
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Fug. 5. Topographically corrected interferograms (motion-only ) from 1-2 FJanuary 1997 (a ), 12—13 March 1997 (b ), 21-22 May
1997 (¢ ), 8=9 October 1997 (d ), 17—18 December 1997 (¢) and 6—7 January 1999 (f). Coordinates of the corners: upper lefi,
64°3242' N, 17°4540° W; upper right, 64°36.12' N, 17°14.80' W; lower left, 64°17.25' N, 17°35.02° W lower right, 64°
2091' N, 17° 05.11' W,

technical steps. At first, the topographic phase was sub- Grimsvotn area (Fig. 1) the DEM of January 1997 or June/
tracted by means of a synthetic interferogram, based on the July 1997 was used, whichever was closer in date to the par-
DEM and the appropriate baseline. For the Gjalp and ticular SAR interferogram. The elevation data outside of
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this area were acquired in 1990, so the same DEM was
always used for this outer part. Then the interferograms
were geocoded and topographically corrected to transform
the images from slant range to map geometry.

The granular parts in the interferograms represent areas
of phase decorrelation. Coherence is high throughout the
interferograms of 1-2 January 1997 and 6—7 January 1999.
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For 21-22 May 1997, it is quite reasonable, except for the low
elevations on the glaciers. On the other dates there was sig-
nificant spatial variability. At the Gjalp depression and at
Grimsvotn the coherence was suitable for interferometric
analysis at all dates except 30-31 July 1997. On the latter
dates the Grimsvotn area decorrelated completely, but
fringes are visible in the centre of the Gjalp depression and
at the Skafta cauldrons. In three of the images (12—13 March
1997, 8-9 October 1997, 17-18 December 1997) the Gjalp
area is located at a boundary between high and low coher-
ence, probably due to differences in meteorological condi-
tions (snowfall or snowdrift) between the eastern and
western parts of the glacier.

Our DEMs in the Gjalp and Grimsvétn area are subject
to uncertainty of the order of 5-20 m. If the DEM were com-
pletely accurate, the fringes in Figure 5 would correspond
only to surface displacement in the direction of the radar
beam (2.83 cm per fringe). For example, assuming an eleva-
tion error of 20 m, the motion error would be 1.32 cmd ' for
the January 1997 interferogram and only 0.24 cmd ' for the
May interferogram. This suggests that for the Gjalp and
Grimsvotn area the uncertainties due to image noise (partial
decorrelation) are larger than the errors due to the DEM.
However, larger errors can be expected over the surging
glaciers, where the DEM had not been updated since 1990.

The quality of the DEM can be checked in those parts of
the glacier where the displacement in range is close to zero.
This is the case at ice divides or in areas where the motion
vector is oriented in the flight direction of the satellite, if
there is no significant vertical component of motion. Clear
indications of deviations of the DEM from the actual surface
topography are features that are baseline-dependent. The
most conspicuous feature in this respect 1s the closed-fringe
pattern in the form of an arrowhead at the western slopes of
Haabunga (Fig. I; H in Fig. 4). Two to three closed fringes are
revealed in the long-baseline interferograms of 1-2 January,
8-9 October and 17-18 December. If these fringes corres-
pond only to topography, the actual surface would be about
100 m lower than in the DEM at the site of the biggest devi-
ation. The closed fringes correspond to a trench about 5 km
long, northwest of Haabunga, running from north-north-
west to south-southeast. The southern part of the trench
leads to a broad depression. The shape of the fringes shows
some temporal variability, which might be an indication of
slow motion. This lowering of the surface was caused by a
surge of a western outlet glacier of the ice cap in the period
1994-95 (Tungnaarjokull), because the DEM in this part of
Vatnajokull describes the pre-surge surface (i.e. 1990).

The motion field at the 1996 eruption site

The dominant feature in Figure 5 in terms of temporal
change is the elongated depression at the Gjalp eruption site.
The northernmost part of the depression formed a cauldron,
but the southern part was an open canyon on the ice surface
trending southwest—northeast. From January to December
1997, the magnitude of surface displacement decreased signif-
icantly as the depression filled in. The observed changes were
fastest between January and March, and slowed down later
(Fig. 6a). The maximum negative displacement (27 cmd "in
January decreasing to 4 cm d ' in December 1997) is observed
about halfway between the bottom of the depression and the
ice plateau on the western side. In January 1999, about the
same area as in 1997 was still affected by the ice inflow, but
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Irg. 6. Profiles of slant-range shifts across the centre of the
northern cauldron of Gyalp in the look direction of the satellite
(A-C; see Fig. 2¢). (a) Observations from unwrapped SAR
interferograms on 1-2 January, 12—13 March, 21-22 May
and 89 October 1997. Dashed lines represent low coherence.
The modulo 21 ambiguity was removed by applying least-
squares unwrapping with tterative error corrections (Stegel,
1999). (b) Simulated ice flow on 13 March, 22 May and 9
October 1997.

the magnitude of the maximum displacement rate was only
about 2 cm d ™" This is in good agreement with measured sur-
face displacement of stakes in the area (Gudmundsson and
others, 1999). The displacement in range can be described by
superposition of a horizontal and vertical motion component,
as discussed 1n the next section and shown later in Figure 8.
The direction of horizontal motion is opposite at the eastern
and western slopes, whereas subsidence occurs at an outer
ring, and uplift in the centre. Because the subsidence domi-
nates the phase shift in this ring, the sign of the phase changes
on the eastern slope along the line where the phase shifts due
to horizontal and vertical motion are of the same magnitude
and of opposite sign.

Simulation of the motion field at the 1996 eruption site

The displacement fields at the eruption site derived from the
interferometric analysis have been compared with model
calculations of ice flow. Surface-parallel motion could not
be assumed, because the surface topography changed due
to filling of the ice depression. Model simulations were used
to describe the horizontal and vertical motion components.
For direct intercomparison with the interferometric dis-
placements the model results were displayed in ground-
range geometry, corrected for topographic distortion.

The ice flow on the central flowline AC (see Fig. 2c¢)
across the circular northern cauldron of the elongated
depression of Gjalp was simulated by an axisymmetrical
ice-cap model, based on the steady-state mass-balance equa-
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tion V - q — a = 0, where V- is the two-dimensional plan-
view divergence operator, q is the ice-transport vector due to
internal ice deformation, and a is a spatially uniform net mass
balance on the glacier surface. The ice-cap bed was assumed
to be at a uniform horizontal elevation z = 0. Assuming the
ice flux due to deformation is a function of local slope and ice
thickness and ignoring horizontal-stress gradients the ice-
transport vector can be written (following MacAyeal, 1997) as

q= [—Q(py)?’Aozi

(V)| (4)

5

where p = 910 kmm * is the density of ice, g = 9.8Ims * is
the gravitational acceleration, 2 is the ice thickness and A
is the flow-law constant. By defining the non-dimensional
parameters as zs — Zs and 7 — Lr, where L is the radius
of the symmetrical cauldron and Z is chosen to satisfy

240(p9)*Z* _
A )

the non-dimensional cylindrical form of the mass-continuity
equation can be written

1d | ()’
rdr dr

The non-dimensional time-dependent form of the mass-

+1=0. (6)

continuity equation in cylindrical form can be written as

Os 10 s\’
=1+t |rs'( = , 7
o +rar[“ (ar” @
where the non-dimensional variable ¢ is defined as ¢ — Tt
with T = 5L*[2A¢(pg)* Z7) " = Za ™.
A finite-difference method was used to calculate changes

in the glacier surface with time. By using a staggered-grid
numerical scheme and defining effective diffusivity as

d(s) = rs° (gi) 2 , (8)

the finite-difference expression of Equation (7) can be written

as
S;H—l _ S;n, 1 N 1
At riAr? (9)
[ (st s = (s s
with

L S0+ 1\ (o, — s
d; 5(”4‘7’”1)( 5 ,+1) ( +1Ar > ,  (10)

where the surface elevation s is defined at N gridpoints ¢ =
0, ..., N—1and at the discrete time nAt. At is the time-step
and Ar is the non-dimensional grid spacing. The boundary
conditions are ¢ = 0 at 7 = 0 and ertll =sy_jatr=1L1ie
no ice transport at the ice-divide boundary and constant
elevation at the outer border of the cauldron.

The surface profiles across the centre of the northern ice
cauldron (ABC, Figs 2 and 7a) were surveyed by airborne
radar altimetry on 3 January and surface DGPS on 10 June
1997. The glacier surface elevation was 1723-1585 m a.s.l. in
January and 1723-1606 m in June. The depression is slightly
asymmetrical because volcanic material melting ice was
spread more westward than eastward from the subglacial
eruption fissure (Gudmundsson and others, 1999), and
because crevasses caused small-scale irregularities in the
glacier surface in January. For the purpose of modelling ice
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equal to AB, with Ay =2 % 1077 Pa? a ' The vertical scale is exaggerated 20 times with respect to the horizontal scale, and the

vertical scale is broken.

flow toward such a depression, section AB (Fig. 7a) of the
surface profile of 3 January 1997 was used to construct a sym-
metrical circular cauldron above a horizontal bed (Iig. 7b).
The radius L = 4.1 km reached from the centre of the depres-
sion out to a distance where no change was observed in the
surface elevation during the period January—June 1997. The
elevation of the bed was estimated at 1030 m a.s.l. (Bjornsson,
1988; Bjornsson and others, 1992; unpublished data collected
by the Science Institute, University of Iceland, 1999) and the
annual net mass balance was taken as 1.5 ma ' of ice (a realis-
tic value for this elevation on Vatnajokull; Bjérnsson and
others, 1998). This approximation of the depression was used
as the initial condition in all model runs. We consider the
assumption of a horizontal bed to be reasonable since the
mountain that was piled up during the eruption rises only
by 200 m over the 2 km closest to the centre.

The flow model could not satisfactorily simulate the
deformation rates of 1-2 January 1997, and during the first
2 weeks of the runs the predicted deformation rates were
rather unstable due to the irregularities of the initial surface
profile. The model was used to predict the ice-surface profiles
on 13 March, 22 May, 10 June and 9 October 1997, i.e. after
runs for 69, 139, 158 and 278 days from 3 January, respective-
ly. The best general fit between the observed and simulated
data during the reduction of the depression was achieved
with the ice-flow parameter Ay = 2 x10"7 Pa®a !, This
applies to the profiles across the depression (Fig. 7b), and
the shape and amplitude of the deformation pattern (Fig. 6).
Both wvertical and horizontal deformation rates were
simulated by the flow model (Fig. 8). Slant-range shift rates
across the depression were predicted by the flow model and
derived from interferograms of the tandem pairs of 12—13
March, 21-22 May and 8-9 October. The difference of about
500 m between the locations of the centre of the simulated
and of the observed displacement field (Fig. 6) 1s due to the
assumption of a symmetric cauldron in the model, whereas
in reality the eastern slope was steeper and consequently
shorter than the western slope (Fig. 7a).

Finally, SAR interferograms were compared with
simulated interferograms from the axisymmetrical model
(Fig. 9). The model presents the two sets of enclosed loops
in the fringes, where one set is tighter than the other, as
observed in the SAR interferograms. The total numbers of
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fringes across the depression on both types of interferograms
are nearly the same on 12—13 March (9-10), 21-22 May (6—
7), and 8-9 October (3—4). The axisymmetric aspect of the
model could be the simplification that makes some of the
linear trend of the loops in the observations fail to show up

Location
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Fig. 8. Simulation of horizontal-, vertical- and slant-range
shift of the depression in the cauldron of Figure 7b; 13 March
(a), 22 May (b) and 9 October 1997 (¢ ).
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in the model. The higher density of fringes observed in the
centre of the depression is presumably due to high basal
melting and cannot be described in this model.

The value Ay = 2x10 7 Pa ®a ', that gave the best cor-
respondence between the surveyed and predicted profiles and
the average flow velocity across the cauldron, is an order of
magnitude lower than recommended for ice at the melting
point (Paterson, 1994), i.e. Ay =2.1 x10 "*Pa*a . Our value
for the flow parameter, however, is the same as the one that
gave the best fit in modelling flow towards the eastern Skafta
cauldron in 1996 (Jonsson and others, 1998). A somewhat
higher value of Ag = 7x10 " Pa *a ' was recommended in
a numerical modelling of flow towards the linear subsidence
that was created at the dam of the Grimsvétn lake during the
jokulhlaup of 1996 (Adalgeirsdottir and others, 2000). They
suggested that the lower value for the flow parameter might
be due to the failure to include horizontal-stress gradients in
the time evaluation of the depression. Simulation of a less stiff
ice by our present model would better describe the lowering
of the outer parts of the depression but predict a much faster
infilling rate than observed at the inner part of the depres-
sion. Applying that value, Ay =7x10 7 Pa >a | the com-
puted uplift across the profile from January to June 1997
would have been on average 9m above the surveyed June
profile, and 13 m for Ay = 2.1 x10 " Pa *a . The slow infill-
ing rate at the centre of the depression may, however, be due
to continuous basal melting at the cooling volcano rather
than stiffer ice. Our best fit for a stiff ice may therefore be

'
)
él‘ !
: |
i
i

L 3 2 1

km from centre
(d}

—_—
Look Direction

km Trom centre

an artifact of our simplified model, which includes neither
gradients in horizontal stresses nor basal melting.

An average flux density of thermal energy of 190 W m 2,
required to melt 9 m of ice from January to June 1997, might
have been transmitted from the volcanic material piled up
during the November 1996 eruption. The heat flow from
the volcano was monitored by measuring the volume
change of the depressions and the accumulation of melt-
water in Grimsvotn. The thermal power declined from
70 GW just after the eruption to 10 GW after 4 months and
2—4 GW after a year (Gudmundsson and others, 1999).

Surface displacement of the floating ice cover of
Grimsvotn

The displacement of the ice cover of Grimsvotn can be studied
in detail by using the six pairs of interferograms (Fig. 5). In
addition to the wrapped interferograms in Figure 5, the inter-
ferograms were unwrapped by means of a least-squares
method with iterative error correction (Siegel, 1999). The hori-
zontal components of the motion field are negligible and the
vertical component was estimated at the centre of the ice
cover from the unwrapped interferograms. The correspon-
dence between the results obtained from the six pairs of inter-
ferograms and the observed changes in the lake level is good
(Fig. 3). The shape of the moving ice cover for a given lake
level is also as expected from our knowledge of the basal top-
ography and the ice thickness (Bjornsson, 1988). On 21-22
October 1996, the ice cover was rising by 30-50 cmd . On

a 1

2 3 -4

(e}

Fig. 9. Comparison of observed and simulated slant-range shift at the northern cauldron of Gyalp. SAR interferograms recorded 12—
13 March (a), 21-22 May (b) and 8-9 October 1997 (¢ ). Simulated interferograms at 13 March (d), 22 May (¢) and 9
October 1997 (f). The location of the profile ABC'is the same as in Figure 2.
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1-2 January 1997, the ice cover subsided, and the depression
was of elliptical shape, with a main axis 5km long. In the
centre of the ice cover the surface dropped 48 cmd . On 12—
13 March, the vertical displacement was very small, and the
surface showed a complex deformation pattern of small
depressions and uplifts. On 21-22 May, the shape of the
deformation pattern was again approximately elliptical, the
main axis was about 4.5km, and an uplift of 22cmd "' was
observed in the centre. In October and December 1997, the
deformation pattern was more complex and the area affected
was larger than in May. In some parts the fringes were
smeared out due to decorrelation. On 8-9 October, there was
a general uplift, with a maximum of 16cmd " at the inner
margin of the zone of maximum deformation, whereas the
closed elliptical fringe represents an area of subsidence of up
to 7emd ! within the upward-moving ice cover (probably
due to compressive forces at the grounding zone). On 17-18
December 1997, the ice cover showed a weak upward motion
ofabout 8 cmd 'in the outer part, with downward bending of
the central part up to 5cm dfl, resulting in a total uplift of
about 3 cm at the centre of the ice cover. This was 2 months
before drainage of the lake (Fig. 3). In January 1999, about
4 weeks before a small jokulhlaup, the ice cover was rising by
6cmd

Spots of high heat flow and subglacier pathways of
water flow

An area that was subject to significant temporal changes is a
section about 5 km wide extending from the north to the east
and south of Grimsvotn. Good coherence prevailed in this
area in the image pairs of 1-2 January 1997, 8-9 October 1997
and 6—7 January 1999. The region revealed a complex pattern
of fringes, mainly in the form of small spots, indicating uplift
or subsidence of small depressions, possibly related to high
geothermal-heat flow. The main feature to the east and south-
east of Grimsvotn was the ice canyon of the water outbreak of
November 1996 (Fig. 2h). In its southern part this canyon
turned towards the west, leading to an area which showed a
very complex small-scale fringe pattern, located to the south
of Grimsv6tn some distance down-glacier of the visible surface
depression created by basal melting across the ice dam. This
pattern suggests that the subglacial water outbreak followed a
loop towards the west before turning south. The fringe pattern
extends some kilometres further south than the visible trench
in the glacier surface, and there it presumably reflects
increased basal sliding due to lubrication by water.

Infilling of the Skafta cauldrons

The Skafta cauldrons and their surroundings are another
area that was subject to significant surface deformation
(Fig. 5). In the interferograms the topographic phase was
eliminated based on the digital elevation data of June 1997.
This may result in some errors of the calculated displace-
ment rates, because the surface topography changes in time
due to inflow and outbreaks of water. Taking into account
the possible errors of surface height and the altitude of
ambiguity, the maximum error would be one to two fringes
depending on the baseline (Table 1).

The sequence in Figure 5 shows the filling of both Skafta
cauldrons. According to the shape of the fringes it can be
assumed for the western Skafta cauldron that vertical
motion clearly dominated over horizontal motion. The inter-
ferometric analysis shows that the uplift in the centre of the
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western Skaftd cauldron decreased from 20cmd ' to
10cmd ™' from January to May but had increased to
25cmd ' in October, 6 weeks after a jokulhlaup on 24-25
August. In January 1999, the diameter of the rising surface
was smaller than in 1997. The eastern Skafta cauldron
showed a more complex behaviour than the western caul-
dron. In the interferograms from January to July 1997 and
from January 1999, the displacement rates were small, but
in October and December 1997 the fringes revealed a
dipole-like pattern. In the western centre of the dipole the
displacement was directed away from the radar, whereas
the eastern part was displaced towards the radar. This indi-
cates closure of the cauldron similar to that of the Gjalp
depression but at a smaller scale. Taking into account, how-
ever, that the horizontal motion should be zero in the centre
of the depression, the analyses reveal an uplift of the eastern
Skafta cauldron decreasing from about 5emd ' to 2emd !
from 1-2 January to 21-22 May 1997, and increasing to
25cmd ' on 8-9 October, 7 weeks after a jokulhlaup on 15—
19 August 1997. The correspondence with available estimates
of the rising of the centres of the cauldrons supports the esti-
mates derived from the interferometric analysis (Fig. 3).

There were also some temporary features in the region
of the Skafta cauldrons. On 30—31 July 1997, a circular fringe
pattern with a diameter of 3 km appeared 4 km to the south-
west of the western Skafta cauldron. In the centre the sur-
face displacement in range was 22cmd ' towards the
radar. This was 3 weeks before the drainage of the cauldron,
suggesting that water had penetrated under the ice dam and
affected the ice flow. About 4 km north of the western Skafta
cauldron, a dumbell-shaped fringe pattern is visible in the
interferograms from 8-9 October (Fig. 5d), showing weak
displacement away from the radar, probably due to lowering
of the surface. This may reflect geothermal activity melting
ice at the glacier base.

CONCLUSIONS

SAR interferometric analysis, combined with elevation data
that separate changes in surface topography, is shown to be
a powerful tool for locating and quantifying glacier-surface
displacements caused by geothermal and volcanic activity
beneath Vatnajokull during the period 1996-99.

Ice-flow rates were described during the infilling of the
surface depressions created by the 1996 eruption site of
western Vatnajokull. A simple flow model served well to con-
firm the basic interpretation of the interferograms, i.e. the in-
filling of the surface depressions and the spatial and temporal
pattern of the displacement field. The maximum displace-
ment rate away from the radar decreased from 27 cmd ' to
2 cmd ' over the period January 1997—January 1999. The best
overall agreement between the observations and the flow
model was obtained for stiffer ice than generally recom-
mended for temperate glaciers, i.e. ice-flow parameter Ay =
2x10 7 Pa *a . Calculations with a softer ice (Ag =7 x10 7
Pa *a’!) gave a faster filling rate of the inner part of the
depression than observed. The slow uplift at the centre of the
depression may, however, be due to removal of ice by basal
melting at the cooling volcano rather than slow inflow of ice.
Improved flow models could include horizontal-stress gradi-
ents in the time evolution of the depression and basal melting.

Information was obtained about the size of the floating ice
cover on subglacier lakes, and the rates of vertical displace-
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ments. The vertical displacements derived from the interfero-
metric data are confirmed by field observations; an uplift rate
of 50 cmd ' to sinking of 48 cm d ' for Grimsvétn and an uplift
rate of 2-25 cmd ' for the two Skafta cauldrons. A negligible
uplift rate was observed immediately prior to the onset of
jokulhlaups. At high lake levels a complex deformation pattern
of the ice shelf was observed due to bending. The interfero-
grams indicate that vertical motion dominated over horizontal
motion in the western Skafta cauldron, but a dipole-like
pattern of the eastern Skafta cauldron is similar to that of the
northernmost cauldron of the 1996 Gjalp eruption site.

Temporal changes seen in the time series of interfero-
grams reveal spots of uplift and subsidence that may be
related to localized increase in geothermal activity due to
altering volcanic activity (east of the Grimsvotn caldera
and north of western Skafta cauldron).

The glacier surface subsided above the main conduits
that drained meltwater from the 1996 Gjalp eruption site to-
ward Grimsvotn, and the November jokulhlaup from
Grimsvotn. Therefore, the subglacier pathways of the melt-
water were displayed on the SAR interferograms. In other
areas the SAR interferometric analysis detected increased
basal sliding due to lubrication by water.
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