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Abstract. We present velocity observations of a glacier 1 Introduction
outlet in Vatnajokull, Iceland, deduced from interferomet-

ric SAR (INSAR) data obtained during the ERS1/2 tandemVariations in glacier velocity through basal sliding are gen-

mission in 1995-2000. More than a 50% decrease in glacier . . :
velocity was observed subsequent to a large jokulhlaup fromeraIIy associated with changes in the water pressure at the
the subglacial lake Grimsvétn in 1996. The glacier had notd 2c'e" Ped (e.g. Paterson, 2006). These variations may be

reached its former flow rate in 2000. The jokulhlaup dam- seasonal (e.g. Willis, 1995), diurnal (lken, 1978; Bartholo
L . . . maus et al., 2008) or related to short term events such as
aged the lake’s ice-dam causing persistent drainage from th . .
. . ... ._neavy rainfall (e.g. Sugiyama and Gudmundsson, 2004) and
lake. InSAR based studies of water accumulation W'thmoccasional lacier outburst floods (ikulhlaups) (e.g. Ander
Grimsvétn suggest that a leakage 8 m?s~1 prevailed 9 PS) 1€.9.

throughout our study period. We suggest that the lake Ieak-son.et al., 2005). Stud|gs relat_lng water pressure and the ice
motion commonly describe point measurements of GPS and
age kept open a tunnel at low water pressure underneath the

. . Ssimultaneous water pressure measurements at discrete bore-
whole length of the glacier. The tunnel flow drained water P

; . ) holes (e.g. Sugiyama and Gudmundsson, 2004). Interfero-
from its surroundings, hence lowering the water pressure ofa___ .- : . .
distributed drainage system, underneath the upper and centré etric SAR (INSAR), provides a large-scale spatial overview

Age system, L bp CeNt% surface displacement. When combined with observed wa-
parts of the glacier, which prior to the jokulhlaup sustained

S - L . ter discharge at the glacier margin (or other indirect informa-
significant basal sliding. This is in accordance with theoret- .. . N

tion on the subglacial water flow), these data may provide in-

Sormation for exploring processes in the subglacial drainage

slow-down in glacier velocity by reducing the subglacial wa- system. This has been described by Magndsson et al. (2007),

ter pressure. The width of the affected areas waskm on who studied changes in the ice flow field of Vatnajokull, Ice-

the upper part (.)f Fhe_glamer aneB km on the centre part Of. land (Fig. 1), during jokulhlaups from subglacial lakes. The
the glacier. This indicates that the water pressure reduction LS . o
. study revealed significant and widespread acceleration in the
propagates laterally from the tunnel over a distance of a few_,_ _: . : o
Kkm glacier velocity during the initial phase of a jékulhlaup. Here
' the focus remains on the drainage from a subglacial lake
and how this drainage affects glacier velocity, applying the
ERS1/2 tandem data in 1995 to 2000 with 24 h repeat obser-
vations. We present velocity observations deduced from the
INSAR data, which show significant and long-lasting reduc-
tion in basal sliding above the subglacial water course from
the subglacial lake Grimsvotn subsequent to a large jokulh-

Correspondence tdE. Magnusson laup in November 1996 that damaged the hydraulic seal of
BY (eyjolfm@raunvis.hi.is) the lake’s ice dam leading to continuous leakage out of the
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A phase shift of 2 (one colour-cycle (fringe) in Fig. 4)
corresponds to displacement in the LOS-direction equal to
half the radar wavelength{2=2.83 cm for the ERS satel-
lites). The contribution of three dimensional surface velocity,
V=[ve, vn, vy] (e, n andu stand for east, north and up), to the
LOS-velocity is given by:

Grimsvotn

veCOSP SING + vpSiNg SiNd — vy COP = v Os (2)

whered is the off-nadir angle ang is the azimuth angle
(relative to the north direction) of the radar beam.

The study focuses on two areas, the subglacial lake
Grimsvotn (Fig. 4) and the glacier outlet Skeidararjokull
(Fig. 2), underneath which water drains from the lake
Grimsvoétn. The InSAR data of Grimsvotn was topograph-
ically corrected with a DEM obtained in 1998 (Magnusson
et al., 2005). For data obtained in 1995-1996 the DEM was
modified based on GPS observations from that time. The
Flg 1. Map of the Vatnajokulllce cap. The volcanic zones of Ice- INSAR data of the upper part of the area (F|g 2) was cor-
land are shown in grey in the inset. rected with the DEM from 1998. For the lower part we used

DEMs derived by applying linear interpolation/extrapolation
. with time, using DEMs from 1997 (Bacher et al., 1998) and
lake (Bjérnsson, 2002). The leakage and the reduced glaci®jnoy (gerthier et al., 2006) as constrains. INSAR scenes of

velocity prevailed throughout our study period of four years. gy eisararjskull obtained during summers were corrected fur-
We suggest that the continuous leakage kept open atunnel gie; 1o compensate for the impact of surface lowering due

low water pressures (cf. Réthlisberger, 1972) preventing the, ablation, using a degree-day ablation model and temper-
development of a distributed high pressure drainage systeMy,re from a weather station 20 km southeast of Skeidarar-
(cf. Kamb, 1987; Walder, 1986), hence, reducing the basa|y | (data from the Icelandic Meteorological Office), pro-
sliding in the area down-glacier from the lake. jected with a temperature lapse-rate of 0.006nL. The re-
maining error in the derived LOS-displacement, mostly due
to temporal changes of atmospheric propagation properties,
is estimated at less than 1.4 cm (half a fringe).

) ) Velocity fields of the glacier outlet Skeidararjokull are ob-
Comprehensive INSAR data of Vatnajokull (Fig. 1) were ob- y5inaq from the INSAR data. First a reference velocity field

tained during the ERS1/2 tandem mission in 1995-2000. Ay, o for the Skeiararjokull outlet (Fig. 2a) is deduced by
repeat-pass satellite INSAR image reveals the difference IR ombining the LOS-velocity (described by Eq. 2) derived
distance in the direction of radar illumination (also referred ¢y two ascending and two descending INSAR scenes with

to as line of sight or LOS) between two radar images, aCne mass continuity equation (Reeh et al., 2003; Magn(isson
quired from two similar satellite positions (Hanssen, 2001).¢¢ 4 2007). To calculate the velocity field at other times

The relative change in LOS-distance across the image is me Fig. 2b—e and Fig. 3) we use single INSAR scenes, showing
sured in terms of the coherent phase difference between thEOS—dispIacement over 24 h. combined with the m'ass con-

two images. The phase difference includes contributions d”%nuity equation and the horizontal flow direction frovies

to surface topography, surface motion and temporal Cha”geﬁvlagnﬂsson etal., 2007).

of atmospheric propagation properties, mainly related to wa- 1he |nSAR data are also used to obtain the net water accu-
ter vapour. In high latitudes with low water vapour content ., \1ation within the lake Grimsvétn (Fig. 5). This is done by

the atmospheric contribution is usually rather small. FOr mo-jneqrating the interpreted vertical displacement of the float-
tion analysis the topographic phase contribution needs to bg,q nart of Grimsvotn ice cover. Insignificant horizontal sur-

subtracted. In our case this is achieved by calculating the t0g506 motion is expected within these lake areas. Counting
pographic phase using an accurate digital elevation modeje nymper of fringes within the floating part of the ice cover
(DEM) and knowing the precise position of the satellites i efore reveals the approximate 24 h vertical displacement.
(Hanssen, 200;). The _surface velocity in the LOS-direction, o fringe corresponds to vertical displacement8fcm in
vLos,0ver the time periodAr between two radar observa- 41, (derived from Eq. 2). The uncertainty in the volume es-
tions, is derived from the residual phase differepdgy Us-  (imates are due to possible phase noise in the interferograms,
Ing. misinterpretation of horizontal motion as vertical, interpola-
o tion of data gaps, and possible subglacial melting of the float-
o (1) ing ice cover, which is not separately monitored by INSAR.

2 Data and methods

VLOS= —
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Fig. 2. (a) The horizontal velocity field/ et during mid-winter 1995-1996. Contours show elevation based on DEMs from 1996—-1998
(Magnusson, 2008; Bacher et al., 1999; Magnusson et al., 2005). The light blue line shows the estimated flow route from Grimsvétn.
Velocities on the two cross sections are shown in Fig(l8-e) The change in horizontal velocity relative Ygef with approximately one

year interval from January 1997 to January 2000. The hatched regions indicate areas where the difference in LOS-velocity Velative to
corresponds to less than half a fringe (1.4 cmy These are areas were the impact of processing noise may be significant in relation to the
derived velocity change. Radar line of sight (LOS) is indicated with an arrow.

3 Observations ary 2000 (Figs. 2-3). It shows that subsequent to the large
jokulhlaup in 1996, the horizontal velocity of the glacier
3.1 Glacier surface velocity fields derived from INSAR section below which water drains from Grimsvétn was re-
duced by>50% (Fig. 3). The velocity of this glacier sec-

Our analysis focuses at the central and upper parts of théon remained low throughout the study period, both during
Skeidararjokull glacier. INSAR data show a rather stablesummers and winters. Further down-glacier this ice stream
velocity field for Skeidararjokull in 1995-1996 prior to the joins the main Skeidararjokull glacier outlet. On a cross-
Gjalp eruption in November 1996. The few exceptions Section over the main glacier outlet, above the flow route
are related to intense rain or jokulhlaup (Magnusson et al.from Grimsvétn, the horizontal velocity was reduced by half
2007). The variability is highest near the glacier terminus, after the jokulhlaup (Fig. 3). It remained low the first year,
outside our study area. Our reference velocity fidlge( even during the summer but gradually evolved to its former
Fig. 2a) is based on four INSAR scenes obtained between thetate during the study period. At the end of the period in
end of December 1995 and the beginning of February 19962000 the glacier motion did not differ significantly from our
and is representative for the velocity field of the glacier outletobservations prior to the Gjalp eruption.
during this winter. In the upper part we do not observe much
seasonal variability, but farther down-glacier the glacier mo-3.2 Observations of lake drainage
tion appears slightly higher during summers (Fig. 3).

Our velocity record subsequent to the Gjalp eruption The subglacial lake Grimsvotn is located in a caldera above
shows the horizontal surface displacement over 24 h for disiceland’s most active central volcano. Water, produced by
crete dates in the period from January 1997 until Febru-geothermal and volcanic activity as well as surface melting,
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Fig. 3. The horizontal surface velocity on two cross sections on Skeidararjokull (locations shown in Fig. 2a) derived from InSAR data for
various dates. The time for each measurement after the Gjalp eruption is given with the colour bar. Scenes from June—September, which may
show higher velocity due to seasonal variability, are shown with dotted lines. Radar LOS is approximately the same for all the measurements
as shown in Fig. 2b—e.

accumulates in the lake, which in the second half of the 20thby geothermal activity in the Grimsvétn areaQ 45 kn¥,
century led to jokulhlaups at intervals of 1-10 year (Bj6érns- derived by assuming the same geothermal power of the area
son, 2002). Until 1996 the lake was sealed by an ice dam preas in 1991-1996). The difference between the derived inflow
venting drainage between jokulhlaups. This allows the totaland outflow via jokulhlaups gives a rough estimate on the
volume of each jokulhlaup to be used as a natural calorimevolume of water draining from the lake between the jokulh-
ter for evaluating the heat output of the subglacial geothermalaups. It corresponds to an outflow o0® m®s~! averaged
system (Bjérnsson and Gudmundsson, 1993). This approacbver the period. Itis however not possible to determine solely
gives an estimated power of 1.9 GW for the period 1991—from the discrete GPS data if the drainage was continuous or
1996 (Magnusson, 2008). occurred in several short events.

The drainage pattern of Grimsvotn changed significantly InSAR data from 1995-1996, prior to the Gjalp erup-
in the autumn 1996 following the Gjalp subglacial erup- tion, show seasonal variations in the water accumulation
tion, 12km north of Grimsvotn (Fig. 4c). Over a period rate in Grimsvotn due to changes in surface melt rate. The
of a month more than 3kfof melt water produced by dataset indicates that the water accumulation rate started in-
the eruption and the subsequent cooling of the Gjalp edificeereasing in June and exceeded 30smt during the sum-
accumulated in the Grimsvotn subglacial lake (Gudmundsimer. Throughout the autumn it remained high and was still
son et al., 1997). The water accumulation led to hydrostaticl7 n®s™1 in late October 1995, which indicates inefficient
uplift of the ice dam sealing Grimsvétn, causing a jokulh- transport of melt water to the lake (values derived in the
laup (Bjérnsson, 2002). It lasted for 2 days with peak flow same way as in Fig. 5). In December the accumulation
from the lake of 40000 /s~1. By the end of the j6kulh- rate seems to have reached the winter minimum between 4
laup, water from the Gjalp edifice accumulated for few weeksand 8n¥s™1. The average of the INSAR-deduced winter
in Grimsvétn but after that the lake level subsided until thevalues for Grimsvétn before the Gjalp eruption is snl.
spring of 1997 because water drained from the lake throughlrhe power needed to maintain this melt rate corresponds to
a trench, formed during the jokulhlaup, cutting through the 2.0 GW, slightly higher than the estimated power of 1.9 GW
ice dam of Grimsvotn (Bjornsson, 2002). for the period 1991-1996.

In the spring 1997 water started to accumulate again in For 1-2 January (Fig. 4a) and 12-13 March 1997 the In-
Grimsvétn and until the end of the year 1999 three minorSAR data show, in accordance with field observation, water
jokulhlaups occurred. The total amount of water draining depletion in Grimsvotn, despite significant drainage from the
in these jokulhlaups was0.9 kn?, estimated from discrete  Gjalp edifice (Gudmundsson et al., 2002). After this we ob-
GPS elevation measurement on the centre of the Grimsvotaerve from the INSAR data either uplift in Grimsvotn due to
ice cover and known relation between the elevation and thevater accumulation or insignificant change. We still observe
water storage of Grimsvétn (Institute of Earth Sciences data)seasonal variability in the water accumulation in Grimsvoétn
Estimated water inflow to the lake during that time was butin general the net water accumulation is lower for a given
~1.6kn?. This value includes four components: a) surfacetime of the year after the Gjalp eruption than for the same
melt water (0.7 kn?, Magnusson, 2008), b) subglacial melt time of the year prior to it, indicating that Grimsvétn leaked
from the Gjalp edifice £0.35kn¥, Jarosch et al., 2008), ¢) continuously from 1997 throughout our study period.
meltwater produced by an eruption within the calderain 1998 The estimated change in water accumulation rate in
(0.15 kn?, Gudmundsson, 2005) and d) meltwater producedGrimsvétn is most reliable in the winter time (Fig. 5) when
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Fig. 4. (a—d) Topographically corrected interferograms of the Grimsvétn ice cover. White to blue fringes correspond to motion away
from the satellites but white to red towards (LOS is indicated with an arrow). Broken lines indicate areas interpreted as the floating part of
Grimsvotn ice cover. The yellow colour indicates areas where no usable interferometric measurements were obtained. (a) The average of twc
interferograms from ascending (looking eastward) and descending (looking westward) orbits, two days apart, before the Gjalp eruption. By
combining interferograms from opposite radar look directions the contributions of the velocity component in east-west direction are almost
completely cancelled out, making the rising and floating area more distinctive. Its border coincides with the 1480 m contour line, which
according to GPS measurement matches the surface elevation of the floating ice cover at that time. (b—d) Interferograms from ascending
orbits at three dates after the Gjalp eruption reveal much smaller floating area than in (a). Stars in (c) show the location of eruption sites in
1996 and 1998. Contours indicate elevation in August 1998 (Magnusson et al., 2005).

the variability of the surface melt rate is negligible. To make Electrical conductivity in rivers of southern and eastern
a legitimate comparison, we subtract from the net accumuiceland above 100uScm is considered an indicator of
lation the estimated drainage from the Gjalp edifice, whichgeothermal water component (S. R. Gislason, personal com-
otherwise would cause bias in all values from 1997 and latermunication, 2008). The conductivity in the river Skeidara,
Gudmundsson et al. (2002) estimated this drainage for 21into which Grimsvétn drains, was measured on sub-daily
22 May 1997, and values for December 1997 and Februarpasis during the month before the jokulhlaup in November
2000 are from Jarosch et al. (2008), who estimated the avert996. The observations showed values of 60-120 uScm
age drainage from Gjalp at 581 for the period June 1997 (Snorrason et al., 1997) with the highest values observed the
to June 1999 and 2%s 1 from June 1999 to June 2001. For last days before the jokulhlaup. The conductivity in the river
January and February 1999, close to the step in the melt rateutlet Skeidara was typically 200-500 uSchduring win-
curve from Jarosch et al., we use a more moderate value dertime in 1997-2000 (Hydrological Service, 2008), even in
3m®s linstead of 5As~1. Having subtracted the drainage January 1999, shortly before a small jokulhlaup from the
from Gjalp, the residual values, range froabm®s~! to lake, when the InSAR data suggest that the drainage was
1m3s1 (Fig. 5) compared to 4-8%s 1 prior to the Gjalp  at minimum. This supports our interpretation of the leak-
eruption. Assuming the same range of geothermal melt ratage from Grimsvétn in winter time during our study period.
for Grimsvétn as observed from the INSAR data prior to theDuring summers dilution by glacier surface melt makes con-
Gjalp eruption, these values indicate 3—-13sm! outflow ductivity measurements in the river Skeidara inconclusive
from Grimsvotn for winter scenes from December 1997 tofor identifying continuous leak of geothermal water from
February 2000. Grimsvotn.

www.the-cryosphere.net/4/13/2010/ The Cryosphere, 420,32010
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27-28 Dec. 1995 maintained by low drainage (few%s™1), constrained basal
2”“'1 June 1985 e sliding of a~5 km wide glacier section throughout our study
K 8 “i‘ e ___ _ _ _ period in the upper part of the glacier.
§ At { _________ 6-7 Jan. 199944 15 Feb. 2000. _ The observatlons of a decrease in summer velocn_les are_of
g T 1718 Dec. 1997 I pa_1rt|c_ular interest. During summer we may expect high vari-
30T 2122May 1997 — — — —~ [ — -~ — - —E ————— ation in basal water flow and the discharge-pressure relation
3 for tunnel flow at steady state (Rothlisberger, 1972) would
s el i G nh not apply. This has been demonstrated with observations by
§ S Hubbard et al. (1995), which were carried out in the ablation

T A 557 1 7858 | 1899 | 2000 | area of a glacier during Iat_e summer. Th_e velocities obse_rved
from INSAR at cross-section | (Fig. 3), in the accumulation
Fig. 5. The estimated water accumulation in lake Grimsvotn in arga of t_he glacier, show, however, “ttk?_,or no season_al varl-
winters derived from various interferograms, minus the estimated@/0n neither before nor after the 1996 jokulhlaup. This may
drainage produced during the cooling of the Gjalp edifice. Theb€ because the snow pack buffers the water flow from the
hatched area of the graph indicates the expected range of water agurface to the base, maintaining stable basal water flow and
cumulation (6:3m3s~1) in Grimsvétn during winters, assuming pressure at the bed.
no leakage, based on the pre-jokulhlaup INSAR observations. Error At cross-section Il (Fig. 3), which is in the ablation area
bars are due to uncertainties in the estimated net water accumulatiogf the glacier, some seasonal variations were observed in the
in Grimsv6tn and the drainage from Gjalp. ice motion before the jokulhlaup. We have one velocity ob-
servation from 30-31 July 1997 in this area. At that time the
_ _ fastest part of the cross-section flowed-@.25md ! com-
4 Discussion pared to a typical winter velocity of0.4md?! in 1995—
1996, which may be referred to as the minimum velocity at
According to conventional concepts glacier basal slidingthis location before the 1996 jokulhlaup; summer velocities
varies inversely with the effective basal pressure (the iceare normally higher (Fig. 3). We also have two observations
overburden pressure minus the water pressure) (e.g. Patefrom the summer 1999, which show similar velocities as ob-
son, 2006). For glaciers with bed temperature at pressureerved during the winter 1995-1996 (Fig. 3).
melting point we can distinguish between two main types of The water drainage from the surface, passing cross-
drainage system with different water transport capacity andsection Il in July 1997, was approximateh800 n? s~ esti-
water pressure characteristics. First, a distributed drainagenated as ablation in the drainage area above the cross-section
system of water filled cavities hydraulically interconnected for the summer 1997 (Bjérnsson and Palsson, 2008), aver-
by small orifices in which the water pressure increases withaged over 3 months. Discrete GPS-data of the Grimsvétn
the flux (Walder, 1986). Second, a tunnel flow drainage sysice cover from that time indicate that the lake was leaking
tem (Rothlisberger, 1972) which for steady state the waterat that time, but it is unlikely that this leak was more than
pressure relates inversely to the water flux. A switch from a1/10 of the water flow from the surface (see the interactive
distributed system to a tunnel flow drainage has been assocttiscussion for details). For simplification we may divide
ated with the termination of a glacier surge (Kamb, 1987).the water drainage, passing cross-section II, in three com-
A well established tunnel flow system has also been sugponents; a) water transferred through a distributed drainage
gested to explain a minimum in glacier velocity concurrent system b) slow-varying drainage through a tunnel (may be
to a record negative mass balance on Black Rapids glacier igonsidered steady in a time scale of few days) and c) diurnal
Alaska (Truffer et al., 2005). variations in the tunnel flow. In order to maintain low wa-
Based on our observations we suggest that water fromer pressure in this area a significant part of the water flow
Grimsvétn drained continuously through a tunnel underneathmust contribute to the slow-varying tunnel drainage at cross-
the glacier after the seal of the lake was damaged. The tunsection Il. It is unlikely that increasing b) by30n?s1,
nel flow considerably reduced the subglacial water pressurevould have great impact on the water pressure in a drainage
in the vicinity of its flow path by draining water from the pre- system with total discharge300n¥s~1. We suggest that
existing distributed drainage system of high water pressurethe low pressure tunnel formed by the leakage drained wa-
which sustained significant basal sliding when the lake wager from the distributed drainage system in the vicinity of the
still sealed. The affected area was large enough to reduce tHeakage path, causing positive feedback in the slow-varying
basal sliding significantly on &5 km wide area on the upper tunnel drainage. Component b) at cross section Il was there-
part of the glacier and a8 km wide area on the centre part fore higher than the sum of the leakage and the non-varying
(Figs. 2 and 3). The evolution of the glacier velocity towards tunnel discharge at cross section Il prior to the onset of the
its former state at the centre of the glacier took place duringeakage.
the reduced leakage from Grimsvotn at the end of our obser- To enable modelling of the lateral pressure reduction at
vation period (Figs. 2-3). The low subglacial water pressurethe glacier bed produced by the leakage from the lake and
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