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Iceland rising: Solid Earth response to ice retreat inferred
from satellite radar interferometry and visocelastic modeling
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[11 A broad uplift occurs in Iceland in response to the retreat of ice caps, which began
circa 1890. Until now, this deformation signal has been measured primarily using GPS at
points some distance away from the ice caps. Here, for the first time we use satellite radar
interferometry (interferometric synthetic aperture radar) to constrain uplift of the ground all
the way up to the edge of the largest ice cap, Vatnajokull. This allows for improved
constraints on the Earth rheology, both the thickness of the uppermost Earth layer that
responds only in an elastic manner and the viscosity below it. The interferometric synthetic
aperture radar velocities indicate a maximum displacement rate of 24+4 and 31+4 mm/yr
at the edge of Vatnajokull, during 1995-2002 and 20042009, respectively. The fastest
rates occur at outlet glaciers of low elevation where ice retreat is high. We compare the
observations with glacial isostatic adjustment models that include the deglaciation history
of the Icelandic ice caps since 1890 and two Earth layers. Using a Bayesian approach, we
derived probability density functions for the average Earth model parameters for three
satellite tracks. Based on our assumptions, the three best fit models give elastic thicknesses in

the range of 15-40 km, and viscosities ranging from 4-10x 10'® Pa s.
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1. Introduction

[2] Ice caps cover about 11% of Iceland [Bjornsson, 1978].
The largest of them is the Vatnajokull ice cap in the southeast
of the country, which is about 90-115 km wide and 400 m
thick on average (Figure 1). Vatnajokull has been retreating
since ~1890, corresponding to the end of the Little Ice Age
(LIA) in Iceland, as revealed by observations of terminus
positions of outlet glaciers and mass balance studies [e.g.,
Bjornsson, 1978; Bjornsson et al., 2002; Bjornsson and
Palsson, 2008]. This ice retreat induces a ground uplift of more
than 20 mm/yr [e.g., Pagli et al., 2007; Arnadéttir et al., 2009].
The Vatnajokull ice cap covers several volcanic systems, each
consisting typically of a central volcano and an associated
fissure swarm (Figure 1). The volcanic systems are part of the
plate boundary between the North American and Eurasian
plates, which is complex in Iceland due to the interaction
between the mid-oceanic ridge and a mantle plume centered
beneath northwestern Vatnajokull. Recent studies [e.g., Pagli
and Sigmundsson, 2008; Albino et al. 2010; Sigmundsson
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et al. 1919; Hooper et al. 2011] showed that the ongoing uplift
is affecting magmatism and melt production under Iceland.

[3] The rheology of the crust and mantle in Iceland has been
inferred from ice mass changes at Icelandic ice caps from stud-
ies considering different temporal and spatial scales: (i) the post-
glacial response due to the melting of the ice cap that entirely
covered Iceland during the last glacial maximum, and (ii) the
present-day ongoing retreat of the Icelandic ice caps since the
end of the LIA. Geologic data, such as dated uplifted marine
deposits, from the end of the Weichselian glaciation approxi-
mately 10,000 years ago [e.g., Nordahl et al. 2008], form the
basis for the first approach. Models for uplift after the disappear-
ance of the Weichselian ice cap in Iceland, which appears to
have been completed in about 1000 years, suggest a maximum
viscosity under Iceland of 10'° Pa s [Sigmundsson, 1991], much
lower than in Fennoscandia, for example. In the second case,
addressed here, studies deal with countrywide uplift with max-
imum around present-day ice caps, which is dominated by the
last ~120 years of ice retreat. Present-day deformation around
Vatnajokull ice cap has been mapped previously by various
geodetic techniques, including GPS, gravimetry, and tilt mea-
surements (see references in Table 1). The maximum observed
deformation was 23 mm/yr (Table 1). These data have been
used to infer Earth rheology, most frequently in the form of
an uppermost elastic layer underlain by a viscoelastic material.
Results indicate an elastic layer of 5-40 km thickness and vis-
cosities on the order of 10'*-10'° Pa s (Table 1). Furthermore,
annual cycles in the Earth deformation, caused by seasonal var-
iations in snow and ice load, have been studied with continuous
GPS [e.g., Grapenthin et al., 2006]. A maximum annual peak-
to-trough vertical displacement of ~37 mm is predicted under
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Figure 1. (a) Ice caps and tectonic setting of Iceland. Fissure
swarms are shown in yellow and central volcanoes with their
associated calderas (after FEinarsson and Saemundsson
[1987]) are represented by oval outlines. Names of the plate
boundary segments are indicated in blue (NVZ: Northern
Volcanic Zone, EVZ: Eastern Volcanic Zone, WVZ: Western
Volcanic Zone, SISZ: South Iceland Seismic Zone, and RP:
Reykjanes Peninsula). Main ice cap names are indicated in
red (D.: Drangajokull, S.: Snaefellsjokull, L.: Langjokull, M.:
Myrdalsjokull, H.: Hofsjokull, and V.: Vatnajokull). (b) Zoom
of the Vatnajokull ice cap. Names in light blue correspond to
the outlet glaciers discussed in this study (Si.: Sidujokull,
Sk.: Skeidararjokull). For Figures 1a and 1b, names in italic in-
dicate key volcanoes, blue squares show the location of the
GPS stations used for the ERS period, and the purple circles
the GPS stations used for the Envisat period.

Vatnajokull and about 16 mm is observed at GPS stations closer
to its margins.

[4] The aim of this study is to better constrain the ground
uplift around Vatnajokull ice cap. It is a complex deforma-
tion signal composed of the short-term elastic response and
long-term viscoelastic adjustment, caused by the general re-
treat of the ice cap over the past 120 years, and seasonal
changes in snow and ice cover. We refer here to all these
processes as glacial isostatic adjustment (GIA) as the signals
we evaluate in this paper are dominated by the viscoelastic
response to long-term ice retreat.

[5] In this study, we supplement GPS data with satellite
radar interferometry (interferometric synthetic aperture ra-
dar, InSAR), which provides high spatial resolution. The
first radar data were acquired in 1992 and the number of
images available is high enough to allow accurate velocity

estimates for deformation around Vatnajokull ice cap. The
ongoing retreat of the ice caps, the relatively low viscosity
beneath Iceland and the thin elastic lithosphere account for
a short-wavelength GIA-induced signal in Iceland [e.g.,
Arnadéttir et al. 2009]. Therefore, it is easier to map and
study GIA deformation in Iceland with the InSAR technique
compared to most parts of the world. A total of almost 70
radar images were analyzed, covering the period from
1992-2002 over the southwest part of the ice cap and sur-
roundings, and 20042009 to its east. They provide a de-
tailed map of the displacement pattern and its lateral extent
in those regions. Extensive snow cover is present in Iceland
during the winter months, which decorrelates the radar mea-
surements. Therefore, we selected only the images acquired
between May and October. The effect of the annual cycles
was therefore significantly reduced, and not explicitly esti-
mated in this study. We used the data to constrain the rheol-
ogy of the Earth in the southeastern part of Iceland. This was
achieved by evaluating 90 parametrizations of a horizontally
layered Earth model, where the viscoelastic field equations
were solved by a finite element model, considering the ge-
ometry of Icelandic ice caps and spatially varying thinning
rates of Vatnajokull.

2. Data and Analysis

2.1. InSAR Data

[6] InSAR requires at least two satellite acquisitions to
create one (or more) interferogram(s), by comparing the mi-
crowave signal of each acquisition, which is transmitted
from a satellite and scattered back to it from the Earth’s sur-
face. The advantage of this method, compared for example
to GPS, lies in its superior spatial resolution and the fact that
no field work is required. Each satellite scene has a width of
approximately 100 km (for the satellite data used in this
study), making it possible to obtain surface deformation sig-
nals over large areas with dense sampling (up to 20 m for the
satellites used in this study). InSAR can resolve deformation
only in the line of sight (LOS) direction between the satellite
and the ground. Because the signal is transmitted at an angle
from the vertical, the deformation signal is composed of
both vertical and horizontal components. The scalar LOS
displacement for any given point, d; og, can be expressed as

dg
dios = [ug un uy] |:de| )]

dy
where ug, uy, and uy are the east, north, and up components
of the unit LOS vector, respectively, and dg, dy, and dy are
the east, north, and up components of the displacement
vector, respectively. In our case, ug, uyn, and uy correspond
approximately to +0.35, £0.10, and +0.90, respectively.
The sign of ug and uy varies depending on the satellite track,
which can be ascending (satellite flying approximately from
south to north) or descending (approximately from north to
south) (Table 2). The incidence angle (angle between the
viewing direction to the satellite and the vertical) is rela-
tively small for our data set (~20° to ~27° from the near
to the far range of the scene). Moreover, the signal we want
to study is mostly dominated by vertical deformation, thus,
the contribution of the horizontal component of the LOS
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Source
Sigmundsson and Einarsson [1992]

Wolf et al. [1997]

Viscosity [Pa s]

1-50% 10'®
5% 10'8

Elastic Thickness [km]
5-25

0.26+0.06 prad/yr away from

Max. Deformation Observed
ice cap

~8 mm/yr
17£4 mm/yr

Table 1. Overview of Earth Model Parameters Inferred From Previous GIA Studies at Vatnajokull Ice Cap, Compared to This Study

Data / Acquisition Year
lake tilt 1959, 1991
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displacement remains small compared to the vertical. It must
also be noted that the signal observed in an interferogram
represents displacement relative to a reference area chosen
within the scene.

[7] For this study, we used ~70 acquisitions from the ERS-
1, ERS-2, and Envisat missions. We selected three tracks:
ERS track 9 and 238 covering the southwestern area of
Vatnajokull, spanning 1993-2002 and 1992-2000, respec-
tively, and Envisat track 230 covering the eastern half of
the ice cap and spanning 2004-2009 (Table 2). Track 9 partly
covers the plate boundary deformation zone of the Eastern
Volcanic Zone (Figure 1) and overlaps with track 238.

Sjoberg et al. [2004]
Pagli et al. [2007]
Fleming et al. [2007]
Arnadéttir et al. [2009]*
Arnadéttir et al. [2009]°
Jacoby et al. [2009]
Barnhoorn et al. [2011]F

This study®

2.2. InSAR Analysis

[s] We compressed the raw SAR data in the direction
along the flight path of the satellite (azimuth direction) and
perpendicular to it (range direction) in a process known as
focusing. This was achieved using the Repeat Orbit Inter-
ferometry PACkage [Rosen et al. 2004]. The Delft Object-
oriented Radar Interferometric Software [Kampes and Usai,
1999] was used to coregister the slave image to the master
to estimate their offsets, and resample the slave pixels to
the master pixel positions. We also used the Delft Object-
oriented Radar Interferometric Software to remove the topo-
graphic phase using an Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) Digital Ele-
vation Model - version 1, June 2009, which has a resolution
of 1 arc-second (corresponding to 30 m in north-south direc-
tion and 13 m in east-west direction for the study area). To
limit the issue of decorrelation, caused by long temporal
and/or perpendicular baselines [Zebker and Villasenor,
1992], we used the Standard Method for Persistent Scatterers
(StaMPS) developed by Hooper et al. [2007]. StaMPS iden-
tifies the persistent scatterers (PS) of a scene, i.e., the pixels
for which the coherent sum is dominated by a strong
scatterer. The StaMPS software also includes a three-
dimensional phase unwrapping technique, utilizing the infor-
mation in the time domain to aid the spatial unwrapping
[Hooper, 2010]. For computing purposes, we reduced the
data to a manageable size by resampling the identified PS to
an 800 m grid. Finally, we removed the PS points located on
the ice cap, because their deformation signal is contaminated
by glacial movements (Table 2).

[9] We present here two outputs from the processing: a
time series of unwrapped interferograms (providing cumula-
tive displacement over time of the InSAR scene), and LOS
velocities (linear velocities for every PS point estimated
from the time series). The interferograms in the time series
are affected by a spatially correlated source of error, caused
by a spatially- and temporally-variable atmospheric phase
delay and orbital errors affecting every SAR acquisition.
The influence of these atmospheric errors on our LOS veloc-
ity estimates is much reduced, because they are typically not
strongly correlated in time, and thus largely cancel during
the velocity estimation, but we include any remaining atmo-
spheric error in our stochastic model (see section 3.2).

x 10'8 9.1571:95 % 1018 515411 % 10'8

0.95
0.8

1x 10%° and 10x 10'®

>5x% 10"

4-10x 10'®

1-2x 10'®

10x 10"®
5+3x10'7/10"°
2x 10" —10"°

9.351

6/35¢
27-40
20.974, 32.8+57 20.378¢

20+2-4 mm/yr
23 mm/yr

23 mm/yr

241 uGal/yr®
24-31+4 mm/yr

ponding to ~20 mm/yr uplift at the ice margins.

with three Earth layers. The first viscosity corresponds to a 30 km thick layer and the second to the half-space underneath.
, 35 km around.

with two Earth layers.

2.3. GPS Data and Processing

[10] We used vertical components of published velocity
estimates from GPS stations in Iceland (Figure 1). The hor-
izontal components were not used because they are signifi-
cantly affected by plate spreading. For the ERS period, the

1992, 1996, 1999

2004
2004

1996, 1999
Gravity 1991-1999

2004

The first, second, and third values of the elastic thickness and viscosities correspond to the best fit models found for ERS track 9, ERS track 238, and Envisat track 230, respectively.

°The first value corresponds to the viscosity of the mantle plume solved for, the second one corresponds to the viscosity of the surroundings, assumed at the beginning.

"The Earth model parameters they found are not constrained by GIA as they did not tried to fit their model to any observation of the GIA process.

“Relative to Hofn base station, and corres;
46 km on top of a mantle plume

“Best fit model
Best fit model

Temperature distribution and olivine
InSAR, GPS 1992-2002, 20042009

rheological behavior

GPS 1992
GPS 1996
GPS 1991
GPS 1993
GPS 1993
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Table 2. Overview of Satellite Data Used in This Study
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Satellites Track Master Perp. Baseline Time Span #PS # Resampled PS°®
(AD)" [m]®
ERS-1/ ERS-2 9 (D) 19960917 —600.7-505.7 1993-2002 154,789 4096
238 (D) 19980730 -561.5-722 1992-2000 391,895 4355
Envisat 230 (A) 20080611 —435.1-555 2004-2009 404,734 8519

?A and D stands for ascending and descending tracks, respectively.

®Minimum and maximum perpendicular baseline (distance between the satellites) between the acquisitions.
“Resampled number of PS, accounting for both the resampling of the original data set and the removal of the points on Vatnajokull ice cap.

dAfter resampling and removal of the northern part of the scene.

GPS velocity estimates were obtained from countrywide
GPS observations spanning 1993-2004 [Arnadottir et al.
2009]. A total of 100 GPS stations were left to use after
rejection of stations from the original data set reported to
be affected by other processes than GIA by Arnadottir et al.
[2009]. The vertical velocities range from —1.2 to 17.6 mm/yr
with uncertainties of 0.6—1.7 mm/yr. For the Envisat period,
we used velocites for 2004-2009 estimated from continuous
GPS measurements [Geirsson et al., 2010; Geirsson, per-
sonal communication, 2012]. We used 43 of their vertical
velocity estimates, again after excluding stations with verti-
cal signal influenced by processes other than the GIA. GPS
stations installed after 2008 or otherwise with insufficient
data to provide reliable time series were also excluded.
The velocities range from —1.1 to 25.0 mm/yr with formal
uncertainties of 0.05-1.5 mm/yr. These uncertainties are
lower than for the 1993-2004 period, because continuous
GPS gives more accurate velocity estimates than campaign
GPS measurements.

2.4. InSAR Time Series and Velocity Plots

[11] The InSAR time series (Figure 2) shows the cumula-
tive ground displacement of the scene as a function of time,
relative to a reference area chosen by the user (indicated by a

star in Figures 2, 3, and 4). Although the deformation is cal-
culated with respect to the master image (generally located
in the middle of the stack of acquisitions), it is convenient
to choose the earliest image as reference to display the
results. Figure 2 shows an example of the 1993-2002 time
series from track 9 of the ERS-1/2 satellites, mapping defor-
mation around the southwestern edge of the Vatnajokull ice
cap. A clear GIA-induced deformation signal is observed
through time as progressive LOS shortening (in warm colors),
in particular at Skeidararjokull outlet glacier. As explained in
section 2.1, although some horizontal displacement also takes
place, this LOS shortening is mostly due to vertical motion of
the ground; GIA uplift in our case. The relative LOS shorten-
ing signal is up to 10—12 cm at the edge of the ice cap over the
whole time period mapped. Also noticeable is the LOS length-
ening at Sidujokull outlet glacier between October 1993 and
May 1995. This signal is due to a glacial surge (a rapid desta-
bilization and advance of a large mass of ice toward the glacier
terminus), which occurred in 1994. The sudden displacement
of ice toward the edge of the ice cap caused an elastic Earth
response, resulting in the LOS lengthening pattern seen next
to the ice in the interferograms that overlap in time with the
surge [Sigmundsson et al., 2006]. Surges at Icelandic outlet
glaciers are a well known phenomenon and have occurred
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Figure 2. Time series of interferograms from ERS-1/2 satellites, track 9, spanning 1993 to 2002. Each
interferogram shows the inferred cumulative relative LOS displacement from 26 June 1993 to time
indicated in each panel. The star indicates the reference area.
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Inferred average LOS velocity from the two ERS-1/2 satellite tracks for the south and southwest

of Vatnajokull: upper panels for track 9 and lower panels for track 238. LOS shortening is indicated in
positive and warm colors. (a) and (c) Velocity plots calculated from all the interferograms, spanning
1993 to 2002 for track 9 and 1992 to 2000 for track 238; respectively. (b) and (d) Velocity plots where
the effects from the surge of Sidujokull has been removed, by using only the interferograms after 1995.
Names in light blue are key outlet glaciers (Si.: Sidujokull, Sk.: Skeidararjokull, Or.: Orzfajokull). The
black and grey arrows show the azimuth of the satellite and the look direction, respectively; the star indi-

cates the reference area.
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Figure 4. Inferred average LOS velocity from Envisat
satellite, track 230, covering the east of Vatnajokull,
spanning 2004 to 2009. LOS shortening is indicated in
positive and warm colors. Names in black indicate key
locations: Askja caldera, Upptyppingar intrusion (Upp.),
and Kverkfjoll volcano (Kv.); the name in light blue is the
key outlet glacier (Or.: Orefajokull). The black and grey
arrows show the azimuth of the satellite and the look
direction, respectively; the star indicates the reference area.
The black box indicates the area containing the PS points
used in the comparison between data and models.

many times in the last century [Bjornsson and Palsson,
2008]. The time series in Figure 2 also displays some varia-
tions in the signal in the western part of the scene (mostly be-
tween 1995-1997), which may indicate residual atmospheric
effects or a contribution from the plate spreading. Some small
variations can also be seen in the rest of the scene, which
could also be explained by residual atmospheric signals or
seasonal variations in the GIA signal.

[12] The StaMPS processing outputs also an average
velocity estimate for each PS point in the LOS direction,
obtained by estimating a linear velocity from the displace-
ment time series. The velocity is also relative to the chosen
reference area. Errors in the time series, mostly caused by
atmospheric effects and orbital errors, are expected to
largely cancel during the velocity estimation. Clear GIA-
induced LOS shortening, at a maximum at the edge of
Vatnajokull and decaying away from it, is revealed by the
LOS velocity plots (Figures 3 and 4). Inferred LOS velocities
in the overlapping area of the two ERS tracks show good
consistency between the tracks, considering the different
reference areas. The observations reveal a clear variation in
LOS velocities along the edge of the ice cap, which appears
to be an important feature of the GIA pattern. The difference
in LOS velocity between the two neighboring outlet glaciers
Skeidararjokull and Orzefajokull is ~10 mm/yr (Figure 3).
We attribute this to a difference in ice retreat. Skeidararjokull
is an outlet glacier reaching low altitude (~200-300 m
above sea level) and experiences a fast retreat. In contrast,
Orafajokull is the highest elevation in Iceland (~2100 m)
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and most of it is well above the glaciation limit of 1100 m
for southern Iceland [Bjornsson and Palsson, 2008].
Skeidararjokull is retreating faster than Orzfajokull, leading
to a greater response of the Earth at the former. North of
Vatnajokull ice cap (Figure 4), a wide elongated pattern of
LOS shortening is caused by a magmatic intrusion in the
Mt. Upptyppingar area (see next paragraph). Apart from this,
the observed pattern of LOS change caused by GIA over the
eastern half of the study area is similar as in the south and
west of the ice cap (seen on Figure 3). However, the maxi-
mum displacement rate recorded at the edge of the ice cap
on the Envisat track gradually decreases by ~11 mm/yr from
the southern ice edge to the easternmost part of the ice cap.
This variation can be explained by less unloading occurring
to the east [Bjornsson and Pdlsson, 2008] and because this
area is further away from the center of ice loss, located more
to the west.

[13] Additional signals, as seen on the LOS velocity plots,
obscure the GIA-induced deformation pattern around the ice
cap. The most noticeable signal is due to the large deformation
east of the Askja caldera, in the region of Mt. Upptyppingar
(Figure 4). The signal was caused by a lower crustal dike in-
trusion, which took place from February 2007 to April 2008,
as discussed by Hooper et al. [2011]. They showed that the
geometry of the dike may have been influenced by the stress
field induced by the GIA process. Because of the proximity
of the dike intrusion to the Vatnajokull ice cap, the GIA
and the dike signals merge to form an elongated pattern.
One can also observe a LOS shortening signal east of the
ice cap, the origin of which remains unclear at this moment.
Another additional signal is observed near the upper left
corner of this track. LOS lengthening there is due to ongoing
deflation of Askja caldera, located just outside of the scene
[e.g., Sturkell et al. 2006; de Zeeuw-van Dalfsen et al. 2012].
Comparison of velocities in the left and right panels in Figure 3
reveal the importance of the 1994 surge at Sidujokull outlet
glacier on the GIA pattern. Including the images that span
the time of the surge when calculating the average LOS ve-
locity lowers the uplift estimate around this outlet glacier by
~8 mm/yr. In this case, the subsidence signal caused by the
surge obscures the GIA signal, leaving a relative subsidence
pattern on the left panels of Figure 3 compared to the rela-
tive uplift seen on the right panels of the same figure.

[14] The additional signals influence the velocity fields
significantly and may cause some bias when comparing the
InSAR LOS velocity to the modeling results. To compensate
for the surge signal around the Sidujokull outlet glacier
(Figure 3), we decided to only use the InSAR data acquired
in 1995 and later. This enabled us to remove most of the in-
duced signal from the surge caused by the rapid elastic re-
sponse of the Earth. Some viscoelastic deformation due to
the surge will still occur after 1995, but it will be less signif-
icant than the elastic response and will only produce a small
perturbation in the GIA signal. This is confirmed by the time
series of ERS tracks 9 and 238 starting in 1995, which do not
show any clear evidence of a viscoelastic response to the
surge. The signals around the Askja caldera, the Upptyppingar
region, and the LOS shortening east of the ice cap (Figure 4)
cannot be removed by excluding radar images. The subsidence
of Askja volcano is an ongoing process and therefore influ-
ences all the satellite acquisitions. The signal to the east also
seems to be present throughout the whole time period. Due

: ICELAND RISING

to the timing of the Upptyppingar intrusion compared to the
time spanned by our data, removing the acquisitions from
the intrusion would leave too few acquisitions to estimate
a reliable velocity. For this track, because of all the signals
present in the scene that are not caused by GIA, we used
only the PS points south of Vatnajokull when comparing
the observations to the models (Figure 4).

3. Modeling

[15] Modeling of the GIA deformation was carried out
with the commercial finite element software Abaqus, follow-
ing the same methodology as Wu [2004] and Arnadéttir
et al. [2009]. We assumed a flat isotropic Earth. Models
were built as a box of 2000 x 2000 x 1000 km in the east-
west, north-south, and depth directions, respectively. A
series of tests were carried out to infer that this was the min-
imum size of the box for which boundary conditions did not
have a significant influence on the displacement. Each box
was then divided into two horizontal layers: an elastic layer
on top of a viscoelastic layer. A Poisson’s ratio of 0.25 and
Young’s modulus of 90 x 10° Pa (as used by Pagli et al.
[2007]) were assumed for both layers. We decided to vary
only two of the parameters used in the modeling to infer
the best-fit values: (i) the thickness of the elastic layer, varied
from 5 to 60 km (5 km step size in the 0-30 km depth range
and 10 km below), and (ii) the viscosity of the lower layer,
with viscosities ranging from 2-20 x 10'® Pa s (step size of
2 x 10'® Pa s), similar to Arnadéttir et al. [2009]. Buoyancy
effects were included at every density discontinuity (free
surface and interface between two layers) applying spring
elements (with spring constant equals dp x g where op is
the difference in density between the two materials at the
interface, and g is the gravitational acceleration), as described
by Wu [2004] and Schmidt et al. [2012b]. The density of the
upper layer and the viscoelastic layer were set to 2800 kg/m?>
and 3200 kg/m’, respectively. The load was then applied
at the surface as distributed surface pressure, as explained
in more detail in section 3.1. The outside boundaries of
the model were pinned, allowing no displacement there.
The meshing was achieved using tetrahedron elements with
3 degrees of freedom. The mesh is identical for the upper
5 km of all the models, denser at the center and decaying
slowly with distance. In the load region of Vatnajokull,
the space between nodes varies from ~265 m at the center
to ~1137 m 50 km away, approximately at the ice edge,
and the surface of the model consists of ~110,500 nodes.

3.1. Ice Model

[16] Pagli et al. [2007], Fleming et al. [2007], and
Arnadéttir et al. [2009] have shown that the pre-1890 load
history had little effect on the GIA modeling results, given
the uncertainties on the observations. Thus, we decided to
initialize the models at the end of the LIA in 1890. We as-
sumed isostatic equilibrium in 1890 and used the ice history
model developed by Schmidt et al. [2012a]. This model is
based on an estimated ice loss of Vatnajokull of 435 km? be-
tween 1890-2004 [Pagli et al. 2007] linearly extrapolated to
458 km® up until 2010. Because the ice model was devel-
oped for quadratic elements and applied to our tetrahedron
elements, the total ice loss over the past 120 years in our
models is slightly different than that used by Schmidt et al.
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[2012a]. The resulting volume of our implementation is
about 453 km®, giving a difference of ~1% between the
two implementations. A spatially varying melting rate over
Vatnajokull (Figure 5) was defined based on annual net mass
balance estimates by Bjornsson and Pdalsson [2008]. In addi-
tion to Vatnajokull, the model includes other glaciers in Ice-
land (but not Drangajokull and Sneafellsjokull in the far
northwest and west, respectively) for which a constant melt-
ing rate of 65 cm/yr was assumed. This corresponds to the
average melting rate of the outer regions of Vatnajokull
(Figure 5). This rate might not be exactly representative of
the average melting rate at these glaciers but is sufficient
for the scope of this study, because the area mapped by
our InSAR data is located only around Vatnajokull ice cap.
The ice model assumes a constant ice mass loss rate, over
the 120 year period from 1890 to 2010. Our 90 GIA models
were run for 120 years and outputs for the surface displace-
ments were taken every 2 years. Velocity estimates covering
the period spanned by our three InSAR sets of acquisitions
were extracted from each model run. Finally, we ran three
additional models corresponding to the three best-fit model
for each InSAR track.

3.2. Model Fit and Parameter Probability Estimation

[17] To evaluate the range of model parameters compati-
ble with the data, we followed a general statistical approach,
similar to the one used by Hooper et al. [2012]. We esti-
mated a probability distribution on the joint data sets for
each track, using Bayes’ rule (Appendix A). Assuming a
multivariate Gaussian distribution for the measurement
errors and a uniform prior probability for data and model,
Bayes’ rule can be written as

pmld) = K

WRSS} )

1
eXp|—
NERE p{ 2
where K is a constant, z is the number of observations, and Q
is the variance-covariance matrix. Q is considered diagonal
for the GPS data, because the inferred velocities are mostly
independent. The InSAR measurements are on the other
hand highly correlated in space. Accordingly, we estimated

the full variance-covariance matrix for the InSAR observa-
tions (see method in Appendix B). Q then accounts for

65°00'
64°30" Bl L

64°00' b

Figure 5. Thinning rates assumed in the ice model devel-
oped by Schmidt et al. [2012a]. For Vatnajokull, 10 regions
with different melting rate were assumed, increasing from
25 cm/yr in the interior parts to up to 82.17 cm/yr at the ice-
edge. For the other major ice caps, the thinning rate is con-
stant at 65 cm/yr. Drangajokull and Snaefellsjokull ice caps
are not taken into account in the modeling.
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residual atmospheric, decorrelation, and unwrapping errors.
The weighted residual sum of squares (WRSS) was calcu-
lated for each model, separately for the InSAR and GPS data
sets, such that

WRSS = (d - G(m))' Q"' (d — G(m)) 3)

where d is the vector of the data (LOS velocity estimates for
the InSAR and vertical velocity estimates for the GPS), m is
the model vector, and G(.) is the model function that maps
the model parameters to the observations. G(.) includes the
GIA model, which gives east, north, and vertical displace-
ments at a regular spacing, the linear interpolation of
the model points to the observation points and conversion
to LOS for InSAR observations. The residuals, given by
d — G(m), were calculated for each combination of model
parameters. To estimate the residuals for model values in
between those evaluated, we performed linear interpolation
of the calculated residuals for the evaluated models. In the
case of the InSAR, the LOS velocities are relative to a refer-
ence area; however, the models give absolute displacements,
leading to a systematic offset between the two. Furthermore,
although residual orbital signals are expected to largely
cancel during the velocity estimation, some residual error,
approximately resembling a bilinear ramp, will remain. We
therefore used weighted least squares to estimate and
subtract a plane from the residuals.

[18] To generalize our method for the probability distribu-
tion estimate, we included a scaling factor, 62, applied to the
variance-covariance matrices of the InSAR and GPS data
sets. It can account, for example, for model errors associated
with the difference in spatial coverage between the two data
sets. We might expect our simple model to fit less well close
to the ice caps, leading to more model errors associated with
the InSAR data set than with GPS. InSAR and GPS mea-
surements are independent of each other so their contribu-
tions can be considered separately. Equations (2) and (3)
can be rewritten, to include the scaling factors by substitut-
ing G%QI for Qy and aéQG for Qg (where subscripts I and
G stand for InNSAR and GPS, respectively). The posterior
probability then becomes

o xag"
V21)"Qgly/(21)" Q4]

(dg — Gg(m))"Qg' (dg — Gg(m))
2026

(d; — Gi(m))" Q; ' (dy — Gy(m))
207

pmld) = K

4)

exp| —

o7 and 0% are constant for all combinations of model para-
meters and were calculated from our best WRSS estimate
for each InSAR and GPS data sets individually such that

(d—G(m))'Q!(d — G(m))

=n %)

where n is the number of observations used. From equation
(4), we obtained the joint probability distribution of InSAR
and GPS data for each of our three tracks separately. We
set the constant term, K, such that the total probability equals
one. We then determined our uncertainty region as the area
that contains 95% of the total probability.
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4. Results

[19] The results of the comparison between the data and
the models are summarized in Figures 6 to 9. Figure 6 shows
the WRSS estimated with the scaled GPS and InSAR data
separately, and the combination of both, for each track.
The WRSS for the GPS data resolves the viscosity well,
but constrains the elastic thickness poorly. The scaled
WRSS plot for the InNSAR data shows a more complex pat-
tern, spanning a wider range of viscosities and preferring
in general a thinner elastic layer. This difference between
the WRSS for the GPS and InSAR data can be explained
by the fact that we remove bilinear ramps from the InNSAR
data. This means that the InSAR data do not constrain the
absolute magnitude of the displacements nor the spatial
gradient. Rather, they constrain quadratic and higher order
variations in the spatial displacement, which are sensitive
to different aspects of Earth rheology. These terms are more
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significant close to the ice cap and are therefore not well
constrained by the GPS measurements. The scaling factors
for the InSAR variance-covariance matrix we derive
(according to equation (5)) equal 1.48, 0.95, and 0.83 for
track 9, 238, and 230, respectively. For the GPS data, the
scaling factors are equal to 1.6 and 368.83 for the ERS and
the Envisat periods, respectively. Most of the scaling factors
are close to 1, showing that the best-fit models approxi-
mately fit the data within the expected error. However, for
the GPS data covering the Envisat period, the scaling is
higher, indicating that the data cannot be fit within the very
low formal errors of the continuous GPS data. Taken to-
gether these results suggest that the model errors are greater
than the data errors for the continuous GPS, but less than
those of the campaign GPS and InSAR. Because the WRSS
for InSAR and GPS are sensitive to different aspects of the
Earth structure, the combination of both gives an improved
resolution for both Earth parameters. The approach described

30 35 40 45 50 55 60

5 10 15 20 25 30 35 40 45 50 55 60

Elastic layer thickness [km]

4600——1000=_* %0
P 1
980 ngé%%o\'

5 10 15 20 25 30 35 40 45 50 55 60
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Figure 6. WRSS distributions for different data sets for models with thicknesses of elastic layer ranging
from 5-60 km (x axis) and viscosities spanning 2-20x 10'® Pa s (y axis). (a), (b), and (c) The WRSS dis-
tribution for the InSAR data for ERS track 9, GPS data from the ERS time period and joint InSAR and
GPS data sets, respectively. (d), (), and (f) The InSAR data from ERS track 238 and the same time period
for the GPS as above. (g), (h), and (i) The InSAR data from Envisat track 230 and the GPS data from the
Envisat time period. The crosses represent the location of the models we ran and the black dots show the
location of the lower WRSS for the InSAR and GPS data sets.
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Figure 7. Joint InSAR and GPS probability distributions
showing the best-fit Earth structure and the formal uncertain-
ties defined by the 95% confidence region (black outline)
for: (a) track 9, (b) track 238, and (c) track 230. Warm colors
indicate the highest probabilities. The probabilities are nor-
malized such that the area under the curve equals 1. The
crosses represent the location of the models we ran and the
pluses indicate the best-fit set of parameters for each track,
corresponding to the best-fit model shown in Figure 8:
(Figure 7a) elastic thickness of 20.9%5 ; km and viscosity
of 9.35703° x 10" Pa s, (Figure 7b) elastic thickness of
32,8169 %n and viscosity of 9. 15*18(2’5 x 10'® Pa s, and
(Figure 7c¢) elastic thickness of 20.375% km and viscosity
of 5.15711 x 10" Pa s.

in the preceding section allows for the combination of the
WRSS for GPS and InSAR into the joint probability distribu-
tion for each track, shown in Figure 7. This figure shows that
the three tracks predict a different Earth structure beneath
Vatnajokull. For the ERS tracks, the elastic layers barely over-
lap with 20.974 ; km and 32.8% km thickness, for tracks 9
and 238, respectively. The predicted viscosities are more similar
with 9.3570:2> x 10" Pasand 9.1579° x 10" Pas for track 9

and 238, respectively. For the Envisat track 230, the best-fit
model gives a 20. 3f§$ km thick elastic layer associated with
an underlying layer with a viscosity of 5.15J_“i'1 x 10'® Pas.
We consider these elastic thicknesses to be representative of
the upper part of the Icelandic crust beneath Vatnajokull ice
cap, which is estimated to be ~40 km thick in this region
[Darbyshire et al. 1998].

[20] Figure 8 gives the InSAR LOS velocity, best-fit
model and residual for the three tracks. The maximum
LOS velocities, observed at the edges of the ice cap nearest
to the center of mass of Vatnajokull, reach approximately
24 mm/yr for the two ERS tracks and 31 mm/yr for the
Envisat track. The uncertainties on the InSAR velocities,
estimated during the InSAR processing, reveal a standard
deviation of 0.1-5.9 mm/yr for all the tracks, with 99% of
the values falling in the 0.1-4 mm/yr range. The LOS veloc-
ities for the overlapping ERS tracks show some differences,
especially when getting closer to the ice margin. This is
clearly seen in Figures 8a and 8b and on the common profile
shown in Figure 9. The difference between the two approx-
imately resembles a bilinear ramp, and is due to the different
best-fit models obtained for each data set.

[21] At the fastest retreating outlet glaciers, we observe
that the best-fit model slightly underestimates the LOS velocity
(Figures 8c and 8f). Local residual signal observed there
reaches up to 6 mm/yr at Skeidararjokull and 4 mm/yr at
Sidujokull. This is likely caused by an underestimation of
the overall or more recent melting rate of those outlet
glaciers, resulting in less modeled uplift than observed. The
subsidence pattern around Askja caldera and uplift signals
from the dike intrusion at Upptyppingar and to the east
of the ice cap are visible on the residual plot from track
230 (Figure 8i), as they were not modeled.

5. Discussion

[22] Our InSAR observations, when corrected using the
modeled bilinear ramp, show a maximum LOS change of
2444 and 31+£4 mm/yr at the edge of Vatnajokull ice cap,
for the ERS and Envisat tracks, respectively. The method
used provides a highly detailed set of data ranging from
the ice edge to ~50-60 km away. The number of resampled
PS within the area is more than 4000 for the ERS tracks and
more than 800 for the southern part of the Envisat scene
(Table 2). The high resolution of the InNSAR observations
enables us to resolve details in the GIA-induced uplift
pattern, including high rates at the edge of the ice cap and
variations in LOS velocities at neighboring glaciers, not
accessed by previous studies. Uncertainties in InSAR obser-
vations are due to a combination of atmospheric artefacts,
orbital effects, and unwrapping errors. The influence of
atmospheric errors is greatly reduced in the estimated average
LOS velocity and any remaining error is included in our sto-
chastic model. Orbital uncertainties contribute to an error in
the form of an approximately bilinear ramp, which we estimate
deterministically. The three-dimensional unwrapping scheme
in the StaMPS processing minimizes the probability of
unwrapping errors. Any remaining unwrapping errors and
decorrelation noise are also included in the stochastic model.
The referenced InSAR velocities are also affected by the
uncertainties in the best fit Earth model.
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Figure 8. (a), (b), and (c) Referenced LOS velocity, best fit model converted to LOS and residuals
between Figures 8a and 8b, respectively, for the ERS track 9 spanning 1995-2002. (d), (e), and (f) Same
as above for the ERS track 238 spanning 1995-2000. The black line in Figures 8a and 8d indicates the
profile from Figure 9. (g), (h), and (i) Same as above for the Envisat track 230 spanning 2004-2009.
The referenced LOS velocities were obtained by compensating the relative InSAR velocities for the
systematic offset between the model and the InSAR data as well as the orbital ramp estimated. On residual
plots, warm colors indicate a model underestimation compared to the LOS velocity results. The black and
grey arrows show the azimuth of the satellite and the look direction, respectively. Names in light blue are
key outlet glaciers (Si.: Sidujokull, Sk.: Skeidararjokull, Or.: Orafajokull). Names in black indicate key
locations: Askja caldera, Upptyppingar intrusion (Upp.) and Kverkfjoll volcano (Kv.).

[23] Our LOS InSAR observations mostly reflect the
vertical component of the displacement field. The LOS InSAR
velocities can be directly compared to previous observations
through equation (1). The time periods for a single set of
our data (ERS or Envisat) are similar to the time covered in
other studies. By comparing our observations to the literature,
we find that our maximum LOS displacement rates are slightly
higher than the results from GPS campaigns by Sjoberg et al.
[2004], which indicate a maximum uplift of 17+4 mm/yr.
Observations by Pagli et al. [2007] and Arnadéttir et al.
[2009] reveal a maximum uplift rate of 204+(2-4) mm/yr and
23 mm/yr, respectively, also somewhat lower than our obser-
vations but within the uncertainties of our ERS estimates.
The InSAR data set provides observations closer to the ice
margin than in previous studies, so a difference in maximum
uplift is to be expected. The Envisat LOS velocities are higher
than the ERS values because the time period spanned is
different and we expect more rapid uplift in recent years.

The difference in the LOS InSAR velocities for the two ERS
tracks indicates a high influence of the InNSAR observations
on the probability distributions and best fit models. Part of
the area to the southwest of Vatnajokull is covered by both
ERS tracks. However, track 9 also covers part of the eastern
volcanic zone and track 238 shows the complete deformation
around Orzfajokull. These two areas, not common to both
tracks, are likely to play a significant role in the estimation
of the best-fit model and therefore on the referenced LOS
velocities. The difference between the probability distributions
is also likely influenced by inaccuracies in the ice model. As
the data go all the way to the ice cap and cover outlet glaciers
with different uplift behaviors, it is likely that inaccuracies in
the ice model will have a significant impact on the best fit
model estimate.

[24] Our estimates for the model parameters and their un-
certainty ranges depend on a number of model assumptions
being true. We assumed a flat Earth and isotropic material
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Figure 9. LOS velocity profiles from the ice edge toward
the sea for ERS tracks 9 (in red) and 238 (in blue). The profile

line for each track is shown in Figures 8a and 8d. A different
ramp has been estimated and subtracted from each data set.

with horizontal layering. The flat Earth assumption is rea-
sonable considering the size of Vatnajokull ice cap and the
extent of the GIA signal, compared to studies over Fennos-
candia, for example. The other assumptions are clearly a
simplification of the real Earth, especially in our study area
at a divergent plate boundary near the center of the hot spot,
where we could expect lateral variations in the elastic thick-
ness and viscosity. Jacoby et al. [2009] demonstrated the in-
fluence of lateral variations in the Earth’s structure when
comparing models to gravity data. However, they also
showed that the results from these models do not provide a
good fit to GPS data. The study by P. Schmidt et al. (Effects
of present day deglaciation on melt production rates beneath
Iceland, submitted to Journal of Geophysical Research,
2013) demonstrates that lateral variation in the elastic
thickness results in up to 1.6 mm/yr difference in vertical
displacement rate at the edge of the ice cap. Schmidt et al.
[2012a] showed that, for the same GPS data used in this
study for the ERS period, a homogeneous mantle fits the
data as well as a model with layers of different viscosity.
The assumed value of the Young’s modulus (90 GPa) does
influence the value of the derived model parameters. The
value we have used corresponds to the higher end of values
used in earlier studies (same as used by Pagli et al. [2007]).
We also ran some models using a Young’s modulus of
40 GPa, inferred to be the lower limit of the estimates for
Iceland [Grapenthin et al., 2006]. While viscosity values
are not significantly affected, elastic thickness values in-
crease by ~15 km. This increase is larger than the range of
our uncertainties for each individual probability density func-
tion, but within the overall range of elastic thickness for the
different data sets. However, for the scope of this paper, this
influence has not been considered any further.

[25] The ice model we use is detailed for Vatnajokull, but
simpler for the other ice caps. They are outside our study
area, however, and the use of a spatially averaged ice loss
over the time period is presumed to be sufficient for compar-
ison to our data. The ice model includes the assumption of a
linear melting rate over the entire period, not taking into ac-
count seasonal variations or year-to-year fluctuations in the
ice retreat due to climatic conditions. Such processes could
have a significant effect on deformation in the short term,

in particular through the elastic response of the Earth. Using
a linear melting rate in our ice model assumes that these
effects will average over time. Further studies should consider
improvements to the spatial distribution of the ice model,
especially at the fast retreating outlet glaciers where the
residual plots point toward an underestimation of the ice
loss. Higher LOS displacement rates in the Envisat period
compared to ERS seem to indicate faster ice retreat after
2000. Our ice model uses constant melting rates and thus
does not include the faster melting in the most recent years.
This may also explain why the best model for the Envisat
InSAR data predicts a lower viscosity than that predicted
for the ERS data.

[26] The WRSS analyses for GPS and InSAR data sepa-
rately give different constraints on the elastic thickness and
viscosity. However, the combination of both provides a
good resolution on both parameters, which can also be seen
in the probability distribution plots. As well as depending
on the model assumptions, our best fit models and 95%
confidence regions also depend on the assumption that the
measurement errors are multivariate Gaussian and well-
estimated. As in all modeling studies, the 95% confidence
region for the parameters is a formal uncertainty, which
depends on the model assumptions being correct, and there-
fore represents a lower limit of the true uncertainty.

[27] Our estimates are influenced by the ongoing pro-
cesses around Vatnajokull ice cap other than the GIA: (i)
The plate boundary deformation zone is within and close
to the scenes of our ERS tracks 9 and 238, respectively.
Track 238 (Figure 8d) is mostly outside the boundary zone
and no difference in the plate spreading velocities are
expected within the scene (see GPS velocities by Arnadottir
et al. [2009]). Plate boundary deformation might influence
our results, especially track 9, but there is no clear evidence
of this. (ii) A glacial surge at Sidujokull outlet glacier in
1994 also creates some disturbance in the GIA signal. By re-
moving the InSAR images spanning the surge, we removed
most of the resulting signal from the surge, i.e., the elastic
response. Some viscoelastic adjustment caused by the surge
may still take place in years following the surge but we as-
sume it to be negligible. (iii) The subsidence at Askja caldera
and uplift pattern at Upptyppingar were also considered as a
source of bias and were removed during the comparison be-
tween data and models, therefore not affecting our estimates.

[28] The best-fit models give elastic thicknesses of
20.97% km, 32.8757 km, and 20.3"%S km and viscosities
0f9.3570%5 x 10" Pas,9.15719° x 10" Pas,and 5.15"}! x
10'8 Pa s for track 9, 238, and 230, respectively. The model
parameters span the range of 15—40 km for elastic thickness
and 4-10x 10'® Pa s for viscosity. These results are compa-
rable or within the uncertainties of the values found in most
previous studies based on GIA. In addition, Barnhoorn
et al. [2011] also reached comparable results to ours, even
though they did not use GIA observations to constrain their
modeling but temperature distribution and olivine rheological
behavior. Our viscosity estimates are 2—4 orders of magnitude
lower than the normally inferred viscosities in tectonically
stable regions where GIA is observed [e.g., Peltier, 2004;
Klemann and Wolf, 2005; Milne et al., 2004; Steffen and
Kaufmann, 2005]. In the subduction region of Alaska,
Larsen et al. [2005] fitted their observations of glacial retreat,
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however, with an asthenospheric viscosity ofa 3.7 x 10'® Pas.
The main difference between regions like Alaska or Iceland
and regions like Scandinavia or Greenland comes from their
tectonic setting. In Iceland, there is the combination of a
divergent plate boundary and a mantle plume, processes that
increase the temperature of the lithosphere and asthenosphere,
decreasing the viscosity and the elastic thickness. Moreover, it
seems that the relatively thin elastic layer of typical divergent
plate boundary settings (e.g., 8 to 10 km for the North Atlantic
Ocean obtained by Bowin and Milligan [1985] and Cochran
[1979], respectively) is not observed beneath Iceland, most
likely because of the interaction with the mantle plume.

6. Conclusions

[29] InSAR has proven a successful and powerful addi-
tional tool in studying the ongoing GIA process in Iceland,
revealing maximum LOS displacement rates of 24+4 and
31+4 mm/yr for the ERS and Envisat tracks, respectively,
at the edge of Vatnajokull ice cap. The LOS shortening
signal is clearly observed in our interferograms, with better
spatial resolution than previously possible with GPS data
alone. Uplift is resolved up to the ice edge, where the highest
deformation rates are observed. We detect significant
variation in LOS displacement rate at outlet glaciers, inter-
preted as a consequence of their different ice loss over the
same period. A lower mean altitude of an outlet glacier
typically results in a larger retreat and thus in more deforma-
tion around this glacier. Disturbances in LOS velocities are
caused by glacial surges, subsidence at a volcanic center,
and a magmatic intrusion. We used GIA modeling with
the geometry of Vatnajokull ice cap, two horizontal Earth
layers, and a prior ice model for the Icelandic ice caps
to infer crustal and mantle rheology. The results indicate that
InSAR and GPS are sensitive to different aspects of the
Earth model. The combination of both, as seen in the proba-
bility distribution plots, provides good constraints on the
elastic thickness and viscosity. Based on our assumptions, we
found best-fit elastic thicknesses in the range of 1540
km, and viscosities ranging from 4-10x 10'® Pa s,
depending on the different data sets used.

Appendix A: Probability of a Model Given
Observations

[30] Parameters of a model, m, are derived by fitting
data (observations), d, to the predictions of a model function
G(.) that maps the model parameters to the observations
(entities in bold being vectors or matrices). Probability distri-
butions for model parameters can be evaluated by a general
statistical approach based on Baye’s rule [Hooper et al.,
2012]. According to Bayes’ rule,

p(mld) = /xp(dm)p(m)

(AD)
p(dm)p(m)dm

oo

where p(m) is the prior probability of the model, p(djm) is
the probability distribution of the data given the model (the
likelihood function), and p(m|d) is the posterior probability
of the model given the data.
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[31] Assuming the deviation of observations from their
true values (errors) follows a multivariate Gaussian distribu-
tion, then

(d—G(m))'Q!(d — G(m))

pldm) = :

1
Jeoa

(A2)

where Q is the variance-covariance matrix of the data and »
is the number of observations.

[32] Assuming a uniform prior probability for data and
model and considering equation (A2), the posterior probability
is then

(d—G(m))"'Q'(d — G(m))
2

p(mld) = K exp |-

1
(2n)"|Q|
(A3)
where K is a constant defined by p(m)/p(d).

Appendix B: Variance-Covariance Matrix
Estimation of InSAR Observations

[33] The variance-covariance matrix for each of the InNSAR
tracks was evaluated as follows. We first deramped (i.e.,
removed the orbital and atmosphere ramps corresponding
to parallel fringes across the scenes caused by incorrect
orbital trajectories) the interferograms of the time series, be-
cause a ramp is estimated deterministically and does not con-
tribute to the stochastic error. We then used the bootstrap
method developed by Efron and Tibshirani [1993] on the
deramped interferograms to derive the probability distribu-
tion of velocity estimates for each PS. We assumed that the
covariance was a function of distance only and estimated this
function by building an experimental variogram. We did this
by selecting 500,000 random pairs of PS points and calculat-
ing the covariance for each pair. By binning the covariances
for the 500,000 pairs based on their separation distance (lag),
we were able to estimate an exponential covariance function
(Figure B1). This function is defined by two parameters, the
sill, corresponding to the zero lag covariance value, and the
range describing how fast the exponential decays with
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Figure B1. Plot showing the fitting of the exponential co-

variance function (blue line) to the average covariances binned
as function of distance (red dots) for the ERS track 9. The sill
and range are equal to 0.31 and 40,000, respectively.
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distance. The covariance can only be reliably estimated for
up to half the maximum distance in the scene, corresponding
to ~40 km in our InSAR tracks. We then built the variance-
covariance matrix by applying this function to each pair of
PS points in our results. For the diagonal terms of the
variance-covariance matrix, we assumed a contribution from
the exponential covariance function, plus an extra random
noise term which is different for every observation. There-
fore, we used the variance estimates directly from the boot-
strapping, except if they were lower than the zero lag
covariance, in which case we used the zero lag covariance.

[34] Acknowledgments. This study was funded by a Ph.D. grant to
Amandine Auriac and support to Freysteinn Sigmundsson from the
University of Iceland Research Fund, the Icelandic Research Fund (Volcano
Anatomy Project). The study also received funding from the European
Union Seventh Framework Programme under grant agreement 308377
(Project FUTUREVOLC). The authors thank ESA for providing the ERS-1,
ERS-2 and Envisat data and two anonymous reviewers for their helpful
comments and suggestions for the improvement of this paper. The figures
were created using the GMT software package Wessel and Smith [1998].

References

Albino, F., V. Pinel, and F. Sigmundsson (2010), Influence of surface load
variations on eruption likelihood: application to two Icelandic subglacial
volcanoes, Grimsvotn and Katla, Geophys. J. Int., 181, 1510-1524,

~doi:10.1111/1.1365-246X.2010.04603 x.

Arnadottir, T., B. Lund, W. Jiang, H. Geirsson, H. Bjorsson, P. Einarsson,
and T. Sigurdsson (2009), Glacial rebound and plate spreading: results
from the first countrywide GPS observations in Iceland, Geophys. J.
Int., 177, 691-716, doi:10.1111/1.1365-246X.2008.04059.x.

Barnhoorn, A., W. van der Wal, and M. R. Drury (2011), Upper
mantle viscosity and lithospheric thickness under Iceland, J. Geodyn.,
52,260-270, doi:10.1016/j.jog.2011.01.002.

Bjornsson, H. (1978), The surface area of glaciers in Iceland, Jokull, 28, 31.

Bjornsson, H., and F. Pélsson (2008), Icelandic glaciers, Jokull, 58,
365-386.

Bjornsson, H., F. Palsson, and H. H. Haraldsson (2002), Mass balance of
Vatnajokull (1991-2001) and Langjokull (1996-2001), Iceland, Jokull,
51, 75-78.

Bowin, C., and J. Milligan (1985), Negative gravity anomaly over spreading
rift valleys: Mid-Atlantic Ridge at 26°N, Tectonophysics, 113, 233-256.

Cochran, J. R. (1979), An Analysis of Isostasy in the World’s Oceans 2.
Midocean Ridge Crests, J. Geophys. Res., 84, 4713-4729.

Darbyshire, F. A., I. T. Bjarnason, R. S. White, and O. G. Flévenz (1998),
Crustal structure above the Iceland mantle plume imaged by the
ICEMELT refraction profile, Geophys. J. Int., 135, 1131-1149.

Efron, B., and R. J. Tibshirani (1993), An Introduction to the Bootstrap,
Chapman & Hall, New York and London.

Einarsson, P., and K. Saemundsson (1987), Earthquake epicenters 1982-
1985 and volcanic systems in Iceland (map), I Hlutarsins Eli: Festschrift
for Thorbjorn Sigurgeirsson.

Fleming, K., Z. Martinec, and D. Wolf (2007), Glacial-isostatic adjustment
and the viscosity structure underlying the Vatnajokull Ice Cap, Iceland,
Pure Appl. Geophys., 164, 751-768, doi:10.1007/s00024-007-0187-6.

Geirsson, H., et al., (2010), Overview of results from continuous GPS
observations in Iceland from 1995 to 2010, Jékull, 60, 3-22.

Grapenthin, R., F. Sigmundsson, H. Geirsson, T. Arnadoéttir, and V. Pinel
(2006), Icelandic rhytmics: annual modulation of land elevation and plate
spreading by snow load, Geophys. Res. Lett., 33, doi:10.1029/2006GL028081.

Hooper, A. (2010), A Statistical-Cost Approach to Unwrapping the Phase of
InSAR Time Series, Proceedings FRINGE Workshop, Frascati, 2009.

Hooper, A., B. Ofeigsson, F. Sigmundsson, B. Lund, P. Einarsson, H.
Geirsson, and E. Sturkell (2011), Increased capture of magma in the crust
promoted by ice-cap retreat in Iceland, Nat. Geosci., doi:10.1038/
NGEO1269.

Hooper, A., J. Pietrzak, H. Simons, W. CUi, R. Riva, M. Naeije, A.
Terwisscha van Scheltinga, E. Schrama, G. Stelling, and A. Socquet
(2012), Importance of horizontal seafloor motion on tsunami height for
the 2011 Mw=9.0 Tohoku-Oki earthquake, Earth Planet. Sci. Lett.,
doi:10.1016/j.epsl.2012.11.013.

Hooper, A., P. Segall, and H. Zebker (2007), Persistent scatterer interfero-
metric synthetic aperture radar for crustal deformation analysis, with
application to Volcan Alcedo, Galapagos, J. Geophys. Res., 112,
doi:10.1029/2006JB004763.

: ICELAND RISING

Jacoby, W. R., O. Hartmann, H. Wallner, P. L. Smilde, S. Biirger, L. E.
Sjoberg, S. Erlingsson, D. Wolf, V. Klemann, and 1. Sasgen (2009),
Temporal gravity variations near shrinking Vatnajokull ice cap,
Iceland, Pure Appl. Geophys., 166, 1283-1302, doi:10.1007/s00024-
009-0499-9.

Kampes, B., and S. Usai (1999), Doris: the Delft Object-oriented Radar
Interferometric Software, 2nd International Symposium on Operationali-
zation of Remote Sensing, Enschede, The Netherlands.

Klemann, V., and D. Wolf (2005), The eustatic reduction of shoreline
diagrams: implications for the inference of relaxation-rate spectra and
the viscosity stratification below Fennoscandia, Geophys. J. Int., 162,
249-256, doi:10.1111/j.1365-246X.2005.02637 x.

Larsen, C. F., R. J. Motyka, J. T. Freymueller, K. A. Echelmeyer, and E. R.
Ivins (2005), Rapid viscoelastic uplift in southeast Alaska caused by post-
Little Ice Age glacial retreat, Earth Planet. Sci. Lett., 237, 548-560,
doi:10.1016/j.epsl.2005.06.032.

Milne, G. A., J. X. Mitrovica, H.-G. Scherneck, J. L. Davis, J. M. Johansson,
H. Koivula, and M. Vermeer (2004), Continuous GPS measurements of
postglacial adjustment in Fennoscandia: 2. Modeling results, J. Geophys.
Res., 109, doi:10.1029/2003JB002619.

Nordahl, H., O. Ingélfsson, H. Pétursson, and M. Hallsdoéttir (2008), Late
Weichselian and Holocene environmental history of Iceland, Jokull, 58,
343-364.

Pagli, C., and F. Sigmundsson (2008), Will present day glacier retreat
increase volcanic activity? Stress induced by recent glacier retreat and
its effect on magmatism at the Vatnajokull ice cap, Iceland, Geophys.
Res. Lett., 35, doi:10.1029/2008GL033510.

Pagli, C., F. Sigmundsson, B. Lund, E. Sturkell, H. Geirsson, P. Einarsson,
T. Arnadéttir, and S. Hreinsdottir (2007), Glacio-isostatic deformation
around the Vatnajokull ice cap, Iceland, induced by recent climate warm-
ing: GPS observations and finite element modeling, J. Geophys. Res.,
112, doi:10.1029/2006JB004421.

Peltier, W. R. (2004), Global Glacial Isostasy and the Surface of the Ice-Age
Earth: The ICE-5G (VM2) Model and GRACE, Annu. Rev. Earth Planet.
Sci., doi:10.1146/annurev.earth.32.082503.144359.

Rosen, P. A., S. Hensley, and G. Peltzer (2004), Updated Repeat Orbit
Interferometry Package Released, EOS Trans. AGU, 85(5), 47, doi:10.
1029/2004E0050004.

Schmidt, P., B. Lund, and C. Hieronymus (2012a), Implementation of the
glacial rebound pre-stress advection correction in general-purpose finite
element analysis software: Springs versus foundations, Comput. Geosci.,
40, 97-106, doi:10.1016/j.cageo.2011.07.017.

Schmidt, P., B. Lund, T. Arnadottir, and H. Schmeling (2012b), Effects of
dehydration stiffening in the mantle constrained by glacial rebound in
Iceland, Earth Planet. Sci. Lett., 359-360, 152-161, doi:10.1016/
j.epsl.2012.10.015.

Sigmundsson, F. (1991), Post-glacial rebound and asthenosphere viscosity
in Iceland, Geophys. Res. Lett., 18(6), 1131-1134.

Sigmundsson, F., and P. Einarsson (1992), Glacio-isostatic crustal
movements caused by historical volume change of the Vatnajokull ice
cap, Iceland, Geophys. Res. Lett., 19(21), 2123-2126.

Sigmundsson, F., R. Pedersen, K. L. Feigl, V. Pinel, and H. Bjérnsson
(2006), Elastic Earth response to glacial surges: Crustal deformation
associated with rapid ice flow and mass redistribution at Icelandic
outlet glaciers observed by InSAR, Geophys. Res. Abstr., 8, SRef-ID:
1607-7962/gra/EGU06-A-07822.

Sigmundsson, F., V. Pinel, B. Lund, F. Albino, C. Pagli, H. Geirsson, and
E. Sturkell (2010), Climate effects on volcanism: influence on magmatic
systems of loading and unloading from ice mass variations, with exam-
ples from Iceland, Philosophical Transactions of the Royal Society, 368
(1919), 2519-34, doi:10.1098/rsta.2010.0042.

Sjoberg, L. E., M. Pan, S. Erlingsson, E. Asenjo, and K. Arnason (2004),
Land uplift near Vatnajokull, Iceland, as observed by GPS in 1992,
1996 and 1999, Geophys. J. Int., 159, 943-948, doi:10.1111/j.1365-
246X.2004.02353 x.

Steffen, H., and G. Kaufmann (2005), Glacial isostatic adjustment of
Scandinavia and northwestern Europe and the radial viscosity structure
of the Earth’s mantle, Geophys. J. Int., 163, 801-812, doi:10.1111/
j-1365-246X.2005.02740.x.

Sturkell, E., F. Sigmundsson, and R. Slunga (2006), 1983-2003 decaying
rate of deflation at Askja caldera: Pressure decrease in an extensive
magma plumbing sustem at a spreading plate boundary, Bull. Volcanol.,
68, 727-735, doi:10.1007/s00445-005-0046-1.

Wessel, P., and W. H. F. Smith (1998), New, improved version of generic
mapping tools released, Eos, Transactions American Geophysical Union,
79(47), 579-579, doi:10.1029/98E000426.

Wolf, D., F. Barthelmes, and F. Sigmundsson (1997), Gravity, Geoil
and Marine Geodesy, chap. Predictions of deformation and gravity
change caused by recent melting of the Vatnajokull ice cap, Iceland, pp.
311-319, Springer-Verlag, Berlin.

1343



AURIAC ET AL.: ICELAND RISING

Wu, P. (2004), Using commercial finite element packages for the study of  de Zeeuw-van Dalfsen, E., R. Pedersen, A. J. Hooper, and F. Sigmundsson

earth deformations, sea levels and the state of stress, Geophys. J. Int., (2012), Subsidence of Askja caldera 2000-2009: Modelling of defor,ation
158, 401408, doi:10.1111/j.1365-246X.2004.02338.x. processes at an extensional plate boundary, constrained by time series

Zebker, H. A., and J. Villasenor (1992), Decorrelation in Interferometric InSAR analysis, J. Volcanol. Geotherm. Res., pp. 72-82, doi:10.1016/
Radar Echoes, IEEE Trans. Geosci. Remote Sens., 30, 950-959. jjvolgeores.2011.11.004.

1344




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


