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SUMMARY

Surges are common at all the major ice caps in Iceland. Icesesasf gigatons may
shift from the upper part of the outlet glacier towards theniaus in a few months,
advancing the glacier front by up to several kilometres. diheancing ice front may be up
to 100 m thick, increasing the load on crustal rocks corredpmly. We use the observed
change in crustal loading during a surge of the western gatheoVatnajokull ice cap,
Iceland, during 1993-1995 and the corresponding elastistar deformation, surveyed
with interferometric synthetic aperture radar, to invgste the material properties of the
solid Earth in this region. Crustal subsidence due to thgesueaches-75 mm at the
edge of the Sidujokull outlet glacier. This signal is mixedhwa broad uplift signal of
~12 mml/yr, relative to our reference area, caused by the aggeireat of Vatnajokull
in response to climate change. We disentangle the two sidpydinear inversion. Finite

element modelling is used to investigate the elastic Eagpaonse of the surge, as well as
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2 A.Auriac et al.

to confirm that no significant viscoelastic deformation ooed as a consequence of the
surge. The modelling leads to estimates of the Young’s madahd Poisson’s ratio of
the underlying Earth. Comparison between the observed aaeied deformation fields
is made using a Bayesian approach that yields the estimatguadbability distribution
for each of the free parameters. Residuals indicate a gaegmgnt between models and
observations. One-layer elastic models result in a Youngislulus of 43.2-49.7 GPa
(95% confidence) and Poisson’s ratio of 0—0.27, after retmfvautliers. Our preferred
model, with two elastic layers, provides a better fit to thelelsurge signal. This model
consists of a one-kilometre-thick upper layer with an agergoung’s modulus of 12.9—
15.3 GPa and Poisson’s ratio of 0.17, overlying a layer withxgerage Young’s modulus

of 67.3—81.9 GPa and Poisson’s ratio of 0.25.

Key words: Satellite Radar Interferometry - INSAR — Glaciology — Eiasteformation

— Glacial surge — Numerical solutions — Young’s modulus -sBa’s ratio.

1 INTRODUCTION

Glaciers cover 11% of Iceland (Fig. 1) (Bjornsson 1978)c8itiey are currently retreating, widespread
uplift induced by their melting occurs over a large area efdad. This uplift signal, reaching up to
20-25 mm/yr around the Vatnajokull ice cap, has been studiddtail over the past 20 years, to infer
some of the properties of the underlying Earth, such as tbkrtbss of the elastic crust and the viscos-
ity of the underlying material (e.g., Pagli et al. 2007; Adoitir et al. 2009; Auriac et al. 2013). How-
ever, the Young’s modulus and Poisson’s ratig remain uncertain. Since crustal behaviour is mostly
elastic at short time scales, these two elastic parameatateotthe upper Earth’s layer deformation in
response to sudden stress perturbations. Quantitativeadss of £ andwv are thus required to infer
stress variations from surface deformations, e.g. dueulbdaloading or magma pressurization. Most
of the available estimates of the Young’s modulus and Pnoissatio are derived from seismic wave
velocities (e.g., Allen et al. 2002). The parameters, mgf@ifrom the rapid dynamic response to pass-
ing seismic waves, are called dynamic values. Seismicesygliovide detailed maps of the spatial
variation of the Young's modulus, and how it increases wigptt (Palmason 1971; Gudmundsson
1988; Allen et al. 2002; Currenti et al. 2007; Hooper et allP0 In contrast, the static values of

* E-mail: ama3@bhi.is / a.m.auriac@durham.ac.uk



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

Glacial surge and Earth stiffness 3

the parameters correspond to a static load. They can be mdasuaboratory experiments (Cheng
& Johnston 1981; Eissa & Kazi 1988; Asef & Najibi 2013) for agj range of confining pressure.
They can also be estimated from modelling of the deformasignal induced by well-constrained
surface loading perturbations, such as annual ice thiskmasations (Grapenthin et al. 2006; Pinel
et al. 2007). Comparative studies have shown that there iffeaethce between the dynamic and the
static estimates of the Young’s modulus, with a staticytoaiic ratio ¢,/ E;) in the range 0.4-1.0
(Cheng & Johnston 1981; Asef & Najibi 2013). This ratio ishiligdependent on the heterogeneity of
microscopic structures of the rock material and its poypsiich that the difference tends to decrease
with confining pressure. It follows that the estimate ofistpairameters from the dynamic ones is not

straightforward and there is a need to provide good statiitinestimates.

The aim of this study is to use interferometric syntheticrape radar (INSAR) measurements to
measure surface deformation associated with a glaciaésargl to model the observed deformation
to constrain the elastic properties of the Earth. Surgesamemon at the outlet glaciers of all the
major ice caps in Iceland (e.g., Thorarinsson 1969; Bj@ngt al. 2003). Ice-flow at surge-type out-
let glaciers is generally too slow to remain in balance whigit accumulation rates. As a result, the
glacier thickens in its upper part, thins and steepens ifaer part, and the terminus draws back.
After several years of glacier surface steepening, the BAgmg velocity increases in a zone centred
in the upper ablation area where crevasses are formed. Dreanmsfrom this zone of enhanced veloc-
ity, a step-like thickening of the glacier develops and @bulsually tens of metres high, advances at
rates of 20-80 m per day. Propagation of the bulge to theaglémiminus generally requires less than
a year. Once the bulge reaches the terminus, the glaciensegadvance as a vertical front, usually
20-50 m high. The maximum advance rate measured during a sutgeland was 100 m in 24 hours
at the ice front of Braarjokull outlet glacier (located iretimorthern part of Vatnajokull ice cap) in
1963. The large outlets of Vatnajokull typically advancewl km. The advance of the terminus may
take several months. Surges alter the geometry of the icg tgpcally thinning the accumulation
area by 25-100 m, reducing ice-surface slopes, and inagatacier surface area and ice thickness at
the terminus. Lingering effects of a surge can often be tiatieio the accumulation area in the form
of crevassing and surface lowering several years afteetingnus has stopped advancing. Following
that, a quiescent phase takes over, building up to a new.sMigjer surges, with return intervals of

several decades, have occurred in all the large lobatet®oflé/atnajokull.

In this study, we map crustal deformation using INSAR datiaiciv provide deformation obser-

vations with high spatial resolution. SAR acquisitionsnfrdlay—October, 1993-2002 are used to
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4  A. Auriac et al.

measure the crustal deformation induced by a surge thatreccin 1993-1995 at the four major
outlet glaciers of western Vatnajokull (Fig. 1). We use tmitdi element method to model the surge-
induced crustal deformation and compare it to the INSAR ®asiens. This allows us to estimate the

effective Young’s modulug;, and Poisson’s ratioy, of the Icelandic crust/mantle.

2 GLACIAL SURGE HISTORY

The glacial surge we study took place in 1993-1995 at neigtihg outlet glaciers of western Vat-
najokull: Sidujokull, Tungnaarjokull, Skaftarjokull ar&llgjujokull (Fig. 1). The first indications of
a surge of Sidujokull were the formation of crevasses in 1i89be accumulation area. In January
1994, a~70 m high bulge was observed moving down-glacier, and 4 nsdatbr, the surge was over,
affecting an area of 500 kivand resulting in an advance of the glacier terminus by 1,150miTung-
naarjokull, increased ice velocities were first detectedl982-1993 and in late 1994 a bulge started
to propagate downwards. The surge was finished in mid-1988ing the terminus forward by about
1,200 m. The surface drawdown in the reservoir area exteB@dan up-glacier from the terminus.
On both outlets the reservoir area lowered by 10—-80 m, angkthenus thickened in excess of 100 m
(more details in Bjérnsson et al. 2003). Skaftarjokull aptgfsijokull surged in 1994-1995.

The redistribution of the ice mass during the surges of vmestatnajokull (Fig. 2) was estimated
by differencing surface maps of the glaciers from 1993 ar@gb1®igital elevation models (DEMSs)
for 1993 and 1995 were constructed by adjusting four basjgsmagailable prior to and after the surge
(from 1980, 1990, 1995 and 1998) with the help of observetidgirface elevation changes, i.e. a
time series of annual in situ GPS surveys at several scdtperiats over the glaciers in the 1980s and
1990s. We assumed that the main topographic forms of théeglsurface, shown in the 1980's and
1990/91 DEMSs, remained unchanged until the surges in 1988wlise, we assume the maps of 1995
and 1998 display the shape of the glacier surface after tigesin 1995. The 1980 DEM was created
from digitized elevation contour lines of the DMA series 05000 paper maps (DMA series C761
produced by the Defence Mapping Agency Hydrographic/Toguolgic Center (DMAHTC), Washing-
ton DC) constructed from aerial photographs. The pointagien accuracy in this DEM is estimated
to be~5 m. The 1990-91 map was produced from precision baromdtineedry profiles about 1 km
apart, with point accuracy of 2 m (Bjérnsson & Pélsson 199brisson et al. 1992). A DEM of
the terminus and lowest part of Tungnaarjokull was extchéitem aerial photography survey in late
summer 1995, point elevation accurae2 m. Finally, a DEM was derived by an airborne EMI-SAR
survey in 1998 (Magnusson et al. 2004), with estimated 1 raracy. We estimate uncertainty in the

regional elevation difference between the DEMs from 1998 #8995 to be 2-5 m. The volume of
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Glacial surge and Earth stiffness 5

ice transferred in the surges, calculated as the differbet@een the 1993 and 1995 DEMSs is esti-
mated at 16-1 km?, corresponding te-15 Gt,e (water equivalent) assuming an average ice density
of 917 kg/m¥. We assume here that there were no changes in the snow analyfns bon the ice cap

and that the ice density remained constant before, duridg#ar the surge.

3 INSAR OBSERVATIONS

We used 27 acquisitions from the European Space Agency's E&Rfel ERS-2 synthetic aperture radar
satellites, descending track 9, captured over the soutbwegart of Vatnajokull ice cap between 1993
and 2002 (Fig. 1). We processed the SAR acquisitions in dasimvay as Auriac et al. (2013), using
the Repeat Orbit Interferometry PACkage (ROI-PAC) (Roseal.2004) to focus the raw data, and
the Delft Object-oriented Radar Interferometric Softwbb®RIS) (Kampes & Usai 1999) to form
the interferograms. The small baseline approach from thadaird Method for Persistent Scatterers
(StaMPS) (Hooper 2008) package was used to form interfaneg/ifrom various pairs of images for
which the differences in perpendicular and temporal basglare small. From these, we selected 65
highly coherent interferograms (Fig. 3), formed from 24haf 27 original SAR acquisitions (Table 1).
Finally, we cropped the scene to keep only the region sudiognthe outlet glaciers, and resampled
the coherent pixels to a 500 m grid. We also removed the ptiotged on the ice cap and outliers
(noisy points located along the lake and rivers in the weshefscene), leaving 2455 data points in

total.

The deformation observed in the interferograms is in the-&fisight (LOS) direction between
the satellite and the ground, which deviate®3® from vertical, as the radars are side-looking. The
LOS unit vector, in the direction from ground to satellite,approximately (-0.35, -0.10, +0.90) in
east, north and up components. As the surge-induced cudefimimation is dominated by vertical
movement (see Section 7), and INSAR is most sensitive todheal direction, the signal observed
in the interferograms relates mostly to a vertical changeesponding to a subsidence. It is generally
possible to separate the horizontal east-west deformatamponent from the vertical one by using
SAR images acquired in both ascending and descending manfeeudr, due to the lack SAR data
acquired in ascending configuration over the study ares,cdld not be achieved here. Only the
crustal deformation from the surge at Sidujokull, Skafténjl and the southern part of Tungnaarjokull
outlet glaciers is observed, as the INSAR data we use do met twe margins of Sylgjujokull and the

northern part of Tungnaarjokull outlet glaciers.
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6 A.Auriac etal.
3.1 Surge signal and time series of interferograms

Interferograms spanning the year 1994 reveal a clear LO@Hening signal associated with the
glacial surge. Fig. 4 shows an example of such an interfarngboth wrapped and unwrapped, with
maximum subsidence 6$70-80 mm observed at the ice margin, relative to a refererezelacated
at a distance of-15 km from the ice edge, in the bottom right corner of the InSgtene. The ref-
erence area was chosen far away from the ice cap not to berinfldéy the surge-induced crustal
deformation. The surge signal decays rapidly away from ¢hecap, with only~15 mm subsidence
observed at-6 km from the ice edge. We inverted the 65 small baselinefaregrams using least-
squares to give a single-master time series of 23 unwrappedarograms using StaMPS (Fig. 5). It
shows cumulative displacement through time with respettigdirst image on 26 June 1993, relative
to the reference area. Two signals are observed: (i) the le@&Hhening signal related to the surge,
appearing in the first image after the surge (19 June 19953laadbsequent images, and (ii) the LOS
shortening deformation due to glacial isostatic adjustni&mA), as described by Auriac et al. (2013)
(i.e. the ground deformation occurring around Vatnajoluk to the general retreat of the ice cap over
the past 120 years and seasonal changes in snow and ice, cowst)clearly visible over the eastern

half of the scene as time increases.

Contrary to the observations made by Sauber & Molnia (2004}He surge of Bering Glacier,
Alaska, in 1993-1995, the deformation signal associatei tive drawdown of the reservoir area on
Vatnajokull ice cap could not be observed by GPS due to a IBGPS® measurements on the nunataks
at the time of the surge. The deformation of these nunatalsl cmt be retrieved by INSAR data as it
is nearly impossible to reliably unwrap between the stablatp outside the ice cap and the clusters

of isolated stable points on nunataks.

3.2 Disentangling surge and GIA signals

The GIA and surge signals are both present in the 1993-2G@24eries of interferograms. In order
to model the surge separately, we first estimated the catitiis of both signals for each pixel. Each
signal has its own time frame, the GIA spanning the whole teres and the surge being a singular
event spanned completely by a single pair of consecutivga@siaassuming the response of the surge
is purely elastic (see Section 7). For a given pixel, theldtsgment as a function of time may therefore
be modelled as a constant velocity (GIA) plus a step fundioimge). Separating the two processes is

achievable through least-squares inversion of the simglster time series data. The equation to solve
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Glacial surge and Earth stiffness 7
for each pixel is
A = Ax; (1)

whereA ¢; is a vector with the phase value of ti& pixel in each interferogramA is a design matrix
andx; is a vector of unknown parameters we invert for. In our caseyector of unknowns includes,
for each pixel, two parameters of interest: (i) the estioratif the ongoing GIA signal through time,
var1A,i, Which is assumed constant before and after the surge (stier5é), and (ii) the estimate of
the step displacement caused by the sufgg,. ;. The vector also includes two nuisance parameters
that need to be evaluated for each pixel: the estimate of sthmwic component from the master
acquisition,a,, ;, and the estimate of the DEM error, which is related to the@edicular baseline,

Ctopo,i- FOr theit” pixel, equation (1) can be rewritten as

| Agiq Aty 1 0 Bperpy
. . . . _UGIA’i_
A¢i,kz _ Aty © 0 Bperpk Qi @)
A kr1 Atgpr &1 Bperpypyy | |dsurgesi
: : : L Ctopo,i |
| Adin | | Aty 1 1 Bperp, |

wherek is the index of the last interferogram before the surgis, the total number of interferograms
in the single-master time seried¢ is the time between the master and slave acquisitions B3ng
the perpendicular baseline between the two acquisitiorss®ed these equations for all the pixels
and derived a vector with an estimate for the GIA and surdeded crustal displacements;;4 and

dsurge, respectively.

We solved for the vector of unknown parameters using leastres weighted by the inverse
variance-covariance matrix of the data. To estimate thiawee of each interferogram, we deramped
a 34 x 19 km area at the southwest corner of the full INSAR scene, densil far from any signal,
and calculated the variance of the phase of the selectet pixéhis area for each interferogram of
the single-master time series. We assumed the variancédfabkground signal to be representative
of the complete scene. As the residual phase of the pixeleimterferogram is assumed to be uncor-

related in time, off-diagonal elements of the varianceaciance matrix were set to zero.

Fig. 6 shows the results of the least-squares inversiom&oo@GiA and surge estimate, relative to a
reference area at (-17.9%, 63.97N). The GIA signalyvgr 4, has a maximum LOS shortening rate of

up to 10-12 mm/yr at the ice margin east of Sidujokull outlatigr, similar to the observations from
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8 A.Auriac et al.

Auriac et al. (2013), while a maximum LOS lengthening of 7®-+#Tm is estimated for the surge step

function,dy,ge.

4 MODELLING

4.1 General set-up

We modelled the elastic ground deformation caused by trgesuith the finite element method, us-
ing the Abaqus commercial software (ABAQUS 2009). This rodthlso allowed us to investigate
the possibility of a viscoelastic response of the Earth toglacial surge, and thus test the assump-
tions applied in the least-squares inversion (see Secii@wand 7). We built the models following the
same approach as Auriac et al. (2013), using a voluni#®@d x 2000 x 1000 km in the east-west,
north-south and depth dimensions, respectively. The saswargtions as mentioned by Auriac et al.
(2013) stand, i.e. flat Earth, isotropic material, horizabhyering, and no plate spreading. The do-
main is large enough so that the fixed boundary conditioriseatértical and lower boundaries do not
significantly affect the modelled displacements. Even ¢fioaur model configuration approximates
a half-space, we prefer the term layer to refer to each firotamme with similar elastic properties.
A model where the entire volume has uniform properties Wilist be called a one-layer model, and

a model with two different uniform properties within theabvolume will be called a two-layer model.

The ice model is based on the ice mass changes describedtionrS2and Fig. 2. In order to
account for the large variations over short distances istinge model, we modified the original mesh
(of the Earth model) used by Auriac et al. (2013) at the serfach that, in the load region, nodes are
located every~250 m. The mesh then becomes coarser with distance. Moreit3000 nodes are
present at the surface. To implement the ice model in Abagesearched for the surge model point
closest to the centre of the mesh element’s face at the syudad assigned it the corresponding value,

defined as a pressure load.

Two series of models were created. We first created one-&gstic models with Poisson’s ratio,
v, ranging from 0.025-0.500 with steps of 0.025, and Youngxintus,E, of 20 GPa. In a purely
elastic model, according to Hooke’s law, the displacenémduced by a surface loakl is inversely

proportional toE, and can be expressed as
X =F/E 3

Since the same load (surge model) was applied in all our mpded can considef’ as constant.
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Glacial surge and Earth stiffness 9

Using equation (3) and the predicted displacement for oheevef E (20 GPa) from our modelling,
we can calculate the surface deformation for any valug loy scaling. In our case, we calculated the
deformation toE ranging from 5-100 GPa, for each valuewfTo verify the numerical modelling,
we ran a few extra models with=0.25 andE=60 GPa and 90 GPa, and compared the displacements
to those calculated by scaling. Fig. 7 shows the resultsisfcbmparison for one randomly chosen
node of the mesh, indicating full consistency. In additiae, calculated analytical solutions for the
surge displacement using the half-space Green’s func¢timndiscretising the surge into point loads,
applied to the centre of each element from the finite elemeshmT his solution is based on the same
ice model as the finite element models. The displacementz@mbal, U,., and vertical[J,) for a point

surface load are

U.(r) = _%(1—“’)(%2\/)% (4)
and
U.(r) = %1 _E"Z% (5)

wherer is the distance from the loag,is the acceleration of gravity,the Poisson’s ratio, and the
Young’s modulus (e.g. Pinel et al. 2007). The total displaeet at each of the mesh points is esti-
mated by considering the total ice mass and adding up théadepent induced by each of the point
loads, using/=0.25 andE=40 GPa. Model displacements for other valuek efere found by scaling.
The predicted displacement with this method was comparéuwbte obtained from the finite element

models (Fig. 7).

The second series of models corresponds to two-layer @lasidels with a 1-km-thick upper
layer. The mesh and ice model are the same as used for thaymreslastic models. We used different
values for the Poisson’s ratio of each layer {or the top layer ands, underneath), using the best-fit
value provided by the one-layer elastic models and more camhnused values for crustal rocks. The
Young’s moduli E; for the top layer andE; underneath) were varied from 10-18 GPa with steps of
2 GPafork;, and from 55-90 GPa with steps of 5 GPalfor

4.2 Estimating the Young’'s modulus and Poisson'’s ratio

We solved for the best-fitting values Bfandv by comparing the deformation field calculated from
the finite element models to the surge-induced LOS changeaisd from the INSAR data. This was
achieved using a statistical method based on Bayes’ ruglasito that used by Hooper et al. (2013)
and Auriac et al. (2013). The approach used here though @eainbecause no GPS data are used in

the comparison between the observed surge-induced andletbdeformation fields. We calculated
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10 A. Auriac et al.

the weighted residual sum of squares, WRSS, as
WRSS = (d - G(m))"Q™(d — G(m)) (6)

whered is the vector of observationm is the vector of model parametefS(.) is the model function
that maps the model parameters to the observationsQaisdthe variance-covariance matrix of the

INSAR observations, which are highly correlated in space.

The variance-covariance matrix accounts for residual spneric, decorrelation and unwrapping
errors. It was estimated by a bootstrapping approach basttt@ne described by Auriac et al. (2013)
but accounting for the following improvements. We ensurecthihat interferograms from both before
and after the surge were sampled during each realisatidmedfdotstrap. To ensure the estimate of
the covariance includes the background noise only, we rethowur estimate ofl,,,4. (calculated
using weighted least-squares) from each estimate of thge suistained during bootstrapping. For
500,000 random pairs of paoints, we then calculated the sanmgram as the variance of the differ-
ence of value of the residudl,,.,. between the two points in each pair. The semi-variogram hers t
binned according to the distance between the points and fititn an exponential variogram func-
tion, from which the covariance function was calculatede @ragonal elements were set to a constant
(~20.7 mn?), corresponding to the zero lag covariance which includesgget value (estimated as

the semi-variogram value at zero lag).

Residualsd — G(m), were calculated for each discrete value of the model pasmand inter-
polated in between to derive the posterior probabilityrtbstion of the model parameters. For each
set of residuals, we estimated and removed a plane whichuatctor orbital effects (residual orbit
signals resembling a bilinear ramp) and for the systemdfseibbetween the relative LOS INSAR

observations and the absolute model displacements.

From equation (6) and according to Bayes’ rule, the post@roabability can be estimated using

—-n

p(mid) = K ]

Jenoa "l [‘ 202

where K is a constanty is a scaling factor of the variance-covariance matrix tooaot for model

()

errors, andh is the number of pixels. We séf in such a way that the total probability equals unity.
We then determined the uncertainty region of our parametethe area containing 95% of the total
probability. The dimensionless scaling factois constant for all combinations of model parameters

within one series of models (one-layer elastic or two-laglastic models), and was independently
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Glacial surge and Earth stiffness 11

calculated from the best WRSS estimate for each model ssuigs thatiV’ RSS/o? = n. It varied

from 2.2 to 2.7 depending on the model used.

5 ALTERNATIVE APPROACH USING GIPHT

The General Inversion for Phase Technique, GIPhT, (Feiglh&rber 2009; Ali & Feigl 2012) has
also been applied to the surge data from western Vatnajiileutiap. The approach used two wrapped
interferograms created from four SAR acquisitions fromERS-1 and 2 satellites, track 9. They span
similarly long time intervals over 1993—-1995 and 1998-2088suming that the GIA signal is con-
stant with time (see Section 7), we subtracted the laterfertegram from the first one to remove the
GIA deformation, providing an estimate of the surge disphaent. The observed subsidence is more
than one fringe (more than 28 mm of range change) in most arehsearly two fringes close to the
eastern edge of Sidujokull outlet glacierd6 mm of range change) within10 km from the ice edge.

This is consistent with what is observed in Fig. 6b.

We modelled this estimate of surge deformation with the @sekinction approach (Egs. 4 and
5). For each pixel, the calculation convolves the map of theried mass redistribution of ice from

the surge (Fig. 2) with the Green’s function.

Consequently, we can estimate the Young's mod@asd Poisson’s ratiw of the rocks around
the glacier by minimizing the residual between the obsearetimodelled values of the INSAR phase.
To solve this inverse problem, we applied the GIPhT methadeasribed by Feigl & Thurber (2009)
and Ali & Feigl (2012).

6 RESULTS

Results of the comparison between the surge displacemé&hefigmated from the least-squares in-
version @,.4.) and our finite element models (both one-layer and two-lajastic) are presented in
Figs. 8 to 11 and Table 2. The deformation patterns from tB&R observations and the models are
very similar. The magnitude of crustal deformation aroumel surging outlet glaciers, as well as the
extent and decay of the signal away from the ice margin arbremioduced by the models, indicating

high quality of the ice model and applicability of the Eartaels.

Comparison between the one-layer elastic models and tige-suduced crustal LOS displace-

ment d,..¢.) are displayed in the top row of Fig. 8, showidg,,,. from which the ramp and offset
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estimated during the Bayesian approach have been remineldest-fit model, and the residuals be-
tween the two. The residual plot shows that, although thé dres-layer elastic model manages to
predict quite well the pattern of deformation, it does natuaately reproduce the deformation within
5 km of the ice edge, where residuals can reach 26—28 mm. THelroannot simultaneously repro-
duce both the gradient of deformation in the near-field (1w2flom the edge) and far-field, which
requires a higher value. This compromise model resultsarretatively low estimate of the Young's
modulus,E=46.4"33 GPa, shown in the probability estimate in Fig. 9 and in Tabl&® maximum
posterior probability estimate for the Poisson’s ratio.is7) but the probability distribution function
(Fig. 9) shows that this parameter is barely constrainedhéga data, and the 95% confidence interval
spans 0-0.27. The GIPhT method, solving for the averagee\@lthe free parameters over a half-
space, finds a Young’s modulus BE64.0+6 GPa and a Poisson’s ratio @£0.36+0.06. It seems
this methods finds a good fit to the far-field deformation, axphg the difference with the Bayesian
approach. From the results of our one-layer elastic modeds;onclude that the crustal deformation

pattern from the glacial surge cannot be adequately fit witimgle one-layer model.

In order to fit both the near- and the far-field displacemeatsjore complex model is needed.
For this purpose, we ran the two-layer elastic models, sglvor the best-fit Young’s modulus of
each layer [, for the top layer andE; underneath). The 1-km-thick top layer, with a relativelylo
Young’s modulus, is used to account for the large subsidebserved in the near-field region, while
the underlying layer, with an overall higher Young’'s modylis needed to accommodate the far-field
deformation. The 1 km thickness of the top layer was chosearding to the fact that the near-field
gradient of deformation, outlined with the one-layer etastodels, is only observed with 1-2 km
from the ice edge. We used three different combinations efRbisson’s ratiosv( for the top layer
andv, underneath): (i) botlr; andv; are set to 0.25, as it is a commonly assumed value for the Pois-
son’s ratio of crustal rocks; (ii) we usg=0.17, as predicted by the one-layer models, awD.25;
and (iii) bothvy; andvs are set to 0.17. Results from the Bayesian approach arenpeese Fig. 10
and best-fit estimates &; andE; are displayed in Table 2 for all three settings. The figureansho
thatE; is overall better constrained th&ja. The probability distributions for the secongd €0.17 and
Vv»=0.25) and third\; =v»=0.17) combinations are quite similar as they have a largegpsheir 95%
confidence regions in common. The residual plots obtainéld @ach solution are presented in Fig.
8. All three combinations provide a better fit to the near- fanefield deformation than the one-layer
elastic models, but combinations two and three clearly idmthe best-fit models. However, since
a Poisson’s ratio of 0.17 is not realistic for the deeper pathe crust/mantle (see Section 7), our

preferred model corresponds to the two-layer elastic masialgv;=0.17 andv»,=0.25. Its good fit is
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also confirmed by the displacement along the two profilesjstsisised below. Our preferred model
estimates the Young’s moduli to l®=13.9" - GPa and=,=73.9">"0 GPa. Residuals for this model
lie mostly between -2 and 6 mm in absolute value. East of 8kdilljoutlet glacier, some larger resid-
uals occur. A plausible cause for those in the near-fieldbregiould be local inaccuracies in the ice
model. For the far-field area, the residuals (ranging frothtel-14 mm) are likely related to atmo-

spheric signal adding some noise to the INSAR observatiotigs region.

Figure 11 shows the deformation along two profiles (shownign &) going from the ice edge
at Sidujokull outlet glacier towards the edge of the InSABn&cto the south (profile A) and to the
southwest (profile B). The top panels compare the surgesegaialisplacementd(,,,,.) to the four
best-fit model predictions (one one-layer elastic modetstaree two-layer elastic models) to which
we added the ramp and offset estimated during the Bayesiaegure. The lower panels of the figure
give the residual displacement along each of the profilethiofour best-fit models. This figure shows
that the best prediction of the surge-induced displacenmetite near- and far-fields comes from our
preferred model witly;=0.17 andv,=0.25.

7 DISCUSSION

The time series of interferograms show in detail the crudéibrmation at the southwestern edge
of Vatnajokull between 1993 and 2002. The signals observediae to two different processes: the
glacial surge that occurred in 1994 at Sidujokull, Skabtéu|l, Tungnaarjokull and Sylgjujokull outlet

glaciers, causing LOS lengthening, and the GIA driven bygieeral retreat of the ice cap over the
past 120 years which induces broad LOS shortening. Soufa@scertainty in the INSAR observa-

tions include the effects of atmospheric artefacts, unpiraperrors and orbital effects. The first two
sources are greatly reduced during the StaMPS analysisastidquares inversion, with any remain-
ing error considered in the Bayesian approach. The latteertminty related to orbits is reduced by
estimating and removing a bilinear ramp from the residuéksioed after the comparison between

INSAR observations and model results.

Using least squares inversion, we are able to disentanglsitimals induced by the surge and
the GIA. The method however relies on a number of assumptiblne first assumption is that the
34x 19 km area we use at the southwestern corner of the full InS#%Resto estimate the background
noise of each interferogram is representative of the fldhsc This assumption is reasonable because
the area used represents a good portion of the full sceneranddssample enough points to ob-

tain a reliable variance of the background noise of the fiestegrams. Another assumption is that the
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surge-induced crustal deformation is almost purely elagte have validated this assumption through
model tests, by comparing outputs from a model with an eldagier underlain by a viscoelastic layer
to those from a one-layer elastic model. The models havditmrlastic parameter&£60 GPa and
v=0.25). The viscoelastic test model we used consists of an2€hick elastic layer and a viscosity
beneath this of 9.810'® Pa s, according to the best-fit model for the INSAR obsematif the ERS
track 9 from Auriac et al. (2013). Outputs from the viscogtamodel were taken at different times
to evaluate both the short- and long-term responses fromautge. They were then compared to the
purely elastic response of the surge. After 6 months, thepeiastic effect represents less than 1% of
the elastic component. On a short-term basis, the resulésstiow that the influence of the viscoelas-
tic response from the surge is negligible. The crustal nespdo the surge can therefore be modelled

as a step function in time.

The surge-induced crustal deformation signal appearslylgathe LOS deformation map ob-
tained from the least-squares inversion (Fig. 6), reacaimaximum of 75 mm LOS lengthening at the
margins of Sidujokull outlet glacier. Our finite element ralidig gives three-dimensional displace-
ments and shows that horizontal displacements are nowhmeetiran 10% of the vertical component,
with a maximum near the ice edge. The model LOS change is fboyenultiplying the displacement
at each pixel with the LOS unit vector. Therefore, the LOSd®ftion map mostly shows vertical
motion of the ground. The observed signal from the surgeydeegidly from the ice cap. Each of the
outlet glaciers mapped by our INSAR scene has a specific siafgemation signature, the displace-
ments at Sidujokull and Skaftarjokull outlet glaciers lgeirp to 50 mm greater than those observed
on the southern part of Tungnaarjokull. This result is catesit with the ice model (Fig. 2), which
predicts less ice being transported to the terminus areaunfjiaarjokull than for Sidujokull and
Skaftarjokull. Moreover, the region where ice has been dadeéends over a larger area at Sioujokull
than Tungnadarjokull, increasing the extent of the surgietded crustal deformation at the margins of

Sidujokull compared to Tungnaarjokull.

The GIA uplift rate over the 1993—-2002 period estimated fthenleast-squares inversion reaches
12 mm/yr at the edge of the ice cap east of Sidujokull outlatigt, relative to the reference area.
This result is consistent with those of Auriac et al. (2018 a 1995-2002 time series. The GIA
uplift rate we estimate is assumed to be insensitive to thgesdwo effects linked to the surge could,
however, influence the GIA estimate. The first one correspoman eventual viscoelastic response of
the Earth following the surge. This possibility has beemrstigated as described above. We found that

the viscoelastic response induced by the surge reachesiemomof 0.9 mm/yr (decreasing away
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from the ice cap in a similar pattern as the elastic resporwsa the surge), which corresponds to
7.5% of the velocity estimated for the GIA uplift rate in tlaigea during the inversion. Neglecting this
effect causes a small underestimate of the uplift velacitieluced by the GIA process around Sidu-
jokull, Skaftarjokull, and Tungnaarjokull after the surggecond, the ice model, with a step advance
of ice during the surge, is an oversimplification. Consetjyetine GIA uplift rate may be affected by
increased ice melting after the surge, as observed aftesutige of Bering Glacier, Alaska, in 1993—
1995 (Sauber & Molnia 2004). The average summer melting erhibhly crevassed ablation areas
of the surging outlet glaciers of Vatnajokull ice cap hasrbebserved to increase by30% over the
2-3 years after the surge (Bjornsson et al. 2003). The negueformation, because of the relatively
short duration of the increased melting, will be mostly retée in the elastic response of the crust to
the unloading, and therefore has only a limited effect onldhg-term GIA uplift. Moreover, since
1995, the mass balance of glaciers in Iceland has been oagaveegative by-1 m,,./yr, after having
been close to zero in the 1980s to the mid-1990s (Bjornssah 098, 2002, 2013). The effect of
this increase in melt rate would counteract the small uradienation of the GIA velocities caused by

the viscoelastic response from the surge.

Some inaccuracies in the estimate of Poisson’s ratio andg/sunodulus from our Bayesian ap-
proach may be caused by assumptions made in the modellinthargdatistical method itself. Since
we built up our models according to Auriac et al. (2013), thme assumptions stand, i.e. flat Earth,
isotropic material, horizontal layering, and no plate sgieg. The flat Earth is a reasonable assump-
tion regarding the relatively small size of the surging eutjlaciers. The other assumptions are a
simplification of the real Earth. The fact that we assume &oumi value for the Young’s modulus,
E, and Poisson’s ratioj, in one or two layers, means that the estimates we obtain tihenBayesian
approach correspond to the average of these parametelreftreiandic crust/upper mantle. For the
two-layer elastic models, we assume a 1-km-thick top lay#r avlower value oE than in the under-
lying layer. This also represents a simplification of thd Esath, which should be better represented
by a gradual increase & with depth, as indicated by seismic studies (Allen et al.Z206lowever,
results from the comparison between model and observastoms that our two-layer models suffice
to fit the surge-induced crustal deformation in both the naad far-field areas. Our results also de-
pend on the assumption made during the Bayesian approduigstat the measurement errors have
a multivariate Gaussian distribution. The 95% confidenea abtained with the Bayesian procedure
should be interpreted as a formal uncertainty, i.e. a low8mate of the true uncertainties, as it does

not consider eventual model errors.
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Uncertainties in the value & andv also stem from the ice model used in this study, which de-
pends largely on the assumption that the large-scale taphgrfeatures on the ice cap did not change
shape between the time of acquisitions used to create thesDEbdMparison of recent surface DEMs
of western Vatnajokull (1998 (EMISAR), 2003 and 2010 from3B HRG and HRS images and
LiDAR survey 2010-2012) shows that this assumption is viaidalmost all changes in elevation over
length scales of 10 km whereas features of less than 1 km insragle almost randomly scattered.
Our ice model may also be influenced by the fact that we assumigeaahange in ice thickness with
no variations in the snow or firn layers or in ice density. Wieing DEM differencing over an ice
cap, it is common to assume that the snow and firn layers agathe at both times of DEM acquisi-
tions. This is a fair assumption as the snow layer gets retdyaew snow every year and the lower

boundaries of the snow and firn layers are constantly tram&fd into firn and ice, respectively.

As an alternative way to validate our results, we ran the @ereversion for Phase Technique,
GIPhT, developed by Feigl & Thurber (2009) and extended bywAteigl (2012), on the surge event
that occurred on western Vatnajokull outlet glaciers. Wieagsted from this method an estimate of the
Young’s modulusE=64.0t6 GPa, and Poisson’s ratie:0.36+0.06. Comparison between the best-fit
E andv estimated from our one-layer models, our two-layer elasticlels, GIPhT approach, and the

values found in the literature are summarized in Tables 23and

The value of Young’'s modulus estimated from our Bayesiamaagh with the one-layer models
is different to the one inferred from the GIPhT method, §fkeécause each approach tries to fit a dif-
ferent part of the surge-induced signal (see Section 6)estimates of the static value of the Young’s
modulus §) we obtain with our two-layer elastic models are howeverandjagreement with what
was inferred by Pinel et al. (2007) and Grapenthin et al. §20€onsidering that the values estimated
are all averages of the true values over the modelled criltihess, and that the Young’s modulus is
increasing with depth, as demonstrated by seismic studiEn(et al. 2002) and experimental results
(Heap et al. 2011; Asef & Najibi 2013). The values of the Eadhameters estimated by surface load
studies are restricted to the volume of Earth significantfjuenced by the load variation. To a first
approximation, the effects of a surface load depend mostlarth properties at depth shallower than
the lateral extent of the surface load. It follows that a $enadxtent load variation will sample the
Young’s modulus at shallower levels, which can partly expthe small differences between various
studies. Comparison with Young's moduli values derivedceland from seismic studies (Palmason
1971; Gudmundsson 1988; Allen et al. 2002; Hooper et al. RBieals that the dynamic Young’s

moduli appear larger than the static values, with a smaiffardnce at larger depth, as expected from
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experimental studies (e.g., Jizba 1991). This effect has laden observed in other places such as in
Hawaii where, at shallow depth-@.7 km), E; was estimated to be five times smaller tian(Hooper

et al. 2002). Values estimated in Iceland are close to trmssdfat Mount Etna and Hawalii (see Tables
2 and 3). They are, however, much larger than the small valuedf by Beauducel et al. (2000) for
a local study at Merapi volcano. This can be explained by dcallestimation performed by these

authors by running a model for a very shallow depth.

The estimate of the Poisson’s ratig:0.17"1%, inferred from our one-layer models is lower than
thev=0.36+0.06 obtained with the GIPhT approach. This can be expldiyatie differences in each
approach: the different ways to obtain the surge-induce® ldidplacements by removing the GIA
signal, and the different ways in dealing with the covar@abetween pixels. The Bayesian approach
however shows that the Poisson’s ratio parameter is notomeBtrained by the data, as shown by the
95% confidence region. The low value\efo.lﬁgjig can be partly explained by the fact that Poisson’s
ratios are highly influenced by the presence of fluids in pamexcks and fissures in the crust, varying
from v=0.27 in drained conditions t¢=0.31 for undrained conditions, as estimated by Jénssoh et a
(2003). We argue that the surge takes place over a long eripnglnterval to obtain a drained value
of the Poisson’s ratio from our results, in which case a Poissratio ofv=0.27 falls at the edge of
our uncertainties. Moreover, the choice of our preferrediehaising a Poisson’s ratio ®=0.17 for
the top layer and=0.25 underneath has been motivated by the fact that thempgekilometre of
the Icelandic crust is most likely highly fractured. Altlgiua value ofv=0.17 might be too low for
the Poisson’s ratio of the top layer, we argue that it shoeldblver than the Poisson’s ratio at larger
depth. The residual plots demonstrate that such a modelgearna resolve most of the surge-induced

signal in both near- and far-field areas (Fig. 8).

8 CONCLUSIONS

INSAR has proved to be a powerful tool for mapping the crudéhbrmation associated with glacial
surges. The crustal subsidence signal induced by the dtsdige, reaching up to 75 mm in LOS at
the edge of Sidujokull outlet glacier, is well resolved tigp to the ice margin. The high spatial reso-
lution provided by the INSAR observations also shows thieefikibent of the surge signal, which decays
fast over a~10 km distance away from the ice cap. The pattern is well sipred by the finite ele-
ment modelling. The results show that the surge-inducestalraubsidence signal is composed of two
zones: the far-field area, and the near-field aredd%—1 km wide band at the ice margin) which expe-
riences higher deformation. Results from the finite elemendelling demonstrate that the one-layer

elastic models cannot fully explain both the near- and fedfdeformation. The Bayesian approach
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s:3  Used to evaluate these models shows that the Poisson’ssatimrly constrained, with<0.27. Our

s« preferred model come from the two-layer elastic models reviage use a Poisson’s ratiowf=0.17 for

s the upper layer and a Poisson’s ratiovef0.25 for the lower layer. As discussed above, these values
sss  Would indicate drained conditions and a highly fracturegl part of the crust around Vatnajokull ice

sw»  cap. Inferring for the Young’s modulus of each layer, we fiegtfit values o£,=12.9-15.3 GPa and

s E2=67.3-81.9 GPa for the upper and lower layers, respect{@&§o confidence intervals). Residuals
s are small and demonstrate that the models can accommoddetificthe near- and far-field deforma-

s0 tion. Our results are consistent with other studies, gitkanthe depth at which it is possible to resolve

sa for the Earth parameters is dependent on the spatial extéme dbad at the surface.
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Table 1 Overview of the SAR acquisitions from the ERS satelliteckr®, used in this study. Perpendicular

baselines relative to the acquisition on 17 September 1896teown.

Table 2 Overview of the elastic Earth parameters inferred from jevstudies in Iceland and this study.

Table 3 Overview of the elastic Earth parameters inferred from joey studies at Etna, Merapi and Ki-

lauea volcanoes.

LIST OF FIGURES

Fig. 1 (a) Ice caps and tectonic setting of Iceland. Fissure swarmshown in light yellow and central volca-
noes with their associated calderas are represented bygutliakes (after Einarsson & Saemundsson 1987) . The
Eastern Volcanic Zone (EVZ) is displayed in blue. Main icecaames are indicated in red (D.: Drangajokull,
S.: Sneefelsjokull, L.: Langjokull, M.: Myrdalsjokull, HHofsjokull, and V.: Vatnajokull). The color boxes show
the area spanned by our INSAR data: red for the full scene ledfbr the cropped one. The black box gives
the area shown in (b). (b) Zoom in the southwestern regionatfidjokull, with the names of the four surging
outlet glaciers studied here (Sy.: Sylgjujokull, Tu.: Taagrjokull, Sk.: Skaftarjokull and Si.: Sidujokull) and

the cropped INSAR scene outlines (blue box).

Fig. 2 Surface elevation change at Sylgjujokull (Sy.), Tungridérjl (Tu.), Skaftarjokull (Sk.) and Sidu-
jokull (Si.) outlet glaciers between 1993 and 1995. Negatizlues indicate an ice loss while positive values

indicate a gaininice.

Fig. 3 Connections (black lines) between individual INSAR acitjoiss (red dots) forming the 65 highly
coherent small-baseline interferograms used in the sfligy.y-axis displays the perpendicular baseline be-

tween each image and an arbitrary master image on 17 septést®

Fig. 4 Interferograms spanning 31 July 1993 to 19 June 1995, shyiisurge at Tungnaarjokull (Tu.),
Skaftarjokull (Sk.) and Sidujokull (Si.) outlet glacief$ie black and grey arrows show the azimuth of the satel-
lite and the look direction, respectively. (a) Wrappedifgmgram showing the deformation in fringes between
+x. One full fringe (2r) equals 28.3 mm deformation. (b) Unwrapped interferogreime. black star designates

the reference area and negative values indicate LOS lemigthe

Fig. 5 Single-master time series created from the 65 small baskltarferograms, spanning 1993 to 2002.

The deformation shown is in LOS (negative values for LOS tkaging), relative to the reference area indicated
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by the black star. Each panel shows the cumulative changetfre first interferogram on 26 June 1993, where
Tu., Sk. and Si. indicate Tungnaarjokull, SkaftarjokultleBidujokull, respectively. The color scale has been
modified such that points from -80 mm to -120 mm appear in tieeseolor, to enhance the viewing of the

surge signal.

Fig. 6 Inferred deformation signals from the linear inversion oanthe single-master time series: (a) GIA
signal estimated as a continuous velocity, in mm/yr, (beulisplacement estimated as a step function, in mm.
Both results are shown in LOS and with respect to the referamea, where negative values stand for LOS
lengthening (note the difference in color scaling). Theckland grey arrows show the azimuth of the satellite
and the look direction, respectively. Tu., Sk. and Si. iathcTungnaarjékull, Skaftarjokull and Sidujékull outlet

glaciers, respectively.

Fig. 7 Vertical deformation observed at a randomly chosen mesk aed function of Young’s modulus.
The red circles show results from the finite element modeisaith E=20, 60 and 90 GPa. The blue line gives
the vertical deformation calculated with the finite elemertdel result usinge=20 GPa and scaling it for the
different values oE, according to Hooke’s law. The dashed green line, superseghon the blue one, represents
the deformation calculated with the Green'’s function apphousinge=40 GPa, and scaled to other valuegof

using Hooke’s law.

Fig. 8 Top row: (a) Referenced LOS surge displacement estimated the INSAR data (output from the
least-squares inversion minus the ramp and offset estihfiadm the Bayesian approach), (b) best-fit one-layer
elastic model £E=46.4 GPa an&=0.17) converted to LOS, and (c) residual between (a) andébpectively.
Rows 2—4 show similar set of panels for the other models(€)and (f) Same as above but with the two-layer
elastic best-fit model witlv; =v,=0.25,E;=12.9 GPa, an&,=70.5 GPa. (g) (h) and (i) Same as above with
v;=0.17,E,=12.9 GPay,=0.25 andE>=73.9 GPa. (j), (k) and (I) Same as above withv,=0.17,E;=12.8 GPa,
andE;=76.2 GPa. Tu., Sk. and Si. indicate Tungnaarjokull, Skigkall and Sidujokull outlet glaciers, respec-
tively. The black and grey arrows show the azimuth of theliatend the look direction, respectively. The
black lines locate the profiles A and B presented in Fig. 1teNte difference in scale between plots (a) to (c)

from the one-layer elastic models and plots (d) to (I) fromtilvo-layer elastic models.

Fig. 9 Probability distribution estimate of the Young’s modul& é&nd Poisson’s ratiovj for one-elastic
layer models. The best model (white cross) predistd6.4 GPa and=0.17. The black outline shows the 95%
confidence region, located between 43.2-49.7 GP& fond 0-0.27 fow, the black dashed line gives the 68%

confidence region.

Fig. 10 Probability distribution estimates of the Young’s modur the upper ;) and lower E;) lay-

ers for the two-layer elastic models. The plus symbols imt#iche best-fit models in each case, the contin-



707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

Glacial surge and Earth stiffness 23

uous outlines the 95% confidence regions, and the dashesithee68% confidence regions. In green, we
show the distribution for the models with =v,=0.25, indicating a best-fit model (ﬁl=12.9i}:3 GPa and
52:70.5tg;g GPa. In red, we show the results for our preferred model wittD.17 andv,=0.25, giving a
best estimate df;=13.9"1'2 GPa and=;=73.9"5 8 GPa. Results for the models with=v,=0.17 are shown in
blue and predict a best-fit model Bf=13.8" |3 GPa andE,=76.2"5 5 GPa. The uncertainties given here corre-

spond to the 95% confidence regions. The color scale shovgsdhability distribution for our preferred model.

Fig. 11 Plots showing the deformation along two profiles (locationFag. 8). Results from profile A are
displayed on the left side panels and results from profile & smown in the right side panels. (a) and (b)
Comparison between the surge displacement field (correpgptod,,,..) and the best-fit models (where we
added the ramp and offset estimated by the Bayesian appraadilack and coloured symbols respectively.
(c) and (d) Residual displacement along each profile for efthe best-fit models. In all four panels, purple
circles indicate the results obtained with the best-fit tayer model, the green triangles are used for the best-fit
two-layer model with/; =v»,=0.25, the red squares correspond to the best-fit two-lapelehwithv;=0.17 and

Vv»=0.25 (preferred model), and the blue inverted trianglesvsine best-fit two-layer model withy =v,=0.17.
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Table 1.

Acquisition date  Perpendicular baseline

[yyyy—mm-—dd] [m]
1993-06-26 -318
1993-07-31 -88
1993-09-04 174
1993-10-09 318
1995-06-19 -184
1995-08-28 152
1995-08-29 151
1995-10-02 269
1995-10-03 506
1996-06-04 -231
1996-07-09 394
1996-08-13 202
1996-09-17 0
1997-06-24 16
1997-07-29 109
1997-09-02 491
1998-07-14 -511
1998-08-18 -333
1998-09-22 125
1999-08-03 342
1999-09-07 -601
2000-08-22 119

2002-07-23 92




Table 2.

) ) Static Young's modulus Dynamic Young’s modulus Elastic Dett
Poisson’s ratio Source
E, [GPa] Eq [GPa] [km]
0.17019 46.4"53 ~half-space This study (one-layer elastic model)
0.36+0.06 646 half-space This study using GIPhT method

(Feigl & Thurber 2009; Ali & Feigl 2012)

(v1=0.25 /\y=0.25) E;=12.9"]7/E,=70.5"%)

1 km/~half-space This study (two-layer elastic model)

(v;=0.17 /v,=0.25) E;=13.9"}(/E,=73.9"50

1 km/~half-space This study (two-layer preferred model)

(v1=0.17 /v»,=0.17) E1:13.8f%j8 / E2:76.2f§j3

1 km/~half-space This study (two-layer elastic model)

(0.25) 29t5 half-space Pinel et al. (2007)
(0.25) 40t15 half-space Grapenthin et al. (2006)
(0.27) 45.7 0-1 Hooper et al. (2011), derived from seismic
58.4 1-3 data by Allen et al. (2002)
76.2 3-5
94.0 5-7
111.8 7—
(0.25) 14.4 0-0.5 Gudmundsson (1988), derived from seismic
37.1 0.5-1 data by Palmason (1971)
57.4 1-2.2
102 2.2-55
134 5.5-

Lvalues in brackets indicate an assumed value for this paesnestead of inferred ones.

Gz Sssauyns yue3 pue abins [eioe|o
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Table 3.
) ~_ Static Young’s modulus Dynamic Young's modulus Elastic thtkness
Poisson’s ratic@ Source
E, [GPa] Eq [GPa] [km]

0.26 17.9-21.1 25.5 Heap et al. (2011)

(0.25) 115 0-1 Currenti et al. (2007)
28.8 1-5
63 5-8
86 8-15
101 15-23
133 23-50

(0.25) 11.25 2.7 Hooper et al. (2002)

(0.25) 0.740.2 Beauducel et al. (2000)

2Values in brackets indicate an assumed value for this paesyiestead of inferred ones.
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Figure 1. (a) Ice caps and tectonic setting of Iceland. Fissure swarmshown in light yellow and central vol-
canoes with their associated calderas are representedabyputiines (after Einarsson & Saemundsson 1987)
. The Eastern Volcanic Zone (EVZ) is displayed in blue. Mai& ¢taps names are indicated in red (D.: Dran-
gajokull, S.: Sneefelsjokull, L.: Langjokull, M.;: Myrdatskull, H.: Hofsjokull, and V.: Vatnajokull). The color
boxes show the area spanned by our INSAR data: red for thedatie and blue for the cropped one. The
black box gives the area shown in (b). (b) Zoom in the souttevasegion of Vatnajokull, with the names of
the four surging outlet glaciers studied here (Sy.: Sytijujl, Tu.: Tungnaarjokull, Sk.: Skaftarjokull and Si.:
Sioujokull) and the cropped INSAR scene outlines (blue box)
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Figure 2. Surface elevation change at Sylgjujokull (Sy.), Tungridarl (Tu.), Skaftarjokull (Sk.) and Sidu-
jokull (Si.) outlet glaciers between 1993 and 1995. Negat@iues indicate an ice loss while positive values

indicate a gaininice.
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Figure 3. Connections (black lines) between individual INSAR actjoiss (red dots) forming the 65 highly
coherent small-baseline interferograms used in the stiidyy-axis displays the perpendicular baseline between

each image and an arbitrary master image on 17 september 1996
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radl 5 14

0.00

Figure 4. Interferograms spanning 31 July 1993 to 19 June 1995, shyothim surge at Tungnaarjokull (Tu.),
Skaftarjokull (Sk.) and Sidujokull (Si.) outlet glaciefhe black and grey arrows show the azimuth of the
satellite and the look direction, respectively. (a) Wrapp#erferogram showing the deformation in fringes
betweent-7. One full fringe (2r) equals 28.3 mm deformation. (b) Unwrapped interferogréine black star
designates the reference area and negative values ind@&éengthening.
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Figure 5. Single-master time series created from the 65 small bas#iterferograms, spanning 1993 to 2002.
The deformation shown is in LOS (negative values for LOS tkaging), relative to the reference area indicated
by the black star. Each panel shows the cumulative changetfre first interferogram on 26 June 1993, where
Tu., Sk. and Si. indicate Tungnaarjokull, Skaftarjokultde@ioujokull, respectively. The color scale has been
modified such that points from -80 mm to -120 mm appear in timeeseolor, to enhance the viewing of the

surge signal.
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Figure 6. Inferred deformation signals from the linear inversion canthe single-master time series: (a) GIA
signal estimated as a continuous velocity, in mm/yr, (beulisplacement estimated as a step function, in mm.
Both results are shown in LOS and with respect to the referamea, where negative values stand for LOS
lengthening (note the difference in color scaling). Theckland grey arrows show the azimuth of the satellite
and the look direction, respectively. Tu., Sk. and Si. iathcTungnaarjokull, Skaftarjokull and Sidujékull outlet

glaciers, respectively.
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Figure 7. Vertical deformation observed at a randomly chosen meslk asd function of Young’s modulus.
The red circles show results from the finite element modeisaith E=20, 60 and 90 GPa. The blue line gives
the vertical deformation calculated with the finite elemeratdel result usinde=20 GPa and scaling it for the
different values ok, according to Hooke’s law. The dashed green line, supersegon the blue one, represents

the deformation calculated with the Green'’s function apphousinge=40 GPa, and scaled to other valuegof

using Hooke's law.



Glacial surge and Earth stiffness 31

Figure 8. Top row: (a) Referenced LOS surge displacement estimated fine INSAR data (output from the
least-squares inversion minus the ramp and offset estihfiaim the Bayesian approach), (b) best-fit one-layer
elastic model £=46.4 GPa an@=0.17) converted to LOS, and (c) residual between (a) andébpectively.
Rows 2—4 show similar set of panels for the other models(€)and (f) Same as above but with the two-layer
elastic best-fit model witlv; =v»=0.25,E,=12.9 GPa, and,=70.5 GPa. (g) (h) and (i) Same as above with
v;=0.17,E,=12.9 GPay»,=0.25 andE>=73.9 GPa. (j), (k) and (I) Same as above withv,=0.17,E;=12.8 GPa,
andE;=76.2 GPa. Tu., Sk. and Si. indicate Tungnaarjokull, Skigkall and Sidujokull outlet glaciers, respec-
tively. The black and grey arrows show the azimuth of theli@atend the look direction, respectively. The
black lines locate the profiles A and B presented in Fig. 1teNe difference in scale between plots (a) to (c)

from the one-layer elastic models and plots (d) to () fromtio-layer elastic models.
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Figure 9. Probability distribution estimate of the Young's modul& énd Poisson’s ratiov] for one-elastic

layer models. The best model (white cross) predistd6.4 GPa and=0.17. The black outline shows the 95%

confidence region, located between 43.2-49.7 GP& fard 0-0.27 fow, the black dashed line gives the 68%

confidence region.
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Figure 10. Probability distribution estimates of the Young’s modur the upper ;) and lower E) lay-

ers for the two-layer elastic models. The plus symbols mt#iche best-fit models in each case, the contin-
uous outlines the 95% confidence regions, and the dashesithee68% confidence regions. In green, we
show the distribution for the models with =v,=0.25, indicating a best-fit model (E1=12.9f};8 GPa and
E2=7o.5tg;g GPa. In red, we show the results for our preferred model witf®.17 andv,=0.25, giving a best
estimate oE;=13.9"}'; GPa and=,=73.9" 32 GPa. Results for the models with=v,=0.17 are shown in blue
and predict a best-fit model & =13.8"1-3 GPa andE,=76.2"5 5 GPa. The uncertainties given here correspond

to the 95% confidence regions. The color scale shows the bildbalistribution for our preferred model.
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Figure 11. Plots showing the deformation along two profiles (locationFdg. 8). Results from profile A are
displayed on the left side panels and results from profile & sdrown in the right side panels. (a) and (b)
Comparison between the surge displacement field (correpgptod,..) and the best-fit models (where we
added the ramp and offset estimated by the Bayesian appraadiiack and coloured symbols respectively.
(c) and (d) Residual displacement along each profile for efthe best-fit models. In all four panels, purple
circles indicate the results obtained with the best-fit tayer model, the green triangles are used for the best-fit
two-layer model with/; =v»,=0.25, the red squares correspond to the best-fit two-lapelehwithv;=0.17 and

Vv»=0.25 (preferred model), and the blue inverted trianglesvsine best-fit two-layer model withy =v,=0.17.



