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Abstract

The climate of the Earth is changing. A consequence of this is observed at the polar
regions such as Greenland, where the ice sheet is melting with an increasing rate.
The unloading of ice causes the Earth to respond elastically in terms of uplift and
an outward horizontal deformation of the crust. This motion can be measured by
permanent Global Positioning System (GPS) receivers. Hence, the rates of crustal
displacement are an indirect measure of the occurring mass changes. Currently, 55
GPS sites are located around the margin of the Greenland ice sheet, continuously
providing information about the state of the ice sheet. However, the Earth is
also adjusting viscoelastically to variations in the late Pleistocene ice sheets i.e.
glacial isostatic adjustment (GIA). Observed rates of crustal displacement therefor
contain signals from both past and present ice mass variations. Hence, to interpret
the observed rates a separation of theses signals are needed.

In this thesis, observed rates of crustal displacement are combined with modeled
elastic rates to obtain constraints on the vertical displacement rate related to GIA.
Observed rates are furthermore used to assess the local mass balance of Upernavik
Isstrøm and Jakobshavn Isbræ.

GIA is an important correction in gravity-based mass balance estimates. It is there-
fore important to obtain reliable GIA predictions. Observed rates of crustal dis-
placement can be used to constrain the GIA response, assuming that the present-
day response, can be accurately modeled and removed. Over a period of a few
decades, the GIA rate is assumed to be constant. Hence, changes in the observed
rate results from the present-day changes. Here, mass change grids, derived from
Ice, Cloud,and land Elevation Satellite (ICESat) data from three overlapping time
spans are used to estimate the modeled elastic displacement rates at five perma-
nent GPS sites in Greenland (THU1, SCOR, QAQ1, KULU, and KELY). These rates
are compared to observed rates, which are estimated in the same time spans. An
agreement in the temporal behavior between the modeled elastic and observed
displacement rates indicates, that the modeled elastic displacements are well cap-
tured. Based on this analysis, the GIA rates are estimated to -1 ± 0.6 mm/yr at
KELY, 2 ± 0.7 mm/yr at SCOR, and 0.5 ± 0.5 mm/yr at QAQ1. At the sites KULU
and THU2 the elastic displacement rates could not be accurately estimated.
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Gradients of crustal displacement rates near Upernavik Isstrøm and Jakobshavn
Isbræ are modeled and compared to observed rates, to assess the mass balance of
these glaciers. By considering displacement gradients, contributions from the mass
loss of the rest of the ice sheet and GIA are reduced. Hence, gradients of crustal
displacement roughly represent the local mass balance. Here, an agreement of
0.8 mm/yr or better is obtained. This indicates that the mass balances of these
glaciers are well captured.



Dansk resumé

Jordens klima er under forandring. En konsekvens af dette kan ses i områderne
ved polerne som fx. Grønland, hvor indlandsisen smelter med stigende hastighed.
Når isen forsvinder medfører dette, at Jorden reagerer elastisk i form af landhævn-
ing og en udadgående horisontal deformation af skorpen. Disse bevægelser kan
måles med permanente Global Positioning System (GPS) modtagere. Hastigheden
af skorpebevægelserne er således et indirekte mål af de igangværende masseæn-
dringer. I øjeblikket er der 55 GPS stationer placeret hele vejen rundt om randen
af indlandsisen, som kontinuerligt bidrager med information om indlandsisens
tilstand. Jorden reagerer imidlertid også viskoelastisk på variationer i de sen
Pleistocæne iskapper, dette kaldes glacial isostatisk justering (GIA). Observerede
hastigheder af skorpens bevægelser består derfor af signaler fra både nutidige og
fortidige masseændringer. For at kunne fortolke de observerede hastigheder, er
det derfor nødvendigt at adskille disse signaler.

I denne afhandling kombineres observerede og modelerede hastigheder af de
elastiske bevægelser, for at fastlægge de vertikale bevægelser relateret til GIA. De
observerede hastigheder bruges yderligere til at validere massebalancen af Uper-
navik Isstrøm og Jakobshavn Isbræ, ved Grønlands vestkyst.

GIA er en vigtig korrektion ved tyngde basserede massebalance estimater. Det
er derfor vigtigt at have pålidelige estimater af GIA. Observerede hastigheder af
skorpebevægelsen kan bruges til at validere GIA signalet ved antagelse af at det
nutidige signal kan bestemmes præcist, og derved kan det fjernes. Over en peri-
ode på nogle få årtier kan det antages, at GIA signalet er konstant. Ændringer i
den observerede hastighed skyldes derfor de nutidige forandringer. Her, benyttes
masseændringskort baseret på Ice, Cloud, and land Elevation Satellite (ICESat)
data fra tre overlappende tidsrum til at modellere hastigheden af de elastiske sko-
rpebevægelser ved fem permanente GPS stationer (THU1, SCOR, QAQ1, KULU,
and KELY). Disse hastigheder sammenlignes med observerede hastigheder, der
dækker det samme tidsrum. En overensstemmelse i den tidslige udvikling mellem
hastighederne af den observerede og modellerede elastiske skorpebevægelse, in-
dikerer at de elastiske skorpebevægelser er godt modellerede. Basseret på denne
analyse, bestemmes GIA hastighederne til ca. -1 ± 0.6 mm/år ved KELY, 2 ± 0.7
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mm/år ved SCOR og 0.5 ± 0.5 mm/år ved QAQ1. Ved stationerne KULU og THU2
kunne hastigheden af de elastiske skorpebevægelser ikke beregnes præcist nok.

Hastighedsgradienter af skorpebevægelsen nær Upernavik Isstrøm og Jakobshavn
Isbræ modelleres og sammenlignes med observerede hastigheder for at vurdere
massebalancen af disse gletchere. Ved at betragte gradienter af skorpebevægelsen,
reduceres bidraget fra massetabet af den resterende del af indlandsisen og GIA.
Gradienter af skorpebevægelsen repræsenterer således stort set den lokale masse-
balance. Her opnås en overensstemmelse på 0.8 mm/år eller bedre. Dette indik-
erer, at massebalancen for disse gletchere er godt bestemt.
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1
Introduction

The main topic for this PhD study is crustal displacements related to both past and
present-day changes in the ice load of the Greenland ice sheet. This chapter is
intended as an introduction, where the motivation and background for this study
is outlined. Results obtained in previous studies are also presented here.

1.1 Motivation

Sea level rise caused by climate changes has become an urgent issue, particularly
in the equatorial regions where the impact of sea level rise from the melting of
polar ice sheets has the largest effect (Solomon, 2007). The global sea level rise
from ice covered regions is estimated to 1.48 ± 0.26 mm/yr (Jacob et al., 2012).
The Greenland ice sheet is one of the major contributors to sea level rise, where
the ice tied up is equivalent to a sea level rise of 7.5 m (Alley et al., 2005). The ice
sheet is currently loosing mass at a rate between 200 and 250 Gt/yr based on Ice,
Cloud, and land Elevation Satellite (ICESat) and Gravity Recovery and Climate
Experiment (GRACE) data between 2002 and 2009 (Velicogna, 2009; Sørensen
et al., 2011; Schrama et al., 2011; Sasgen et al., 2012). This is equivalent to a
global sea level rise of approximately 0.66 ± 0.08 mm/yr (Sørensen et al., 2011).
The mass loss is caused by melting from the surface (Van Den Broeke et al., 2009)
and dynamic thinning of outlet glacier (Pritchard et al., 2009), with the glaciers
Helheim, Kangerdlugssuaq, and Jakobshavn Isbræ as the largest individual con-
tributors (Howat et al., 2011). It is therefor important to monitor and measure
the ongoing changes of the Greenland ice sheet with different techniques, to get a
better understanding of the interaction between the climate and the ice sheet.

1.2 Monitoring changes of the Greenland ice sheet

The Greenland ice sheet has changed dramatically during the last decade. Some
of these changes are indicated by an acceleration in the flow velocities of outlet
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glaciers (Joughin et al., 2010), which lead to increased discharge. A considerable
retreat of the glaciers fronts is also observed (Joughin et al., 2010; McFadden
et al., 2011; Bjørk et al., 2012). Furthermore, Studies have show that the total
mass balance of the Greenland ice sheet has increased (Rignot and Kanagaratnam,
2006; Rignot et al., 2011). To monitor these changes various techniques are used.
In the following some of the most important methods are presented.

1.2.1 Altimetry

Altimetry is a technique to determine the surface elevation. Measurements are
conducted from satellites and airplanes with laser or radar instruments. In laser
altimetry, the electromagnetic signal is reflected at the surface, while in radar al-
timetry the signal penetrates into the snow and ice column, and is reflected at
different interfaces. By performing repeated measurements of the surface eleva-
tion over the ice sheet, surface elevation changes can be derived (Pritchard et al.,
2009; Slobbe et al., 2009; Sørensen et al., 2011). By making appropriate assump-
tions of the snow and ice densities, an estimate of the mass change can be derived.

1.2.2 Gravity

Repeated measurements of the Earth’s gravity field from the GRACE satellites, is
a method to observe mass changes of the ice sheet (Velicogna and Wahr, 2005;
Velicogna, 2009; Sørensen and Forsberg, 2010), since a change in the ice mass
distribution causes a change in the gravity field. A part of the observed gravity
change is not related to present-day ice mass changes, but results from redistri-
bution of mantle material related to the process of GIA. To isolate the gravity
changes related to the ongoing ice mass changes, corrections for glacial isostatic
adjustment (GIA) must be applied.

1.2.3 Mass budget

In the mass budget method the various components of mass loss and gain are
compared (Rignot and Kanagaratnam, 2006; Van Den Broeke et al., 2009; Rignot
et al., 2011). Surface ablation and dynamic discharge at the ice margin contribute
to the mass loss, while precipitation and sublimation contribute to mass gain of the
ice sheet. The surface processes are quantified as the surface mass balance (SMB),
which can be determined from regional atmospheric climate models and in situ
measurements of precipitation and surface melt. Ice discharge can be derived from
ice flow velocities, measured by interferometric synthetic aperture radar (InSAR)
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or Global Positioning System (GPS). The ice thickness can be measured by radio
echo sounding.

1.2.4 Crustal displacements

A more indirect method of monitoring mass changes of the ice sheet, is by continu-
ously measuring crustal displacements with GPS receivers, located on the bedrock
near the ice margin (Khan et al., 2007, 2010b; Thomas et al., 2011; Bevis et al.,
2012). When a load of ice is added or removed from the Earth’s surface it re-
sponds elastically, which results in an instantaneous deformation of the crust. In
other words the Earth acts as a weight, where the mass change is proportional to
the rate of crustal displacement. Loading/unloading also causes displacement of
mantle material beneath the load, which results in a delayed response of the sur-
face. This signal is detectable after a few decades to thousands of years, depending
on the size of the load and the viscosity in the mantle. This process is referred to
as the Earth’s viscoelastic response to past glacial changes called GIA. If the system
(Earth + load) is left undisturbed it will reach a new isostatic equilibrium after a
period of time (typically thousands of years).

1.3 Separating the elastic and viscoelastic signals of

crustal displacements

A GPS receiver measures the combined crustal response; the elastic response; GIA;
and possibly other factors such as tectonics and local hydrology. Hence, without
any additional information it is not possible to separate these signals. In the fol-
lowing signals that are not related to ice mass variability are ignored.

As for the crustal displacements, the surface gravity also reflects changes related
to both past and present-day ice mass variability. A change in the surface gravity
related to the present ice mass variability contains an elastic response due to the
elastic deformation of the Earth’s crust and the direct attraction from the changing
mass. The change in surface gravity related to GIA is composed of a response due
to mass redistribution in the mantle and a response related to the corresponding
height change of the surface. Wahr et al. (1995) estimated the GIA rates of grav-
ity and vertical crustal displacement for a combination of different ice histories
and mantle viscosity profiles, and found an empirical ratio of approximately -
0.15 µGal/mm between the rates of viscoelastic gravity and crustal displacement.
A similar ratio applies to the relation between the rates of elastic gravity and
crustal displacement. De Linage et al. (2007) found a ratio of approximately -0.26
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µGal/mm. This ratio also accounts for the direct attraction. Mémin et al. (2011)
further showed that the elastic ratio also depends on the topography (the height
difference between the load and observation point) and the ice elevation changes.
Hence, with these empirical ratios and measurements of both absolute gravity and
vertical crustal displacements, it is possible to uniquely separate the signals related
to present day ice mass changes from those related to past glacial variations.

The first measurements of absolute gravity in Greenland was carried out at the
permanent GPS sites KELY and KULU annually from 1995/1996 to 2000 (Wahr
et al., 2001a). DTU-Space (Emil Nielsen) have since 2009 performed campaigns
of absolute gravity with an A10 gravimeter in Greenland. At the moment there are
18 sites around the edge of Greenland, where measurements of both gravity and
crustal displacements are performed, but the time series are still too short to give
reliable results. The A10 measures with an uncertainty of up to 10 µGal. Hence,
if considering the free-air gradient of -0.31 µGal/mm (Mémin et al., 2011), it
requires a displacement of more than 30 mm to detect a gravity change, when the
measurement error is taken in to account. Uplift rates at the edge of the Greenland
ice sheet are in the range of a few mm to a few tens mm, hence in some places, it
can take years to detect changes in the surface gravity.

Another method to separate the elastic and viscoelastic signals of crustal displace-
ment, is to rely on the modeled results of one of the signals. This is the approach
taken in this PhD study. An overview of how these signal can be modeled is given
in Chapter 4 and 5.

1.4 Scientific objectives

In this thesis GPS rates of crustal displacements are used to constrain glacier mass
balance, with spacial focus on Upernavik Istrøm and Jakobshavn Isbræ. The GPS
rates will contain elastic displacements related to local ice mass changes from the
glacier, elastic displacements due to ice mass changes from the rest of the ice sheet,
and GIA. These contributions are modeled and compared to the observed rates.

Furthermore GPS rates are used to constrain GIA models of the Greenland ice
sheet. At present day the elastic signal is up to an order of magnitude larger than
the viscoelastic signal near the ice margin where ice is being discharged through
outlet glaciers. Hence to constrain GIA it is important to have a highly accurate
model for the elastic crustal displacements. Here, temporal changes in the ob-
served and modeled elastic rates are used to validate the quality of the modeled
elastic crustal displacements.
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1.5 An overview of GPS measurements of crustal dis-

placements

During the last two decades GPS measurements of crustal displacement related to
ice mass variability have been used to gain information about e.g. Earth rheol-
ogy, de-glaciation histories and the present day ice mass loss. In Greenland, Wahr
et al. (2001a,b) used GPS measurements from three sites; THU1, KELY, and KULU.
Based on five years of continuous data they concluded that the area around KELY
was subsiding rather than uplifting as predicted by the ICE-3G GIA model (Tush-
ingham and Peltier, 1991). The subsidence was explained by an advance of the
western ice sheet margin in the area of KELY during the past 4000 years. The
advance was further supported by geological and archaeological evidence found
in the area. The advance of the southwestern ice margin was also suggested in an
independent study by Dietrich et al. (2005). They established a campaign style
GPS network consisting of 10 GPS sites, which were located along two lines be-
tween Ilulissat in the north and Paamiut in the south. Measurements were carried
out during the summer between 1995 and 2002. By considering relative GPS
rates they found subsidence of the bedrock adjacent to the ice margin except for
the area around Ilulissat, where uplift was observed, due to the elastic response
caused by ice discharge from the nearby Jakobshavn Isbræ. Khan et al. (2008)
extended the work done by Wahr et al. (2001b) by analyzing longer time series
from the previously used GPS sites and including data from the more recent es-
tablished GPS sites Scoresbysund SCOB, SCOR, and QAQ1. To get an improved
constraint on the GIA model estimates, they corrected the GPS rates for the Earth’s
elastic response to the ongoing ice mass changes. This was done by estimating the
vertical crustal response due to ice mass loss from the largest outlet glaciers, Hel-
heim, Kangerdlugssuaq, Jakobshavn plus contributions from an area representing
the smaller glaciers in southeast Greenland. Later, Spada et al. (2012) used a 5
× 5 km resolution ICESat-derived mass balance model (Sørensen et al., 2011) to
account for the elastic response due to the ongoing ice mass loss. Hence, by ap-
plying an elastic model of such detail, they obtained an improved constraint on
the GIA signal at the GPS locations used in Khan et al. (2008). In their work,
they further demonstrated that even smaller glaciers in the vicinity of a GPS site
can make a significant contribution to the elastic displacement and hence cannot
be ignored. (Bevis et al., 2012) analyzed GPS data from all the Greenland GPS
Network (GNET) sites, and found uplift rates of up to 30.5 mm/yr at KUAQ at the
southeast coast of Greenland. They further showed a considerable uplift anomaly
i 2010, even at sites located far from the ice margin, related to the wide-spread
melting event in 2010 (Tedesco et al., 2011).

GPS measurements have also been used in more local studies in Greenland to
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Figure 1.1: Site map of Greenland. Red squares indicate the location of
selected permanent GPS sites, the location of outlet glaciers (rectangles)
and cities (dots) mentioned in the text are also indicated.

obtain constraints on the recent glacial ice mass loss. Khan et al. (2007) observed
large crustal uplift rates at KULU located ∼90 km from the calving front of Helheim
glacier. They demonstrated that this rates could only be explained by the ongoing
ice mass loss of Helheim, Kangerdlugssuaq and surface melting of the along the
southeast Greenlandic coast. In a study around Jakobshavn Isbræ Khan et al.
(2010b) analyzed GPS measurements from four sites located between 5 and 150
km from the front. They found, that the GPS rates dropped considerably at the
sites further away from the front, suggesting that the observed uplift rates mainly
were related to the present day ice mass loss from Jakobshavn Isbræ.

In other ice covered regions several studies have used GPS measurement in a sim-
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ilar way. Larsen et al. (2005) and Dietrich et al. (2010) observed high uplift rates
of 32 mm/yr in southeast Alaska and 39 mm/yr in Patagonia, respectively. These
high rates of vertical uplift was mainly related to the Earth’s viscoelastic response
due to ice unloading since the Little Ice Age (LIA) and the elastic response due to
the present day melting. Sato et al. (2006) used GPS measurement in Svalbard
and concluded that the observed rates could only be explained by a combination
of the present day melting and the viscoelastic response to past glacial variability.
In Antarctica Thomas et al. (2011) found, by analyzing data from 52 GPS stations,
that GIA models often overestimates the GIA signal.

1.6 Structure of the thesis

This thesis is based on four papers I-IV, these are briefly summarized in Chapter
2, and an introduction, that presents the adequate background regarding the data
and methods, which are used in the papers. Chapter 3 presents the different data
types, that are used in this thesis. The crustal displacements caused by the present
day ice mass variability is investigated in Chapter 4, where the area of Jakobshavn
Isbræ is used as a case study. In Chapter 5 the principle of GIA is presented, and
in Chapter 6 it is shown how the combination of modeled and observed rates of
crustal displacement can be used to constrain both the GIA signal and the mass
balance of local glaciers. The overall discussion, conclusion, and suggestions for
future work is presented in Chapter 7.
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Scientific papers

Paper 1
Sørensen, L. S., Simonsen, S. B., Nielsen, K., Lucas-Picher, P., Spada, G., Adalgeirs-
dottir, G., Forsberg, R. and Hvidberg, C. S., 2010. Mass balance of the Greenland

ice sheet (2003–2008) from ICESat data - the impact of interpolation, sampling and

firn density, The Cryosphere, 5, 173-186.

The mass balance of the Greenland ice sheet is derived from ICESat data (2003-
2008), where firn compaction and density modeling are taken into account. Ele-
vation changes are derived using three different methods. These are interpolated
onto a 5 × 5 km grid and corrected for signals, which are not related to a mass
changes such as; firn compaction, inter-campaign elevation bias, vertical bedrock
motion, caused by present and past ice mass variability. The corrected and grid-
ded elevation changes are converted to mass changes by applying a surface density
model. The mass loss estimates are in the range of 191 ± 23 Gt/yr to 240 ± 28
Gt/yr, depending on the method.

Paper 2
Nielsen, K., Sørensen, L. S., Khan, S. A., Spada, G., Simonsen, S. B., and Forsberg,
R., 2012. Towards constraining glacial isostatic adjustment in Greenland using ICE-

Sat and GPS observations, accepted for publication in the International Association
of Geodesy Symposia (IUGG Melbourne, 2011).

Temporal variations in the modeled and observed uplift rates are compared. The
modeled elastic rates are based on ICESat-derived mass change grids in three over-
lapping time spans 2004-2007, 2005-2008, and 2006-2009. The modeled elastic
rates are compared to observed rates at the permanent GPS sites THU1, SCOR,
QAQ1, KULU, and KELY. An agreement in the temporal behavior between the
modeled and observed rates at the sites SCOR, QAQ1, and KELY suggests, that
the elastic displacement rates are well captured at these sites. Hence, these site
are useful for constraining GIA.
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Paper 3
Nielsen, K., Khan, S. A., Korsgaard, N. J., Kjær, K. H, Wahr, J., Bevis, M., Stearns,
L. A, and Timm, L. H., 2012. Crustal uplift due to ice mass variability on Upernavik

Isstrøm, west Greenland, accepted for publication in Earth and Planetary Science
Letters.

This paper investigates recent changes on the Upernavik Isstrøm. Based on ele-
vation changes between a SPOT 5 Digital Elevetion Model (DEM) from 2008 and
NASA’s Airborne Topographic Mapper (ATM) laser altimetry data a the mass loss
is estimated to be -6.7 ± 4.2 Gt/yr. To assess this mass loss estimate the observed
and modeled rates of vertical crustal displacements are compared at two GPS sites,
SRMP and UPVK, which are located ∼2 and ∼65 km from the front of Upernavik
Isstrøm. By analyzing along-track elevation changes from various sources in the
period 2005-2011, a large variation, of -15 to -40 m/yr, in the thinning pattern at
the front of Upernavik Isstrøm is observed.

Paper 4
Nielsen, K., Khan, S. A., Spada, G., Wahr, J., Bevis, M., Liu, L., and van Dam, T.,
2012. Vertical and horizontal surface displacements near Jakobshavn Isbræ driven by

melt-induced and dynamic ice loss, submitted to Journal of Geophysical Research.

In this paper both horizontal and vertical crustal displacements are analyzed at
four GPS sites located between ∼5 and ∼150 km from the front of Jakobshavn
Isbræ. To account for plate motion in the horizontal displacements, relative dis-
placements are considered. The horizontal motion point towards west-northwest,
suggesting that the majority of the mass loss is south of the GPS sites. Further-
more, uplift anomalies related to the 2010 melting event are estimated. Rela-
tive large anomalies (5-6 mm) are found at the distant sites, suggesting that the
anomalies are caused by a wide-spread melting. At the site KAGA (near the front)
the anomaly is 8.8 mm, which is quite low considering its location. This can be
explained by a considerable decrease in the dynamic thinning pattern near the
front of Jakobshavn Isbræ.



3
Data

Crustal displacements caused by ice mass variability, can be observed directly by
continuous GPS measurements, or predicted by modeling the corresponding re-
sponse. The latter method requires information regarding changes in the ice load,
which can be obtained from measurement of the ice surface elevation. In this
Chapter, the primary data types used in this thesis are presented; GPS measure-
ments of crustal displacements and surface elevations.

3.1 GPS

Currently, there are 55 permanent GPS stations located around the edge of the
Greenland ice sheet, which continuously provide measurements of 3D surface po-
sitions. The earliest GPS stations were installed in the mid 1990s. The stations
KELY and KULU were installed by the University of Colorado in cooperation with
UNAVCO in 1995 and 1996, and the stations THU1,THU2/THU3, SCOB, SCOR,
QAQ1 were installed by the Danish National survey and Cadastre in 1995, 1998,
1997, 2004, and 2001, respectively. It should be noted that THU2 and THU3 used
the same GPS antenna but different receivers, while THU1 is a different station lo-
cated about 963.31 meters from THU2. These stations are part of the International
GNSS Service (IGS) (marked with white triangles in Fig. 3.1).

The time series of vertical crustal displacement for these early stations now contain
up to 17 years of data, which enables the study of changes in trends. Figure 3.2
shows an example of a GPS site, here KULU, and Figure 3.3 displays the time
series of the measured vertical bedrock motion. The time series clearly shows a
seasonal signal related to the annual cycle of mass gain and loss. When the entire
observation period is considered an evident change in the underling trend is also
seen, resulting from increased mass loss in southeast Greenland Khan et al. (2007)
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Figure 3.1: Permanent GPS stations in Greenland, and their associated ver-
tical displacement rates estimated by Bevis et al. (2012).

3.1.1 The Greenland GPS network

GNET) is a collection of 45 continuous GPS stations located on bedrock around
the margin of the Greenland ice sheet. The stations were installed during summer
campaigns in 2007, 2008, and 2009. Many of the stations are located in pairs,
with one station located near the ice margin, and the other located close to the
coast. This setup enables the study of crustal displacement gradients. GNET is a
contribution to the IPY Polar Earth Observing Network (POLENET), with partners
from US, Denmark and Luxembourg.

The main purpose of the network is to monitor the present-day ice mass changes



3.1. GPS 13

Figure 3.2: GPS station
at Kulusuk. The image is
from van Dam et al., EOS,
81, pp. 426-427, 2000.
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Figure 3.3: Time series of vertical displace-
ments for the site KULU, where each dot
represents a daily solution.

of the Greenland ice sheet. The network will also provide improved constraints
on GIA, which is an important correction in gravity based mass balance estimates
from GRACE data. The GRACE satellites measure the total gravity change resulting
from e.g. present day ice mass changes at the surface, and mass redistribution in
the mantle related to GIA.

Fig. 3.1 shows GNET vertical displacement rates (Bevis et al., 2012) at most of
the permanent stations in Greenland. Their solutions show, that the entire ice
margin is uplifting. The largest rates are observed near the Kangerlussuaq glacier
in southeast Greenland and along the northwest coasts. These are all areas with
considerable mass loss, hence, the observed rates primarily reflects the present-
day melting.

3.1.2 Processing

The Processing of the GPS data used in this thesis is done by Shfaqat Abbas Khan,
according to Khan et al. (2010b) using the GIPSY OASIS 6.1.2 software package
(Zumberge et al., 1997), developed at the Jet Propulsion Laboratory (JPL). GPS
rates from the sites used in this thesis are listed in Table 3.1.

The site coordinates are estimated using the orbit products, released in 2010 by
the IGS (repro1 products). These include satellite orbits, satellite clock param-
eters, and Earth orientation parameters. The new orbit products take the satel-
lite antenna phase center offsets into account. Receiver clock parameters are
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modeled, and the atmospheric delay parameters are modeled using the Global
Mapping Function (GMF) (Böhm et al., 2006). Corrections are applied to re-
move the solid Earth tide and ocean tidal loading. The amplitudes and phases
of the main ocean tidal loading terms are calculated with the Automatic Loading
Provider (http://www.oso.chalmers.se/~loading, Scherneck and Bos (2002)),
on the basis of the FES2004 ocean tide model, including correction for center
of mass motion of the Earth due to the ocean tides. The site coordinates are
computed in the non-fiducial frame and transformed to the ITRF2005 frame, (Al-
tamimi et al., 2007). The secular trends and their uncertainty are esimated as
described by Khan et al. (2010b).

The site coordinates are estimated based on data from one day, which results in
a time series of displacements (see e.g. Fig. 3.3). Rates are estimates by fitting
semi-annual, annual, and linear terms to the displacement time series. In this
thesis, both absolute and relative rates are considered. Relative rates represent
the motion of one site relative to another.

3.2 Laser altimetry

Satellite and airborne altimetry are methods to obtain surface elevations over ice
covered regions. In this PhD thesis surface elevations from NASA’s ICESat and
IceBridge missions are used to estimate volume changes of the Greenland ice sheet
and subsequent modeling of crustal displacements.

An illustration of the measurement principle in laser satellite altimetry is shown
in Fig. 3.4, here for the ICESat satellite. The laser on-board the satellite emits a
short laser pulse, which is reflected at the Earth’s surface. The altitude a of the
satellite is then determined by a = c∆t

2
, where ∆t is the two-way traveltime, and

c is the speed of light. GPS receivers on-board the satellite determine its spatial
position, from which the altitude a of the satellite above a reference ellipsoid, can
be derived. Hence, from the ellipsoidal height h, and the altitude a, the surface
elevation is derived.

3.2.1 ICESat

In the following a short description of the ICESat mission is presented, and a brief
overview of the processing steps regarding the estimation of the Greenland mass
balance is described.

The NASA satellite ICESat, operated between 2003 and 2009 in a near polar or-
bit at an altitude of 600 km (NASA-ICESat, 2012). On-board the satellite the
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Table 3.1: Absolute and relative displacement rates in mm/yr at the GPS
sites used in this PhD project. Vu is the absolute vertical rate, RVu, RVe,
and RVn represent the vertical, east, and north components of the relative
displacement rates.

Station Time span Vu RVu RVe RVn

KULU Jan 2004-Dec 2007 9.4 ± 0.6 - - -
KULU Jan 2005-Dec 2008 8.9 ± 0.7 - - -
KULU Jan 2006-Dec 2009 7.6 ± 0.6 - - -
KELY Jan 2004-Dec 2007 1.5 ± 0.7 - - -
KELY Jan 2005-Dec 2008 3.4 ± 0.6 - - -
KELY Jan 2006-Dec 2009 3.0 ± 0.6 - - -
THU2 Jan 2004-Dec 2007 5.6 ± 0.7 - - -
THU2 Jan 2005-Dec 2008 8.1 ± 0.8 - - -
THU2 Jan 2006-Dec 2009 8.9 ± 0.6 - - -
SCOR Jan 2004-Dec 2007 3.9 ± 0.7 - - -
SCOR Jan 2005-Dec 2008 4.0 ± 0.7 - - -
SCOR Jan 2006-Dec 2009 3.1 ± 0.6 - - -
QAQ1 Jan 2004-Dec 2007 3.3 ± 0.5 - - -
QAQ1 Jan 2005-Dec 2008 4.0 ± 0.5 - - -
QAQ1 Jan 2006-Dec 2009 3.2 ± 0.5 - - -
UPVK Jul 2007-Apr 2010 7.6 ± 0.6 - - -
SRMP Jul 2007-Apr 2010 16.2 ± 0.6 8.6 ± 0.8a - -
KAGA May 2006-Jan 2011 18.6 ± 0.7b 12.8 ± 0.6c -1.8 ± 0.3 0.9 ± 0.3
ILUL Jan 2006-Jan 2011 7.1 ± 0.5b 1.9 ± 0.4c -0.8 ± 0.2 0.7 ± 0.2

QEQE Jan 2006-Jan 2011 6.1 ± 0.5b -0.1 ± 0.4c -0.4 ± 0.2 0.4 ± 0.2
AASI Jan 2006-Jan 2011 5.9 ± 0.5b - - -

aRate relative to UPVK.
bRates based on data until Oct, 2009.
cRates relative to AASI.

Geoscience Laser Altimeter System (GLAS) instrument measured the surface ele-
vation along-track with a resolution of 170 m (NASA-GLAS, 2012). The satellite
operated in a 91-day repeat cycle, which has enabled the detections of surface
elevation changes over the ice sheets. Due to problems with the lasers on-board,
the measurements were only performed 3 times per year approximately 33 days
at a time.

Sørensen et al. (2011) used the GLAS/ICESat L2 Antarctic and Greenland Ice
Sheet Altimetry (GLA12) data release 31, to estimate the mass balance of the
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Figure 3.4: Illustration of the measurement principle of the GLAS
instrument on-board ICESat http://www.nasa.gov/vision/earth/

lookingatearth/icesat_billion.html.

Greenland ice sheet. This data set contains surface elevations over ice sheets and
is available at the National Snow and Ice Data Center (NSIDC) (NSIDC-ICESat,
2012). The process of deriving a mass balance model of the Greenland ice sheet
from ICESat surface elevations is described in detail by Sørensen et al. (2011) and
Sørensen (2011). Here the concepts of the processing done in Sørensen et al.
(2011), are briefly summarized in bullets.

• Data culling serve to reduce systematic errors and remove less reliable sur-
face elevation estimates from the data set.

• Elevation changes are estimated in 500 m segments along tracks by least
squares fitting.

• Volume changes are derived by spatial interpolation of the elevation changes
onto a 5 × 5 km grid using ordinary kriging.

• Elevation changes which are not related to actual mass changes are removed.
This includes firn compaction, drift of the satellite between campaigns (in-
tercampaign bias), and bedrock elevation related to past and present day ice
mass variability.

• Mass changes are obtain by proper modeling of the surface densities.

Figure 3.5 displays three mass balance estimates in water equivalents of the Green-
land ice sheet based on elevation changes in three overlapping time spans 2004-
2007, 2005-2008, and 2006-2009. These have been estimated by using the method
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Figure 3.6: Flight trajectories from the ATM 2011 Greenland campaign.

The IceBridge products are available at the NSIDC (NSIDC-IceBridge, 2012). In
this PhD project the IceBridge data product IceBridge ATM L2 Icessn Elevation,
Slope, and Roughness (ILATM2) (Krabill, 2011) and the pre-IceBridge product
Pre-IceBridge ATM Level-2 Icessn Elevation, Slope, and Roughness (BLATM2) (Kra-
bill and Thomas., 2010) are used. These data products contain geo-located smooth-
ed elevation measurements at a spatial resolution of approximately 50 m. The pre-
IceBridge elevation measurements cover the period 1993 through 2008. Fig. 3.6
shows an example of an IceBridge ATM campaign, here from 2011. Measurements
are primarily collected over areas with a considerable mass loss e.g. along the
southeast and western margin of the Greenland ice sheet. Hence, these data sets
are particular useful for studying ice elevation changes on a glacier level.

Surface elevation changes from these data sets can be obtained in areas with re-
peated surveys. To avoids errors related to topography, only points separated by
less than 30 m are considered. In areas with sufficient spatial data coverage, a
volume loss estimate can be obtained by interpolation of the along-track elevation
changes. In this thesis, ordinary local neighbourhood kriging is used as the inter-
polation method, where information regarding the correlation length is obtained
from the empirical variogram. Jakobshavn Isbræ, one of Greenland’s largest out-
let glaciers, has been surveyed repeatedly by ATM instrument since 1997. Fig.
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(a)

(b)

Figure 3.7: (a) Along-track linear elevation changes for the area of Jakob-
shavn Isbræ, based on ATM data from 2006, 2009, 2010, and 2011 (Nielsen
et al., 2012c). (b) Elevation changes interpolated onto a 1 × 1 km grid

3.7a shows linear along-track elevation changes for the area of Jakobshavn Isbræ
during the time spans 2006-2011, and Fig. 3.7b shows the interpolated eleva-
tion changes. Jakobshavn Isbræ is thinning over a large area, where rates of a
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few m/yr are observed fare inland. At the front thinning rates of up to -15 m/yr
are observed. Several studies have used ATM measurements to study Jakobshavn
Isbræ e.g. Joughin et al. (2008); Khan et al. (2010b).



4
Elastic displacements due to present

day ice mass variability

When a load is placed or removed from the surface of the Earth it causes an
instantaneous elastic deformation of the Earth’s crust, which depends on the mass
of the load and the material properties of the Earth. In relation to glaciers and
ice sheets the present day mass changes e.g. dynamic thinning, discharge, surface
melting and snowfall are examples of such loads. The elastic displacements, in this
thesis, have been estimated using Farrell’s Green’s functions (Farrell, 1972) or a
modified version of a Fortran program by Giorgio Spada (Personal, communication
2011).

4.1 The elastic response to a surface disc load

The Vertical and horizontal responses to an axial symmetric load as a function of
the colatitude α are given by (see e.g. Spada (2003))

U(α) =
3

ρe

nmax

∑
n=0

hn
σn

2n+1
Pn(cosα), (4.1)

V (α) =
3

ρe

nmax

∑
n=0

ln
σn

2n+1

∂Pn(cosα)

∂α
, (4.2)

where ρe is the average density of the Earth, Pn is the Legendre polynomial, n is the
harmonic degree, hn and ln are the vertical and horizontal Loading Deformation
Coefficients (LDCs), sometimes called love numbers. For an elementary disc load
the nth harmonic component of the load σn is given by (see e.g. Spada et al.
(2011))

σn =
ρi ∆H

2

{

1− cosβ if n = 0

[−Pn+1(cosβ )+Pn−1(cosβ )] if n ≥ 1
(4.3)

Where β is the radius of the disc load. ρi is the density of ice, and ∆H is the
thickness change of the ice load.
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4.2 Load deformation coefficients (LDCs)

The vertical and horizontal LDCs hn and ln enter into Eq. (4.1) and (4.2). These
LDCs, plus a third LDC kn related to the gravity potential, are found by solving the
elastic equations of motion in spherical coordinates for a self gravitating spherical
Earth subjected to a surface load. The equations of motion for such an Earth is
given by (see e.g. Farrell (1972))

∇· τ −∇(ρgs · er)−ρ∇ϕ +g∇· (ρs)er = 0

∇2ϕ =−4πG∇· (ρs).
(4.4)

Here τ is the stress tensor, ρ is the unperturbed density, g is the gravitational accel-
eration, ϕ is the perturbation in the gravitational potential, s is the displacement
vector, and G is the gravitational constant. The system of equations in (4.4) form
a coupled set of four second order differential equations. If it is assumed that; (1)
the Earth is spherical symmetric hence, its material properties only depend on the
radial distance r from the center of the Earth and; (2) the applied surface load
is axial symmetric, then the solution becomes independent of the longitude and
(4.4) is reduced to a coupled set of three differential equations. Hence, S and ϕ

can be expressed in term of Legendre polynomials (see e.g. Farrell (1972)).

s =
∞

∑
n=0

(

Un(r)Pn(cosθ)er +Vn(r)
∂Pn(cosθ)

∂θ
eθ

)

ϕ =
∞

∑
n=0

Φn(r)Pn(cosθ).

(4.5)

Here Un, Vn, and Φn are the transformed variables and n is the harmonic degree.
This expansion reduces (4.4) to a system of six first order linear differential equa-
tion, which can be solved numerically with appropriate boundary conditions. A
detailed description is found in e.g Longman (1962) and Farrell (1972). The
transformed variable are related to the LDCs hn, ln, and kn through the following
relation (Farrell, 1972)





Un(r)

Vn(r)

Φ1,n(r)



 = Φ2,n







hn(r)
g

ln(r)
g

kn(r)






, (4.6)

where Φ2,n is the transformed potential of the applied force field and Φ1,n is trans-
formed potential of the Earth’s distorted density field. The LDCs depends on the
boundary conditions and the material properties of the Earth. Hence, for each
solution to Eq. 4.4 a unique set of LDCs exist.



4.2. Load deformation coefficients (LDCs) 23

Examples of the LDCs hn and ln up to harmonic degree n = 1024 are shown in Fig.
4.1a. The solid curves represent LDCs related to an Earth model with Preliminary
Reference Earth Model (PREM) (Dziewonski and Anderson, 1981) structure and
these are acquired from the Atmospheric Pressure Loading service. The LDCs,
represented by the dashed curves, are based on the Earth model JAK (see Section
4.3.2), and are estimated by Pascal Gegout (personal communication, October
2011).

Fig. 4.1b shows the vertical and horizontal responses to a single disc load with a
radius of β = 500 m and a thickness variation of ∆H = −1 m. These are estimated
by Eq. (4.1) and (4.2) with nmax = 10

5. After the harmonic degree n = 1024, it
is assumed that the asymptotic limit is reached (see Farrell (1972)) The vertical
response has its maximum amplitude right beneath the center of the load. The
signal decreases rapidly, and at 4 disc radii it is reduced to approximately 10 %.
The horizontal displacement is zero right beneath the center of the load, due to
symmetry, and has its maximum amplitude at the periphery of the load.
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Figure 4.1: (a) Vertical h (black curves) and horizontal nl (light blue curves)
LDCs up to harmonic degrees 1024, where the solid curve is related to the
Earth model PREM and the dashed curve is related to the Earth model JAK.
(b) Vertical (black curves) and horizontal (light blue curves) displacements
from a single disc load with a radius of β = 500 m and a thickness variation
of ∆H = −1 m, where the solid curve is related to the Earth model PREM
and the dashed curve is related to the Earth model JAK.
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4.3 Modeling of elastic displacements due to present-

day ice mass variability.

This Section is intended as a description of how to model the elastic displacements
related to the ongoing ice mass changes. As an example, the area of Jakobshavn
Isbræ is used. The vertical and horizontal displacements around Jakobshavn are
studied in Nielsen et al. (2012c). Here, this work is extended and other subjects
related to elastic displacement modeling are discussed.

4.3.1 The elastic response due to a complex load distribution

The equations (4.1) and (4.2) represent the vertical and horizontal responses to
a single disc load, given that σn is represented by eq. (4.5). To estimate the re-
sponse from a complex load distribution such as Jakobshavn Isbræ, a convolution
is performed between Eq. (4.1) and (4.2) and an ice elevation change grid, with a
resolution of β . Hence, at each observation point the displacement is a sum of all
the individual responses, defined by the distance to the load and the height of the
discs. A linear elevation change grid for the area of Jakobshavn Isbræ, based on
ATM data from 2006, 2009, 2010, and 2011, are displayed in Fig. 3.7b. The cor-
responding displacement fields are shown in Fig. 4.2. The vertical displacement
field has a distribution similar to the elevation changes. As for the single disc load,
this example illustrates how rapid the signal is reduced as a function of the dis-
tance from the front of Jakobshavn Isbræ. The horizontal field, as expected, has
a minimum right beneath the load and a maximum at the periphery of the load
(see Fig. 4.1b). The horizontal motion points away from areas with mass loss and
is directed toward areas with mass gain. Hence, the horizontal motion gives an
indication of the origin of the load.

4.3.2 Impact on the elastic response due to the Earth model

Deformation of the Earth’s crust depends on the material properties of the Earth.
To understand the influence of the Earth model in relation to the elastic response,
the vertical displacements related to ice mass loss at Jakobshavn Isbræ (see Fig.
3.7b) are estimated based on two different Earth models, PREM and CRUST2.0
(Bassin et al., 2000) type crust model for the area of Jakobshavn Isbræ overlying
a Reference Earth Model (REF) (Kustowski et al., 2008) Earth model. Here after
the latter Earth model is referred to as JAK.

CRUST2.0 is a 2× 2 degree global crustal model, where each cell is composed of
a 7 layer profile consisting of: ice, water, soft sediments, hard sediments, upper
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Figure 4.2: The vertical (left) and horizontal (right) displacement field re-
lated to the linear thinning of Jakobshavn Isbræ between 2006 and 2011
(see Fig. 3.7b). The red star indicates the positions of the GPS site KAGA.

crust, middle crust, and lower crust. Fig. 4.3 displays the crustal thickness based
on the CRUST2.0 model. In Greenland the crustal thickness range between 30 and
40 km, which is higher than the PREM global average crustal thickness of 25 km.
The material characteristics of CRUST2.0 for the area of Jakobshavn Isbræ and the

Figure 4.3: Crustal thickness at 2 × 2 degrees, based on the CRUST2.0
model, acquired from Laske et al. (2012).

crustal part of PREM is summarized in Table 4.1. The major differences between
these models are the overall crustal thickness, the radius of the Earth, which is
approximately 10 km shorter in the JAK Earth model, and the material properties,
here described in terms of bulk modulus K. Bulk modulus (or incompressibility)
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Table 4.1: The crustal characteristics of the Earth models JAK and PREM.

Layer Thickness vp vs ρ E Upper radius
km km/s km/s kg/cm3 GPa km

CRUST2.0

Ice 0.500 3.810 1.940 0.920 8.7 6361
Upper crust 13.000 6.200 3.600 2.800 59.2 6360
Midel crust 12.000 6.400 3.600 2.850 67.4 6347
Lower crust 12.000 6.800 3.800 2.950 79.6 6335

PREM

Water 3.000 1.450 0.000 1.020 2.1 6371.0
Crust 12.000 5.800 3.200 2.600 52.0 6368.0
Crust 10.000 6.800 3.900 2.900 75.3 6356.0

describes the resistance of a material to uniform compression. Fig. 4.4 shows a
plot of bulks modulus for the upper 50 km of the Earth models PREM (black) and
JAK (light blue). Down to a depth of approximately 15 km the JAK Earth model
has a higher Bulk modulus compared to PREM.

The vertical LDCs related to the Earth models PREM and JAK in (Fig. 4.1a) start to
deviate from each other at the harmonic degree n = 20, and until n = 400 the JAK
model results in the largest response. At higher harmonic degrees PREM results
in the largest response. This is consistent with the bulk modulus of the layers
(see Table 4.1 and Fig 4.4). A response to a large load (low harmonic degree) is
affected by the deeper layers, while the one to small load is only affected by the
upper part of the crust.

The vertical displacement for a disc with radius β = 0.5 km and a thickness ∆H = 1

m are approximately 20% larger beneath the load for the solution based on PREM
(solid black curve) compared to that based on JAK (dashed black curve) (Fig.
4.1b). As the distance from the load increases, the two solutions approach each
other. This occurs at a distance of approximately 5 km. Fig. 4.5 shows the differ-
ence in vertical crustal displacement, related to the complex load distribution at
Jakobshavn Isbræ (Fig. 3.7b), between the PREM and JAK solutions. The maxi-
mum difference between the two solutions is approximately ±1 mm/yr. The uplift
rates from these solutions at the GPS sites KAGA, ILUL, QEQE, and AASI are listed
in table 4.2. At KAGA located 5 km from the front of Jakobshavn Isbræ the dif-
ference is 0.7 mm/yr, while the difference is zero at ILUL located 45 km from the
front. Hence, the selection of Earth model is only important at sites located in the
near vicinity of a large load like Jakobshavn Isbræ.
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Table 4.2: Vertical displacements related to the complex load distribution of
Jakobshavn Isbræ. The responses are based on two set of LDCs, PREM and
CRUST2.0.

Station PREM CRUST2.0 Diff.
mm/yr mm/yr mm/yr

KAGA 12.0 12.7 0.7
ILUL 3.0 3.0 0.0

QEQE 1.1 1.1 0.0
AASI 1.3 1.3 0.0
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beneath the load. During deglaciation the crust rebounds to its original position
and mantle material flows back. The time scale of GIA is typically thousands of
years. Besides crustal displacements, which are the primary interest in this thesis,
and mass redistribution in the mantle GIA also effects the Earth rotation vector
(Mitrovica et al., 2001) and the relative sea level (RSL). RSL is a height defined
as the position of the interface between the ocean and the Earth. At present-day
RSL=0. The surface of the ocean adjusts according to the gravitational attraction
of the Earth. Hence, a change in the ice and ocean distribution and redistribution
of mantle material will alter the surface of the ocean and thereby change the
relative sea level. The relative sea level also changes as a consequence of the
vertical displacement due to loading/unloading.

At present GIA is observed at former and present-day glaciated regions. At Former
glaciated regions such as Fennoscandia and North America, crustal displacement
related to GIA can be measured directly by GPS receivers. In these areas the
observed present-day rates are up to 11 mm/yr (Lidberg et al., 2010; Sella et al.,
2007). In areas that are currently glaciated such as Greenland and Antarctica
the GIA response is mixed with the present day response caused by the ongoing
melting. Hence, making it more difficult to measure the GIA response directly.

GIA depends on the rheology (the viscosity profile) of the Earth and the load
distribution as a function of space and time. In the following these topics are
discussed in more detail.

The relevant GIA variables, in this thesis, are rates of vertical and horizontal
displacement. The contributions have been estimated using the publicly avail-
able software the Sea LevEL EquatioN solver (SELEN) version 2.9.8 (Section 5.4)
(Spada and Stocchi, 2007), and the vertical and horizontal grids based on ICE-5G
(VM2 L90) by Peltier.

5.1 Earth model

At timescales relevant to GIA the Earth acts both as an elastic and viscous solid.
Materials that behaves is this way are called viscoelastic and may be represented
by Maxwell rheology, where the strain rate is the sum of the elastic and viscous
strain rates.

In GIA studies the structure of the Earth is typically approximated by an elas-
tic lithosphere, a viscoelastic mantle and an inviscid core (the Lamé parameter,
µ = 0), where the material properties are assumed only to vary as a function of
the radial distance. The mantle may be further subdivided into a finer layered
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structure, often into an upper and lower mantle. The lithosphere thickness gener-
ally varies between 70 and 120 km, and the mantle viscosity varies between 1019

and 1024 Pa s. The viscosity of a material describes its resistance when subjected
to an applied stress. Hence, a material with a low viscosity will deform more
easy compared to a material with a high viscosity. Furthermore, in GIA studies
the Earth is often assumed to be self-gravitating and incompressible. For vertical
displacement rates the assumption about incompressibility is appropriate, but for
studies of horizontal displacement rates a compressible Earth yields a significant
larger response (Tanaka et al., 2011).

5.2 Ice histories

An ice history, sometimes called a deglaciation history, is a model of the ice sheets
as a function of space and time. At each location the ice thickness is given at
a discrete set of times, typically from the LGM to present day, at each location.
The extent of former ice sheets are constrained by geological data (e.g moraine
deposits), and the total ice volume can be estimated from far field observations
relative sea level (e.g. dating of corals and raised beached), which is a good
representation of the eustatic sea level.

Ice history models are modeled through an iterative process, where the estimated
sea level change in each time step is compared to data of relative sea level. The
ice history and sometimes also the Earth model is then adjusted to obtain a better
fit between the observed and predicted relative sea level. Ice models can further-
more be constrained by several glaciological parameters, and follow the physical
dynamics of ice.

A widely used global ice histories is ICE-5G (Peltier, 2004). This model is con-
strained by relative sea level data and dynamic ice sheet modelling. The Green-
landic part of ICE-5G is described in Tarasov and Richard Peltier (2002). ICE-5G is
derived simultaneously with the VM2 viscosity profile combined with a lithosphere
thickness of 90 km.

Another global model is ANU05 by Kurt Lambeck. It consists of series of regional
ice histories with different assumptions about the Earth model. The Greenlandic
part, GREEN1, is described in Fleming and Lambeck (2004).

An example of a regional model for Greenland is the Huy2 ice history (Simpson
et al., 2009). This model is a Calibration of the 3D thermomechanic ice sheet
model Huy1 by (Hybrect 2002) using near field relative sea level data and geolog-
ical evidence of past ice extent.
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5.3 The seal level equation

The solid Earth response and the redistribution of water related to the melting of
the late Quaternary ice sheets can be described by the sea level equation (SLE),
which describes the spatial and temporal variations of sea level associated with
these processes. In the system consisting of the solid Earth, the oceans, and the
ice sheets a sea level changes caused by a mass redistribution in this system is
given by (Farrell and Clark, 1976)

S(ω, t) =
Φ

g
−U + c, (5.1)

where t is the time ω is the spatial position, Φ is the incremental perturbation in
the gravity potential, g is the gravitational acceleration, U is the vertical displace-
ment, and c is a constant that ensures conservation of mass within the system.
According to Farrell and Clark (1976), the term Φ

g
+ c represents the change in

the radius of the geoid. Hence, the sea level change related to GIA consists of two
contributions; (1) the redistribution of masses causes the geoid to change and; (2)
at the same time the surface of the solid Earth is displaced.

The SLE can more explicitly, here in the notation of Spada and Stocchi (2007), be
written as

S(ω, t) =
ρi

g
Gs ⊗i I +

ρw

g
Gs ⊗o S +SE −

ρi

g
Gs ⊗i I −

ρw

g
Gs ⊗o S. (5.2)

The first two terms in Eq. (5.2) are the sea level changes caused by the ice and
water loads as a function of time, where ρi and ρw are the densities of ice and
water, I and S are the ice and ocean loads as a function of position and time, ⊗
represents a convolution, and Gs = Gϕ + gGu, where Gϕ and Gu are the Green’s
functions related to the potential perturbation and the vertical displacement. For
a spherically, incompressible, and viscoelastic Earth these Green’s functions are
given by (Peltier, 1974)

{

Gu
1

g
Gϕ

}

(α, t) =
a

me

∞

∑
n=0

{

hn(t)

δ (t)+ kn

}

Pn(cos(α)), (5.3)

where a and me are the radius and mass of the Earth, hn(t) and kn(t) are time
dependent LDCs, δ is the Dirac delta function, Pn is the Legendre polynomial of
harmonic degree n, and α is the colatitude. The last three terms in Eq. (5.2)
represent the constant c in Eq. (5.1), where SE is the eustatic sea level change and
the overbars indicates an average over the surface of the oceans. The Eq. (5.2) is
an integral equations, since the sea level change S is on both sides of (5.2), and
must therefor be solved using iterative methods.
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5.4 GIA predictions

There are some GIA solutions available on-line e.g Peltier’s solution based on the
ice history ICE-5G (VM2 L90) e.g. 1 × 1 degree grids of vertical and horizontal
displacement, which are available at http://www.atmosp.physics.utoronto.ca/
~peltier/data.php. This solution is based on a compressible, self gravitating, and
spherical symmetric Earth. Another publicly available solution is Paulson’s solu-
tion (Paulson et al., 2007) available at http://grace.jpl.nasa.gov/data/pgr/.
This solution is also based on the ice history ICE-5G. It assumes an incompress-
ible, self-gravitating, and spherically symmetric Earth. The mantle viscosity model
VM2 is approximated with a four layered viscosity profile, with an upper mantle
viscosity of 0.9 ×10

21Pa s and a lower mantle viscosity of 3.6 ×10
21Pa s.

SELEN (Spada and Stocchi, 2007) is a publicly available Fortran 90 program that
solves the SLE, and outputs various GIA variables e.g. present-day rates of vertical
and horizontal displacement. The program is implemented using the “pseudo-
spectral” method (Mitrovica and Peltier, 1991). The Earth is assumed to be in-
compressible and radially stratified, where the mantle layers characterized by a
viscoelastic rheology. In the version of SELEN (2.9.8) applied in this thesis the
ocean function is constant, which means that the shorelines remain fixed in time.
In SELEN the size of each time step is 1 kyr.

Table 5.1: Lithosphere thickness (LT) and upper and lower mantle viscosi-
ties (UMV and LMV) used in the GIA models.

Earth parameter ICE-5G(Pe) ICE-5G(Pa) ANU05 Huy2

LT (km) 90 90 80 120
UMV (×10

21 Pa s) VM2 0.9 0.4 0.5
LMV (×10

21 Pa s) VM2 3.6 10.0 1.0

Fig 5.2 shows present-day GIA predictions of vertical displacement based on ICE-
5G ((a) Peltier’s solution and (b) Paulson’s solution), ANU05 (c), and Huy2. The
Earth model parameters are summarized in Table 5.1. These models have an over-
all similar structure, with uplift over the northern and eastern part of Greenland,
subsidence in the central part and uplift at the southern part. However, there are
differences in the magnitudes of the displacements. The predictions based on ICE-
5G (Peltier) and Huy2 generally have larger displacement rates compared to the
ANU05 and ICE-5G (Paulson) solutions. Though, based on the same ice history the
Peltier and Paulson solutions have quite different rates. A part of this difference
results naturally from the different assumptions taken. Recently some attempts
have been made to benchmark different GIA codes (Spada et al., 2011).





6
Combining observed and modeled

crustal displacements

GPS measurements of crustal displacements in ice covered regions such as Green-
land will contain responses from the present-day ice mass changes and ice load
variations of the late-Pleistocene ice sheets. Without additional information these
contributions cannot be separated. Hence, by combining observed rates of crustal
displacement with modeled rates of the present-day (Chapter 4) and the GIA
(Chapter 5) signals, a better understanding of these signals can be reached.

6.1 Constraining present-day glacial mass balance

The GPS sites in Greenland are grouped in pars, where one site is located near
the glacier front and the other is located further towards the coast. This enables
the study of displacement gradients. When considering gradients, the long wave-
length signals such as the displacement from distant sources and GIA are reduced,
since these tend to be of similar size at sites located relative close to one another.
Hence, a displacement gradient will roughly represent the local mass changes and
can therefor be used to constrain the local mass balance in the vicinity of the GPS
sites.

This methodology is used in the papers Nielsen et al. (2012b) and Nielsen et al.
(2012c), where relative displacements are used to constrain the mass balance of
Upernavik Isstrøm and Jakobshavn Isbræ. The results are summarized in Table
6.1. It both studies the elastic response, related to the local mass changes (column
5), constitute the largest part of the observed displacement gradients, while GIA
and the elastic response related to mass loss outside these glaciers represent a
smaller part. The agreement between the observed and relative displacement
rates are 0.6 mm/yr and 0.8 mm/yr for Upernavik Isstrøm and Jakobshavn Isbræ,
respectively, which suggests that the local mass changes are well captured.



36 Chapter 6. Combining observed and modeled crustal displacements

For a comparison the total modeled displacement rates have also been estimated
without the local high resolution mass change grids. In these estimates the elas-
tic response are based on the 2006-2009 ICESat-derived mass change grid. It is
evident that the modeled relative rates between SRMP-UPVK (Upernavik Isstrøm)
and KAGA-AASI (Jakobshavn Isbræ) are considerable higher when the local high
resolution mass change grid is used, while the difference in the relative rates be-
tween ILUL-AASI and QEQE-AASI are insignificant. This indicates that the ICESat
mass change grid captures the main part of the signal, but misses the shorter
wavelength in the signal due to its lower resolution.

Table 6.1: Modeled and observed relative uplift rates in mm/yr. The sec-
ond column displays GPS rates, third column the total modeled uplift rates,
consisting of the elastic response from UI (column 5), the elastic response
from outside UI (column 6), and GIA (column 7). The fourth column is the
combined modeled rates, but where the elastic response is estimated only by
the 2006-2009 ICESat mass change grid.

Station GPS Modeled ICSat Response Response GIA
total only local regional

Upernavik Isstrøm

SRMP-UPVK 8.6±0.8 9.2±4.2 5.5±0.4 7.0±4.2 1.7±0.3 0.5 (0.1;0.7)
Jakobshavn Isbræ

KAGA-AASI 12.8±0.6 12.0±2.1 8.7±0.4 11.4±2.1 1.8± 0.4 -1.2 (-0.6;1.1)
ILUL-AASI 1.9 ±0.4 2.1±0.9 1.7±0.4 1.7±0.8 0.9±0.3 -0.5 (-0.5;0.8)

QEQE-AASI -0.1±0.4 -0.2±0.5 -0.1±0.4 -0.2±0.4 -0.1 ± 0.3 0.1 (-0.6;0.5)

6.2 Constraining glacial isostatic adjustment

The more than 50 permanent GPS sites (Fig. 3.1) located around the edge of
the Greenland provide important constraints on the various GIA models available.
However, to separate the GPS signal into the elastic and viscoelastic responses
requires additional information. Here, the modeled elastic response is used to
adjust the GPS rates to obtain constraints on the GIA estimates.

To obtain reliable constraints on the GIA estimates, using this method, require high
resolution mass change grids in order to estimate the elastic response correctly.
Another key point is that the GPS time series and the loading model used to derive
the Earth’s elastic response must cover approximately the same time span, since
the spatial distribution of mass change and hence, the elastic displacement, may
undergo rapid changes. In the paper, Nielsen et al. (2012a), it is demonstrated that
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the mass change pattern of the Greenland ice sheet varies considerably during the
relative short time span 2004-2009. This is also shown on a more local scale in
Nielsen et al. (2012b) and Nielsen et al. (2012c), where the mass loss pattern
of Jakobshavn Isbræ and Upernavik Isstrøm undergo rapid changes. To reduce
errors related to unmodeled elastic displacements it is advisable to use sites, which
are located at some distance from areas with a considerable mass change, when
constraining GIA.

Using the observed and modeled elastic response to constrain GIA rely solely on
the assumption that the latter is estimated correctly. But without any validation
of the modeled elastic response or other apriori information, this method may not
provide reliable GIA constraints. Nielsen et al. (2012a) used temporal changes
in observed and modeled elastic displacement rates to assess the validity of the
modeled elastic response. The hypothesis in this analysis can be described as
follows. Over a few decades the GIA response can be assumed constant. Hence,
any temporal changes in the observed displacement rates are related to present-
day changes. If the modeled elastic rates, related to these changes, show the same
temporal behaviour, it indicates, that these rates are modeled correctly. However,
a constant bias may be present, if the data resolution is too low to accurately
represent the actual mass loss.

Fig. 6.1 shows temporal changes in the observed and modeled elastic rates, em-
phasized with dashed lines, at the five GPS sites KELY, SCOR, QAQ1, THU2, and
KULU. The modeled elastic rates are based on ICESat-derived mass change grids,
which are estimated using the M3 method presented in Sørensen et al. (2011).
Based on this analysis, the modeled elastic response is assumed to be reliable at
the sites KELY, SCOR, and QAQ1, due to the agreement in the temporal behaviour
between the observed and modeled elastic rates. Though, the temporal behaviour
agrees at the site KULU, this site is disregarded, due to a possible bias in the mod-
eled elastic rates caused by the low resolution of ICESat data in the southern par
of Greenland. The analyses is described in more detail in Nielsen et al. (2012a).

6.2.1 Preliminary evaluation of GIA models based on ICE-5G

In the following preliminary study, the observed (see Table 3.1) and modeled elas-
tic rates that are presented in the papers Nielsen et al. (2012a), Nielsen et al.
(2012b), and Nielsen et al. (2012c), plus rates at selected GNET sites, are used to
put constraints on GIA models based on ICE-5G by Peltier and Paulson.

Fig. 6.2 shows Peltier’s GIA model of vertical displacements for Greenland based
on ICE-5G. This model is characterized by two distinct uplift centers in the north-
ern part of Greenland, subsidence at the central part, and smaller uplift centers at
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Figure 6.1: Temporal changes in observed and predicted vertical displace-
ment rates at five permanent GPS sites (Nielsen et al., 2012a). The observed
and modeled elastic rates are based on data from the three time periods
2004-2007, 2005-2008, and 2006-2009. The modeled elastic rates are de-
rived from ICESat mass change grids, which are estimated according to the
M3 method (Sørensen et al., 2011). The GIA predictions are based on the
ice histories ICE-5G, ANU05, and Huy2.

the southern tip, and at the central part of the west and east coasts of Greenland.
The location of the sites used in this study are also indicated in the figure.

The additional GPS sites used in this study are KMOR, KMJP, JGBL, NORD, and
BLAS, located along the northern coast of Greenland. These sites are not affected
too much by the present-day mass loss (see Fig. 3 in Nielsen et al. (2012a))
like the sites on the west and southeast coasts of Greenland. Hence, the elas-
tic contribution is small. Furthermore, these sites are less affected by the 2010
melting/uplift anomaly (Bevis et al., 2012). The observed vertical displacement
rates are adapted from Bevis et al. (2012). Information regarding these sites is
summarized in Table 6.2.

To put constraints on the GIA estimates, the elastic response must be removed
from the observed rates. Since the ICESat-derived mass change grids do not cover
the entire observation period of the sites KMOR, KMJP, JGBL, NORD, and BLAS,
accurate constraints cannot be estimated. However, these grids can still be used
to set some bounds on the modeled elastic rates. Fig. 3 in Nielsen et al. (2012a)
displays the variation in the modeled elastic displacement, derived from ICESat
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Figure 6.2: Peltier’s GIA predictions of vertical displacements in mm/yr
based on the ice history ICE-5G (VM2 L90). The location of selected GPS
sites, that are used to constrain the GIA predictions, are indicated on top.

elevation changes, during the period 2004-2009. A minimum of elastic displace-
ment over the northern part of Greenland is observed in the time span 2005-2008
(Fig. 3b) and a maximum in the time span 2006-2009. This trend is also ob-
served by Kjær et al. (2012). They have estimated the mass change pattern of
the Greenland ice sheet based on GRACE data in four time spans during the pe-
riod 2003-2011. Their results show, that the mass loss rates in the northern part
of Greenland between 2009 and 2011 do not exceed the minimum or maximum
rates observed in the entire period. Hence, the elastic displacement rates based on
the 2005-2008 and 2006-2009 ICESat-derived mass change grids, can be used as
lower and upper bounds for the elastic displacement rates in the time span of the
observed displacement rates.

The observed rates, which are corrected for the modeled elastic rates, are com-
pared with two GIA models by Peltier and Paulson. The result of this preliminary
analysis is displayed in Fig. 6.3. The gray squares represent the observed rates
at the GPS sites and the black squares represent the corrected observed rates with
2σ error bars. The GIA solution span due to the possible range in the elastic dis-
placement rates are indicated with pink color. The red and blue squares represent
Peltier’s and Paulsons’s solutions, respectively. In the following the main focus will
be on the sites, which have not been presented in Nielsen et al. (2012a). The
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Table 6.2: Vertical displacement rates in mm/yr, adapted from Bevis et al.
(2012).

Station Lat Lon tstart tend tspan Vu σu

KMOR 81.253 -63.527 2007.671 2011.247 3.6 7.5 0.3
KMJP 83.643 -33.377 2008.537 2011.247 2.7 4.5 0.4
JGBL 82.209 -31.004 2008.523 2011.242 2.7 4.3 0.4
NORD 81.600 -16.655 2006.717 2011.149 4.4 5.8 0.8
BLAS 79.539 -22.975 2008.515 2011.247 2.7 7.0 0.4

most striking differences in the estimates (Fig. 6.3) are seen at the sites JGBL and
BLAS (Fig. 6.2). At these sites Peltier’s GIA rates are considerable larger than the
corrected observed rates. This suggests that Peltier’s GIA model over predicts the
vertical displacement rates at these sites. However, caution must be taken since
the time spans of the GPS times series are only 2.7 years, and a local evaluation of
the elastic displacements has not been done.

At the sites KMOR, KMJP, and NORD (Fig. 6.2) the agreement between the pre-
dicted GIA and corrected observed rates are within or almost within the error bars
of the GPS rates, depending on the size of the elastic correction. At the sites UPVK
and AASI (Fig. 6.2), the corrected observed rates are considerable higher that the
predicted rates. In the papers Nielsen et al. (2012b) and Nielsen et al. (2012c)
the modeled elastic displacement patterns near theses sites have been thoroughly
studied and validated with observed rates. Hence, this might suggest, that the GIA
models under predict the vertical displacement rates at these sites. The ice margin
near the sites UPVK and AASI has retreated with approximately 20-30 km since
the end of the LIA (Kollmeyer, 1980; Weidick, 1958). Post-LIA ice load changes
are not included in ICE-5G, which might explain a part of the discrepancy between
the predicted GIA rates and the corrected observed rates.

To summarize the results of this preliminary analysis it can be stated that: Peltier’s
modeled GIA rates of vertical displacement are most likely over predicted, in the
north eastern uplift center in Greenland. The amplitude of the uplift center on the
west coast of Greenland is probably under estimated. However, to make a more
solid statement longer GPS time series of displacement and updated mass change
grids are needed.
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GIA predictions, based on the ice history ICE-5G, by Peltier and Paulson,
respectively.
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7
Conclusions and suggestions for

future work

In this PhD project modeling of elastic displacements related to the present-day
ice mass variability has been a central part. Accurate models of the elastic dis-
placement pattern are essential to separate the past and present-day contributions
in the observed displacement rates.

Modeling of elastic displacements depend on the Earth model and the loading
model i.e. the spatial distribution of ice loss over a time interval. Based on this
study, the Earth modeled has only minor influence on the elastic displacement
rates. In the vicinity of an area with a large mass loss, like Jakobshavn Isbræ, the
difference in the elastic displacement rates are within a few mm based on the two
Earth models PREM and JAK. However, the accuracy of the loading model, has a
much higher influence on the elastic displacement rates. Especially near glaciers
that experience a large ice mass loss a high resolution loading model is needed to
obtain reliable elastic displacement rates.

In this PhD study, ICESat mass change grids combined with local high resolution
mass change grids have been used to model elastic displacement rates near Uper-
navik Isstrøm (Nielsen et al., 2012b) and Jakobshavn Isbræ (Nielsen et al., 2012c).
When relative rates are considered the agreement between the modeled and ob-
served rates are 0.8 mm/yr or better. Since the relative rates roughly represent the
local mass loss, this indicates, that the mass loss, and hence the modeled elastic
rates, are well modeled.

Horizontal displacements have been studied near Jakobshavn Isbræ (Nielsen et al.,
2012c) at the sites KAGA, ILUL, and QEQE relative to the site AASI. The displace-
ments are directed towards west-northwest, suggesting that the main mass loss
is located southeast of the GPS sites. This agrees well with the mass loss pattern
obtained from ATM surface elevations (Fig 3.7b).

Elastic displacement rates can in combination with observed rates be used to con-
strain GIA models of vertical displacements. However, without any constraints on
the modeled elastic displacements, reliable constraints may not be obtained. In
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Nielsen et al. (2012a), temporal variations in the observed and modeled elastic
rates at five permanent sites (KELY, THU2, SCOR, KULU and QAQ1) have been
used to put some constraints on the modeled elastic rates. At sites, where the
temporal variations agree, the modeled elastic displacements are considered more
reliable. However, caution should be taken since a constant bias may be present, if
the resolution of the loading model is to low. Based on the analysis in Nielsen et al.
(2012a) the vertical displacement rates related to GIA are estimated to be approx-
imately -1 ± 0.6 mm/yr at KELY, 2 ± 0.7 mm/yr at SCOR, and 0.5 ± 0.5 mm/yr
at QAQ1. At the sites KULU and THU2 the resolution of the ICESat mass change
grids is locally too low to accurately estimate the elastic displacement rates.

An interesting suggestion for future work could be to use the GNET displacement
rates combined with modeled elastic displacement rates to constrain the GIA con-
tribution. In this PhD study a preliminary analysis of this has been started, with
focus on the northern part of Greenland. To obtain reliable constraints, accurate
loading models are needed in the vicinity of the GNET sites. Hence, by combing
the ICESat data with other measurements of surface elevation, locally improved
mass changes grids can be obtained. Another approach, to put some constraints
on the GIA rates, is to compare relative rates of the observed and modeled GIA dis-
placement. By selecting sites locates far from the ice margin with approximately
the same elastic response, the GIA signal can be isolated in the observed rates, and
compared to the GIA rates.

This work has contributed with improved knowledge about the elastic displace-
ments related to the present-day mass loss of the Greenland ice sheet. It has been
demonstrated that with proper modeling of the elastic response it is possible to
obtain rates that are accurate enough to constrain the GIA signal.
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Abstract. ICESat has provided surface elevation measure-
ments of the ice sheets since the launch in January 2003,
resulting in a unique dataset for monitoring the changes of
the cryosphere. Here, we present a novel method for deter-
mining the mass balance of the Greenland ice sheet, derived
from ICESat altimetry data.

Three different methods for deriving elevation changes
from the ICESat altimetry dataset are used. This multi-
method approach provides a method to assess the complexity
of deriving elevation changes from this dataset.

The altimetry alone can not provide an estimate of the
mass balance of the Greenland ice sheet. Firn dynamics
and surface densities are important factors that contribute
to the mass change derived from remote-sensing altimetry.
The volume change derived from ICESat data is corrected
for changes in firn compaction over the observation period,
vertical bedrock movement and an intercampaign elevation
bias in the ICESat data. Subsequently, the corrected volume
change is converted into mass change by the application of a
simple surface density model, in which some of the ice dy-
namics are accounted for. The firn compaction and density
models are driven by the HIRHAM5 regional climate model,
forced by the ERA-Interim re-analysis product, at the lateral
boundaries.

Correspondence to: L. S. Sørensen
(slss@space.dtu.dk)

We find annual mass loss estimates of the Greenland ice
sheet in the range of 191± 23 Gt yr−1 to 240± 28 Gt yr−1 for
the period October 2003 to March 2008. These results are in
good agreement with several other studies of the Greenland
ice sheet mass balance, based on different remote-sensing
techniques.

1 Introduction

Different satellite based measuring techniques have been
used to observe the present-day changes of the Greenland
ice sheet (GrIS). Synthetic Aperture Radar (SAR) imaging
reveals an acceleration of a large number of outlet glaciers
in Greenland (Abdalati et al., 2001; Rignot et al., 2004; Rig-
not and Kanagaratnam, 2006; Joughin et al., 2010). Gravity
changes observed by the Gravity Recovery And Climate Ex-
periment (GRACE) show a significant mass loss (Velicogna
and Wahr, 2005; Luthcke et al., 2006; Wouters et al., 2008;
Sørensen and Forsberg, 2010; Wu et al., 2010). The local el-
evation changes of the GrIS with significant thinning along
the ice margin are revealed by laser altimetry (Slobbe et al.,
2008; Howat et al., 2008; Pritchard et al., 2009).

In this study, a novel mass balance estimate of the GrIS
for the period 2003–2008 is presented, derived from eleva-
tion measurements from NASA’s Ice, Cloud and land Eleva-
tion Satellite (ICESat), firn compaction and surface density
modelling.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Different methods have been used to derive secular surface
elevation change estimates

(

dH
dt

)

of snow- or ice-covered ar-
eas from ICESat data (Fricker and Padman, 2006; Howat
et al., 2008; Slobbe et al., 2008; Pritchard et al., 2009). Here
we use three different methods to derivedH

dt
and the differ-

ences are investigated.
The total volume change of the GrIS is found by fitting

a smooth surface, which covers the entire ice sheet, to the
ICESat deriveddH

dt
estimates. The conversion of the derived

dH
dt

values to a mass change is based on various elevation
change correction terms and a simple surface density model.
The firn correction and the surface density models are forced
by climate parameters from a regional climate model (RCM).
Other studies have linked climate models and surface mass
balance models in order to estimate the mass balance of the
GrIS (Li et al., 2007; van den Broeke et al., 2009; Zwally
et al., 2011), but in our approach, we directly use the esti-
mateddH

dt
values from ICESat to derive the total mass bal-

ance including firn dynamics, driven by the HIRHAM5 high
resolution RCM (Sect. 5.2).

The first part of this paper is dedicated to the description
of the ICESat data and the methods used for deriving eleva-
tion and volume changes of the GrIS (Sects. 2 to 3). The
volume change estimates and their associated uncertainties
are presented in Sect. 4.

In the second part of this paper, the conversion from vol-
ume to mass is described (Sects. 5 to 7). This includes the
changes in the firn compaction and surface density of the
GrIS. The theoretical treatment of the firn processes is pre-
sented in Sect. 5. In Sect. 6, additional elevation changes,
that do not contribute to the mass balance of the ice sheet,
are described and quantified. The findings from both obser-
vations and model treatment are combined to derive the total
mass balance of the GrIS, which is presented in Sect. 7, along
with an error analysis of the mass balance.

2 ICESat data

ICESat carries the Geoscience Laser Altimeter System
(GLAS) instrument (Abshire et al., 2005). Technical prob-
lems with the GLAS instrument early in the mission have re-
sulted in a significant reduction in repeated tracks and, hence,
in spatial resolution. As a consequence of this and due to the
inclination of the satellite, the tracks are separated by approx-
imately 30 km in the southern part of Greenland.

The GLAS/ICESat Antarctic and Greenland Ice Sheet Al-
timetry Data product (GLA12) (Zwally et al., 2010) was
downloaded from the National Snow and Ice Data Center.
This level-2 altimetry product provides geolocated and time
tagged ice sheet surface elevation estimates, with respect to
the TOPEX/Poseidon reference ellipsoid. The satellite laser
footprint size is 30–70 m and the distance between the foot-
print centres is approximately 170 m. This study is based on
the 91-day repeat cycle ICESat data (release 31) from Octo-

Table 1. ICESat data description. Shown is the laser campaign
identifier (ID), data release number (RL), and time span of the cam-
paigns.N andM are the number of measurements from the GrIS
before and after the data culling, respectively.

ID RL Time span N M

L2A 531 4 Oct 2003–18 Nov 2003 1 095 647 941 052
L2B 531 17 Feb 2004–20 Mar 2004 815 998 695 242
L2C 531 18 May 2004–20 Jun 2004 739 672 680 031
L3A 531 3 Oct 2004–8 Nov 2004 851 789 727 425
L3B 531 17 Feb 2005–24 Mar 2005 829 689 704 680
L3C 531 20 May 2005–22 Jun 2005 800 876 679 827
L3D 531 21 Oct 2005–23 Nov 2005 821 825 695 949
L3E 531 22 Feb 2006–27 Mar 2006 883 492 752 123
L3F 531 24 May 2006–25 Jun 2006 743 702 626 463
L3G 531 25 Oct 2006–27 Nov 2006 809 655 698 710
L3H 531 12 Mar 2007–14 Apr 2007 838 647 778 350
L3I 531 2 Oct 2007–4 Nov 2007 761 576 705 639
L3J 531 17 Feb 2008–21 Mar 2008 375 239 368 148

Total 10 367 807 9 053 639

ber 2003 to March 2008. The time span and release number
of the laser campaigns in the dataset are listed in Table 1.

ICESat data pre-processing

A procedure of data culling and the application of correc-
tions is necessary to reduce some of the systematic errors in
the ICESat dataset and to remove problematic measurements
(Smith et al., 2005). Saturation of the waveform can induce
errors in surface elevation estimates (Fricker et al., 2005).
Applying the saturation correction to the relevant measure-
ments, which are flagged in the data files, reduces these er-
rors (NSIDC, 2010). We have also used the standard devia-
tion of the difference between the shape of the return signal
and a Gaussian functional fit (the IceSvar parameter), to eval-
uate the data. Large standard deviations indicate less reliable
surface elevation estimates (Smith et al., 2009), and mea-
surements for which the misfit is large (IceSvar≥ 0.04 V)
are rejected from the further analysis. Multiple peaks can be
caused by reflections from clouds and by topography in the
illuminated footprint. All measurements that contain more
than one peak in the return signal are rejected from the anal-
ysis. Besides these two criteria, we have also used data qual-
ity flags and warnings given with the data to reject problem-
atic measurements. We find that these thresholds result in an
overall reduction of crossover errors, see Supplement.

Only measurements from the GrIS and the surrounding
glaciers and ice caps are considered in the elevation change
analysis (Csatho et al., 2009). The total number of ICESat
measurements from the ice covered areas is 10 367 807. Af-
ter rejecting problematic measurements in the data culling
procedure, the number is reduced by approximately 13% to
9 053 639, see Table 1. In the data culling, 78.4% of the re-
jected data are rejected by various quality and warning flags,
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21.1% by the IceSVar parameter and only 0.5% are rejected
by the number of peaks criterion.

3 Methods for deriving surface elevation changes

An observed surface elevation difference may include a sea-
sonal signal and a secular trend, but also components which
are not related to the ice sheet mass balance. The sea-
sonal variations are caused by variations in accumulation,
flow, melt and a temperature dependent firn compaction rate.
The compaction of the firn, the vertical bedrock movement
caused by glacial isostatic adjustment (GIA), and present-
day mass changes all cause elevation changes which are part
of the observed elevation difference, but do not contribute
to the ice sheet mass balance. Furthermore, a potential el-
evation bias between the ICESat laser campaigns must be
considered, since this would also be interpreted as elevation
changes.

The individual ICESat tracks are not precisely repeated
but can be up to several hundred metres apart. Thus, be-
sides the previously described signals, an observed elevation
difference between tracks contains a contribution from the
terrain.

The fact that the ICESat measurements are not exactly re-
peated, complicates the methods for derivingdH

dt
, since any

separation between two measurements introduces a surface
slope component, which can be decomposed into an along-
track and a cross-track component. Several methods for de-
riving dH

dt
from ICESat data have previously been published

(Fricker and Padman, 2006; Howat et al., 2008; Slobbe et al.,
2008; Pritchard et al., 2009). We presentdH

dt
results obtained

by using three different methods (M1–M3). The methods
have different strengths and weaknesses, which will be dis-
cussed in the following. M1–M3 are all set up to estimate
dH
dt

at a 500 m along-track resolution. At track crossover lo-
cations, measurements from both tracks are used to derive
the dH

dt
values. In all three approaches, we solve for both

a secular trend,dH
dt

and a seasonal signal,s(t). Hence, the

time dependent surface elevation,H̃ (t), is parameterized as

H̃ (t) =

(

dH

dt

)

t +s(t), (1)

where the seasonal signal is given by:

s(t) = Dcos

(

2π

T
t +φ

)

= αcos(ωt)+βsin(ωt), (2)

with amplitudeD =
√

α2+β2, period T (365 days), and
phaseφ.

Each of thedH
dt

estimates from the three methods are as-
sociated with a variance from the regression procedure ap-
plied. We do not perform a full analytical error propagation
through thedH

dt
calculation. We assume that the segment

size of 500 m is small enough so that the error on the mea-
surements (and on the DEM in M1) can be assumed constant

within each segment and the variances are estimated from
the regression analysis. Hence, the variances reflect both the
measurement error and the goodness of the fit.

3.1 Method 1

A Digital Elevation Model (DEM) can be used to correct
for the surface slope and this approach is used in the first
method (M1). Unfortunately there are no independent, suffi-
ciently accurate high resolution DEMs available which cover
the entire GrIS. Following Slobbe et al. (2008), we choose
the DEM generated from the first seven campaigns of ICESat
data (DiMarzio et al., 2007). The grid spacing of this DEM
is 1 km and the elevations are given relative to the WGS84
ellipsoid.

In order to subtract the DEM from the ICESat data, the
DEM is linearly interpolated to estimate the value at each
data location. The height of each ICESat measurement above
the reference DEM is given by:

1HM1 = H ICESat−HDEM , (3)

whereH ICESatis translated into elevations above the WGS84
ellipsoid, to be comparable with the DEM elevations
(HDEM).

The measurements are categorized according to the ICE-
Sat track (i) and 500 m along-track segment denotedj . The
mean of the1HM1 values of each ICESat campaign is calcu-
lated in each segment, creating time series of1H̄M1 values
along-track.

1H̄M1
ij =









Aij

Bij

αij

βij









(

t̄ ,1,cosωt,sinωt
)

, (4)

whereAij =
(

dH
dt

)

ij
, Bij is the offset between the DEM and

the ICESat elevations in the segment, andt̄ is the mean time
of a campaign in a given segment. The governing equation,
Eq. (4) is solved using ordinary least squares regression.

Only the long wavelength component of the terrain slope
is removed, due to the relative low resolution of the DEM,
compared to the spacing of the ICESat along-track measure-
ments. The 1 km resolution is too low to capture the true to-
pography in some areas and this will most likely be reflected
in the elevation changes calculated using this method. Fur-
thermore, since the DEM used here is based on the first seven
ICESat campaigns, the reference epoch will not be the same
in each segment.

3.2 Method 2

In the second method (M2), data from two ICESat campaigns
are used to create a reference surface, which is assumed to
represent the topography in each segment. The reference sur-
face is represented by a centroid point(x0,y0,H0) and slopes
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(a) (b) (c)

Fig. 1. Elevation changes derived from ICESat data using the three different methods.(a) M1, (b) M2 and(c) M3.

(

dH
dx

, dH
dy

)

and it is found by a least squares fit of these sur-

face parameters to the measurements from two campaigns.
The choice of the two campaigns, which are used to gener-
ate the reference surface, is based on two criteria. The first
criterion is that the two campaigns are separated by one year
in time. This ensures that both the seasonal signal and the
actual change in elevation between the two campaigns are
minimized. The second criterion is that the ICESat tracks,
used to generate the reference surface, are the ones that span
the largest area. These criteria help to ensure that the refer-
ence surface is representative of the surface slope. Hence,
this reference surface is considered the reference for all other
ICESat measurements in a given along-track segment, simi-
lar to the use of a DEM in M1:

1HM2 = H ICESat−H ref, (5)

The height of the reference surface at a point(x,y) is given
by:

H ref
ij =

(

dH

dx

)

ij

(x −x0)+

(

dH

dy

)

ij

(y −y0)+H0. (6)

The approach of solving fordH
dt

is similar to Eq. (4).
In spite of the criteria used to select the ICESat campaigns

from which the reference surface is generated, method M2 is
sensitive to seasonal variations and actual elevation changes
between the two campaigns chosen. ThedH

dt
estimates will,

therefore, be biased. If the surface elevation has changed
significantly, due to a change in mass balance in the time
between the two tracks used, this method will underestimate
the dH

dt
values, since some of the elevation change signal is

removed.

3.3 Method 3

The third method (M3) is similar to the one presented in
Howat et al. (2008) and Smith et al. (2009). In each along-
track segment, the surface elevationHM3 is assumed to vary
linearly with position(x,y), time (t) and a sine and cosine
term, describing the seasonal signal:

HM3
ij =





















Aij

Bij

αij

βij
(

dH
dx

)

ij
(

dH
dy

)

ij





















(t,1,cosωt,sinωt,(x −x0),(y −y0)) (7)

whereAij =
(

dH
dt

)

ij
,
(

dH
dx

)

is the along-track slope,
(

dH
dy

)

is

the cross-track slope, andBij is an estimate of the topogra-
phy underlying the elevation changes.(x0,y0) is the centroid
point of the area spanned by all the measurements in the track
segment. In each segment, a least squares linear regression
is performed to estimate all these parameters.

This method is sensitive to the track constellation in a seg-
ment. If the change in time

(

dH
dt

)

is strongly correlated with
the change in position (e.g.

(

dH
dx

)

), this method will not be
able to separate the two components.

3.4 Elevation change results

The elevation changes obtained by the three methods show
that there is good agreement between the patterns of ele-
vation changes (see Fig. 1a–c). A distinct thinning of the
ice sheet is generally found along the southeast and west
coast, while a smaller but consistent thickening is found in
the interior part of the ice sheet, which is in agreement with
other altimetry studies (Abdalati et al., 2001; Thomas et al.,
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Table 2. The total mass balance of the GrIS estimated from three different methods for derivingdH
dt

, and different assumptions in the firn
compaction model. The contributions to the total mass balance from above and below the ELA are specified, along with the mass balance
above an altitude of 2000 m. Note that the mass balance below the ELA is unaffected by firn model processes and is, therefore, the same for
with and without firn compaction correction firn assumptions.

Applying ρ̃ Applying ρ̂

ICESat Above Above Below Above Above
Volume Total ELA 2000 m ELA Total ELA 2000 m

[km3 yr−1] [Gt yr−1] [Gt yr−1] [Gt yr−1] [Gt yr−1] [Gt yr−1] [Gt yr−1] [Gt yr−1]

With firn correction

M1 −231± 24 −233± 27 −101 −8 −132 −174 −30 +7
M2 −187± 21 −191± 23 −80 −7 −111 −141 −30 +6
M3 −239± 26 −240± 28 −105 −9 −136 −179 −44 +6

Without firn correction

M1 −231 −268 −136 −29 −132 −192 −60 −4
M2 −187 −226 −116 −28 −111 −160 −49 −4
M3 −236 −276 −141 −30 −136 −198 −62 −5

2008, 2009; Slobbe et al., 2008; Pritchard et al., 2009). On
a more local scale, the thickening of Flade Isblink (81.4◦ N,
15.1◦ W) and Storstrømmen (77.1◦ N, 22.6◦ W) are identi-
fied by all three methods.

4 Deriving volume changes

In order to estimate the total annual volume change, a smooth
surface that covers the entire ice sheet is fitted through the
dH
dt

estimates. The uncertainty of the total volume change is
quantified using a bootstrap method.

4.1 Interpolation of volume changes

The dH
dt

estimates are interpolated onto a 5× 5 km grid, us-
ing ordinary kriging. For all three method results, an expo-
nential variogram model with a range of 50 km is used. The
variogram model is based on all data and, for simplicity, it is
assumed to be isotropic, see Supplement. The range and the
choice of model are based on the experimental variogram.
Due to the large number ofdH

dt
estimates, only a local subset

of points is used in the kriging procedure. Cross-validation
analysis is applied to determine the sufficient number of the
closest points to be used in the interpolation. In order to pass
on the variances from the regression analysis, these are added
to the variogram model (Pebesma, 1996). The R package
gstat is used for the kriging procedure (Pebesma, 2004).

The estimated volume changes are summarised in Table 2.
The estimates are of little significance without knowing their
associated uncertainties. It is often difficult analytically to
keep track of the error when different calculations have been
performed on data and, therefore, a bootstrap method (Davi-
son and Hinkley, 2006) is used here to quantify the uncer-
tainty.

4.2 Bootstrapping

In the bootstrap method, data is repeatedly re-sampled to cre-
ate numerous artificial datasets (Davison and Hinkley, 2006).
The original dataset consists ofm tracks of dH

dt
estimates.

For each method, 1000 new bootstrapped datasets are cre-
ated by randomly drawingm tracks with replacements from
the tracks in the original dataset. Hence, the bootstrapped
dataset will most likely contain multiple copies of some of
the original tracks. Each bootstrapped dataset contains the
same number of tracks as the original dataset. From each
of these bootstrapped datasets a new estimate of the vol-
ume change is calculated in the same way as for the orig-
inal dataset. Finally, the standard deviation of these 1000
bootstrapped volume estimates is used as an estimate of the
standard deviation of the original volume change estimate (in
a frequentist sense).

4.3 Volume change results

The 1000 bootstrap re-samples make up the distributions of
the volume changes. For all methods, these distributions
are approximately Gaussian and centred around the volume
change estimate based on the original dataset (see Fig. 2).
Hence, the 95% confidence interval of the volume change
will be ±2σ , whereσ is the standard deviation. The error
estimates of the volume changes are summarized in Table 2.

There is a relatively large spread in the resulting volume
changes. We believe that the volume estimate found from
M2 of −187± 21 km3 yr−1 is probably an under-estimation.
It is likely that the reference surface, which is created in M2,
contains an actual elevation change and this will result in bi-
aseddH

dt
values. The volume change results from methods
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Fig. 2. Violin plot of the three method results. The blue area in-
dicates the distribution of 1000 bootstrap samples. The red crosses
are the volume estimates based on the original datasets and the red
bars indicate the 95% confidence interval.

M1 and M3 are similar, with volume change estimates of
−231± 24 km3 yr−1 and−239± 26 km3 yr−1, respectively.

5 Volume to mass conversion

In order to convert the derived elevation changes for the GrIS
to mass change, the involved physical processes have to be
known. Generally, the change in surface elevation can be
written as

dH

dt
=

ḃ

ρ
+wc+wice+

ḃm

ρ
+wbr−us

dS

dx
−ub

dB

dx
, (8)

whereḃ is the surface mass balance,ρ is the density of the
snow or ice andwc is the vertical velocity of the surface due
to change in firn compaction, in the following referred to as
the firn compaction velocity.wice is the vertical velocity of
the ice matrix,ḃm is the basal mass balance,wbr is the verti-
cal velocity of the underlying bedrock associated with glacio-
isostatic adjustment,us is the horizontal ice velocity of the
surface,S andub is the horizontal velocity of the ice at the
bedB (Paterson, 2002; Zwally and Li, 2002; Helsen et al.,
2008; Zwally et al., 2011). A Cartesian coordinate system
with a vertical axis pointing upwards is used, and we define
accumulation positive and ablation negative.

As seen from Eq. (8), firn compaction and surface densi-
ties must be taken into account in order to convert the ICESat
volume change to mass change. The firn responds to changes
in surface temperature and precipitation and this response
will not contribute to the mass balance. The firn response, the

intercampaign bias and the glacio-isostatic adjustment are
corrected for, before converting elevation change into mass
change estimates. Based on Eq. (8), we then write the mass
change as

dM

dt
=

dH ICESat
corrected

dt
ρ̃, (9)

whereH ICESat
corrected is the elevation change from ICESat cor-

rected for non-ice mass related processes. A distinction is
made between the elevation changes caused by snow accu-
mulation, surface melt or dynamical changes. Therefore, the
densityρ̃ value is chosen based on the physical process in-
volved in the mass change (Thomas et al., 2006; Zwally et al.,
2011). In the ablation zone, defined here as the area be-
low the equilibrium line altitude (ELA), all elevation changes
are assumed to be caused by either surface melt or dynami-
cal changes. In the accumulation zone above the ELA, an
elevation increase is assumed to be caused by an addition
of snow/firn, while an elevation decrease is assumed to be
caused by ice dynamics. Therefore, we define the densityρ̃

to be

ρ̃ =

{

ρs , if
dH ICESat

corrected
dt

≥ 0 and H≥ ELA
ρi , elsewhere

, (10)

whereρs is the surface density of firn including ice lenses,
written as

ρs=
ρ0

1− r
b

(

1−
ρ0
ρi

) . (11)

Here, r is the amount of refrozen melt water inside an an-
nual firn layer,ρi is the ice density (917 kg m−3) andρ0 =

625+18.7T +0.293T 2 is the temperature dependent density
of new firn before formation of ice lenses (Reeh et al., 2005),
T is in ◦C. The assumptions that define the applied density
in the volume to mass conversion is adding to the uncertainty
of the mass estimate, and this will be discussed in detail in
Sect. 5.5. Comparing with other studies (e.g. Thomas et al.,
2006) we also perform mass change calculations, using an
alternative densitŷρ which replaces̃ρ in Eq. (9), and which
is defined as

ρ̂ =

{

ρs , if H ≥ ELA
ρi , elsewhere

. (12)

If ρ̂ is applied, the elevation changes above the ELA, caused
by dynamic mass losses, are not accounted for.

5.1 Firn compaction modelling

In order to estimate the effect of firn compaction on short
time scales, a time-dependent densification model is needed.
Following Reeh (2008), the time-dependent contribution to
the elevation change from changes in firn compaction, is
the sum of firn layer anomalies with respect to a steady
state reference. The steady state reference is defined as the
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youngest layer in the firn column, which is unaffected by the
inter-annual variability in the surface temperature and sur-
face mass balance. The firn compaction velocity is then de-
fined as

wc =
1

1t

t−t0
∑

t2=0

t−t0−t2
∑

ti=0

(λ(t0+ t2,t0+ ti)−λref(t0+ ti)) , (13)

wheret0 is the time of deposition,t2 is the time of the addi-
tion of a new surface layer,λ(t0,t) is the annual layer thick-
ness at a timet = t0+ ti after deposition andλref is the steady
state reference.λ(t0,t) depends on the local mass balance
and is given by

λ(t0,t) =

{(

(b(t0)−r(t0))ρi
ρf(t0,t)

+r(t0)
)

τ , if b(t0) ≥ 0

b(t0)δ(t − t0)τ , if b(t0) < 0
, (14)

whereτ is a time constant which, for the present study, is one
month andδ is the Kronecker delta (Reeh et al., 2005). The
firn densityρf(t0,t) can be derived from the Zwally and Li
(2002) parametrization of the Herron and Langway (1980)
densification model

ρf(t0,t) =

{

ρi−(ρi−ρs(t0))exp(−cti) , if ρf(t0,t)≤ρc

ρi−(ρi−ρc)exp(−c(ti−tc)) , if ρf(t0,t)>ρc

(15)

whereρc is the critical firn density of 550 kg m−3 defined
by Herron and Langway (1980),tc is the time it takes for
the firn to reach the critical density andc is the densification
constant describing the linear change in air volume in the firn,
caused by the overlaying pressure (Reeh, 2008). Following
Arthern et al. (2010), the densification constantc is given by
a Nabarro-Herring type creep:

c =







0.07b(t)gexp
(

−
Ec
RT

+
Eg

RTav

)

forρ ≤ ρc

0.03b(t)gexp
(

−
Ec
RT

+
Eg

RTav

)

forρc < ρ
(16)

whereg is the gravity,Ec andEg are the activation energies
(60 kJmol−1 and 42.4 kJmol−1, respectively), andTav is the
average temperature.T is the seasonal temperature at depth
z derived by surface temperature fluctuations, described by
the general heat equation,

ρC
∂T

∂t
=K∇2T −ρC

(

u
∂T

∂x
+v

∂T

∂y

)

+

(

dK

dz
−ρCw

)

∂T

∂z
(17)

whereC is the specific heat capacity,K is the thermal con-
ductivity andu,v,w are the velocities at the spatial coordi-
natesx,y,z (Paterson, 2002). Equation (17) is solved fol-
lowing Schwander et al. (1997).

5.2 HIRHAM5 – forcing of the firn compaction model

The monthly mean surface temperature, runoff, snowfall and
precipitation variables, that are required for the firn com-
paction model, are produced by the HIRHAM5 RCM (Chris-
tensen et al., 2006). The HIRHAM5 RCM is a hydro-
static RCM developed at the Danish Meteorological Insti-
tute (DMI) and is based on the HIRLAM7 dynamics (Eerola,

2006) and ECHAM5 physics (Roeckner et al., 2003). The
HIRHAM5 RCM used here is an upgraded version of the
HIRHAM model that has been used in several studies of
accumulation and climate over Greenland. This model has
been validated both with ice core data and automatic weather
station data and is shown to perform well over Greenland
(Dethloff et al., 2002; Kiilsholm et al., 2003; Box and Rinke,
2003; Stendel et al., 2008; Lucas-Picher, 2011). The lateral
boundary condition for HIRHAM5 are taken from the Euro-
pean Centre for Medium Range Weather Forecast (ECMWF)
ERA-Interim re-analysis (Simmons, 2007) at T255 (∼0.7◦

or ∼77 km), which is a comprehensive re-analysis of the
state of the atmosphere, using measurements from satellites,
weather balloons and ground stations. A continuous sim-
ulation with HIRHAM5 at 0.05◦ (∼5.55 km) resolution on
a rotated grid is realised. The sea-surface temperature and
sea-ice distribution, taken from ERA-Interim, are interpo-
lated to the HIRHAM5 grid and prescribed to the model. The
wind components, atmospheric temperature, specific humid-
ity and surface pressure from ERA-Interim are transmitted
to HIRHAM5 every six hours for each atmospheric model
level of the HIRHAM5 RCM. At the lateral boundaries of
the model domain, a relaxation scheme according to Davies
(1976) is applied with a buffer zone of ten grid cells. The
high 5.5 km horizontal resolution data are appropriate to de-
termine the precipitation distribution over the sharp edge of
the ice sheet, prominent in the ablation zone.

A comparison of the publicly available 1.5◦ ×1.5◦ ERA-
Interim dataset and the output from the HIRHAM5 of 0.05◦,
that has been forced with the same dataset, is shown in Fig. 3.
It is clear that the high resolution HIRHAM5 RCM out-
put captures the complex coastal topography of Greenland,
which the low resolution forcing field cannot. The high res-
olution precipitation pattern impacts on the area above the
ELA, where the firn compaction correction is applied and,
therefore, the benefit of the high resolution forcing field is
clear (see Fig. 3).

5.3 Interpolated metric grid

In order to derive the mass change of the GrIS, the area of
each grid cell must be known. To ensure the equal area of
each grid box, the high resolution data from the HIRHAM5
RCM is interpolated onto the equal distance 5× 5 km grid
by a nearest neighbour interpolation. The snowfall of 2008
in two different map projections is shown in Fig. 3. The in-
terpolation onto an equal distance grid preserves the pattern
of snowfall, but introduces a latitude dependent noise which
is, however, only significant over the northernmost part of
Greenland (e.g., at Station Nord). Despite this noise, the
interpolation of the HIRHAM5 climate output on an equal-
distance grid provides a good representation of the fields and
it is used here to force the surface density and firn com-
paction models.

www.the-cryosphere.net/5/173/2011/ The Cryosphere, 5, 173–186, 2011



180 L. S. Sørensen et al.: Greenland mass balance

[m]

Fig. 3. The 2008 snowfall on a scale at 0 to 2 m of water equiv-
alent (from blue to red). (Left) Precipitation field from the ERA-
Interim re-analysis, linearly interpolated from the 1.5◦ ×1.5◦ res-
olution onto an equal distance 5 km× 5 km grid. The Greenland
coastline is marked in yellow, the ice boundary in red and the green
diamond marks the location of Station Nord. (Middle) The pre-
cipitation field from the HIRHAM5 RCM on its original map pro-
jection, with a grid spacing of 0.05◦ ×0.05◦. This projection gives
a metric resolution of∼5.5 km× 5.5 km. (Right) Nearest neighbour
interpolation of the precipitation field from the HIRHAM5 RCM
onto an equal distance 5 km× 5 km grid. The highly dynamic be-
haviour of the precipitation from the HIRHAM5 model is preserved
in the transformation of the map projections.

5.4 Refreezing of melt water and formation of ice lenses

On the GrIS, 60% of the run-off given by the HIRHAM5
RCM is assumed to refreeze in the snowpack (Reeh, 1991).
The accumulation is calculated as the sum of snowfall and
the refrozen run-off. To simplify the following derivation of
a time dependent densification model, the refrozen run-off is
assumed to refreeze inside the firn layer, from which it orig-
inates, and the water is not allowed to penetrate deeper into
the firn column. This assumption is a simplification. Ob-
servations from the Arctic snowpack show that melt water
often penetrates through the snowpack until it reaches a hard
layer, where it flows along until it refreezes or finds a crack
to propagate downwards into the deeper firn (Benson, 1962;
Bøggild, 2000). In order to model this behaviour (Jansson
et al., 2003), the percolation depth has to be accounted for
and knowledge of grain growth in water-saturated firn is re-
quired. Development of such models is outside the scope
of the present study of firn compaction, where the overbur-
den pressure is believed to be the driving force, despite the
fact that melt water percolation may redistribute the load on
a layer.

5.5 Results of firn compaction and density modelling

The monthly firn layer thickness is computed from Eq. (14),
using the output from the HIRHAM5 RCM as forcing. To
derive the firn compaction velocity (Eq. 13), a steady state

reference (λref) must be defined. The time span of the cli-
mate record is too short to define a robust steady state ref-
erence for the firn compaction model. Moreover, the inter-
annual variation in temperature and precipitation will bias
a chosen reference to the climate pattern which is dominat-
ing in the time span of the reference period. To avoid defin-
ing a steady state reference layer thickness, the thickness of
the top firn layers is compared over the period from 2003 to
2008. The maximum number of layers, that can be evalu-
ated at the beginning of 2003 is 169. Hence, the thickness of
the top 169 layers is compared from month to month during
the period 2003 to 2008 at each grid point above the ELA.
The change in thickness is shown in Fig. 4a, along with the
error in the linear fit in Fig. 4d. The change in the thick-
ness of the 169 layers is a combination of changes in accu-
mulation/surface melt and changes in the firn compaction.
The change in accumulation, given in ice equivalent, for the
top 169 layer thickness, is shown in Fig. 4b. By subtracting
the change in the thickness of the 169 layers, in ice equiv-
alent, from the 169 layer firn thickness, the change in air
volume of the top firn is found. The rate of change in this
air volume in the firn, is equivalent to the firn compaction
velocity defined in Eq. (13). The approach of evaluating the
relative change in air volume in each grid point above the
ELA, avoids the definition of a steady state reference for the
firn compaction. The resulting firn compaction velocity is
the linear trend in air volume of the top 169 layers for the
period from 2003 to 2008 (Fig. 4c). Figure 4c shows how
the firn compaction velocity is mainly increasing in the cen-
tral area of the GrIS, whereas it is decreasing in the coastal
areas. This pattern shows the importance of taking the firn
compaction into account, when converting the ICESat de-
rived volume change to a change in the total mass balance
of the GrIS. Depending on the assumed density of the vol-
ume changes, the firn correction corresponds to a mass loss
of 18 or 36 Gt yr−1. This corresponds to a reduction of up to
13% in the mass loss estimates when compared to the esti-
mate from the ICESat measurements, without applying any
firn compaction correction.

It is difficult to quantify the error in the firn compaction
model. Further studies have to be carried out in which the
modelled firn densities are compared with in situ measure-
ments, in order to determine the error in the firn compaction
velocity. The error estimate of the firn compaction correc-
tion is found here from the error in the linear fit of the inter-
annual variability of the firn column. The 95% confidence
interval is shown in the lower panel of Fig. 4. The error
associated with the firn compaction velocity is most pro-
nounced in the coastal areas near large outlet glaciers, where
the forcing field from HIRHAM5 shows the largest variabil-
ity. The error in the fitted firn compaction velocities will re-
sult in an error in the estimate of the total mass loss of the
GrIS. The error shown in Fig. 4f is summed over each of the
5×5 km grid cells above the ELA, to estimate the resulting
volume error. This volume is then converted into mass, using
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used to identify regions where thickening caused by ice dy-
namics can occur, which reduces the error of neglecting build
up of ice inland to 14 Gt yr−1.

6 Additional elevation change corrections

The elevation changes observed by ICESat include signals
from processes which do not contribute to the mass balance
of the GrIS. The most significant contribution is the firn com-
paction, but it is also necessary to correct for GIA, elastic up-
lift caused by the present-day mass changes and the ICESat
intercampaign elevation biases.

6.1 Vertical bedrock movement

Elevation changes which are not related to ice volume
changes are also detected by ICESat, and the estimateddH

dt
values must be corrected for these changes in order to deter-
mine the mass balance of the ice sheet. A bedrock move-
ment (wbr), caused by GIA and elastic uplift from present-
day mass changes, is part of the elevation changes observed
by ICESat.

The GIA contribution, according to Peltier (2004), is used.
It is based on the ice history model ICE-5G and the VM2
Earth model (http://pmip2.lsce.ipsl.fr/design/ice5g/). The
rate of vertical motion caused by GIA is subtracted from
the ICESatdH

dt
estimates. This correction contributes to the

mass balance of the GrIS with an amount of approximately
1 Gt yr−1.

The present-day ice sheet mass changes cause an elastic
response of the bedrock (e.g., Khan et al., 2010). These ver-
tical displacements are estimated by solving the Sea Level
Equation, the fundamental equation that governs the sea level
changes associated with glacial isostatic adjustment (Farrell
and Clark, 1976). Since the time scale of the mass changes
considered here is extremely short compared to the Maxwell
relaxation time of the mantle (Spada et al., 2010), any vis-
coelastic effect is neglected and the ice thickness variations
deduced by ICESat are spatially convolved with purely elas-
tic loading “h” Love numbers. Sea level variations associ-
ated with melting are computed first, taking into account the
elastic response of the Earth and the gravitational interaction
between the ice sheets, the oceans and the mantle. Then,
vertical displacements are retrieved by the surface load his-
tory over the entire surface of the Earth, associated with ice
thickness variations and sea level changes. The result in
Fig. 5 is obtained from a suitably modified version of the
code SELEN 2.9 (Spada and Stocchi, 2007), which solves the
Sea Level Equation iteratively, essentially following a variant
of the pseudo-spectral method introduced by Mitrovica and
Peltier (1991). A maximum harmonic degreelmax= 128 is
used here. Vertical displacement is computed in the refer-
ence frame with the origin in the centre of mass of the sys-
tem (Earth+ Load), and includes the harmonic component

Fig. 5. Rate of elastic vertical displacement, caused by present-
day mass changes in Greenland, referred to the period of one year,
computed according to mass changes obtained by M3.

of degree one (Greff-Lefftz and Legros, 1997). The elastic
uplift correction correspond to−4 to−2 Gt yr−1, dependent
on the mass loss. The elastic vertical displacement based on
the results from method M3 (Sect. 3.3) is shown in Fig. 5.

6.2 ICESat intercampaign bias correction

It has been documented that there are elevation biases be-
tween the different ICESat laser campaigns. Following the
method described in Gunter et al. (2009), the trend in the
ICESat intercampaign bias is estimated by O. B. Andersen
and T. Bondo (personal communication, 2010). The GLA15
release 31 ocean altimetry elevations are compared to a mean
sea surface topography model (DNSC08). The trend is found
to be 1.29±0.4 cm yr−1, when corrected for an assumed ac-
tual sea level rise of 0.3 cm yr−1 (Leuliette et al., 2004). This
trend in intercampaign biases contributes with approximately
14±0.4 Gt yr−1 to the mass balance.

7 Mass balance of the GrIS

Determining the mass change of the GrIS is a complex prob-
lem and the result depends on the type of observation and on
the level of complexity of the volume to mass conversion.
This may explain differences in the estimates of the total
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The largest elevation change correction, corresponding
to 36± 7 Gt yr−1 is the firn compaction correction. The
trend in the ICESat intercampaign bias is found to be
−1.29± 0.4 cm yr−1 which corresponds to a mass gain of
approximately 14± 0.4 Gt yr−1. The elastic uplift of the
bedrock, caused by the present-day mass changes are found
to contribute with−4 to−2 Gt yr−1 to the total mass balance
and the GIA correction is 1 Gt yr−1.

The firn compaction model, besides its application shown
here, can also be used to validate the RCM forcing by com-
paring the modelled density of the firn with in situ observa-
tions from the GrIS. However, a model comparison study for
the GrIS is not within the scope of the presented work, but
might be elaborated on in the future.

Modelled surface densities are used to convert the volume
change into mass balance. Based on the different methods,
for deriving elevation changes, we obtain mass balance es-
timates of the GrIS for 2003–2008 of−233± 27 Gt yr−1,
−191± 23 Gt yr−1 and−240± 28 Gt yr−1, respectively.

These mass balance estimates, are in good agreement with
results obtained by others. Based on GRACE data,Velicogna
(2009) has estimated the mass loss to be 230± 33 Gt yr−1

during the period 2002–2009, and Wouters et al. (2008)
find a mass loss of 179± 25 Gt yr−1 for the years 2003–
2008. van den Broeke et al. (2009) find a total mass bal-
ance of−237± 20 Gt yr−1 for 2003–2008, from modelled
surface mass balance and observed discharge. Finally, all
mass balance results presented here, are large compared to
the ICESat derived mass loss of 139±68 Gt yr−1 found by
Slobbe et al. (2009), based on data from 2003 to 2007, and
that does not take into account firn compaction, elastic uplift
and intercampaign bias corrections.

Supplementary material related to this
article is available online at:
http://www.the-cryosphere.net/5/173/2011/
tc-5-173-2011-supplement.zip.
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Abstract

Constraining glacial isostatic adjustment (GIA) i.e. the Earth’s viscoelastic re-
sponse to past ice changes, is an important task, because GIA is a significant correc-
tion in gravity-based ice sheet mass balance estimates. Here, we investigate how
temporal variations in the observed and modeled crustal displacements due to
the Earth’s response to ongoing ice mass changes can contribute to the process of
constraining GIA. We use mass change grids of the Greenland ice sheet (GrIS) de-
rived from NASA’s high resolution Ice, Cloud and land Elevation Satellite (ICESat)
data in three overlapping time spans covering the period 2004-2009 to estimate
temporal variations in the elastic response due to present day ice mass loss. The
modeled crustal displacements (elastic + GIA) are compared with GPS time series
from five permanent sites (KELY, KULU, QAQ1, THU2, and SCOR). We find, that
the modeled pattern of elastic crustal displacements shows pronounced variation
during the observation period, where an increase in elastic displacement is found
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at the northwest coast of Greenland, while a decrease is found at the southeast
coast. This pattern of temporal changes is supported by the GPS observations.
We find, that the temporal behavior of the ICESat-based modeled elastic response
agrees well with the GPS observations at the sites KELY, QAQ1, and SCOR. This
suggests, that our elastic models are able to resolve the temporal changes in the
observed uplift, which indicates that the elastic uplift models are reliable at these
sites. Therefore, we conclude that these sites are useful for constraining GIA.

Introduction

The Gravity Recovery and Climate Experiment (GRACE) satellites measure the
combined gravity change, resulting from e.g. present day ice mass changes and
mass movements in the mantle due to GIA. Therefore, reliable estimates of GIA are
an important part of ice sheet mass balance studies based on GRACE observations.
The currently available GIA models predict quite different present day signals in
ice covered regions such as Greenland and Antarctica, because the data (indicators
of past sea level, such as marine deposits, and geological evidence of ice sheet
extent) used to develop the ice history are sparse in these regions. It is therefore
important to constrain the GIA signal in these areas, using additional data such as
GPS observations of crustal movement.

Today, several GPS stations are located along the coast of Greenland, continuously
measuring the bedrock motion. This motion contains contributions from the elas-
tic deformation of the Earth to ongoing ice mass changes, the viscoelastic response
due to past glacial changes, i.e. GIA, and possibly tectonic motion. Due to con-
siderably mass loss of the GrIS over the last decade, and associated unloading of
the Earth, the elastic signal of bedrock movement is dominant, compared to the
GIA signal, in large parts of the coastal areas. It is therefore important to model
the present day elastic response with high resolution and precision when GPS ob-
servations are used to constrain the GIA signal. Several studies have used GPS
observations to constrain GIA models, in Antarctica (Bevis et al., 2009; Thomas
et al., 2011), and in Greenland (Khan et al., 2008; King et al., 2010; Spada et al.,
2012). In these studies the elastic signal is subtracted from the GPS observations,
to constrain the GIA signal hence relying on the accuracy of the elastic correction
or its minor influence at the GPS stations. Over a period of a few decades it is
reasonable to assume that the crustal response caused by GIA is constant. Hence,
if the elastic response is modeled correctly we expect to find a correlation between
the temporal changes in GPS rates and the modeled elastic response. This hypoth-
esis is a way to validate the modeled elastic response, which enables us to obtain
more reliable constraints on the GIA response at the GPS locations.

(II.2)
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Figure II.1: Locations of the five permanent long term GPS stations, KELY,
KULU, QAQ1, THU2, and SCOR indicated with red squares. The location of
the three major outlet glaciers, Helheim, Kangerlussuaq and Jakobshavn are
indicated with blue dots.

Here, we investigate the temporal changes in the present day elastic response
caused by mass changes of the GrIS. To do so, we estimate the elastic response
in three overlapping time spans 2004-2007, 2005-2008, and 2006-2009, based
on mean mass change grids derived from ICESat data using the methodology de-
scribed in Sørensen et al. (2011). To assess our modeled elastic response, we
analyse GPS time series at five permanent stations SCOR, KULU, QAQ1, KELY and
THU2. We analyze and compare the temporal changes found in the modeled elas-
tic response and those observed by GPS. We test if this analysis improves our ability
to asses the validity of the elastic signal. This will help us to identify whether the
potential discrepancies between the modeled and observed present day uplift are
the result of either errors in the GIA model or in the elastic model. Finally, to test
the performance of GIA model estimates, which here are based on the deglacia-
tion histories ICE-5G (Peltier, 2004), ANU05 (Fleming and Lambeck, 2004) and
Huy2 (Simpson et al., 2009), we compare the sum of the modeled elastic uplift
and present day GIA rates, with the observed uplift rates at the five GPS sites.

(II.3)
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Data and methods

GPS

We analyze GPS data from five permanent stations, THU2, KELY, SCOR, KULU,
and QAQ1. The locations of these are shown in Fig. II.1. To estimate the site co-
ordinates, we use the GIPSY OASIS 6.1 software package (Zumberge et al., 1997)
developed at the Jet Propulsion Laboratory (JPL). As an improvement to the pro-
cessing done in Khan et al. (2010a), we here use IGS repro1 satellite orbits, satel-
lite clock parameters, and Earth orientation parameters, which are probably more
accurate, since they represent a combined solution from several orbits processing
centers (JPL, MIT, CODE and others). The repro1 products take the satellite an-
tenna phase center offsets into account. The GPS data is processed as described
in Khan et al. (2010b). The solutions are given in the Earth’s centre of mass ref-
erence frame and aligned with the IGS05 frame (Altamimi et al., 2007). Fig. II.2
shows daily vertical GPS averages at the five sites, obtained using IGS products,
after removing annual and semi-annual variations. Also shown are the best fitting
trends to the data during 2004-2007 (solid red curve), 2005-2008 (solid yellow
curve), and 2006-2009 (solid green curve). In the three time spans all years are
inclusive.

ICESat

The Geoscience Laser Altimeter System (GLAS) (Abshire et al., 2005) on board the
ICESat satellite repeatedly measured the elevation of the ice sheets with a high ac-
curacy in the period 2003 to 2009. Here, we use the data product GLA12 ’Antarctic
and GrIS Altimetry Data’ release 31 (Zwally et al., 2010), downloaded from the
National Snow and Ice Data Center. The time span of the data set used here is
February 2004 to October 2009. In this analysis we leave out data from 2003
since only one month of data is available with the 91-day repeat cycle. Surface
elevation changes of the GrIS are derived by applying a method (M3) presented in
Sørensen et al. (2011). A mean elevation change is estimated with an along-track
resolution of 500 m by least-squares fitting of rigid planes to the ICESat measure-
ments and assuming a constant rate of elevation change. A part of the observed
elevation change is not related to mass changes such as firn compaction, ICESat
inter-campaign elevation biases and the response of the bedrock to mass changes.
We correct for these, and use a density model to convert the estimated elevation
changes into mass changes. Both the firn compaction and density models are
forced by climate data from the HIRHAM5 regional climate model (Lucas-Picher
et al., 2012). The procedure of deriving mass change grids from ICESat data is

(II.4)
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Figure II.2: Daily values of vertical positions in mm at (a) THU2, (b) KELY,
(c) SCOR, (d) KULU, (e) QAQ1. Each dot represents a daily solution. The
red, yellow, and green curves represents the best fitting linear terms to data
during 2004-2007, 2005-2008, 2006-2009, respectively.

described in detail in Sørensen et al. (2011). Here, we derive mean mass change
grids (5 km resolution) for the GrIS in three different time spans; 2004-2007,
2005-2008, and 2006-2009. This analysis shows that ICESat data can resolve tem-
poral mass changes of the GrIS, which was not shown in Sørensen et al. (2011),
where one mean mass balance estimate was derived for the period 2003-2008.

(II.5)
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the ICE-5G deglaciation model for the non-Greenland component of the ice model.
The GIA estimates are based on a radially stratified, self-gravitating Earth model.
The Huy2 estimates assume a compressible Earth model, while an incompressible
Earth model is assumed in the numerical implementation, performed using the
Program SELEN (Spada and Stocchi, 2007), of the ICE-5G and ANU05 models.
The radial viscosity structure are approximated by an elastic lithosphere, a viscous
upper and lower mantle (see Table II.1). All GIA estimates are given in the Earth’s
centre of mass reference frame.

Table II.1: Lithosphere thickness (LT) and upper and lower mantle viscosi-
ties (UMV and LMV) used in the GIA models. These Earth model parameters
are taken from Simpson et al. (2011) (Huy2) and Spada et al. (2012) (ICE-
5G and ANU05)

Earth parameter ICE-5G ANU05 Huy2

LT (km) 90 80 120
UMV (×10

21 Pa s) 0.5 0.4 0.5
LMV (×10

21 Pa s) 2.7 10 1.0

Results

The modeled present day elastic response based on the RER method, is illustrated
in Fig. II.3 for each of the three time spans. The result presented in Fig. II.3a
covers the time span 2004-2007, and shows pronounced uplift along the south-
east coast, with a maximum of 32 mm/yr near the Kangerlugssuaq glacier (loca-
tion indicated in Fig. II.1). Strong modeled uplift signals are also observed near
Jakobshavn Isbræ (location indicated in Fig. II.1) and along the northwest coast.
As time evolves, depicted in Fig. II.3b and II.3c we see, that the modeled uplift
pattern gradually changes, and that the area of pronounced uplift moves from
the southeast coast towards the northwest and north coasts of Greenland. In Fig.
II.3b, which covers the time span 2005-2008, the signal intensifies along the west
coast and weakens along the southeast coast. In Fig. II.3c, which covers the time
span 2006-2009 an increase in modeled elastic uplift along the north and north-
east coasts of Greenland is also observed. Over the entire time span 2004-2009
we see from Fig. II.2, that the east coast GPS sites SCOR and KULU observe a
decrease in uplift rates, while the west coast sites KELY and THU2 observe an in-
crease. The site QAQ1 located at the southern tip of Greenland shows only little
change in uplift rates. Fig. II.4 shows a comparison between the observed and

(II.7)
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Figure II.4: Observed and modeled vertical velocities in the three time spans
2004-2007, 2005-2008, 2006-2009, at the permanent long term GPS sta-
tions KELY, KULU, QAQ1, THU2, and SCOR. The GPS rate indicated with
light blue color, where the error bar represents 2σ . The modeled uplift rate,
depicted with black symbols, is composed of an elastic (RER) contribution
(caused by present day mass changes), and a GIA contribution (caused by
past mass changes). Here the three GIA models ICE-5G, ANU05, and Huy2
have been considered. The dotted lines are added to better enlighten the
comparison between observed and modeled uplift rates. Notice that the
scale is different for the individual sites.

modeled (elastic + GIA) uplift rates in each of the three time spans, at the five
GPS sites. For comparison the modeled elastic uplift rate is indicated with a cross.
At the sites KELY, QAQ1, and SCOR, a combination of modeled elastic and at least
one of the GIA-induced present day uplift rates lies within the error bars (±2σ)
of the GPS rates in all time spans, with RER+Huy2, RER, and RER+Huy2 as the
best models, respectively. At the site THU2 we observe a fit within the error bars
at the first time span with ICE-5G+RER as the best model, while at KULU none
of the models fit within the error bars of the GPS rates. At all sites, we notice,
that the modeled elastic and observed response follow the same temporal change
(indicated by the dotted lines), though at the site THU2 the offset between the
modeled elastic rates and the GPS rates shows a slightly larger variation.
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Discussion and Conclusion

The modeled elastic response due to ice mass changes in Greenland (see Fig. II.3)
shows pronounced spatial variability over the relatively short observation period
of ICESat. This is the first time that the temporal changes of the the entire GrIS
based on ICESat data have been used in a comparison with GPS measurements.
We observe an increase in mass loss and hence also elastic uplift along the west
and northwest coasts of Greenland, and a decrease along the southeast coast,
considering the entire observation period 2004-2009. This change in mass loss
pattern agrees well with observations made by others, based on e.g. GRACE data
(Khan et al., 2010a; Chen et al., 2011; Schrama et al., 2011).

We find that the GPS uplift rates show a similar behaviour to that of the modeled
elastic response, with an increase in uplift rates at sites located at the west coast
of Greenland, and a decrease at sites located at the southeast coast during the
observation period.

Comparing the modeled (GIA + RER) and observed present day uplift rates at
the five GPS sites (see Fig. II.4), a good fit is found at the sites KELY, QAQ1,
and SCOR, where one or more of the models fit within the error bars of the GPS.
At these sites the modeled elastic and the observed uplift rates follow the same
temporal behavior (see Fig. II.4). This demonstrates, that the elastic uplift models
are able to resolve the temporal changes observed at the GPS sites and indicates
that the elastic signal has been captured correctly.

At the site KULU none of the models (GIA+RER) fit the GPS rates, despite the
nearly constant offset between the modeled elastic and observed uplift rates (see
Fig. II.4). Based on these considerations alone, it is not possible to determine
whether these discrepancies between the modeled and observed uplift, are a re-
sult of errors in the GIA models or a bias in the mass change estimate, which
leads to a bias in the elastic uplift signal. ICESat data has a lower resolution in
the southern part of Greenland, where the tracks are separated with up to 30 km,
hence ICESat might not be able to capture the entire mass loss signal here. This
was shown in a study by Howat et al. (2008), where a higher volume loss was
obtained in southeastern Greenland by combining ICESat and ASTER data, com-
pared to only using ICESat data. From this additional knowledge we conclude,
that the discrepancies between the modeled and observed uplift are most likely
caused by a bias in the mass loss estimate.

At the site THU2 the fit is good at the first time span, but all models fall outside
the error bars of the GPS in the last two time spans. This suggests, that the elastic
response is not captured completely in the model, at this site. The majority of
outlet glaciers along the northwest coast of Greenland have widths near the front
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of less than 7 km (McFadden et al., 2011), hence the complete mass loss signal
might not be captured by the resolution of ICESat, which might explain the under
estimation of the modeled elastic uplift in the last two time spans (see Fig. II.4).

The agreement in temporal change between the observed and modeled elastic
crustal response is a strong indicator of good quality in the modeled elastic re-
sponse. However, it can not be ruled out that a constant bias is present in the
modeled elastic response, e.g. due to sparsely sampled data, which is most likely
the case at the site KULU. Based on our results we notice that generally a better
fit between modeled and observed crustal displacements is found at sites located
relative far from areas with considerable mass loss (e.g. KELY, QAQ1, and SCOR),
while a poorer fit is found at KULU (located 90 km from Helheim glacier, location
indicated in Fig. II.1) and THU2 (located 20 km from a smaller glacier). This sug-
gests that the elastic rebound models, derived from ICESat data, captures the main
part of the signal well, but miss the very short wavelengths due to the resolution
of ICESat.

From analyzing the temporal changes of the observed and modeled elastic uplift
we conclude that this approach gives additional information of the validity of the
modeled elastic uplift, and hence also in the ability to constrain GIA. Based on
the discussion above we find that the sites KELY, QAQ1, and SCOR are suitable
for constraining the GIA signal. At these sites, we find the RER+Huy2 to be the
best performing model. At the moment the sites KULU and THU2 are not suitable,
probably due to errors in the modeled elastic uplift.

Satellite missions such as CryoSat-2 and ICESat-2 will enable us to extend the
time series of high resolution elevation changes of the ice sheets. Having longer
time series of mass changes will enable us to derive elastic uplift models based on
temporal independent data. This will make the method presented here even more
applicaple in constraining GIA.
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Abstract

We estimate the mass loss rate of Upernavik Isstrøm (UI) using surface elevation
changes between a SPOT 5 Digital Elevation Model (DEM) from 2008 and NASA’s
Airborne Topographic Mapper (ATM) data from 2010. To assess the validity of
our mass loss estimate, we analyze GPS data between 2007 and 2011 from two
continuous receivers, UPVK and SRMP which are established on bedrock and lo-
cated ∼65 and ∼2 km from the front of UI, respectively. We construct along-track
elevation changes on UI for several time intervals during 2005 - 2011, based on
ATM, SPOT 5 and Ice, Cloud, and land Elevation Satellite (ICESat) data to assess
temporal changes of UI. We estimate a mass loss rate of -6.7 ± 4.2 Gt/yr, over an
area of ∼1600 km2. The ice mass loss occurs primarily over the northern glacier
of UI. This pattern is also observed ∼40 km upstream, where we observe glacier
thinning at a rate of -1.6 ± 0.3 m/yr across the northern portion of UI and -0.5 ±

0.1 m/yr across the southern portion. GPS measurements suggest bedrock uplift
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rates of 7.6 ± 0.6 mm/yr (UPVK) and 16.2 ± 0.6 mm/yr (SRMP). The modeled
ice mass loss of UI causes bedrock uplift rates of 1.3 ± 0.6 mm/yr (UPVK) and 8.3
± 4.2 mm/yr (SRMP). Including additional contributions from ice mass changes
outside UI and from Glacial Isostatic Adjustment (GIA), we obtain total modeled
uplift rates of 4.7 ± 0.6 mm/yr (UPVK) and 13.8 ± 4.2 mm/yr (SRMP). The mod-
eled uplift rates from our UI ice mass loss are substantially lower, indicating that
additional mass loss is taking place outside of UI. We obtain a difference of 0.6
mm/yr between the modeled and observed relative uplift rates (SRMP relative to
UPVK), suggesting that the mass loss of UI is well captured in the model. We
observe elevation changes from -15 to -40 m/yr near the front during the period
2005 - 2011, indicating that UI undergoes large variations in thinning pattern over
short time spans.

Introduction

Over the last decade many outlet glaciers in Greenland have experienced an in-
crease in flow rate (Rignot and Kanagaratnam, 2006; Joughin et al., 2010), ini-
tially causing frontal thinning, and later followed by increased thinning inland
(Howat et al., 2007; Pritchard et al., 2009). Early in the last decade the Green-
land mass loss was most pronounced in the southeast coast of Greenland, with
Helheim and Kangerdlugssuaq as the largest individual contributing glaciers. This
increase in mass loss later (∼2005) shifted to the northwest and northern coasts
of Greenland (Pritchard et al., 2009; Khan et al., 2010a; Schrama et al., 2011).
Frontal and inland thinning of the many small glaciers along the northwest coast
contribute to ∼20% of the annual mass loss rate (2003 - 2008) of the Greenland
ice sheet (Van Den Broeke et al., 2009), making it an important region to under-
stand.

Upernavik Isstrøm (UI), located at the northwest coast of Greenland, is a system
of four glaciers (Fig. IV.1). UI has retreated by up to 20 km since the end of the
Little Ice Age (LIA) (Weidick, 1958; Kollmeyer, 1980), with the maximum retreat
between 1931 - 1946. Here, we present a mass loss estimate for UI, based on
elevation changes between a SPOT 5 DEM from June 3 2008 and on NASA’s ATM
altimetry data from May 2010 (Krabill, 2011). To assess our UI mass loss estimate,
we analyse GPS data during the period July 2007 to April 2011 from two perma-
nent sites SRMP and UPVK (Fig. IV.1). We compare observed and modeled rates
of vertical crustal displacements, using previously published methodology (Khan
et al., 2007, 2010b). Modeled rates consist of three components: elastic uplift
caused by UI ice mass changes, elastic uplift caused by ice mass changes outside
UI, and GIA, due to changes in the ice load since the last glacial maximum. Here,
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we use the estimated gridded mass change values to model uplift rates caused by
UI. The contribution from ice mass changes outside of UI are based on a mass
change grid derived from ICESat data (Zwally et al., 2010) during 2006 - 2009.
The GIA contribution is based on ICE-5G(VM2) (Peltier, 2004). To analyze thin-
ning upstream we use time series of ice elevations obtained from a combination of
ICESat, ATM, and GPS measurements during 2003 - 2010. The time series are cre-
ated at three GPS stations located on ice ∼40 km from the glacier front (marked
as A, B, and C in Fig. IV.1). We quantify changes on UI from 2005 - 2011, by
estimating along-track elevation changes based on SPOT 5, ATM and ICESat data.

Figure III.1: An overview of UI. The blue and green lines are the August
2007 and 2010 calving fronts, respectively, which are obtained from Landsat
images. Orange triangles show the positions of GPS receivers. The red and
yellow dots show the positions of the ATM and LVIS data used to validate
the SPOT 5 DEM. The gray lines indicate a subdivision of UI into areas that
represent the individual glaciers.
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Data and methods

SPOT 5 HRS DEM

The SPOT 5 HRS DEM from June 3 2008 used in this study is a product of the SPOT
5 stereoscopic survey of Polar Ice: Reference Images and Topographies (SPIRIT)
Polar DALI program. The DEM resolution is 40 m, and it is referenced to the
EGM96 geoid. The DEM is automatically generated and hence no ground control
points have been used to control it. More information about the SPIRIT program
can be found in Korona et al. (2009). To compare the SPOT 5 DEM to ATM
measurements, the SPOT 5 DEM is converted to WGS84 ellipsoid heights.

Validation of SPOT 5 DEM

Several studies have shown that distortions and biases are present in SPOT 5 DEMs
(Korona et al., 2009; Motyka et al., 2010; Scambos et al., 2011; Nuth and Kääb,
2011). Korona et al. (2009) reported biases between -5.5 m and 3.5 m and uncer-
tainties ranging from 3.5 m to 8.9 m (RMS) using ICESat data over glacier ice for
testing. Others, e.g. Nuth and Kääb (2011) have addressed error corrections of
elevation models developed from satellite acquired imagery, using stable terrain
for validation.

Here, we use ATM data between 1994 and 2011 (Krabill, 2011) and Laser Vegeta-
tion Imaging Sensor (LVIS) data from 2010 (Blair and Hofton, 2010) over stable
ice free terrain including nunataks, to asses the validity of the SPOT 5 DEM (Fig.
IV.1). Areas of interest for validation are manually selected using the 10 m SPOT
5 imagery homologous to the DEM. We extract SPOT 5 elevations corresponding
to the ATM and LVIS sample values, using bi-linear interpolation to obtain eleva-
tion differences, with SPOT 5 as the reference. To minimize errors in the elevation
differences due to possible inaccurate horizontal positions in the SPOT 5 DEM,
we filter for SPOT 5 slopes, so that only elevation differences with slopes < 5 de-
grees are used for validation. After filtering the initial 32946 elevation differences,
3391 elevation differences with a slope < 5 degrees are left for correction. We fit
a mixed distribution, consisting of normal and T-distributions to the distribution
of elevation changes (Fig. III.2), and obtain a bias of 3.8 ± 3.9 m (σ), which
is applied to the SPOT 5 DEM, hence raising the surface by 3.8 m. We apply a
bias correction only, because the majority of the investigated area is dominated by
gently sloping ice.
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Figure III.2: Histogram and density plot of elevation differences between
ATM+LVIS data and the SPOT 5 DEM. The red and green curves represent a
T- and a normal distribution. The blue curve, the mixed distribution, is the
sum of the normal and T-distributions.

GPS

We analyze data from two permanent continuous GPS receivers located ∼2 and
∼65 km from the front of UI, west Greenland. The station, UPVK, at Upernavik
was established by DTU Space in 2007, and the station, SRMP, located a few km
from the calving front of UI was installed in 2007 by Ohio State University as part
of the Greenland GPS network (GNET) (Fig. IV.1). Data acquisition has been con-
tinuous for both sites. To estimate site coordinates, we use the GIPSY OASIS 6.1.2
software package (Zumberge et al., 1997) released in January 2012 and developed
at the Jet Propulsion Laboratory (JPL). The orbit products we use were released
in 2010 by the International GNNS Service (IGS) (repro1 products) and include
satellite orbits, satellite clock parameters, and Earth orientation parameters. The
new orbit products take the satellite antenna phase center offsets into account.
Receiver clock parameters are modeled, and the atmospheric delay parameters
are modeled using the Global Mapping Function (GMF) (Böhm et al., 2006). Cor-
rections are applied to remove the solid Earth tide and ocean tidal loading. The
amplitudes and phases of the main ocean tidal loading terms are calculated with
the Automatic Loading Provider (http://www.oso.chalmers.se/~loading, Sch-
erneck and Bos (2002)) on the basis of the FES2004 ocean tide model including
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correction for center of mass motion of the Earth due to the ocean tides. The
site coordinates are computed in the non-fiducial frame and transformed to the
ITRF2005 frame (Altamimi et al., 2007). We estimate the secular trends and their
uncertainty as described by Khan et al. (2010b).

Volume change

To estimate the volume change of UI we first estimate elevation changes between
the 2008 SPOT 5 DEM and 2010 ATM data. For each ATM data point we extract
the closest SPOT 5 value, where the maximum spatial distance between elevation
points is 28 m. Over this distance, it is reasonable to assume that the contribution
to the apparent elevation change from topography is negligible. The spatial distri-
bution of the volume change is estimated by ordinary local neighborhood kriging,
using a nested exponential variogram model with ranges R1 = 1 km and R2 = 5

km. The error of the total UI mass loss is determined by summing the kriging
covariance matrix.

Modeled crustal response

The vertical crustal response consists of the elastic response caused by present
day ice unloading of UI, present day ice unloading from areas outside UI, and
GIA caused by the Earth’s viscous response to past ice mass changes. The verti-
cal present day elastic response from UI mass changes, is modeled by convolving
the loading model described in section III with loading Green’s functions (Farrell,
1972). To estimate the elastic response from mass changes outside UI, we use a
loading model derived from ICESat data in the period 2006 - 2009. This loading
model is estimated on a 5 × 5 km grid according to the M3 method described
in Sørensen et al. (2011). After removing UI from the loading model, the elas-
tic uplift is estimated according to the regional elastic rebound (RER) method in
Spada et al. (2012). In this method the loading model M3 is discretized into disc
shaped loads and convolved with loading Green’s functions, which are based on
an Earth model with PREM (Dziewonski and Anderson, 1981) structure. The cor-
responding uncertainties are estimated by a bootstrap approach. On the basis of
ICESat 2006 - 2009 elevation change data, derived according to the M3 method,
we construct 1000 different elevation change data sets, by drawing random sam-
ples with replacement among tracks in the original elevation change data set. For
each bootstrapped data set we estimate a loading model as described in Sørensen
et al. (2011), from which we estimate the elastic uplift using the RER method
(Spada et al., 2012). This gives a distribution of the uplift from which the stan-
dard deviation can be found.
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The GIA contribution to the crustal response is estimated using an improved ver-
sion (version 2.9.8) of the software SEa Level EquatioN solver (SELEN) available
at http://www.fis.uniurb.it/spada/SOFT.html (Spada and Stocchi, 2007). We
use the ice-history “ICE-5G (VM2 L90) model version 1.2” (Peltier, 2004), where
the VM2 viscosity profile is approximated by a two layer mantle model with an
upper and lower mantle viscosity of 0.5 and 2.7 ×10

21 Pa s respectively. It should
be noticed, that ICE-5G does not account for post-LIA and the most recent ice mass
changes. The present day GIA estimate depends on the Earth’s viscosity structure.
Hence, to assess the variation of GIA estimates due to viscosity, we run SELEN
for a suite of Earth models, where the upper mantle viscosity range between 0.3 -
1.0 ×10

21 Pa s and the lower mantle viscosity range between 1.3 - 5.4 ×10
21 Pa s.

This corresponds to a variation of the viscosity from the preferred model equal to
1020.7±0.3 Pa s and 1021.43±0.3 Pa s for the upper and lower mantle, respectively.

Results

Volume change of UI between 2008 and 2010

The annual along-track elevation changes between 2008 and 2010 are displayed
in Fig. III.3, and the elevation change estimates on a 1 × 1 km grid are shown
in Fig. III.4 together with their associated kriging uncertainties. UI is primarily
thinning across glacier 1, with an average rate of up to -15 m/yr during 2008
- 2010. Thinning from this glacier extends far inland. Glaciers 2 and 4 show
minor thinning near the front with average rates of up to -7 m/yr; glacier 3 shows
practically no thinning. The rate of volume change for the total area is -7.3 ± 4.6
km3/yr (σ). Since the area is below the equilibrium line altitude, it is reasonable
to assume an ice density of 917 kg/m3, which gives an estimated total mass loss
rate of -6.7 ± 4.2 Gt/yr (σ). For the entire area the average annual mass loss is not
significant at the 5 % level (2σ). Still, we do observe significant local mass loss at
individual grid points within UI, primarily over glacier 1. Areas with a significant
mass loss are indicated with solid dots in Fig. III.4. To further demonstrate a local
significant mass loss within UI, we estimate the mass loss of the individual glaciers
in UI. With the subdivision of UI, indicated by the gray lines in Fig. IV.1, the mass
loss estimates with one standard deviation σ are 4.4 ± 1.7 Gt/yr, 1.3 ± 1.2 Gt/yr,
0.4 ± 0.7 Gt/yr, 0.6 ± 0.5 Gt/yr, for glacier 1-4, respectively. Hence, only glacier
1 experiences a significant mass loss.

The error estimates are based on the kriging variances, which are sensitive to the
location of the data points and to the nature of the variogram. In this case data is
distributed along tracks, with a high along-track resolution, but a sparse resolution
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Figure III.3: Annual elevation changes between a SPOT 5 DEM acquired on
June 3 2008 and ATM data from May 19-21 2010. The solid blue and red
lines represent the 2007 and 2010 summer positions of the front, respec-
tively, which are obtained from Landsat images.

across tracks. Thus, we need to interpolate over relatively large distances. This,
together with the fact that the spatial distribution of elevation changes is changing
rapidly over relatively short distances, leads to a high variance of the mass loss
estimates.

Upstream thinning

To analyze glacier elevation changes upstream, we create elevation change time
series at three GPS sites all located ∼40 km upstream from the calving front. The
time series show elevations from ICESat, ATM, and GPS campaign measurements
from 2010 at the GPS sites A, B, and C (Fig. IV.1). These elevation series, have er-
ror sources that introduce temporal correlations into the data. To take temporally
correlated, non-Gaussian noise into account, we analyze the time series for white
noise plus flicker noise using Maximum Likelihood Estimation (MLE) (Williams
et al., 2004). At GPS site A we fit two linear terms to the time series (GPS, ICESat,
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Figure III.4: Left: thinning model of UI on a 1 × 1 km grid. The solid dots
indicate areas with significant elevation changes; i.e. where the elevation
change is larger than 2σ . The blue and red lines represent the 2007 and
2010 summer glacier front lines, which are obtained from Landsat images.
Right: kriging uncertainties (σ).

ATM elevations). We obtain elevation changes of 0.1 ± 0.4 m/yr (ice thickening)
during 2003 - 2005, and -1.6 ± 0.3 m/yr (ice thinning) during 2006 - 2010 (Fig.
III.5A). At the GPS sites B and C we fit one linear term only. We obtain -0.6 ± 0.3
m/yr, and -0.5 ± 0.1 m/yr at sites B and C, respectively (Fig. III.5B and III.5C).
Hence, the thinning rate during 2006 - 2010 is larger upstream from glacier 1 than
upstream from glaciers 2 and 3.

Elevation changes between 2005-2011

Previous studies demonstrate that glaciers can show rapid changes in dynamic
thinning (Howat et al., 2007; McFadden et al., 2011). Hence, to obtain an un-
derstanding of the temporal changes on UI and to put our mass loss estimate into
perspective, we estimate along-track elevation changes at various times during
2005 - 2011. Fig. III.6 shows average along-track elevation changes for different
time spans, based on ATM, ICESat and SPOT 5 data. Considering the entire pe-
riod, we observe the largest thinning rates at glacier 1. During the period 2005 -
2007, we observe the largest thinning rate of up to -40 m/yr near the front (Fig.
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Figure III.5: Time series of elevation measurements at three GPS sites (de-
noted GPS A, B and C in Fig. 1). The time series show elevations from ICESat
(black circles), ATM (red triangles), and GPS campaign measurements (blue
squares). The top panel (A) shows elevation time series at GPS A, middle
panel at GPS B, and bottom panel at GPS C. The solid lines show the best
fitting trends. At GPS site A, two trends are fitted, while one trend is fitted
at B and C.

III.6E and III.6F). During 2008 - 2010, we observe a deceleration in thinning (Fig
III.6B-D), with the lowest rate between 2009 and 2010. Elevation changes be-
tween 2010 and 2011 suggest thinning rates of up to -30 to -35 m/yr (Fig. III.6A):
similar to rates observed over the period 2005 - 2007. The observed deceleration
is also described in McFadden et al. (2011). Hence, within this relatively short
period we observe large variations in thinning rates.
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Figure III.6: Average along track elevation changes during the period 2005
- 2011. The blue and red solid curves represent the 2007 and 2010 calving
fronts, respectively. (A)-(D) Average elevation changes based om ATM from
(A) 2010 and 2011, (B) 2009 and 2010, (C) 2007 and 2010, and (D) 2007
and 2009. (E) and (F) Average elevation changes based on SPOT 5, ATM,
and ICESat data from (E) 2007 (ATM and ICESat) and 2008 (SPOT 5) and
(F) 2005 (ATM and ICESat) and 2008 (SPOT 5).

Modeled and observed uplift rates

Daily values of vertical positions at SRMP and UPVK are displayed in Fig. III.7,
where each dot represents a daily solution. The black curve is the sum of the
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best fitting secular, annually, and semi-annually varying terms to the daily vertical
solutions. The SRMP time series shows an increased uplift rate starting in summer
2010. This is demonstrated by fitting a secular, an annual and a semi-annual term
to data between July, 2007 and May 2010. The fitted curve does not fit SRMP
observations during June 2010 to April 2011 (Fig. III.7A). In this time span the
observed daily solutions lie above the fitted curve suggesting accelerated uplift.

Table III.1: Modeled and observed uplift rates at the GPS sites UPVK and
SRMP. The second column displays GPS rates, third column the total mod-
eled uplift rates, consisting of the elastic response from UI (column 4), the
elastic response from outside UI (column 5), and GIA (column 6)

Station GPS Modeled Response Response GIAb

total of UI outside UI

UPVK 7.7±0.6 4.7±0.6 1.3±0.6 3.8±0.1 -0.4 (-1.4;0.8)
UPVKa 7.6±0.6 4.7±0.6 1.3±0.6 3.8±0.1 -0.4 (-1.4;0.8)
SRMP 17.1±0.6 13.9±4.3 8.3±4.2 5.5±0.2 0.1 (-0.8;1.0)
SRMPa 16.2±0.6 13.9±4.2 8.3±4.2 5.5±0.2 0.1 (-0.8;1.0)

SRMP-UPVKa 8.6±0.8 9.2±4.2 7.0±4.2 1.7±0.3 0.5 (0.1;0.7)

ausing data until April, 2010
bThe GIA estimate is based on ICE-5G(VM2). Ranges of the GIA estimates are indicated in brackets.

The ranges are based on a viscosity variation of 0.3 to 1.0 ×10
21 Pa s for the upper mantle and 1.3

to 5.4 ×10
21 Pa s for the lower mantle.

The observed and modeled rates of crustal uplift at the sites UPVK and SRMP
are summarised in Table III. Here, column 2 contains observed uplift rates and
column 3 contains the total modeled uplift rates, which consists of: the elastic
response due to ice mass loss of UI (column 4), the elastic response due to ice
mass changes outside UI (column 5), and GIA (column 6). All rates are in mm/yr
and presented with one standard deviation σ , except for the GIA estimates, where
a range is given instead. This range represents the possible GIA estimates related
to the viscosity intervals described in Section III. “Site-namea” indicates that the
observed uplift rate is based on GPS data until April 2010, else data until April
2011 is used. Rows 1-4 account for the absolute motions at the two sites UPVK
and SRMP, while the fifth row contains the vertical rates at SRMP relative to UPVK.
By considering the relative rates rather than the absolute rates for sites located
relatively close to one another, we reduce errors related to GPS orbits, reference
frame drift, the elastic response from loads outside the UI, and GIA. For instance
we notice that the range of GIA estimates is much smaller when relative motion are
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Figure III.7: (A) Daily solutions of vertical displacements in mm at SRMP.
The black curve shows the sum of the best fitting annual, semi-annual, and
secular terms. (B) same as (A) but for UPVK.

considered compared to absolute. When comparing observed and total modeled
uplift rates we find a discrepancy of 0.6 mm/yr between the relative rates, 2.9
mm/yr in the absolute rate at UPVK, and 2.3 mm/yr at SRMP.

Discussion and Conclusions

We estimate the average annual mass loss of UI in the time span 2008 - 2010 to
be -6.7 ± 4.2 Gt/yr (σ), based on elevation changes between a SPOT 5 DEM from
June 3 2008 and ATM data from May 2010. Considering the entire UI, the total
estimated mass loss is not significant at the 5% level. But locally within the ice
stream a significant mass loss is observed, primarily at glacier 1 (indicated with
solid dots on Fig. III.4). We find thinning rates of up to -15 m/yr at glacier 1, -7
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m/yr at glaciers 2 and 4, and ∼0 m/yr at glacier 3. This thinning pattern is also
observed upstream at three GPS stations on ice, located ∼40 km from the front
(marked A, B, and C in Fig. IV.1), where station A shows a larger thinning rate
than stations B and C. This suggests that the upstream thinning is dominated by
frontal thinning at glacier 1.

We use GPS measurements from two permanent sites UPVK and SRMP to constrain
our mass loss estimate, by comparing the modeled and observed relative motion
of SRMP with respect to UPVK. We find a modeled relative uplift rate of 9.2 ± 4.2
mm/yr compared to an observed rate of 8.6 ± 0.8 mm/yr: a discrepancy of 0.6
mm/yr. This discrepancy may be slightly larger (or smaller) if the range of GIA
estimates are considered (Table III). Despite the spread in the GIA estimates, there
is a good agreement between the modeled and observed relative uplift rates, which
suggests that the overall mass loss pattern of UI is captured correctly. However,
when considering the observed and modeled absolute rates at UPVK and SRMP,
we find a discrepancy of 2.9 mm/yr and 2.3 mm/yr, respectively.

These discrepancies may be caused by various sources e.g. errors in the mod-
eled elastic uplift, errors related to GIA, errors related to GPS, and other sources.
The loading model we use to estimate the Earth’s elastic response from ice mass
changes outside UI, does not entirely coincide in time with the GPS time series and
the time span used to estimate the UI mass loss. This, together with the fact that
the Greenland ice sheet shows large spatial variations in ice mass loss as a function
of time (Pritchard et al., 2009; Khan et al., 2010a; Schrama et al., 2011), might
cause a slight shift in the uplift estimates at UPVK and SRMP. In Section III we
find that the GIA estimates at UPVK and SRMP can vary by ∼ ± 1 mm, when the
upper and lower mantle viscosities are ranging as described in Section III. Hence,
errors in the assumed mantle viscosities can lead to a lowering of the discrepancies
between modeled and observed absolute rates, but might also result in larger dis-
crepancies. The ICE-5G deglaciation model, that is used here, does not include the
Earth’s viscous response from ice mass changes related to the LIA. Early studies of
UI (Weidick, 1958; Kollmeyer, 1980) have presented ice front variations since the
end of the LIA, where the ice front was 10 - 20 km further away from it’s present
position. This retreat will have some effect on the Earth’s present day viscous re-
sponse, which might explain a portion of the difference between the observed and
modeled absolute uplift rates. Simpson et al. (2011) shows that ice mass changes
during the last 100 years, based on the ice-history Huy2 (Simpson et al., 2009),
may cause a viscous response around ±0.2 mm/yr, with a positive value in the
area of Upernavik. A larger signal around ±1.2 mm/yr is found for a weak upper
mantle (of 1020 Pa s). Furthermore, previous studies have demonstrated that the
GIA estimate may vary depending on which ice-history that is used (Spada et al.,
2012; King et al., 2010). Additionally, unmodeled GPS orbit errors and reference
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frame errors, would tend to be correlated over long distances, and so would have
essentially the same effect at each GPS station. Khan et al. (2010b) found a dif-
ference in uplift rate of about 0.8 mm/yr between MIT and JPL orbits. Hence, the
observed discrepancy of 2.3 to 2.9 mm/yr is presumably due to a combination of
unmodeled orbit errors, reference frame errors, ice load errors, and GIA errors.

The mass loss estimate of -6.7 ± 4.2 Gt/yr should not be interpreted as a long
term trend, since outlet glaciers show rapid changes in discharge (Howat et al.,
2007; McFadden et al., 2011). We find large variations in elevation change rates
ranging from -15 to -40 m/yr, based on ATM data, ICESat data, and a SPOT 5
DEM during 2005 - 2011. The observed changes in thinning rate are consistent
with observed changes in uplift rate at SRMP. For instance, we see an increase
in the observed uplift rate at SRMP by considering data through April 2011 (see
Table III), at UPVK the uplift rate practically remains constant, suggesting that
the acceleration in 2010 at SRMP is due to ice unloading close to SRMP. This is
consistent with the increased along-track thinning seen between 2010 and 2011
(Fig. III.6A). In a more general sense, this suggests that GNET GPS data will be
useful for future assessments of annual variations in glacier mass balance.
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Abstract

We analyze Global Positioning System (GPS) time series of relative vertical and
horizontal displacements from 2009 - 2011, at four GPS sites located between
∼5 and ∼150 km from the front of Jakobshavn Isbræ (JI), west Greenland. The
horizontal displacements at KAGA, ILUL, and QEQE, relative to the site AASI, are
directed towards west-north-west, suggesting that the main mass loss signal is
south-east of these sites. The directions of the observed displacements are sup-
ported by modelled displacements, derived from NASA’s Airborne Topographic
Mapper (ATM) surveys of surface elevations from 2006 - 2011. In 2010, we ob-
serve a rapid increase in the uplift at all four sites. This uplift anomaly, defined
as the deviation at 2010.75 from the 2006 - 2009.75 trend is estimated to 8.8 ±

2.4 mm (KAGA), 9.3 ± 2.2 mm (ILUL), 5.1 ± 2.0 mm (QEQE), and 6.1 ± 2.3
mm (AASI). The relative large anomalies at the sites QEQE and AASI, located
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∼150 km from the front of JI, suggests that the uplift anomalies are caused by
a large wide-spread melt-induced ice loss. The relatively low uplift anomaly at
KAGA, located only 5 km from the front, indicates that there has been a dramatic
decrease in dynamic-driven ice loss near the front of JI. This is supported by ele-
vation changes derived from ATM measurements between 2010 and 2011, where
we observe an elevation increase in the flow direction of up to 10 m at the frontal
part of JI.

Introduction

Jakobshavn Isbræ (JI), located at the west coast of Greenland is one of Green-
land’s largest outlet glaciers in terms of drainage basin. It has been losing mass
at a rate of between 25 Gt/yr and 34 Gt/yr since the end of 2002 (Howat et al.,
2011), which is approximately 10 % of Greenland’s total ice loss. The present
day unloading of ice causes the Earth to respond elastically, thus resulting in both
vertical and horizontal deformation of the crust. The vertical deformation pattern
is proportional to the load distribution and the pattern of the horizontal field pro-
vides information regarding the origin of the load. Hence, by considering the full
displacement field, we achieve a better understanding of the ice loss rate and its
location.

Presently, more than 50 GPS receivers are located around the edge of the Green-
land ice sheet, providing continuous measurements of vertical and horizontal
crustal displacements. Here, we use data from four sites (KAGA, ILUL, QEQE,
and AASI, Fig IV.1), which are located between 5 and 150 km from the glacier
front of JI. The crustal displacements around JI can be divided into three primary
contributions: the Earth’s elastic response owing to present day ice mass loss from
JI; the elastic response as a result of ice mass loss outside JI; and glacial isostatic
adjustment (GIA), i.e. the Earth’s viscoelastic response to past glacial changes.
GPS measurements of crustal displacements have been used previously, in Patag-
onia (Dietrich et al., 2010), on Svalbard (Sato et al., 2006; Mémin et al., 2011),
and in southeast Greenland (Khan et al., 2007), to study the present ice mass vari-
ability. Other studies have used GPS measurements to constrain the GIA signal;
e.g. in Greenland (Khan et al., 2008; King et al., 2010; Spada et al., 2012) and
Antarctica (Thomas et al., 2011).

A previous study conducted by Khan et al. (2010b) used GPS measurements from
2006-2009 to study vertical crustal motion near Jakobshavn Isbræ. Here, we ex-
pand the time series with an additional 2 years of data, and analyze both vertical
and horizontal GPS displacements. In addition, we analyze inter-annual displace-
ments related to the 2010 melting anomaly (Tedesco et al., 2011; Bevis et al.,
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2012) and, based on the uplift pattern, we distinguish between ice loss caused
by dynamic thinning and melt-induced ice loss. In general, dynamic thinning is
largest near the glacier front (up to 20 m/yr), and decreases to a few m/yr about
20-30 km upstream. Melt-induced thinning is on the order of a few m/yr near
the ice margin, and decreases very slowly inland. Consequently, melt-induced
thinning can be huge when covering large regions (Van Den Broeke et al., 2009).

Figure IV.1: An overview of the area of JI. The red triangles indicates the
position of the four GPS sites KAGA, ILUL, QEQE, and AASI. The positions
of ATM tracks and elevation changes along tracks at 500 m segments, based
on ATM data from 2006, 2009, 2010, and 2011 are also shown. The red
line indicates the 2006 late summer calving front, acquired from Landsat
imagery.

To assess the mass loss of JI, we compare observed and modelled displacement
rates. The modelled rates, relating to ice mass loss from JI, derive from surface
elevation changes based on NASA’s ATM data from 2006, 2009, 2010 and 2011
(Krabill, 2011). Displacements outside JI are estimated from an Ice, Cloud,and
land Elevation Satellite (ICESat) derived mass change grid, based on data between
2006 and 2009 (Zwally et al., 2010). We account for the GIA contribution by using
the ICE-5G (VM2) deglaciation history of the late-Pleistocene ice sheets (Peltier,
2004).
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Data and Methods

GPS data analysis

To estimate site coordinates we follow the procedure of Khan et al. (2010b). We
use the GIPSY OASIS 6.1.2 software package (Zumberge et al., 1997) released
in January 2012, and developed at the Jet Propulsion Laboratory (JPL). The or-
bit products we use were released in 2010 by the International GNNS Service
(IGS) (the repro1 products) and include satellite orbits, satellite clock parame-
ters and Earth orientation parameters. The new orbit products take the satellite
antenna phase centre offsets into account. Receiver clock parameters are mod-
elled, and the atmospheric delay parameters are modelled using the Global Map-
ping Function (GMF) (Böhm et al., 2006). Corrections are applied to remove the
solid Earth tide and ocean tidal loading. The amplitudes and phases of the main
ocean tidal loading terms are calculated using the Automatic Loading Provider
(http://www.oso.chalmers.se/~loading, Scherneck and Bos (2002)), applied to
the TPXO.7.1 ocean tide model (Egbert and Erofeeva, 2002) including correction
for center of mass motion of the Earth due to the ocean tides. The site coordinates
are computed in the ITRF2005 frame (Altamimi et al., 2007). The secular trends
and their uncertainty are estimated as described in Khan et al. (2010b).

Elevation changes

To estimate elevation changes on JI between 2006 and 2011 we use NASA’s ATM
laser altimetry data (Krabill, 2011) from 2006, 2009, 2010 and 2011 (see Fig
IV.1). From these surface elevation data sets we estimate a linear trend along
tracks at 500 m segments. To construct an elevation change map of JI, we in-
terpolate the along-track elevation changes on a grid with a resolution of 1 × 1
km, using ordinary local neighborhood kriging. Based on an area of 7700 km2 we
estimate a volume loss rate of 19.4 ± 5.7 km3/yr (1σ). The corresponding uncer-
tainty is estimated as the sum of the individual elements in the kriging covariance
matrix. Since the considered mass loss is below the equilibrium-line altitude, we
use an ice density of 917 kg/m3 to convert volume loss to mass loss. This results
in a mass loss rate of 17.8 ± 5.2 Gt/yr (1σ). The elevation change grid (Fig IV.2)
shows a thinning rate of -12 m/yr near the front, which decreases gradually to
∼-2 m/yr ∼80 km upstream.
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Figure IV.2: Elevation change grid for JI, based on ATM data from 2006,
2009, 2010, and 2011. The red line indicates the 2006 late summer calving
front, acquired from Landsat imagery.

Modelled crustal displacement

The horizontal displacement for a disc shaped load as a function of the colatitude
α is given by (see e.g. Spada (2003))

V (α) = 3∆H

(

ρi

ρe

)

nmax

∑
n=0

ln
σn

2n+1

∂Pn(cosα)

∂α
, (IV.1)

where ρi is the density of ice, ρe is the average density of the Earth, ∆H is the ice
thickness change, Pn is the Legendre polynomial, n is the harmonic degree, ln is the
nth harmonic component of the horizontal loading deformation coefficient (LDC),
and σn is the nth harmonic component of the surface load. An expression of σn

for an axis-symmetric load is found in Spada et al. (2011). Here, we only account
for the horizontal displacement V (α). An expression for the vertical displacement
U(α) is given by Eq. (4) in Spada et al. (2012). The vertical and horizontal
displacements as a function of colatitude are displayed in Fig IV.3. These curves
represent the response of a disc load with a radius of 500 m and an ice thickness
variation of ∆H =−1 m. The horizontal displacement attains its largest amplitude
at the periphery of the load and zero displacement right beneath the load due
to symmetry. In the case of unloading, the horizontal motion is directed away
from the area with mass loss, and towards in case of mass gain. The displacement
curves displayed in Fig IV.3 are based on two different Earth’s models a PREM
(Dziewonski and Anderson, 1981) and a CRUST2.0-type crust (Bassin et al., 2000)
for the area of JI overlying a REF (or STW105) like mantle (Kustowski et al.,
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Figure IV.3: Vertical (black curves ) and horizontal (blue curves) displace-
ments in response to a disc load with a radius of 500 m (4.5 × 10

−3 de-
grees) and a thickness variation ∆H =−1 m. The solids curves represents an
Earth model with PREM structure and the dashed curves represents the JAK
Earth model (see Section IV. The displacement estimates are summed up to
nmax = 10

5.

2008), which are discussed in more detail below. We refer to this latter Earth
model as JAK.

Crustal displacements due to ice mass loss from Jakobshavn Isbræ

To model the elastic response due to ice mass loss from JI we use elastic LDCs
based on the Earth model JAK, where the crustal characteristics are given in Table
IV.1. This Earth model has a thicker crust and a lower compressibility in the upper
crust compared to the PREM model, which influences the displacement pattern in
the near field of the source (see Fig IV.3). The LDCs are estimated by assuming
a radially stratified, isotropic and compressible Earth model and they are defined
in the Earth’s centre of mass reference frame. The vertical h and and horizontal
nl LDCs are displayed in Fig IV.4 up to harmonic degree n = 1024 (dashed lines).
For higher harmonic degrees we assume that the asymptotic value of the LDCs is
reached. Hence, for n →∞ the horizontal LDC is nl∞ = γm

4πa2

1

λ+µ
(Farrell, 1972),

where γ is the gravitational acceleration, m and a are the mass and radius of the
Earth, λ and µ are the Lamé constants of the uppermost crustal layers. The crustal
displacement patterns caused by the ice mass loss of JI are estimated by convolving
the mass change grid for JI with the response of a single disc element, where the
horizontal part is represented by Eq. (IV.1).
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Table IV.1: Crustal characteristics for the Crust2.0 type Earth model for the
area of JI and the average PREM model.

Layer Thickness vp vs ρ

km km/s km/s kg/cm3

Crust2.0 type crust for JI

Ice 0.500 3.810 1.940 0.920
Upper crust 13.000 6.200 3.600 2.800
Middle crust 12.000 6.400 3.600 2.850
Lower crust 12.000 6.800 3.800 2.950

Average PREM crust

Water 3.000 1.450 0.000 1.020
Crust 12.000 5.800 3.200 2.600
Crust 10.000 6.800 3.900 2.900
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Figure IV.4: Vertical and horizontal LDSs h and l up to harmonic degree
n = 1024 , representing an Earth model with PREM structure (solid lines)
and the JAK Earth model (dashed lines).

Crustal displacements due to ice mass loss outside Jakobshavn Isbræ

The elastic displacements caused by ice mass loss from the Greenland ice sheet
outside JI are estimated in the same manner as the local contribution, except
that a different set of LDCs are used. The LDCs in this estimation are based on an
Earth model with PREM structure and are acquired from the Atmospheric pressure
loading service (APLO). The vertical h and horizontal nl LDCs are displayed in
FigIV.4 up to harmonic degree 1024 (solid lines). To represent the mass changes
outside JI, we use an ICESat derived mass change grid based on data from 2006
- 2009, with a spatial resolution of 5 × 5 km. The mass change grid is estimated
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using a method (M3) presented in Sørensen et al. (2011). The time span of this
mass change grid is two years shorter than the JI mass change grid, and this
difference could contribute an additional error in the displacement estimates from
the regional mass changes. To quantify this error, we examine the variation in
displacements at the GPS sites located near JI from two additional ICESat derived
mass change grids based on data from 2004 - 2007 and 2005 - 2008. When
comparing the absolute displacements at each site we find a variation range of
approximately ± 0.5 mm and ± 0.2 mm for the relative displacements (with AASI
as the reference).

We derive a formal error estimate for the displacements due to uncertainties in the
2006 - 2009 ICESat-derived mass change grid using bootstrapping. We following
the procedure described in Sørensen et al. (2011), which is summarize below.
The 2006 - 2009 elevation change data set consists of m tracks. From this data
set we create 1000 new bootstrapped data sets, by randomly drawing m tracks
with replacements among the tracks in the 2006 - 2009 elevation change data set.
Hence, in the bootstrapped data sets some tracks might appear more than once.
For each bootstrapped data set we estimate the crustal displacements. The 1000
estimates of crustal displacements form a distribution from which the standard
deviation is deduced.

Crustal displacements due to GIA

To account for the present day GIA signal, we use the GIA displacement grids based
on the ICE-5G(VM2) deglaciation history, which are estimated by W. R. Peltier. The
GIA grids are available at http://www.atmosp.physics.utoronto.ca/~peltier/
data.php. GIA estimates are sensitive to e.g. the viscoelastic structure of the Earth
and the deglaciation history.

To assess the variation of GIA estimates due to viscosity, we use an improved ver-
sion (version 2.9.8) of the software SEa Level EquatioN solver (SELEN) available
at http://www.fis.uniurb.it/spada/SOFT.html (Spada and Stocchi, 2007). We
approximate the VM2 viscosity profile with a two layer mantle model with an up-
per and lower mantle viscosity of 0.5 and 2.7 ×10

21 and let the upper and lower
mantle viscosity range between 5×10

20±0.3 Pa s and 2.7×10
21±0.3 Pa s, respectively.

Hence, by estimating the GIA contribution within these viscosity bounds we find a
range of other possible GIA values.
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111

Results

2010 uplift anomaly

Fig IV.5 shows vertical positions at the GPS sites, where the blue curves represent
30-day averages and their associated uncertainties. The red curves are the sums
of the best fitting secular, annual, and semi-annual varying terms for the daily
vertical solutions between 2006 and 2009.75. In the first half of 2010, the fit-
ted curves start to deviate from the 30-day averages, indicating an acceleration in
uplift. To estimate the 2010 anomaly we use the fitted annual, semi-annual and
secular terms, the red curve in Fig IV.5, to predict uplift at 2010.75. The 2010 up-
lift anomaly is then defined as the difference between the observed and predicted
uplift at 2010.75. Hence, the anomaly represents the additional mass loss during
the hydrological year 2009-2010. The uplift anomalies at the GPS sites are esti-
mated to be 8.8 ± 2.4 mm (KAGA), 9.3 ± 2.2 mm (ILUL), 5.1 ± 2.0 mm (QEQE),
and 6.1 ± 2.3 mm (AASI). Somewhat surprisingly, the spread in the anomalies is
quite low. We would intuitively expect the anomaly at KAGA (located less than
5 km from the JI front) to be considerable higher owing to its location. To un-
derstand the source of these anomalies we create a simple surface mass balance
(SMB) model to represent the 2010 melting event, and estimate the related uplift
signals.

Following the melting pattern in the 2010 anomaly map of melting days (Tedesco
et al., 2011), we assume that melting occurs up to 75 degrees of latitude on the
western side of Greenland, and up to 73 degrees of latitude on the eastern side.
Above 70 degrees of latitude melting decreases linearly up to 1500 m altitude,
with an ice mass loss of 2.6 m at zero elevation, and below 70 degrees of latitude
melting occurs up to 2500 m elevation. The ice loss at zero elevation is chosen so
that the total mass loss sums to 300 Gt, which is approximately the SMB anomaly
suggested by Tedesco et al. (2011). The SMB model is estimated on a 5 × 5
km grid. Following the method described in Section IV, we estimate the uplift
anomalies to be 18.3 mm (KAGA), 9.1 mm (ILUL), 5.3 mm (QEQE), and 6.4 mm
(AASI). The observed and modelled anomalies at the sites ILUL, QEQE, and AASI
agree very well, while the modelled anomaly at KAGA is too large.

An explanation for this discrepancy could be a decrease in dynamic mass loss near
the front of JI. A reduction in ice mass loss near the front will have the largest
influence on the elastic uplift signal at KAGA, while the sites further away will be
less affected. To test this, we map elevation changes derived from NASA’s ATM
data between 2010 and 2011. This elevation change map (Fig IV.6 shows a clear
reduction in ice loss compared to the trend based on data between 2006 and 2011
(Fig IV.2). The elevation changes between 2010 and 2011 are dominated by a
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Figure IV.5: 30-day averages of vertical displacements and their associated
uncertainties (blue bars) at (a) KAGA, (b) ILUL, (c) QEQE, and (d) AASI.
The red curves display the best fitting linear, annual, and semi-annual term,
based on data from 2006-2009.75.

more wide-spread thinning pattern compared to the elevation changes between
2006 and 2011 (Fig IV.2). Near the front, we observe an elevation increase of up
to 10 m in the flow direction.

Horizontal displacements

To study horizontal displacements we consider relative rather than absolute geo-
centric displacements. Horizontal displacements are dominated by plate motion,
which is effectively removed by considering relative displacements between sites
located relatively close to one another. This also reduces displacements related
to, for example, ice loss outside JI, and GIA, as these far-field contributions are
similar at each GPS site. Thus, the relative rates can be used to validate the local
mass balance of JI. The observed displacements rates at KAGA, ILUL, and QEQE,
relative to AASI are displayed in Fig IV.7, where the blue dots represent daily so-
lutions between 2006 and 2011. The red lines are the best fitting linear terms.

The modelled and observed rates of crustal displacements, relative to the AASI

(IV.10)
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Figure IV.6: Elevation change grid for JI, based on ATM data from 2010 and
2011. The red line indicates the 2011 summer calving front, acquired from
Landsat imagery.

site, are summarized in Table IV.2. Column 2 contains observed GPS rates based
on data from 2006 - 2011. Column 3 contains the total modelled rates, includ-
ing contributions from elastic displacements related to mass loss from JI, elastic
displacements related to mass loss outside JI, and displacements related to GIA.
The discrepancy between the observed and modelled rates is between 0.8 and 0.1
mm/yr for the vertical component, 0.6 and 0.3 mm/yr for the east component, and
0.5 and 0.2 mm/yr for the north component. The vectors in Fig IV.8 display the
direction and size of the horizontal displacements at KAGA, ILUL, and QEQE, rel-
ative to AASI, where the black and red arrows represent observed and modelled
rates, respectively. The horizontal displacements are directed generally towards
the west-north-west.

Absolute vertical displacements

The modelled and observed absolute vertical rates are summarized in Table IV.3.
Column 2 contains observed GPS rates based on data from 2006 - 2009.75. Col-
umn 3 contains the total modelled rates, including contributions from elastic dis-
placements related to mass loss from JI, elastic displacements related to mass loss
outside JI, and displacements related to GIA. We find a discrepancy between the
observed and modelled rates between 1.5 and 3.1 mm/yr. Assuming that the elas-
tic rates are well captured, the absolute rates can be used to constrain the GIA
signal.
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Figure IV.7: Daily values of east, north, and vertical displacements in mm
relative to AASI. The annual term is removed. The red curves show the best
fitting liner term. (a)-(c) display relative east, north, and vertical displace-
ments at KAGA, respectively. (d)-(f) display relative east, north, and vertical
displacements at ILUL. (g)-(h) display relative east, north, and vertical dis-
placements at QEQE.

Discussion and conclusions

We have analyzed GPS time series of vertical and horizontal displacements from
2006 - 2011 at the sites KAGA, ILUL, and QEQE, relative to AASI, to study the dis-
placement pattern and assess the mass loss estimate of JI. The overall good agree-
ment between the observed and modelled displacements suggest that the mass
loss signal from JI is well captured. The horizontal displacements are directed
towards the west-north-west, indicating that the main part of the mass loss occurs
south of the sites KAGA, ILUL, and QEQE, since the horizontal motion points away
from an area with mass loss. This agrees well with the elevation change grid based
on ATM measurements (Fig IV.2).

When comparing our modelled vertical rates to those estimated in Khan et al.
(2010b) we have improved the agreement between the observed and modelled
rates, both for the absolute and the relative displacements. The major difference
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Table IV.2: Observed and modelled vertical and horizontal displacements
at the sites KAGA, ILUL, and QEQE relative to AASI. The second column
displays GPS rates, third column the total modelled uplift rates, consisting
of the elastic response from JI (column 4), the elastic response from outside
JI (column 5), and GIA (column 6). The observed rates are based on data
from 2006-2011. The GIA estimates are based on ICE-5G(VM2). All rates are
given in mm/yr. The errors represent one standard deviation σ , except for
the GIA estimates, where ranges are given instead. These ranges represent
viscosity variations corresponding to 5×10

20±0.3 Pa s and 2.7×10
21±0.3 Pa s,

for the upper and lower mantles,respectively.

Station GPS Modelled Response Response GIA
total of JI outside JI

Vertical component U

KAGA-AASI 12.8 ± 0.6 12.0 ± 2.1 11.4 ± 2.1 1.8 ± 0.4 -1.2 (-0.6;1.1)
ILUL-AASI 1.9 ± 0.4 2.1 ± 0.9 1.7± 0.8 0.9 ± 0.3 -0.5 (-0.5;0.8)

QEQE-AASI -0.1 ± 0.4 -0.2 ± 0.5 -0.2 ± 0.4 -0.1 ± 0.3 0.1 (-0.6;0.5)
East component E

KAGA-AASI -1.8 ± 0.3 -2.1 ± 0.5 -3.1 ± 0.5 0.4 ± 0.1 0.6 (-0.6;0.5)
ILUL-AASI -0.8 ± 0.2 -0.2 ± 0.3 -0.6 ± 0.3 0.0 ± 0.1 0.4 (-0.2;0.4)

QEQE-AASI -0.4 ± 0.2 0.0 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 -0.2 (-0.2;0.0)
North component N

KAGA-AASI 0.9 ± 0.3 0.3 ± 0.1 0.5 ± 0.1 0.0 ± 0.1 -0.2 (-0.1;0.2)
ILUL-AASI 0.7 ± 0.2 0.2 ± 0.1 0.3 ± 0.1 0.0 ± 0.1 -0.1 (-0.1;0.1)

QEQE-AASI 0.4 ± 0.2 0.1 ± 0.1 0.2 ± 0.1 -0.1 ± 0.0 0.0 (0.0;0.0)

is the treatment of the mass loss outside JI. In Khan et al. (2010b), the elastic
rates, as a result of mass loss outside JI, are derived from a mass balance model
based on Gravity Recovery and Climate Experiment (GRACE) data (Velicogna,
2009), whereas here we use a high resolution (5 × 5 km) mass balance model
derived from ICESat data. With this model we obtain a much more detailed mass
change pattern than can be obtained with GRACE data. This is important in terms
of the elastic displacement in the near field of a GPS receiver, since a small disc
will produce a larger elastic signal compared to a larger disc, assuming that the
discs contain the same mass. This demonstrates the importance of using a high
resolution loading model to fully capture the elastic response from nearby sources.

To estimate the uplift related to the 2010 melting anomaly, we have analyzed GPS
time series of vertical displacements. The 2010 melting anomaly is clearly visible
in the GPS time series (Fig IV.5), in terms of a pronounced deviation from the
underlying trend, starting in the first half of 2010. The anomaly is present even at
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Figure IV.8: Observed (black) and modelled (red) horizontal displacements
relative to AASI including contributions from the elastic response from JI, the
elastic response from outside JI, and GIA. The arrows indicate the direction
and size of the displacements and the ellipses indicate the 95 % confidence
intervals. The colors of the circles represents the offset between the observed
and modelled vertical displacements relative to AASI.

Table IV.3: Modelled and observed uplift rates in mm/yr at the GPS sites
KAGA, ILUL, QEQE, and AASI. The second column displays GPS rates, third
column the total modelled uplift rates, consisting of the elastic response from
JI (column 4), the elastic response from outside JI (column 5), and GIA
(column 6). The observed rates are based on data from 2006 - 2009.75.
The errors represent one standard deviation σ , except for the GIA estimates,
where ranges are given instead. These ranges represent viscosity variations
corresponding to 5×10

20±0.3 Pa s and 2.7×10
21±0.3 Pa s, for the upper and

lower mantles,respectively.

Station GPS Modelled Response Response GIA
total of JI outside JI

KAGA 18.6 ± 0.7 15.5 ± 2.1 12.7 ± 2.1 4.5 ± 0.3 -1.7 (-3.2;3.6)
ILUL 7.1 ± 0.5 5.6 ± 0.7 3.0 ± 0.7 3.6 ± 0.2 -1.0 (-3.2;3.3)

QEQE 6.1 ± 0.5 3.3 ± 0.3 1.1 ± 0.2 2.7 ± 0.2 -0.5 (-2.3;2.1)
AASI 5.9 ± 0.5 3.6 ± 0.4 1.3 ± 0.3 2.7 ± 0.2 -0.4 (-2.8;2.6)

the sites furthest from the front of JI; e.g. at AASI we estimate the anomaly to be
6.1 mm. This indicates that the 2010 anomaly was a large and wide-spread melt-
ing event, primarily in terms of melting from the surface, and was not caused by
an increased dynamic signal. For instance, the mass loss pattern of the Greenland
ice sheet derived from ICESat data between 2006 and 2009, only causes an uplift
of 3.7 mm at AASI. The anomaly of 8.8 mm at KAGA is smaller than expected con-
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sidering its location. This is most likely a result of a considerable decrease in the
dynamic signal on JI. The thinning pattern of JI has changed dramatically during
2010 to 2011 (Fig IV.6) compared to previous years (Joughin et al., 2008; Khan
et al., 2010b). During this period, we observe an elevation increase of up to 10 m
in the flow direction of JI. This is consistent with observed decrease in the ice-flow
velocity during 2010 - 2011 relative to 2009 - 2010 (Joughin et al., 2012)

Furthermore, we compare observed and modelled vertical displacement rates,
where we find a discrepancy of 3.1 mm/yr (KAGA), 1.5 mm/yr (ILUL), 2.8 mm/yr
(QEQE), and 2.3 mm/yr (AASI). These discrepancies may originate from various
sources, such as errors in the elastic rates related to unmodelled mass loss outside
JI, errors related to GPS, and errors in the GIA rates owing to inaccuracies in the
ice history and viscosity profile. The fact that the offsets are of similar size suggests
that the error might be caused by a long wavelength signal e.g. GIA. For instance,
we have demonstrated that the GIA estimates may vary with more than 2-3 mm
in each direction, by varying the viscosity of the upper and lower mantles. Hence
the GIA estimates are not particularly well determined at these sites.

At the moment, 55 permanent GPS receivers, most of which are part of the Green-
land GPS network (GNET), are measuring the crustal displacements continuously
around the edge of the Greenland ice sheet. Potentially, horizontal displacements
may be an important supplement to the vertical displacements, since these mo-
tions contribute information about the origin of the mass loss. This information
can be particularly valuable in areas with a more complex mass loss pattern, such
as the southeast coast of Greenland where the mass loss results from many differ-
ent glacier types and inland thinning.
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