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SUMMARY

Monthly gravity field models from the GRACE satellite mission are widely used to determine
ice mass changes of large ice sheets as well as smaller glaciers and ice caps. Here, we investigate
in detail the ice mass changes of the Icelandic ice caps as derived from GRACE data. The
small size of the Icelandic ice caps, their location close to other rapidly changing ice covered
areas and the low viscosity of the mantle below Iceland make this especially challenging. The
mass balance of the ice caps is well constrained by field mass balance measurements, making
this area ideal for such investigations. We find that the ice mass changes of the Icelandic ice
caps derived from GRACE gravity field models are influenced by both the large gravity change
signal resulting from ice mass loss in southeast Greenland and the mass redistribution within
the Earth mantle due to glacial isostatic adjustment since the Little Ice Age ( 1890 AD). To
minimize the signal that leaks towards Iceland from Greenland, we employ an independent
mass change estimate of the Greenland Ice Sheet derived from satellite laser altimetry. We
also estimate the effect of post Little Ice Age glacial isostatic adjustment, from knowledge of
the ice history and GPS network constrained crustal deformation data. We find that both the
leakage from Greenland and the post Little Ice Age glacial isostatic adjustment are important
to take into account, in order to correctly determine Iceland ice mass changes from GRACE,
and when applying these an average mass balance of the Icelandic ice caps of —11.4 +
2.2 Gt yr! for the period 2003-2010 is found. This number corresponds well with available
mass balance measurements.

Key words: Inverse theory; Time variable gravity; Global change from geodesy; Glaciology;
Arctic region.

Pélsson 2008), which is an ideal data set for validation of the ice

1 INTRODUCTION mass changes derived from GRACE data. The reported mean an-

The response of the cryosphere to the changing climate is of great
societal importance due to its contribution to sea level rise (e.g.
Stocker 2014). Satellite gravity data from the Gravity Recovery and
Climate Experiment (GRACE) satellite mission (Tapley et al. 2004)
has since 2002 provided important and unique information about
the mass changes of both the large ice sheets (e.g. Velicogna 2009;
Sasgen et al. 2012; Barletta et al. 2013; Velicogna et al. 2014)
and smaller ice caps and glaciers (e.g. Chen et al. 2007; Luthcke
et al. 2008; Jacob et al. 2012; Gardner et al. 2013), including those
in Iceland.

The annual mass balance of the ice caps in Iceland has been
estimated from field measurements since 1990 (Bjoérnsson &

nual mass loss of 11.0 = 1.5 Gt yr~* (Bjornsson et al. 2013) of the
ice caps in Iceland for the period 2003-2010 is large enough to be
detected by GRACE, and the greatly enhanced mass loss of 25
Gt in 2010 (Bjornsson et al. 2013), a consequence of the Eyjafjal-
lajokull eruption, should also be visible in the GRACE data. Some
previous studies based on GRACE data (Jacob et al. 2012; Gardner
et al. 2013) have found average mass balance estimates for Ice-
land which agree with the measured mean mass balance (Bjérnsson
etal. 2013), but these have employed models of glacial isostatic ad-
justment (GIA) that predict little or no current response in Iceland.
More recent studies have shown that the GIA response is likely to
be substantial (Auriac et al. 2013), and this prompts us to take a
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closer look at the GRACE signal over Iceland. In particular, we
investigate the effects of applying a new local GIA correction for
Iceland, and correcting for the disturbance from the close-by Green-
land ice mass changes on the GRACE derived mass changes in
Iceland.

Vatnajokull, the largest ice cap in Iceland, is situated only

700 km away from the southeastern coast of Greenland, which
is an area that has experienced a large mass loss during the GRACE
observational period (e.g. Khan et al. 2007; Howat et al. 2008;
Wouters et al. 2008; Barletta et al. 2013; Velicogna et al. 2014).
The monthly GRACE gravity models have a restricted spectral res-
olution, which results in a spatial spreading (leakage) of the gravity
signals away from the region of mass change. Therefore, the gravity
change signal generated by the mass loss in Greenland and Ice-
land may overlap, and since deriving mass changes from gravity
observations is an ill-posed problem (having more than one solu-
tion), it is difficult to separate the mass changes occurring in the
two areas; there might be a leakage of mass from one area into an-
other (Baur et al. 2009). All methods that derive ice mass changes
from gravity changes will be sensitive to this leakage effect, and
it is therefore necessary to take leakage into account when us-
ing GRACE data, to reliably determine the ice mass changes in
Iceland.

In the present study, we show the effect of leakage from the
Greenland Ice Sheet on the GRACE-derived mass balance of the
Icelandic ice caps. Different approaches to deal with the leakage
problem have been proposed (e.g. Baur et al. 2009; Schrama &
Wouters 2011; Zou and Jin 2014). One way is to forward model and
remove the gravity signal of the disturbing sources by use of a priori
knowledge. Here, we use an independent mass balance result of the
Greenland Ice Sheet (Sgrensen et al. 2011; Sasgen et al. 2012),
which is based on data from the Ice, Cloud and land Elevation
Satellite (ICESat) mission (Schutz et al. 2005) to minimize the
gravity trend generated by the mass loss in Greenland, aiming at
reducing the issue of mass loss signal leakage between Greenland
and Iceland.

As mentioned above, another mass change component which
must be considered, when aiming at isolating the gravitational signal
from the ice caps in Iceland, is the mass re-distribution within the
Earth due to GIA. Since the mantle beneath Iceland has a low
viscosity (Barnhoorn et al. 2011; Auriac et al. 2013), the Earth is
currently rebounding from the ice load changes which have occurred
since the end of the Little Ice Age (LIA, 1890 AD) (Arnadottir
etal. 2009), while the effects of the ice changes on longer time scales
are small or negligible here. This means that reliable information
about the recent ice history and the Earth viscosity is crucial to
estimate the GIA-induced gravity changes that will be observed
by GRACE. In this study, we use the estimated mass changes of
the Icelandic glaciers since 1890 (Bjornsson et al. 2013) and the
extensive ISNET GPS network data for crustal uplift (Arnadéttir
et al. 2009) to model the local GIA signal and estimate the mass
changes in the mantle associated with it.

We apply two different methods for deriving mass changes from
the GRACE gravity models to determine whether the choice of
methods affects the results.

2 GRACE DATA

We use monthly release 5 (RL05) GRACE gravity fields from the
German research centre for Geosciences (GFZ; Dahle et al. 2012),
spanning the time period January 2003 to April 2011, downloaded
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via the http://podaac.jpl.nasa.gov/GRACE website. These fields are
provided as sets of fully normalized Stokes’ coefficients provided
up to degree and order 90 but due to the larger uncertainties associ-
ated with the higher degree and order coefficients, we use only the
coefficients up to degree and order 60.

Due to the single orbital plane of the GRACE satellites, noise
manifests itself as along-track stripes in the monthly gravity models.
Therefore, it is common practice to filter (or de-stripe) the models
prior to any further analysis (e.g. Kusche et al. 2009). In this study
though, we do not apply any other filter than the truncation at
degree and order 60. For the data releases prior to RLO5 (the one
used here), the three official GRACE processing centres Center
for Space Research (CSR), GFZ, and Jet Propulsion Laboratory
(JPL) recommended the users to substitute the C,y coefficients in
their monthly models with the ones obtained from satellite laser
ranging (SLR) satellites (Cheng et al. 2013), but for RL05 we
use the C,o provided in the GRACE files, as recommended by
GFZ. As part of the product generation, atmospheric and oceanic
variability is corrected for using a combination of the operational
atmospheric fields from ECMWF and a baroclinic ocean model
(OMCT). Also, the product is corrected for tides, and a static gravity
field is subtracted (Dahle et al. 2012).

Furthermore, we include degree one coefficients computed as
described by Swenson et al. (2008) for completeness, although the
effect of this correction is negligible for the small area (Iceland)
considered here.

3 METHODS

Several methods for deriving ice mass changes from GRACE data
exist, and here we apply two different methods for studying the
signal over Iceland; a conversion and an inversion method which
are described in the following sections. We apply the methods on
the gravity trend derived from GRACE observations in the time
period 2003-2010. The gravity trend is shown in the upper panel in
Fig. 1.

3.1 Ice mass changes from conversion

A widely used method for deriving mass changes on the Earth’s
surface from GRACE data is to create monthly surface maps of
equivalent water thickness (EWT) from the gravity models follow-
ing the methodology of Wahr et al. (1998). Mass change signals
for a given region of interest are obtained by regionally integrating
the GRACE data. As GRACE data consist of spherical harmonics,
the regional integration function requires expansion into the same
spherical harmonics before being applied, which introduces spatial
leakage and thus complicates defining a well suited integration re-
gion. Our region function which takes a value of one over Iceland
is displayed in Fig. 2(a). The GRACE data is also smoothed with
a 320 km Gaussian filter before integrating and converting the so-
lution to regional monthly EWT values. We process GRACE data
(Section 2) accordingly and fit a linear trend to the monthly results,
which leads to a regional mass-balance estimate. \We note that dif-
ferent approaches for GRACE data conversion exist and could be
utilized here, for example, converting the GRACE data to the spatial
domain before applying a regional integration. However, as we will
attempt to remove leakage into out domain of interest from Green-
land by means of modifying Stokes’ coefficients (cf. Section 3.3
below), we prefer the above outlined conversion method to only
operate on the GRACE data in spherical harmonics space.
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Figure 1. Change in gravity [uGal yr~1] observed by GRACE (upper figure) and after removal of ICE-5G GIA model and mass changes in Greenland (lower

figure).

3.2 Ice mass changes from inversion

The other method is the point mass inversion approach, in which
mass gravity changes in satellite altitude are associated with point
masses on the Earth’s surface, introducing restrictions on the spatial
extent of the mass loss signal to be the ice covered areas. The
solution grid for the ice mass changes applied here is shown in
Fig. 2(b) and covers both Greenland, Canadian Arctic, Iceland and
Svalbard. All ice covered regions in the proximity of Iceland must
be included to avoid a heavy signal leakage from these areas.

The inversion method is essentially based on egs (1) and (2) and
solves for point mass changes m; = x in pre-determined locations
from gravity change observations g; = y. The method is described
in detail in (Forsberg & Reeh 2007; Sgrensen & Forsberg 2010;
Barletta et al. 2013).

y= g=0G mj(h+a)—3acos i
pA _ r;
J

= AX. Q)

G is the gravitational constant, a is the mean radius of the Earth, h is
the height of the observation, and rj; is the distance and  j; the angle
subtended from the centre of the Earth between the observation

g;; and the mass point m;. The inversion problem is ill-posed and

regularization is therefore needed (Tikhonov 1995) and the solution
equation is

x=(ATA+ I)'ATy, )

where is the parameter which controls the smoothness of the re-
sulting point mass change solution. We have applied the regulariza-
tion/smoothing parameter that was determined through extensive
investigations on synthetic data in the Barletta et al. (2013) study
(and which is described in detail in the supplement of Barletta et al.
2013). The regularization parameter used is 80 000. The total mass
change is only slightly affected by the choice of , while the spa-
tial distribution of the mass changes depends heavily on this. As
our study is focused on total mass changes the choice of s less
important.

3.3 Signal leakage from Greenland

During the last decade, the Greenland Ice Sheet and its surrounding
glaciers and ice caps have had a negative mass balance of more
than 200 Gt yr~! (Sasgen et al. 2012; Shepherd et al. 2012; Barletta
et al. 2013; Bolch et al. 2013; Gardner et al. 2013; Velicogna
et al. 2014), with a large part of the ice mass loss occurring in


















