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ABSTRACT. During the period 1999-2014, the Group of Numerical Smulation
in Sciences and Engineering of Universidad Politécnica de Madrid carried out
many ground-penetrating radar campaigns in Svalbard, aimed to the study of
glacier ice-thickness and the physical properties of glacier ice. The regions
covered were Nordenskitld Land, Wedel Jarlsberg Land, Sabine Land and
Nordaustlandet. Ve here present a review of these works, focused on the aspects
related to the estimate of the volume of individual glaciersand its extrapolation to
the entire set of Svalbard glaciers, for which the authors estimate a total volume
of 6700+835 kn?, or 1742 mmin sea-level equivalent.

Estudios de georradar en Svalbard orientados al calculo del volumen de hielo
desusglaciares

RESUMEN. Durante €l periodo 1999-2014, el grupo de Smulacién Numérica
en Ciencias e Ingenieria de la Universidad Politécnica de Madrid Ilevé a cabo
numerosas campafas de georradar en Svalbard orientadas al estudio del espesor
y las propiedades fisicas del hielo de sus glaciares. Las regiones cubiertas abar-
caron Nordenskiold Land, Wedel Jarlsberg Land, Sabine Land y Nordaustlandet.
Se presenta en este articulo una revision de estos trabaj os, centrada en |os aspec-
tosrelativos al calculo del volumen de hielo de glaciaresindividualesy su extra-
polacion al conjunto de glaciares de Svalbard, para €l que los autores estiman un
volumen de hielo de 6700+835 ki, 0 17+2 mm en equivalente de nivel del mar.
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1. Introduction

The set of about 211,000 glaciers on Earth contains less than 1% of the ice volume
stored by the largeice sheets of Antarcticaand Greenland. In spite of it, asthe IPCC 2013
report (Stocker et al., 2013) has pointed out, the glaciers have currently a contribution
to sea-level rise larger than that of the large ice sheets (27% vs. 21%), and thistrend is
expected to continue at least during most of the 21% century. This apparent paradox is
due to the faster response time of the smaller glaciersto climate warming. For how long
this larger contribution of glaciers will last depends on the total volume of ice stored by
glaciers, which represents its potential contribution to sea-level rise. For this reason,
thereis arenewed interest in estimating the total ice volume stored by glaciers.

The ground-penetrating radar (GPR) is the most effective tool for determining the
ice-thickness of glaciers and, as a derived computation, their ice volume. However,
undertaking GPR campaigns is logistically demanding and costly. Consequently, ice-
thickness data with sufficient coverage to estimate reliably the total ice volume are only
available for a few hundreds of glaciers on Earth. It is therefore necessary to use other
tools to estimate the ice volume of glaciers. The two alternative methods that have been
used with this purpose are the volume-area (V-A) scaling relationships (Radi¢ and Hock,
2010; Grindsted, 2013) and the physically-based methods relating the ice-thickness
distribution with the glacier topography, mass balance and dynamics (Huss and Farinotti,
2012). These methods, however, still require the use of more accurate glacier volumes
calculated from GPR-retrieved ice thickness, which are used as calibration dataset for
deriving the scaling relationships or to adjust the free parameters of the physically-based
models. We note that these two families of methods are also a usual tool for regional and
global projections of glacier wastage, and corresponding sea-level rise, in response to
climate scenarios (Radi¢ et al., 2014; Huss and Hock, 2015).

2. Geographical setting

Svalbard (76-81° N, 10-33° E; Fig. 1) is a heavily glacierized archipelago located
in the Atlantic sector of the Arctic. Its climate is warmer than what we would expect
from its high latitude. Thisis due to the net heat transport along the year by the oceanic
currents (in particular, the western Spitsbergen current) and the winds, which, when low
pressures dominate, bring over Svalbard mild and wet oceanic air. The Atlantic sector
of the Arctic is aregion highly vulnerable to climate warming (ACIA, 2005). A recent
multi-model study suggeststhat Svalbard glacierswill contribute to sea-level rise, during
the period 2006-2100, by 12.41 and 15.81 mm of sea-level equivalent (SLE) for climate
scenarios RCP4.5 and RCPS8.5, respectively (Radi¢ et al., 2014), which represents
dramatic volume losses by 55 and 70%, respectively.
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The Svalbard ice mases include 1615 glaciers, covering ~33,922 km? (Pfeffer et
al., 2014), which makes of this region one of the most heavily glacierized of the Arctic.
Its glacierized area represents ~18% of the area of the high Arctic glaciers, considering
the latter as the set made up of Canadian Arctic-North, Svalbard and Jan Mayen, and
Russian Arctic, according to the terminology of the Randolph Glacier Inventory (Pfeffer
et al., 2014), and excluding the Greenland Ice Sheet and its peripheral glaciers. These
numbersinclude the glaciers on Jan Mayen Island, at amore southern latitude, which has
48 glaciers with atotal area of 120 km?,
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Figure 1. Location of the studied glaciers. Each glacier is numbered asin Table 1, using the IDs
taken from the inventory of radio-echo sounded glaciers available online at http://svalglac.eu/.
Theice caps of Austfonna and Vestfonna, in Nordaustlandet, are shown subdivided into their
main drainage basins (black lines). The inset shows the location, within Svalbard, of the zones
shown in the remaining figures.
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3. Ground-penetrating radar campaigns

We group below the radar campaigns by region. This regional grouping is in fact
determined by the polar station or field camp that provided the logistic support for the
fieldwork, related in turn to our foreign colleagues involved in the various campaigns.

3.1. Nordenskitld Land

The fieldwork carried out in this region, located in central-western Spitsbergen (see
Fig. 1), was logistically supported by the Scientific Station of the Institute of Geography
of the Russian Academy of Sciences located in Barentsburg. These works were mostly
done in cooperation with colleagues from the mentioned Institute (Y. Macheret, A.
Glazovsky, I. Lavrentiev) and from the Institute of Industrial Research Akadempribor of
the Uzbekian Academy of Sciences (E. Vasilenko).

The GPR data used in this study correspond to fifteen glaciers, all of them land
terminating, with the exception of Fridtjovbreen, which is a tidewater glacier that
experienced a surge in the 1990s (Murray et al., 2003). The GPR data were collected
during several field campaigns between 1999 and 2013, all of them carried out during
early spring, before the onset of strong surface melting. The different types of radar
equipment, with their central frequencies and the total length of radar profiles, are
summarized in Table 1. The layout of GPR profiles is displayed in Fig. 2, which also
includes the 2007 glacier boundaries (Arendt et al., 2015; Konig et al., 2014), modified
using Landsat images to match the area at the time when the glaciers were echo sounded.
For the profiling, transmitting and receiving antennas were arranged coaxially along the
profiling direction (parallel end-fire), to minimize direct coupling between antennas and
also the reflections from the glacier side-walls, as most of the profiles were transverse
to the glacier centre line (Navarro and Eisen, 2010). Further details about the radar
campaigns can be found in Martin-Espafiol et al. (2013), Martin-Espafiol (2013) and
Navarro et al. (2005).

3.2. Wedel Jarlsberg Land

The fieldwork carried out in this region, located in southern Spitsbergen (see Fig. 1),
was logigtically supported by the Polish Polar Station of Hornsund, and done in cooperation
with colleagues from the University of Silesia (M. Grabiec) and the Institute of Geophysics
of the Polish Academy of Sciences (D. Puczko).

The GPR data used in this study correspond to eight glaciers, whose location and
outlinesin 2007 (Arendt et al., 2015; Kénig et al., 2014) are shown in Fig. 3. These glaciers
have very different characteristicsin terms of size, morphology and dynamics. Five of them
are land terminating, while the remaining three are tidewater. One of them, Paierlbreen,
experienced a surge during 1992-1996 (Blaszczyk et al., 2009). The GPR datawere collected
during several field campaigns between 2004 and 2013, using different radar equipments
and frequencies which are summarized in Table 1. The majority of the field campaigns
were carried out in spring, before the onset of melting (about 95% of the profiles); the only
exception was the campaign Ariebreen-2006, done during the summer. In general, basal
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Table 1. Listing of GPR campaigns carried out on each glacier, with specification of year,
GPR equipment used and its central frequency, and total length of radar profiles. All the GPR
campaigns correspond to spring, except for Ariebreen-2006, done during the summer. An asterisk
next to the GPR system indicates that the radar profiling was done from helicopter (all other
were surface-based). References for the in-house built GPR systems are Vasilenko et al. (2002)
for VIRL2, Berikashvili et al. (2006) for VIRL6 and Vasilenko et al. (2011) for VIRL7. Ramac
refers to Ramac/GPR by Mal& Geoscience. The glaciers are grouped by region, as shown in
Figure 1. For each glacier, identified by its Id from the inventory of radio-echo sounded glaciers
available online at http://svalglac.eu/ (same numbers as used in Figure 1), its area, volume,
aver age thickness and maximum thickness, accompanied by their corresponding error estimates,
are given. e note that some of the numbers could dlightly differ from those givenin earlier
publications, because of the use of improved interpolation algorithms or error estimates.

Radar &
Length
. central Area Volume H o H oo
Glacier Id | Year frequency pz'lt()fr;l;es (km?) (km?) ) )
(MH2)
NORDENSKIOLD LAND
Aldegondabreen | 36 | 1999 VIRL2-15 40 7.18+0.29 | 0.468+0.031 | 65+7 |191+25
Baalsrudbreen |149| 2013 VIRL6-20 6 2.70+0.11 | 0.077+0.004 | 28+3 | 985
Blekumbreen [150( 2013 VIRL6-20 14 2.16+0.09 | 0.083+0.006 | 38+4 | 106%5
Austre Dahlfonna|154| 2010 VIRL6-20 8 255+0.10 | 0.184+0.012 | 72+7 | 1895
Vestre Dahlfonna | 63 | 2012 VIRL6-20 26 6.92+0.28 | 0.259+0.025 | 37+5 | 151+6
Erdmanbreen | 67 | 2012 VIRL6-20 31 8.96+0.36 | 0.823+0.041 | 92+9 | 1905
Fridtjovbreen 4 gggg VIRL6/7-20 180 50.37+2.01 | 5.433+0.246 | 108+10 | 265+16
Gleditchfonna |[131| 2011 VIRL6-20 19 2.76+0.11 | 0.076+0.005 | 27+3 | 79+4
Austre
Granfiordbreen 18 | 2010 VIRL6-20 53 8.41+0.34 | 0.671+0.046 | 80+8 | 162+5
Vestre Ramac-100
Granfjor dbreen 19 | 2010 VIRL6-20 102 18.09+0.72 | 1.775+0.094 | 98+9 | 2155
Marstanderbreen |151| 2013 VIRL6-20 22 6.92+0.55 | 0.233+0.017 | 34+4 | 125+4
Austre
Passfidllbreen 152| 2013 VIRL6-20 18 5.13+0.41 | 0.198+0.015 | 39+4 | 87+5
Vestre
Passfidllbreen 153| 2013 VIRL6-20 9 2.32+0.19 | 0.103+0.007 | 4445 | 1085
2007 Step freg. 850
Tavlebreen 17 2010 Ramac-100/200 | 58 8.02+0.32 | 0.426+0.019 | 53+5 | 128+3
VIRL6/7-20
Tungebreen 130| 2011 VIRL6-20 13 2.88+0.12 | 0.093£0.006 | 32+3 | 885
WEDEL JARLSBERG LAND
2006 | Ramac-200
Ariebreen 1 | 2007 Ramac-25 7 0.37+0.01 | 0.010+0.001 | 28+3 | 78+3
2009 Ramac-25
2008 Ramac-25
Hansbreen 2 |2009| VIRL6/7-20 20 64.16+2.57 |10.752+0.729 | 168+18 | 384+9
2011 | VIRL7-20*
2004 | VIRL6-20
. 2006 | VIRL6-20
Paierlbreen 139 2008 Ramac-25 73 99.19+£3.97 | 13.265+0.639 | 134412 | 526+11
2011 | VIRL7-20*
2009 Ramac-25
Recherchebreen | 15 2011 VIRL7-20 51 136.31+5.45 | 27.284+2.205 | 200+23 | 533+11
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Radar &
R -l = e B ol D
(MH2z)
Renardbreen | 162008| Ramac25s | 42 [ 3058+1.22 | 5141+0204 |168+15| 348+8
Scottbreen | 42[2009| Ramac25 | 10 | 471x0.19 | 0.301:0019 | 647 [ 167:5
2004  VIRL6-20
ropastre o1 | 20001 WIRLEZD | 170 | 140.90+5:64 | 3198161952 | 227420 | 61413
2013 Ramac-30
Werenskioldbreen| 3 [2008] Ramac25 | 37 | 2660106 | 3.173:0237 | 119+13] 284+7
SABINE LAND
Elfenbeinbreen [156]2014] VIRL7-25 | 105 [ 30.96+320 | 3.368:0173 | 85+9 | 285+7
Sveigbreen  [157/2014| VIRL7-25 | 36 | 2859+229 | 2.004+0.107 | 747 | 21245
NORDAUSTLANDET
Austforna | A [2008] VIRL6-20 | 880 | 8105:324 | 2550+749 | 319 | 587

LY
E- Grenfjordbreen §

Figure 2. Location of the studied glaciers in Nordenskidld Land and layout of GPR profiles. The
location, within Svalbard, of the zones shown in this figure, is indicated in the inset of Figure |
(blue rectangles numbered 2 and 1, for the main figure and the inset, respectively).

404 Cuadernos de Investigacion Geogrdfica 42 (2), 2016, p. 399-414



Ground-penetrating radar studies in Svalbard

reflections were easily observed in all measurements done with VIRL6 and VIRL7 20 MHz
radar systems, while those done using 25 MHz Ramac/GPR often did not alow clear bed
detection for ice thickness above ~300 m. Figure 3 shows the distribution of the GPR profiles
over the glacier surfaces. Although a sufficiently dense net of profiles covers most glaciers,
yet some areas were not surveyed due to time limitations or the presence of crevasses (see
more details on this in subsection 4.2). Further details about the radar campaigns can be
foundin Navarro et al. (2014), Lapazaran et al. (2013), Janiaet al. (2005) and Grabiec et al.
(2012). We note that Hansbreen-2003 radar campaign described in Jania et al. (2005), done
during summer time, does not gppear in Table 1 because we did not use its GPR data for
ice-thickness estimates but for cal culating the radio-wave velocity inice.

Figure 3. Location of the studied glaciers in Wedel Jarlsberg Land and layout of GPR profiles. The
location, within Svalbard, of the zones shown in this figure, is indicated in the inset of Figure 1 (the

left and right panels correspond to the blue squares numbered 3 and 4, respectively, in that inset).

3.3. Sabine Land

The fieldwork carried out in this region, located in the central part of eastern
Spitsbergen (see Fig. 1), was logistically supported by a field camp at the forefront of
Elfenbeinbreen, and was done in cooperation with colleagues from the University of
Aachen (M. Mdller, R. Méller) and the Technical University of Berlin (R. Finkelnburg).

The GPR data used in this study correspond to two glaciers, both land terminating,
whose location is shown in Figure 1. The GPR campaign was carried out on 5-7 April
2014, before the onset of spring melting. The radar equipment used and the length of
radar profiles are shown in Table 1. No detail of the layout of radar profiles and outlines
of the glaciers are given here; these can be found in Fig. 1 of Navarro et al. (2015). We
note that, while the Elfenbeinbreen basin was entirely surveyed, including its lateral
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tributaries, we were not able to survey the northern part of the Sveigbreen basin because
of heavy crevassing. Hence, the surface area and the volume given for Sveigbreen in
Table 1 are limited as shown in Fig. 1 of Navarro et al. (2015). Further details on the
radar campaign can be found in the mentioned reference.

3.4. Nordaustlandet

The fieldwork carried out in this region, located in north-eastern Svalbard (see Fig.
1), corresponds to the ice cap of Austfonna, in the eastern part of Nordaustlandet (A in
Figure 1). This fieldwork was done with the logistic support of a field camp at the summit
of Austfonna, in cooperation with colleagues from the University of Oslo (J.0. Hagen,
T. Dunse, T. Eiken).

Our GPR campaign was done in spring 2008, before the onset of spring melting,
and included about 880 km of surface-based radar profiles across the main basins of
Austfonnaice cap, shown in Fig. 1. Theradar equipment used isindicated in Table 1. We
note that the length of profiles given in Table 1 is restricted to our own GPR profiling.
However, the areaand volume correspond to the entire ice cap, with volume and average
and maximum thickness determined from a total of ~4800 km of airborne (except ours)
radar profiles done in 1983 and 1986 by British-Norwegian researchers and in 2007
by Danish researchers. Further details on these radar campaigns can be found e.g. in
Dowdeswell et al. (1984a) and Dunse (2011).

4. Data processing, ice-thickness estimates and volume computations
4.1. GPR data processing

Depending on the radar campaign, the GPR data were processed using the
commercial software packages RadExPro, by GDS Production (Kulnitsky et al., 2000),
and ReflexW (Sandmeier Scientific Software, 2012). In general, the main processing
steps consisted of bandpass filtering, normal move-out correction, amplitude correction,
deconvolution and migration. For Ramac/GPR data, predictive deconvolution was used
(e.g. Yilmaz, 2001), whereas for VIRL GPR data deconvolution was in general not used
because our pulse duration is small (~25 ns) and thus there is no need to shorten it. The
migration algorithm applied was Stolt 2D F-K (e.g. Yilmaz, 2001).

For the time-to-thickness conversion we used, for each glacier, a constant radio-wave
velocity (RWV), which varied form glacier to glacier between 0.166 and 0.170 m ns®. The
choice of the RWV used for each glacier was made taking into account its geographical
location, averagethickness, thermal structure (cold, polythermal) and the available previous
common-midpoint measurements on Svalbard (Glazovskiy et al., 1991; Jania et al. 2005;
Navarro et al., 2005). We aso took into account the fact that the GPR measurements
were mostly made in early spring, before the onset of melting. Navarro et al. (2014)
have shown that the use of a constant radio-wave velocity, if selected on the basis of
regional column-averaged RWV measurements and taking into account the glacier size
and morphology, has little influence on the volume and average ice-thickness estimates.
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Further details on the GPR radar data processing and RWV selected can be found in
Martin-Espafiol et al. (2013), for Nordenskidld Land glaciers, Navarro et al. (2014),
for Wedel Jarlsberg Land glaciers, Navarro et al. (2015), for Sabine Land glaciers, and
Dunse (2011), for Austfonnaice cap in Nordaustlandet.

4.2. Ice thickness estimates and volume computations for individual glaciers

| ce-thickness data were interpolated into a regular grid using anisotropic ordinary
kriging with a spherical variogram (e.g. Cressie, 1993). We adjusted the 2007 glacier
boundaries (Arendt et al., 2015; Konig et al., 2014) to the year of the GPR measurements
using satellite imagery (mostly Aster and Landsat 7 images) to clip the gridded ice-
thickness map. The resulting ice-thickness distributions are shown in figures 4 and 5 for
Nordenskiold Land and Wedel Jarlsberg Land glaciers, respectively. Those for Sabine
Land are shown in Figure 2 of Navarro et al. (2015), while those for Austfonnaice cap
in Nordaustlandet are presented in Figure 5.5¢ of Dunse (2011).

Figure 4. Ice-thickness of ten of the studied glaciersin Nordenskiold Land. The location, within
Svalbard, of the zones shown in this figure, is indicated in the inset of Figure I (blue rectangles
numbered 2 and 1, for the main figure and the inset, respectively).
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Figure 5. Ice-thickness maps of the studied glaciersin Wedel Jarlsberg Land. The location,
within Svalbard, of the zones shown in this figure, is indicated in the inset of Figure 1 (the left
and right panels correspond to the blue squares numbered 3 and 4, respectively, in that inset).

The green-coloured areas represent unsurveyed tributary glaciers, for which the volume was
estimated as described in section 3.2 of Navarro et al. (2014).

Glacier volume was obtained summing up the products, at each grid cell, of the
cell thickness times the cell area. Because one of our goals was to calculate the ice
volume of entire glacier basins, for glaciers that included unsurveyed tributary glaciers
(green-coloured zones in Fig. 5), we circumvented the lack of GPR profiles by providing
approximate ice-thickness data for these unsurveyed areas, and calculating their ice
volume, following the technique described in Section 3.2 of Navarro et al. (2014). The
surface areafor each of the surveyed glaciers, and theresultsfor their calculated volumes,
accompanied by their corresponding error estimates (see details in next subsection), are
presented in Table 1. We note that, for the ten Nordenskiéld Land glaciers surveyed
before 2013, the glacier volumes presented here slightly differ from those reported in
Martin-Espafiol et al. (2013), because the gridded ice-thickness data were interpol ated,
in the latter study, using the Gridfit routine available for Matlab (D’Errico, 2006).

4.3. Estimates of errorsin volume

Ice volume estimations are affected by errors from various sources which are
discussed e.g. in Section 3.4 of Navarro et al. (2014). In summary, our procedure for
estimating the error in glacier volume takes into account: 1) the point-dependent ice
thickness errors of the GPR data (including the GPS-positioning error, the error in timing
and the error in radio-wave velocity); 2) the interpolation error at every gridcell; and 3)
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the volume error stemming from the uncertainty in the glacier boundary delineation. We
estimate the interpolation error by using a modified ordinary kriging routine whereby the
uncertainty in thickness at a given gridpoint is calculated relating the cross-validation
errors with the distance to the nearest GPR measurement. \We propagate the data errors
to the gridpoints using the same weights adopted in the kriging interpolation procedure.
Finally, the errors obtained at each gridpoint are optimally combined and averaged,
considering the autocorrelation length scale of the ice thickness, to obtain the volume
error. Further details are provided by Martin-Espafiol (2013).

4.4. Extrapolation to the volume of the entire set of Svalbard glaciers

Two alternative approaches could be followed to calculate the total volume of
the entire set of Svalbard glaciers and ice caps: the use of volume-area (V-A) scaling
relationships (e.g. Grinsted, 2013) and the use of physically-based methods relating the
ice-thickness distribution with the glacier topography, mass balance and dynamics (Huss
and Farinotti, 2012).

Given the rather large set of available volumes for individual glaciers, calculated
with arather good accuracy from GPR-retrieved i ce-thickness data, we chose the simpler
V-A approach. However, the set of glacier volumes presented in this paper (25 glaciers,
in addition to Austfonna ice cap) is still insufficient for calibrating a proper regional V-A
scaling rel ationship. A recent study (Farinotti and Huss, 2013) hasshownthat, inestimating
the accuracy with which the total volume of aglacier population can be recovered from a
V-A relationship, the volume measurement uncertainty plays a secondary role compared
with the sizes of both the total population and the sample, provided that the latter is
sufficiently large. Following this idea, in Martin-Espaiiol et al. (2015) we extended the
calibration dataset up to atotal of 60 volume-area pairs, by including volumes of glaciers
echo sounded by other authors, having a net of GPR profiles covering most of the glacier
basin and dense enough to allow for a sufficiently accurate volume estimate. Of the 60
available glacier volumes, 36 (the 25 glaciersin Table 1 —excluding Austfonnaice cap—
and 11 additional ones echo sounded by other researchers) were calculated by us from
the original GPR-retrieved ice-thickness data and have an accuracy in general better than
10% (often just around 5%). 6 other glacier volumes were gathered from the literature
and have an accuracy better than 20% according to the original sources. Finaly, we
added to our calibration dataset 18 additional entries extracted from the catalogue of
glacier volumes of the whole world (Cogley, 2012), reported in Grinsted (2013), for
which we assume a volume accurate to better than 30% (Martin-Espafiol, 2013). All of
these additional entries correspond to Scott Polar Research Institute-Norsk Polarinstitutt
(Dowdeswell et al., 1984b) and Soviet (Macheret and Zhuravlev, 1982) airborne radio-
echo soundingsin the 1970s and 1980s, which only covered the glacier centre lines, and
thus their volumes were computed from the central flowline ice-thickness, assuming a
parabolic cross-section, asdescribed in Martin-Espafiol (2013). We note that we excluded
the glaciers with doubtful bed reflection interpretation from Soviet flights discussed by
Dowdeswell et al. (1984b) and later acknowledged by Macheret et al. (1984). Further
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details on the calibration dataset, in particular regarding its comparison with the total
population of Svalbard glaciers, can be found in Martin-Espafiol et al. (2015).

The above calibration data set were used to determine the free parameters ¢ and
g of a volume-area scaling relationship of the type IV = cAY IV = cAY, with A the
glacier area and V the glacier volume. Two different regression techniques were used
for calibrating the V-A relationship. Once calibrated, these two V-A relationships were
applied to estimate the volume of the dataset of 1562 individual glacier basinsin Svalbard
and Jan Mayen, excluding the glacier basins of Austfonna and Vestfonna ice caps in
Nordaustlandet. The latter include 53 glacier basins, which, if added, would make the
total of 1615 glacier basins of Svalbard and Jan Mayen included in the Randolph Glacier
Inventory V3.2 (Pfeffer et al., 2014). The details are given in Martin-Espafiol et al.
(2015). The resulting total volume of Svalbard and Jan Mayen glaciers, excluding those
in Nordaustlandet, are 3745 + 767 and 3652 + 891 km®, depending on the regression
technique used.

The volumes of Austfonna and Vestfonna were calculated independently, directly
from the GPR-retrieved ice-thickness data, because the V-A scaling relationships for
glaciers and ice caps are expected to differ significantly, and for Svalbard we have an
insufficient number of ice caps to determine a separate regional V-A relationship for
ice caps. Moreover, using a V-A relationship for ice caps would make no sense, since
the glacier volume determined from ice-thickness data is expected to be much more
accurate than a volume determined from V-A scaling. For Austfonna and Vestfonna we
took the volumes calculated by Pettersson et al. (2011) and Martin-Espafiol (2013),
which are 2559 km® (Austfonna) and 442 km?® (Vestfonna), with respective relative
errors of 3% and 7%, estimated by Martin-Espafiol (2013). This gives atotal volume for
Nordaustlandet’s ice caps of 300181 km?®. Added to the volumes of the rest of Svalbard
and Jan Mayen glaciers given above, this produces a total volume for the glaciers and
ice caps of Svalbard and Jan Mayen of 6746 + 771 or 6653 + 895 km?, depending on the
choice of regression technique, averaging 6700 + 835 km?®, which is our best estimate for
the total volume of the glaciers and ice caps of Svalbard and Jan Mayen.

5. Discussion and conclusions

The individual areas, volumes, and average thickness show large spans, of
0.37-140.99 km?, 0.01-31.98 km?, and 27-227 m, respectively (excluding Austfonna).
The maximumicethickness, reaching 619 + 13 m, isfound in the northernmost part of Austre
Torellbreen, near its ice divide with Vestre Torellbreen, within the Amundsenisen ice field.

These estimates of individual volumes of glaciers have a double interest. On one
hand, they can be used, as described in this paper, to calibrate volume-area scaling
relationships, either global or regional, than can then be applied to estimate the total
volume of larger population of glaciers, at aregional or even at aglobal level. In fact, is
in these cases when the V-A relationships are most useful. The reason is that the volume
estimates based on V-A scaling can involve very large errors when applied to individual
glaciers, though the errors are much lower, because of statistical compensation, when
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applied to large sets of glaciers. According to Meier and others (2007), estimated volume
errors for individual glaciers could exceed 50% but these uncertainties are reduced
to 25% for an ensemble of glaciers. Consistent with these results, a recent study by
Adhikari and Marshall (2012), using a V-A relationship based on a sample of 280
synthetic random mountain glaciers, has shown that, when estimating the volumesfor all
individual glaciersin their ensemble, the average glacier volume error is small (2.8%),
with a mean absolute error of 18.3%.

On the other hand, the glacier volumes cal culated form GPR-retrieved ice-thickness
dataareal so useful to calibrate thefree parametersof the physically-based model srelating
the ice-thickness distribution with the glacier topography, mass balance and dynamics.
These models are the alternative to the V-A relationships to cal culate the volume of large
populations of glaciers. Moreover, as mentioned earlier, these two families of methods
are a usua tool for regional and global projections of mass losses from glaciers, and
corresponding sea-level rise, in response to climate scenarios. Finaly, the estimate of the
total volume of the entire population of glaciers on Earth provides the knowledge of its
potential contribution to sea-level rise and allows predicting for how long glaciers will
continue to be the largest contributors to sea-level rise.

Our best estimate of Svalbard ice volume is 6700 + 835 km?. In terms of sea-level
equivalent, assuming an oceanic area of 3.62 x 108 km? and a glacier ice density of
900 kg m3, our volume estimate corresponds to atotal potential contribution to sea-level
riseof 17 + 2 mm SLE. Thisvolume estimateisin the low range of those published in the
literature, which span a range of 5229-9690 km? (see e.g. Table 1 of Martin-Espariol et
al., 2015), but still substantially higher than the lowermost estimate by Grinsted (2013),
of 5229 km?®.
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