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Resumen

El objetivo final de las investigaciones recogidas en esta tesis doctoral es la estimacion del
volumen de hielo total de los ms de 1600 glaciares de Svalbard, en el Artico, y, con ello, su
contribucién potencial a la subida del nivel medio del mar en un escenario de calentamiento
global. Los calculos méas exactos del volumen de un glaciar se efectian a partir de medidas
del espesor de hielo obtenidas con georradar. Sin embargo, estas medidas no son viables para
conjuntos grandes de glaciares, debido al coste, dificultades logisticas y tiempo requerido por
ellas, especialmente en las regiones polares o de montana. Frente a ello, la determinacién de
areas de glaciares a partir de imagenes de satélite si es viable a escalas global y regional, por
lo que las relaciones de escala volumen-area constituyen el mecanismo mas adecuado para
las estimaciones de volimenes globales y regionales, como las realizadas para Svalbard en
esta tesis. Como parte del trabajo de tesis, hemos elaborado un inventario de los glaciares
de Svalbard en los que se han efectuado radioecosondeos, y hemos realizado los célculos del
volumen de hielo de mas de 80 cuencas glaciares de Svalbard a partir de datos de georradar.
Estos voliimenes han sido utilizados para calibrar las relaciones volumen-area desarrolladas
en la tesis. Los datos de georradar han sido obtenidos en diversas campanas llevadas a
cabo por grupos de investigacién internacionales, gran parte de ellas lideradas por el Grupo
de Simulacién Numérica en Ciencias e Ingenieria de la Universidad Politécnica de Madrid,
del que forman parte la doctoranda y los directores de tesis. Ademads, se ha desarrollado
una metodologia para la estimaciéon del error en el cdlculo de volumen, que aporta una
novedosa técnica de cédlculo del error de interpolacién para conjuntos de datos del tipo de los
obtenidos con perfiles de georradar, que presentan distribuciones espaciales con unos patrones
muy caracteristicos pero con una densidad de datos muy irregular. Hemos obtenido en este
trabajo de tesis relaciones de escala especificas para los glaciares de Svalbard, explorando
la sensibilidad de los pardametros a diferentes morfologias glaciares, e incorporando nuevas
variables. En particular, hemos efectuado experimentos orientados a verificar si las relaciones

de escala obtenidas caracterizando los glaciares individuales por su tamano, pendiente o forma



implican diferencias significativas en el volumen total estimado para los glaciares de Svalbard,
y si esta particion implica algin patrén significativo en los parametros de las relaciones de
escala. Nuestros resultados indican que, para un valor constante del factor multiplicativo
de la relacin de escala, el exponente que afecta al area en la relacién volumen-area decrece
segin aumentan la pendiente y el factor de forma, mientras que las clasificaciones basadas
en tamano no muestran un patrén significativo. Esto significa que los glaciares con mayores
pendientes y de tipo circo son menos sensibles a los cambios de drea. Ademds, los volimenes
de la poblacién total de los glaciares de Svalbard calculados con fraccionamiento en grupos por
tamano y pendiente son un 1-4% menores que los obtenidas usando la totalidad de glaciares sin
fraccionamiento en grupos, mientras que los volimenes calculados fraccionando por forma son
un 3-5% mayores. También realizamos experimentos multivariable para obtener estimaciones
optimas del volumen total mediante una combinacién de distintos predictores. Nuestros
resultados muestran que un modelo potencial simple volumen-drea explica el 98.6% de la
varianza. Solo el predictor longitud del glaciar proporciona significacion estadistica cuando
se usa ademds del area del glaciar, aunque el coeficiente de determinacién disminuye en
comparacién con el modelo mas simple V-A. El predictor intervalo de altitud no proporciona
informacién adicional cuando se usa ademés del area del glaciar. Nuestras estimaciones del
volumen de la totalidad de glaciares de Svalbard usando las diferentes relaciones de escala
obtenidas en esta tesis oscilan entre 6890 y 8106 km?, con errores relativos del orden de
6.6-8.1%. El valor medio de nuestras estimaciones, que puede ser considerado como nuestra
mejor estimacién del volumen, es de 7.504 km?. En términos de equivalente en nivel del mar
(SLE), nuestras estimaciones corresponden a una subida potencial del nivel del mar de 17-20
mm SLE, promediando 19+ 2 mm SLE, donde el error corresponde al error en volumen antes
indicado. En comparacién, las estimaciones usando las relaciones V-A de otros autores son
de 13-26 mm SLE, promediando 20 + 2 mm SLE, donde el error representa la desviacién

estandar de las distintas estimaciones.



Abstract

The final aim of the research involved in this doctoral thesis is the estimation of the total
ice volume of the more than 1600 glaciers of Svalbard, in the Arctic region, and thus their
potential contribution to sea-level rise under a global warming scenario. The most accu-
rate calculations of glacier volumes are those based on ice-thicknesses measured by ground-
penetrating radar (GPR). However, such measurements are not viable for very large sets of
glaciers, due to their cost, logistic difficulties and time requirements, especially in polar or
mountain regions. On the contrary, the calculation of glacier areas from satellite images is
perfectly viable at global and regional scales, so the volume-area scaling relationships are
the most useful tool to determine glacier volumes at global and regional scales, as done for
Svalbard in this PhD thesis. As part of the PhD work, we have compiled an inventory of
the radio-echo sounded glaciers in Svalbard, and we have performed the volume calculations
for more than 80 glacier basins in Svalbard from GPR data. These volumes have been used
to calibrate the volume-area relationships derived in this dissertation. Such GPR data have
been obtained during fieldwork campaigns carried out by international teams, often lead by
the Group of Numerical Simulation in Science and Engineering of the Technical University
of Madrid, to which the PhD candidate and her supervisors belong. Furthermore, we have
developed a methodology to estimate the error in the volume calculation, which includes a
novel technique to calculate the interpolation error for data sets of the type produced by GPR
profiling, which show very characteristic data distribution patterns but with very irregular
data density. We have derived in this dissertation scaling relationships specific for Svalbard
glaciers, exploring the sensitivity of the scaling parameters to different glacier morphologies
and adding new variables. In particular, we did experiments aimed to verify whether scaling
relationships obtained through characterization of individual glacier shape, slope and size im-
ply significant differences in the estimated volume of the total population of Svalbard glaciers,
and whether this partitioning implies any noticeable pattern in the scaling relationship pa-

rameters. Our results indicate that, for a fixed value of the factor in the scaling relationship,



the exponent of the area in the volume-area relationship decreases as slope and shape in-
crease, whereas size-based classifications do not reveal any clear trend. This means that
steep slopes and cirque-type glaciers are less sensitive to changes in glacier area. Moreover,
the volumes of the total population of Svalbard glaciers calculated according to partition-
ing in subgroups by size and slope are smaller (by 1-4%) than that obtained considering all
glaciers without partitioning into subgroups, whereas the volumes calculated according to
partitioning in subgroups by shape are 3-5% larger. We also did multivariate experiments
attempting to optimally predict the volume of Svalbard glaciers from a combination of dif-
ferent predictors. Our results show that a simple power-type V-A model explains 98.6% of
the variance. Only the predictor glacier length provides statistical significance when used in
addition to the predictor glacier area, though the coefficient of determination decreases as
compared with the simpler V-A model. The predictor elevation range did not provide any
additional information when used in addition to glacier area. Our estimates of the volume
of the entire population of Svalbard glaciers using the different scaling relationships that we
have derived along this thesis range within 6890-8106 km?, with estimated relative errors in
total volume of the order of 6.6-8.1% The average value of all of our estimates, which could be
used as a best estimate for the volume, is 7,504 km3. In terms of sea-level equivalent (SLE),
our volume estimates correspond to a potential contribution to sea-level rise within 17-20
mm SLE, averaging 19 + 2 mm SLE, where the quoted error corresponds to our estimated
relative error in volume. For comparison, the estimates using the V-A scaling relations found
in the literature range within 13-26 mm SLE, averaging 20 + 2 mm SLE, where the quoted

error represents the standard deviation of the different estimates.
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Chapter 1

Introduction

1.1 Motivation

Global sea level is currently rising at an increased rate and models indicate that it will
continue to rise during this century (Bindoff et al., 2007). The two major contributors to
global sea-level rise are the thermal expansion caused by the warming of the oceans and the
loss of land-based ice, such as glaciers and polar ice caps and ice sheets, due to increased
melting and accelerated ice discharge into the ocean. Thermal expansion is projected to
contribute more than half of the average rise, but it is expected that land ice will lose mass
increasingly rapidly as the century progresses. The contributions of glaciers and ice caps
(GICs), on one hand, and the large ice sheets of Antarctica and Greenland, on the other, are
usually evaluated separately because of their different response times, both in mass balance
and dynamic aspects, to changes in climate. These response times are generally much faster in
the case of GICs. The evaluation by the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC 2007) of the contributions (referred to the period 1993-
2003) to sea-level rise by thermal expansion of the oceans, GICs mass losses and ice-sheet
mass losses assigned to each of them roughly 1/2, 1/3-1/4 and 1/7 of the contributions,
respectively (Lemke et al., 2007). The IPCC 2007 projected only one third of the global
sea-level rise during the twenty-first-century to be caused by the wastage of GICs. Later
on, further studies suggested an increased contribution to sea-level rise by the ice-sheets of
Antarctica and Greenland (Rignot et al., 2011). However, a recent publication, which has
reconciled the results of ice-sheet mass-balance studies performed using different techniques
(laser and radar altimetry, input-output method, and gravimetry), has led to a downward

revision of the current contribution of the ice-sheets to sea-level rise (Shepherd and others,
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2012), thereby suggesting and increased contribution by GICs. Surprisingly, a yet more recent
estimate of the current (referred to the period 2003-2009) contribution to sea-level rise by
GICs (Gardner et al., 2013) has also made a downward revision of the latter, pointing to a
contribution to the observed changes in sea-level rise very similar (though slightly lower) to
that of the ice-sheets (Hanna et al., 2013). No matter whether the ice sheets or the GICs are
currently contributing more to sea-level rise, and for how long this will continue to be so, it
is clear that there is a renewed interest in the role of the glaciers and ice caps as concerns to
their response to climate changes and their current and projected contributions to sea-level
rise, matters that have received much attention by the scientific community during recent

years (Radi¢ and Hock, 2011; Cogley, 2012; Radi¢ et al., 2013).

One of the main goals of the Fifth Assessment Report of the IPCC is to get an updated
estimation of how much the glaciers and ice caps will shrink during the 21st century. One of
the the major uncertainties in volume projections is the model calibration and initialization
step (Radi¢ et al., 2013), for which an estimation of the initial glacier volume is needed.
Moreover, for how long can the glaciers and ice caps sustain a given contribution to sea-level
rise depends on their total volume, which provides their potential contribution to sea-level

rise. These two facts motivate the interest of the subject addressed by this thesis.

The final aim of this dissertation is to derive volume-area (V-A) scaling relationships spe-
cific for Svalbard glaciers and estimating, from them, the total ice volume stored on Svalbard
glaciers, and thus their potential contribution to sea-level rise. The ice masses of Svalbard
cover an area of ca. 36,600 km?, and are thus among the largest glacierized (i.e. currently
glaciated) areas in the Arctic. The environment of the Atlantic sector of the Arctic, where
Svalbard is located, is highly vulnerable to climate change (ACIA, 2005). Even if Svalbard is
one of the best studied regions in the Arctic, crucial glacier data such as the ice-thickness dis-
tribution are only available for a few selected glaciers and thus the ice volume is only known
for a small sample of glaciers. The information on ice-thickness distribution and glacier
volumes is important for quantifying the impacts of glacier changes on global sea level, for
implementing thermo-dynamical glacier models to predict their evolution and for managing
water resources. Hence, it is of great interest to explore indirect methods to approximate

glacier volumes from other known parameters such as glacier area, length or slope.

The volume of the entire population of Svalbard glaciers has recently been derived from
global scaling relationships (i.e. Grinsted (2013), Radi¢ et al. (2013)) and by physically-based

methods as in Huss and Farinotti (2012). However, figures vary greatly among the different
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estimations. There are older estimations derived from Svalbard-specific scaling relationships
(Hagen et al., 1993; Macheret and Zhuravlev, 1982) that have lead to more consistent results.
However, the latter relationships are mostly based in old echo-sounding flights which, in many
cases, included only a single flight along the centre line of each glacier, and the volume was
estimated assuming parabolic cross-sections was used, and then, a parabolic cross-sections
was assumed, possibly leading to substantial errors in the volume computation. Nowadays,
we rely on a greater number of radio-echo sounding studies, with improved positioning and
recording systems, that extensively cover the majority of the glacier surface leading to refined

volume estimates.

This dissertation has been developed within the Group of Numerical Simulation in Science
and Engineering (GSNCI, in the Spanish acronym) of the Technical University of Madrid
(UPM), to which the author and both supervisors of this thesis belong. GSNCI is focused,
among other research subjects, on ground-penetrating radar (GPR) studies of glaciers, aimed
to determine the glacier ice thickness and the physical properties of glacier ice, which have
a profound influence on glacier dynamics and thermal regime. GSNCI participated in two
International Polar Year 2007-2008 (IPY) projects focused on the Arctic cryosphere, includ-
ing Svalbard: Glaciodyn (The Dynamic response of Arctic glaciers to global warming) and
Kinnvika (Change and Variability of the Arctic Systems). These two projects set the basis
for a later project, currently close to completion, within the European Science Foundation
PolarCLIMATE programme: the SvalGlac project (Sensitivity of Svalbard glaciers to cli-
mate change; http://svalglac.eu/). This dissertation arises within the framework of this
latter project, aiming to cover the first declared objective of SvalGlac: 'To obtain a reli-
able estimate of the total ice volume stored in Svalbard’. Within the frames of SvalGlac
and its predecessor projects Glaciodyn and Kinnvika, GSNCI, since 1999, has undertaken,
together with Russian, Polish and occasionally Norwegian colleagues, numerous radio-echo
sounding campaigns on Svalbard glaciers and ice caps. They have focused on western Nor-
denskiold Land (central Spitsbergen) and Wedel Jarlsberg Land (southern Spitsbergen), as
well as Austfonna, the largest ice-cap in Svalbard, situated in the island of Nordaustlandet.
These fieldwork campaigns have covered 21 glaciers and ice caps, and have included GPR
profiling and common-midpoint measurements that have allowed to retrieve the ice-thickness
distribution and calculate the associated glacier volume, the hydrothermal structure, the in-
ternal structure (layering, crevassing, englacial water conduits, etc.) and, in the locations

of CMP measurements, physical properties such as the liquid water content of temperate



1. Introduction

ice. Results for individual glaciers can be found e.g. in Navarro et al. (2005), Jania et al.
(2005), Vasilenko et al. (2006), Glazovsky et al. (2006) or Lapazaran et al. (2013), whereas
studies covering entire sub-regions of Svalbard can be found in Martin-Espanol et al. (2013),

for western Nordenskitld Land, and Navarro et al. (2013), for Wedel Jarlsberg Land.

Therefore it is timely to make the effort of bringing together all the available GPR data
sets for Svalbard and calculating their associated glacier ice volumes and associated error
estimates using a homogeneous methodology, in order to derive a new Svalbard-specific scaling
relationship. This new scaling law will be used to refine the estimates of the total volume of

Svalbard glaciers, and hence their potential contribution to sea-level rise.

A crucial preliminary task is the preparation of an updated Inventory of Radio-Echo
Sounded Glaciers of Svalbard. This task has been undertaken as part of this thesis work,
and developed under the umbrella of SvalGlac project. In fact, SvalGlac settled the frames

to promote the data flow among the different research groups working in Svalbard.

A secondary aim of this work is to complement the recently released Digital Database of
Svalbard Glaciers developed by the Norwegian Polar Institute (Koning et al., 2013) with
the information of the available glacier volumes. Therefore we were encouraged to use their
same glacier outlines with the aim of making a coherent work. It is important to note that
the glacier inventory made by the Norwegian Polar Institute follows the original H93 Glacier
Atlas of Svalbard and Jan Mayen (Hagen et al., 1993), whose definitions of individual glaciers,
drainage basins and identification codes are slightly different from those used by the GLIMS
project in the new version of the Randolph Glacier Inventory V3 (Arendt et al., 2012). These
differences, however, are indeed very small, as we will show when calculating and comparing

the total ice volume of Svalbard using both data bases.

Knowing the accuracy of our individual glacier volume computations is fundamental to
estimate the error of the total volume of Svalbard glaciers calculated using V-A relationships,
either in the form of an error estimate calculated using standard error propagation techniques,
as in Radi¢ and Hock (2010), or as an upper bound for it derived from statistical experiments
on large sets of randomly generated synthetic glaciers, as done in Farinotti and Huss (2013).
However, error estimates for the individual volumes of radio-echo sounded Svalbard glaciers
are often not properly described, or even quantified, in the literature. For instance, none of the
estimated glacier volumes from the Soviet flights in the seventies (Macheret and Zhuravlev,
1982), nor those from the Norwegian-British campaigns in the eighties (Dowdeswell et al.,

1984a) were accompanied by an estimate of its accuracy. More recent studies such as those
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by Beelum and Benn (2010), Pettersson et al. (2011), Grabiec et al. (2012) or Saintenoy et al.
(2013), although reporting about some of the most significant error sources independently,
do not detail how to combine these errors to derive an error in volume. We have made a
great effort on understanding and computing the main components intervening in the error
in glacier volume. We have developed in this thesis a methodology which first focuses on
calculating the error of a digital ice-thickness model derived from GPR measurements, then
analyses the error produced when deriving a glacier volume from such a digital ice-thickness
model, delimited by a given boundary, and finally uses a novel methodology, based on the
degree of statistical dependence among the errors at the grid points, to combine all the
errors intervening in the calculation of the glacier volume. Additionally, we have created a
new algorithm to estimate the spatial interpolation error, specifically designed to work with

unevenly distributed data, such as those provided by GPR measurements.

1.2 State of the art at a glance

In the previous section we have sketched the scientific reasons that motivate the aims of the
present dissertation, including a brief outline of the main efforts that have been undertaken on
this research subject. Rather than including in this introductory chapter a complete account
of the state-of-art on the subject, we have preferred to split it into the main chapters dealing

with the different matters. In particular:

e The state-of-art referred to global and regional volume estimates is discussed in Chapter
2. Section 2.1 includes the general references, while those referred to volume-area scaling
and physically-based methods are presented in sections 2.2. and 2.3 respectively. The
main contributions including the actual global and regional -including Svalbard- glacier

volume computations are presented in Chapter 5, in particular in Section 5.9.

e The main references concerning the calculation of volumes of individual glaciers, and
its associated error estimates, are given in Chapter 3. Sections 3.2 to 3.5 deal with
the GPR measurements from which the ice-thickness data, an associated errors, are
derived. Section 3.6 includes the main references regarding the volume calculation, and

Section 3.7 those referred to estimates of the error in volume.

e Finally, the state-of-art regarding the GPR measurements done on Svalbard glaciers is
presented in Chapter 4. In particular, section 4.2 focuses on the history of radio-echo

sounding studies in Svalbard.
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1.3 Goals

As stated previously, the final objective of this thesis is to obtain a reliable estimate of the
total ice volume stored in Svalbard glaciers. The fulfilment of this final objective requires the

achievement of several intermediate goals, which are summarized below:

1. Building an updated inventory of the radio-echo sounded glaciers and ice caps of Sval-
bard, and collecting and bringing together the GPR data sets from the different research
groups operating in Svalbard, to calculate the corresponding glacier ice volumes using

a homogeneous methodology.

2. Developing techniques for accurately estimating all the errors involved in the volume
calculation, using a novel methodology for computing the interpolation error, as well
as for combining all of the errors intervening at the grid-node level using a statistical

approach that considers the degree of correlation among the nodal data.

3. Undertaking the additional radio-echo sounding campaigns necessary to complete the
available set of volume-area pairs, and producing the corresponding ice-thickness maps

and glacier volume calculations and associated error estimates.

4. Deriving from all available ice volume estimates new volume-area relationships appro-
priate for Svalbard glaciers. Different relationships will be considered because distinct
approaches can be followed for deriving a V-A relationship, which differ in the fitting
methodology, whether a single relationship is applied to the entire population of glaciers
or the population is divided into subgroups according to parameters such as size, shape
or slope or whether only area enters into the relationship or other variables such as
glacier length or elevation range can enter it. Particularly in the case of different V-A
relationships for different subsets of glaciers according to their morphology, and given
the limited number of Svalbard glaciers for which accurate volume estimates are avail-
able, a fundamental aspect to be elucidated is whether a volume-area relationship based
on such a limited number of glaciers (even if these share a common morphology) will

perform better than a general relationship based upon a larger number of glaciers.

5. Using such relationships, together with updated remote sensing images and maps, pro-
ducing an updated estimate of the ice volume and mass stored in Svalbard glaciers and,
thereby, its total potential contribution to sea-level rise. Comparing such estimates

with those found in the literature.
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1.4 Thesis Organization

This dissertation is organized as follows: Chapter 2 presents a state-of-art of the indirect
methods for approximating glacier volumes which are widely used for regional and global ice
volume estimates and projections. Here we describe the physical basis of the methods based
on scaling relationships, and of those relating the ice-thickness distributions with the glacier
geometry and dynamics, and climatic factors. We also present a review of the global ice
volume estimates and, in particular, those for Svalbard. As stated above, this thesis relies on
scaling methods to estimate the ice volume stored in Svalbard glaciers. To derive a volume-
area scaling relationship specific for Svalbard, it is necessary to establish a dataset of glacier
volume-area pairs from the study region. How we calculate, from ground-penetrating radar
measurements, the individual volumes of the glaciers of such a sample data set is presented
in Chapter 3. Here we also explain techniques for combining, avoiding biases, GPR data
sets for a given glacier corresponding to different campaigns and/or seasons, and how we
overcome the problems associated with non-surveyed tributary glaciers. We also introduce a
novel method for estimating the accuracy of the volume calculations which takes into account
both the measurement errors and the errors introduced by the interpolation method, and how
they are combined when computing the volume of the glacier as a summation of the volume
of the individual grid cells. The complete inventory of echo-sounded glaciers in Svalbard is
introduced in Chapter 4. From this inventory, we have calculated the volumes of the 103
individual glacier basins which made up our reference dataset. We provide the GPR profile
layouts and the ice-thickness maps for each glacier of our dataset in Chapter 4, and the
inventory of echo-sounded glaciers is given as an Appendix. From this set of volume-area
pairs, we derive in Chapter 5 the scaling relationships specific for Svalbard glaciers. We first
explore our data set, comparing the histograms of area distribution of our sample data set with
that of the complete population of Svalbard glaciers, to detect the existence of any possible
bias. We also make a sensitivity analysis to elucidate if the inclusion of previously published
data (Grinsted, 2013; Cogley, 2012) into our data set would lead to substantially different
results. We then compare different methods to estimate the predictive skills of distinct
V-A scaling relationships, with the aim of establishing a model selection criterion. We also
compare different regression techniques, to find the most suitable fitting strategy. Afterwards,
we study the sensitivity of scaling parameters to different glacier settings. This is followed by
a multivariate analysis, aimed to ascertain whether the inclusion in the scaling relationship

of further variables leads to improved results. Finally, we present our total volume estimate
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for Svalbard glaciers and compare it with those available in the literature, and conclude the
chapter presenting our best estimate of the potential contribution of Svalbard glaciers to
sea-level rise. Chapter 6 summarizes the main conclusions of this thesis, and outlines some

lines for future research.



Chapter 2

Global and regional estimates of

glacier volume

2.1 Outline

Glacier volumes are very important for quantifying impacts of glacier changes on global
sea level, for implementing thermo-dynamical glacier models to predict their evolution and
for managing water resources. The downward revision of the current contribution of the
ice-sheets to sea-level rise. (Shepherd and others, 2012) has renewed the interest on the
contribution by glaciers and ice caps (GICs), though, as pointed out by Hanna et al. (2013),
the most recent estimates for the latter (Jacob et al., 2012) also show values lower than
previous estimates (Cogley, 2012). The potential contribution of GICs to SLR depends on
their total volume, and therefore the estimation of the total ice volume stored by GICs has
recently received much attention (Radi¢ and Hock, 2010; Huss and Farinotti, 2012; Grinsted,
2013). However, glacier volume determined from ice thickness measurements by methods
such as ground-penetrating radar or seismic soundings, or deep ice drilling, are known for
less than 0.1% of the global population of glaciers (Bahr et al., 1997). This highlights the
importance of exploring indirect methods to approximate glacier volumes from other known
parameters. The two main indirect methods available are volume-area (V-A) scaling, which
has theoretical support in Bahr et al. (1997) from the scaling analysis of the driving equations
of glacier dynamics, and physically based simple models relating ice-thickness distribution to
glacier geometry and dynamics, mass balance and thinning rates (e.g. Rasmussen (1988)).
The most recent global estimates of the volume of GICs (Radi¢ and Hock, 2010; Huss and

Farinotti, 2012; Grinsted, 2013) are based on either of these approaches, and their substantial
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differences suggest that further research on the subject is still needed.

This chapter presents the physical basis and reviews the state-of-art of the above methods,
including their estimates of the global ice volume and, in particular, those for Svalbard. The
most recent of such estimates use the recently released Randolph Glacier Inventory (RGI)

V2 (Arendt et al., 2012), developed as a GLIMS initiative.

2.2 Estimation techniques

There are two main approaches in the literature to calculate ice volume not requiring di-
rect ice thickness measurements. Volume-area scaling Bahr et al. (1997); Radi¢ and Hock
(2010); Grinsted (2013) is easily implemented and has proved to be useful when dealing with
large ensembles of glaciers, being global and regional ice volume characterizations its major
achievements. The required information for this method are the glacier areas and sometimes
other glaciological parameters such as glacier length or glacier aspect ratio (length to width
ratio), which can be extensively determined from satellite images and digital elevation mod-
els, and nowadays are gathered and freely available in global inventories such as the Randolph
Glacier Inventory (Arendt et al., 2012), or can be easily derived from them.

Alternatively to scaling methods, physically-based methods allow for the calculation of ice
thickness distribution and subglacial topography but are generally restricted to the analysis
of unique (e.g. Mcnabb et al. (2012)) or small sets of glaciers (e.g. Farinotti et al. (2009))
due to the large amount of information usually required (e.g. surface topography, thinning
rates, surface mass balance and surface velocity field in Mcnabb et al. (2012)). However,
Huss and Farinotti (2012) recently presented a a new physically-based approach that reduces
the required input information, making possible the ice-thickness distribution and volume
estimate at a global scale. The main drawback of this method is the fact that it is based on
general assumptions such as surface mass balance and calving flux whose parameterisations

have been calibrated on small empirical data sets, and thus are susceptible to be biased.

2.3 Scaling relationships

Scale analysis is very widely used in Earth sciences to justify various approximations that can
aid in the solution of the governing equations. The techniques of scaling analysis pursue the
reduction of the number of model parameters by analysing their intervening dimensions. As

opposed to dimensional analysis techniques, scaling procedures take the governing equations
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of the model as the starting point.

2.3.1 Physical basis of scaling analysis for glacier volume estimates

Volume-Area scaling is based on the fact that, because the characteristic volume [V] of a
glacier is proportional to the product of its characteristic length [z], width [w] and thickness
[h], and its characteristic area [S] is proportional to the product of [z] and [w], the charac-
teristic glacier volume can be determined by statistically valid relationships to other known
quantities.

Glacier volume-area relationships have been derived theoretically through an scaling anal-
ysis of the partial differential equations describing glacier dynamics (Hutter, 1983). Bahr
et al. (1997) contributed with a detailed explanation of the physical basis for the choice of
the scaling parameters, resulting in a fairly good agreement with those derived from obser-
vations. Bahr’s reasoning is as follows:

From mass conservation (continuity) equation

[z;] o el M) (2.1)

and from momentum conservation (mass flow)
[ua] o< [A] [p]" [go]" (1" [FT" (2.2)

Considering shear deformation as the main form of glacier flow (Paterson, 1994), small non-
shear terms can be neglected from the flow equations.
Combining Equations (2.1) and (2.2) we find the relation between [z]| and [h]:

"2 o [a] (2.3)
where m, f and r are scaling exponents for the mass balance profile M, the side drag [F]]
and the slope [sina], whose values are given below (n is the flow law exponent), the brackets
indicating characteristic quantities.
Combining equations (2.1),(2.2) and (2.3), the volume-area relationship can now be con-
structed:

[V] o [2] [w] [h] (2.4)

[V] ~ [x]1+Q+ 1+m:1éf+r)

11
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1+ 1+m+n(f+r)

[V]oc[S]T it (2.6)
Bahr et al. (1997) suggests the following closure choices: For valley glaciers, ¢ = 0.6 (width

exponent), and m = 2 (mass balance exponent) and f = 2 (side drag) were proposed from

an analysis of width-length-area data from 24,000 Eurasian and 5,400 Alpine glaciers (Bahr,

(I-m+n—nf)
2(n+1)

for shallow slopes. For ice caps and ice sheets, ¢ = 1 and f = 0 because of theoretical

1997). Reasonable slope closures found were r = 0 for steep slopes and r =

requirements. Shallow slope is reasonable in this case, so 7 = (4 — m)/8, and assuming
roughly ”square root” shaped surface profiles, then r ~ 1/2 and m =~ 0 are frequently

assumed. The resulting scaling equation is expressed as
[V]=clS] (2.7)

Substituting these values into (2.6), the exponents v = 1.375 for valley glaciers and v =
1.25 for ice caps are predicted (Bahr et al., 1997), which show a good agreement with the
value empirically obtained by Chen and Ohmura (1990) from Alpine glacier data, v = 1.36.
Empirical values for the proportionality constant ¢ have been suggested by Chen and Ohmura
(1990), ¢ = 0.2055m3~27, and by Bahr et al. (1997), ¢ = 0.191m3~27. However, the coefficient
¢ remains beyond the reach of dimensional analysis and must be treated as a fitting parameter

that can differ from region to region (Clarke et al., 2009).

2.3.2 Some studies following the volume-area approach

We here summarize the main studies based on volume-area scaling, starting with those focused

on Svalbard glaciers.

e Macheret and Zhuravlev (1982) performed the first attempt to establish a dependence
correlation between logarithmic areas and volumes of Svalbard glaciers obtained from
helicopter-borne radio-echo soundings. Subsequent studies by Dowdeswell et al. (1984b)
manifested that the results from the radio-echo soundings by Macheret (1981) and
Macheret and Zhuravlev (1982) using 440 and 620 MHz radar systems had underesti-
mated ice thickness by two to three times, and consequently their empirical relationship
based on the measured volumes is biased in a similar way. This underestimation was
due to misinterpreting the reflections from the cold-temperate transition surface (CTS)

of polythermal glaciers as reflections from the glacier bedrock.

12
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Hagen et al. (1993) provided an empirical formula to estimate the mean depths and
volumes of most of the Svalbard glaciers based on the available radio-echo soundings.
As it is partly based on the results obtained by the Soviet echo soundings, it might

underestimate the actual volume.

Chen and Ohmura (1990) derived an empirical power law relation between glacier vol-
ume and area based on statistical regression of data from 63 echo sounded Alpine

glaciers.

Bahr et al. (1997) showed the physical basis of the power law relation, derived from

dimensional analysis of glacier dynamics and glacier geometry.

Meier and Bahr (1996) and Bahr and Meier (2000) used scaling methods to estimate
the number and glacier/area distribution of glaciers in the world, to overcome the
incompleteness of glacier inventories. They found empirical distribution functions for
regions with good coverage, and applied them to other regions where coverage was
sparse. The only requirements to assess the glacier-area distributions for each region
were the knowledge of the approximate total glaciated area and the area of the largest
glacier. The total ice volume of all the mountain glaciers and ice caps (including those in
peripheral Greenland and Antarctica) was estimated to be 0.5+£0.1m sea level equivalent

(SLE).

Dyurgerov and Meier (2005), following the same methodology but using an updated
inventory, derived a global glacier volume of 0.6540.16 m SLE, and 0.33 +£0.05 m SLE

when glaciers in peripheral Greenland and Antarctica were excluded.

Raper and Braithwhite (2005) suggested an alternative approach to estimate glacier-
area distributions of incompletely inventoried glaciers. The lack of reliable glacier size
distributions was addressed by relating the size distribution of several regions, using
the grid of glacierized data for the globe at 1 x 1 degree resolution by Graham and
MeclIntyre (2003), with their topographic roughness, obtained from a digital elevation
model with 30 seconds of arc horizontal resolution. Excluding glaciers in peripheral
Greenland and Antarctica, they estimated a global glacier volume of 0.241 4+ 0.026 m
SLE.

Radi¢ and Hock (2010) used the World Glacier Inventory extended format (WGI-XF')

(J.G., 2009) to get regional volume estimates. Due to the incompleteness of the in-
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ventory, they upscaled the glacier volumes as a function of the glacierized area missing
in the inventory to match the total glacierized area. Through sensitivity analysis per-
formed on regions with complete inventories, they found that their upscaling method
overestimated the glacier volumes, especially when inventories were poor. Their global
glacier volume estimate amounted to 0.6 = 0.07m SLE and, excluding the peripheral

glaciers in Greenland and Antarctica, to 0.41 £+ 0.03m SLE.

Farinotti et al. (2009) provided an estimate of the glacier ice volume in the Swiss Alps
from a scaling relationship derived from volume data of 62 glaciers obtained by a method

based on the mass conservation and principles of ice flow dynamics.

Huss and Farinotti (2012) provided specific regional V-A relationships based on the
results of a new physically-based approach for calculating glacier ice thickness distribu-

tion.

Adhikari and Marshall (2012) calibrated scaling laws using synthetic 3-D valley glaciers.
They determined how different glaciological parameters impact on the V-A scaling
relation and how the V-A scaling relations change with climatic perturbations as glaciers

evolve from a steady to a transient state.

Grinsted (2013) presented a new estimate of global glacier volume using the most re-
cent Randolph Glacier Inventory (RGI) V2 (Arendt et al., 2012). He calibrated a
multivariate scaling relationship by minimizing the absolute volume deviation and ap-
plied it individually to each record in the RGI, getting a global glacier volume estimate
of 0.35 + 0.07 m SLE. This differs significantly from the estimate by Radi¢ and Hock
(2010), though is in the range of the estimate by Raper and Braithwhite (2005).

Macheret et al. (2013) test the accuracy of volume-area scaling methods on 121 glaciers
in Altay Mountains where volumes are known from direct measurements. They conclude
that to improve the accuracy of scaling methods, scaling coefficients should be calculated
for dominant morphological glacier types in the region, estimating an error less than

20% for a sample of 10-15 glaciers.

Farinotti and Huss (2013) derived an upper-bound estimate for the accuracy of volume-
area scaling approaches through a series of resampling experiments based on different

sets of synthetic data. They quantified the maximum accuracy expected when scaling
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is used for determining the glacier volume, and the volume and area changes, of a given

glacier population.

2.3.3 Some glacier volume projections using V-A scaling

We now highlight some of the main studies analysing the volume projections (usually to the

end of the XXI century) by means of volume-area scaling combined with climate models.

e Radi¢ et al. (2007) compared the volume evolution of a set of synthetic glaciers ob-
tained using scaling relationships with those produced using a 1-D flux model. The
simulations were forced by different climate scenarios. The sensitivity analyses showed
that the model with feedback between geometry adjustment of the glacier and mass
balance update had a better performance for the 100-year prediction, both for glaciers
in equilibrium and for glaciers in non-steady state. Another outcome from this study
was the relative insensitivity of the volume prediction to the exponent chosen for the

scaling method.

e Radi¢ et al. (2008) compared the suitability of different scaling methods (V-A, V-L,
V-A-L) to predict the evolution of the volumes of six glaciers perturbed with different
mass balance forcings. The three methods underestimated the volume loss, although

the highest accuracy was reached by the volume-length scaling approach.

e Moller and Schneider (2010) introduced an advantageous method to calibrate the pa-
rameters and constants of the scaling relationships that does not require a priori knowl-
edge of an initial volume. Therefore it can make V-A scaling extensive to areas where

the ice volume is unknown.

e Radi¢ and Hock (2011) project the contribution to sea-level rise from mountain glaciers
and ice caps (excluding Greenland and Antarctica) for the twenty first century to
amount to 0.012440.037 m. They calculate mass balance explicitly for each of the
roughly 122,000 glaciers and ice caps available in the World Glacier Inventory (WGI-
XF)5. They then applied the projections from ten different global climate models to
a macroscopic glacier response model that explicitly considers the shrinking area of
glaciers and ice caps in the future. For model calibration, they used measured seasonal
mass-balance records from different parts of the world and linked them statistically to

a number of climate parameters. The resulting set of regression equations, expressing
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a relationship between glacier mass balance and climate, can be applied worldwide and

also to future climate conditions.

e Radi¢ et al. (2013) modelled volume change for every glacier in response to transient
spatially-differentiated temperature and precipitation projections from 14 global cli-
mate models with two emission scenarios (RCP4.5 and RCP8.5) prepared for the Fifth
Assessment, Report of the Intergovernmental Panel on Climate Change. They used
volume-length scaling to account for the feedback between glacier mass balance and
changes in glacier hypsometry, allowing receding glaciers to approach a new equilib-

rium under a warming climate.

2.3.4 Summary of the available volume-area scaling laws

A summary of the different scaling relationships appearing in the literature to derive glacier

ice volume is shown in Table 2.1.
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Table 2.1: Volume scaling relationships for different types of ice bodies. A is assumed to be given in km? to
get V in km3.

Source Ice body Scaling Law

Macheret and Zhuravlev[1982] Valley glaciers® log1oV = 1.724 + 1.180log 0 A
From Svalbard echo soundings Ice caps P log10V = 1.232 + 1.248l0g10 A

Macheret and others[1984)] Valley glaciers V = 0.0371A1-357

Hagen[1993]°¢ Glaciers A > 1km? D = 33In(A) + 25

From Svalbard echo soundings Ice caps D = 28In(A) + 10

A < 1km? D =25
Chen and Ohmura[1990] Valley glaciers V = 0.0285A1357

Fit to 64 Alpine glaciers

Bahr[1997] Glaciers V = kA3
Physically based Ice caps V = kA%
Bahr et al.[1997] Glaciers V = 0.0276A'36

Fit to 144 glaciers

Van der Wal and Wild[2001] Glaciers V = 0.0213A137
Scaling constant tuned to total sea level

from Warrick (1996)

Radié and Hock[2010] Valley glaciers V = 0.0365A137
Based on earlier studies Ice caps V =0.05384%%°
Farinotti et al.[2009] Valley glaciers V =0.025A4
Huss and Farinotti[2012] Glaciers V = [0.024 — 0.042] A[1-26-1.359]

From a physically based model

Relationships specific for each RGI region

Adhikari and Marshall[2012] Glaciers V = 0.027A1-458]
From a sample of 280 synthetic

steady state glaciers

Grinsted[2013)] Ice caps (RGI) V =0.043241%3

Fit to 254 glaciers and ice caps Glaciers(RGI) V = 0.0433A4129
A> 25 km? (WGI/GLIMS) V = 0.0540A120

A < 25 km2(WGI/GLIMS) V = 0.04354123

& : In Macheret and Zhuravlev they refer to them as type 1 and type 2. Specific for Svalbard glaciers.
b In Macheret and Zhuravlev they refer to them as type 3 and type 4. Specific for Svalbard glaciers.
¢ : Empirical relationship for determining the mean ice thickness. Specific for Svalbard glaciers.
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2.4 Physically-based approaches

Although the volume-area scaling laws have also a physical basis, we will here refer to
physically-based approaches as those deriving the ice thickness, and hence the volume, from
some physical law or combination of laws (such as the mass and momentum conservation
equations) relating glacier geometry and dynamics with other variables such as mass balance
and thinning rate. There are many of such physical approaches in the literature. The earliest
one, by Nye (1952), is based on the parabolic cross-section and the perfect plasticity assump-
tions. This theoretical line does not require mass balance information, and just assumes that,
for actively deforming glaciers, the basal shear stress 7y should be close to the plastic yield
stress for ice. Driedger and Kennard applied this approach to estimate the volume of glaciers
of known thickness and suggested that their volume estimates were accurate to 620%. Li
et al. (2011, 2012) presented an improved perfect plasticity method accounting for the effect
of side drag on the stress balance.

Many authors have developed methods based on the mass conservation equation, in which
the ice flux divergence is balanced by the thickness change rate and the net surface and basal
mass balances. Some of the approaches involve steady state or near-steady state assumptions,
while others do not. In many cases the ice flux computation is simplified by calculating it
between pairs of adjacent flowlines. The main handicap of most of the methods based on the
evaluation of the mass conservation equation is that they require much glacier data which
is often unavailable for large sets of glaciers, so their application has usually been restricted
to individual glaciers or small sets of glaciers. However, Huss and Farinotti (2012) have
recently published a simplified method that circumvents this limitation by introducing a
set of assumptions and simplifications that have allowed to estimate the ice volume of all
glaciers in the world. In what follows we will present an example of physically-based method
evaluating the mass conservation equation, and then we will briefly comment on some other
similar approaches found in the literature, as well as some physically-based methods not

evaluating the mass conservation equation.

2.4.1 An example of physically-based method

As an example of the physically-based methods evaluating the mass conservation equation, we
describe here the fundamentals of the method developed by Farinotti et al. (2009) to calculate
the ice-thickness distribution and volume of four Alpine glaciers from available information on

the glacier surface plus additional environmental and dynamical variable parameterisations,
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and its further simplification by Huss and Farinotti (2012), especially suited to cases where
little glacier information is available.

According to the principle of mass conservation, the mass-balance integrated over the
whole glacier domain should be balanced by the ice flux-divergence and the resulting surface
elevation change (under the assumption of no mass losses by basal melting and calving).
The ice thickness can then be inferred from the ice fluxes. The theoretical background is as
follows. First, consider a vertical column of ice with length dz and heigth H in a longitudinal
glacier profile. Assuming a constant ice density, the mass conservation equation is given by

= b— V.G 2.8
5 hq, (2.8)

where H is the ice thickness, V},.q is the horizontal ice-flux divergence and b is the climatic-
basal mass balance rate (i.e., the sum of the surface, internal and basal mass balances (Cogley
et al., 2011), often approximated by the surface mass balance). Integrating Equation 2.8 over

the surface area S of any cell and using the Gauss Theorem leads to:

/vh.cfdQ:/ g.di = (2.9)
Q o0

where 77 is the normal vector to the glacier outline 9. In general, the spatial distribution
of b and %—Ij are unknown. Therefore they introduced a new variable, the apparent mass
balance, b, to allow the direct calculation of the balancing ice volume flux. It is assumed to

vary linearly with elevation and satisfies:

/BdQ:/bdQ—/aHdQ:/ b1 g~ g (2.10)

The method consists of estimating a distribution of the apparent mass balance, from which
an ice flux for defined ice flowlines is computed, and then converted to an ice thickness using
an integrated form of Glen’s flow law and interpolated over the entire glacier. The resulting
ice-thickness distribution is adjusted with a factor that accounts for the local surface slope.
The result is an estimate of the glacier ice-thickness distribution (Farinotti et al., 2009).

The required inputs in the original formulation by Farinotti et al. (2009) are: (1) a digital
elevation model (DEM) of the region; (2) a corresponding glacier outline; (3) a set of ice
flowlines which determine the main ice-flow paths through the glacier; (4) a set of borders
that confine the ice-flow catchments of the defined ice flowlines; (5) three parameters defining

the distribution of the apparent mass balance; and (6) two parameters describing the ice-flow
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dynamics.

Huss and Farinotti (2012) applied a simplified version of this methodology to calculate the
ice thickness and volume of all glaciers around the globe. This generalization requires to
make certain further assumptions. As in Farinotti et al. (2009), altitudinal gradients of the
apparent mass balance for the accumulation and ablation areas are required. However, in
Huss and Farinotti (2012), accumulation rates are limited to a maximum value in order to
prevent unrealistically high accumulation n glaciers with a large elevation range. For glaciers
smaller than a certain critical area, the mass balance gradient is decreased linearly with
glacier area, down to a given minimum value. Tidewater glaciers are expected to have higher
balance gradients. To adapt the reference apparent surface mass balances gradients Bdg/ 029
to local conditions they include a parameter called continentality index which is related to
the glacier equilibrium line altitude (ELA) and to an empirically derived parameter feont,
calibrated to observed differences of mass balance between continental and maritime glaciers.
Glen’s flow law is used for inverting the volume flux due to ice deformation to obtain the ice
thickness. This requires taking into account the fraction of flux fy; due to sliding at the glacier
base. This is done using a glacier-dependent parameter estimated from the glacier area and
its continentality index. Finally, to account for the calving fluxes they make an equivalent
lowering of the ELA by an amount that is region-specific but not glacier dependent. Then,
the ice flux calculated from the surface mass balance becomes positive at the glacier terminus,
simulating calving effects and resulting in an increase of the flux. This change in the ELA

due to calving is poorly constrained, with a 50% agreement compared to published values.

Considering all the assumptions above, the ice thickness for each elevation band ¢ is cal-

A—fa)a n+2
, — n+2
B \/ 244(T) (Fsipsina)” (2.11)

culated as:

where ¢; is the ice flux normalized by the glacier width, n = 3 is the power of the flow
law, p is the ice density, g is the acceleration of gravity, o is the glacier slope, A(T) is a
temperature-dependent rate factor of the flow law and F; = w;/(2h; + w;) is a valley-shape

factor.

Using this method, Huss and Farinotti (2012) have estimated the volume of all mountain

glaciers and ice caps other than the Antarctic and Greenland ice sheets as 0.43+0.06 m SLE.
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2.4. Physically-based approaches

2.4.2 Some studies following the physically-based approach

We will briefly introduce here some additional physically-based methods that have appeared
in the literature to estimate the ice-thickness distribution of glaciers. First, we will present a
few methods based on the evaluation of the mass conservation equation, and then a couple

of other approaches.

e Probably the earliest of the approaches based on the direct evaluation of the mass
conservation equation is that by Rasmussen (1988), who used ice velocities at the surface

of Columbia Glacier to infer a spatially consistent map of ice thickness.

e Based on the principles described by Rasmussen (1988), Mcnabb et al. (2012) have
developed a method where the ice-flux computation is simplified by calculating it be-
tween pairs of adjacent flowlines. Required input data are surface topography, thinning
rates, surface mass balance rates and a surface velocity field. They tested their method
against Columbia Glacier, whose rapid retreat and thinning has nearly halved the glacier

volume over the period 1957-2007.

e The idea of using ice velocity to infer ice thickness has been further developed by
Morlighem et al. (2011), who proposed an approach, based on mass conservation, to
infer ice thickness onto a high spatial-resolution mesh by combining sparse ice thickness
data from radar sounding profilers with dense, high spatial-resolution ice velocity data
collected by swath mapping satellites and ancillary data. Note, however, that this

method relies on already available (though sparse) ice-thickness data.

Some alternative approaches, not based on the direct evaluation of the mass conservation

equation, are:

e Clarke et al. (2009), who used neural networks ,together with simplifications of the mass
conservation equation, to estimate ice thickness and glacier volume of entire regions

where little more than the surface topography is known.

e Linsbauer et al. (2012), who developed an approach based on an empirical relation
between average basal shear stress and elevation range of individual glaciers, calibrated
with geometric information from paleoglaciers, and validated with radio echo soundings

on contemporary glaciers.
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2. Global and regional estimates of glacier volume

2.5 Strengths and weaknesses

Using the volume-area scaling approach is very weakly dependent on glacier data availability
(just glacier outlines are required), and has therefore been widely used to estimate ice volumes
at regional and global scales. The main limitation of this method appears when one is
interested in individual glacier volumes, because errors as large as to 200% (Grinsted, 2013)
can appear when applying V-A relationships to calculate volumes of to individual glaciers.
On the other hand, V-A scaling does not provide an ice-thickness distribution (it only gives
total volume), which is a requirement to use glacier dynamical models.

Physically-based approaches are able to determinate bedrock topography and ice-thickness
distribution for individual glaciers. However, their glacier data requirements are large and
therefore its application is often restricted to individual glaciers or small sets of glaciers. As
discussed, this limitation has been recently overcome by the method of Huss and Farinotti
(2012), though this is achieved at the expense of parameterisations which involve a rather
large set of simplifications and assumptions.

Cogley (2012) points out the simplicity of the V-A scaling as one limitation of the method,
because glaciers with the same area can vary greatly in ice thickness. He suggests that the new
works in this field should look for other ways of parameterising mean thickness, as in Haeberli
and Hoelzle (1995), where the ice thickness is related to the surface slope and the basal
shear stress, in turn parameterised in terms of the elevation range of the glacier. Adhikari
and Marshall (2012) have presented V-A scaling laws which take into account other glacier
information (size, slope, aspect ratio), while Grinsted (2013) has carried out an estimate of
global glacier ice volume through multivariate scaling methods. This type of studies have
become viable only recently, at regional or global level, through the release of updated global

glacier inventories such as the Randolph Glacier Inventory (Arendt et al., 2012).

2.6 Overview of the results

Tables 2.2 and 2.3 summarize the available estimations of the global ice volume of worldwide
mountain glaciers and ice caps (GIC’s) and the estimations of the total ice volume of Svalbard
glaciers, respectively.

Values of the global ice volume of GIC’s including those in Greenland and Antarctica
range from 170-260 x 103km? and from 51-165 x 103km? if those are excluded. The upper-

bound estimations are given by Dyurgerov and Meier (2005) and by Radi¢ and Hock (2010)
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whereas the smallest by Grinsted (2013) and Ohumura(2004) respectively. The value given
by Dyurgerov and Meier (2005) has a large uncertainty up to 25% as reflected in Table 2.2.
Estimations by Radi¢ and Hock (2010) have received some critics (ie. Grinsted (2013)) for
being positively biased. Grinsted (2013) argued that Radi¢ and Hock’s relationship is based
in the scaling coefficient of Chen and Ohmura (1990) (whose relationship is expressed in km?
and km? for A and V), but replacing the exponent with 1.375, theoretically derived by Bahr
et al. (1997). Here, Bahr et al. (1997) uses the units m? and m? for A and V respectively. As
the units of the scaling-constant depends on the exponent, the Chen and Ohmura constant do
not apply for the Bahr’s exponent, leading to an overestimation of the volume. In addition,
their estimate is based on an incomplete inventory of glaciers. This is overcome in Radic¢
et al. (2013), where they use the new released version of the RGI. Huss and Farinotti (2012)
estimate is the only one based on a physically-based method, as explained in Section 2.4.
Although the individual ice volume estimates are most likely better than those derived from
scaling methods, it does not mean that the total volume is also better if there is a bias. It
could happen as the parametrizations have been calibrated from a rather small sample.

The estimations of ice volume in Svalbard range between 4.08-10.26 x 103km?>. This wide
range of values is reduced if we exclude the estimation of Macheret and Zhuravlev (1982), as
they acknowledged a misinterpretation of the bedrock reflection in several sampled glaciers
(see Section 4.2), leading to a new estimation in Macheret et al. (1984). The upper bound
estimate is again given by Radi¢ and Hock (2010), whose high value could be positively biased
as explained above. It is important to highlight those estimates which are based on scaling
relationships derived from a sample exclusively made with Svalbard glaciers. We refer here

to Hagen et al. (2003), Macheret and Zhuravlev (1982) and Macheret et al. (1984).
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2. Global and regional estimates of glacier volume

Table 2.2: Total Areas and Volumes of Mountain Glaciers and Ice Caps Excluding and Including Those in
Antarctica and Greenland (Modified from Radié¢ and Hock, 2010)

Source Area? Volume” Sea Level Equivalent[m]®
Excluding Including | Excluding Including Excluding Including
Meier and Bahr[1996] 540 680 180 £ 4 - 0.5+0.1
Ohmura[2004] 521 51 - 0.15 -
Dyurgerov and Meier [2005] 540+£30 785100 | 133£20 260+ 65 0.33+0.05 0.65+0.16
Raper and Braithwhite [2006] 522 87+ 10 - 0.241 £+ 0.026 -
Radi¢ and Hock [2010] 518 £2 741 +£68 | 16510 241429 0.41£0.03  0.60£0.07
Huss and Farinotti[2012] 514 735+ 2 114+11  170+21 0.29 £0.03  0.43 £0.06
Grinsted[2013] - 735 141+ 28 - 0.35 £0.07
Radié et al.[2013] 516 737 144 210 0.36 0.52

a . Area values are x 103km?
b . Volume values are x 10%km?

¢: Sea level is calculated assuming oceanic area of 3.62x103km? and a glacier density of 900 kgm =3

Table 2.3: Estimates of Total Ice Volume stored in Svalbard Glaciers

Source Area VolumeP | Sea Level Equivalent[m]°

Macheret and Zhuravlev[1982] 38.85 4.08 0.01
Macheret et al.[1984] 38.85 7.567 0.019
Hagen[2003] 36.60 7.00 0.02

Radié¢ and Hock[2010] 36.51 + 364 | 10.26 + 823 0.026 + 0.002

Huss and Farinotti[2012] 33.93 9.69 + 922 0.024 4 0.002
Grinsted[2013] 33.96 5.228 0.013
Radié et al.[2013] 33.84 9.09 0.023

a . Area values are x 103km?2

b Volume values are x 103km3
¢ : Sea level is calculated assuming oceanic area of 3.62x108km? and a glacier density of 900

kgm ™3
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Chapter 3

Methodology to calculate glacier

volumes from GPR measurements

3.1 Outline

Ice thickness of glaciers are directly measured from prospective geophysical methods such
as ground penetrating radar (GPR), seismic methods or boreholes. Here we focus on ice
thickness data retrieved by means of ground penetrating radar, as it is the most widely
used tool in glaciology. This chapter describes the techniques used to estimate the glacier
ice volume from GPR measurements and gives a detailed description and quantification of
the error sources intervening in the process. The main issues addressed in this chapter are:
procedures of data assimilation such as crossover analysis that allow for the combination of
data from different years and seasons avoiding biases; a case study to estimate the impact
of using a constant radio-wave velocity for time to ice thickness conversion of GPR data;
a methodology to estimate the volume of non-surveyed tributary glaciers; an analysis of
the advantages and disadvantages of two interpolation methods for generating ice thickness
maps and calculating ice volumes; and the description and the assessment of the different

error sources intervening in the glacier volume computation.

3.2 GPR: a radar for glaciological studies

A ground penetrating radar (GPR) is an impulse radar system (Navarro and Eisen, 2010)
used in glaciological studies to characterise the inner structure of the glaciers and to map the

bedrock topography. The primary interest of the ground penetrating radar in the context of

25



3. Methodology to calculate glacier volumes from GPR measurements

this thesis is its use as a tool to determine the ice thickness of glaciers and, consequently, the
ice volume (or mass, assuming that density is known) stored within by the ice masses.

A GPR consists of a transmitter and a receiver, with corresponding antennae, a control unit
and a recording system. Transmitter and receiver must be synchronized. As compared to the
direct wave synchronization of the former radar systems, modern systems are synchronized
either through a dedicated radio-channel or, more often, through an optical fibre link. The
transmitter antenna emits electromagnetic waves at frequencies that normally vary between
5 MHz and 1 GHz, depending on the purpose of survey. The reflected electromagnetic energy
at these frequencies can be used to determine the ice thickness or the internal structure
of the investigated ice body. Such a wide range of frequencies allows the use of GPR for
different glaciological purposes: high-resolution (but shallow penetration) snow stratigraphy
studies, mid-penetration (at medium resolution) investigation of firn layer thickness, or deep-
penetration (but lower resolution) ice thickness measurements (Navarro and Eisen, 2010).
Following each transmitted pulse, the received signal is sampled and recorded, with a given
sampling frequency, during a certain time window. Each of these records is referred to
as a trace. The radar traces should be properly geo-referenced, for instance by means of
simultaneous global positioning system (GPS) measurements.

For processing the radar data we used different commercial software packages, namely Rad-
ExPro, by GDS Production (Kulnitsky et al., 2000), and ReflexW (http://www.sandmeier-
geo.de/), and the main processing steps, whose description is out of the scope of this disser-
tation, consisted of bandpass filtering, amplitude correction, deconvolution and migration.
After processing the radar data and picking the bedrock reflections, the two-way travel times
shown in the radargram are converted to ice thickness using the radio-wave velocity (RWV) in
ice, either using a standard velocity value appropriate to the glacier under study (depending
on whether it is a temperate, polythermal or cold glacier, and the melting conditions) or a

RWYV determined from in situ common mid-point measurements, as discussed in Section 3.4.
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3.2. GPR: a radar for glaciological studies

Figure 3.1: VIRL 7 and RAMAC GPR systems. A: A scooter-based convoy carrying two GPR
systems, descriptions of RAMAC units shown in black and VIRL units in blue. B: View of the
RAMAC control unit. C: View of VIRL7 transmitter unit. D: View of VIRL7 receiver and control
units and an odometer wheel used for positioning purposes, in addition to GPS.
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3. Methodology to calculate glacier volumes from GPR measurements

3.3 Data coherence and assimilation

In order to construct the ice-thickness map of a glacier, a coherent and self-consistent net of
radar profiles should be available. Crossover analysis is a statistical technique used to assess
both internal accuracy and consistency between data sets at the crossing points between
different profiles e.g. (Bamber et al., 2001; Lingle et al., 1994). Since all measured data
contain errors, the ice thickness values measured at any crossover point will in general be
different for the two intersecting radar profiles. The values and the spatial distribution of the
thickness differences at the crossover points provide insight into the magnitude and source of
the errors in the data (Retzlaff et al., 1993). Differences at the crossover points can be caused
by inaccurate positioning of the data, picking errors or lack of (or improper) migration of any
of the intervening profiles. The mean of the discrepancies found at the crossovers, if different
from zero, constitutes a bias that needs to be corrected. In practice, the highest crossover
differences are often located in areas with radar profiles taken parallel and close to steep
valley side walls. In such cases, the radar often receives reflections from (and perpendicular
to) the slopes of the valley walls rather than from the point underneath the radar position.
The standard 2D migration procedure only corrects the ice thickness for bed slope along
the profiling direction. Consequently, it works properly for profiles perpendicular to the side
walls, but not for profiles parallel to them, and hence a large difference often appears at such
crossovers. To avoid these problems, we discarded the profiles parallel and close to the side

walls.

To combine ice thickness datasets from different years we applied a correction for elevation
change rate for each region in Svalbard following Nuth et al. (2010). As a rule, the base
year for the correction was that from the campaign with the largest amount of data for each
particular glacier. For some glaciers we had to combine measurements from different seasons
accounting for differences in snow cover. For instance, we undertook GPR measurements on
Ariebreen in summer 2006 and spring 2007. A crossover analysis revealed a 3-m systematic
difference between thickness data from both campaigns, with thickness largest for the spring
survey due to the snow cover, as confirmed by snow measurements done in the neighbouring
Hansbreen in April 2008 (Grabiec et al., 2011). The ice thickness data of Ariebreen were

corrected accordingly.
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3.4. Radio-wave velocity

3.4 Radio-wave velocity

It is a widespread practice to convert two-way travel times (TWTT) recorded by the GPR into
ice thickness is using a constant radio-wave velocity (RWYV) for the entire glacier. However,
it is well-known that the RWV of glacier ice depends on many factors (most notably, air and
water content fractions) and consequently changes substantially both in space and time. In

1 substantially larger than

any glacier, the firn layer has typically a RWV of 190-200 m ps™
that of the ice (typically 160-170 m ps~!). In polythermal glaciers such as those commonly
found in Svalbard, the cold and temperate layers have different velocities, typically about
168-170 m ps~! for cold ice, depending on the air fraction, and 160-165 mus~! for temperate
ice, depending on the water content fraction. Temporal RWV variations are also common,

mostly associated to the changing melting conditions and associated amount of water in the

glacier body (Jania et al., 2005; Navarro and Eisen, 2010).

A proper glacier volume estimate would therefore require a good knowledge of the glacier
internal structure (distribution and thickness of the firn, cold and temperate ice) and the ice
and water fractions, which is seldom -if ever- available. With the aim of finding an optimal
choice of constant RWV to be used for time-to-depth conversion, we carried out an experiment
using information about the hydrothermal structure of Hansbreen, one of the best studied
polythermal tidewater glaciers in Svalbard.

The ice thickness data used in this study were acquired during different GPR campaigns
between 2008 and 2011 using RAMAC, VIRL6 and VIRL7 equipments with antennae oper-
ating at 20-25 MHz. The hydrothermal structure of the glacier, displayed in Figure 3.2, was
obtained combining data from Grabiec et al. (2012) and Pélli et al. (2003b).

As the data are only available along the centre line, the thickness of the firn and cold
layers were assumed to remain constant, for a given distance to the glacier front, across the
glacier transversal section. Considering such a layered structure, our two-way travel time
data collected during 2008-2011 were converted into ice thickness using RWV’s of 190, 170
and 165 m p~ ' for the firn, cold ice and temperate ice layers, respectively. These choices
were based on available velocities measured on different regions on Hansbreen (Jania et al.,
2005). The total volume resulting for Hansbreen was 10.7440.68 km3. We then performed
volume estimates using constant RWV’s for the entire glacier, between 165 and 170 m us—!,
at 1 m ps~! intervals (see results in Table 3.1), and found that the constant RWV which
produces the glacier volume closest to that computed using different velocities for distinct

media is 166 m ps~'. This value is within the range of column-averaged RWV’s measured on
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Figure 3.2: Polythermal structure along the centre line of Hansbreen. In the ablation zone, a cold ice
layer, with a maximum thickness of ca. 100 m some 5 km from the glacier front, overlies a temperate
ice layer. The accumulation zone has a firn layer with average thickness of 15 m. The ice underlying
the firn layer is temperate

Table 3.1: Ice volume of Hansbreen and error estimates considering average RWV and using appro-
priate RWYV for each medium

RWV (m pus™!) | Ice volume km3
Variable RWV 10.74 £ 0.68
Constant RWV 170 11.01 £ 0.70
168 10.88 £ 0.69
166 10.75 £ 0.60
165 10.69 £ 0.58

Hansbreen by the common mid-point method (Jania et al., 2005; Grabiec et al., 2012). The
corresponding volume, 10.7540.73 km?, is equivalent, within error bounds, to the volume
computed used different velocities for the distinct media (in fact, all of the volumes shown in
Table 3.1 are equivalent within error bounds).

These results illustrate that, when using the simpler approach of constant RWV, the ice
thicknesses overestimated in the firn and cold ice layers (where the real RWVs are higher
than the average used as an approximation) are nearly compensated by the underestimation
occurring at the temperate ice layer (where the real RWV is slightly lower that the average).
A given relative error in RWV produces relative errors in ice thickness and volume of the
same magnitude. Consequently, the volume estimate is not extremely sensitive (compared

to other error sources) to the choice of a constant RWV for the entire glacier, provided that
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3.4. Radio-wave velocity

the latter is based on local or regional RWV values measured on similar seasons to those of
the ice-thickness measurements, to minimize temporal variations of the RWV. Given that,
additionally, the necessary data on hydrothermal structure necessary to consider different
velocities for distinct media is rarely available, we will use in this thesis the glacier-wide

constant RWV approach.

The question remains of what RWV should be use for each glacier or set of glaciers,
depending on their geographical settings and the RWV measurements available. The number
of published RWV measurements on Svalbard glaciers by the common mid-point method
(CMP) (Macheret et al., 1993) is rather limited. The main studies are summarized in Table
3.2. This, together with the fact that existing CMP measurements were done in different
seasons (before or after the onset of strong melting at the surface), makes difficult to compare
the different results and to decide which is the most suitable RWV to use for each region.
The approach that we have taken in this thesis is to select, for each region and type of
glacier, a constant RWV consistent with available RWV measurements by the CMP method
in the region and/or for glaciers of the same typology (if available), assuming that they will
have a similar hydrothermal structure (and consequently similar average RWV), and paying
attention to the seasons when both the CMP measurements and the GPR profiling were done,

to account for seasonal variations of the RWV due to changes in liquid water content.

In particular, for the largest and thickest glaciers of our dataset of echo-sounded glaciers in
Wedel Jarlsberg Land (Hansbreen, Paierlbreen, Recherchebreen and Austre Torellbreen), all
of which show a hydrothermal structure similar to that of Hansbreen, and are of tidewater

type except Recherchebreen, we took the RWV of 166 m us™!

resulting from our study
above. However, for the smaller and thinner glaciers of our dataset in this region (Ariebreen,
Renardbreen, Scottbreen, Werenskioldbreen and Finsterwalderbreen), which show a smaller
fraction of temperate ice (absent in the case of the smallest glacier, Ariebreen, which is
entirely made of cold ice), it seems more realistic to use a higher RWV. We took 168 m
ps~—1, on the basis of regional RWV measurements (Jania et al., 2005; Grabiec et al., 2012).
Similarly, most glaciers of our dataset in West and Central are also smaller and thinner
than the large glaciers of Wedel Jarlsberg Land mentioned above, and are therefore expected
to have a smaller fraction of temperate ice. This, together with the results from regional
CMP measurements (Navarro et al., 2005; Glazovsky et al., 2006), suggested the use for
Nordenskiold Land of a RWV of 170 m us~!. There are four echo-sounded glaciers in the

neighbouring region of Reindalen (eastern Nordenskiold Land). Due to the proximity, both
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3. Methodology to calculate glacier volumes from GPR measurements

Table 3.2: Compilation of common mid-point (CMP) measurements on Svalbard glaciers.

CMP measurements in Svalbard

Subregion® Glacier RWVP| Season and Year | Survey Location Reference
NW Aldegondabreen 174 Spring 1999 Glacier snout Navarro et al. (2005)
NW Fridtjovbreen 161 Summer 1979 Ice divide Glazovsky et al. (2006)
NW Fridtjovbreen 170 Spring 1988 Accumulation zone | Glazovsky et al. (2006)
NW Fridtjovbreen 165 Summer 2005 Tce divide Glazovsky et al. (2006)
WN Fridtjovbreen 174 Summer 2005 | Accumulation zone | Glazovsky et al. (2006)
WJ Hansbreen 168 Summer 2003 Ablation zone Jania et al. (2005)
WJ Hansbreen 170 Summer 2004 Ablation zone Jania et al. (2005)
WJ Hansbreen 164 Spring 2008 Ablation zone Grabiec et al. (2012)
BO Austre Brgggerbreen | 166 Summer 1999 NA Stuart (2003)
BO Midre Lovenbreen 168 Spring 2000 Central part Hambrey (2005)
BO Austre Lovenbreen | 171.5 Spring 2010 Glacier snout Saintenoy et al. (2013)
BO Kongsvegen 168 Summer 1996 Glacier snout Woodward et al. (2003)
HL Bakaninbreen 167 Summer 1995 Ablation zone Murray et al. (1997)

& NW: West Nordenskiold Land, WJ: Wedel Jarlsberg Land, BO: Brgggerhalvgya/Oscar II Land, HL: Heerland.
b Radio wave velocities are expressed in m pus™!

geographical and typological, of these glaciers to those in West Nordenskiold Land, we do not
expect the velocity to be very different. Only in the case of Slakbreen, which is the largest
and thickest glacier in the area, we can expect a greater fraction of melt water and thus,
a slightly smaller velocity. Therefore we use a RWV of 168 m us~! for Slakbreen and 170
m ps~! for the other three glaciers in this area. The echo-sounded glaciers in the region of
Brgggerhalvgya are small mountain glaciers in the north west part of Spitsbergen. There are

1 as al average

some CMP measurements in this area which suggest the use of 170 m pus™
RWYV for the spring season (see Table 3.2). The echo-sounded glaciers in Dickson Land,
located in the central part of Spitsbergen, near the settlement of Pyramirden, are also quite
small and thin. As there are not CMP measurement done in this region and because these
glaciers are typologically similar to those in Nordenskiold Land, we use a RWV of 170 m

L as done

pus~t. For the region of Heerland, south Spitsbergen, we use a RWV of 168 m us™
in the original work (Pélli et al., 2003a). For the ice caps of Austfonna and Vestfonna, we

have used 168 m pus~! following Pettersson et al. (2011) and Dowdeswell and Benham (2008).
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3.5 Ice thickness estimation of non-surveyed tributary glaciers

We are interested in estimating the volumes of entire glacier basins. However, several of the
investigated glaciers have tributaries that, due to time constraints or safety reasons, could
not be surveyed. Although they represent a small percentage of the total volume, they
have a severe effect on the volume-area ratio, and ignoring them would imply a bias in the
volume estimate. If the thickness of the tributaries were interpolated from the closest GPR
measurements on the main glacier trunk, plus zero thickness data points at the walls of the
tributary glacier, the volume of the tributaries would be systematically underestimated. To
get a closer approximation to the volume of such tributary glaciers, we built an empirical
function fitting the measured ice thickness along the centre line of a set of 22 tributary glaciers
in Svalbard for which GPR ice-thickness measurements were available. Such a function starts
from zero thickness at the point of contact of the centre line with the tributary glacier wall,
and increases until the zone of confluence with the main glacier trunk. The measured ice
thicknesses of each tributary, normalized by that of its deepest point (at the zone of confluence
with the main trunk), as a function of the normalized distance to the tributary headwall,
is shown in Figure 3.3a), together with its least-square fit to a third-degree polynomial.
This ”tributary thickness function” provides an estimate of the expected ice thickness along
the centre line of the tributary glaciers, but we have to combine it with some estimate of
the thickness variations along the transverse direction in order to calculate the volume of
the tributary. Once determined the areas of different cross-sections along the tributary, the
volume of the slice between two consecutive cross-sections is calculated as product of their
average area and the distance between them, and the total volume of the tributary is obtained

as sum of the volumes of all of the slices.

There are different approaches in the literature to approximate the cross-section of valley
glaciers as power law regressions (y = az”) and polynomial regressions (Doornkamp and
King, 1971; Wheeler, 1984; James, 1996). However, there is not a definitive method to
address this issue (Greenwood and Humphrey, 2002). We explored two different polynomial
approaches to approximate the area of the transverse cross sections of the tributaries. The
first one integrates over ice thickness, using only the ice thickness at the centre of the cross-
section (provided by the tributary thickness function) and the zero-thickness points at both
extremes (the contact points with the valley walls). The second approach takes additionally
into account the shape of the glacier surface, retrieved from available digital elevation models,

and integrates over the difference between the surface and bedrock profiles. Note that the
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3. Methodology to calculate glacier volumes from GPR measurements

first approach produces symmetric cross-sections, while the second in general does not. For
each of the two approaches we tested polynomials of different degrees, from second to fourth.
The parabolic approaches produced significantly more accurate approaches to the real volume
of the tributaries. In particular, the parabolic cross-section produced better results than a
fourth-degree polynomial, which has sometimes been found to give a better approximation to
the cross-section of valley glaciers (Greenwood and Humphrey, 2002). This is not surprising,
since we are dealing with tributary glaciers, often small and more confined by the surrounding
mountains as compared with the main trunk of the glacier, and are therefore expected to
have a bed less flat than that of the main trunk. Hence, the parabolic approach can be
expected to work best. Concerning the comparison between the two integration approaches,
we did not find any significant improvement when using the second, more complex and
demanding approach, so we followed the first, simpler approach. Some exceptions to the
parabolic cross-section were used in the present study: Recherchebreen (in Wedel Jarlsberg
Land, Spitsbergen) has two large non-surveyed areas to the east which are not typical small
tributaries but, instead, rather large valley glaciers (see Figure 4.8). Hornbreen (Heerland,
Spitsbergen) also required the use of the tributary function for large non-surveyed areas where
a fourth-degree polynomial cross-section is likely to be a better assumption. Consequently, a
fourth-degree polynomial approximation was used for calculating their cross-sections.

The standard deviation (non-normalized) of the differences between the entire set of mea-
sured thicknesses at the tributaries and the corresponding ones estimated from the tributary
thickness function is 32.4 m, which gives and idea of the error in thickness involved when
using the tributary thickness function. We assess the error in the estimation of the volume
of non-surveyed tributary glaciers as follows. For each tributary with available ice thickness
measurements, we compute the standard deviation oa g of the differences between the mea-
sured (GPR) and computed (tributary thickness function) ice thickness, and then plot such
standard deviations versus the corresponding maximum ice thickness (Figure 3.3b). A linear
fit is then performed, which is used to estimate the error in ice thickness along the centre line
of the unmeasured tributaries as a function of its maximum ice thickness, the latter being
taken as the thickness measured at the closest GPR profile in the main glacier trunk. We still
have to propagate this error to the transversal direction and to the volume computation. We
do this as illustrated in Figure 3.3c: the tributary parabolic cross-section is incremented and
decremented by an amount oa g, and the average of the associated volume changes along the

entire tributary is taken as an estimate of the error in volume of the tributary.
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Figure 3.3: a) Normalized ice thickness H* as a function of the distance x* to the headwall, for a
collection of 22 Svalbard tributary glaciers. b) Standard deviation o of the differences between the
measured (GPR) and computed (tributary thickness function) ice thickness for each tributary glacier,
and associated linear fit. ¢) Tributary glacier cross-section incremented/decremented by an amount
equal to og.

3.6 Constructing ice-thickness maps and estimating glacier

volumes

A digital elevation model (DEM) is the representation of the spatial distribution of a vari-
able that must be quantitative and continuous. Our aim is to generate ice thickness DEMs
from the sparse GPR measurements. We adjusted the available glacier boundaries from the
Digital Glacier Database for Svalbard (Koning et al., 2013) to the year when the GPR mea-
surements were recorded using satellite imagery (ASTER and Landsat7). A regular mesh is
created within each glacier boundary in order to calculate the ice thickness at each node by
means of Ordinary Kriging interpolation, as stated in Section 3.6.1 and therefore the glacier
volume. Ice volume estimations are affected by several error sources which are discussed in
detail in Section 3.7 and they are calculated for each glacier. The procedure that we have
followed for deriving the glacier volumes consisted of the following steps: 1) Collecting a
coherent GPR data set; 2) Processing of GPR data following specific methodology methodol-
ogy; 3) Calculating ice depths along the profile; 4) Adjusting the glacier boundaries (Arendt
et al., 2012; Koning et al., 2013) to the year of the radio-echo sounding using satellite images
and generating a grid within this boundary (this step is performed using ArgGis v9.3); 5)In-
terpolating the data into the grid using an own-developed code to obtain the glacier volume

an the error estimations.
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3. Methodology to calculate glacier volumes from GPR measurements

3.6.1 Spatial interpolation

Spatial interpolation techniques estimate a specific property on non-surveyed locations lying
within an area covered by surveyed points. Despite the existence of many different spatial
interpolation methods, it does not exist an algorithm superior to others in every situation
(Lam, 1983). We are interested in the interpolation of sparse and unevenly distributed
ice thickness data and so, first we investigate which is the most appropriate interpolation
method to create the glacier ice thickness maps and secondly we show the implementation of

the selected interpolation method.

We discuss the advantages and disadvantages of two methods that have retrieved suc-
cessful results. The first one is the Gridfit method which uses an approximation method
closely related to thin plate splines approximation, as opposed to interpolation, so that it
is robust against noise and outliers (Bohorquez and Darby, 2008). We chose the triangular
interpolation method available within the Gridfit routine, leaving the default values for the
remaining parameters. Further details about the algorithms used by Gridfit and its efficiency
can be found at MATLAB Central File Exchange (D’Errico, 2006). The second is the widely
used Ordinary Kriging method (ie. (Cressie, 1988)) that predicts at unobserved locations
from a weighted average from the surrounding measured points. It is a geostatistical method
that considers the spatial correlation between points and calculates the optimal weights by
minimizing the mean squared deviation between predictions and observations. We focus on
the properties of the two methods and its suitability to get an accurate volume estimation.
Among these properties, we examine 1) the ability to work with sparse, error containing or
duplicate data; 2) the property of delivering a smooth surface without loosing reliability; 3)
obtaining accurate ice volumes estimations on synthetic glaciers and ice caps; 4) obtaining

low rates of interpolation errors.

Figure 3.4 displays four ice thickness maps of Fridtjovbreen, a tidewater glacier situated
in West Nordenskiold Land, a region located on central-west Spitsbergen. They have been
created from two different data sets. Figures 3.4a and 3.4b contain migration-related errors
up to 50 meters difference at the crossing profiles (which is quite frequent in GPR data) and
Figures 3.4c and 3.4d are error free. Each data set has been interpolated using Gridfit and
ordinary Kriging. Figure 3.4a a shows the digital ice thickness map derived from Gridfit
from the error-containing dataset and the two red circles mark the locations of the errors in
the dataset. The retrieved surface does not show any impact by these errors and therefore

it would be difficult to detect them if they are not known in advance. The same two circles
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3.6. Constructing ice-thickness maps and estimating glacier volumes

are shown in Figure 3.4b where the surface has been interpolated with ordinary kriging from
the same dataset. In this case, the interpolation produces artefacts at the locations where
the errors are present. This happens because kriging by definition is an exact interpolation
method that honours the data and only deviates from them by an amount set in the variogram
model so it can not work so easily with data at the same location and different value (see
Section 3.6.2). On the other hand, Gridfit is an approximation method robust to outliers and
duplicates, which means that it ignores data that strongly deviate from the mean trend of
the data set. Outputs from Gridfit from the error-containing dataset are apparently better,
but if errors are not detected and corrected a priori they will propagate unnoticed to our
final calculations. Moreover, rough bedrock areas which have not been densely sampled will
be seen as outliers and will be wrongly softened. Kriging is much more sensitive to errors in
the data as it is reflected in their outputs. But when working with an error-free dataset, it
produces a soft surface (Figure 3.4d) comparable to that produced by Gridfit from the same
data set (Figure 3.4c).

To quantify the reliability of the interpolated surfaces we calculate their deviance from the
real measurements with both algorithms. Figure 3.5 reflects the error statistics from both
methods. Mean deviance in both cases is close to zero which means that they are unbiased
predictors. However, their standard deviations vary between the two methods, being by far
larger in the Gridfit algorithm. Super-smoothing algorithms such as Gridfit put so much
effort in creating soft surfaces that field data are sometimes ignored whereas kriging gets

reasonably smooth surfaces without losing reliability.

To find out which interpolation method retrieves more accurate ice volume estimations,
we have made a test on synthetic glaciers. First we created two synthetic glaciers, a valley
model using a parabolic assumption and an ice-cap model following the perfect plasticity
assumption (Nye, 1957). Then, we created a set of simulated GPR profiles where the ice
thickness values are retrieved from the synthetic models. Finally ice thickness surfaces are
retrieved using ordinary Kriging and Gridfit. Figures 3.6 and 3.7 reflect the profiles simulated
from the ice-cap model and from the parabolic model respectively, their analytic volume and
the volume estimated from the interpolations with the two methods. In the ice-cap model
Gridfit yields the best result, mainly due to the quasi-spherical surface of the ice cap, very
proper for a smooth interpolation function. On the other hand it should be noted that
deviations from the real measurements (synthetic measurements in this case) are still higher

in Gridfit than in kriging. The glacier valley model displayed in Figure 3.7 is created from a
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Before correcting errors in data

After correcting errors in data
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Figure 3.5: Ice thickness deviation from the real measurements

parabolic crossection assumption. Again, Gridfit yields to a good volume estimate although

kriging (applying anisotropy) provides the most accurate result. Table 3.3 compares the
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Figure 3.7: GPR profiles a synthetic parabolic model

computational errors in volume (see Section 3.7) yielded by the two interpolation methods.
As expected, the glaciers interpolated with Gridfit yield to larger errors. We can conclude
that Gridfit yields very good results when dealing with smooth surfaces as the synthetic
glaciers presented here. However real glaciers are very much complex and the smooth surface
simulated in the synthetic examples is far from reality. Standard deviation errors are large
in Gridfit yielding to unrealistic smooth surfaces whereas kriging provides the most accurate
ice volume estimations.

Based on the different topics investigated above, we have determined that the most ap-
propriate interpolation method to be used in this thesis for the ice volume calculations is
ordinary kriging applying anisotropy if necessary, therefore differing from a former study
(Martin-Espanol et al., 2013), where we used Gridfit. All the glacier volumes shown in this
dissertations will be calculated using ordinary kriging, recalculating them from previous works

if necessary.
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3. Methodology to calculate glacier volumes from GPR measurements

Table 3.3: Comparison of errors using Gridfit and Kriging interpolation in ten Nordenskiold Land
glaciers

Error in Volume (km?) || Gridfit | Kriging

Aldegondabreen 0.074 0.024
Dalhfonna Austre 0.014 0.009
Dalhfonna Vestre 0.028 0.023

Erdmanbreen 0.039 0.024
Fridtjovbreen 0.339 0.114
Gleditchfonna 0.007 0.004

Grgnfjorbreen Austre 0.029 0.027

Grgnfjorbreen Vestre 0.149 0.061

Tavlebreen 0.036 0.009

Tungebreen 0.005 0.004

3.6.2 Ordinary kriging

Kriging is a geostatistical method for spatial interpolation, optimized to make inferences
of unobserved regionalized variables z(sg) of the random process Z(s) from observed data
z(s;) (Cressie, 1988). There are different varieties of kriging interpolation methods. Here we
focus in ordinary kriging, that assumes a constant mean in the local neighbourhood of each
estimation point. The linear kriging estimator Z (so) is a linear combination of n data point

values Z(s;)
N

Z(s0) = Y _Ni(s)Z(s) (3.1)

i=1
where \; are the weights or kriging coefficients that should be estimated in an optimal way.
Kriging uses the semivariogram function ~,(h), or equivalently, the associated covariance
function Cz(h) for building this linear estimator Z(so) minimizing the least square difference
between predicted and observed data under the restriction of being unbiased. The choice
of a good predictor will depend on the geometry and location of the region of the space
where prediction is desired. From actual measures of the correlation between pairs of points
(latter defined as the experimental semivariogram), a semivariance function is fitted to the
correlation data (also known as the theoretical semivariogram). The semivariance function
Yn) is defined by the variance of the increment of Z(s) when moving from location s; to

location s;4p:
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Yoy = gvar (Z(s0) — Z(sin) (3.2)

The kriging predictor solves the following system of (N+1) linear equations to calculate the

optimal weights:

['(s0,5:) = AsL(84, Si41) (3.3)
-1
As f(si, Sivn) 1 f(so, Si)
= . (3.4)
m 1 0 1

where the term f(si, s0) is a vector containing the semivariances between the prediction points
s, and the measurement points s;, the term f(si, Si+n) is a matrix of semivariances between
all the pairs of measurement points accounting for sg and the kriging weights are the unknown
parameters to be solved where the weighting coefficients \;(u) need to be constrained to have

their sum equal to one to honour the unbiased condition:

Z Ai(s) =1 (3.5)

Among the infinite number of possible weightings \;(s), ordinary kriging chooses the one that

minimizes the so-called estimation variance o%(s)

o3(s) = B(2(s.) ~ 2(5.)) (3.6)

The optimal coefficients minimizing 0% (s), while honouring the constrain, can be obtained
using the classic Lagrange multipliers technique. According to this technique, the optimal

solution should realize the minimum of the function A\(\1, ..., Anx(u), u(u)) as defined by

N
A =0%(s) + 2u(s) (Z Ni(s) — 1) (3.7)
=1

where the p(s) is the Lagrange multiplier associated with the constraint. Mean expected

error will be zero.

The variogram is used to measure the variability of a random process Z(s). It calculates the

spatial correlation between pairs of values Z(s;), Z(s;1p). If the data are spatially dependent,
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Partial
Sill

Figure 3.8: Variogram function

pairs of points that are close together (on the far left of the x-axis) should have less difference
(be low on the y-axis). As points become farther away from each other (moving right on
the x-axis), in general, the squared difference should be greater (moving up on the y-axis).
The curve of a theoretical variogram levels out at a certain distance. The distance where
the curve first flattens out is known as the range. Sample locations separated by distances
closer than the range are considered spatially autocorrelated, whereas locations farther apart
than the range are not. The value that the variogram attains at the range (the value on
the y-axis) is called the sill. The partial sill is the sill minus the nugget. Theoretically, at
zero separation distance (i.e., lag = 0), the variogram value should be zero. However, at an
infinitesimally small separation distance, the difference between measurements often does not
tend to zero. This is defined as the nugget effect. It reflects the uncertainty (or randomness)
which cannot be removed from the phenomenon including all random variation at scales
shorter than the inter-sample distances, like measurement errors, reproducibility issues and

short scale variations inherent to the variability of the phenomenon being measured.

There are two possible nugget models in the literature (Cressie, 1988; Chils and Delfiner,
2008):

(a) v(0)=0: force the model to go through zero at zero distance.

(b) v(0)= Measurement Error: allow the model to hit the vertical axis.
Option (a) makes kriging an exact interpolator. If you krige exactly at a sample location,
you will get the sample value and a kriging variance of zero. This is originally specified in

Matheron (1971). Option (b) means that kriging will not exactly honour the data as it will
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allow the surface to deviate from the sample data by the amount determined in the nugget
model. This is implemented by including the estimated measurement errors in the main
diagonal of the matrix I'(s;, s;45) also known as (k) within the kriging system (Equations
3.3 and 3.4), corresponding to second case in the nugget model explained above, v(0) =
measurement error, and will imply that krigged values at sampled location does not honour
the data. It makes sense, as this part of the nugget corresponds to the measurement error.
However, it might exist unknown errors which can be taken into account by allowing an
additional nugget effect to model unresolved variation (i.e. things happening below the
measurement separation distance). The aim is to estimate the nugget effect, but keeping
fixed the known observation errors. The intersection of the theoretical variogram with y axis
will give a value for the nugget (the expected variance for values in the same location). So

the combination of both will be:

~(0) = measurement error

(3.8)

lim A — 0 = nugget

\

under the assumptions of second order stationary random errors (zero mean and the co-
variance between any two depends only to the distance and direction) following a Gaussian
distribution.

Variogram modelling is a key step between spatial description and spatial prediction. The
modelling of the variogram begins with the construction of the empirical variogram, for all
pairs of locations separated by distance h. However, they do not provide information for
all possible directions and distances. For this reason it is necessary to fit a model (i.e., a
continuous function or curve) to the empirical variogram/covariogram. There are several
functions used to fit the variogram. We chose the spherical function as it fitted better to our

experiments both by visual analysis and by means of minimizing the mean square error.

co + ¢ <%%—%%3) for0 <h<a
v (h, ®) = (3.9)

co+cs forh > a

where, ¢y = nugget effect, ¢y + ¢ = sill, a = range

Kriging overcomes other interpolation methods as it allows selecting the number and dis-
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tribution of sample data to be used for interpolation, calibrating the amount of deviation
from the sample data by means of the nugget model and also evaluating the error of each
estimate through the kriging variance. This allows to reduce the amount of necessary field
data, to make interpolation unaffected by the known measurement errors and to obtain an
assessment of the quality of the output surface.

We implement the interpolation in Fortran-90 using a code that calculates the variogram
function (including the main direction of anisotropy), integrates the search and optimization
of variogram model parameters to distribute the weights among the neighbouring points
through the least squares method (LSM), performs the interpolation to the grid points and
calculates the glacier volume and estimates the different error sources intervening explained
in Section 3.7. The interpolation algorithm that we used is based on a spherical variogram
model (Equation 3.9) and its parameters, sill, nugget and range that are tuned to the best
fit. Every estimation obtains information from up to 64 neighbours, 8 data-points per octant.

Anisotropy is applied in the cases where glaciers show one main direction.

3.7 Error estimates

Knowing the accuracy of our glacier volumes estimates is important in order to estimate the
error of the volume of Svalbard using V-A relationships, as is considered in Farinotti and Huss
(2013). However they are not often well described or even quantified in the literature. For
instance, any of the estimated glacier volumes from the Soviet flights in the seventies are ac-
companied with an accuracy estimation (Macheret and Zhuravlev, 1982). Neither the glacier
volume estimations from the joint Norwegian-British venture in the eighties (Dowdeswell
et al., 1984a). More recent studies such as Saintenoy et al. (2013), where they derive the
ice thickness and volume of Austre Lovénbreen report an error estimate from the different
sources (instrumental and interpolation errors), but they do not detail how they combine
these errors to derive the final error in volume. Similarly, in their work Baelum and Benn
(2010) describe the thermal structure of Tellbreen and calculate its volume reporting an er-
ror estimate, but they only focus on the accuracy of the ice thickness point measurements,
meanwhile other error sources such us positioning errors, interpolation errors or the accuracy
on the boundary determination are absent.

The fact of considering dependency or correlation among the errors will strongly influence
the value of the final error in volume, as we show in a test performed with synthetic glaciers in

Section 3.7.4. We compute the error in glacier volume from the errors of its main components.
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In Section 3.7.2 we introduce how to calculate the error of an ice thickness digital elevation
model (ice thickness-DEM) derived from GPR measurements. In addition to the analysis and
estimation of the individual error sources, we describe how to combine them to obtain the total
error in ice thickness (eg). We also propose a novel method to estimate the interpolation
error of an sparse, non-homogeneous distributed data set (characteristics of GPR data).
This method also corrects for the possible bias introduced by the interpolation method. The
second Section 3.7.3 analyses the error produced when deriving a glacier volume from an
ice thickness-DEM, which has been delimited by a given boundary. This boundary could
be determined by different methodologies (i.e. aerial photography, satellite images, GPS
measurements) and it is used to impose the zero ice thickness boundary to the interpolation
(except along ice divides and calving fronts). And finally we propose a novel method based
on the degree of statistical dependency among the errors at the grid points, to combine the

error sources intervening in the estimation of a glacier volume.

3.7.1 Preliminars

We define the error as the random variable characterizing the difference between the mea-
sured /interpolated /estimated value and the real value. According to this, a positive error is
produced when the measured/interpolated/estimated value is above the real value and nega-
tive when below. We also distinguish between the variable random error, the punctual value
of the error of a specific measurement (¢;) and the mean (also known as bias) and standard
deviation of the random error (which is defined in absolute value and usually represented with
+). It should be remarked that the difference between two error-containing measurements

cannot be referred to error but discrepancy between them (Bevington and Robinson, 2003).

3.7.2 Ice-thickness error

Given an ice thickness-DEM of a glacier, its volume can be computed as sum of cell area

times the average ice thickness for the cell.

N
V=> AHk (3.10)
k=1
Under such a scenario, where the grid cells have a pre-defined error-free area, the error in

volume would depend only on the errors in thickness of each individual grid point. However,

an ice thickness-DEM is constructed from a given boundary and a set of non-uniformly
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distributed ice thickness data points obtained from GPR measurements along certain lines
called radar profiles. They are normally positioned by a GPS connected to the radar or by
an odometer assuming equidistant traces.

The errors in ice thickness arise from different sources. First, we have error in the dataset
(€Hdata), Which embrace the ice thickness errors related to the GPR (eggpr) assuming a
correct position of the profiles, and the ice thickness error due to an incorrect positioning of
the profiles (eggps). Both error sources are considered independent allowing to estimate the

ice thickness error at each data point as a root means squared summation:

— 2 2
€Hdata; = \/eHGPRi + EHGPS; (311)

Next, we consider the error introduced by the interpolation at the grid points. Finally we

will combine them to obtain the ice thickness error.

GPR-related ice-thickness error

GPR measurements are taken at particular points, and their output are two-way traveltime
(TWTT) (time lapse since the pulse is emitted until is registered back) which are converted
to ice thickness multiplying them by half the radiowave velocity (RWV) in the medium.
Consequently, there is a point-dependent GPR error which depends on both the error in the
assumed RWV and the errors in timing. The latter, in turn, include the errors associated
to the time discretization of the radar signal (though these are actually superseded by the
range or vertical resolution of the radar) and the picking errors incurred when improperly
picking the bed reflections from the radargram. The latter are interpretation errors that
are minimized when working with properly migrated radargrams, as has been done with our
GPR data set. Following Navarro and Eisen (2010), we estimated the GPR error assuming
that the error in TWTT is given by the inverse of the central frequency of the radar system
and that the error in RWV is typically of the order of 2%.

1
EHGPR = 5(7'262 —}—62672_)1/2 (3.12)

where € denotes the error on the sub-indexed variable and c is the RWV in the medium. The
error assessment as described here assumes: 1)Radar data processing includes the migration
step to restore the real shapes and slope. 2)Picking in the radargram is only done in areas

where bottom return is clear; errors produced otherwise are not considered and can be large
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(e.g. in temperate ice areas) 3) Our measurements come from a common offset profile where
processing must include a conversion to zero offset profile so the ice thickness H is computed
as

H =cr/2 (3.13)

Positioning-related ice-thickness error

Additionally, the location of the measurement points is affected by a horizontal positioning
error(egpg) which induces, for sloping surface/bed, an error in thickness (eggps) as we
erroneously attribute a measured ice thickness to nearby location. This error is disregarded
if we use a differential GPS (DGPS) for positioning as it get an accuracy of cm. But for
a stand-alone GPS system we assume a typical horizontal accuracy of 5 m (Sharma and
Banerjee, 2009). To estimate the thickness change that could be expected from such error in
horizontal positioning (¢ gaps) we need to know how much ice thickness variability exists in
5 meters around the measurement points. This variability would be theoretically measured
as the standard deviation of ice thickness differences in measured points 5 meters apart. As
it is not common to have such kind of measurements, we estimate them from the interpolated
ice thickness map. We evaluate the standard deviation of the ice thickness difference between

the measurement point and other (at least 8) surrounding points situated 5 meters apart.

n—1
k=1

N 1/2
€HGPS = [1 Z (di — Jz)] (3.14)
This error increases with the difference in slope between glacier surface and bedrock or
equivalently, with the increasing gradients in ice thickness. Sometimes the traces in the
GPR profiles have not been positioned with GPS, but they have been set as equidistant
using an odometer where the initial and ending points are known. In this case we can use the

same procedure but the horizontal accuracy should be estimated. Depending on the length

of the profile, this deviation could be much larger than 5 meters.

Interpolation errors

The ice thickness maps are calculated by means of interpolating the ice thickness data at
the GPR measurement points to unknown locations within a regular grid. This step involves
an interpolation error. A proper estimate of the interpolation error should relate well to the

quantity and the distribution of field data available.
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Different approaches have been followed in the literature for estimating these errors. Some
authors (e.g. Pettersson et al. (2011)) have estimated the interpolation error through cross-
validation techniques. The idea behind these techniques resides in that the most robust
interpolation methods will continue to produce good estimates despite the reduction of the
data point sample. However, when dealing with uneven distributions of data, as happens
with GPR profiles, cross-validation does not infer correctly the interpolation error in areas
where measurements are scarce, leading to a systematic underestimation of the interpola-
tion error. Another commonly used parameter for estimating the interpolation error, in the
case of kriging, is the kriging variance (Cressie, 1990). It is widely used by the geostatistics
community, but it has been criticized for considering only the geometrical arrangement of
the sample data and not being value-based, because it simply assumes that the accuracy
decreases with growing distance to the input data (Rotschky et al., 2007). Our study im-
plements a novel method to account for interpolation error which has been designed to work
with data distributions with a high density of data along particular directions (profiles), often
intersecting, but lacking data in the areas between profiles. Such data distributions are typ-
ical of GPR or seismic profiling, bathymetric studies, etc. Our method aims to calculate an
average interpolation error following the rationale of cross-validation techniques, but taking
into account the variance of the error with the distance to the nearest neighbour. We first
construct a function relating the interpolation error at any given point with the distance to
the nearest GPR-measured data point, named ” Distance-Error Function” (DEF) (see algo-
rithm steps below). Then, we calculate a glacier-wide interpolation error by averaging the
interpolation errors computed by the DEF at each grid point. This method has the added
benefit that it also provides a way to detect and correct any possible bias involved in the
interpolation process. The algorithm of the DEF method, which also integrates an step for

bias correction, is summarized in the following steps:

e Center a blanking circumference with a fixed radio R; on a data point (as shown in
Figure 3.9, left). Interpolate with remaining data falling outside the circumference and
compare the predicted value at the central point of the circumference with the real value
to obtain the discrepancies in that interpolation (shown in Figure 3.9, right). This is
repeated for each data point. The mean of all the discrepancies constitutes the bias for
R;. This bias is corrected by summing it (with sign) to the interpolated values. After
this correction, the standard deviation of all the discrepancies constitutes the error for

Ry
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Discrepancy (m) vs Distance (m)
200
g b
100
-100 -
-200 ¢
e -300 0 200 400 600 800 1000 1200 1400

Figure 3.9: Figure to the left shows the blanking circumferences of growing radios centred on a data
point. Figure to the right displays the discrepancies caused by interpolating after blanking data points
for growing distances.
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Figure 3.10: DBF shows how the bias has negative values that grows with increasing the distance to
the nearest measurement. DEF shows how the error grows with increasing the distance to the nearest
measurement.

The same process is repeated using different values of R=R;,R2,R3..., obtaining mean

discrepancies (bias) and their standard deviations (errors) for each R;.

Distance-Bias Function (DBF): It is generated by fitting a curve to the R;-bias pairs.

An example is displayed in Figure 3.10 left.

Distance-Error Function (DEF): It is generated by fitting a curve to the R;-error pairs.
An example is displayed in Figure 3.10 right.

We apply DBF and DEF to every value in the interpolated grid: for each value in the

grid, we measure the distance to the nearest data point, we add the bias, positive or
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Figure 3.11: Example of a frequency distribution of the corrections for bias at an interpolated grid
(above) and their corresponding RBF (below) in Werenskiéldbreen.

negative, obtained by DBF according to this distance and attribute to the grid value

the interpolation error given by DEF.

Kriging is by definition an unbiased predictor. It holds as long as the data fulfil the kriging
assumptions of normality and stationary of the mean and second-order stationary. Stationary
of the mean assumes that the mean of the interpolated variable is constant between samples
and is independent of location; second-order stationary is the assumption that the covariance
is the same between any two points that are at the same distance and direction apart no
matter which two points you choose. Kriging also relies on the assumption that all the random
errors are second-order stationary, which is an assumption that the random errors have zero
mean and the covariance between any two random errors depends only on the distance and
direction that separates them, not their exact locations. The most straightforward reason
for the bias we find in the interpolation relates with the unfulfillment of hypothesis that
kriging is based on. Another possible explanation for this bias is the overall curvature of
the ice thickness surface, which tends to be convex-shaped (zero thickness are fixed at the
boundary and positive thickness towards the inside) and therefore the interpolation tends to
underestimate the ice thickness as we can see in our negative bias functions.

After an exploratory analysis of the data we identified a global trend in our data. A
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trend is the non-random (deterministic)component of a surface that can be represented by
some mathematical formula. We used a wide range of polynomials in order find the best
trend description and finally chose applying the MSE criterion. After removing the trend,
we continue the variogram analysis by modelling the residuals (the short-range variation in
the surface) and then, the interpolation process. However, after the detrending process we
still detected a remaining bias proving that the global trend has not being removed totally.
Therefore we correct the gridded ice thickness by adding to each node, the bias found for
the distance to each node to the nearest field measurement. For instance, by looking at the
Figure 3.11 we set the bias for a node separated to the nearest measurement by 200 meters,

to be 4.5 meters that will be added to the predicted value.

Ice-thickness error in the grid

To assess the quality of the digital ice thickness model we need to combine the ice thickness
error of the data points with the interpolation error in the grid points. This requires to
evaluate how the ice thickness errors measured at the data points affect the quality of the
interpolated values: in short, we need to move the error from the data to the nodes in the
grid. Measurement errors will affect the value of the ice thickness at every grid cell as they are
weighted combinations from the neighbouring measurement points hg, h; = @(>_ 7%, wihy).
We can approximate the error propagation from the dataset () to the grid nodes (g;)using
the same interpolation function (®),the same neighbour distribution (hx) and weights (wy,)

but applied to the errors instead of to the ice thickness.

g = (Z wk€k> (3.15)
k=1

Once we have estimated for each grid value an interpolation error and a data-derived error,
we can combine them assuming independence between them (although it exist a certain degree
of dependency, it can be disregarded as it of a higher order). Consequently, the ice thickness
error for each grid point (an example is shown in Figure 3.12) is obtained as the root square

of the squared summation between the interpolation error and the data-derived error.

3.7.3 Error in volume

This section deals with the assessment of the error in ice volume calculated from a digital ice

thickness model delimited by a given boundary. As we saw in Section 3.7.2, determining the

o1



3. Methodology to calculate glacier volumes from GPR measurements

Error Map [m]

Figure 3.12: Ice thickness error map

ice thickness at the grid points from the GPR measurement points (which are in turn affected
by measurement errors) involves an interpolation error. Estimating all of these errors, and
their combined effect, is not straightforward. To help in doing it, we will conceptually sep-
arate the errors in volume as that stemming from the uncertainty in boundary delineation,
evp, which we will estimate separately, and, once assumed a given boundary, those incurred
by all other ice thickness error sources at the DEM,ey ;. Once assumed a given boundary
delineation, it is possible to correct for possible biases introduced by the mapping software
employed to construct the grid, and the magnitude of the random pixellation error, ey p;z,
that remains after the removal of the systematic error. Both of them become smaller with
the reduction of the grid size. Of course the pixel size of the satellite image, or the horizontal
positioning error, in the case of ground-based boundary delineations, play the role of a lower
bound in the computation of the pixellation error, so the grid size should be chosen accord-
ingly to avoid unnecessary computational load (the grid size should not be lower than the
pixel size or the error in horizontal positioning). After correction for biases, the magnitude
of the pixellation error is usually negligible as compared with the uncertainty in boundary
delineation that is discussed below. As concerns to how to combine all of these errors, we first
note that the boundary delineation error and the ice thickness error are nearly independent,

so they can be combined as root of the sum of squares:
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3.7. Error estimates

ey =/ebpt+etby (3.16)

Error in volume due to boundary uncertainty

Regarding the uncertainty in boundary delineation, glacier outlines are often defined from
aerial photos or satellite images taken at the end of the summer, when the snow cover on the
terrain surrounding the glacier is expected to be minimal. But, even so, on the valley walls
surrounding the accumulation area often remain snow patches that make difficult the proper
definition of the glacier boundary. Similarly, on the ablation area, near the contact with the
glacier valley walls and also near the snout of land-terminating glaciers, the presence of debris
makes difficult a proper interpretation of the glacier limits. These errors are strongly glacier-
dependent (e.g. they depend on glacier orientation and altitude of surrounding mountains,
and associated shadowing, and on the slope and petrology of glacier valley walls, among other
factors) and their estimation is subject to strong uncertainties, even in the case of boundaries
delineated from ground-based measurements such as GPS positioning of the glacier outlines.
Bernard et al,.(2013) analyse the bias occurred for this reason in Austre Lovénbreen, a small
mountain glacier in north west Spitsbergen. This error can result in positive or negative
net errors for individual cases, but we assume a zero mean error. This error in boundary
delineation not only influences the glacier area but the glacier volume. We refer to this error as
boundary uncertainty-related volume error. This error in area implies a corresponding error
in volume, which could at a first glance be thought to be not large, because the uncertainty in
boundary delineation occurs where the ice thickness is expected to be smallest, namely near
the zero-thickness points at the contact with the glacier valley walls and at the glacier front
of land-terminating glaciers. However, the relatively scarce coverage of the glacier surface
by the radar profiles, especially near the glacier walls, implies that an improper definition of
the glacier limits has an impact on the ice thickness interpolation that extends well into the
glacier.

To estimate this error, we define the boundary uncertainty as a fraction (p) of the total
glacier area, A. Following a conservative criterion, we evaluate ey p as the increment in the
volume of the ice thickness-DEM when we change the glacier area by an amount pA. In the
DEM, this corresponds to a shift in the glacier boundary in / outwards (note we don’t consider
random shifts at each point in the boundary but simultaneous increases or reductions of the

area).
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v A=eH,/2

Figure 3.13: Volume error induced by boundary uncertainty

We first evaluate the volume involved in this error considering a land-based glacier, with
a zero ice thickness boundary. Figure 3.13 shows in a a cross-section of a glacier how a shift
in the boundary impacts the ice thickness in the inner parts until reaching the nearest GPR
measurement. The error section (in green) is eH,,/2. This triangle is characterized by the
glacier mean values: e is the horizontal distance of the boundary shift, H,, is the mean ice
thickness for a distance d between the boundary and the closest GPR measurement. Based
on our experience, we estimate H,, as half of the mean ice thickness of the glacier. If we make
a three-dimensional extension of this error section, we get an error ring around the glacier
with a triangular section. An approximation to the volume involved is a triangular-based
prism with length equal to the perimeter of the glacier boundary. Given that pA = ex d, we

do not actually need to know e neither d. So the volume of the prism:
1
EVB = va (3.17)

is a reasonable approximation to the volume error induced by uncertainty in the glacier
boundary definition. We have choose as uncertainty in boundary delineation the 8 % error in
area estimated for the most recent Svalbard glacier inventory (Koning et al., 2013) for land

based glaciers.

In cases where the glacier boundary is not completely zero-ice thickness defined (i.e. if ex-
isting calving fronts or ice divides) we can still use Equation 3.17 but including a weight for
the land based area fraction f;. The remaining area (where the boundary has non zero thick-
ness), the volume involved is obtained by multiplying the non-zero boundary area fraction

by the mean thickness in found in the non-zero boundary.
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3.7. Error estimates

Error in volume error due to ice-thickness errors

Considering a given error free glacier boundary, we are now estimating the ey, that is the
error in volume induced by the ice thickness errors at the grid cells. We already expressed
the glacier volume as as sum of the individual cell volumes (Equation 3.10). To estimate
this error we want to know to what extent exits correlation between the grid values. This is
estimated from the semivariogram (explained in Section 3.6.2) relating the correlation of ice
thickness measurements (from GPR) with the distance. The range, R, of the semivariogram
(Figure 3.8) indicates the maximum separation distance where we can expect correlation
between pairs of points. We use this distance to estimate a number of independent data
points we have in the grid. Let’s break the glacier in a number Ny independent subgrids in a
way that their centres are separated among each other by a distance R. We can also consider
anisotropy (Cressie, 1988) to obtain the range in the two orthogonal directions R,, Rp, so we
consider Ny independent subgrids keeping distances R,, R, among their centres. We then
estimate Ny as the number of rectangular subgrids with lengths R,, Rp could be fit within

the glacier area.

(3.18)

Taking into account that N is the total number of grid cells within the glacier DEM, each
independent subgrid will contain an average value of N/Ng cells, with area Ap = (N/Ng)A.
We can write Equation 3.10 as the summation of the products of the area Ag; and mean
ice thickness Hp; of each independent subgrid. As the glacier ice thickness-DEM has been
divided in Ng independent subgrids we can now estimate the total ice thickness-derived
volume errors the root square of the squared summation of the volume errors, ey g, , in each

of the Ng independent subgrids.

(3.19)

This is a conservative approach as within each subgrid we consider a lineal positive depen-
dency between the all cell values (summing their standard deviations). That is how we get the
cumulative error within each independent subgrid, ey g;, summing the ice thickness-derived
volume errors in each of the N/Ng cells within each subgrid. The error in each cell in the

grid is expressed as the product of the cell area (A.) and the ice thickness error in that cell.
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3. Methodology to calculate glacier volumes from GPR measurements

So the error in each independent subgrid is:

N/Ng
EVR; = Z Acem, (3.20)
k=1 .
J
can be also expressed as:
Np [N/Ng 2
EVH = Ag Z Z €H, (3.21)
j=1 \ k=1

J

To evaluate Equation 3.21 we would need to know which exact cells lie within each inde-
pendent subgrid; we would linearly sum their errors and then make a squared summation
between the independent subgrids. However this can be simplified by characterizing glacier
DEM with a unique value of the ice thickness error, ey that is the standard deviation of the
random variable ice thickness error, calculated as the mean square of the ice thickness errors

(em,) of the N grid cells of the glacier ice thickness-DEM.

3.7.4 Tests performed on synthetic glaciers

To test the performance of our method, we have compared the estimated and real ice
thickness-derived volume error on a sample of synthetic glaciers. Synthetic glaciers were
generated interpolating real ice thickness profiles into regular grids using different interpola-
tion methods except with kriging. Then, we calculated the exact volumes for each synthetic
glacier ice thickness-DEM. A sample of ten synthetic glaciers were generated.

Then, we asked experienced people to draw different simulated GPR profiles over the syn-
thetic models and extracted ice thickness from the model. We used those synthetic profiles to
perform a kriging interpolation and calculated a set of synthetic volumes and errors following
our methodology for error estimation. We also calculate the error assuming each node as an
independent variable. Results are shown in Table 3.4, and clearly confirm the dependency
among the errors as the total volume error becomes negligible when composed as independent
variables. Kriging variance systematically yields to greater errors representing a conservative
error estimation. Finally, the error calculated according to our methodology performs better

in all the cases studied here, giving a more accurate description of the volume differences.
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Table 3.4: Volume error computation on synthetic glaciers

Glacier || Vol. interp. | Error | Error as independ. | Kriging Variance | Real Vol.
(km?®) | (km?) (km?) (km?) (km?)
Syn. 1 2.80 0.10 0.001 0.21 2.88
Syn. 2 1.02 0.05 0.0001 0.08 1.04
Syn. 3 0.44 0.02 0.0001 0.05 0.45
Syn. 4 0.43 0.03 0.0001 0.08 0.45
Syn. 5 1.24 0.09 0.0001 0.12 1.28
Syn. 6 1.30 0.04 0.001 0.13 1.27
Syn. 7 0.991 0.05 0.001 0.10 1.04
Syn. 8 0.993 0.05 0.001 0.16 1.04
Syn. 9 2.76 0.13 0.001 0.27 2.88
Syn. 10 0.46 0.02 0.0001 0.06 0.45
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Chapter 4

An inventory of Svalbard
radio-echo sounded glaciers and

thelr assoclated volume estimates

4.1 Outline

The potential contribution of glaciers and ice caps (GICs) to sea-level rise (SLR) depends
on their total volume, and therefore its estimation has recently received much attention. In
2012, the number of glaciers with catalogued volume estimates was only 271 (Cogley, 2012).
Due to the scarcity of ice thickness measurements, the global estimates of the volume of
GICs are based either on volume-area scaling relationships (e.g. Radi¢ and Hock (2011),
Grinsted (2013)) or on physically-based models (Huss and Farinotti, 2012), as presented in
Chapter 2. We aim to derive a regional V-A scaling relationship to obtain a reliable estimate
of the total ice volume stored in Svalbard glaciers, and therefore to assess its total potential
contribution to sea-level rise. The volume data will be based on GPR-retrieved ice- thickness
measurements on Svalbard glaciers. We have gathered all the available information related to
radio-echo soundings carried out in Svalbard in an updated inventory of radio-echo sounded
glaciers. Glacier areas and other glaciological parameters such as length or maximum and
minimum altitude are available from the updated version of the Digital Glacier Database for
Svalbard (Koning et al., 2013). In this chapter we review the radio-echo soundings carried
out in Svalbard and present the ice-thickness distribution for 40 glaciers in Spitsbergen, in
addition to that for the ice caps of Austfonna and Vestfonna, and give their computed volumes

and associated error estimates. Whenever our volume estimates differ from some previously
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4. Inventory of Svalbard radio-echo sounded glaciers and volume estimates

published values, we discuss the reason for the discrepancies. Finally, we briefly discuss on
the polythermal structure of the studied glaciers on the light of the scattering pattern visible

in the available radargrams.

4.2 History of echo soundings in Svalbard aimed to ice-thickness

measurements

The earliest radio-echo soundings made in Svalbard was carried out on a small glacier, Fox-
fonna, in 1972, related to the assessment of a coal mine in the Adventfjorden region (Liestol,
1974). Some later, during the summer seasons in 1974-1975 and in 1978-1979, researchers
from the former Soviet Union conducted extensive helicopter-borne GPR campaigns, obtain-
ing ice thickness data from 87 Svalbard glaciers (including glacier tributaries), from which
around 85% were mountain glaciers. The total length of radar profiles reached about 2000 km
(Macheret, 1981; Macheret and Zhuravlev, 1982). Airbone-based measurements were taken
approximately along the centre line of the glaciers (positioning was visually determined) us-
ing high frequency radar equipments, of 440 and 620 MHz. During the first two field seasons
(1974-1975) they used a 440 MHz standard altimeter, whereas for the last two seasons (1978-
1979) a special-purpose 620 MHz radar equipment was used. They also performed detailed
ground-based echo soundings on some glaciers (Austre Broggerbreen, Voringbreen and Boger-
breen) to determine the ice thickness distribution, subglacial relief and internal layers, and
other radio-physical properties (Macheret and Zhuravlev, 1982). In spring 1980, a joint team
from the Norsk Polarinstitutt (NPI) and the Scott Polar Research Institute (SPRI) performed
740 km of airborne echo soundings in Svalbard using a SPRI MkIV 60 MHz equipment de-
signed originally for deep cold ice in Antarctica and Greenland (Dowdeswell et al., 1984a),
and bed reflections were detected for about 50% of the total profile length. They studied
45 Spitsbergen glaciers, some of them coincident with those formerly studied by the Soviet
researchers. In April 1983 and in May 1986, the NPI and SPRI performed airborne echo
soundings over Nordaustlandet (Dowdeswell et al., 1986), the island of Kvitgya (Bamber and
Dowdeswell, 1990) and the ice masses of Barentsgya and Edgegya (Dowdeswell and Bamber,
1995) using the same SPRI MkIV 60 MHz equipment that successfully worked in the previous
campaign. For positioning they used a ranging system (accurate to +30 m) from aircraft to
ground-based transponders, located by satellite georeceivers, supplemented by the aircraft’s

navigational instruments and timed crossings of known features. They extensively flew over
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4.2. History of echo soundings in Svalbard aimed to ice-thickness measurements

Austfonna (the eastern ice cap of Nordaustlandet and the largest in Svalbard), recording pro-
files every 5 km apart, whereas a 15 km-spaced grid was flown over Vestfonna. In the islands
of Barentsgya and Edgesya they recorded ice thickness and elevation data along 340 km of
flight tracks. Ice thickness maps and subglacial bedrock maps were produced for the first
time in these areas. Dowdeswell et al. (1984a) explain the discrepancies between the results
obtained from the Soviet and the SPRI-NPI campaigns. The maximum ice thickness recorded
by the Soviets with the GPR operating at 440 MHz was 250 m, whereas the maximum pen-
etration of the 620 MHz equipment was 540 m due to the antenna gain. The SPRI MkIV
sounder recorded a maximum ice thickness of 530 m in 1980. Soviet echo soundings made at
440 MHz did not reach the glacier bedrock in most cases and it led to the misinterpretation
of any continuous internal reflection as basal. Reasons for discrepancies with the 620 MHz
sounder are not that obvious (since both penetrated approximately similar depths), but echo
sounding results from Soviet soundings in Negribreen, Hansbreen and Penckbreen show an
inner layer reflection rather than a bed reflection. On the other hand, radio-echo sounding
during 1980 with the SPRI MkIV 60 MHz system had two principal advantages over the
Soviet 620 MHz equipment: sounding was conducted at a lower radio frequency and flying
took place before the start of the melting season. Both reduce the effects of absorption and
scattering by inhomogeneities within and on the surface of the glaciers (Dowdeswell et al.,
1984Db). In a later compilation, (Macheret et al., 1984) acknowledged these errors. They
omitted 26 of the 57 glaciers, modified others and left the estimates for others unchanged.

Airborne echo soundings from the seventies and eighties are a valuable source of information.
They provided the largest number of glaciers ever sounded in Svalbard up-to-date, giving
an insight on the overall ice volume of Svalbard glaciers through Svalbard-specific scaling
relationships (e.g. Macheret and Zhuravlev (1982), Hagen et al. (1993)), and confirmed their
overall polythermal structure. However, due to the available technology at the time, their
quality standards are quite poor as compared with present ones, for example as concerns
to positioning systems. We have already mentioned the problems of the high-frequency sys-
tems to receive echoes from the glacier bed, often leading to underestimate the ice thickness.
The 60 MHz SPRI system recorded the bed reflection 2-3 times deeper on many glaciers
(Dowdeswell et al., 1984b), seeming to be correct within £10% (Hagen and SeeTrang, 1991).
But neither the Soviet nor the SPRI equipments received any bed echoes from most of the
accumulation areas due to the subpolar hydrothermal regime of most Svalbard glaciers, with

ice under the accumulation areas usually at the melting point throughout due to firn soaking
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during the summer (Hagen and SaTrang, 1991). This causes an increase of the absorption

and scattering of radio signals, specially at high frequencies.

4.3 Inventory of radio-echo sounded glaciers in Svalbard

Glacier volume computations are based on GPR-retrieved ice-thickness data. Therefore a
GIS-based inventory of all echo-sounded glaciers in Svalbard has been developed in the con-
text of this thesis, being also one of the objectives of the ESF PolarCLIMATE-Svalglac
project. The location of the radio-echo sounded glaciers on Svalbard are shown in Figure
4.1, for Spitsbergen, the largest island of the Svalbard archipelago, and in Figure 4.2, for its
surrounding islands Nordaustlandet, Barentsgya and Edgegya.

The inventory is organized on a fieldwork-base, so each different GPR fieldwork campaign,
although not specifically focused in the determination of glacier volumes, yield to an entry in
the database. There are a total of 313 entries in the inventory that corresponds to 155 different
glaciers. However we have determined the glacier volume of just 103 glaciers. The reason
for this discrepancy is due to the interest of some GPR campaigns was sometimes restricted
to a specific area in the glacier (e.g. to study a englacial channel or to survey the glacier
front) where the bunch of measurements were concentrated, meanwhile the remaining glacier
area was not surveyed. The oldest compiled echo-soundings are from 1974 and the newest
corresponds to the fieldworks carried out in 2013. The old airborne-based echo soundings
(Macheret and Zhuravlev, 1982; Dowdeswell et al., 1984a) embody about a 40% of the entries
in the inventory, although as it has been pointed out, some of them lacked in accuracy and
some did not reach the bottom of the glacier. 15 entries are not due to radio-echo sounding
but to CMP measurements. They are included in this inventory as they are of interest when
using GPR data.

Table 4.1 summarizes the meta-data that has been compiled for each item in the inventory
database. Every glacier included in the inventory has an ID code following the nomenclature
introduced by Hagen et al. (1993) or its updated version included in the Digital Glacier
Database for Svalbard (Koning et al., 2013). Surge dates are assumed to be complete for
tidewater glaciers. However, some land-based glacier surges could be missing. GPR data
were requested to the different research groups to carry out an homogeneous processing of
the glacier volume estimates and error assessments, as described in Chapter 3. We collected
actual GPR ice-thickness data for 36 glaciers, while for 6 others, including the ice caps of

Austfonna and Vestfonna, we obtained ice-thickness maps. In cases in which neither GPR ice-
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Legend
[ Echo-sounded glaciers
B Gsnol

<(-( Airborne based

0 25 50 Kilometers
I T T N

Figure 4.1: Radio-echo sounded glaciers on Spitsbergen. Each glacier is numbered according with the
inventory of echo-sounded glaciers available in the Appendix. Airborne echo soundings, mostly done
during the seventies and eighties, are denoted by an aeroplane icon. The echo soundings carried out
by our research team and colleagues appear as red-coloured. The figure also shows the locations where
common mid-point measurements (CMP) have been done for calculating the radio-wave velocity.
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125

124

Figure 4.2: Radio-echo sounded glaciers on Nordaustlandet (left) and the islands of Barentsgya and
Edgegya (right). The numbering is according with the inventory of echo-sounded glaciers in the
Appendix.

thickness data nor ice-thickness maps were available, but published volumes estimates made
with sufficient and reliable data could be found, these were also included in our database of

glacier volumes.

4.3.1 Available GPR data

Ground-penetrating radar in glaciology is one of the research focus of the Group of Numer-
ical Simulation in Science and Engineering (GSNCI) of the Technical University of Madrid
(UPM), to which the author of this thesis belongs. Figures 4.1 and 4.2 show the glaciers where
extensive radio-echo soundings have made by GSNCI, often together with Russian colleagues,
and occasionally with Polish and Norwegian colleagues, during fieldwork campaigns starting
in 1999. They are mostly distributed over two regions, western Nordenskiold Land (central
Spitsbergen) and Wedel Jarlsberg Land (southern Spitsbergen). In western Nordenskiold
Land, data from thirteen glaciers were collected during several field campaigns between 1999
and 2013 in a joint venture with Russian colleagues (Martin-Espanol et al., 2013), whereas in
Wedel Jarlsberg Land we collected GPR data from eight glaciers during fieldworks between
2004 and 2011 in cooperation with our Polish colleagues (Navarro et al., 2013).

As commented in the background Chapter 1, this thesis has been developed in the con-
text of the ESF-PolarCLIMATE SvalGlac project. This has promoted the interaction and
collaboration with many other research institutions that have worked on Svalbard, and has
facilitated the collection a large amount of available GPR data sets. Table 4.2 summarizes

the radar data sets that we have gathered from different research teams, with detail of the
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Table 4.1: Meta data compiled in the Inventory of radio-echo sounded glaciers in Svalbard.

Meta-data Explanation
Glacier
ID According to the Randolph Glacier Inventory

Glacier name
X-cent
Y-cent

Glacier type

Thermal structure
Bathymetries
Boreholes
Surge
Contact Person

Reference

According to the Randolph Glacier Inventory
Approx. position of the glacier centre (UTM coordinate)
Approx. position of the glacier centre (UTM coordinate)

Tidewater, land-based, ice cap
Temperate, cold, polythermal
If any available, source and year
If any available, source and year

If any recorded, source and year

If published

Fieldwork

Year
Radar model
Frequency
RWV
Platform
Comments

Data availability

Manufacturer and model
Central frequency of the radar system (MHz)
RWYV used for time to thickness conversion (mus™)
Type of convoy to mount the GPR
e.g. CMP measurement

Yes / No

radar equipments used, their central frequency and the total length of radio-echo

profiles.
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Table 4.2: GPR surveys, with listing of radar equipment used and total number of km of radar profiles
done on each glacier. An asterisk next to the year of the campaign indicates that the radio-echo
sounding was done by our research team, often together with Russian/Polish/Norwegian colleagues.
Further details, such as the research teams responsible for the fieldwork, are listed in the Inventory in

the Appendix.

Glacier Profile Year Radar equipment Region
length (km)
Austre Brgggerbreen 38 1988 Mark IT - 8 MHz
Austre Lovénbreen 48 2006 PulseEKKO - 50 and 100 MHz
g,
S
Midre Lovénbreen 50 1990 Synthetic pulse radar 5-20 MHz =
g
1998 HAESCAN IIIv2 - 50 MHz %0
M
2006 PulseEKKO - 50 and 100 MHz
Pedersenbreen 46 2009 PulseEKKO - 100 MHz
Bertilbreen 4 2012 RAMAC - 100 MHz =
=
Bertrambreen 8.5 2012 RAMAC - 100 MHz §
g
)
Svenbreen 34 2012 RAMAC - 100 MHz
Hornbreen 61 2000 RAMAC - 50 MHz c‘é@
E
Stauppbreen 7 2000 RAMAC - 50 MHz e
Hoganasbreen 30 2001 PulseEKKO - 50 and 100 MHz
2002
o
Marthabreen 49 2005 RAMAC - 50 and 6.5 MHz %
5
2007 RAMAC - 50 MHz ~
2009 RAMAC - 50 MHz
Slakbreen 52 2000 PulseEKKO - 50 and 100 MHz
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Table 4.2: GPR surveys, with listing of radar equipment used and total number of km of radar profiles
done on each glacier. An asterisk next to the year of the campaign indicates that the radio-echo
sounding was done by our research team, often together with Russian/Polish/Norwegian colleagues.
Further details, such as the research teams responsible for the fieldwork, are listed in the Inventory in

the Appendix.

Glacier Profile Year Radar equipment Region
length (km)
2001
2002
Varpbreen 8 2002 PulseEKKO 50 and 100 MHz
Tellbreen 30 2004 | PulseEKKO, RAMAC - 50, 100 MHz
2005
e
=
2009 3
.=
2010 =
=
5}
g=
Larsbreen 6 1994 Synthetic pulse radar - 30-80 MHz £
E
320-370 MHz g
@)
Lonyearbreen Km 1994 Synthetic pulse radar - 30-80 MHz
320-370 MHz
Blekumbreen 14 2013* VIRLG - 20 MHz
Aldegondabreen 40 1999* VIRL2 - 15 MHz <
e
i
Baalsrudbreen 8 2013* VIRL6 - 20 MHz 5
3
i
Dalhfonna Austre 8 2010* VIRLG - 20 MHz g
E
Dalhfonna Vestre 2 2012* VIRLG - 20 MHz ~
8
=
Erdmanbreen 31 2012* VIRL6 - 20 MHz
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Table 4.2: GPR surveys, with listing of radar equipment used and total number of km of radar profiles
done on each glacier. An asterisk next to the year of the campaign indicates that the radio-echo
sounding was done by our research team, often together with Russian/Polish/Norwegian colleagues.
Further details, such as the research teams responsible for the fieldwork, are listed in the Inventory in

the Appendix.

Glacier Profile Year Radar equipment Region
length (km)
Fridtjovbreen 180 2006* RAMAC - 200 MHz
2012* VIRL6 and VIRL7 - 20 MHz
Gleditchfonna 19 2011* VIRLG6 - 20 MHz -
g
=
Grgnfjorbreen Austre 53 2010%* VIRL6 - 20 MHz 5=
%S
i
Grgnfjorbreen Vestre 102 2010* | VIRL6 - 20 MHz, RAMAC - 100 MHz g
&
Marstranderbreen 22 2013 VIRLG6 - 20 MHz é
2
Passtjelbreen Austre 18 2013* VIRLS6 - 20 MHz
Passtjelbreen Vestre 9 2013* VIRLS6 - 20 MHz
Tavlebreen 18 2010* | RAMAC, VIRL6-7 - 200, 100, 20 MHz
Tungebreen 13 2011%* VIRLS6 - 20 MHz
Ariebreen 7 2006* RAMAC - 200 MHz
2007 RAMAC - 25 MHz
2009 RAMAC - 25 MHz
E
Finsterwalderdbreen N/A 1994 Synthetic pulse radar - 30-80 =
£
320-370,600-650,950-1000 MHz —ﬁ
=
Hansbreen 90 2008* RAMAC - 25 MHz G
=
2009°* VIRL6,7 - 20 MHz
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4.3. Inventory of radio-echo sounded glaciers in Svalbard

Table 4.2: GPR surveys, with listing of radar equipment used and total number of km of radar profiles
done on each glacier. An asterisk next to the year of the campaign indicates that the radio-echo
sounding was done by our research team, often together with Russian/Polish/Norwegian colleagues.
Further details, such as the research teams responsible for the fieldwork, are listed in the Inventory in

the Appendix.

Glacier Profile Year Radar equipment Region
length (km)
2011* VIRL7- 20 MHz)
Paierlbreen 73 2004* VIRLG - 20 MHz
2006* VIRL6,7 - 20 MHz
2008* RAMAC- 25 MHz
2011* VIRL7 - 20 MHz
Recherchebreen 51 2009 RAMAC - 25 MHz
E
2011%* VIRL?Y - 20 MHz =
g
Renardbreen 42 2008 RAMAC - 25 MHz =
=
Scottbreen 10 2010 RAMAC - 25 MHz %5
=
Torellbreen Austre 73 2004* VIRL6 - 20 MHz
2006* VIRL6,7 - 20 MHz
2011* VIRL7 - 20 MHz
2013 RAMAC- 30 MHz)
Werenskioldbreen 37 2008 RAMAC - 25 MHz
Austfonna ice cap 4800 1983 SPRI MKIV - 60 MHz kS
g
1986 SPRI MKIV - 60 MHz %
E
2007 DTU- 60 MHz Z
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Table 4.2: GPR surveys, with listing of radar equipment used and total number of km of radar profiles
done on each glacier. An asterisk next to the year of the campaign indicates that the radio-echo
sounding was done by our research team, often together with Russian/Polish/Norwegian colleagues.
Further details, such as the research teams responsible for the fieldwork, are listed in the Inventory in
the Appendix.

Glacier Profile Year Radar equipment Region
length (km)
2008* VIRL6- 20 MHz
Vestfonna ice cap 880 1983 SPRI MKIV - 60 MHz g
E
1986 SPRI MKIV - 60 MHz §
=
g
2008 Pulsed radar system- 10 MHz Z.
2009 Pulsed radar system- 10 MHz

4.4 Ice-thickness maps and glacier volumes

Following the data assimilation, interpolation and error estimation techniques described in
Chapter 3, we have compiled the ice-thickness maps for the glaciers whose ice-thickness data
were available from radio-echo sounding surveys, and calculated their volumes and associated
error estimates.

There were some exceptions in which the original GPR (X,Y,H) data were not available:
from certain sources we got interpolated ice-thickness maps in digital version, or maps show-
ing the ice thickness contour lines in paper version, or internal reports displaying the GPR
profiles over the glacier together with their volume calculations. This was valuable infor-
mation that we took advantage of, though in each case it was required a particular data-
treatment procedure. Glacier volume can be directly inferred from ice-thickness maps, and
thus the glacier volumes given in Table 4.3 do not differ from the original volume estimates.
In these cases the interpolation method is normally unknown, as is the measurement and
interpolation error, unless given in any available publication. Within our dataset, we faced
this situation for Finsterwalderbreen and Tellbreen and the two largest ice caps, Austfonna
and Vestfonna. In the case of Tellbreen, it existed a volume error estimate in the original

reference (Beelum and Benn, 2010), and that is the one used in Table 4.3. The volume of
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4.4. Ice-thickness maps and glacier volumes

Finsterwalderbreen was published in Nuttall et al. (1997) and in Nuttall (2001) but it lacked
an estimate of its accuracy. The volume of Vestfonna ice cap was published in Pettersson
et al. (2011), accompanied by its error estimate. However, the latter seemed unreasonably
low and, consequently, we recalculated it from the individual error sources following the tech-
nique described in Section 3.7. The ice volume of Austfonna ice cap has been published in
(Dowdeswell and Benham, 2008), and some later in Dunse (2011). Neither of them gave a
volume error estimate, although they gave error estimates for the individual error sources
contributing to the error in volume. Consequently, we calculated the error value appearing in
Tables 4.3 and 4.3 from the mentioned error sources, following the methodology explained in
Section 3.7. The volume of Austre Brgggerbreen was calculated from the digitization of the
ice-thickness contour lines previously published by Bjornsson et al. (1996). This volume lacks
an error estimate. The last exceptions are those of Longyearbreen and Larsbreen, where the
only available information was a report displaying a layout of the GPR profiles. Fortunately
it contained the ice volume estimates for both glaciers, which we have included in Table 4.3.
For these last two cases, we give the illustrations from the original sources in figures 4.5d and

4.5e.

The computed glacier areas and volumes are shown in Table 4.3, together with their error
estimations, computed as explained in Section 3.7. We also show descriptive values of the
glaciers such as the mean (Heqn) and the maximum values (Hq,), with their attached
uncertainties eg,. ... and g, ... The errors egpr and egpg correspond to the root mean
squared summation of the variables eggpr and eggps defined in Section 3.7 and calcu-
lated for each measured data. The error £y, is the root mean squared summation of the

interpolation error g, defined in Section 3.7 and calculated on each node of the grid.

The individual areas, volumes and average ice thickness of the glacier units analysed cover a
wide range of values, lying within 0.373-8105 km?, 0.01-2559 km? and 27-319 m, respectively.
The maximum recorded ice thickness, 619413 m, corresponds to Austre Torellbreen, in the
Amundsenisen Icefield, Wedel Jarlsberg Land, although deeper ice thickness have been found
in this icefield, reaching 646+13 m in the glacier basin of Vestre Torellbreen (personal com-
munication from Evgeny Vasilenko). The largest average thickness (319+£30 m) corresponds
to the Austfonna ice cap. The total area and volume of the ensemble of Svalbard glaciers for
which we have available ice volumes computed from GPR data are 11,473.344338.35 km?
and 3,135.731+£123.341 km?, respectively. The relative errors in volume are in general below

10%, except for Midre Lovénbreen and Tellbreen. In Tellbreen, as commented above, we used
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4. Inventory of Svalbard radio-echo sounded glaciers and volume estimates

the error estimate given in the original source (Baelum and Benn, 2010). In Midre Lovénbreen
we computed the individual error sources, any of them leading to values larger than aver-
age,as shown in Table 4.3. We find the reason to this large volume error in the high degree
of correlation among the data, deriving a high dependency among the errors calculated at
each grid cell an a consequent large final volume error(see Section 3.7.3). In general, we have
obtained errors larger than those usually found in the literature, which we believe that are
unrealistically small because they are often based on the assumption that all error sources
are independent.

Figures 4.8 to 4.11 show the location of the different studied regions in Svalbard, the layout

of the GPR profiles made on each glacier, and the corresponding ice-thickness maps.
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4.4. Ice-thickness maps and glacier volumes
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Figure 4.3: GPR profiles carried out on western Nordenkitld Land glaciers, undertaken by GSNCI
and collegues from the Russian Academy of Sciences between 1999 and 2013. Published results can
be found in Navarro et al. (2005); Lavrentiev et al. (2011) and Martin-Espatiol et al. (2013).
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Figure 4.4: Ice thickness map of West Nordenkitld Land glaciers (Martin-Espafiol et al, 2013). The
individual areas, volumes and average ice thickness lie within 2.6-50.4 km?2, 0.08-5.48 km? and 27-
108 m, respectively. The maximum recorded ice thickness, 265+15 m, corresponds to Fridtjovbreen,
which has also the largest average thickness (108+£1m). The total area and volume of the ensemble
are 133.2144.53 km? and 10.81740.275 km?, respectively.
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Figure 4.5: Ice thickness map and GPR profiles on Central Nordenskiold Land glaciers. GPR data
from Larsbreen and Longyearbreen were provided by J.O. Hagen from Oslo University and were
published in Etzelmiiller et al. (2000). Data from Tellbreen was provided by D.Benn (UNIS) and their
published study on this glaciers is found on Beelum and Benn (2010). Radar data on Blekumbreen
were obtained by GSNCI and colleagues from the Russian Academy of Sciences in spring 2013.
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Figure 4.6: Ice thickness map and GPR profiles on three glaciers located on Dickson Land. These
GPR surveys were undertaken and provided by K.Malecki, from Adam Mickiewicz University (Malecki,
2013). They have an average ice thickness of 66+8 m, and the maximum depth is reach in Betrambreen
at 147+3 m.
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4.4. Ice-thickness maps and glacier volumes

4.4.1 Comparison with other volume estimates in the literature

For some of the studied glaciers there are previous volume estimates in the literature. Some
of them, even if being based on the same GPR data sets, report glacier volumes slightly

different from those given here. We explain below the reason for the differences.

The majority of the glacier volumes previously reported for Svalbard glaciers were based
either on volume-average thickness relationships (Hagen et al., 1993) or on estimates using
airborne radio-echo sounding data along glacier centre lines and assuming a parabolic cross-
section (Macheret and Zhuravlev, 1980; Macheret, 1981; Macheret and Zhuravlev, 1982).
These volumes are part of Cogley’s compilation of worldwide glacier volumes (Cogley, 2012).
Compared against our volume estimates, the previous estimates of areas and volumes are
larger, as is expected considering the overall thinning of Svalbard glaciers during the recent
decades (Nuth et al., 2007, 2010). The only exception is that of Recherchebreen, simply
because the glacier boundary has been modified incorporating some tributary glaciers to the
main basin. Excluding this case, the volume estimates available at Cogley’s compilation are
about 28% larger than our volume estimates and 16% larger their respective areas. However,

these changes do not imply significant changes in the volume-area relationship.

The volume of Aldegondabreen reported in Navarro et al. (2005) was 0.558 (km?), without
an accompanying error estimate. Our present volume estimate, based upon the same GPR
field data, is about 16% smaller. This discrepancy is mostly introduced by the removal, in
our volume estimates, of the radar profiles parallel and close to the very steep side walls of
Aldegondabreen. This was recommended by the results of our crossover analysis described
in Section 3.3. Removing such profiles resulted in smaller glacier thickness near both the
northern and southern side walls. In these areas, a large amount of seasonal snow remains
accumulated in early spring and, given the high RWV of dry snow (typically 215-255 mus~*,
e.g. Harper and Bradford (2003)), the glacier thickness calculated for these zones by Navarro

et al. (2005) are expected to be overestimated, leading to a larger total volume.

Our volume estimate for Hansbreen, a tidewater glacier in Wedel Jarlsberg Land, is about
1 km3 (9%) smaller than that recently published in Grabiec et al. (2012). The main reason
is that the outlines of this glacier in the Digital Glacier Database for Svalbard (used here)
and in Grabiec et al. (2012) differ substantially at the ice divide between Paierlbreen and
Hansbreen, implying a difference in the surface area of Hansbreen, which is some 8 km? larger
in the Digital Glacier Database for Svalbard. Additionally, Grabiec et al. (2012) used a lower

RWYV (164 m ps~!) for the time-to-depth conversion, thus further contributing to a smaller
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volume.

Saintenoy et al. (2013) calculated the ice volume of Austre Lovénbreen as 0.3487+0.041
km3, a 7% smaller than our estimate. The most likely reason for this discrepancy is that
they considered a different glacier boundary, implying a surface area of 4.6 +0.28 km?, which
is 9% smaller than the one that we used.

Malecki (2013) calculated the volumes of the glaciers in the region of Reindalen using a
slightly different glacier boundary. The most noticeable change occurred in Bertranbreen, a
glacier partially bounded with an ice divide. The impact in the volume computation is larger
if the shift of the glacier boundary happens with an ice divide, where the ice thickness are
larger, than with a land-terminating glacier. In this case, both the glacier area and volume

computed in Malecki (2013) was smaller than those reported in Table 4.3.

4.4.2 Review of the thermal structure of the analysed glaciers

The presence or absence of scattering in the radargrams has often been used to interpret the
hydrothermal structure of the glacier (e.g. Navarro and Eisen (2010)). On this basis, the
majority of the radio-echo sounded glaciers in Svalbard have been interpreted as polythermal,
with an upper layer of cold ice (at temperature below the pressure melting point) on top of a
temperate ice layer (temperature at the pressure melting point) in their ablation zones, and
temperate ice below the firn layer in the accumulation zones (Pilli, 2003). We summarize
below the main interpretations of the hydrothermal structure of Svalbard glaciers found in
the literature, with emphasis on the two main regions which have been the focus of the GPR

fieldwork by our research team (GSNCI), together with Russian and Polish colleagues.

o Wedel Jarlsberg Land: To our knowledge, the hydrothermal structure of the glaciers
studied in this region has been discussed in the literature for Hansbreen (e.g. Dowdeswell
et al. (1984b,a); Macheret and Zhuravlev (1982); Jania (1996); Moore et al. (1999); Pélli
et al. (2003a); Grabiec et al. (2012)), Recherchebreen (e.g. Dowdeswell et al. (1984b);
Macheret and Zhuravlev (1982)), Werenskioldbreen (e.g. Dowdeswell et al. (1984b,a);
Macheret and Zhuravlev (1982); Palli et al. (2003a)), Finsterwalderbreen (Odegard
et al., 1997) and Ariebreen (Lapazaran et al., 2013), all of them polythermal except
the latter, which is entirely made of cold ice. We have recently interpreted that Austre
Torellbreen, Paierlbreen, Renardbreen and Scottbreen have also a polythermal structure

(Navarro et al., 2013).
e Western Nordenskiold Land: The hydrothermal structure of Fridtjovbreen, prior to its
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surge in the nineties (Murray et al., 2003), was interpreted from airborne (Macheret and
Zhuravlev, 1980; Dowdeswell et al., 1984b) and ground-based (Glazovsky et al., 1991)
radio-echo sounding data. However, neither the Russian (Macheret and Zhuravlev,
1980; Macheret, 1981; Macheret and Zhuravlev, 1982) nor the British (Dowdeswell et al.,
1984b,a) echo soundings revealed the polythermal structure of Austre Grenfjordbreen
shown in our GPR data. Neither was the Russian airborne echo sounding able to de-
tect the polythermal structure of Aldegondabreen, though it was later inferred from
ground-based GPR (Navarro et al., 2005). GPR data from our campaigns 2010 on-
wards have revealed the polythermal structure of Tavlebreen (Lavrentiev et al., 2010),
Austre and Vestre Gronfjordbreen and Tungebreen (Lavrentiev et al., 2011), as well
as the cold structure of Gleditchfonna (Lavrentiev et al., 2011). We have recently
reported the polythermal structure of of Erdmanbreen, Austre Dahlfonna and Vestre
Dahlfonna (Martin-Espanol et al., 2013). However, smaller glaciers such as Baalsrud-
breen, Marstranderbreen and Passtjellbreen do not present scattered signals and we

have not find evidence of water inclusions so we believe they are entirely cold.

e Central Nordenskiold Land: The glaciers Longyearbreen and Larsbreen, very close to
Longyearbyen, have been characterized as non-typical polythermal glaciers (Etzelmiiller
et al., 2000). The only area that shows clear indications of temperate ice is the western
upper area of Longyearbreen. At Larsbreen there are no clear indications of temperate
ice from the radio-echo sounding. Except for the mentioned areas of Longyearbreen,
the radio-echo sounding shows that these glaciers are either cold-based or cold with a
thin layer of temperate ice at the bed. In Blekumbreen there is not a clear presence of
water intrusion in the radargrams so we suggest it has an entirely cold hydrothermal
structure. The hydrothermal structure of Tellbreen is detailed discussed in Balum and
Benn (2010), reaching the conclusion that Tellbreen is currently entirely cold-based,
with the possible exception of a small, isolated region near the thickest part of the

glacier.

e Heerland, south Spitsbergen: Pilli et al. (2003a) studied the glaciers Hornbreen and
Hambergbreen and confirmed their polythermal regime. In addition, they found tem-
perate ice patches in the frontal parts of Hornbreen which were thought to be an

evidence of transport from a previously temperate accumulation area by a surge.

e Kongsfonna-Brgggerlalvgya: Bjornsson et al. (1996) studied the predominantly cold
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structure of Austre Brgggerbreen and inferred the polythermal regime of Midre Lovénbreen
(also Kongsvegen and Uversbreen) from radio-echo sounding and boreholes. Songtao
et al. revealed the polythermal structure of Pedersenbreen. inferred from the radar-
grams in Austre Lovénbreen two areas with an important scattering that is attributed

to the presence of temperate ice.

Reindalen: The studied glaciers in this area (Slakbreen, Marthabreen, Hoganesbreen
and Varpbreen) are fed by Gruvefonna ice cap. Their polythermal character was first
suggested by Liestol, (1977) and then it was further explored during the studies at the
Svea Coal Mine, situated below Gruvefona, due to water intrussions originated from

the glacier above the mine (Melvold et al., 2004; Hauck and Christof).

Dickson Land: Malecki (2013) interpreted the hydrothermal regime of this region from
ground-based echo-soundings. He found polythermal evidences in Bertilbreen and Sven-
breen meanwhile the results found in Bertrambreen point out that this glacier is entirely

cold.

Nordaustlandet: Austfonna is characterized as being mostly cold, although there is
evidence of a temperate layer near the bedrock (Dowdeswell, 1986). Recent studies
in Vestfonna have shown their polythermal character (Pettersson et al., 2011). They
found a widespread scattering of the upper 100 meters of the ice column which are

associated to water pockets.
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Figure 4.9: Ice thickness maps and GPR profiles of Hornbreen and Stauppbreen, in Heerland, southern
Spitsbergen. GPR surveys were carried out by A.Pélli and results were published in Pélli et al. (2003a);
Palli (2003). Although the GPR profiles covered several other glaciers nearby, complete basins were
not surveyed and therefore they are not included in this study. The maximum measured ice thickness
is reached in Hornbreen at 329 m.
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Figure 4.10: Ice thickness map (A) and GPR profiles of four small valley glaciers on Brgggerhalvoya.
GPR data for this subregion were provided from different research groups: B: Austre Brgggerbreen
(Hagen and SeTrang, 1991), C: Midre Lovénbreen (provided by D.Rippin from the SPRI (unpub-
lished), H.Bjornsson (Bjornsson et al., 1996) and J. Moore (Zwinger and Moore, 2009) ) and Austre
Lovénbreen (provided by I.Willis (unpublished), D: Pedersenbreen, available at (Songtao et al., 2013).
The average thickness of these four small glaciers is 65 m with a standard deviation of 11 m. The
largest glacier in volume is Austre Brgggerbreen although the maximum depth is reached in Midre
Lovénbreen at 184 m
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Figure 4.11: Ice thickness map and GPR profiles of four glaciers situated in Reindalen area, central
Spitsbergen. Marthabreen data has been provided by T.V. Schuler. GPR data sets from Slakbreen,
Varpbreen and Hoganesbreen were provided by K. Melvold and published in (Hauck and Christof;
Melvold et al., 2004). About 70 m ice thickness is an average value for this area. Maximum ice
thickness of about 290 m was found beneath Slakbreen just downstream of the confluence of the
Slakbreen Valley and Gruvefonna Valley (towards Marthabreen). An over-deepened trough at this
location indicates enhanced erosion in the confluence area (Hauck and Christof).
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Figure 4.12: GPR profiles and ice thickness of the two largest ice masses in Svalbard, Austfonna
and Vestfonna ice caps, on Nordaustlandet island. Both have been the focus of extensive radio-echo
sounding campaigns. The first radio-echo soundings flights were done in 1983 and 1986 (Dowdeswell
et al., 1986). Years later, in 2007-2009, new airborne and ground-based echo soundings have been
carried out over both icecaps (Pettersson et al., 2011; Dunse, 2011). The maximum ice depth measured
in Vestfonna was about 410 meters whereas in Austfonna they reached 587 m.
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Chapter 5

A new volume-area relationship for
Svalbard glaciers and its associated

total volume estimate

5.1 QOutline

This chapter aims to estimate the potential contribution of Svalbard glaciers to sea-level
rise by calculating the total volume of glacier ice stored in Svalbard using a volume-area
scaling relationship specific for Svalbard glaciers. First we summarize our compiled data set
of calculated volumes, discussed in the previous chapter and extended in the present one using
additional previously published volume data (Cogley, 2012; Grinsted, 2013), and perform a
sensitivity analysis to elucidate if this addition leads to substantially different results. We
then compare the histograms of size distribution of our sample and the complete population
of Svalbard glaciers, to detect the existence of any possible bias. This is followed by the
comparison of different methods to estimate the predictive skills of distinct V-A scaling
relationships, with the aim of establishing a model selection criterion. We also compare
different regression techniques, to find the most suitable fitting strategy. Afterwards, we
study the sensitivity of the scaling parameters to different glacier settings, in terms of glacier
size, aspect ratio and average slope. This is followed by a multivariate analysis, aimed to assess
if the addition of further variables (such as glacier length or elevation range) to the scaling
law yields improved results, as suggested by Cogley (2012) and implemented by Grinsted
(2013). The particular case of the volumes of Vestfonna and Austfonna ice caps is analysed

afterwards. We then present our total volume estimate for Svalbard glaciers and compare it

89
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with those derived from other existing V-A scaling laws, and from physically-based methods.
Finally, we present some error estimates, and conclude the chapter giving our best estimate

of the potential contribution of Svalbard glaciers to sea-level rise.

5.2 Establishing a basis data set for a volume-area relation-

ship

To accomplish our aim of deriving a volume-area relationship specific for Svalbard glaciers,
we fist need to count on a large enough data set of measured volume and area pairs, (V, A)-
pairs, each one calculated with sufficient accuracy. Moreover, the sample of measured glaciers
should be representative of the size distribution of the total population of Svalbard glaciers.
As a starting point for the sample data set, we count on the inventory of radio-echo sounded
Svalbard glaciers discussed in Chapter 4 and detailed in Appendix A. But not all of the
glaciers in the inventory have coverage of GPR profiles sufficient to warrant an accurate
volume estimate. For instance, the nets of GPR profiles of certain glaciers are limited to
the accumulation, or to the ablation, zones, or to a particular area of the glacier, and these
glaciers should clearly be discarded. In some cases, the net of profiles could be not dense
enough. However, in certain cases a volume estimate based upon a centre-line profile all along
a valley glacier, combined with parabolic (or other polynomial) cross-sections, could be good

enough for our purposes.

It is well known that the volume estimates based on V-A scaling relationships can involve
very large errors when applied to individual glaciers, though the errors are much smaller,
because of statistical compensation, when applied to large sets of glaciers, as happens for
regional volume estimates, which is our case. For instance, according to Meier et al. (2007),
estimated errors in volume 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 in a sample of 280
synthetic random mountain glaciers, has shown that, when estimating the volumes for all of
the individual glaciers in their ensemble, the average error in glacier volume is small (2.8%),
with a mean absolute error of 18.3%. Their interquartile spread of results is also reasonable,
with 50% of errors in the range [-14.7, 15.9] %, but errors for individual glaciers can be high,
in the range [-47.6, +99.7] %. Their mean and mean absolute errors for individual glacier

volume estimates are reduced to 1.5% and 14.4%, respectively, when shape-based parameters
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are applied to their random ensemble of glaciers.

Our main interest, however, lies in knowing the accuracy that could be expected when com-
puting the volume of the complete population of Svalbard glaciers using a V-A relationship
constructed from a given sample of measured (V, A)-pairs, estimated with a certain accuracy.
This subject is addressed by a very recent study (Farinotti and Huss, 2013), which derives
an upper bound estimate for the accuracy with which the total volume can be recovered in
relation to the size of the glacier population, the size of the sample of glaciers used to estimate
the scaling parameters and the uncertainty of the measured volumes. They show that a low
level of accuracy is expected if scaling is applied with coefficients estimated from a small set of
samples. On the other hand, accuracy increases with increasing size of the considered glacier
population. For example, they state that using 280 (V, A)-pairs for estimating the scaling
coefficients, assuming an uncertainty in the measured volumes of 20%, implies recovering the
total volume of a population of 1,000, 10,000 and 100,000 glaciers with 32%, 23% and 20%
accuracies, respectively. They also pointed out that volume measurement uncertainty plays
a secondary role if a sufficient number of measured glacier volumes are available. According
to these ideas, in our case it seems to be worth to increase the size of our sample of (V, A)-
pairs, even if this increase is done at the expense of adding (V, A)-pairs not having a high
accuracy. Upon our request, Farinotti and Huss have kindly generated a figure (Fig. 5.1)
similar to Figure la in their paper but adapted to the particular settings of Svalbard, with
a glacier population of ca. 1,500 glaciers (1,668 in the most recent Svalbard inventory, the
Digital Database of Svalbard Glaciers (DDSG) by Koning et al. (2013), which was the basis
of the Randolph Glacier Inventory (RGI) (Arendt et al., 2012)). As shown in the figure, their
results suggest that, with a sample size of about 100 glaciers, with volume accuracy of 5-25%
(parameters close to our case study of Svalbard glaciers), the total volume of the population
of glaciers could be retrieved with ca. 40% accuracy. We note, however, that Farinotti and
Huss (2013) results, as concern to target accuracy, are very pessimistic as compared to those
by Meier et al. (2007) and by Adhikari and Marshall (2012). Nevertheless, Farinotti and
Huss (2013) still provides suitable guidelines regarding a proper selection of our sample of

(V, A)-pairs.

We have calculated, from the original GPR ice-thickness data, 36 glacier volumes with
accuracy better than 10%. We have also gathered from the literature the ice-thickness maps
and volumes of 4 other glaciers with a dense coverage of GPR profiles and an accuracy

better than 20%, according to the original sources. This sample size of 40 glaciers (those
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Figure 5.1: Expected accuracy with which the total true volume of a population of 1500 glaciers
will be recovered (at 95% confident) using volume-area scaling relationships. The different curves
correspond to different measurement uncertainties of individual glacier volumes. The figure has been
kindly generated by D. Farinotti.

in Table 4.3, excluding Austfonna and Vestfonna ice caps) is clearly insufficient to reach an
acceptable accuracy in the total volume estimate: according to Figure 5.1, such a sample size
from a population of 1,500 glaciers gives an estimated accuracy for the total volume of the
population close to 55%. There is a straightforward way to increase the sample size. The
different basins of the ice caps of Austfonna and Vestfonna are defined (by their outlines) in
the DDSG and in the RGI. Thereby, we have estimated their volumes at the basin unit level,
thus generating additional (V, A)-pairs. In particular, we have calculated the volumes for 19
out of 24 basins in Vestfonna, and 26 out of 29 basins in Austfonna. We had to exclude a
minor part of the basins due to lack of ice-thickness measurements on them, which would have
lead to an underestimation of their interpolated ice thicknesses. There is an added reason for
using Austfonna and Vestfonna individual basins rather than the entire ice-caps. Due to the
distinct and characteristic geometries of glaciers and ice caps, it is customary, in global volume
estimates from V-A relationships, to generate different V-A relationships for glaciers and for
ice caps (Radi¢ and Hock, 2011; Grinsted, 2013). However, in our regional Svalbard study
the number of echo-sounded ice caps is clearly insufficient to allow constructing a separate
V-A relationship for ice caps. On the other hand, adding the total volumes of the ice caps
of Austfonna and Vestfonna to our set of (V, A)-pairs would worsen the V-A relationship.
Moreover, different regions in Spitsbergen (and other Svalbard islands) have glacier basin
units morphologically similar to the separate basins of Austfonna and Vestfonna (i.e. they

have geometries not characteristic of valley glaciers, but rather glacier basins delimited to a
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large extent by ice divides, and showing large, often unconfined, terminal areas instead of
confined tongues, either on sea or on land). Consequently, it seems reasonable to increase the
size of our set of (V, A)-pairs by adding the mentioned individual basins of Austfonna and
Vestfona. With this addition, the number of (V, A)-pairs increases to 85. We will come back

to the volumes of Austfonna and Vestfona later in the chapter (cf. Section 5.8).

There is a last addition of (V, A)-pairs that we could consider to increase our sample size.
There is available a collection of 264 measured glacier volumes for the whole world (Grinsted,
2013), mostly collected by Graham Cogley and Regine Hock and used in Cogley (2012) (for
brevity, henceforth we will refer to these glaciers as Cogley’s catalogue), from which 31 glaciers
belong to Svalbard and 19 of them are different from those included in our former dataset
of 85 glaciers. These 19 glaciers correspond to SPRI-NPI and Soviet airborne radio-echo
soundings (Macheret and Zhuravlev, 1982; Dowdeswell et al., 1984a) which only covered the
glacier centre lines, but they exclude the glaciers with doubtful bed reflection interpretation
from Soviet flights discussed in Section 4.2. Moreover, these glaciers have been used by other
authors (e.g. Grinsted (2013)) to build V-A relationships. From these 19 glaciers we exclude
one, Asgardfonna, because it is in fact an ensemble of different glacier basins and we do not
have the possibility of calculating the volumes of the individual basins. We still do a last
test before incorporating the remaining 18 glaciers into our data base of (V, A)-pairs. We
build two different V-A relationships, one using only our data set of 85 glaciers (denoted
Dowr) and another using our data set plus the 18 glaciers from Cogley’s catalogue (denoted
D own+Cogley), thus making a total of 103 (V, A)-pairs, and apply them to calculate the volume
of the entire population of Svalbard glaciers (as compiled in the DDSG). For building the
V-A relationship, we follow the usual procedure of plotting in the log-log space volume vs.
area, and fitting the data by regression analysis to establish a power-law relation between
area and volume of the type

V=AY (5.1)

Table 5.1 shows the estimates of total volume of Svalbard glaciers using the scaling laws
derived from both data-sets. The difference in total volume difference is only about 2%,
which is far below the typical accuracy provided by the volume estimates of large ensembles
of glaciers by scaling laws. Given this small difference, and following the ideas of Farinotti
and Huss (2013), we prefer to use the larger sample data set (Down+Cogley) as @ means to
warrant a theoretically larger accuracy of the total volume estimate. The final sample of 103

(V, A)-pairs is shown in Table 5.2. This will be the basis data set for building all of the V-A
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Table 5.1: Selecting the data set of (V, A)-pairs.

Data set Scaling law  Svalbard Vol. Estimate (km3)

Down 0.0317 AL373 7704
DowntCogley  0.0332 A!-361 7546

relationships developed in the present chapter.

A last test for consistency remains. We want that our sample data set be representative
of the total population of Svalbard glaciers, in particular as concerns to size distribution.
In Figure 5.2 we represent the area distribution of the calibration data set and compare it
against the area distribution of the entire Svalbard inventory. The most recent inventory
(Koning et al., 2013) contains 1,668 individually labelled glacier units, with a total area of
33,775 km?2. There are about 350 glaciers (22% of the inventory) larger than 10 km? that
make up 93% of the glacier area. The remaining ca. 1,320 glaciers (78% of the inventory) are
smaller than 10 km? and make up only 7% of the glacier area. Among the latter, there are 630
glaciers, glacierets and snow patches smaller than 1 km? that represent 38% of the inventory
and 1% of the glacier area. As compared to that, our sample of 103 glaciers has 74 glaciers
(72% of the sample) larger than 10 km?, representing 99% of the total area of the sample,
and only 29 glaciers (28% of the sample) equal or smaller than 10 km?, representing 1% of
the total glacierized area of the sample. We thus observe in our sample dataset a bias towards
large glaciers. The area distribution histograms shown in Figure 5.2 clearly show this fact:
whereas in the sample data set the highest percentages of area are occupied by the largest
size bins, in the Svalbard data set the largest percentages of area correspond to the smallest
size bins. This was expected, as we included the volumes of the Austfonna and Vestfonna
glacier basins, which are among the largest in Svalbard, whereas small valley glaciers, which
are often difficult to access, are customarily ignored when planning fieldwork because they do
not appear as appealing as larger glaciers. To counterbalance this bias towards large glaciers
in our sample data set, we will later introduce an area-related weighting function (cf. Section

5.4).
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Table 5.2: Sampled glaciers for obtaining the scaling coefficients of the V-A relationship. A ¢ next
to the glacier name indicates that the volume accuracy has been computed and is better than 10%; e
indicates a computed accuracy better than 20 % and [ indicates an estimated accuracy better than
30%. Glacier names in italics indicate that the volume has been taken from Cogley’s catalogue.

Glaci A \' Length R Shape Slope
aclar (km?) (km?>) (km)  Znax~ Zmin (KM)

Aldegondabreen<> 7.18 0.468 3.29 0.28 0.67 0.09
Antoniabreen " 32.00 5.640 11.7 0.70 0.23 0.06
Ariebreen’ 0.37 0.010 1.17 0.32 0.27 0.27
Austfonna. - unnamed-1¢ 153.58 38.377 16.97 0.48 0.53 0.03
Austfonna. - unnamed-20 1226.52 462.335 59.66 0.83 0.34 0.01
Austfonna. - unnamed-3¢ 249.19 69.539 22.24 0.60 0.50 0.03
Austfonna. - unnamed-4¢ 663.07 227.287 39.89 0.82 0.42 0.02
Austfonna. - unnamed-5¢ 176.08 49.124 21.68 0.65 0.37 0.03
Austfonna. - unnamed-6¢ 218.69 65.658 24.38 0.60 0.37 0.02
Austfonna. - unnamed-7¢ 79.94 20.385 14.45 0.39 0.38 0.03
Austfonna. - unnamed-80 328.22 115.794 31,00 0.66 0.34 0.02
Austfonna. - unnamed-9¢ 111.67 28.359 13.25 0.40 0.64 0.03
Austfonna. Brosvellbreen¢ 1095.79 278.235 45.91 0.77 0.52 0.02
Austfonna. Duvebreen® 356.42 136.127 40.5 0.70 0.22 0.02
Austfonna. Etonbreen¢ 640.90 194.868 35.66 0.71 0.50 0.02
Austfonna. Leighbreen¢ 692.88 287.814 48.03 0.61 0.30 0.01
Austfonna. Nilsenbreen¢ 241.41 93.465 42.67 0.62 0.13 0.01
Austfonna. Schweigaardbreen® | 472.52 189.390 45.89 0.69 0.22 0.02
Austfonna. Sexebreen?® 101.33 34.208 19.65 0.35 0.26 0.02
Austfonna. Winsnesbreen¢ 242.63 78.213 27.01 0.71 0.33 0.03
Austfonna. Worsleybreen0 84.69 16.993 13.46 0.40 0.47 0.03
Austfonna.Palanderisen -10 129.10 28.029 14.46 0.49 0.62 0.03
Austfonna.Palanderisen -2¢ 57.55 6.982 4.35 0.38 3.04 0.09
Austfonna.Palanderisen -3¢ 190.74 33.476 11.42 0.54 1.46 0.05
Austfonna.Palanderisen -3¢ 291.36 59.192 14.59 0.50 1.37 0.03
Austfonna.Vegafonna -10 46.76 9.531 9.18 0.33 0.55 0.04
Austfonna.Vegafonna -20 69.06 10.672 9.66 0.46 0.74 0.05
Austfonna.Vegafonna -30 41.61 7.212 10.91 0.30 0.35 0.03
Austfonna.Vegafonna -40 80.18 15.872 8.85 0.46 1.02 0.05
Austre Broggerbreen® 10.25 0.756 5.23 0.55 0.37 0.11
Baalsrudbreen’ 2.70 0.077 2.56 0.39 0.41 0.15
Balderfonna " 418.00 66.040 21.00 1.10 0.95 0.05
Bertilbreen® 3.82 0.285 4.07 0.42 0.23 0.10
Bertrambreen’ 3.04 0.199 3.29 0.40 0.28 0.12
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Table 5.2: Sample of glaciers used for obtaining the scaling coefficients of the V-A relationships.

Glaci A Vv Length R Shape Slope
aclar (km®)  (km®)  (km)  Zoge- Zoip (Km)

Blekumbreen® 2.16 0.083 3.63 0.49 0.16 0.14
Bogerbreen " 4.50 0.300 4,00 0.60 0.28 0.15
Vestre Broggerbreen ” 5.60 0.240 4.30 0.52 0.30 0.12
Comfortlessbreen"” 56.4 9.890 14.9 1,00 0.25 0.07
Cookbreen " 18.00 3.520 14,00 1.02 0.09 0.07
Dalhfonna Austre’ 2.55 0.184 3.54 0.32 0.20 0.09
Dalhfonna Vestre' 6.92 0.259 2.36 0.34 1.24 0.14
Eidembreen"” 103.00 17.060 20.20 0.74 0.25 0.04
Erdmanbreen’ 8.96 0.823 4.80 0.34 0.39 0.07
Finsterwalderbreen® 29.00 3.500 9.92 0.95 0.29 0.10
Foxfonna " 14.80 0.960 3.40 0.60 1.28 0.18
Fridtjovbreeno 50.37 5433 11.45 0.51 0.38 0.04
Gleditchfonna® 2.76 0.076 1.87 0.15 0.79 0.08
Grenfjordbreen Austre’ 8.41 0.671 4.78 0.37 0.37 0.08
Grenfjordbreen Vestre’ 18.09 1.775 5.62 0.37 0.57 0.07
Hansbreen’ 64.16 10.752 15.16 0.48 0.28 0.03
Hessbreen " 7.20 0.460 5.50 0.87 0.24 0.16
Hé')ganasbreeno 11.49 0.733 4.94 0.42 0.47 0.09
Hornbreen® 173.28 18.240 23.52 0.78 0.31 0.03
Kantbreen " 24.90 3.740 21,00 1.10 0.06 0.05
Larsbreen® 2.96 0.152 2.92 0.45 0.35 0.15
Longyearbreen® 2.52 0.132 4,51 0.70 0.12 0.16
Lovénbreen Austre’ 5.01 0.376 3.44 0.45 0.42 0.13
Lovénbreen Midre® 5.20 0.257 3.57 0.55 0.41 0.15
Marstanderbreen’ 6.92 0.233 4.43 0.32 0.35 0.07
Marthabreen” 15.11 0.961 8.41 0.80 0.21 0.10
Odinjokulen ® 58.00 6.440 9,00 0.65 0.72 0.07
Osbornebreen " 118.00 18.410 20.1 0.95 0.29 0.05
Paierlbreen’ 99.19 13.265 21.11 0.67 0.22 0.03
Passfjellbreen Austre’ 5.13 0.198 2.90 0.28 0.61 0.10
Passfjellbreen Vestre’ 2.32 0.103 2.54 0.17 0.36 0.07
Pedersenbreen® 6.30 0.398 4.86 0.60 0.27 0.12
Recherchebreen’ 136.31 27.284 22.79 0.68 0.26 0.03
Renardbreen’ 30.58 5.141 9.75 0.50 0.32 0.05
Scottbreen<> 4.71 0.301 3.49 0.57 0.39 0.16
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Table 5.2: Sample of glaciers used for obtaining the scaling coefficients of the V-A relationships.

97

Glaci A Vv Length R Shape Slope
aclar (km?) (km?>) (km)  Ziax~ Zmin (KM)
Slakbreen’ 36.69 4.303 13.11 0.73 0.21 0.06
Stauppbreen’ 1533 1.197 3.65 0.22 1.15 0.06
Svenbreen’ 3.72 0.217 3.34 0.45 0.33 0.13
Tavlebreen’ 8.02 0.426 5.64 0.45 0.25 0.08
Tellbreen® 3.00 0.150 3.91 0.53 0.20 0.14
Torellbreen Austre ° 14099  31.981 20.32 0.75 0.34 0.04
Vestre Torellbreen ° 217.00 59.16 33.50 0.80 0.19 0.02
Torsfonna"” 83.00 10.96 8,00 0.62 1.30 0.08
Tungebreen<> 2.88 0.093 2.19 0.52 0.60 0.24
Uversbreen " 74.00 13.180 20.5 0.75 0.18 0.04
Valhallfonna ° 410.00 88.560 17.5 0.85 1.34 0.05
Varpbreen’ 1.33 0.068 1.83 0.27 0.40 0.15
Vestfonna. Franklinbreen¢ 117.36 21717 19.96 0.63 0.29 0.03
Vestfonna.Aldousbreen¢ 179.38 41.894 20.45 0.61 0.43 0.03
Vestfonna. Amenfonna¢® 56.27 5.852 9.78 0.52 0.59 0.05
Vestfonna.Bodleybreen¢ 109.8 22.249 15.47 0.63 0.46 0.04
Vestfonna.Bragebreen¢ 28.74 2.947 7.07 0.46 0.58 0.06
Vestfonna.Croftbreen¢ 112.02 17.538 11.73 0.57 0.81 0.05
Vestfonna.Eltonbreen?¢ 44.94 7.349 8.42 0.53 0.63 0.06
Vestfonna.Frazerbreen?® 200.73 44.821 22.16 0.61 0.41 0.03
Vestfonna.Gimlebreen¢ 98.96 14.027 16.48 0.54 0.36 0.03
Vestfonna.ldunbreen¢ 333.16 58.79 25.79 0.61 0.50 0.02
Vestfonna.Maudbreen¢® 158.92 30.563 21.79 0.59 0.33 0.03
Vestfonna.Nordre Franklinbreen{ 331.27 85.701 32.65 0.63 0.31 0.02
Vestfonna.Rijpbreen¢ 224.64 48.607 20.08 0.62 0.56 0.03
Vestfonna.Sabinebreen¢® 67.35 9.826 10.83 0.62 0.57 0.06
Vestfonna.unnamed -1¢ 38.74 3.738 10.48 0.60 0.35 0.06
Vestfonna.unnamed -20 82.13 10.633 11.70 0.44 0.60 0.04
Vestfonna.unnamed -3¢ 61.63 8.990 6.77 0.49 1.34 0.07
Vestfonna.unnamed -4¢ 54.75 6.634 5.26 0.45 1.98 0.09
Vestfonna.unnamed -5¢ 13.57 1.290 3.05 0.38 1.46 0.13
Veteranenbreen " 165.00 35.970 44.00 1.41 0.09 0.03
Voringbreen " 2.10 0.130 1.60 0.37 0.82 0.23
Werenskioldbreen” 26.60 3173 8.72 0.52 0.35 0.06
Total ensemble 13134 3476
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Figure 5.2: Area distribution of the sample data set versus the area distribution of the complete
population of Svalbard glaciers.
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5.3. Estimating accuracy from cross-validation

5.3 Estimating accuracy from cross-validation

It is possible to build different scaling regressions for predicting glacier volumes. In order to
compare their predictive skills we need to stablish a criterion for model selection. As we do
not have any additional data against which we could validate our model, we will compare it
against the same data used to build the model, through cross-validation methods (Geisser,
1993). Here we compare three widely used cross-validation types: 4-fold, 10-fold and leave
one out cross-validation, with the aim of selecting the most suitable one. In k-fold cross-
validation, the original sample is randomly partitioned into k equal size subsamples. Of the k
subsamples, a single subsample is retained as the validation data for testing the model, and
the remaining k-1 subsamples are used as training data. The cross-validation process is then
repeated k times (the folds), with each of the k subsamples used exactly once as validation
data. Leave-one-out cross-validation is the same as a k-fold cross-validation with k£ being
equal to the number of observations in the original sample. In each case all observations
are used for both training and validation, and each observation is used for validation exactly
once.

Table 5.3: Error expressed as the percentage difference between the predicted and the real total volume
of the sample, using different cross-validation methods.

4-fold 10-fold Leave-one-out
556 % 4.3% 4.2 %

As expected, the cross-validation error gets reduced as the training data increases in each
fold, although the results from the three approaches do not show a significant difference. Many
authors have pointed out the negative impact on the results of predicting glacier volumes using
a power-law model derived from a reduced set of observations (Grinsted, 2013; Farinotti and
Huss, 2013). If using 4-fold cross-validation, we would be estimating the prediction error
from samples of about 25 (V,A )-pairs that would significantly reduce the expected accuracy.
There is not a significant difference between 10-fold and leave-one-out cross-validation (whose
training sets are formed by about 90 and 102 (V, A )-pairs, respectively), so we will use leave-
one-out cross-validation to estimate the accuracy of different scaling tests. Though useful
to compare different scaling relationships, we note that cross-validation is not an indication
of the expected error in the estimation of the volume of the entire population of Svalbard

glaciers; such an error is expected to be significantly larger than that.
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5. Volume-area relationship for Svalbard glaciers and associated volume

5.4 Selecting a fitting strategy: logmse versus absdev misfit

functions

The traditional technique for estimating the parameters of the scaling relationship (¢ and +)
is least squares regression (LSR) in a log-log space (Bahr, 1997), which minimizes the logmse

misfit function

logmse(p) = > _ (109 (Vimodet (p,7)) = Log (Vops.))” (5.2)

i
where ¢ is an index representing the entry in the glacier volume database, Vi,oqe; are
the volumes predicted by the scaling law with a set of parameters p, and Vs are the ob-
served volumes. This model has been pointed out to be biased towards small and medium
sized glaciers, for which most observations are available, and to be very sensitive to outliers
(Grinsted, 2013). Alternatively, Grinsted (2013) has suggested that least absolute deviation

regression (LAR), that minimizes the misfit function

Vimode ) 1) — Voobs,i
absdev(p) = Z [Vinodel (P, §) bs, (5.3)

\ Aobs,z’
is an strategy better suited for sea-level rise studies as it minimizes the absolute volume
misfit, and is robust to outliers and asymmetric distributions. Additionally, it is weighted by

the inverse root of the area, which reduces the sampling bias described in Section 5.2.

The results of applying the two above strategies to calculate the volume of the entire
population of Svalbard glaciers are shown in Table 5.4. Though the values of ¢ and v are
quite different, the result of varying both simultaneously has little effect in the final result
for the total volume of Svalbard glaciers computed by the two methods, which differ by less

than 2%. For this reason, we will use both strategies for our next test.

Table 5.4: Selecting a fitting strategy

Strategy  Scaling law  Svalbard vol. estimate (km?) €Sample (%) €crossval (%0)

logmse  0.0332 Al-361 7546 4.3 4.8
absdev  0.0452 A1-303 7424 0 1.1
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5.5 Comparison between inventories

As we pointed out in Chapter 1, there are some differences between the latest version (V3) of
the Randolph Glacier Inventory (Arendt et al., 2012) and the Digital Database of Svalbard
Glaciers (Koning et al., 2013), in which we have based all of our calculations. Even though
both databases have been developed by the same team (mostly from the Norwegian Polar
Institute), each inventory was based on different definitions of individual glaciers and drainage
basins. Also the identification codes are slightly different. The total glacierized area of
Svalbard is 33,775 (km?) according to Koning et al. (2013), who established 1,668 entries for
individual basins, versus 33,673 (km?) and 1,615 individual glaciers according to the RGI V3
(Arendt et al., 2012)). In table 5.5 we compare the results of computing the total volume
of Svalbard glaciers using the Digital Database of Svalbard against the results versus those

obtained using the Randolph Glacier Inventory V3.0.

Table 5.5: Comparing the estimates of the total volume of Svalbard glaciers using the different available
glacier inventories: the Digital Database of Svalbard glaciers (DDSG) and the Randolph Glacier
Inventory V3.0 (RGL.3).

Inventory ~Strategy  Scaling law  Svalbard vol. estimate (km?®) SLE (mm)

DDSG logmse  0.0332 AL-361 7546 + 611 19 + 2
RGI.3 logmse  0.0332 A!-361 7639 + 624 19 + 2
DDSG absdev  0.0452 A1303 7424 + 478 18+ 1
RGIL.3 absdev  0.0452 A1303 7527 + 488 19+1

As shown in Table 5.5, for a given fitting strategy the differences due to the use of either
inventory are very small, of 1.2% for the logmse fitting strategy, and 1.4% for the absdev
strategy. Given such small differences, henceforth we will adhere to the the Digital Database
of Svalbard glaciers (DDSG), since our intention is to incorporate our volume calculations

into such database.

5.6 Scaling-law parameters for different glacier settings

It could be thought a priori that scaling relationships derived for specific types of glaciers
would perform better, for predicting glacier volumes, than a general-purpose V-A scaling
relationship. However, as discussed earlier, the expected accuracy of the scaling relationships
improves both with the size of the total population of glaciers under study and with the size

of the sample used to derive the scaling-law parameters. Since partitioning a given sample
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5. Volume-area relationship for Svalbard glaciers and associated volume

into subgroups by glacier characteristics such as size, shape or slope would imply reducing the
size of the sample from which the scaling parameters are derived, an hence a reduction of the
expected accuracy in the total volume estimate, there is a trade-off between the improvement
expected by the use of glacier-type specific scaling relationships and the worsening implied
by the reduction of the sample size.

In this section we present a set of experiments aimed to verify whether scaling relationships
obtained through characterization of individual glacier size or morphology imply significant
differences in the estimated volume of the total population of Svalbard glaciers, and whether
this partitioning implies any noticeable pattern in the scaling relationship parameters indica-
tive of the influence of particular glacier settings. In particular, we considered partitions of
our available sample of Svalbard glaciers by size, shape and slope, as done by Adhikari and
Marshall (2012). Shape refers to the horizontal aspect ratio of a glacier, given by W/L, where
L is the glacier length measured along the central flowline and W is the mean glacier width,
defined as W=A/L. Slope is the mean bedrock slope in the principal flow direction. As it
is not available from the surface, we take the mean surface slope, given by (R/Max Length),
where R is the altitude range, as a proxy of the mean bedrock slope, as done by Adhikari
and Marshall (2012).

We calculate the best-fit scaling parameters ¢ v and for each subgroup of glaciers, using
both the logmse and absdev fitting strategies. The size, shape and slope intervals defining
each subgroup of glaciers can be seen in Table 5.6. We also calculate « for a constrained value
of ¢ = 0.0332, taken from the logmse regression. We use the logmse misfit function rather
than absdev because logmse is most often used in the literature and it provides a ¢ value closer
to those obtained by other authors, which facilitates the comparison of the ~ values. Overall,
we note that the poorer fits (lower coefficients of determination R?) correspond to the parti-
tioning by size. Concerning calculated volumes for the entire population of Svalbard glaciers,
we note that the largest volumes (V' C [7719, 7820]km?) are produced by the partitioning by
shape, whereas the smallest correspond to the partitions by size (V C [7222, 7573]km?) and
slope ((V C [7219, 7641]km?).
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5. Volume-area relationship for Svalbard glaciers and associated volume

The results of the constrained experiment show that ~ values decrease as slope and shape
increases, whereas size-based classifications do not reveal any clear trend, in agreement with
the results obtained by Adhikari and Marshall (2012) for a collection of synthetic glaciers.
This implies that steep slopes and cirque-type glaciers are less sensitive to changes in glacier
area.

Concerning the unconstrained experiments, let us first remind that, as shown in Table
5.4, the total volumen of Svalbard glaciers computed using, for a given fitting strategy, a
single scaling-law for all glaciers, were 7,546 and 7,424 km?, for the logmse and absdev misfit
functions, respectively. Comparing these values with those in Table 5.6 for the unconstrained
experiments, we see that the volumes of the total population of Svalbard glaciers calculated
according to partitioning in subgroups by size and slope are smaller (by amounts between
1% and 4%, depending on the fitting strategy) than that obtained considering all glaciers
without partitioning into subgroups, whereas the volumes calculated according to partitioning
in subgroups by shape are 3-5% larger.

We conclude, in agreement with Adhikari and Marshall (2012), that using shape and slope-
based scaling laws provide refined volume estimates, in our case for the total volume of
Svalbard glaciers, even though in general it would be expected that using smaller sample sizes
for deriving the scaling laws would degrade the expected accuracy of the volume estimates
for the entire population of glaciers (Farinotti and Huss, 2013).

We have not considered, for deriving type-specific scaling laws, other possible glacier group-
ings. In our Svalbard study, a straightforward partitioning would be to distinguish between
tidewater and land-terminating glaciers. However, for our sample of (A, V)-pairs this parti-
tioning is nearly equivalent to a partitioning by size (with the tidewater glaciers being the
largest), so it gives no further insight. Another clear classification criterion would be the
grouping into surging and non-surging glaciers. In this case, the available set of (A4, V)-pairs
for surging glaciers is so small that it does not allow deriving a specific scaling law. Moreover,
the volume-area ratios of surging glaciers are dependent upon the surge phase: while during
the early post-surge period surging glaciers will generally have smaller volume-area ratios
than non-surging glaciers, during the build-up period of the surge the converse will generally

be true.

5.7 Multivariate analysis

Cogley (2012) pointed to the multivariate analysis as a way to overcome the limitations of
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5.7. Multivariate analysis

Table 5.7: ANOVA test: Model 1, Volume-Area.

Model Square Sum Df Mean Square F Sig Adjusted 72
A 112.2 1 112.2 6776 < 2 x 10~ 10%k% 0.985
Residuals 1.7 101 0

Significance codes: 0 "***’0.001 "**’, 0.01 *’, 0.05 ", > 0.05 none

Table 5.8: ANOVA test: Model 2, Volume-Area-Length.

Model Square Sum Df Mean Square F Sig Adjusted r?
A 112.2 1 112.2 77752 < 2 x 107100k 0.886
L 0.2 0.2 1 15.9 0.00012%**
Residuals 1.4 100 0

Significance codes: 0 "***’ 0.001 "**’, 0.01 ’*’, 0.05 ., > 0.05 none

scaling relationships for estimating the glacier volume. Later on, Grinsted (2013) applied
this analysis in his estimate of global glacier volume, yielding improved results. Following
the ideas by Grinsted (2013), we attempt to optimally predict the total volume of Svalbard
glaciers from a combination of different predictors: glacier area (A), glacier maximum length
(L) and glacier elevation range (R). We exclude from this analysis variables such as glacier
slope and shape to avoid the multicollinearity among the variables.

First, we apply ANOVA tests (Hinkelmann and Kempthorne) in order to select valuable
variables for the model and to test different regression methods. ANOVA uses traditional

standardized terminology based on the definitional equation of sample variance:

EREL (5.4)

n—1

where the denominator is called the degrees of freedom (Df), the summation is called the
sum of squares (Square Sum), the result is called the Mean Square and the squared terms are

deviations from the sample mean. These values are shown in the tables for our ANOVA tests

Table 5.9: ANOVA test: Model 3, Volume-Area-FElevation Range.

Model Square Sum Df Mean Square F Sig Adjusted 72
A 112.2 1 112 6716.2 <2 x 107 16%** 0.985
R 0.0 1 0 0.7 0.897
Residuals 1.7 100 0

Significance codes: 0 7*** 0.001 "**’/0.01 "*’, 0.05 ’.”, > 0.05 none

105



5. Volume-area relationship for Svalbard glaciers and associated volume

Table 5.10: ANOVA test: Model 4, Volume-Area-Length-Elevation Range.

Model Square Sum Df Mean Square F Sig Adjusted 72
A 112.2 1 112.2 8001.1 < 2 x 10716 **x 0.987
L 0.2 1 0.2 16.4 0.0001**
R 0.1 1 0.1 3.9 0.051
Residuals 14 99 0

Significance codes: 0 7***0.001 "**’, 0.01 "*’, 0.05 ’.”, > 0.05 none

results, together with other statistics: F represents the F-test statistic used for comparing
the statistical model that have been fitted to the data set, in order to identify the model
that best fits the population from which the data were sampled. The degree of significance
reached by the model (Sig), also known as the p-value, is the probability of obtaining a value,
at least as extreme as that obtained by the F statistic assuming that the null hypothesis is
true (Goodman, 1999). We will reject the null hypothesis when the p-value is less than the
predetermined significance level which is fixed at 0.05. r2 is the coefficient of determination (r
is used instead of R to avoid confusion with R = elevation range). r2 indicates the proportion
of the variability explained by the model. The main inconvenient of this indicator appears
when we try to compare models with different number of predictors, as r? always grows with
increasing number of variables even if the predictors do not influence the response. To avoid
this, we use the Adjusted r?, which is corrected for the number of explanatory terms in a
model relative to the number of data points, which are in the end the degrees of freedom
(Everitt, 1998).

From a simple V-A model in the log-log space we get a 98.6% of variance explanation.
Additional variables do not improve our results significantly. The ANOVA tests show that
only the predictor glacier length (L) (Table 5.8) provides statistical significance when used
in addition to glacier area in to the model. However the coefficient of determination r?
decreases as compared with the simpler V-A model. The predictor variable elevation rate
(R), does not provide any additional information if it is used in addition to the glacier area
(A) variable in the model.

In order to compare the different models we use leave-one-out cross-validation. Table 5.12
shows the regional ice volume estimates for Svalbard using different regression models. The
best result (minimum €grpss0q;) is reached with the model V' = ¢L?, especially when using
the logmse fitting strategy. In this case, it shows a higher accuracy than the widely used

volume-area scaling. A similar result was pointed out in a study of different scaling methods
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5.8. The case of Austfonna and Vestfonna ice caps

Table 5.11: Selecting models. €gqmpie represents the error of the given model in estimating the volume
of our sample of glaciers, and €.ossvqi 1S the cross-validation error.

Strategy Scaling law Svalbard vol. estimate (km?)  €sampie (%)  €crossvat (%)
0.0332 A!-361 7546 4.3 4.8
0.0164 L2-50 7947 -1.9 -0.8
logmse 0.0278 A1:2007,0-331 7712 5.9 6.5
0.0335 A!-36 g0-011 7345 4.3 4.8
0.0206 Al-171 0451 p=0.229 7357 6.5 7.1
0.0452 A1-303 7424 0 1.1
0.0168 L2499 8106 0 -1.6
absdev 0.0385 A1-0810-433 7539 0 1.3
0.0285 A!-355 R=0-412 6890 0 1.1
0.0388 A1-078 [,0-436 R0.01 7558 0 0.95

for estimating the volume evolution of valley glaciers (Radi¢ et al., 2008). Other than the
mentioned case for the logmse strategy, in general the absdev strategy provides, for all mul-
tivariate scaling laws, lower cross-validation errors (of about 1%), the lowest corresponding
to the V' = cA" L2 R scaling law, although the small exponent of R confirms the low pre-
dicting capability of this variable, as was pointed out from the associated ANOVA test. The
negative exponents in Table 5.12 indicate an inverse correlation with the volume. Negative
exponents in R are reasonable, as they can point out to increases in slope that cause an
increase in ice-flow velocities, which allows a thinner glacier to accommodate to the same

mass flux (Grinsted, 2013).

5.8 The case of Austfonna and Vestfonna ice caps

The extrapolation to ice caps of scaling relationships that have been calibrated for glaciers is
thought to be the dominant source of error in global ice volume estimates (Grinsted, 2013),
and this could be expected to hold in regional ice volume estimates where both types of
ice masses are abundant. To overcome this problem, scaling laws specific for ice caps are
provided by many authors, especially those deriving global ice volume estimates. In our
case of Svalbard glaciers, we did not generate an ice-cap-specific scaling law, since only two
ice caps (Austfonna and Vestfonna) had radio-echo sounding coverage sufficient to provide

volume estimates accurate enough to warrant their inclusion in our data set of computed
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volumes. Yet, there is the possibility to either use ice-cap-specific scaling laws derived from
global inventories, or using ice-cap-specific regional scaling laws for Svalbard derived from
older radio-echo sounding measurements, as done by Macheret et al. (1984) or by Hagen
et al. (1993).

In the currently available glacier inventories (DDSG and RGI), both Austfonna and Vest-
fonna ice caps appear subdivided into individual basins, which, as discussed in Section 5.2,
allowed us to increase the size of our sample data set of (V, A)-pairs. This, however, has the
implication that a common scaling law has to be used for both glaciers and ice caps. Since
the volumes of both Austfonna and Vestfonna are accurately known from dense nets of GPR
profiles (relative errors of 3% and 7%, respectively), we can test how our scaling relation-
ships, all of which consider their individual basins rather than the entire ice cap, compare
with available scaling relationships specific for ice caps. Table 5.12 shows the results from our
tests. From these, it is clear that our own estimates provide a much better approach to the
measured volume, no matter the fitting strategy chosen. It could be argued that these results
are partially skewed, as the volumes of Austfonna and Vestfonna individual basins are part of
our sample of (V, A)-pairs. However, all of our results are even closer to the measured volumes
than the ice-cap-specific scaling laws based on Svalbard ice caps. Among the latter, that by
Hagen et al. (1993) is the one providing the best results. Among our own estimates, the
results obtained using the logmse fitting strategy are the ones which most closely approach
the measured volumes for both Austfonna and Vestfonna ice caps. In all of our estimates, the
volume of Austfonna is better approached (in general, slightly underestimated) than that of
Vestfonna (always overestimated). This could be due to the fact that there is a larger number
of Austfonna basins (26) than of Vestfonna basins (19) in our set of (A,V)-pairs. On the
other hand, we can see in Table 5.12 that the results for Vestfonna worsen when the scaling
laws for basins larger than 100 (km?) are used. The likely reason for this is that Vestfonna
basins are in general much smaller than Austfonna basins, with Vestfonna having only 9 (out

of 19 in our data set) basins larger than 100 (km?), while Austfonna has 19 out of 26.
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Table 5.12: Differences between measured and computed volumes, using our sliding laws (both general
ones and those given in Table 5.6 for glacier basins larger than 100 km?) or ice-cap-specific sliding
laws, both global (Macheret et al. (1984), Hagen et al. (1993)) and regional (Radi¢ and Hock (2010),
Grinsted (2013)).

Scaling Law Austfonna Vestfonna
Vol (km?®) Diff (%) Vol (km3) Diff (%)

V from GPR 2559 - 442 -
This study absdev 2413 -5.7 499 12.9
This study absdev>:100km2 2403 -6.1 520 17.6
This study logmse 2561 0.1 495 11.9
This study logmse>:100km2 2338 -8.6 521 17.7
Ice cap Macheret 1285 -49.8 276 -37.6
Ice cap Hagen 2114 -17.4 536 21.3
Ice cap Radi¢ and Hock 4116 60.8 885 100.2
Ice cap Grinsted 2761 7.8 608 37.6

5.9 Comparison with other V-A relationships

In Table 5.13 we summarize the total ice volume estimates derived for Svalbard found in the
literature (Vg,) using different scaling approaches. Note that some are given for glaciers of
any type, while others distinguish between glaciers and ice caps. Note also that this table
combines both published estimates for Svalbard (in this case they are sometimes based in
different inventories of Svalbard glaciers) and, when no published estimate for Svalbard is
available for a given scaling law, we have calculated it using such a law together with the
DDSG inventory (see table footnotes). Some of the published volumes are based in the same
(or nearly coincident) inventories as ours (the DDSG). This is the case for Radi¢ et al. (2013)
and for Grinsted (2013) estimates based on the RGI.

The estimates shown in the table range within 5,229-10,629 km?, with an average value of
8,113 + 1,743 km? if we exclude our own estimates, and 8,000 + 1,578 km? if our estimates
shown in Table 5.13 are included. In both cases, the quoted error indicates the standard
deviations of the different estimates considered. Some of the scaling laws have been calibrated
using only Svalbard glaciers. Apart from ours, this is the case of the relationships by Hagen
et al. (1993) and by Macheret et al. (1984). There is a strong similarity among these
regionally-based results, with an average volume estimate of 7,419+ 241 km?. Note the small

value of this standard deviation as compared with those given above. The fact that the
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estimate by Macheret et al. (1984) is larger than that of Hagen et al. (1993) could be partly
due to the fact that the former is based on and older inventory of Svalbard glaciers, several
decades older than that used by Hagen et al. (1993), so the areas and volumes of the latter
are expected to be lower due to the overall retreating trend of Svalbard glaciers during that

period.

The largest total volume estimates are those by Radi¢ and Hock (2010) and by the general
scaling law of Adhikari and Marshall (2012) derived from their entire set of synthetic glaciers,
without partitioning in groups by slope, aspect or size, as well as their size-based scaling
law. Curiously, the estimates using the slope- and shape-based scaling laws by Adhikari
and Marshall (2012) are those, among the global-scale relationships, producing the estimates
closer to our own (and all Svalbard regional) ones. The volume derived from Huss and
Farinotti (2012) relationship (based on volumes calculated using a physical-based model)
are also among the largest. So does the estimate by Radi¢ et al. (2013), who use the same
relationship as in Radi¢ and Hock (2010), but employ an updated glacier inventory. Also
among the largest are the estimates by Grinsted (2013) based on the WGI/GLIMS inventory,
while those based on the RGI are, by far, the smallest. Also among the smaller volume
estimates are those produced using the global relationships by Chen and Ohmura (1990) and

Bahr (1997).

With regard to their ability of the scaling relationships by other authors to compute the
total volume of our sample data set of measured (V, A)-pairs, the shape- and slope-based
relationships by Adhikari and Marshall (2012) perform clearly best, underestimating the
volume of the sample by 10% and 4%, respectively. However, their size-based scaling relation
is among those providing the largest overestimates of the sample volume (31% error), and
their relation not considering sub-groupings produce the worst estimate of the sample volume
(53% error). Among the scaling approaches not considering sub-groupings by shape or slope,
the scaling derived by Grinsted (2013) and using the Randolph Glacier Inventory provides the
best approximation, underestimating the volume of the ensemble by 11%, closely followed by
the scaling approaches by Chen and Ohmura (1990) and by Bahr (1997), which underestimate
the total volume by 13% and 14%, respectively. A result similar to the latter in absolute value,
though of opposite sign, is provided by the scaling law for valley glaciers by Macheret et al.
(1984), specific for Svalbard glaciers, which overestimates the volume of the ensemble by 14%.
However, the other regionally-based relationship, that of Hagen et al. (1993), underestimates

the sample volume by 20%. The scaling relation by Radi¢ and Hock (2010) (the same as
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5.9. Comparison with other V-A relationships

used in Radi¢ et al. (2013)) overestimates the sample volume by 25%. We remind that this
scaling law has been pointed out to overestimate the glacier volumes (Grinsted, 2013). A
similar overestimate (27%) is produced when using the scaling by Huss and Farinotti (2012),
based on volumes computed using their physically-based method. A large underestimate, by

35%, is given by Grinsted (2013) scaling laws used with the WGI/GLIMS inventory.
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5. Volume-area relationship for Svalbard glaciers and associated volume

Table 5.13: Total volume estimates for Svalbard glaciers (Vg,) calculated using various scaling relationships found in the
literature, together with our own ones, and relative errors produced when applied to our calibration data set (ev,,,,..)-

Source Glacier data set Scaling law Vo €Vgampre (0) °
This study, logmse Svalbard glaciers V = 0.0332A41-361 7546 4.3
This study, absdev Svalbard glaciers V = 0.0452A1:303 7424 1.1b
This study, absdev Svalbard glaciers V = 0.0388A1-078 [0-436 RO.O1 7558 0.95P
Macheret et al.(1984) Valley glaciers V = 0.0371A1357 7567 13.6
Hagen(1993)° Glaciers A > 1km? H = 33In(A) + 25
A < 1km? H=25 7000 -19.7
Ice caps H = 28in(A) + 10
Chen and Ohmura(1990)¢ Valley glaciers V = 0.0285A1357 6326 -12.7
Bahr et al.(1997)4 Glaciers V =0.0276A1-36 6230 -13.9
Radié and Hock(2010)* Valley glaciers V = 0.0365A1375
10260 24.6
Ice caps V =0.053841-%°
Huss and Farinotti(2012)° Glaciers H = 0.310A%:3% 9690 26.6
Adhikari and Marshall[2012]4 Glaciers V = 0.027A14%8 10629 52.7
Shape - Glaciers 7061 -9.5
Slope - Glaciers 7394 -3.8
Size - Glacier 9423 30.9
Grinsted(2013) Glaciers (RGI) V =0.0433A4129
5229 -11.3
Ice caps (RGI) V =0.0432A4123
A < 25 km?(WGI/GLIMS) V = 0.0435A4123
9573 -35.2
A > 25 km? (WGI/GLIMS) V = 0.0540A4120
Radic et al.(2013) Valley glaciers V = 0.0365A1375
9090 24.6
Ice caps V =0.05384125
€Vgampre 18 calculated as (Vinodel;, — Vsample)/Vsampte * 100.

: As the absdev model yields an exact total volume of the sample, the cross-validation error is shown here.

: H is the mean ice thickness in m, A is in km?2.

: There is not a published volume for Svalbard in the original publication. The values shown here have been calculated
applying the original scaling equations to the glacier areas from the Digital Database for Svalbard glaciers.

: H is the mean ice thickness in m, A is the glacier area in m?2.

o 0 o o
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5.10. An error estimate of the total volume

5.10 An error estimate of the total volume

It is of interest to know the accuracy that could be expected when computing the volume
of the complete population of Svalbard glaciers using a V-A relationship. As pointed out in
Section 5.2, the recent study by Farinotti and Huss (2013) derived an upper-bound estimate
for the accuracy with which the total volume can be recovered in relation to the size of the
glacier population, the size of the sample of glaciers used to estimate the scaling parameters
and the uncertainty of measured volumes. Applied to our case study of Svalbard glaciers,
their results suggest that the total volume of the population of glaciers could be retrieved
with ca. 40% accuracy. We note that this value represents an upper bound of the expected
accuracy.

In addition to error bounds, we are also interested in error estimates are derived following
the principle of error propagation (e.q., Bevington, 1969). We here follow the approach used
in Radi¢ and Hock (2010) to calculate the error. The From the V-A scaling equation (5.1)
we find the error sources in the determination of the scaling parameters (v and ¢) and the
total glacierized area, A, which we assume independent and random errors. We propagate

these errors to obtain the total error in volume:

2 2 2
oV? = (%‘Z) 5c? + @Z) 57 + (gD 5A? (5.5)

Following Radi¢ and Hock (2010) we estimate the error in the scaling coefficient, ¢, as 40%
of its value, which arises from the standard deviation of the probability density function for
¢ computed by Bahr et al. (1997). The error in the scaling exponent ~y is assumed to be
the difference between the value for v used in the scaling-law (which varies with the model)
and y=1.375 derived theoretically by Bahr et al. (1997). The error in the total glacierized
area of Svalbard is assumed to be the 8%, according to the results presented in Koning et al.
(2013). We compute the error in the volume estimation for each of the individual glaciers in
the Digital Database of Svalbard Glaciers and, assuming that they are independent errors,
combine them through root mean square summation.

Table 5.14 shows the results obtained from the Area-Volume model accompanied by the

error estimations from error propagation techniques.
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5. Volume-area relationship for Svalbard glaciers and associated volume

Table 5.14: Total glacier volume of Svalbard and its potential contribution to SLR

Strategy  Scaling Law  Svalbard Vol. Estimate (km?) SLR (mm)*
logmse  0.0332 A!-361 7546 + 611 19 + 2
absdev  0.0452 Al-303 7424 + 478 18+ 1

*Sea level is calculated assuming oceanic area of 3.62x10%km? and a glacier density of 900 kgm 3

5.11 Potential contribution of Svalbard glaciers to SLR

In terms of sea-level equivalent (SLE), assuming an oceanic area of 3.62x10%km? and a glacier

3 our volume estimates correspond to a potential contribution to sea-

ice density of 900 kg m™
level rise within 17-20 mm SLE, averaging 19+1 mm SLE. The quoted error corresponds to the
standard deviation of the different estimates. However, since we estimated errors of the total
volume of the order of 6.6-8.1%, and these correspond to 1.2-1.6 mm SLE, we conservatively
state 19£2 mm SLE as our best estimate of the potential contribution of Svalbard glaciers
to sea-level rise. For comparison, the estimates using the V-A scaling relations found in

the literature range within 13-26 mm SLE, averaging 2042 mm SLE (2 mm SLE being the

standard deviation of the different estimates).
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Chapter 6

Conclusions and outlook

The work carried out in this PhD. Thesis can be split into three parts:

1. First, we present in chapters 1 and 2 the motivation and objectives of our research, and
describe the state of art on the matter. We describe the two main methods currently
available for estimating the volume of very large sets of glaciers, such as those involved
in regional and global volume estimates. They are the volume-area scaling relationships
and the so-called physically-based methods. We discuss their strengths and weaknesses.
A physically-based method has already been applied by Huss and Farinotti (2012) to
the computation of the volume of the total population of Svalbard. Although methods
based on volume-area relationships have also been applied with this purpose (Radié
and Hock, 2011; Grinsted, 2013), the scaling relationships used have been of global
character, which motivates our development of a volume-area relationship specific for

Svalbard glaciers.

2. The construction of such a regional V-A scaling relationship relies on the availability of
a large set of accurate enough glacier volumes calculated from ice-thickness measure-
ments by ground-penetrating radar (though other ice-thickness measurement methods
are possible, currently only GPR can provide the necessary amount and density of mea-
surements). In the second part of the thesis (chapters 3 and 4), we first focus (Chapter
3) on the methodology for calculating glacier volumes from ice-thickness measurements
collected on nets of GPR profiles. We pay special attention to the problem of estimat-
ing the error of the computed volumes, taking into account the different error sources
involved (associated to GPR, positioning, interpolation, glacier boundary uncertainty,

etc.). We present a novel method to deal with the complex problem of the estimate
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6. Conclusions and outlook

of the error in glacier volume. Then, we focus (Chapter 4) on the collection and con-
struction of a large set of volume-area pairs of Svalbard glaciers. With this purpose,
we first compiled an inventory of Svalbard radio-echo sounded glaciers (many of them
echo-sounded by our research team -Group of Numerical Methods in Engineering of
the Technical University of Madrid) and then, for a subset of them (not all of the
glaciers in the inventory passed our quality requirements for an accurate volume com-
putation), we did the volume computation an associated error estimates following a

common procedure for all glaciers (the procedure described in Chapter 3).

3. Finally, in the third part of the thesis (chapter 5) we use the compiled set of volume-
area pairs to build different volume-area relationships specific for Svalbard glaciers. We
speak of different relationships because distinct approaches can be followed to derive a
V-A relationship, which differ in the fitting methodology, whether a single relationship
is applied to the entire population of glaciers or the population is subdivided into groups
according to parameters such as size, shape or slope, whether only area enters int the
relationship or other variables such as glacier length or elevation range can enter it, etc.
We present and discuss the resulting different scaling relationships, and compare their
results with those obtained applying the V-A laws derived by other authors (both of
regional and global types) to the same population of Svalbard glaciers. We then present
our best estimate for the range of potential contribution of Svalbard glaciers to sea-level
rise. We conclude with the presentation, in Chapter 6, of the main conclusions of this

thesis and the prospects for future work.

6.1 Conclusions

The following main conclusions can be drawn from the work carried out in this PhD. Thesis:

e We have developed a novel method to account for the interpolation error which has been
designed to work with data distributions with a high density of data along particular
directions, often intersecting, but lacking data in the areas between profiles, such as
those typical of GPR profiling. This method follows the rationale of cross-validation
techniques, but takes into account the variance of the error with the distance to the
nearest neighbour. It has the added benefit that it also provides a way to detect any
possible bias involved in the interpolation process. This method has advantages over

other commonly used methods, such as cross-validation and the kriging variance, which
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6.1. Conclusions

we believe that underestimate the error when applied to data distributions such as
those typical of GPR profiling. We have applied our method to a large set of Svalbard

glaciers, as discussed below.

e With the aim of estimating the total ice volume of Svalbard glaciers, we have built an
inventory of Svalbard radio-echo sounded glaciers. It covers a total of 155 glaciers or
ice caps (in the inventory, Austfonna and Vestfonna ice caps appear as single units),
but the number of entries is much larger (313 entries), because several GPR campaigns
have been done on many glaciers or ice caps. 22 of these glaciers or ice caps have
been echo-sounded by our research team, often in cooperation with Russian, Polish and
Norwegian colleagues. The inventory includes entries describing the glacier name, its
reference number in the Digital Database of Svalbard Glaciers (Koning et al., 2013),
the coordinates of a central point, the glacier type (ice cap, valley, plateau, tidewater),
whether a bathymetry in the neighbourhood of tidewater glacier fronts is available,
whether boreholes have been drilled, the thermal structure (cold, temperate, polyther-
mal), the year of the radio-echo sounding, the radar type/manufacturer/model and its
central frequency, whether it was airborne or ground-based RES, the radio-wave veloc-
ity used for time-to-depth conversion, a contact person, related bibliographic references,
and any additional comments of interest (e.g. whether common-midpoint measurements
of the RWV are available) in a comments field. In addition to being the basis for our
V-A scaling developments, this inventory is intended to serve as reference for future

studies by other researchers.

e Not all of the glaciers in the inventory are suitable for building a volume-area scaling
relationship. The main reason for a glacier being discarded is the lack of a large enough
coverage of GPR profiles, since this would lead to a large error in the volume estimate.
We have selected a subset of 103 glaciers (or sub-basins, in the case of Austfonna
and Vestfonna ice caps) from the inventory and computed for them the volumes and

associated error estimates. In particular, out of these 103 glacier basins:

— 78 have estimated errors in volume below 10%. For 33 of them we had a dense net
of GPR profiles which allowed us to calculate the volumes and errors following the
procedure described in Chapter 3. The remaining 45 correspond to the individual
basins of Austfonna and Vestfonna, for which we also had a dense net of GPR

profiles. In this case we did the volume and error computation (following our
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6. Conclusions and outlook

standard procedure), and then computed the volumes of the individual basins
using their outlines, and assumed for all of them the same error as for the ice cap
(note that, in this case, the error in volume associated to boundary uncertainty is

null by definition).

— 7 have estimated errors between 10% and 20%. For 2 of these glaciers we had
a rather dense net of GPR profiles but nevertheless we got errors (following our
standard procedure) between 10% and 20%. For 1 glacier we had a good-quality
GPR profile all along its centre line, and assumed parabolic cross-section; we
assumed its error to be within 10-20%. The remaining 4 volumes were taken from
published sources, mostly in form of contour maps of ice-thickness, and its error

are assumed to be within 10-20%.

— The remaining 18 volumes have been taken from entries in Cogley’s catalogue
of worldwide glaciers (Cogley, 2012; Grinsted, 2013) non-overlapping with our
inventory. All of them correspond to Soviet and British-Norwegian airborne echo-
soundings in the seventies and eighties which only covered the glacier centre lines
(Macheret and Zhuravlev, 1982; Dowdeswell et al., 1984a). We have assumed for
them an error in volume below 30%. Note that these glaciers exclude the Soviet
echo-soundings with doubtful interpretation of the bed reflection mentioned in

Section 4.2.

e The areas of our sample of 103 glacier volume-area pairs range from 0.37 to 1,226.52
km?. 74 glaciers are larger than 10 km?, representing 99% of the total sample area,
and 29 glaciers are smaller than 10 km?, representing 1% of the total sample area.
Corresponding numbers for the total population of 1668 Svalbard glaciers are as follows:
about 350 glaciers (22% of the population) are larger than 10 km?, representing 93%
of the total area of the population, whereas the remaining 1320 glaciers (78% of the
population) are smaller than 10 km?, representing 7% of the total area of the population.
We have tried to compensate this bias of our sample towards larger glaciers through
the fitting strategy that uses the ’absdev’ misfit function, which assigns a weight to
the glaciers inversely to their area. The calculated volumes of the individual glacier
basins range from 0.0104:0.001 to 462.335+13.870 km3. The maximum ice thickness,
reaching 619+13 m, was found in the northernmost part of Austre Torellbreen, near its

ice divide with Vestre Torellbreen, within the Amundsenisen ice field.
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e Since we do not have a separate data set against which to validate the different scaling
relationships, for testing their accuracy we use cross-validation techniques. The results
of our tests of distinct k-fold cross-validation methods (in particular, 4-fold, 10-fold
and leave-one-out cross-validation) show that, as expected, the cross-validation error
decreases as the fold increases, though there is not a significant difference among the
three approaches. Since, on the other hand, the expected accuracy of the total popula-
tion volume decreases with the reduction of the sample (Farinotti and Huss, 2013), we
conclude that leave-one-out crossvalidation is the most suitable technique for estimating

the accuracy of the different scaling laws.

o We tested two different regression techniques to derive the V-A scaling relationship,
least squares regression in the log-log space and least absolute deviation regression.
The latter has been pointed out by Grinsted (2013) as a strategy better suited for sea-
level rise studies, as it minimizes the absolute volume misfit and it is robust to outliers
and asymmetric distributions. It also has the additional benefit that its weighting by
the inverse root of the area reduces the sampling bias in our data set described in
Section 5.2. Nevertheless, our tests show that both fitting strategies produce estimates
of the total volume of Svalbard glaciers very similar, with less than 2% difference, so

that the choice of the fitting strategy does not seem to be a crucial matter.

e The difference in glacierized area of Svalbard between the two most recent inventories
of Svalbard glaciers, the Digital Database of Svalbard Glaciers (DDSG, (Koning et al.,
2013)) and the Randolph Glacier Inventory V3 (RGI.3, (Arendt et al., 2012)) is rather
small, of 102 km?2, implying differences in calculated volume using our V-A relationships
of the order of 1%. Consequently, we will adhere to the DDSG, as our volume data are

expected to be included in this database.

e We performed experiments aimed to verify whether scaling relationships obtained through
characterization of individual glacier shape, slope and size imply significant differences
in the estimated volume of the total population of Svalbard glaciers, and whether this
partitioning implies any noticeable pattern in the scaling relationship parameters in-

dicative of the influence of particular glacier settings.

— The results of the constrained experiment, in which we calculate, for a fixed value
of the scaling parameter ¢ and using the logmse misfit function, the best-fit scaling

parameter v for each subgroup of glaciers (subgroups according to shape, slope
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or size) show that 7 values decrease as slope and shape increases, whereas size-
based classifications do not reveal any clear trend. This implies that steep slopes
and cirque-type glaciers are less sensitive to changes in glacier area. These results
are similar to those obtained by Adhikari and Marshall (2012) for a collection of

synthetic glaciers.

— The unconstrained experiments show that the volumes of the total population of
Svalbard glaciers calculated according to partitioning in subgroups by size and
slope are smaller (by amounts between 1% and 4%, depending on the fitting strat-
egy - logmse or absdev misfit functions) than that obtained considering all glaciers
without partitioning into subgroups, whereas the volumes calculated according to

partitioning in subgroups by shape are 3-5% larger.

e We did multivariate experiments attempting to optimally predict the volume of Sval-
bard glaciers from a combination of different predictors: glacier area (A), glacier max-
imum length (L) and glacier elevation range (R). We excluded from this analysis vari-
ables such as glacier slope and shape to avoid the multicollinearity among the variables.

Our results where:

— From a simple power-type V-A model we got a 98.6% of variance explanation.
Additional variables do not improved our results significantly. The ANOVA test
showed that only the predictor glacier length provides statistical significance when
used in addition to the predictor glacier area, though the coefficient of determina-
tion 72 decreases as compared with the simpler V-A model. The predictor elevation
range did not provide any additional information when used in addition to glacier

area.

— Leave-one-out cross-validation used to compare the performance of the different
models showed that minimum cross-validation error is reached with the volume-
length scaling model, especially when using the logmse fitting strategy, behaving
even better than the widely used volume-area scaling model. Similar results were
obtained in the study by Radi¢ et al. (2008) on the use of different scaling methods
for estimating the volume evolution of valley glaciers. When used the absdev fitting
strategy, the differences in cross-validation errors among the different multivariate
scaling laws are rather small (the absolute values of the cross-validation errors are

of the order of 1%).
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e The ice volumes of Austfonna and Vestfonna ice caps are quite accurately known from
dense nets of GPR profiles (relative errors of 3% and 7%, respectively). We tested
how our scaling relationships, all of which consider their individual basins rather than
the entire ice cap, compare with available scaling relationships specific for ice caps,
both derived from world-wide ice caps and from Svalbard-only ice caps. Our results
clearly show that our own estimates provide a much better approach to the measured
volume, no matter the fitting strategy chosen. It could be argued that these results
are partially skewed, as the volumes of Austfonna and Vestfonna individual basins are
part of our sample of (V, A)-pairs. However, all of our results are even closer to the
measured volumes than those provided by the Svalbard-based ice-cap-specific scaling
law producing the best results (that by Hagen et al. (1993)). Among our own estimates,
the results obtained using the logmse fitting strategy are the ones which most closely

approach the measured volumes for both Austfonna and Vestfonna ice caps.

e We tested how the different volume-area relationships available in the literature behave
for estimating the volume of our sample data set of measured (V, A)-pairs of Svalbard
glaciers, and calculated what volume estimate they produce when applied to the entire

population of Svalbard glaciers.

— The volume estimates for the entire population of Svalbard glaciers show a rather
large spread, ranging within 5,229-10,629 km?>, with an average value of 8,15741920
km3 if we exclude our own estimates (the quoted error corresponds to the standard

deviation of the different volume estimates).

— With regard to their ability to compute the total volume of our sample set of
measured (V, A)-pairs, the shape- and slope-based relationships by Adhikari and
Marshall (2012) perform clearly best, underestimating the volume of the sample
by 9.5% and 3.8%, respectively. Among the scaling approaches not considering
sub-groupings by shape or slope, the scaling derived by Grinsted (2013) based on
the Randolph Glacier Inventory provides the best approximation, underestimating
the volume of the ensemble by 11%, closely followed by the scaling approaches by
Chen and Ohmura (1990) and by Bahr (1997), which underestimate the total
volume by 13% and 14%, respectively. A result similar to the latter in absolute
value, though of opposite sign, is provided by the scaling law for valley glaciers
by Macheret et al. (1984), specific for Svalbard glaciers, which overestimates the

volume of the ensemble by 14%.
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e The estimate of the error in our calculation of the total ice volume of Svalbard glaciers
from V-A scaling relationships using standard error propagation techniques, following
the procedure by Radi¢ and Hock (2010), give relative errors in volume of 8.1% and
6.4%, for the logmse and absdev fitting strategies, respectively. In particular, the vol-
ume estimates and their associated error estimates are 7,546+611 km? (logmse) and

7,4244478 km3 (absdev).

e Our estimates of the volume of the entire population of Svalbard glaciers using the
different scaling relationships that we have derived along this thesis range within 6,890-
8,106 km>. Both extreme values correspond to estimates from multivariate scaling
relations using the absdev misfit function. The average value of all of our estimates,
which could be used as a best estimate for the volume, is 7,5044+312 km3, where the

quoted error is the standard deviation of the calculated volumes.

e In terms of sea-level equivalent (SLE), assuming an oceanic area of 3.62x10%km? and a

3 our volume estimates correspond to a potential con-

glacier ice density of 900 kg m™
tribution to sea-level rise within 17-20 mm SLE, averaging 19+1 mm SLE. The quoted
error, again, corresponds to the standard deviation of the different estimates. However,
since we estimated errors of the total volume of the order of 6.6-8.1%, and these corre-
spond to 1.2-1.6 mm SLE, we conservatively state 1942 mm SLE as our best estimate
of the potential contribution of Svalbard glaciers to sea-level rise. For comparison, the
estimates using the V-A scaling relations found in the literature range within 13-26 mm

SLE, averaging 20+2 mm SLE (2 mm SLE being the standard deviation of the different

estimates).

6.2 Outlook

As a by-product of this thesis, we have produced a rather large set of high-accuracy ice-
thickness maps of Svalbard glaciers. A line of future research would address the generation
of volume change projections of Svalbard glaciers to the end of the twenty-first century, using
the scaling laws derived from this dissertation. This modelling approach has been used e.g.
by Radi¢ et al. (2013) to model the contribution to sea-level rise of glaciers and ice caps
during the 21st century.

For each glacier for which an accurate ice thickness distribution has been derived in this

dissertation, we would calculate the mass balance. Mass balance could be calculated based on
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a downscaled version of future climate change produced by a global climate model (GCM).
The model parameters would be calibrated for each individual glacier to yield maximum
agreement between the modelled and observed area-averaged winter and summer mass bal-
ances for a calibration period. The forcing mass balance implies geometrical changes of the
glacier which are simulated by the glacier response model that explicitly considers the future
shrinking area of glaciers and ice caps.

The methodology would be as follows: the first step would be to co-register the ice thickness
datasets to the overall model domain as it is given by the Svalbard-wide ASTER GDEM2
and to calculate bedrock topographies for the test glaciers. Afterwards we would downscale
the GCM dataset, for which we could use the European Arctic Reanalysis (EAR) datasets
of 10-km grid as local reference data for both air temperature and precipitation. GCM
air temperatures would then be downscaled by using variance inflation, while precipitation
downscaling would be done using local scaling (Moller et al., 2013). Mean annual cycles
of local lapse rates of both air temperature and precipitation could also be extracted from
the EAR 10-km grids. They could be calculated from the set of grid cells surrounding the
respective glacier by taking into account modelled climate data and the underlying terrain
dataset of the WRF regional climate model. Mass balance and ice-mass evolution would be
modelled for all the glaciers for the period 2006-2100 on the basis of the CMIP5 scenarios
RCP 2.6, 4.5, 6.0 and 8.5 (Vuuren et al., 2007; Smith and Wigley, 2006; Riahi et al., 2007).
For each of these scenarios we would run the model with downscaled climate data of 10
different global circulation models. These computations would be repeated 100 times in the

course of a Monte Carlo simulation.
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Macheret and Zhuravlev, 1980

Navarro et al., 2005,
Martin-Espanol et al., 2013
Internal report

Internal report

Macheret and Zhuravlev, 1980

Unpublished
Unpublished

Unpublished
Unpublished
Macheret and Zhuravlev, 1980

IASC 2007 abstracts pp64-66
IASC 2007 abstracts pp64-66
IASC 2008 abstracts pp46-49
IASC 2008 abstracts pp79-81
Lapazaran et al., 2013
Lapazaran et al., 2013
Bamber, 1989

Macheret and Zhuravlev, 1980

Danish National Space Center
Report 2008

Dowdeswel et al., 1986

GEUS report 2010 pp64-67

Year

1974
1979
1983
1983
1974
1979

1999

2004
2006
1974
1979
2008
2009

2009

2011
1974
1979
2006
2006
2007
2007
2009
2009
1983
1974
1979

2007

1983

2008

Radar

RV17

MK IV
MK IV

RV17

VIRL2

VIRL6
VIRL6

RV17

RAMAC
RAMAC
VIRL6
VIRL7
VIRL7

RV17

RAMAC
RAMAC
RAMAC
RAMAC
RAMAC
RAMAC
MK IV

RV17

DTU

MK IV

VIRL6

Freq.
MHz RWYV Platform

440 168 Helicopter

60 168 Helicopter
60 168 Helicopter

440 168 Helicopter

15 168 Snowmobile

20 168 Snowmobile
20 168 Snowmobile

440 168 Helicopter

25 164 Snowmobile
100 168 Snowmobile

20 168 Snowmobile
20 168 Snowmobile
440 168 Helicopter

200 168 By foot

200 168 By foot

200 164 Snowmobile
25 168 Snowmobile
25 168 Snowmobile
25 168 Snowmobile
60 168 Helicopter

440 168 Helicopter

60 168 Airplane
60 168 Helicopter

20 168 Snowmobile

XIANAIddV "4
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Glacier

Baalsrudbreen

Bakaninbreen
Bakaninbreen
Balderfonna

Balderfonna
Barenstjgkulen
Bertilbreen

Bertilbreen
Bertrambreen

Bjornbreen
Blekumbreen

Blomstrandbreen
Boggebreen

Boggerbreen

Borebreen
Borebreen

Borebreen

Braggerbreen

Type

Valley

Valley
Valley
Plateau

Plateau
Icecap
Valley

Valley
Outlet

Part of
Valley

Tidewater
Part of

Part of

Tidewater
Tidewater

Tidewater

Valley

Brgggerbreen Austre Valley

Brgggerbreen Austre Valley
Brgggerbreen Austre Valley

Bat. Bor. Therm. Struct.

N.A.

polythermal
polythermal
N.A.

N.A.
N.A.
polythermal

polythermal
cold

polythermal
N.A.

N.A.
polythermal

polythermal

N.A.
N.A.

N.A.

polythermal

*  polythermal

polythermal
*  polythermal

Surge Contact Person

Francisco Navarro
Ivan Lavrentiev

1985-95 Murray
1985-95 Murray

1960
1980

1980

1890

1890
1890

Julian Dowdeswell
Yuri Macheret
Julian Dowdeswell
Yuri Macheret

Jakub Malecki
Jakub Malecki

Yuri Macheret

Francisco Navarro
Ivan Lavrentiev

Julian Dowdeswell
Heidi Sevestre

Yuri Macheret

Julian Dowdeswell
Julian Dowdeswell

Yuri Macheret

John Moore

Finnur Palsson

Julian Dowdeswell
Jon Ove Hagen

Reference

Unpublished

Murray et al., 1997
Murray et al., 1997
Bamber, 1989

Macheret and Zhuravlev, 1980
Dowdeswell and Bamber, 1995
Macheret and Zhuravlev, 1980

Malecki et al., 2013
Malecki et al., 2013

Macheret and Zhuravlev, 1980

Unpublished
Drewry et al., 1980
Unpublished

Macheret, 1976
Macheret and Zhuravlev, 1980

Bamber, 1989
Dowdeswell et al., 1984

Macheret and Zhuravlev, 1980
GPR investigations of Glaciers

and Sea Ice in the Scandinavian
Arctic

Bjornsson et al., 1996

Dowdeswell et al., 1984
Hagen and S&Trang, 1991

Year

2013

1995
1995
1983
1974
1979
1986
1974
1979
2012
2012
1974
1979

2013

1980
2012

1974
1983
1980

1974
1979

1997

1990

1980
1988

Radar

VIRL6

PulsEkko
PulsEkko
MK IV

RV17
MK IV
RV17

RAMAC
RAMAC

RV17

VIRL6

MK IV
RAMAC

RV17
MK IV

MK IV
RV17

RAMAC

Time gated
synthetic
pulse radar
MK IV
MARKII

Freq.

RWYV Platform

MHz

20 168 Snowmobile
100 167 Snowmobile
100 163-17ZSnowmobile
60 168 Helicopter
440 168 Helicopter
60 168 Airplane
440 168 Helicopter
100 170 Snowmobile
100 170 Snowmobile
440 168 Helicopter
20 168 Snowmobile
60 Helicopter
25 Snowmobile
430-685 Snowmobile
60 168 Helicopter
60 168 Helicopter
440 168 Helicopter
200 220 Snowmobile
5-20 168 Snowmobile
60 168 Helicopter

8 169 Snowmobile




8¢l

Glacier

Braggerbreen Austre

Brgggerbreen Austre
Brgggerbreen Austre
Brgggerbreen Austre
Brgggerbreen Vestre

Brucebreen
Chydenuisbreen

Comfortlessbreen
Cookbreen
Dahlbreen

Dahlfonna

Dahlfonna East
Dalhfonna
Davisbreen
Digerfonna

Dobrowolskibreen

Doktorbreen
Dunerbreen
Ebbabreen
Edgegyjokulen
Eidembreen
Eidembreen

Eidembreen

Elnabren

Type

Valley

Valley
Valley
Valley
Valley

Valley
Tidewater

Tidewater
Valley
Tidewater

Valley

Valley
Valley
Tidewater
Plateau

Part of

Tidewater
Valley
Outlet
Icecap
Valley
Valley

Valley

Valley

Bat. Bor. Therm. Struct.

*  polythermal

*  polythermal
*  polythermal
polythermal
polythermal

polythermal
N.A.

polythermal
polythermal
polythermal

polythermal

polythermal
polythermal
polythermal
N.A.

polythermal

N.A.
N.A.
polythermal
N.A.
N.A.
N.A.

N.A.

polythermal

Surge Contact Person

1890

1890

1890

1960

1930

Yuri Macheret

Yuri Macheret
Tavi Murray
Tavi Murray
Yuri Macheret

Heidi Sevestre
Julian Dowdeswell

Yuri Macheret
Yuri Macheret
Yuri Macheret

Yuri Macheret

Francisco Navarro
Ivan Lavrentiev
Anja Palli

Julian Dowdeswell

Yuri Macheret

Julian Dowdeswell
Julian Dowdeswell
Jakub Malecki

Julian Dowdeswell
Julian Dowdeswell
Julian Dowdeswell

Yuri Macheret

Yuri Macheret

Reference

Macheret and Zhuravlev, 1980
Macheret, 1976
Macheret and Zhuravlev, 1980

Stuart and Murray, 2003
Stuart and Murray, 2003

Macheret and Zhuravlev, 1980

Unpublished
Bamber, 1989

Macheret and Zhuravlev, 1980
Macheret and Zhuravlev, 1980
Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980

Martin-Espafiol et al., 2013
Martin-Espafiol et al., 2013
Palli et al., 2003

Dowdeswell and Bamber, 1995

Macheret and Zhuravlev, 1980

Drewry et al., 1980

Bamber, 1989

Malecki et al., 2013
Dowdeswell and Bamber, 1995
Bamber, 1989

Dowdeswell et al., 1984

Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980

Year

1974
1979

1974

1999
1999
1974
1979
2012
1983
1974
1979
1974
1979
1974
1979
1974
1979
2010
2012
2000
1986
1974
1979
1980
1983
2012
1986
1983
1980
1974
1979
1974
1979

Radar

RV17

RV17
RAMAC
RAMAC
RV17

RAMAC
MK IV

RV17

RV17

RV17

RV17

VIRL6
VIRLG6
RAMAC
MK IV

RV17

MK IV
MK IV
RAMAC
MK IV
MK IV
MK IV

RV17

RV17

Freg. RWYV Platform

MHz

440 168
430-685
100 166
100

440 168
25

60 168
440 168
440 168
440 168
440 168
20 168
20 168
50

60 168
440 168
60

60 168
100 170
60 168
60 168
60 168
440 168
440 168

Helicopter

Snowmobile
Snowmobile
Snowmobile
Helicopter

Snowmobile
Helicopter

Helicopter
Helicopter
Helicopter

Helicopter

Snowmobile
Snowmobile
Snowmobile
Airplane

Helicopter

Helicopter
Helicopter
Snowmobile
Airplane
Helicopter
Helicopter

Helicopter

Helicopter

XIANAIddV "4



6G1

Glacier

Erdmannbreen

Erdmannbreen
Erikbreen

Finsterwalderbreen

Finsterwalderbreen

Finsterwalderbreen

Finsterwalderbreen

Finsterwalderbreen

Finsterwalderbreen

Fjortende Julibreen

Flatbreen
Foxfonna

Fridtjovbreen

Fridtjovbreen

Fridtjovbreen

Fridtjovbreen

Type

Valley
Valley

Valley

Valley
Valley

Valley

Valley

Valley

Valley

Tidewater

Part of
Plateau

Tidewater

Tidewater

Tidewater

Tidewater

Bat.

Bor. Therm. Struct.

polythermal
polythermal

polythermal

*  polythermal

*  polythermal

*  polythermal

*  polythermal

*  polythermal

*  polythermal

N.A.

N.A.
N.A.

*  polythermal

*  polythermal

*  polythermal

*  polythermal

Surge

1900
1900

1900

1900

1900

1900

1861
1991-
1861
1991-
97
1861
1991-
97
1861
1991-
97

Contact Person

Yuri Macheret

Ivan Lavrentiev
Rune S. @degérd

Julian Dowdeswell

Yuri Macheret

Ann Marie Nuttal
Ann Marie Nuttal
Ann Marie Nuttal
Ann Marie Nuttal
Julian Dowdeswell

Anja Pélli
Julian Dowdeswell

Julian Dowdeswell

Yuri Macheret

Yuri Macheret

Yuri Macheret

Reference

Macheret and Zhuravlev, 1980
Martin-Espafiol et al., 2013

@degard et al., 1992

Dowdeswell et al., 1984
Macheret and Zhuravlev, 1980

@degard et al., 1997

@degard et al., 1997

@degard et al., 1997
Nuttal et al., 1997

@degard et al., 1997,
Hagen, 2000,

Hamran and Aarhold,1993
Bamber, 1989

Palli et al., 2003

Drewry et al., 1980

Dowdeswell et al., 1984

Glazowsky et al., 1991

Glazowsky et al., 1991

Macheret and Zhuravlev, 1980

Year

1974
1979
2012
1991
1980
1974
1979

1994

1994

1994

1994
1983

2000
1980

1980

1988

1988

1974
1979

Radar

RV17

VIRL6
Time gated
synthetic

pulse
MK IV

RV17

Time gated
synthetic
pulse
Time gated
synthetic
pulse
Time gated
synthetic
pulse
Time gated
synthetic
pulse

MK IV
RAMAC
MK 1V

MK IV

MPI 8

MPI1 8

RV17

Freg. RWYV Platform

MHz

440
20

5-20

60

440

600-65

950-1C

320-37

30-80

60

50
60

60

440

168
168

168
202

168
168

168

168

168

168

168
168

168

168

Helicopter

Snowmobile
Snowmobile

Helicopter

Helicopter

Snowmobile

Snowmobile

Snowmobile

Snowmobile

Helicopter

Snowmobile
Helicopter

Helicopter

Snowmobile

Snowmobile

Helicopter




0€T

Glacier Type
Fridtjovbreen Tidewater
Fridtjovbreen Tidewater
Fridtjovbreen Tidewater
Fridtjovbreen Tidewater
Gleditschfonna Valley
Grgndfjorbreen Austre Valley
Grgndfjorbreen Austre Valley
Grgndfjorbreen Austre Valley
Grgndfjorbreen Austre Valley
Grandfjorbreen Vestre Valley
Grgndfjorbreen Vestre Valley
Grgndfjorbreen Vestre Valley
Gruvefonna Icefield
Gruvefonna Icefield
Hambergbreen Tidewater
Hambergbreen Tidewater
Hambergbreen Tidewater
Hannabreen Valley

Bat.

Bor. Therm. Struct.

*  polythermal
*  polythermal

*  polythermal

*  polythermal

polythermal
*  polythermal

*  polythermal
*  polythermal

*  polythermal
polythermal

polythermal
polythermal

polythermal

polythermal
polythermal

polythermal

polythermal

N.A.

Surge

1861
1991-
97
1861
1861
1991-
97
1861
1991-
97

1890
1960
1890
1960
1890
1960

Contact Person

Yuri Macheret
Yuri Macheret

Ivan Lavrentiev

Francisco Navarro

Ivan Lavrentiev
Julian Dowdeswell

Yuri Macheret
Yuri Macheret

Francisco Navarro
Yuri Macheret

Francisco Navarro
Francisco Navarro

Jon Ove Hagen

Melvold
Julian Dowdeswell

Yuri Macheret

Anja Pélli

Bernd Etzelmiiller

Reference

Macheret et al., 1980

Macheret, 1976

Martin-Espafiol et al., 2013

Vasilenko et al., 2006;
Martin-Espafiol et al., 2013

Martin-Espafiol et al., 2013
Dowdeswell et al., 1984

Macheret and Zhuravlev, 1980
Macheret, 1976

Macheret and Zhuravlev, 1980
Martin-Espafiol et al., 2013
Macheret and Zhuravlev, 1980

Martin-Espafiol et al., 2013
Martin-Espafiol et al., 2013
Hamran and Aarholt, 1993,
Melvold and Schuler, 2008

Melvold and Schuler, 2008
Drewry et al., 1980

Macheret and Zhuravlev, 1980
Palli et al., 2003

Etzelmuller, 1993
@degard et al., 1992

Year

1977

1974

2012

2005

2011
1980
1974
1979

1974

2010
1974
1979
2010
2010

1989

2005
1980

1974
1979

2000

1991

Radar

RSL

RV17

VIRL6
VIRL7

VIRL6
VIRL6
MK IV
RV17

RV17

VIRL6
RV17

RAMAC
VIRL6

Time gated
synthetic
pulse radar

RAMAC
MK IV

RV17

RAMAC

Time gated
synthetic
pulse radar

Freg. RWYV Platform

MHz

620 168
430-685

20 168
20 168
20 168
60 168
440 168
430-685

20 168
440 168
100

20 168
5-20 168
50-6,5 168
60

440 168
50 168
5-20 168

Helicopter
Snowmobile

Snowmobile

Snowmobile

Snowmobile
Helicopter

Helicopter
Snowmobile

Snowmobile
Helicopter

Snowmobile
Snowmobile

Helicopter
Helicopter

Snowmobile

Snowmobile

XIANAIddV "4
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Glacier

Hansbreen
Hansbreen
Hansbreen
Hansbreen
Hansbreen
Hansbreen
Hansbreen
Hansbreen
Hansbreen
Hansbreen

Hansbreen

Hansbreen
Hansbreen

Hansbreen

Hansbreen
Hansbreen

Hansbreen
Hansbreen
Hansbreen

Hansbreen
Hansbreen

Hansbreen

Hansbreen
Hansbreen

Hessbreen

Hessbreen
Hikmstrombreen
Hinlopenbreen
Hochstetterbreen
Hoganasbreen

Type

Bat.

Tidewater *

Tidewater
Tidewater
Tidewater
Tidewater
Tidewater
Tidewater
Tidewater
Tidewater
Tidewater

Tidewater

Tidewater
Tidewater

Tidewater

% % X X X %

Tidewater *
Tidewater *

Tidewater
Tidewater

Tidewater

Tidewater *
Tidewater *

Tidewater

Tidewater *
Tidewater *

Valley
Valley
Tidewater

Tidewater
Valley

Bor. Therm. Struct.

*  polythermal
*  polythermal
polythermal
polythermal
polythermal
polythermal
polythermal
polythermal
polythermal
polythermal

L S S T T

polythermal

polythermal
*  polythermal

*  polythermal

polythermal
polythermal

*  polythermal
*  polythermal
*  polythermal

polythermal
polythermal

*  polythermal

polythermal
polythermal

polythermal

polythermal
N.A.
N.A.
N.A.
*  polythermal

Surge Contact Person

1974
1974

Julian Dowdeswell
Yuri Macheret
Francisco Navarro
Mariusz Grabiec
Mariusz Grabiec
Mariusz Grabiec
Mariusz Grabiec
Mariusz Grabiec
Francisco Navarro
Francisco Navarro

Francisco Navarro

Francisco Navarro
Francisco Navarro

Francisco Navarro

Francisco Navarro
Francisco Navarro

Yuri Macheret
John Moore
John Moore

Francisco Navarro
Francisco Navarro

Francisco Navarro

Francisco Navarro
John Moore

Yuri Macheret

Jon Ove Hagen
Julian Dowdeswell

1969-72 Julian Dowdeswell
1895-00 Julian Dowdeswell

Kjetil Melvold

Reference

Dowdeswell et al., 1984
Glazowsky et al., 1991

Grabiec et al., 2012
Grabiec et al., 2012
Grabiec et al., 2012
Grabiec et al., 2012
Grabiec et al., 2012
Grabiec et al., 2012
Jania et al., 2005

Jania et al., 2005

Jania et al., 2005

Jania et al., 2005
Jania et al., 2005

Jania et al., 2005

Jania et al., 2005
Jania et al., 2005

Macheret and Zhuravlev, 1980

Moore et al., 1999
Moore et al., 1999
Palli et al., 2003
Navarro et al., 2013
Navarro et al., 2013

Navarro et al., 2013

Navarro et al., 2013
Palli et al., 2003

Macheret and Zhuravlev, 1980

Bamber, 1989
Bamber, 1989
Bamber, 1989
Melvold et al., 2003

Year

1980
1989
2003
2007
2007
2008
2008
2009
2003
2004

2004

2004
2003

2004

2003
2004
1974
1979
1998

1998

2006
2006

2009

2011
1998
1974
1979

1983
1983
1983
2001

Radar

MK IV
MPI 8
RAMAC
RAMAC
RAMAC
RAMAC
RAMAC
RAMAC
RAMAC
RAMAC
VIRL2
VIRL2
VIRL2
VIRL2
VIRL2
VIRL6
VIRL6
VIRL6

RV17
RAMAC
RAMAC

VIRL6
VIRL6
VIRL6
VIRL7
VIRL7
RAMAC

RV17

N.A.
MK IV
MK IV
MK IV
RAMAC

Freg. RWYV Platform

MHz
60
8
200
200
200
25
25
50
25
25

20

20
20

20

20
20

440
200
50

20
20

20

20
25

440

N.A.
60
60
60
25

168 Helicopter
Snowmobile
Snowmobile

164 Snowmobile

164 Snowmobile

164 Snowmobile

164 Snowmobile

164 By foot
Snowmobile
Snowmobile

Snowmobile

168 Snowmobile
168 Snowmobile

168 Snowmobile

168 Snowmobile
168 Snowmobile

168 Helicopter
220 Snowmobile
168 Snowmobile

168 Snowmobile
168 Snowmobile

168 Snowmobile

168 Helicopter
168 Snowmobile

168 Helicopter

168 Helicopter
168 Helicopter
168 Helicopter
169 Snowmobile




43!

Glacier

Hoganasbreen

Hogstebreen

Holmesletbreen
Holmstrémbreen
Holmstrémbreen
Holtedahlfonna
Holtedahlfonna

Harbyebreen
Hornbreen

Hornbreen
Hornbreen

Hydrografbreen

Idabreen
Isachsenfonna

Isachsenfonna
Kantbreen
Knoppbreen
Kongsbreen
Kongsfjorden
Kongsvegen
Kongsvegen

Kongsvegen

Type
Valley
Part of

Valley
Valley
Valley
Plateau
Plateau

Valley
Tidewater

Tidewater
Tidewater

Valley

Tidewater
Plateau

Plateau

Valley
Valley

Plateau
Tidewater
Tidewater

Tidewater

Bat. Bor. Therm. Struct.

*

*

*

*

polythermal
polythermal

polythermal
N.A.
polythermal
N.A.
N.A.

polythermal
polythermal

polythermal
polythermal
polythermal

polythermal
N.A.
N.A.

polythermal
polythermal
polythermal
N.A.

polythermal
polythermal

polythermal

Surge Contact Person

Kjetil Melvold
Yuri Macheret

Yuri Macheret

Julian Dowdeswell

Yuri Macheret

Julian Dowdeswell

Yuri Macheret

ca.1900 Jakub Malecki

1970

1948

1948

1948

Julian Dowdeswell

Yuri Macheret
Anja Péalli

Yuri Macheret

Yuri Macheret

Julian Dowdeswell

Yuri Macheret

Yuri Macheret
Heidi Sevestre

Yuri Macheret

Geir Moholdt

Julian Dowdeswell

Finnur Palsson

Reference
Melvold et al., 2003
Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980
Bamber, 1989

Macheret and Zhuravlev, 1980
Dowdeswell et al., 1984
Macheret and Zhuravlev, 1980

Malecki et al., 2013
Drewry et al., 1980

Macheret and Zhuravlev, 1980
Palli et al., 2003
Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980
Dowdeswell et al., 1984
Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980
Unpublished

Macheret and Zhuravlev, 1980
Danish National Space Center
Report 2008

Bamber, 1989

Bjornsson et al., 1996

Julian Dowdeswell Dowdeswell et al., 1984

Year

2001
1974
1979
1974
1979
1983
1974
1979
1980
1974
1979
2012
1980
1974
1979
2000
1974
1979
1974
1979
1980
1974
1979
1974
1979
2012
1974
1979

2007

1983

1990

1980

Radar

RAMAC
RV17

RV17
MK IV
RV17
MK IV
RV17

RAMAC
MK IV

RV17
RAMAC
RV17

RV17
MK IV
RV17

RV17
RAMAC
RV17

DTU

MK IV
Time gated
synthetic

pulse radar
MK IV

Freq.
MHz RWYV Platform
50 169 Snowmobile

440 168 Helicopter

440 168 Helicopter
60 168 Helicopter
440 168 Helicopter
60 168 Helicopter
440 168 Helicopter

100 170 Snowmobile
60 Helicopter

440 168 Helicopter
50 168 Snowmobile
440 168 Helicopter

440 168 Helicopter
60 168 Helicopter
440 168 Helicopter

440 168 Helicopter
25 Snowmobile

440 168 Helicopter

60 Airplane

60 168 Helicopter

168 .
5-20 202 Snowmobile

60 168 Helicopter

XIANAIddV "4



€el

Glacier

Kongsvegen
Kongsvegen

Kongsvegen
Kongsvegen
Kongsvegen

Konowbreen

Kronebreen
Kronebreen

Kronebreen

Kvitgyjgkulen

Larsbreen

Larsbreen

Lefflerbreen Mittag
Lefflerbreen Mittag

Leinbreen
Lilliehookbreen

Lilliehtdkbreen
Ljosfonn

Lomonosovfonna

Lomonosvfonna
Longyearbreen

Type
Tidewater
Tidewater

Tidewater
Tidewater
Tidewater

Tidewater

Tidewater
Tidewater

Tidewater

Icecap

Valley

Valley

Tidewater
Tidewater

Part of
Tidewater

Tidewater
Part_of

Plateau

Plateau
Valley

Bat.

Bor. Therm. Struct.
*  polythermal
*  polythermal

polythermal
polythermal
polythermal

polythermal

polythermal
polythermal

polythermal
N.A.

*  polythermal

*  polythermal

N.A.
N.A.

polythermal
N.A.
polythermal

polythermal

*  NA

*  NA.
polythermal

Surge Contact Person

1948
1948

1948
1948
1948

1896
1896

1896

Jon Ove Hagen
Yuri Macheret

Heidi Sevestre
John Wooward
John Wooward

Yuri Macheret

Julian Dowdeswell
Julian Dowdeswell

Yuri Macheret

Julian Dowdeswell

Bernd Etzelmiiller

Bernd Etzelmiiller

Julian Dowdeswell
Yuri Macheret

Yuri Macheret
Julian Dowdeswell

Yuri Macheret
Yuri Macheret

Yuri Macheret

Julian Dowdeswell
Doug Benn

Reference
Hagen and SeTrang, 1991
Macheret and Zhuravlev, 1980

Unpublished
Wooward et al., 2003
Wooward et al., 2003

Macheret and Zhuravlev, 1980

Bamber, 1989
Drewry et al., 1980

Macheret and Zhuravlev, 1980
Bamber and Dowdeswell., 1990

Etzelmuller et al., 2000

Etzelmuller et al., 2000

Dowdeswell et al., 1984
Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980
Dowdeswell et al., 1984
Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980

Dowdeswell et al., 1984
Balum, 2006

Year

1988
1974
1979
2012
1996
1996
1974
1979
1983
1980
1974
1979
1983

1994

1994

1980

1974
1979
1974
1979
1980
1974
1979
1974
1979
1974
1979
1980
2005

Radar

MARKII
RV17

RAMAC
PulsEkko
PulsEkko

RV17

MK IV
MK IV

RV17

MK IV
Time gated
synthetic
pulse radar
Time gated
synthetic
pulse radar

MK IV
RV17

RV17
MK IV
RV17

RV17

RV17

MK IV
N.A.

Freg. RWYV Platform

MHz
8

440

25
200
200

440

60
60

440
60

30-80

320-370

60

440

440
60
440

440

440

60
N.A.

169
168

168

168
168

168
168

168

168

168
168
168

168

168

168
160

Snowmobile
Helicopter

Snowmobile
Snowmobile
Snowmobile

Helicopter

Helicopter
Helicopter

Helicopter

Helicopter

Snowmobile

Snowmobile

Helicopter
Helicopter

Helicopter
Helicopter

Helicopter
Helicopter

Helicopter

Helicopter
Snowmobile




298

Glacier

Longyearbreen

Longyearbreen

Lovénbreen Austre
Lovénbreen Austre

Lovénbreen Midre

Lovénbreen Midre
Lovénbreen Midre

Lovénbreen Midre

Lovénbreen Midre
Lovénbreen Midre
Lovénbreen Midre

Lovénbreen Midre

Lovénbreen Midre
Lovénbreen Midre

Levenskioldfonna
Lavliebreen

Mannbreen

Markhambergbreen
Marstanderbreen
Marthabreen
Marthabreen
Monacobreen

Monacobreen

Type

Valley

Valley

Valley
Valley

Valley

Valley
Valley

Valley

Valley
Valley
Valley

Valley

Valley
Valley

Plateau
Valley

Valley

Tidewater
Valley
Valley
Valley
Tidewater

Tidewater

Bat.

Bor. Therm. Struct.

*  polythermal

*  polythermal

polythermal
polythermal

*  polythermal

N.A.
polythermal

*  polythermal

polythermal
polythermal
polythermal

*  polythermal

Polythermal
*  polythermal

N.A.
polythermal

polythermal

N.A.
N.A.
polythermal
polythermal
polythermal

N.A.

Surge

1890

1890
1890

1890

1890
1890
1890

1890

1890
1890

1930-36 Anja Pélli

1925
1925

Contact Person  Reference

Bernd Etzelmiller Etzelmiller et al., 2000

Bernd Etzelmiller Etzelmiller et al., 2000

Albane Saintenoy Saintenoy et al., 2013
lan Willis Unpublished
Finnur Palsson Bjornsson et al., 1996
Julian Dowdeswell Dowdeswell et al., 1984
Jon Ove Hagen Hagen and S&Trang, 1991
IASC 2007 abstracts pp131-
David Rippin 133
NERC-GEF report 2007

Ed King King et al., 2008
Ed King King et al., 2008
Ed King King et al., 2008

Macheret and Zhuravlev, 1980

Unpublished
Zwinger and Moore, 2009

Macheret and Zhuravlev, 1980

Yuri Macheret

Heidi Sevestre
John Moore

Yuri Macheret

Yuri Macheret Macheret and Zhuravlev, 1980

Yuri Macheret Macheret and Zhuravlev, 1980

Pélli et al., 2003
Francisco Navarro ¢ Unpublished
Thomas Schuler  Internal Report 2010
Thomas Schuler  Internal Report 2010

1991-97 Julian Dowdeswell Dowdeswell et al., 1984

1991-97 Yuri Macheret

Macheret and Zhuravlev, 1980

Year

1994

1994

2010
2006

1990

1980
1988

2006

2000
2000
2000
1974
1979
2012
1998
1974
1979
1974
1979
1974
1979
2000
2013
2007
2009
1980
1974
1979

Freg. RWYV Platform

Radar MHz

Time gated

synthetic ~ 30-80

pulse radar

Time gated

synthetic ~ 320-370
pulse radar

RAMAC 100-5C 170
PulsEkko 50

Time gated

synthetic ~ 5-20 168
pulse radar

MK IV 60 168
MARKII 8 169
PulsEkko 50

PulsEkko 100 168
PulsEkko 100 168
SEISMIC  refl./refr.
RV17 440 168
RAMAC 25
HAESCAN |50 168
RV17 440 168
RV17 440 168
RV17 440 168
RAMAC 50

VIRL6 20 168
RAMAC 50 167
RAMAC 50 167
MK IV 60 168
RV17 440 168

Snowmobile

Snowmobile

Snowmobile
Snowmobile

Snowmobile

Helicopter
Snowmobile

Snowmobile

Snowmobile
Snowmobile
unused

Helicopter

Snowmobile
Snowmobile

Helicopter
Helicopter

Helicopter

Snowmobile
Snowmobile
Snowmobile
Snowmobile
Helicopter

Helicopter

XIANAIddV "4



Gel

Glacier

Muhlbacherbreen
Nansenbreen
Nansenbreen

Natashabreen
Nathorstbreen

Nathorstbreen

Negribreen
Negribreen

Negribreen

Nordenskidldbreen

Nordenskjoldbreen
Nornebreen

Odinjdkulen
OlavV icecap

Olsokbreen
Opalbreen
Orsabreen

Osbornebreen

Paierlbreen
Passfielbreen East
Passfielbreen West
Paulabreen
Pedersenbreen
Pedersenbreen
Penckbreen

Type

Tidewater
Tidewater
Tidewater

Valley
Tidewater

Tidewater

Tidewater
Tidewater

Tidewater

Tidewater

Tidewater
Valley

Icecap
Plateau

Tidewater
Part_of
Valley

Tidewater

Tidewater
Valley
Valley
Tidewater
Valley
Valley
Valley

Bat. Bor. Therm. Struct.

polythermal
N.A.
N.A.

polythermal
N.A.

N.A.

N.A.
N.A.

N.A.

polythermal

N.A.
polythermal

polythermal
N.A.
polythermal

polythermal
polythermal

polythermal

N.A.
N.A.
N.A.
N.A.
polythermal
polythermal
N.A.

Surge Contact Person  Reference

Yuri Macheret Macheret and Zhuravlev, 1980
1947 Julian Dowdeswell Bamber, 1989
1947 Yuri Macheret Macheret and Zhuravlev, 1980

1970 Heidi Sevestre Unpublished
Julian Dowdeswell Drewry et al., 1980

Yuri Macheret Macheret and Zhuravlev, 1980

1935-36 Julian Dowdeswell Bamber, 1989
1935-36 Julian Dowdeswell Dowdeswell et al., 1984

1935-36 Yuri Macheret Macheret and Zhuravlev, 1980

Yuri Macheret Macheret and Zhuravlev, 1980

Anja Pélli Pélli et al., 2002
Mariusz Grabiec ~ Unpublished

1965-70 Yuri Macheret Macheret and Zhuravlev, 1980
Julian Dowdeswell Bamber, 1989

Yuri Macheret Macheret and Zhuravlev, 1980
Yuri Macheret Macheret and Zhuravlev, 1980
Yuri Macheret Macheret and Zhuravlev, 1980

987-199 Yuri Macheret Macheret and Zhuravlev, 1980

Francisco Navarro Navarro et al., 2013
Francisco Navarro ¢ Unpublished

Francisco Navarro ¢ Unpublished

Julian Dowdeswell Drewry et al., 1980

Al Songtao Unpublished

Al Songtao Unpublished

Julian Dowdeswell Dowdeswell et al., 1984

Year

1974
1979
1983
1974
1979
2012
1980
1974
1979
1983
1980
1974
1979
1974
1979
1999
2008
1974
1979
1983
1974
1979
1974
1979
1974
1979
1974
1979
2011
2013
2013
1980
2009
2009
1980

Radar

RV17
MK IV
RV17

RAMAC
MK IV

RV17

MK IV
MK IV

RV17

RV17

RAMAC
RAMAC

RV17
MK IV
RV17

RV17

RV17

RV17

VIRL7
VIRL6
VIRL6
MK IV
PulsEkko
PulsEkko
MK IV

Freg. RWYV Platform

MHz

440
60
440

25
60

440

60
60

440

440

50
25

440
60
440

440

440

440

20
20
20
60
100
100
60

168
168
168

168

168
168

168

168

164
168
168
168

168

168

168

168
168
168

165
165
168

Helicopter
Helicopter
Helicopter

Snowmobile
Helicopter

Helicopter

Helicopter
Helicopter

Helicopter

Helicopter

Snowmobile
Snowmobile

Helicopter
Helicopter

Helicopter
Helicopter
Helicopter

Helicopter

Helicopter
Snowmobile
Snowmobile
Helicopter
Snowmobile
Snowmobile
Helicopter




9¢T

Glacier

Penckbreen
Petermannbreen
Pollokbreen

Rabotbreen
Ragnarbreen
Raudfjordbreen
Raudfjordbreen

Raudfjordbreen
Recherchebreen

Recherchebreen
Recherchebreen

Renardbreen

Revtannbreen
Russebreen
Samarinbreen

Scottbreen
Sefstrombreen
Sefstrémbreen

Sefstrémbreen

Slakbreen
Slakbreen
Slakbreen
Slakbreen

Sgrbreen

Stabbarpbreen
Staupbreen

Type

Valley
Tidewater
Valley

valley
Outlet
Tidewater
Tidewater

Tidewater
Tidewater

Tidewater
Tidewater

Valley

Part of
Part of
Tidewater

Valley
Tidewater
Tidewater

Tidewater

Valley
Valley
Valley
Valley

Valley

Valley
Valley

Bat. Bor. Therm. Struct.

N.A.
N.A.
polythermal

polythermal
polythermal
polythermal
polythermal

polythermal
* polythermal

polythermal
* polythermal

polythermal

polythermal
N.A.
polythermal

N.A.
N.A.
N.A.

N.A.

polythermal
polythermal
polythermal
polythermal

N.A.

N.A.
N.A.

Surge Contact Person

Yuri Macheret
Julian Dowdeswell
Yuri Macheret

Heidi Sevestre
Jakub Malecki
Julian Dowdeswell
Julian Dowdeswell

Yuri Macheret

1838-45 Mariusz Grabiec

1838-45 Yuri Macheret

1838-45 Francisco Navarro

1880
1896
1896

1896

1960

Mariusz Grabiec

Yuri Macheret
Julian Dowdeswell
Yuri Macheret

Mariusz Grabiec
Julian Dowdeswell
Julian Dowdeswell

Yuri Macheret

Julian Dowdeswell
Kjetil Melvold
Kjetil Melvold
Kjetil Melvold

Yuri Macheret

Thorben Dunse
Anja Péalli

Reference

Macheret and Zhuravlev, 1980
Bamber, 1989
Macheret and Zhuravlev, 1980

Unpublished

Malecki et al., 2013
Bamber, 1989
Dowdeswell et al., 1984

Macheret and Zhuravlev, 1980

GEUS report 2010 pp27-34
Navarro et al., 2013

Macheret and Zhuravlev, 1980

Navarro et al., 2013
GEUS report 2010 pp27-34
Navarro et al., 2013

Macheret and Zhuravlev, 1980
Bamber, 1989
Macheret and Zhuravlev, 1980

Navarro et al., 2013
Bamber, 1989
Drewry et al., 1980

Macheret and Zhuravlev, 1980

Dowdeswell et al., 1984

Melvold and Schuler, 2008
Melvold and Schuler, 2008
Melvold and Schuler, 2008

Macheret and Zhuravlev, 1980

internal report
Pélli et al., 2003

Year

1974
1979
1983
1974
1979
2012
2012
1983
1980
1974
1979

2009

1974
1979
2011

2008

1974
1979
1983
1974
1979
2009
1983
1980
1974
1979
1980
2000
2001
2002
1974
1979
2011
2000

Radar

RV17
MK IV
RV17

RAMAC
RAMAC
MK IV
MK IV

RV17

RAMAC

RV17
VIRL7
RAMAC

RV17
MK IV
RV17

RAMAC
MK IV
MK IV

RV17

MK IV

PulsEkko
PulsEkko
PulsEkko

RV17

RAMAC
RAMAC

Freg. RWYV Platform

MHz

440
60
440

25
100
60
60

440

25

440
20
25

440
60
440

25
60
60

440

60

50-10C
50-10C
50-10C

440

50
50

168
168
168

170
168
168

168

164

168
168
164

168
168
168

164
168

168

168
168
168
168

168

Helicopter
Helicopter
Helicopter

Snowmobile
Snowmobile
Helicopter
Helicopter

Helicopter
Snowmobile

Helicopter
Snowmobile

Snowmobile

Helicopter
Helicopter
Helicopter

Snowmobile
Helicopter
Helicopter

Helicopter

Helicopter

Helicopter

Snowmobile

XIANAIddV "4



LET

Glacier

Stubendorffbreen

Suessbreen
Sveabreen

Sveabreen

Sveitsarfonna

Svenbreen
Svingombreen
Sykorabreen

Tavlebreen

Tavlebreen
Tavlebreen
Tavlebreen

Tavlebreen

Tellbreen
Tellbreen
Tellbreen
Tellbreen
Tellbreen
Tellbreen

Tirolarbreen
Tommelbreen
Torellbreen Austre

Torellbreen Austre
Torellbreen Vestre

Torellbreen Vestre

Type
Tidewater

Part of
Tidewater

Tidewater

Part of

Valley
Part of
Part of

Valley

Valley
Valley
Valley

Valley

Valley
Valley
Valley
Valley
Valley
Valley

Part of
Tidewater
Tidewater

Tidewater
Tidewater

Tidewater

Bat. Bor. Therm. Struct.

N.A.

N.A.
N.A.
N.A.

polythermal

polythermal
N.A.
N.A.

polythermal

polythermal
polythermal
polythermal

polythermal

cold
cold
cold
cold
cold
cold

polythermal
N.A.
polythermal

polythermal
polythermal

polythermal

Surge Contact Person

Yuri Macheret

Yuri Macheret
Julian Dowdeswell

Yuri Macheret

Yuri Macheret

Jakub Malecki
Thorben Dunse
Anja Pélli

lvan Lavrentiev

lvan Lavrentiev
Francisco Navarro

Reference

Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980
Drewry et al., 1980
Macheret and Zhuravlev, 1980

Macheret and Zhuravlev, 1980

Malecki et al., 2013
Internal report
Palli et al., 2003

Lavrentiev et al., 2011

Lavrentiev et al., 2011
Martin-Espafiol et al., 2013

Francisco Navarroa Martin-Espafiol et al., 2013

Francisco Navarro

Doug Benn
Doug Benn
Doug Benn
Doug Benn
Doug Benn
Doug Benn

Yuri Macheret
Julian Dowdeswell
Yuri Macheret

Francisco Navarro
Julian Dowdeswell

Yuri Macheret

Martin-Espafiol et al., 2013

Bealum and Benn, 2010
Balum and Benn, 2010
Balum and Benn, 2010
Balum and Benn, 2010
Balum and Benn, 2010
Balum and Benn, 2010

Macheret and Zhuravlev, 1980
Bamber, 1989
Macheret and Zhuravlev, 1980

Navarro et al., 2013
Dowdeswell et al., 1984

Macheret and Zhuravlev, 1980

Year

1974
1979
1974
1979
1980
1974
1979
1974
1979
2012
2011
2000

2007

2007
2010
2010

2010

2003
2003
2004
2005
2009
2010
1974
1979
1983
1974
1979
2011
1980
1974
1979

Radar

RV17

RV17
MK IV
RV17

RV17

RAMAC
RAMAC
RAMAC
Step
frequency
radar
VIRL6
RAMAC
RAMAC
VIRL6
VIRL7
PulsEkko
PulsEkko
PulsEkko
PulsEkko
RAMAC
RAMAC

RV17
MK IV
RV17

VIRL7
MK IV

RV17

Freq.
MHz RWYV Platform

440 168 Helicopter

440 168 Helicopter
60 Helicopter
440 168 Helicopter

440 168 Helicopter

100 170 Snowmobile
50
50 168 Snowmobile

850 168 Snowmobile

20 168 Snowmobile
100 168 Snowmobile
200 168 Snowmobile

20 168 Snowmobile

50 170 Snowmobile
50 170 Snowmobile
100 170 Snowmobile
100 170 Snowmobile
100 170 Snowmobile
100 170 Snowmobile

440 168 Helicopter
60 168 Helicopter
440 168 Helicopter

20 168 Helicopter
60 168 Helicopter

440 168 Helicopter




8¢T

Glacier

Torsfonna

Tungebreen

Tunnabreen

Tunnabreen

Tunnabreen
Uversbreen
Uversbreen

Uversbreen
Uversbreen
Valhallfonna
Valhallfonna

Valldkrabreen
Varpbreen
Vestfonna

Vestfonna

Vestfonna

Vestgotabreen
Veteranen
Veteranen

\Vonbreen

Type

Plateau

Valley

Tidewater

Tidewater

Tidewater
Valley
Valley

Valley
Valley
Plateau
Plateau

Valley
Valley
Icecap

Icecap

Icecap

Part of
Valley
Valley
Valley

Bat. Bor. Therm. Struct.

polythermal
N.A.

polythermal

polythermal

polythermal
polythermal
polythermal

polythermal
polythermal
N.A.
N.A.

N.A.
N.A.
*  polythermal

*  polythermal

*  polythermal

polythermal
N.A.
N.A.
N.A.

Surge Contact Person

1930
1970
2003
1930
1970
2003
1930
1970
2003

Yuri Macheret

Ivan Lavrentiev

Julian Dowdeswell

Julian Dowdeswell

Yuri Macheret
Julian Dowdeswell
Finnur Palsson

Julian Dowdeswell
Yuri Macheret
Julian Dowdeswell
Yuri Macheret

Thorben Dunse
Kjetil Melvold
Julian Dowdeswell

Yuri Macheret

Rickard Petterson

Yuri Macheret
Julian Dowdeswell
Yuri Macheret

Julian Dowdeswell

Reference

Macheret and Zhuravlev, 1980
Martin-Espafiol et al., 2013

Bamber, 1989

Dowdeswell et al., 1984

Macheret and Zhuravlev, 1980

Bamber, 1989

Bjornsson et al., 1996

Dowdeswell et al., 1984
Macheret and Zhuravlev, 1980

Bamber, 1989

Macheret and Zhuravlev, 1980

Internal Report

Melvold and Schuler, 2008
Dowdeswel et al., 1986

Macheret and Zhuravlev, 1980

Petterson et al., 2011

Macheret and Zhuravlev, 1980

Bamber, 1989

Macheret and Zhuravlev, 1980

Bamber, 1989

Year

1974
1979
2011

1983

1980

1974
1979

1983

1990

1980
1974
1979
1983
1974
1979
2011
2002
1983
1974
1979

2008-2009

1974
1979
1983
1974
1979
1983

Radar

RV17
VIRL6

MK IV

MK IV

RV17

MK IV
Time gated
synthetic
pulse radar
MK IV

RV17
MK IV
RV17

RAMAC
PulsEkko
MK IV

RV17
Pulse Radar
System
RV17

MK IV
RV17

MK IV

Freg. RWYV Platform

MHz

440
20

60

60

440

60

5-20

60
440
60
440

50
50-10C
60

440

10

440
60
440
60

168
168

168

168

168

168

168

168
168
168
168

168
168

168

168

168
168
168
168

Helicopter

Snowmobile

Helicopter

Helicopter

Helicopter
Helicopter
Snowmobile

Helicopter
Helicopter
Helicopter

Helicopter

Helicopter

Helicopter

Snowmobile

Helicopter
Helicopter
Helicopter

Helicopter

XIANAIddV "4



6€T

Glacier

VonPostbreen

Vonpostbreen Nord
Vonpostbreen south
Vonpostbreen south

Vgringbreen

Varingbreen

Vrangpeisbreen

Wahlenbergbreen
Wahlenbergbreen

Wahlenbergbreen

Werenskioldbreen
Werenskioldbreen
Werenskioldbreen

Werenskioldbreen

Werenskioldbreen
Werenskioldbreen
Werenskioldbreen

Type

Tidewater

outlet
outlet
outlet

Valley

Valley

Part of

Tidewater
Tidewater

Tidewater

Valley
Valley
Valley

Valley

Valley
Valley
Valley

Bat. Bor. Therm. Struct.

polythermal

polythermal
polythermal
polythermal

polythermal

polythermal

polythermal

N.A.
N.A.

N.A.

polythermal
polythermal
polythermal

polythermal

polythermal
polythermal
polythermal

1870
1980

1908
1908

1908

Surge Contact Person

Julian Dowdeswell

Heidi Sevestre
Heidi Sevestre
Heidi Sevestre

Yuri Macheret

Yuri Macheret

Yuri Macheret

Julian Dowdeswell
Julian Dowdeswell

Yuri Macheret

Julian Dowdeswell
Julian Dowdeswell
Mariusz Grabiec

Yuri Macheret

Mariusz Grabiec
Mariusz Grabiec
John Moore

Reference

Drewry et al., 1980

Unpublished
Unpublished
Unpublished

Macheret and Zhuravlev, 1980
Macheret, 1976

Macheret and Zhuravlev, 1980
Macheret and Zhuravlev, 1980

Bamber, 1989
Dowdeswell et al., 1984

Macheret and Zhuravlev, 1980

Dowdeswell et al., 1984
Drewry et al., 1980
IASC 2008 abstracts pp46-49

Macheret and Zhuravlev, 1980

Navarro et al., 2013
Navarro et al., 2013
Palli et al., 2003

Year

1980

2012
2012
2012
1974
1979

1974

1974
1979
1983
1980
1974
1979
1980
1980
2007
1974
1979
2008
2011
1998

Radar

MK IV

RAMAC
RAMAC
RAMAC

RV17

RV17

RV17

MK IV
MK IV

RV17

MK IV
MK IV
RAMAC

RV17

RAMAC
RAMAC
RAMAC

Freg. RWYV Platform

MHz

60

25

25

50

440 168
430-685
440 168
60 168
60 168
440 168
60 168
60

200 164
440 168
25 164
100 168
50 168

Helicopter

Snowmobile
Snowmobile
Snowmobile

Helicopter

Snowmobile

Helicopter

Helicopter
Helicopter

Helicopter

Helicopter
Helicopter
Snowmobile

Helicopter

Snowmobile
Snowmobile
Snowmobile
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