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SUMMARY
Glaciers are unique and obvious natural indicators of climate change. Long-term shifts
in temperature or precipitation regimes result in alterations in the shape and volume of a
glacier. The consequences of such glacier changes are far-reaching and concern both the
immediate and distant environment, both today and in the future. In Switzerland, there
have been few positive consequences, but most implications are negative, including less
water available for energy production, drinking water, and irrigation, as well as increased risks of natural hazards. Observing glacier changes and assessing the related
measurement uncertainties are essential requirements for secondary impact studies and
are investigated in-depth in this PhD thesis.
The thesis consists of four peer-reviewed scientific publications evaluating digital elevation models and albedo measurements using airborne laser scanning (ALS). These
contributions focus on investigations of systematic and stochastic uncertainties of ALS
and its benefits for glaciology.
In the first paper, the volume change in the Findelengletscher in the Swiss Canton of
Valais was calculated with the ALS digital elevation models. In addition, a physical error model was developed to enable the assessment of uncertainties in the volume change
and the allocation of errors at any location in the study site which can then be used to
calculate the overall error. At the same time, the observed errors could be traced back to
their sources.
The ALS elevation models evaluated were subsequently used in a second publication as
reference data sets to evaluate the limitations of traditional and established methods to
measure glacier volume changes. The scale and method-dependent limitations and uncertainties in these methods were identified and recommendations for their application
given. The third paper addressed the seasonal volume balance, i.e. the winter snow accumulation, resulting in a distributed accumulation map of the Findelengletscher. This
provided insights into the accumulation distribution and the dynamic glacier processes
involved, which could then be used to enhance glaciological energy and mass balance
models.
To accurately model the glacier mass balance, not only is it important to understand
glacier processes, but also the surface albedo, which is a paramount factor. Up to now,
the values from the literature used are mostly approximate and not based on any field
measurements. In the fourth study, we evaluated ways of extracting the distributed albedo from ALS intensity data. This albedo approximation can serve as the initialization
point for glacier mass balance models and benefits from reflectance ALS information in
addition to the topographic products.
The results of these papers demonstrate the benefits and successful application of ALS
in glaciology. In addition, the limitations of the methods are discussed and potential future developments of the data and methods described as part of a general outlook.
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ZUSAMMENFASSUNG
Gletscher sind einzigartige und augenfällige natürliche Indikatoren der Klimaänderung.
Längerfristige Veränderungen von Temperatur- und Niederschlagsregime resultieren in
einer Anpassung der Form und des Volumens eines Gletschers. Die Folgen dieser Gletscheränderungen sind weitreichend und betreffen ihre nähere und fernere Umwelt, jetzt
und in der Zukunft. In der Schweiz sind, neben wenigen positiven, vor allem negative
Konsequenzen absehbar wie die verringerte Verfügbarkeit von Wasser zur Gewinnung
von Energie, als Trinkwasser, zur Bewässerung sowie das steigende Risiko von Naturgefahren. Die exakte Feststellung von Gletscheränderungen und zugehörigen Messunsicherheiten stellen deshalb entscheidende Voraussetzungen für Untersuchungen zur Folgenabschätzung dar und werden in dieser Dissertation vertieft untersucht.
Die vorliegende Arbeit befasst sich, basierend auf vier wissenschaftlichen Publikationen, mit digitalen Höhenmodellen und Albedomessungen aus Airborne Laser Scanning
(ALS) Daten. Der Fokus dieser Beiträge liegt auf Untersuchungen der systematischen
und stochastischen Fehler der Methoden und den Vorteilen der Nutzung von ALS in der
Glaziologie.
In einem ersten Schritt wurde die Volumenänderung des Findelengletschers im Schweizer Kanton Wallis basierenden auf ALS Höhenmodellen berechnet. Zudem wurde ein
physikalisches Fehlermodell entwickelt, um eine Abschätzung der Genauigkeit der Veränderung zu geben. Die physikalische Modellierung dieser Fehler lässt deren Abschätzung an jedem Ort eines Untersuchungsgebiets zu und somit den flächenhaft integrierten Fehler quantifizieren. Gleichzeitig erlaubt es, die festgestellten Fehler ihrem Ursprung zuzuweisen.
Nach der Feststellung der Genauigkeit der Höhenmodelle wurden an diesen Referenzdatensätzen in einer zweiten Publikation verschiedene etablierte Methoden zur Berechnung der Volumenänderung von Gletschern verglichen. Daraus liessen sich skalen- und
methodenabhänginge Limitationen der klassischen Methoden aufzeigen und Empfehlungen über deren Nutzen sowie involvierte Unsicherheiten abgeben. Der dritte wissenschaftliche Beitrag befasste sich mit der saisonalen Volumenbilanz, respektive der Winter-Schneeakkumulation. Die vorliegende Arbeit führte zu einer Akkumulationskarte
des Findelengletschers und ermöglichte so einen Einblick in die Akkumulationsverteilung und die involvierten dynamischen Gletscherprozesse. Die so erzeugten Daten tragen somit zur Verbesserung von glaziologischen Energie- und Massenbilanzmodellen
bei.
Neben dem Verständnis der Gletscherprozesse ist die Albedo der Gletscheroberfläche
ein vorrangiger Faktor zur Modellierung der Massenbilanz. Bisher wurden dafür vor
allem Richtwerte aus der Literatur und kaum flächenhafte Messungen verwendet. In
einer vierten Studie wurde deshalb die Berechnung der flächendeckenden GletscherAlbedo aus ALS-Intensitätsdaten untersucht. Die errechnete Albedo-Näherung kann als
Startpunkt für Gletscher-Massenbilanz-Modelle dienen und neben dem Nutzen der topographischen auch die spektralen Informationen von ALS verwerten.
Die Resultate dieser Publikationen demonstrieren den positiven Nutzen und die erfolgreiche Anwendung von ALS im Dienste der Glaziologie. Des weiteren werden Limitationen besprochen und in einem generellen Ausblick Perspektiven für die Weiterentwicklung der verwendeten Daten und Ansätze aufgezeigt.
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1 INTRODUCTION
1.1 General context
Climatic changes have always influenced life on earth. In the past more than 100 years,
however, the growing human population started has influencing the climatic conditions
on a global scale. For example, increasing greenhouse gas emissions from burning fossil
fuels have led to atmospheric CO2-concentrations surpassing historical levels. These
climatic changes pose threats to all Earth’s spheres, including the anthroposphere, by,
e.g., increasing global mean air temperatures and rising sea levels. To assess and mitigate the impacts of such threats and enable projections into the future, climate changes
in the past must be better understood. The present dissertation generally aims at
strengthening the evidence for climate change on the basis of high resolution airborne
laser scanning (ALS) data in glacier research and at providing an assessment of the uncertainties involved.
First, a short introduction to glaciology, measuring glacier changes, and the study site is
provided in section 1.2. Subsequently, the use of airborne laser scanning for glacier applications is explored in section 1.3, the motivations for the study described and the research questions addressed in the four scientific papers in chapters 2-5 described. In
chapter 6, the main results are discussed and the possibilities for further research outlined.

1.2 Climate change induced changes in glaciers: the scientific background
1.2.1

Glaciers as climate change indicators

Glaciers are bodies of ice that form where snow accumulation exceeds ablation. After a
metamorphosis process from snow to firn and ice, the ice mass starts to flow
downslope, driven by gravity. As the flow leads to the ice being exposed to higher temperature at lower elevations, the ice starts to melt again. A glacier consists therefore of
two distinguishable regions: the accumulation area, where snow persists over summer,
and the ablation area, where the existence of glacier ice is only possible by continued
dynamic flow into this area of melt (Kaser et al. 2003).
The mass change of glaciers is primarily driven by climatic changes. Small changes in
the temperature and precipitation regime of a glacier have a distinct influence on its
mass and shape. Therefore, observed glacier changes are widely accepted as key indicators of climate change (Haeberli et al. 2007; Lemke et al. 2007).
Since the Little Ice Age, which ended at around 1850, Alpine glaciers have generally
lost mass and retreated from their former maximum extent due to global warming
(Zemp et al. 2006). For many glaciers, this general trend was interrupted by a few years
of glacier re-advance mainly in the 1970s and 1980s. In the past three decades, glacier
retreat has accelerated, and melt rates not measured previously have been observed
(Zemp et al. 2006). The loss of glacier mass and the glacier retreat have a variety of so-
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cio-economic impacts, affecting natural hazards, hydropower generation, irrigation, and
tourism (Beniston et al. 2011; Keiler et al. 2010). On a global scale, the contribution of
glacier melt water to global sea level rise is only surpassed by the thermal expansion of
the oceans, which means it is the strongest land-based cause of sea level rise (Lemke et
al. 2007). Long-term monitoring of glacier changes and modeling of future expected
changes is therefore essential not only for climatic change studies but also for assessing
and mitigating the secondary impacts of changes in glaciers on any scale.
1.2.2

Measuring and modeling glacier changes

Basically, three approaches to glacier research have been taken: local studies of single
glaciers investigating processes in-depth (typically short term), studies of large glacier
ensembles on a global scale, and glacier inventories (typically long term; Haeberli et al.
2007). Monitoring glacier changes in long time series is especially important to obtain
information about climate fluctuations at the studied sites as well as various impacts on
local, regional and global scales (Kaser et al. 2003).
Measuring glacier changes on the different scales these research strategies require has
led to the evolution of multiple methods, generally involving in-situ measurements, remote sensing data, and modeling. The traditional in-situ method, called the direct glaciological approach, calculates the annual mass balance of glaciers using data from ablation stakes in the ablation area of a glacier, snow pits with snow density measurements
in the accumulation area of a glacier, and extrapolation methods to account for the entire glacier surface (Østrem and Brugmann 1991). Often, expert knowledge of the glaciers is used to enhance the mass balance result by manually introducing spatially distributed accumulation and melt patterns. These methods directly lead to the mass balance in
meters water equivalent, and are therefore already corrected for different snow and ice
densities. However, using the direct glaciological method as exclusive input for a mass
balance series will lead to an accumulation of systematic uncertainties and must therefore be checked by an independent method, ideally by decadal volume change measurements from a geodetic method (Cogley 2009; Haug et al. 2009; Huss et al. 2009;
Zemp et al. 2010).
In contrast to in-situ measurements, measurements of elevation change do not directly
provide the local or distributed mass balance of a glacier for two reasons. First, in the
accumulation area, snow is altered to form firn and later ice in a dynamic metamorphism process. Therefore, the elevation of the snow and firn pack is changed by densification processes, which are difficult to measure with remote sensing methods. Second,
the viscous nature of ice leads to a dynamic transport of the ice body from the high accumulation area to the lower ablation area. This is not only a translational process but
also leads to changing surface elevations, with decreases due to submergence in the accumulation area and increases due to emergence in the ablation area. Comparing traditional in-situ with remote sensing based measurements is therefore not a straightforward
task.
In order to measure the change in volume of a glacier, distributed elevation difference
data covering the entire glacier at different points in time are needed. The volume difference can then be calculated by subtracting all horizontally corresponding elevations
in two digital elevation models (DEMs) and summing all the elevation differences times
the area per raster cell. However, the resulting volume change is not directly transformable to a glacier-wide mass balance in meters water equivalent as the density of the vol-
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ume difference is not known. In addition, the local elevation changes do not represent
the local mass balance, e.g. at an ablation stake location due to the dynamic processes
explained earlier. Both challenges have to be tackled to calculate mass balances (Huss
2013; Sapiano et al. 1998).
Topographic data do, however, provide an independent data source to investigate glacier processes and variations. The oldest topographic data available for Switzerland are
contour lines in the Siegfried and Dufour maps, dating back more than 140 years
(Oberli 1979). Such maps were produced from classical in-situ geodetic surveys and
their contour line locations can be used to calculate the volumetric change in a glacier
(Finsterwalder 1954; Hofmann 1958). With the advent of aerial photography, photogrammetric methods were introduced to derive distributed elevation models for glacier
research (e.g. since the 1950s at Storglaciären, Sweden; Zemp et al. 2010). However,
the presence of shaded and low-textured surfaces, especially in the accumulation area,
can lead to large inconsistencies in the resulting DEMs. This problem has only been
mitigated recently with the introduction of multi-angular near-infrared airborne cameras. These newer cameras still, however, depend on the surface texture and solar illumination of the study site and may thus still produce erroneous areas in DEMs.
In contrast, airborne laser scanning as an active emitting method has been shown to
produce accurate DEMs independent of external illumination and snow textures. ALS in
glaciological applications is described in more detail in section 1.3.
The methods to determine elevations discussed before are usually only available for a
regional area and have to be updated by sometimes expensive flight campaigns and laborious data analysis. Fortunately, earth-observing spaceborne systems provide periodic
operational measurements of the earth’s surface. For example, ASTER on board the
Terra satellite produces photogrammetric elevation data, which can be used in glaciological applications (Global Digital Elevation Map GDEM; Tachikawa et al. 2011), although it poses some photogrammetric challenges. The spaceborne geoscience laser altimeter system (GLAS) on ICESat provided elevation measurements that were especially useful for Arctic applications (Zwally et al. 2002). However, this sensor was less useful in Alpine regions because of its temporal resolution and spatial sampling pattern. A
third type of instrument, the synthetic aperture RADAR present on some satellites, is
able to measure topographic changes. A milestone of near-global digital elevation models was set in the year 2000 by the Space Shuttle RADAR Topography Mission (SRTM;
Rabus et al. 2003)., but is has the major limitation that it normally provides no information on the penetration depth into snow and ice (Rignot et al. 2001).
As well as measuring glacier changes in-situ or through airborne/spaceborne earth observations, various approaches to modeling glacier changes have been developed. Most
of these models use input data from glacier measurements, normally with additional meteorological/climatologic data. Rather than just producing punctual information, these
models can describe the changes in glacier’s mass during a year or over longer periods
by incorporating process knowledge and physical glacier models (Hock 1999; Huss et
al. 2008; Machguth et al. 2006b).
1.2.3

Impact of shrinking glaciers

In Switzerland, the total glacier surface has diminished by about 50% since the Little
Ice Age (Zemp et al. 2006). During this 150-year period, the mean annual air tempera-
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ture in Switzerland has increased by approximately 1.5°C (Begert et al. 2005). Climate
reports expect a further warming of 1.5 to 6°C by the end of the century with many effects that we cannot yet envisage (Lemke et al. 2007). However, it is clear that the projected increase in air temperatures will lead to further glacier shrinkage and many glaciers will have probably disappeared by the end of the century (Lemke et al. 2007).
The massive lateral moraines and multiple terminal moraines of many Alpine glaciers
are impressive indications of their previous length and volume, and of the dramatic
changes that have occurred during this geologically rather short 150-year period. The
retreat of glaciers since the LIA, often amounting to several kilometers, and the elevation increase at the terminus are strong evidence of climatic warming. However, this
glacier retreat does not only affect the size and volume of the ice bodies themselves, but
also actively alters the local and regional environments, sometimes on an even larger
scale. Additionally, the warming or loss of old ice and the preserved particles it contains
poses an irrecoverable loss of natural climate archives (Hoelzle et al. 2011).
The strong retreat of the glaciers in Switzerland and elsewhere has many implications
and affects different stakeholders in ways that are expected to intensify in the future.
Being able to see “perpetual ice” is often considered a sign of a healthy ecosystem. The
ice retreats will form new alpine landscapes with new ground coming to light and many
new lakes present (Frey et al. 2010). These new lakes will provide new opportunities,
e.g. as new touristic destinations and as sites for new hydropower generation projects.
However, many of these new lakes are (and will be) dammed by loose glacier sediment
and therefore create potential natural hazards (flooding, debris flow, and ice avalanches)
for down-valley settlements (Frey et al. 2010).
Annual precipitation in Switzerland has not changed much in the past 150 years of
measurements, or at least no trend is apparent (Begert et al. 2005). Many glacier outflows are collected as water intakes for hydropower generation. With the retreat of the
glaciers, water discharge will decrease, which will directly affect the amount of water
available for energy generation in summer. Today, the still larger glaciers are melting at
a fast rate, which means the discharge useable for hydropower generation is above average. However, the rapid decrease in the glacier’s surface area and volume will lead in
the longer term to less water being available during summers. This development could
also have a profound effect on the water availability for drinking water and irrigation
for larger parts of Switzerland, and even influence the discharge far away from the European Alps (Huss et al. 2014).
On the global scale, the shrinkage of glaciers is estimated to be currently contributing
approximately 0.8 (+/- 0.2) mm per year to the rise in global sea levels (total rise 19932003: ~3 mm/a; Lemke et al. 2007). Despite the comparably small land surface area
covered by glaciers (~0.5%), the glacier contribution to sea level rise amounts to approximately 28%, about twice that of the individual contributions of the Antarctic and
Greenland ice sheets combined (Lemke et al. 2007).
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1.3 Airborne Laser Scanning for glacier applications
1.3.1

Introduction to airborne laser scanning

Airborne laser scanning is a method employing LIDAR (light detection and ranging)
measurements (Wehr and Lohr 1999). It has been in operational use since the early
1990s for a variety of applications, principally aiming at generating accurate digital elevation models on land and in shallow waters close to shorelines. The most advantageous
characteristics of this active system compared to passive imaging systems are the way it
is independent of the sun as a source of illumination, and it can accurately map featureless surfaces such as snow or sand, as well as map terrain by seeing through volumetric
structures such as trees while at the same time mapping them (Morsdorf et al. 2004;
Nelson et al. 1984).
Laser scanning is based on a method to measure the range and direction from the instrument’s known location to a reflecting target. The illuminating source is typically a
narrow focused, laser pulse of short duration, although continuous wave (CW) systems
exist as well (Baltsavias 1999; Mallet and Bretar 2009). In the more common first mode
of operation, which was used for this research, the sensor-to-target range is calculated
by multiplying half the time-of-flight of a laser pulse by the speed of light (Baltsavias
1999). Repeated emissions in different directions then lead to a distributed pattern of
target returns, hence the term “scanning”.
Typically, an airborne sensor’s position and orientation in space are measured by combining a global navigation satellite system (GNSS) and an inertial measurement unit
(IMU; Wehr and Lohr 1999). In modern laser scanners, the emitted laser beam is deflected by a rotating or oscillating mirror built into the instrument, and subsequently reflected at the target’s surface before returning to the detector again via the deflecting
mirror. The current angular orientation of the deflection mirror is measured as well. In
combination with the measured range, the positioning and attitude measuring system,
the target’s coordinates on ground can then be determined (Wehr and Lohr 1999).
The laser scanners mostly used today typically operate a laser at a near-infrared wavelength to allow a higher emission power due to eye safety concerns and legal restrictions in the visible part of the electro-magnetic spectrum. A most welcome byproduct of these restrictions is that the scanners are then more suitable for the nearinfrared wavelengths preferred for scanning on snow and ice (Lutz et al. 2003). The laser beam emitted typically works with a beam divergence of approximately 0.25 mrad
(at 1/e energy level; Glennie 2007), leading to an illuminated footprint diameter of 0.25
m at a typical flying height 1000 m above ground level. The distribution of return locations and the point density per area unit are dependent on the pulse repetition frequency,
the scanning frequency, the overlap area between two flight trajectory’s swaths and the
type of target. For example measuring a tree can lead to multiple returns per laser emission.
The principal product of an ALS flight campaign is a collection of point coordinates
from all discrete laser return locations. The interpolation and filtering of such a point
cloud can then be performed to establish a rasterized digital elevation product, such as a
terrain model.
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1.3.2

Measuring topographic glacier changes using ALS

The principal method of determining glacier volume change is the photogrammetric
evaluation of aerial or spaceborne images (cf. section 1.2.2). For more than 50 years,
such datasets have been available and provide an invaluable archive of past glacier
states (Zemp et al. 2010). However, generating a DEM from photogrammetric data is
complex, and the quality of the results depends on many factors, such as the availability
and accuracy of ground control points and high contrast image information. Consequently, DEMs of glacier areas based on photogrammetry can be rather uncertain in the
information on elevation.
Digital elevation models of glaciers were first generated from airborne laser scanning in
the late 1990s (Kennett and Eiken 1996), including in Switzerland (Favey et al. 1999).
These pilot studies showed the principal applicability of airborne laser scanning in glaciology. A few years later, in the framework of the OMEGA project (Operational Monitoring of European Glacial Areas), multi-temporal ALS data sets were acquired for
Hintereisferner (Austria) and Engabreen (Norway), showing the potential of this new
method for glacier monitoring (Geist 2005). In the past few years, ALS has provided
data in a more operational way, e.g. in studies of single glaciers (Geist et al. 2003) and
mountain ranges (Abermann et al. 2010), and contributed to regional glacier inventories
(Knoll and Kerschner 2010).
To evaluate the volume change of a glacier, the corresponding local elevations from
multi-temporal DEMs are co-registered, subtracted, and summed up for the entire glacier surface (Nuth and Kääb 2011; Reinhardt and Rentsch 1986). Any uncertainties in one
or several DEMs used for the calculation therefore degrade the quality of the resulting
volume change estimates. This effect is greater if there has been only little topographic
change, i.e. if the time period between the two DEMs is short or the mass turnover of
the glacier is low. An accurate DEM is therefore essential for accurate estimates of volume change and is the basis for comparison with in-situ mass balance measurement
networks.
The data acquired with ALS has proven to be highly accurate. The accuracy of such data has been assessed using reference surfaces (Favey et al. 1999; Geist 2005), ground
control points (Hodgson and Bresnahan 2004b; Hopkinson and Demuth 2006) and statistical error modeling approaches (Filin 2003; Goulden and Hopkinson 2010; Huising
and Gomes Pereira 1998). After assessing the data for accuracy, current information on
the volume change can then be obtained.
1.3.3

Measuring snow reflectance regimes

The consequences of glacier change are described in the previous sections. This section
takes a closer look at the causes of glacier change. The two principal drivers of glacier
melt are air temperature and net solar radiation (Ohmura et al. 2007), which can be
measured and extrapolated to unmeasured sites in a reliable manner. The efficiency of
the energy uptake at the glacier’s surface is, however, defined by a more challenging
component: the surface albedo (Wiscombe and Warren 1980). Albedo is the ratio of reflected to incident broadband radiation and strongly influences glacier ablation
(Oerlemans and Knap 1998). It is influenced by surface material properties such as the
snow grain size (most influential in the near-infrared part of the electromagnetic spectrum) and impurities in snow and ice (most influential in the visible part of the
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spectrum; Brock et al. 2000; Oerlemans et al. 2009). To model a glacier’s surface energy and mass balance, typical values from the literature are often taken to account for
larger regions of the glaciers, e.g. ranging between 0.6 and 0.9 for snow in the accumulation area, 0.3 and 0.55 for firn in the transient area, and 0.2 to 0.35 for bare ice in the
ablation area (Cuffey and Paterson 2010; Greuell et al. 1997; Machguth et al. 2006b).
However, glacier albedo is very spatially variable as in-situ measurements (Sugiyama et
al. 2011) and retrievals from remote sensing have shown (Knap et al. 1999a; Stroeve et
al. 2005). Measuring the albedo in-situ is laborious and only possible at single locations.
The distributed measurement of albedo using operational remote sensing (e.g. satellite
imagery) is not easy because the spatial resolution is often low and it thus cannot reproduce the spatial heterogeneity. It also depends on having cloudless imaging conditions.
In addition, because the sun is the illumination source, there are directional effects from
isotropic, volumetric and geometrical-optical scattering (bi-directional reflectance
distribution function (BRDF) effects; cf. Schaepman-Strub et al. 2006).
The principal task of ALS is to generate very accurate topographic models. However, as
a side product, LIDAR instruments typically also register the signal intensity for each
pulse, providing surface reflectance information in one narrow band (Höfle and Pfeifer
2007).

1.4 Motivation for research
A tool for assessing past and present climatic changes is provided by measuring and
modeling glacier changes. Glaciers react sensitively to the prevailing climatic conditions by adapting their shape and volume. Nowadays, multiple approaches exist to
measure or model such changes.
Several glacier volume change studies have considered ALS uncertainties, but have often relied on calibration information from data providers or on uncertainties from reference measurements taken at other sites. The resulting data may therefore contain considerable uncertainties and should be carefully evaluated, especially if measurements of
changing topography in the field of glaciology are involved.
Not enough is known about the accuracy of existing methods to measure glacier volume
changes, which limits the quality of the results and extrapolations into the future. To
increase the credibility of such measurements and extrapolations, a sound assessment of
methodological uncertainty independent of acquisition heterogeneities is required.
To bridge the data gap between in-situ and remote sensing campaigns to measure glacial
change, glacier models are widely used. Computing the annual mass balance of glaciers
involves taking snow accumulation into account. Current models typically rely on meteorological measurements and try to estimate the accumulation. However, the actual
snow accumulation and its deposition pattern are normally unknown. To improve mass
balance models, the winter snow accumulation must therefore be measured and associated uncertainties evaluated.
A second driver of glacier change that is rarely measured is the surface albedo, which is
of utmost importance as it influences the amount of incident radiation available for glacier melt. To improve glacier mass balance models, measurements of albedo, preferably
by remote sensing means, should be included.
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The focus of this dissertation is on these challenges and on measuring multi-annual and
seasonal glacier changes, with a thorough assessment of accompanying uncertainties.
The results are used to assess (i) the uncertainty of established methods for calculating
glacier volume changes and (ii) the potential of ALS for deriving distributed products of
winter accumulation and albedo.

1.5 Research outline
The dissertation aims to contribute to glacier change research by investigating airborne
laser scanning data in different ways, addressing the four general questions:
a) What is the overall glacier volume change and how accurate are the ALS
DEMs?
b) Are there any systematic or stochastic errors in traditional annual glacier volume change methods compared to the state of the art approaches?
c) What can ALS contribute to better understanding winter accumulation patterns?
d) Can ALS intensity measurements be used to derive a distributed glacier albedo map?
These are the topics of the four peer-reviewed scientific publications contained in this
dissertation. The research questions to be answered in more detail are presented below:
a)

Volume change and uncertainty assessment of topographic information in glaciology

In the first paper, we developed and implemented a framework to estimate the influence
of both the systematic and the stochastic uncertainties in point clouds. We also interpolated DEMs derived from ALS data based on a physical error modeling approach (chapter 2). We were then able to calculate the geodetic change in volume of the
Findelengletscher with accompanying uncertainty estimates.
The following research questions are addressed in chapter 2:

b)

•

What changes in the Findelengletscher were observed in the period 2005-2010?

•

How accurately can glacier topography and glacier changes be reproduced using
ALS? How significant are the uncertainties involved for estimating volume
change?

•

What is the origin of these uncertainties?
Evaluation of different methods to measure glacier volume change

After assessing the accuracy of the DEMs in the first contribution, we used the available
ALS DEMs to simulate, for the first time, the geodetic change in glacier volume employing different methods on various spatial scales. In this way it was possible to validate the methods and the dependence of uncertainties on different spatial scales since
the methodological errors that remained in the volume change arose from the different
methods. In addition, uncertainties in a synchronously acquired low point density ALS
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data set, which had been economically optimized, were compared with those in the high
point density ALS data sets.
The following associated research questions are addressed in chapter 3:
•

How can using an economically optimized ALS flight setup influence the volume change accuracy?

•

What systematic and stochastic uncertainties are introduced when using different
methods to derive the geodetic volume change? On what spatial scale are systematic uncertainties of concern?

c)

Evaluation of winter accumulation measurements

Most research and monitoring in glaciology assess the annual mass change in glaciers
by measuring glacier changes at the end of summer. However, the annual mass change
is the result of processes throughout the entire year. In addition, comparing the in-situ
mass balance of a glacier with volume changes measured with remote sensing is challenging due to dynamic processes such as ice flow and the unknown density conversion.
Therefore, to better understand the processes governing winter accumulation, the third
paper estimates end-of-winter snow accumulation patterns and glacier dynamics with
unprecedented accuracy by utilizing a combination of ALS, helicopter-borne ground
penetrating RADAR, and in-situ measurements on the glacier surface.
The following research questions are addressed in chapter 4:
•

How could winter accumulation measurements benefit from using ALS?

•

What conditions have to be fulfilled and what are the limitations?

d)

Derivation of a distributed glacier surface albedo

Albedo is a paramount input factor for glacier energy and mass balance models. The
point cloud data from ALS is primarily used to develop topographic models of a study
site. As a side product, most ALS systems record the reflected signal intensity providing
surface reflectance information in one narrow spectral band. For this purpose, different
physical effects were radiometrically corrected and a homogeneous near-infrared image
of the glacier produced. At the same time, in-situ albedo measurements were performed
to calibrate the corrected ALS intensity data. This additional information was then used
to reproduce the spatially highly variable albedo of the glacier’s surface and was compared to a broadband albedo derived from a multispectral airborne digital sensor.
The following research questions are addressed in chapter 5:
•

What is the benefit of using ALS intensity information?

•

What is the information value of the albedo proxy derived from ALS intensity?
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1.6 Project context
1.6.1

Project framework

In the framework of the “Gletscher Laserscanning Experiment Oberwallis (GLAXPO)”,
this PhD project was undertaken to accurately measure glacier volume changes using
digital elevation models based on multi-temporal airborne laser scanning.
Two additional studies were also conducted, one to investigate the hydrology of the
study site’s catchment. The past and future glacier runoff was modeled on the basis of
historic data and climatic scenarios (Huss et al. 2014). The second produced dynamic,
interactive visualizations of past glacier changes and predicted future changes for a
permanent public exhibition.
The funding partner for this project was the Axpo Holding AG, the largest Swiss energy
utility. As the majority of the energy produced by Axpo is generated from hydropower,
the company is directly affected by the change in the retention capacity and runoff of
glaciers feeding hydroelectric power stations. It is therefore interested in the outcomes
of this research.
1.6.2

Study site and data

To consider the research questions posed in this thesis, a suitable study site had to be
carefully selected. A promising glacier for further research was found in the Findelengletscher in Canton Valais, Switzerland (46°N, 7° 52’ E; Fig. 1-1), as the glaciology
group of the Geography Department of the University of Zurich (GIUZ) had already
established an in-situ mass balance measurement network there in 2004, which could
provide a synergy for both the in-situ network and the ALS project. The measurement
network has been established to serve as a test area for modeling glacier changes in a
different research project (Machguth 2008). These measurements were collected using
the direct glaciological method (Østrem and Brugmann 1991), which involves setting
up a network of stakes in the ablation area and collecting the end-of-summer snow
depth distributions including snow density measurements. The point data were interand extrapolated for the entire glacier using a manual contouring approach and drawing
on expert knowledge about ablation/accumulation distributions. The general glacier data
and mass balance results obtained are given in the Fluctuations of Glaciers (WGMS
2012). Since 2012, however, the in-situ data have served as input for a mass balance
model developed by Huss et al. (2008, new data unpublished).
This temperate valley glacier has an area of approximately 13 km2 (2010, cf. Fig. 1-2)
and an elevation range from 2600 to 3900 m. It is expected to undergo several decades
of strong melt (Farinotti et al. 2011). The Findelengletscher has been the target of glaciological research in the past (Collins 1979; Iken and Bindschadler 1986), and glacier
length measurements have been performed there since 1885 (Glaciological Reports
1881-2010). As measurements from stakes and snow pits are prone to the accumulation
of systematic errors, as are the inter- and extrapolation methods, an independently derived geodetic mass balance is required to validate the in-situ measurements (Zemp et
al. 2010). The GIUZ therefore decided to make use of the state of the art geodetic method of airborne laser scanning to test for systematic errors. In 2005, an ALS test data set
was produced for a large area in the Mattertal region, including the Findelengletscher
test site, and acquired by the GIUZ. The ALS measurements produced for this project
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(fall 2009, spring 2010, fall 2010) were therefore complemented with the longer time
span provided by the 2005 (fall) data set. For a complete list of the ALS acquisition parameters, please refer to Table 1 in the paper in chapter 2.

Figure 1-1 The snow-covered tongue of the Findelengletscher, looking towards Zermatt, with
the prominent peak of the Matterhorn in the background (September 29, 2010, by M. Zemp).

Figure 1-2 The Findelengletscher study site based on a shaded ALS relief. The blue line represents the glacier perimeter in September 2010. The coordinate system is Swiss grid CH1903, in
meters.
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1.7 Structure of the thesis
The thesis consists of six chapters:
Chapter 1 provides the reader with the required theoretical background to ease the understanding of the peer-reviewed scientific contributions in the following chapters. It
gives an overview of glacier research and familiarizes the reader with the concept of
airborne laser scanning. It also contains the research gaps to be bridged leading to the
research questions and approaches addressed and discussed in the present thesis.
Chapter 2 consists of a first-authored peer-reviewed scientific publication (Joerg et al.
2012) addressing the uncertainties of ALS in glacier research in a case study. The publication is self-contained in both structure and content.
Chapter 3 consists of a first-authored peer-reviewed scientific publication (Joerg and
Zemp 2014) investigating uncertainties in different methods and at different scales calculating the geodetic volume change of a glacier. The publication is self-contained in
both structure and content.
Chapter 4 consists of a co-authored peer-reviewed scientific publication (Sold et al.
2013) addressing the winter snow accumulation distribution on Findelengletscher by
using different methods. The publication is self-contained in both structure and content.
Chapter 5 consists of a first-authored peer-reviewed scientific publication (Joerg et al.,
in revision) aiming to derive a distributed albedo map using ALS intensity information.
The publication is self-contained in both structure and content.
Chapter 6 summarizes and discusses the main findings from the publications presented
in chapters 2-5, provides concluding remarks and a scientific outlook. In addition, an
overview of the PhD candidate’s professional education and additional scientific contributions is given.
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2 UNCERTAINTY

ASSESSMENT
OF
MULTI-TEMPORAL
AIRBORNE LASER SCANNING DATA: A CASE STUDY ON AN
ALPINE GLACIER

This chapter was published as: Joerg, P.C., Morsdorf, F., & Zemp, M. (2012). Uncertainty assessment of multi-temporal airborne laser scanning data: A case study on an
Alpine glacier. Remote Sensing of Environment, 127, 118-129. Reprint with permission
from Elsevier.
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3 EVALUATING VOLUMETRIC GLACIER CHANGE METHODS
USING AIRBORNE LASER SCANNING DATA
Joerg, P.C., & Zemp, M. (2014). Evaluating volumetric glacier change methods using
airborne laser scanning data. Geografiska Annaler: Series A Physical Geography, 96,
135-145. Reprint with permission from Wiley.
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4 METHODOLOGICAL

APPROACHES TO INFER END-OFWINTER SNOW DISTRIBUTION ON ALPINE GLACIERS

This chapter was published as: Sold, L., Huss, M., Hoelzle, M., Joerg, P.C., & Zemp,
M. (2013). Methodological approaches to inferring end-of-winter snow distribution on
alpine glaciers. Journal of Glaciology, 59, 1047-1059. Reprint with permission of the
International Glaciological Society.
The contribution of P. Joerg to this article was the airborne laser scanning data preparation and analysis, as well as contributions to the manuscript, tables and figures by discussions and revisions.

49

51

52

53

54

55

56

57

58

59

60

61

62

63

5 COMPUTATION OF A DISTRIBUTED GLACIER SURFACE
ALBEDO PROXY USING AIRBORNE LASER SCANNING
INTENSITY DATA AND IN-SITU SPECTRO-RADIOMETRIC
MEASUREMENTS
This chapter has been re-submitted after revisions as: Joerg, P.C., Weyermann, J.,
Morsdorf, F., Zemp, M., & Schaepman, M.E.: Computation of a distributed glacier surface albedo proxy using airborne laser scanning intensity data and in-situ spectroradiometric measurements. Remote Sensing of Environment.

Abstract
In recent years, multi-temporal topographic measurements from airborne laser scanning
(ALS) have been increasingly used as a source of spatially explicit and accurate information to calculate geodetic glacier mass balances. Simultaneously to collecting topographic data, most ALS instruments record the backscattered intensity for each laser
emission and therefore provide additional information on the reflectance characteristics
of the surveyed surface. Along with air temperature, the surface albedo of snow and ice
was identified as a major driving factor of glacier melt. Consequently, better knowledge
on the spatial distribution of the glacier albedo could substantially improve energy balance based glacier melt modeling. In this study, we collected on-glacier spectroradiometric and albedometer measurements to serve as ground reference to
radiometrically calibrate high resolution ALS intensity data into a distributed albedo
proxy map. This method resulted in an albedo proxy with values between 0.6 on the
glacier tongue and 0.9 on fresh snow in high altitudes. 99.6% of all values fell within
the albedo boundary conditions, i.e. values between 0 and 1. Corrected near-infrared
ALS intensity data provided a distributed product that allows simulating albedo in glacier energy and mass balance models more realistically. Remaining challenges are (i) a
different surface albedo response in the visual part of the electro-magnetic spectrum, (ii)
the low radiometric resolution of the ALS system for higher intensity values, and (iii) an
insufficient correction of the snow bi-directional reflectance distribution function
(BRDF).

5.1 Introduction
Glacier ablation is primarily driven by air temperature and net solar radiation (e.g.
Ohmura et al. 2007). The glacier surface energy balance describes the amount of energy
available for melt and depends not only on the incident radiation, but also on the energy
uptake efficiency (cf. Wiscombe and Warren 1980). This important factor is the surface
bi-hemispherical reflectance, further on called albedo, defined as the ratio of reflected to
incident radiation, and strongly influencing ablation (Oerlemans et al. 2009;
Schaepman-Strub et al. 2006). Snow albedo is inversely correlated with snow grain size
and the concentration of impurities in the snow pack whereas ice albedo is mostly de-
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pendent on the content of debris and smaller sized mineral and biogenic cover (Brock et
al. 2000; Oerlemans et al. 2009). Typical value ranges for snow (firn, ice) albedo from
measurements and used for glacier energy and mass balance modeling range between
0.6 and 0.9 (0.3-0.55, 0.2-0.35) (e.g. Cuffey and Paterson 2010; Greuell et al. 1997;
Klok and Oerlemans 2004; Machguth et al. 2006b).
Current glacier energy and mass balance models rely on single or multiple albedo values which are usually estimated from literature or modeled, e.g. by simulating albedo as
a function of aging snow or snow depth, and often assumed to be spatially homogeneous on a larger part on the glacier surface (Klok and Oerlemans 2004; Machguth et al.
2006b). To improve these assumptions, the albedo can either be measured directly on
the glacier (Brock et al. 2000; Sugiyama et al. 2011) or derived from remote sensing
data (Knap et al. 1999a; Stroeve et al. 2005). However, the spatial distribution of albedo
on a glacier can be highly variable (Sugiyama et al. 2011) and the spatial resolution of a
satellite instrument might not be satisfactory for the application on smaller valley type
or mountain glaciers. In addition, passive optical measurements depend on the sun as
illumination source and contain directional effects as a result from isotropic, volumetric
and geometrical-optical scattering (summarized as bi-directional reflectance distribution
function (BRDF) effects, for terminology see Schaepman-Strub et al. (2006)).
In the past decade, measurements of the geodetic elevation change of glaciers using airborne laser scanning (ALS) provided operational data (e.g. Abermann et al. 2009; Geist
2005; Joerg et al. 2012). As a side product to topographic information, most airborne
laser scanning systems record the backscattered intensity providing surface reflectance
information in one narrow spectral band (e.g. 1 nm sampling width). For glacier laser
scanning applications, typically the near-infrared part of the electro-magnetic spectrum
is used. Lutz and others (2003) showed that a near-infrared wavelength is particularly
well suited to derive information on snow and ice characteristics. However, to make use
of this information, the data has to be radiometrically corrected for different physical
effects (Höfle and Pfeifer 2007; Kaasalainen et al. 2011; Vain et al. 2009). Finally, ALS
measures in a monostatic configuration, having the same illumination and observation
geometries.
In this study, we derive a spatially distributed glacier surface albedo derived from
radiometrically calibrated ALS intensity data. However, as only one single narrow band
in the near-infrared part of the electro-magnetic spectrum is provided by our ALS system, the resulting product is seen as an albedo proxy. To provide suitable reference data,
we synchronously collected in-situ spectral reflectance and albedo values at different
altitudes on the Alpine glacier. We use the on-glacier reference data from spectroradiometric measurements at four different locations to derive the broadband albedo.
Additionally, we correct all-day albedometer measurements at a single location for
topographic effects of the inclined glacier surface and perform a sky view correction to
eliminate the influence of the surrounding higher regions on the broadband albedo. Furthermore, we physically pre-process ALS intensities to derive a homogenous data set,
including an assessment of two types of bi-directional reflectance distribution functions
(BRDF) of snow. Subsequently, we correlate the corrected ALS intensities with the reference in-situ albedo to generate an albedo proxy map. Finally, we assess and discuss
the derived albedo map for its validity and some persistent uncertainties, including a
comparison with a broadband albedo map derived from a synchronous multi-spectral
aerial camera data set.
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5.2 Study site and data
5.2.1

Study site

Our study site encloses the Findelengletscher (46° N, 7° 52’ E) located in the Canton
Valais, Switzerland. This valley-type glacier is one of the larger ones in the Alps with
an area of more than 13 km2 (in 2010). As it covers an elevation range from 2600 m up
to 3900 m a.s.l., it is expected to sustain multiple decades from now on, despite the
strong retreat in the last decades (cf. Glaciological Reports, 1881-2010). Since 2004/05,
glaciological mass balance measurements were available (Machguth 2008; Machguth et
al. 2006b) serving as baseline within a long-term mass balance monitoring program.

Figure 5-1 Shaded relief of the study site with flight trajectories and in-situ reference locations.
Coordinates used are in meters in the Swiss national grid (CH1903).

Four days before the in-situ and ALS measurements in September 2010, a snowfall
event covered the entire Findelengletscher with a layer of fresh snow. The typically present end-of-summer differentiation between snow, firn, and ice including transition
zones in between these facies types became consequently indistinct. Snow depth measurements at ablation stakes revealed that at the day of the campaign, about 0.05-0.10 m
of snow was still present on the tongue (2600 m a.s.l.), though melting fast. In higher
altitudes, the snow depth generally increased with high spatial variability, to a maximum measured snow depth of 0.28 m at 3413 m a.s.l.
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5.2.2

ALS data

On September 29, 2010, ALS (Optech Inc., ALTM Gemini) was used on board a Pilatus
Porter fixed-wing aircraft to retrieve topographic information in order to support the insitu glaciological mass balance measurements. The weather during data acquisition was
cloud-free with an excellent visibility. The built-in surveying system consisted of a
pulsed laser, whose emissions were deflected across the flight track using an oscillating
mirror. The range distance of each laser emission is calculated by the two way time-offlight between the ground and the emitter/detector, under the assumption of a constant
speed of light. A global positioning system (GPS) coupled with an inertial navigation
system (INS) provided position and attitude of the aircraft. These data, together with the
range measurement and instantaneous angle of the deflecting mirror, allowed allocating
a coordinate in a given reference system for each ground projected field of view (Wehr
and Lohr 1999).
The entire glacier area was surveyed from a nominal flight altitude of 1000 m above
ground (cf. Table 5-1 and Fig. 5-1). A second acquisition at a lower nominal flying altitude of 600 m above ground and a higher pulse repetition frequency (PRF) and higher
resolution was performed as well, but only covered the lower parts of the glacier. Additionally, two flight trajectories at a higher altitude of 2800 m above ground were acquired for a large portion of the glacier area to investigate effects on the accuracy of this
lower point density digital elevation model (DEM) and the behavior of the recorded intensity compared to the standard setup flown at 1000 m above ground.
Table 5-1 Data acquisition parameters for the respective flying height.

Date of acquisition

Sept. 29, 2010

Sensor employed

Optech ALTM Gemini

Average flying altitude

[m a.g.l.]

600

1000

2800

Pulse repetition frequency (PRF)

[kHz]

100

71

33

Scanning angle

[degrees]

± 15

± 15

± 20.1

Line scanning frequency

[Hz]

39

39

13.7

Across-track overlap

[%]

40

50

35

Average point density

[Pt/m2]

14.4

8.2

0.4

laser wavelength

[nm]

1064

1064

1064

Beam divergence (1/e)

[mrad]

0.25

0.25

0.25

Point cloud data were available in binary LAS format including intensity values represented as digital numbers (DN) and the flight path data was available as smoothed best
estimated trajectory (SBET) data set with a 250 Hz position and attitude recording rate.
The emitted laser power was calculated from sensor calibration reports provided by the
manufacturer of the scanning system (Optech Inc., data not shown) and the power was
assumed to be stable for each respective pulse repetition frequency setting during the
entire flight.
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5.2.3

ADS 80 data

At the same day as the ALS data was acquired, an independent flight campaign with an
Airborne Digital Sensor (Leica Geosystems AG, ADS 80) was performed by the Federal Office of Topography (swisstopo). The camera collected data in the blue (420-492
nm), green (533-587 nm), red (604-664 nm), and near-infrared (833-920 nm) part of the
electro-magnetic spectrum. Although the camera would provide multi-angular data for
photogrammetry purposes, we limited processing to the nadir multispectral data. Data
collection took place on 11:14 UTC at an altitude of 7600 m a.s.l. on an east-west oriented flight trajectory. The flight strip covered most of the Findelengletscher; about
12% in the southernmost part were not covered.
5.2.4

Ground reference data

To investigate and calibrate the ALS intensity and ADS reflectance measurements, we
used a twofold approach. To monitor changes in the snow surface and solar irradiance
during the flight campaigns, we installed an albedometer (Kipp & Zonen CM 7B) at
3118 m a.s.l. on a part of the glacier with a gentle slope of approx. 3° to the west. The
albedometer consisted of two oppositely mounted zenith and nadir facing pyranometers
measuring the broadband radiation between 305 and 2800 nm over each hemisphere.
Combining both measurements provides the bi-hemispherical reflectance (BHR), also
called the (blue sky) broadband albedo (Schaepman-Strub et al. 2006). The area of the
albedometer’s location was covered by laser returns from three different flight trajectories at different times of the day allowing for a comparison of changes in the measured
broadband albedo with changes in the ALS intensity.
In order to expand the reference data set to different locations and surface types at different altitudes, we additionally performed measurements using a spectro-radiometer
(Analytical Spectral Devices, Inc., FieldSpec 3 Pro), covering the spectral range between 350 and 2500 nm. We measured at four locations while collecting nadir measurements with a 25° field of view fore optics. Consequently, the applicable scattering
concept was hemispherical-conical reflectance factor (HCRF). These HCRFs were then
transformed to broadband albedo (cf. Section 3.1.2).

5.3 Methods
5.3.1

Ground reference data processing

Albedometer measurements
The albedometer recorded the incident and reflected hemispherical radiation in W/m2.
The ratio between these two hemispherical radiation measurements is the broadband
albedo, describing the integrated surface reflectance ranging between 0 (i.e. no reflectance) and 1 (i.e. 100% reflectance).
Although the albedo was directly deducible from the albedometer measurements, the
recorded result was influenced by the local topography and the portion of terrain visible
in the upward-looking pyranometer (sky-view factor). The downward-looking
pyranometer’s FOV was completely looking at terrain. To be able to relate these albedo
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measurements with the small field of view of the ALS measurements (BCRF), we had
to minimize both effects in the albedometer measurements.
In this highly undulated terrain, with nearby peaks towering more than 1000 m over the
albedometer position, the sky view correction was of high relevance. Mountains higher
than the albedometer elevation on the one hand obstructed diffuse skylight and on the
other reflected a portion of the solar radiation back into the upward-looking
pyranometer. The area of the hemisphere covered by terrain was calculated with a
viewshed analysis based on the position of the albedometer and the surrounding ALS
DEM. Bare rock and snow covered different proportions of the visible surface and featured different reflectance characteristics. We adapted the sky view correction factors
described in detail by Corripio (2004) by calculating the fraction of direct and diffuse
radiation from the sun and the fraction of reflected diffuse radiation from the ground
and multiple scattering between the ground and the sky. While the calculation of the
radiation from the sun without terrain interaction was straightforward, the terrain reflected radiation depended on the surface properties. We used photos of the surrounding
terrain taken at the albedometer location to estimate the fraction of the terrain covered
by snow (0.65) and bare rock (0.35), and derived their average albedo from literature:
0.80 for snow (clean fresh and dry snow at high elevations, e.g. Dozier et al. 2009;
Warren 1982) and 0.15 for rock (Paul et al. 2005). Additionally, the model contained a
factor that was influenced by the fraction of the sunlit and visible ground. We therefore
simulated shadowing in our study site over the entire measuring period of the
albedometer in 0.1 h steps and calculated the fraction of shaded raster cells in respect to
sunlit cells in the area overlapping the albedometer viewshed.
The sum of these four factors (available for each 0.1 h time interval) was subsequently
multiplied with the measurement of incoming radiation leading to a correction of incoming radiation and albedo values.
Secondly, we corrected the albedo for the topographic effect of the non-horizontal
measuring site by using a Lambertian correction (Law and Nichol 2004).

α H= α I ⋅ cos ( z ) cos ( i )

(1)

Equation (1) uses the solar zenith angle z and the angle of incidence i (the angle between the surface normal and the incident sun vector) to correct the measured albedo on
inclined terrain α I into the horizontal albedo α H . The angles used were calculated based
on the ALS DEM at the location of the albedometer and using the sun trajectory for this
day of the year.
ASD FieldSpec transects
During the ALS survey and albedometer data acquisition, we measured four glacier surface plots with a spectro-radiometer at different locations (Fig. 5-1). Each plot of
approx. 15 x 20 m consisted of three parallel transects, separated by 10 m and oriented
parallel to the solar principal plane. Before and after each surface measurement, we calibrated the instrument for changes in the solar irradiance using a white reference
Spectralon panel (Labsphere, Inc.).
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We then transformed the narrowband reflectance (expressed as HCRF) r ( λ ) into
broadband albedo α ASD by weighting the reflectance with the incident spectral irradi-

ance L↓ ( λ ) (Liu et al. 2010; Negi and Kokhanovsky 2011; Warren 1982).

α ASD =

∫ r (λ ) ⋅ F (λ ) dλ
∫ F (λ ) dλ
↓

(2)

↓

Subsequently, we corrected the broadband albedo values for the influence of the local
topography using the solar angles at the time of each plot measurement and the local
surface normal as described in equation (1). As the spectro-radiometer provided HCRF
instead of BHR, and a different spectral range compared to the albedometer’s broadband albedo, we decided to account for these effects by introducing a correction factor.
The in-situ spectro-radiometer measurements were chosen to be only 200 m away from
the albedometer location at a similar altitude. Similar environmental variables (altitude,
location, exposition, slope, snow cover) present at these two nearby locations allowed
assumption of similar albedo and subsequent calculation of an albedo offset from the
corrected albedometer values and the corresponding spectro-radiometer broadband albedo measurements. The correction factor was then applied to all four measurements.
5.3.2

ALS intensity data pre-processing

ALS intensity information is usually defined as the total energy per return and is either
provided as single unit-less digital numbers for multiple-return (also discrete return)
systems or as discrete series of DNs containing the whole return waveform for each
emitted pulse for full-waveform systems (e.g. Mallet and Bretar 2009; Wagner 2010).
The instrument type we used was a discrete digitizing system. In discrete return systems, the term intensity is sometimes not clearly defined and a waveform analysis to
derive a well-defined intensity is not possible. Therefore, we performed tests correcting
the discrete return intensity data: once under the assumption of a true intensity value
(i.e. return energy), and once under the assumption that the recorded intensity is the
maximum amplitude of the signal power. These tests have revealed that we are provided
with the peak power and not the return energy.
The entire returned pulse energy was assumed to be reflected from a single scatterer
larger than the laser footprint (the so called extended target), i.e. we excluded multiple
echoes. In addition, we assumed a stable laser emission level per PRF and a constant
system transmission factor for the entire flight campaign (Höfle and Pfeifer 2007). Spatially distributed point observations were mapped into a regular grid with 1 x 1 m cell
size by averaging all enclosed intensity values with a local angle of incidence smaller
than 40°.
Range correction
An important factor influencing the returned signal strength is the range distance between scanner and target. The range distance is influenced by topography, by the flight
altitude and by different scanning angles across the flight track (Luzum et al. 2004). The
reduction of the intensity is based on the LiDAR equation and is inversely proportional
to the 2nd power of the range (Baltsavias 1999). The intensity correction for a scatterer
2
larger than the laser footprint size at a given range R is R 2 Rref
, with Rref being an
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arbitrary reference range to normalize the output values (Höfle and Pfeifer 2007; Luzum
et al. 2004; Vain et al. 2011).
Pulse power correction
ALS intensity values are not only affected by processes occurring after the pulse was
emitted, but as well directly by the emitted signal power. The signal power for a given
laser source is a function of the pulse repetition frequency, i.e. the more pulses per second, the weaker the emitted pulse. The intensity values of discrete returns from a fullwaveform system can be calculated by Gaussian decomposition methods and integration of the full width at half maximum (FWHM) or standard deviation of each derived
Gaussian (Heinzel and Koch 2011; Mallet and Bretar 2009). In that case, the term intensity is equivalent to the power of the return pulse. To correct for different power levels,
two parameters of the scanner have to be known: the width of the emitted pulses and the
pulse energy, the latter varies with PRF. This information is available from calibration
reports of the scanner manufacturer and only valid for the particular scanner used (pers.
comm. Optech Inc.). Knowing these values, one can calculate the peak power of the
emitted laser pulse for each PRF by dividing the pulse energy by the pulse width. Finally, the chosen reference PRF power Pref is divided by the actual PRF power PPRF
(similar to Vain and others (2009) but using power instead of energy).
Topographic correction
A secondary effect of the intensity being proportional to the peak power is the dependence of the angle of incidence at the target. An inclined target surface relative to the
emitted laser pulse vector leads to receiving an elongated version of the sent pulse with
reduced peak amplitude. If the scattering behavior of the target’s surface is assumed to
be Lambertian, the peak power is reduced by 1/ cos ( i ) with i as the local angle of incidence. However, the scattering of snow is known to be non-Lambertian, i.e. has a distinctive directional scattering behavior (e.g. Li et al. 2007; Lyapustin et al. 2010). Due
to the monostatic measurement setup, an ALS system always measures in the hot spot
region of the BRDF, generating its own “solar” principle plane. The geometrical-optical
scattering concept of ALS can therefore be described by the bi-conical reflectance function (BCRF) using a single wavelength at 1064 nm. Snow reflectance measurements are
thus characterized by high backscatter and a large single (direct) scattering component.
We employed a kernel-based approach for normalization of the anisotropic reflectance
behavior of snow. Li-Ross kernels (Roujean et al. 1992; Wanner et al. 1995) model the
individual influence of volume- and geometric-optical scattering effects on the angular
reflectance behavior of surfaces. Initially designed for vegetation, these functions were
shown to be applicable to a multitude of natural surface types, including snow (e.g.
Stroeve et al. 2005). Derived from physical principles, such an approach dramatically
reduces the degrees of freedom over purely statistical-empirical approaches (Wanner et
al. 1995). The present work shows the applicability also in the case of ALS measurements.
We used a patch of 2 x 2 km of snow on the higher part of the Findelengletscher to train
a Li-Ross based correction method dependent on the intensities with their respective
angle of incidences (also Fig. 5-1). A combination of the Li-sparse geometric-optical
kernel and the Ross-thick volumetric kernel provided a good fit to the measured ALS
intensities in the used range of local incidence angles from 0 to 40 degrees. The local
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incidence angle was employed as angular offset between illumination and observation
direction, assuming observation in the forward scatter direction and solar principle
plane.
Atmospheric correction
Atmospheric effects like scattering and absorption further reduce the received signal
strength (Höfle and Pfeifer 2007). We calculated atmospheric attenuation values at the
laser’s wavelength using MODTRAN (Berk et al. 2006). Settings in MODTRAN were
set to 50 km visibility, dry air and rural aerosol content to match the clear high Alpine
conditions present at the day of the campaign. As we were working with three different
ALS mission settings (Table 5-1) with different elevations above sea level and above
ground, we calculated three different attenuation coefficients a: for the 600 m range R
(1000 m; 2800 m) of the campaign, we assumed a mean flight altitude of 2600 m (4200
m; 6000 m) above sea level and a mean target elevation of 2000 m (3200 m; 3200 m).
The resulting attenuation coefficients used for the atmospheric correction were 0.12,
0.11, and 0.06 dB/km, respectively. These values were considerably lower than those
reported for similar ranges by Höfle and Pfeifer (2007), due to the better visibility at the
high elevation above sea level of our signal paths. The resulting atmospheric condition
ηatm used is (Höfle and Pfeifer 2007):

ηatm = 10−2⋅R⋅a /10000
5.3.3

(3)

From intensity values to an albedo proxy

The resulting correction equation for the Lambertian case of the ALS intensities used is

I cor =I ori ⋅

P
1
R2
⋅10−2⋅R⋅a /10000 ⋅ ref ⋅
2
Rref
PPRF cos(i )

(4)

where I cor and I ori are corrected and originally recorded DNs of intensity for each laser
return. In the case of the Li-Ross method, the cosine part of the equation is substituted
by a correction factor taken from a lookup table for the respective angle of incidence.
In the next step, the corrected intensity data were linked to the corrected spectroradiometric and albedometer measurements. For the spectro-radiometric measurements,
we clipped the ALS intensity point cloud to the same area as the patch defined by insitu GPS measurements. To minimize the temporal influence of changes of the snow
surface between ground and aerial measurements, we used only those ALS intensity
values that were closest in time to the in-situ measurements. In the albedometer case,
three ALS intensities from different times were available to compare with the synchronous broadband albedo. To homogenize the ALS intensities, we used averaged data
from a 10 x 10 m patch around the albedometer position.
To finally link the ALS intensities with albedo data, we used the seven available reference albedo values to derive slope and offset values based on a linear regression (Fig. 52). Subsequently, these values were used to correct all ALS intensities in order to produce a glacier-wide albedo map.

73

Figure 5-2 Corrected ALS intensity and in-situ broadband albedo measured at transect locations and albedometer position (see Fig. 5-1). The linear regression was used for converting all
ALS intensities (Fig. 5-4b) to a distributed albedo map (Fig. 5-6a).

5.3.4

ADS 80 data processing

The digital image strip from ADS 80 was orthorectified using ERDAS LPS 2013 (Intergraph Corp.) and the ALS DEM from the same day. Subsequently, the data were processed to atmospherically corrected reflectance using the ATCOR-4 software (Richter
and Schläpfer 2002) and a rural standard aerosol model. Then, the data were corrected
for BRDF effects by utilizing data from goniometer measurements on snow from different locations than our field measurements, taken from the spectral data base Specchio
(Hueni et al. 2009). Due to the north-south viewing direction of the ADS 80 sensor and
the current solar azimuth angle of 175°, we extracted only goniometer measurements in
the solar principal plane. The measurements were available in 15° sensor zenith angle
steps from 75° in the backscatter to 75° in the forward scattering region of the solar
principal plane and for solar zenith angles between 56° and 78°. The spectroradiometric measurements were convolved for the spectral response functions of the
four ADS 80 bands and subsequently, a lookup table with the bidirectional reflectance
factors (BRF) was generated. To account for solar zenith angles not covered in the BRF
lookup table, we extrapolated all measurements from the same sensor zenith angle using
a linear model. Subsequently, the solar and sensor geometry for each surface pixel was
calculated using the ALS DEM and corrected for BRDF effects using to the BRF
lookup table factors. Finally, a multiple linear regression was performed using the insitu albedo data and the four BRDF corrected band reflectance values in an area of 10 m
around the measurement positions. Then, a narrowband to broadband albedo conversion
was performed using these factors according to equation (5).

α broad = 2.41⋅ α blue − 0.66 ⋅ α green − 0.93 ⋅ α red + 0.09 ⋅ α nir

(5)

The conversion to broadband albedo α broad contains the four ADS 80 band reflectances
(e.g. α blue for the blue band) and weighting factors derived in the regression. Note that
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our conversion is optimized for snow and has not been tested on other surface types. A
similar method was applied e.g. for Landsat TM (Knap et al. 1999b) and other instruments (Liang 2001).

5.4 Results
5.4.1

Correcting in-situ data for geometric-optical effects

Using the uncorrected radiance values provided by the albedometer to directly calculate
the broadband albedo resulted in a strongly changing albedo over time, starting at a value of 0.65 at 9:30 a.m. local time and ending with an albedo of 0.80 at 4:00 p.m. (Fig. 53). Although the snow reflectance was expected to change slightly, i.e. decrease, over
the course of the measuring period due to suspected melt and increasing snow grain size
(e.g. Wiscombe and Warren 1980), the calculated diurnal albedo values were far off the
anticipated range and demanded correction (Jonsell et al. 2003; Mannstein 1985).

Figure 5-3 Measured incoming and reflected radiation from albedometer measurements as well
as modeled extra-terrestrial irradiance at top of atmosphere for that day (a). The smooth shape
of the measured curves, similar to the extra-terrestrial one, demonstrates the clear atmospheric
conditions during the day of the survey. The derived albedo values from these measurements (b)
show the need to correct for topographic effects using a Lambertian and a sky view correction.

The horizontal albedo with the Lambertian correction applied already exhibited a much
improved shape, although in the afternoon, the values still increased to unrealistic values (Fig. 5-3). We then applied the sky view correction with a measured terrain covered
fraction of 0.20 of the upward-looking pyranometer’s hemisphere. Consequently, one
fifth of the “sky” was obstructed by terrain consisting of bare rock and snow. The resulting sky view correction factors ranged between 1.11 for the earliest measurement
and 1.07 for the last one in the afternoon. This results in generally higher albedo values
decreasing over the course of the entire day in a linear way. The corrected albedo values
finally ranged between 0.83 in the morning and 0.81 in the afternoon.
The derived broadband albedo from the FieldSpec’s first plot was adjusted to match the
albedometer measurement at the time of the FieldSpec measurements. The derived offset of 0.08 was subsequently applied to all FieldSpec measurements. The adjusted
spectro-radiometric broadband albedo then ranged between 0.73 and 0.83, increasing
with altitude.
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5.4.2

Physical correction of ALS intensity data

We used four pre-processing steps on the ALS intensity data to reduce physical and
sensor-dependent effects before converting the intensity data into albedo proxy values.
Additionally, to qualitatively check the influence of each correction step on the generated intensity maps (Fig. 5-4), we calculated the standard deviation of all intensity values
within a raster cell. As the correction steps in the processing chain also changed the
mean value in a raster cell, we normalized the standard deviations with the mean of the
raster cell and therefore present the standard deviations as a percentage of the mean value. The changes from raw, uncorrected intensity values to a fully corrected, more homogeneous intensity raster can be seen in Figure 5-4.

Figure 5-4 Raw (a) and physically corrected ALS intensity data (b, topography correction: LiRoss) show the need for intensity corrections. The corrected intensity (b) presents an albedo
proxy where different surface characteristics and features (e.g. crevasses, see insets of the
tongue) are visible. The relative change in the per raster cell standard deviations is visualized
before (c) and after (d) the intensity corrections. Note that the lowest standard deviations in the
corrected raster (d) are areas where only data from one flight strip are present. Values exceeding the color bar range are reduced to the maximum values’ color to preserve a high contrast in
the image.

In the corresponding Table 5-2, we present the changes in average per raster cell standard deviations for snow-free terrain, the area of the glacier tongue and the glacier area
excluding the tongue for a number of corrections applied. For example, after range
normalization, the relative standard deviation at the glacier tongue was reduced to 59%
of the initial standard deviation, meaning that the influence of the range accounts for
41% of the originally present variability. Further corrections for different PRFs, atmospheric influences and two types of topographic corrections showed an additional decrease of the relative standard deviations in most cases. The lowest variability of inten-
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sity values for the glacier tongue and snow-free area was achieved when applying all
correction steps, including the Lambertian topographic correction. On the other hand,
for the higher glacier area only, the topographic corrections did not further decrease the
standard deviations.
Table 5-2 Standard deviations of raw ALS intensity values with a combination of corrections
applied. The relative variation with respect to the uncorrected intensity standard deviations is
shown for snow-free terrain, snow at the lower glacier tongue as well as higher elevation snow.

Corrections applied

Range
normalization

PRF

Atmospheric

Topographic
(Lambe
rtian)

Topographic
(LiRoss)

X
X

X

X

X

X

X

X

X

X

X

X

X
X

Terrain
only

Glacier
snow
(tongue)

Glacier
snow

Standard
deviation
[%]

Standard
deviation
[%]

Standard
deviation
[%]

100.00

100.00

100.00

63.31

59.16

75.59

36.84

29.04

30.23

36.20

28.14

29.89

34.52

28.00

29.96

36.94

28.16

30.49

Figure 5-5 shows the influence of variations of the angle of incidence on the recorded
intensity of snow, after being corrected for range, PRF, and atmospheric effects for a 2
x 2 km snow area (Li-Ross sample area in Fig. 5-1). As expected, with increasing angles of incidence, the values of the return intensity were decreasing. After a perfect
topographic correction, the new average was expected to be a horizontal line. However,
after the Lambertian correction was applied, the resulting average values per degree angle of incidence exhibited an increasing trend, showing an overcorrection of the data.
Having trained Li-Ross kernels on the same test area provided a better correction of the
mean values, i.e. produced an almost horizontal line.
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Figure 5-5 Effects of the topographic correction for a 2 x 2 km sample patch of snow (cf. Fig.
5-1). The mean intensity and standard deviation show the decline of intensity with larger angles of incidence before the topographic correction was applied. Correcting for the topography using the Lambertian approach shows an overcorrection, while the Li-Ross correction
was able to shift the average intensities to a similar value independent of the angle of incidence. The number of points per degree (angle of incidence) is shown below.

5.4.3

Spatially distributed albedo proxy derived from intensity values

A linear regression was used to correlate the normalized ALS intensity values with the
corrected in-situ measurements of the albedo (Fig. 5-2). The seven value pairs showed a
good agreement, with a resulting coefficient of determination (R2) of 0.74. The linear
model was then used to generate a distributed albedo proxy map. In the resulting converted raster, 80% of all values on the glacier were in between 0.7 and 0.9, 50% of all
albedo values were within the range of the ground reference albedo measurements (0.74
to 0.84). The empirical model fulfilled the physical boundary conditions of the albedo
definition, i.e. values ranging between 0 and 1, for 99.6 % of all values. The derived
glacier albedo proxy map (Fig. 5-6a) revealed a mean of 0.79 for the entire
Findelengletscher, with average values at the tongue of 0.66 (0.05-0.10 m of snow) and
0.8 in higher areas (up to 0.28 m of snow). These results are in good agreement with
measurements of snow depths and corresponding albedo values from an automated
weather station on the Morteratschgletscher (Oerlemans and Knap 1998).
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Figure 5-6 Distributed albedo proxy map derived from ALS intensity values and ground reference measurements (a; topographic correction: Li-Ross) of Findelengletscher (south) and a
contributing glacier (Adlergletscher, north). The inset shows a detail of the halo pattern where
the helicopter landed (approaching from the west). Below are the albedo proxy values of the
transect across the landing site. Note the areas of the deposition of fine grained snow (high albedo), the dark circular area where the fine grained snow was blown away, and the center part
showing a higher albedo again, possibly due to the protected zone directly below the helicopter’s fuselage. The ADS 80 reference albedo of Findelengletscher (b) is shown for comparison.
Shadow areas were excluded and are therefore visible as gaps in the map, as is an area to the
south, which was not covered by the sensor.

The high sensitivity of the ALS wavelength concerning different snow grain sizes
(Dozier and Painter 2004) is nicely shown in the halo pattern of helicopter landing sites
(inset in Fig. 5-6a), showing the redistribution of fine snow grains (high albedo halo)
and residual larger grains (center). Redistributed snow grain sizes are also visible in the
glacier’s accumulation area, where areas downwind from small crests were filled with
redistributed small diameter snow grains. Crevasses are visible as dark linear features,
as the fresh snow cover was not sufficient to cover the bare ice surface beneath.
Where only ALS measurements from flight transects from one direction were present
(mostly in the southwest of the Findelengletscher), a linear artifact persisted in the map
(cf. section 5.5.2).
5.4.4

Spatially distributed albedo derived from ADS 80

ADS 80 multispectral imagery has served to derive broadband albedo (Fig. 5-6b) as a
reference to the ALS albedo proxy map (Fig. 5-6a). Comparing the statistics for the entire glacier, the mean albedo values differ by only 0.01, with the ALS derived values
being slightly higher. The standard deviations are 0.09 in the ADS 80 case and 0.13 in
the case of ALS. Differencing the ALS and ADS 80 albedo maps led to a high agreement for large regions for albedo values within ±0.1, with larger differences at the
tongue. For that region, the statistical agreement is again high with the ADS 80 measuring a mean albedo of 0.69, 0.03 higher than from ALS data, the standard deviations are
similar. However, visual inspection of the differences shows that ALS overestimated
albedo at locations where darker glacier debris showed through the thin layer of snow
and underestimated albedo at areas with higher snow cover. In north-exposed slopes of
the accumulation area and around large crevasses, ALS overestimated albedo compared
to the reference albedo.
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5.5 Discussion
5.5.1

Measurement and correction of in-situ data

To provide accurate and absolute in-situ reference albedo data, multiple corrections of
the raw albedometer and spectro-radiometric data were required. Without these corrections, the values measured on the ground contained a strong topographic bias because of
the measurement setup and could not be compared with ALS measurements.
Calculation of the broadband albedo from the albedometer’s measured incident and reflected radiation led to a strongly changing albedo (+0.14) over the course of the day as
consequence of the inclined local surface and the horizontal measurement setup (Jonsell
et al. 2003; Mannstein 1985). Although the evolution of the albedo values over time
was improved by this first correction step, a temporal trend remained, showing an increase of the albedo in the afternoon over the initial values present in the morning. Taking the influence of the terrain into account, at the same time obstructing the diffuse irradiance from the sky and reflecting radiation back into the upward-looking
pyranometer, led to a more reasonable result. In this second correction step, the sunlit
fraction of raster cells within the viewshed of the top pyranometer was the dominating
factor: Due to the highly undulated topography present in our study site, the ratio of visible cells illuminated by the sun was 0.97 at the beginning of the measurements and decreased to 0.70 at the end of the measurements, with a more rapid decrease towards the
end. In the late afternoon, the high mountain range to the southwest of the albedometer
position started to cast shadows onto areas in the viewshed of the instrument, reducing
the incident radiation. The evolution of this shadow fraction was therefore responsible
for the increase in albedo in the afternoon.
The high proportion of the snow covered part of the terrain with a corresponding high
albedo led to sky view correction factors larger than 1. This indicated that the amount of
radiation reflected from the snow covered terrain was larger than the amount of diffuse
radiation obscured by the mountains. Consequently, the measured incident radiation
was too high compared to the topography corrected result. Accordingly, the corrected
albedo values increased after the sky view correction.
The conversion of spectro-radiometric field measurements to broadband albedo depended on more assumptions. Applying equation (2) is not fully correct as we integrate spectral reflectance (HCRF) rather than spectral albedo (BHR). Furthermore, the spectral
irradiance is taken from the white reference measurements also based on the HCRF
measurement setup. As albedo is defined as a BHR property, one should measure and
integrate reflectance values from all possible incidence angles at a single location.
However, this is only possible using either a BRDF snow model or in-situ goniometer
measurements, which were not available. Hemispherical snow measurements available
at a different locations and dates were not used, as multiple assumptions to fit the model
to our measurements would have been needed. Instead, we assumed a Lambertian behavior of the surface and corrected the spectro-radiometer derived albedo topographically using equation (1), as for the albedometer measurements. Additionally, the spectral ranges of the FieldSpec (350-2500 nm) and the albedometer (305-2800 nm) were
not entirely the same. Consequently, to further homogenize the resulting albedo, we calculated the albedo difference between the spatially closest FieldSpec measurement and
the albedo value of the albedometer taken at the same time. Due to similar environmen-
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tal variables (altitude, location, exposition, slope, snow cover) at the two sites, we assumed the snow properties to be similar and therefore shifted the values of the
FieldSpec based measurements to the ones of the albedometer and applied this offset to
all other FieldSpec albedo values.
5.5.2

From raw to physically corrected intensities

We homogenized the ALS intensity data using multiple physically based correction
steps (cf. section 5.3.2). Despite these correction steps, which homogenized the ALS
intensity values considerably, a striped pattern of intensity values remained, most apparent in the accumulation area (Fig. 5-6a). This pattern was likely due to a combination
of effects that it is most apparent in the south-west area of the glacier and could be attributed to the low point density and to the lower overlap of different flight strips with
different viewing geometries. Therefore, the corrected intensity values per raster cell in
these areas were only a mean of returns observed with the same laser geometry (i.e. incidence angle and range distance), whereas in all other cases, ground returns stemmed
from at least two different flight paths and consequently, incidence angles. Thus, the
deficiency in the result is most likely to be associated with the recorded raw intensity
values or the insufficiencies in the physical correction process.
When examining the raw intensity values, we found that the ALS instrument recorded
weak intensity returns in increments of 1 DN, whereas stronger return intensities were
sampled in increments of 20 DN. In our data set, all low- to mid-altitude flight configurations produced data with a majority of increments of 20 DN. Although this instrument
setup facilitates to cover a broad range of intensities, it resulted in only a few unique
values, e.g. only about 10 different intensity values were recorded on a homogeneous
part of the glacier. Values that would have been situated in between the unique interval
numbers were rounded to the next increment. Consequently, small changes in the measured intensity might have resulted in large differences when registered. This effect was
therefore impossible to correct for. Lutz and others (2003) reported that the use of the
maximum intensity value per raster cell evaded the striped pattern. However, extensive
experiments with highest and lowest values per raster cell did not improve the result,
most likely due to the aforementioned influence of the sampling intervals.
We found that not all corrected intensity values in a single raster cell were the same.
Possible sources of these differences are the local snow BRDF, possible stray light from
the sun reflected into the sensor (in particular in the forward scattering domain), and
variations in the energy of the emitted laser pulse. To quantify the influence of the
BRDF, we applied two BRDF models: the first by assuming a Lambertian reflection
behavior and the second by training Li-Ross kernels on a test site of snow. The
Lambertian model overcorrected the average intensities for increasing angles of incidence (Fig. 5-5). Although the Li-Ross correction performed better than the Lambertian
correction in the snow sample area (Fig. 5-1), it is based on the assumption of a specific
BRDF for a test site, which may not be correct for different regions or snow types, hindering the transferability of the method. As the snow properties were expected to
change from higher to lower altitudes (e.g., as indicated by snow grain size measurements), applying the model to regions exhibiting a different snow surface will result in a
bias. Therefore, the Li-Ross correction did not outperform the Lambertian correction
according to our statistical analysis (Table 5-2). However, the amount of variance explained by the topographic corrections remained small or even impaired the standard

81

deviations compared to the considerable amount of variance attached to the range and
PRF corrections. Note that the remaining standard deviation of for example 30% (glacier snow with Li-Ross correction) is not to be evaluated worse than the 28% of the glacier tongue. This difference in standard deviations is due to the remaining natural variations inherent to the different surface areas and therefore not comparable. Furthermore,
after an additional correction was applied, the changes could lead to a qualitative improvement of the raster representation, although the change in standard deviation was
small.
Based on a qualitative visual inspection of single ALS flight strips, the influence of suninduced snow BRDF effects seemed possible, though extensive simulation with solar
stray light did not improve the results. ALS intensity values were therefore assumed to
be not affected by solar radiation which is in support of findings by Wagner et al.
(2006).
The emitted laser pulse energy was assumed to be stable over the period of the surveys.
However, measurements of the emitted intensity recorded in full-waveform digitizing
systems suggest considerable variation of the pulse energy in between pulses. Due to
the discrete digitizing system used, which did not record the outgoing laser pulse, this
additional uncertainty remained in the data but is considered to be small.
5.5.3

From intensity to a spatially distributed albedo proxy

Correlating ALS intensity values with in-situ measured albedo values showed a coefficient of determination (R2) of 0.74. The small number of in-situ measurements (N=7)
were limiting us from testing other possible correlation functions, as the range of different in-situ albedo values was small and the use of a higher order function (e.g. a polynomial) to fit the data would likely result in overfitting. The small spatial variation of
the measured albedo values was due to a snowfall event a few days prior the campaign
and limited melt thereafter. Snow characteristics were therefore similar on larger parts
of the glacier area and did not exhibit the characteristic end-of-summer facies types
such as snow, firn, and bare ice. Due to the size of the glacier, it was not possible to collect more in-situ reference measurements, e.g. on the partially melted snow parts on the
glacier tongue. However, precisely because the glacier surface was rather homogeneous
in large areas, most ALS intensity values are in close agreement with the field reference
measurements and mitigate the challenge of converting ALS intensities to an albedo
proxy outside the interval of reference measurements. Overall, the resulting values were
within the expected range, e.g. around 0.6 on the glacier tongue with partially molten
and aged snow, along with mineral and biogenic dust starting to show through the snow
and values up to 0.9 in the accumulation area with greater snow depths. This is in line
with results comparing snow depth, snow age and albedo on another glacier in the Swiss
Alps (Morteratschgletscher; Oerlemans and Knap (1998)).
Finally, we compared the ALS albedo proxy with a broadband albedo from synchronous
multispectral ADS 80 airborne imagery (Fig. 5-6). The statistical results, as well as a
first qualitative assessment, look generally promising. The mean difference of the albedo values is only 0.01 with a slightly larger difference at the tongue due to the impure
surface being visible through the thin snow layer. The albedo difference in the accumulation area, where the ALS proxy is higher than the ADS 80 reference albedo, could be
explained by the large local solar zenith angle on the north-exposed slopes, being an
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indication that the BRDF correction of ADS 80 imagery did not perform adequately at
extreme solar angles.
At the survey date, the glacier was still entirely snow covered. However, for a typical
end-of-summer situation with one third or more of the glacier being snow-free, the narrowband to broadband conversion becomes more challenging. At the near-infrared
wavelength of the ALS, the reflectance is mostly dependent on the snow grain size. The
broadband albedo, though, is dominated by impurities in the visible part of the electromagnetic spectrum. Figure 5-7 demonstrates the challenge by providing results from a
simulation of hemispheric albedo based on fine (0.1 mm radius) and coarse grained
snow (1 mm), each without, with moderate, and with high dust concentrations (based on
the SNICAR simulator, Flanner et al. 2007).

Figure 5-7 Simulation of broadband albedo influenced by two snow grain sizes and
three dust concentrations based on the SNICAR model (Flanner et al. 2007). Note the
non-linear relationship between the ALS reflectance (vertical line at 1064 nm) and the
broadband albedo (in brackets in the legend) when dust concentrations increase.
In the case of surface impurities, the relationship between broadband albedo and reflectance at 1064 nm becomes non-linear. Therefore, at the tongue, the ALS albedo proxy
was not entirely able to mimic the influence of debris being visible through the thin
snow layer and overestimated albedo. Our study has therefore limited transferability. To
overcome this limitation in the narrowband to broadband conversion, more in-situ
measurements on the different surface types must be conducted or additional multispectral imaging is required.
5.5.4

Implications for glacier modeling

Literature references of glacier surface albedo used for energy and mass balance modeling usually consist of assumed values for snow, firn, and ice (e.g. Machguth et al.
2006b). Some models allow snow albedo to evolve with time using a snow aging func-
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tion partly including the growing influence of underlying facies types (e.g. Oerlemans
and Knap 1998). However, these approaches do not take into account the local variability of albedo. In the case of Findelengletscher, a snowfall took place only four days prior to the in-situ and ALS measurements; the modeled albedo will thus result in snow
albedo values very similar to the assumed initial snow albedo. Consequently, a bias between the calculated albedo in this study and the modeled values exists. Table 5-3
shows the snow albedo value from Machguth and others (2006b), as used for
Findelengletscher (among other glaciers), compared to the calculated snow albedo for
different regions from this study. The average albedo for the entire Findelengletscher
derived from in-situ and ALS measurements is 0.09 higher than the model value, leading to slower melting of the fresh snow surface compared to the model. At the same
time, the tongue’s albedo is lower, leading to increased melting and finally being snowfree earlier than calculated by the model. Subsequently, the melt will be even faster due
to this albedo feedback mechanism.
Table 5-3 Comparison of three albedo products. The literature snow albedo (a) is taken from
Machguth and others (2006b). Product (b) is an albedo normalized to the literature values using the average corrected ALS intensity and the median absolute deviation (MAD). The last column (c) shows average and MAD of the radiometrically calibrated ALS intensity.

Area

a) Literature albedo

b) Scaled ALS vari- c) Measured ALS
ability
variability

Findelengletscher,
0.70 +/- 0
tongue

0.70 +/- 0.04

0.66 +/- 0.06

Findelengletscher,
0.70 +/- 0
main part

0.70 +/- 0.02

0.79 +/- 0.04

Entire Findelen0.70 +/- 0
gletscher

0.70 +/- 0.03

0.79 +/- 0.04

Northern
side
glacier
0.70 +/- 0
(Adlergletscher)

0.70 +/- 0.06

0.77 +/- 0.09

As in-situ albedo measurements are only available on few glaciers, the direct application of the proposed method on a different glacier is difficult. However, assuming the
average corrected ALS intensity represented the snow albedo from the literature and
using the median absolute deviation (MAD, used in Tab. 5-3) or another suitable measure of statistical dispersion of the ALS values, enables to attribute a variability value to
the literature albedo and consequently allows deriving a distributed albedo map. In the
case of a glacier with multiple facies types visible, local maxima in the ALS intensity’s
histogram for snow and ice surfaces could be used to link intensity with albedo values
from the literature. Therefore, the ALS intensity data could be used to map the variation
of albedo for an entire glacier without in-situ measurements. The resulting albedo can
then be checked for validity when the albedo ranges between 0 and 1. From the three
albedo products, the radiometrically calibrated ALS intensity (Tab. 5-3, c) provided the
best albedo product for modeling purposes.
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5.6 Conclusions and outlook
We measured and corrected on-glacier spectro-radiometric and albedometer measurements to serve as reference broadband albedo in preparation for deriving a glacier-wide
spatially distributed albedo proxy map based on ALS intensity data. First, we show that
it is essential to correct in-situ measurements for topographic biases. For instrument inter-comparison, a transformation to broadband albedo is required. Second, ALS intensity data - once corrected for range, PRF, atmospheric, and topographic artifacts – can be
combined with literature values to a distributed, relative albedo proxy. Third, ALS intensity data, radiometrically calibrated with in-situ measurements, provided a distributed albedo proxy for snow. However, care must be taken on bare ice and impure surface
regions.
Nowadays, ALS is increasingly used to map topographic changes in glaciology, in order
to derive a geodetic glacier mass balance. As these measurements are usually only performed in a decadal interval, the mass balance in between this interval has to be calculated using either in-situ glaciological mass balance measurements or by modeling, relying on meteorological measurements. However, one of the most important factors for
glacier melt is the surface albedo which is spatially and temporally highly variable. Being able to complement glacier volume change measurements from ALS with a calibrated albedo proxy provides an important input variable for glacier mass balance models. It enables using the high resolution albedo information as a starting point of models
by using only a few in-situ albedo measurements and data provided by ALS anyway. As
ALS is an active instrument measuring in the hotspot configuration, ALS reflectance is
not affected by shadowing and to a lesser degree subject to directional effects than passive optical imagery.
For future applications, we recommend using albedometer measurements on all surface
types present as the measurements can be performed quickly and evade the transformation of spectro-radiometric measurements into broadband albedo. Still, all of these
measurements must be carefully evaluated and corrected for potential topographic influences.
Although provided with only one narrow spectral band, the spectral response of glacial
surfaces at this wavelength enabled to distinguish areas with different albedo. Overall,
the results obtained in this study encourage exploiting the intensity information present
in ALS data to support glacier energy and mass balance modeling.
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6 SYNOPSIS
6.1

Main results and discussion

The main results of this research (see section 1.5 for the research questions) are presented here summarizing the papers in chapters 2-5.
6.1.1

Assessment of ALS topographic information for glaciology

Publication 1 (chapter 2):
Joerg, P.C., Morsdorf, F., & Zemp, M. (2012). Uncertainty assessment of multitemporal airborne laser scanning data: A case study on an Alpine glacier. Remote Sensing of Environment, 127, 118-129
•

What changes in the Findelengletscher were observed in the period 2005-2010?

The application of ALS DEM differencing on Findelengletscher allowed the accurate
derivation of multiple glacier change key figures. During the investigated 5-year period,
the data revealed that the Findelengletscher’s surface area diminished by 2% and the
terminus retreated by about 200 m. The average annual thickness change was -0.7 m,
with up to -7 m elevation change at the tongue and -0.2 m in the accumulation area. A
distinctive ripple pattern in the accumulation area was detected, with marked elevation
decreases followed closely by strong increases. This indicated the dynamics of the glacier by showing the down-valley propagation of crevasses. The vertical dynamic additionally present can be seen by comparing the in-situ ablation stakes and snow pit
measurements. The conversion factor from elevation change into meters water equivalent (w.e.) would exceed the physically possible ice density (ablation area), and the average in-situ surface accumulation of approx. 1.1 m w.e. was counteracted by the firn
densification and the submergence of the ice.
The reported direct glaciological mass balance of the Findelengletscher in the same period considerably differed from the derived geodetic glacier change measured. Assuming an average density of 850 kg m3 for converting the elevation change into the geodetic mass balance, the results from both methods differ by more than 30%, with the geodetic balance being more negative than the in-situ derived mass balance. We suspect
this bias originates from a combination of uncertainties: a) the density conversion factor, b) the under-sampling of the large accumulation area with in-situ measurements not
fully capturing the variability present, and c) the extrapolation method used to inter/extrapolate from the in-situ point measurements to account for the entire glacier.
The well-defined setup of the ALS surveys for glaciological purposes resulted in highresolution and highly accurate DEMs to investigate the topographic changes in the
Findelengletscher. The large difference between the results of the two measuring methods shows the importance of accurate geodetic reference measurements to account for
the accumulation of systematic errors. It is therefore essential to thoroughly reassess the
in-situ observation measurements. This is currently being done based on the results of
this study, using a distributed mass balance model incorporating meteorological and

87

other data to derive the mass balance of the Findelengletscher (results not yet published). At the same time, the uncertainties in the in-situ measurement network are being carefully investigated (Machguth et al., in prep.). However, for ALS DEM differencing, the uncertainty of the choice of the density conversion factor makes the derivation of the geodetic mass balance difficult. Ongoing research based on the excellent
ALS data sets and in-situ data time-series is contributing to a better understanding of the
dynamics of the Findelengletscher and of other glaciers in the world.
Changes in glacier volume have been studies for many years, typically by differencing
DEMs using photogrammetric methods (Haug et al. 2009; Koblet et al. 2010). ALS
promises to increase the accuracy of volumetric change measurements by providing
much more accurate DEMs as it directly measures surface elevations (Geist 2005;
Kennett and Eiken 1996). The application of ALS in glacier research started in the mid1990s when the first attempts were made to derive DEMs on glacier surfaces (Favey et
al. 1999; Kennett and Eiken 1996), but ALS systems were not usable for operational
glacier mapping. ALS DEMs were first used to measure glacier volume changes within
the framework of the EC-funded Operational Monitoring system for European Glacier
Areas (OMEGA) project in Austria and Norway (Geist et al. 2003). The possibility of
measuring of glacier change using multi-temporal ALS DEMs was demonstrated on the
Hintereisferner and Engabreen (Geist 2005). Since then, ALS has become established as
a method to operationally measure glacier change and contribute to glacier inventories
(Abermann et al. 2009; Knoll and Kerschner 2010).
Our research focused on data from state-of-the-art ALS systems and on the evaluation
of the data for multiple effects not considered very thoroughly in the existing literature.
We were able to evaluate the volume change of the Findelengletscher using ALS. To
compare glacier volume change with synchronous data from in-situ measurements,
however, the systematic and stochastic uncertainties in the data must be known. This
topic is discussed in more detail in addressing the following research questions.
•

How accurately can glacier topography and glacier changes be reproduced using
ALS? How significant are the uncertainties involved for estimating volume
change?

To extract the local elevation and overall volume change of a glacier, accurate DEMs
are important, especially if the change signal is small. A systematic vertical error in one
(or both) of the DEMs used can quickly lead to major misinterpretations of the volume
change. Although the mass turnover and local elevation changes in the
Findelengletscher are considerable, a systematic vertical uncertainty of just a decimeter
will lead to the overestimation of more than a million cubic meters of volume change. A
systematic evaluation of the accuracy of each DEM is therefore mandatory.
Our study showed that ALS with an emitted wavelength of 1064 nm could map the
complete surface of the Findelengletscher, without being influenced by varying surface
characteristics. Some of the problems with DEMs produced photogrammetrically, such
as few correlation points in snow covered and shadow areas, were absent in the ALS
data. Consequently, a complete DEM of the glacier could be produced without uncertain areas due to interpolation effects. In addition, although it is widely assumed that
ALS data are very accurate, the accuracy of the ALS DEMs had to be evaluated. Previous studies often relied on a priori accuracies from the data provider or used flat test
areas such as a football field to check for vertical uncertainties (Geist 2005). Further-
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more, the term “uncertainty” was often not used consistently. For example, only the
single-emission vertical and horizontal stochastic uncertainties from a calibration report
were used. It is, however, only systematic uncertainties in DEMs that influence the elevation change, but they are often not thoroughly investigated. The high elevations and
undulating topography of our study site, led us to decide to take a multi-layered approach to evaluate our data for systematic and stochastic uncertainties directly in the
study site. We surveyed the glacier forefield in-situ to establish reference surfaces, used
already present ground control points, and developed an error propagation model to
evaluate the accuracy on different scales.
Comparing single laser returns with reference surfaces and points indicated that systematic vertical shifts of about 0.25 m were present in every single DEM. Although horizontal shifts were detected as well, the magnitude and direction of such shifts was not
consistent throughout the whole study area. Consequently, we modeled systematic and
stochastic uncertainties for every laser return in the study site using a physical and statistical error propagation model. Subsequently, these results were combined to reveal
the overall uncertainty of the elevation change for the entire glacier. The stochastic uncertainty for the glacier change was found to be negligibly small, but systematic uncertainties resulted in changes in thickness of up to 35%.
ALS DEMs have been evaluated for accuracy in various studies using reference surfaces (Favey et al. 1999; Geist 2005), ground control points (Geist 2005; Hodgson and
Bresnahan 2004a; Hopkinson and Demuth 2006), and error modeling (Filin 2003;
Goulden and Hopkinson 2010; Huising and Gomes Pereira 1998). Most such studies
relied on uncertainties from data providers or did not measure them directly in the study
site. These estimates may therefore differ markedly from the uncertainties actually present. Additionally, the scale to which the stochastic uncertainties refer to is often not
clear. For example, is it a single laser return, single raster elevation, or the entire DEM?
Furthermore, systematic uncertainties are assumed not to be present although such uncertainties do influence DEM elevations and subsequently thus the resulting calculation
of volume change.
We were able to show how to evaluate the accuracy of ALS data using reference points,
reference surfaces, and physical error propagation modeling. The last method allowed
us to calculate the uncertainties for each part of a study site. It attributed errors to their
sources and projected these uncertainties onto the glacier’s surface. By using this error
propagation, we were able to predict all the stochastic uncertainties actually measured.
However, only about half of the systematic uncertainties could be explained by the
model. This limitation shows that additional errors are present that cannot be attributed
to the ALS system. Possible sources of the remaining error could originate from the coordinate transformation, atmospheric effects, or from changes in the terrain originally
assumed to be stable outside the glacier. Errors from the relative georeferencing of adjacent flight lines (strip adjustment) were not investigated quantitatively, but by qualitatively inspecting the point cloud. No differences between flight strips were detected,
however, and it is possible that small errors will remain present due to imperfect strip
adjustment.
Although ALS DEMs provide high-precision elevation data, we recommend in this paper using independent reference data to evaluate the data for systematic uncertainties.
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As the study also assigned uncertainties to its sources, it could therefore help instrument
providers to improve critical equipment in the ALS system.
•

What is the origin of these uncertainties?

The physical error propagation method developed was able to explain stochastic uncertainties with magnitudes similar to those measured on reference surfaces. For the systematic errors, about half of the uncertainty was attributed to the ALS system, mainly
introduced by IMU and GPS uncertainties. Some of the unassigned systematic uncertainty probably originates from coordinate transformation parameters, atmospheric effects, or from the way potential differences between the composition of the atmosphere
and the calibrated atmosphere alter the speed of light and therefore the measured range.
Such effects are typically not resolvable as the vendor-specific calibration routines are
considered industrial secrets.
The error propagation model developed seems to be a valuable way to simulate uncertainties in areas without reference surfaces or points. However, unresolvable systematic
uncertainties may exist and could possibly degrade the quality of a volume change assessment. Again, we recommend using an independent reference surface near a test site
and preferably at a similar elevation to exclude possible atmospheric influences.
Publication 2 (chapter 3):
Joerg, P.C., & Zemp, M. (2014). Evaluating volumetric glacier change methods using
airborne laser scanning data. Geografiska Annaler: Series A Physical Geography, 96,
135-145
•

How can using an economically optimized ALS flight setup influence the volume change accuracy?

After evaluating the validity and systematic and stochastic uncertainties in the first paper (chapter 2), we used this extensive data set for a series of volume change computation tests. Currently, the high economic and computational costs of very high point density data mean that their use is restricted to research applications. The investments necessary for an operational use of ALS data in glacier monitoring must be carefully analyzed for cost-benefit. We therefore decided, in addition to the high point density data,
to perform a low-cost acquisition with a considerably lower point density, which still
had one return per 2.5 m2. Our evaluations showed a small bias of only 1.1% in the volume change compared to the high point density model. This result is promising since
this less expensive acquisition setup seems to significantly reduce costs. We therefore
suggest using ALS more widely in glaciology since lower point densities still seem to
be able to adequately capture the glacier change signal with a high enough accuracy.
•

What systematic and stochastic uncertainties are introduced when using different
methods to derive the geodetic volume change? On what spatial scale are systematic uncertainties of concern?

The second aim of the paper was to investigate if traditional geodetic volume change
methods were prone to systematic errors and what influence scale had on the calculated
volume changes. Such methods have a long tradition in glaciology, dating back to the
late nineteenth century (Finsterwalder 1897; Mercanton 1916). The results from geodetic volume change assessments were used to validate and calibrate measurements from
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the glaciological method (Zemp et al. 2013), and to spatially and temporally extrapolate
from glaciological results derived in-situ (Cogley 2009; Zemp et al. 2009). However,
discriminating between errors from the acquisition and from different methods is difficult and has only been assessed in a few studies up to now (Reinhardt and Rentsch
1986).
We used our ALS DEMs with well-known uncertainties (cf. Ch. 2) to test for possible
differences and uncertainties from traditional geodetic volume change methods. Our
contribution allows uncertainties in older data sets and volume change calculations to be
estimated without having to conduct additional uncertainty assessments. In addition, the
advantages and limitations of each method and the influences of scales were discussed,
which should help in choosing the most appropriate method for a given topographic data set.
Our results showed that, by using highly accurate measurements (ALS or any other
DEM-generating method), very few systematic differences in the volume change persisted so long as the raster size used is kept small relative to the glacier size (e.g. raster
size of 25 m for the 13 km2 large glacier). However, using very large raster sizes (e.g.
250 m) on the Findelengletscher led to systematic errors of up to 8% in the 5-year period investigated. At such low resolutions, the location of the raster grid and the shape of
the glacier play a more important role. The absolute systematic error was found to be
independent of the time period, a shorter investigation period or a glacier with a low
annual mass turnover will exhibit higher relative systematic errors. Therefore, before
starting data acquisition, the spatial resolution of a DEM for the glacier to be investigated should be carefully considered.
In addition to the raster DEM differencing method, we simulated the volume change by
using two traditionally used volume change methods. The first uses elevation contour
lines from two points in time and geometrically approximates the 3-D body of the
changed volume (Finsterwalder 1953; Hofmann 1958). Our results show that, with a
high contour line density, the result differed only slightly from the reference volume
change. If fewer contours were used, the melt will be underestimated due to the undersampling of the strongly changing topography at the tongue. Instead of directly working
with the contours to derive the volume change, we generated a DEM from each set of
contours and subsequently evaluated the DEM difference (Reinhardt and Rentsch
1986). Using 25 and 50 m contour equidistances provided a very accurate representation
of the reference volume change, but using 100 m contours overestimated melt considerably and was therefore not able to entirely capture the elevation changes in the
Findelengletscher.
The third method extrapolated the elevation change along a center flow line of the glacier to the entire area at each elevation band (Arendt et al. 2002). This method resulted in
a strong underestimation of melt, primarily due to its inability to model the elevation
changes in the accumulation area representatively, as another extensive study criticizing
this profile method also found (Berthier et al. 2010). However, our study suggests the
error source, unlike what has been reported previously, originates from overestimating
the elevation change at the tongue. Consequently, the profile method should be employed with caution, as not only may the results differ greatly, but also the error source
may not be consistent.
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We found systematic errors if an inappropriate method or scale was used to assess the
Findelengletscher. Since the size and shape of the glacier, however, influences the results, these might be different for other glaciers. However, our study provides useful
information about the critical scales and methods used in glaciology and shows that key
estimates from earlier volume change studies must be carefully evaluated, bearing our
findings in mind.
Publication 3 (chapter 4):
Sold, L., Huss, M., Hoelzle, M., Joerg, P.C., & Zemp, M. (2013). Methodological approaches to inferring end-of-winter snow distribution on alpine glaciers. Journal of
Glaciology, 59, 1047-1059
•

How could winter accumulation measurements benefit from using ALS?

To model the annual mass balance of a glacier, not only must ablation processes be estimated, but also the snow accumulation. Ablation processes have generally been better
investigated and are less difficult to model than the snow accumulation distribution
(Dadic et al. 2010). Typically, extrapolated measurements of temperature, precipitation,
and climate models are tuned to the characteristics of a study site (Hock 1999;
Machguth et al. 2006b). However, the actual snow accumulation pattern is dependent on
local influences such as avalanches, the topography, and wind (Dadic et al. 2010;
Machguth et al. 2006a). Consequently, the snow accumulation can be spatially highly
variable. To date, only few studies have attempted to perform end of winter snow depth
measurements but their results could not be compared with independent methods to
evaluate the uncertainty of the measurements.
Combining the distributed ALS topographic changes, linearly distributed helicopterborne ground penetrating RADARgrams, and linearly distributed in-situ measurements
of snow depths and density allowed the accurate measurement of the Findelengletscher’s winter accumulation. It also provided useful information on the uncertainties
and glacier dynamics. Each method has its limitations and benefits. ALS provided a distributed, complete elevation change pattern and the overall volume change, but not density measurements of the volume change to calculate the winter mass balance. In addition, ALS requires elevation corrections for the vertical flow components of the glacier
to provide actual snow depths. These challenges can be overcome by using density
measurements and local snow depths from in-situ snow probings and snow pits. In this
paper, the vertical flow was also modeled using in-situ measurements and a 5-year period of end-of-summer ALS DEM differencing. As the time frame here was only half a
year, a tuning factor to account for fraction of the winter flow and firn compaction had
to be introduced. This tuning factor was derived by minimizing the error between ALS
snow depths and in-situ snow probings.
If only the standard method of snow probing and snow density measurements is applied,
the spatial variability can be only partially captured the number of measurements is
small and dangerous areas cannot be probed. This limitation can be mitigated by using
transects from airborne ground penetrating RADAR. Such snow depth measurements
are not influenced by ice flow and firn compaction, but have to meet three challenges:
a) the radio-wave velocity in snow chosen sets the spatial scale to transform the radiowave’s travel time to meters snow depth, which depends on material characteristics
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such as snow wetness, b) the vertical spatial resolution depends on the signal bandwidth, and c) the RADARgrams to determine the boundary between snow and firn are
difficult to interpret.
Combining these different methods leads to a more reliable winter accumulation balance. While in-situ measurements must be made, a single remote sensing assessment is
sufficient to compensate for the limited sampling possible with the in-situ method.
•

What conditions have to be fulfilled and what are the limitations?

ALS enabled the accurate determination of the glacier-wide volume change from endof-summer to end-of-winter. It is independent of solar illumination and can, unlike airborne photogrammetry, map texture-less fresh snow and is thus the remote sensing
method of choice for winter accumulation measurements. However, the dynamic processes involved make it difficult to obtain information on, e.g. the winter mass balance.
The compaction of snow and firn before the measurements were taken can differ from
those of the previous year, so that an inter-annual comparison of volume change is unreliable. Synchronous in-situ measurements are regarded as mandatory to measure the
snow depth and density at different locations. With this additional information, a conversion into a mass balance is possible.
If the distribution of snow heights and local mass balances are of interest, the ice dynamics have to be corrected for the vertical components of submergence and emergence
flow as well as for firn compaction. This can be done at well-distributed points of snow
probing to measure the actual snow depth or by modeling the glacier’s vertical flow.
Combining ALS and in-situ measurements is the best way to accurately measure the
winter balance of a glacier and to derive the distribution of snow depths. However, having to have two data sets limits their feasibility and makes it difficult to transfer the results to other study sites. In addition, modeling the vertical flow requires annual data
and therefore an additional data set, preferably several years apart, which could be a
challenge. The tuning factor introduced to account for the fraction of the annual flow
covering the winter period and the firn compaction was derived using ALS and in-situ
data combined, which means both data sets need to have been collected. The transfer to
another glacier with only one measured data set available could therefore be difficult.
6.1.2

Distributed glacier surface albedo from ALS

Publication 4 (chapter 5):
Joerg, P.C., Weyermann, J., Morsdorf, F., Zemp, M., & Schaepman, M.E. (re-submitted
after revisions). Computation of a distributed glacier surface albedo using airborne laser
scanning intensity data and in-situ spectro-radiometric measurements. Remote Sensing
of Environment
•

What is the benefit of using ALS intensity information?

In glacier energy and mass balance modeling, an important factor governing melt is the
broadband albedo – the fraction of energy reflected from the glacier’s surface, which is
therefore not available for melt (Oerlemans et al. 2009; Ohmura et al. 2007). However,
this factor is typically not measured but introduced into an energy/mass balance by an
educated guess (Cuffey and Paterson 2010; Greuell et al. 1997; Klok and Oerlemans

93

2004; Machguth et al. 2006b). The starting or calibration point for such an energy and
mass balance model is often a DEM. In the first three papers, we focused on the exploitation of DEMs generated by ALS. However, most ALS systems also record the intensity of each backscattered ALS return at the same time as measuring distances from the
airplane to the ground. The scanning nature of ALS systems therefore additionally provides near-infrared backscatter of the surveyed area, which could be used to derive the
reflective properties at every location.
Our study therefore focused on the extraction of information based on ALS intensity
corrections for glaciological purposes. We found that applying multiple steps of corrections to ALS raw intensity information resulted in a homogenous map of the nearinfrared backscatter of the Findelengletscher’s surface. However, to interpret these
backscatter values physically, surface albedo reference measurements were needed and
used to calibrate the corrected intensity data. Finally, this resulted in a distributed albedo proxy map of the Findelengletscher, which can be used as input for glacier energy/mass balance modeling.
•

What is the information value of the albedo proxy derived from ALS intensity?

Our data set used the narrow, near-infrared band of the ALS system. The R2 of 0.74
suggests a valid correlation between the corrected intensity values and the in-situ measurements. However, this result should be interpreted as a proxy for broadband albedo.
The reflectance of snow in the near-infrared part of the electromagnetic spectrum is
highly dependent on snow grain size, whereas in the visible part or the spectrum, the
reflectance is more affected by impurities on the surface. The albedo proxy from ALS
intensity thus provides better results in snow-covered areas of a glacier, whereas at the
snow-free tongue, the significance is reduced. However, in the case of the data set used
in our contribution, the Findelengletscher was almost entirely snow covered. In addition, the boundary conditions of albedo (between 0 and 1) were met confirming values
reported in the literature for different areas and ages of snow.
This approach was improved by introducing a reference broadband albedo derived from
a multi-spectral airborne digital camera (Leica ADS-80; RGB and near-infrared bands)
acquired on the same date. This broadband albedo was then compared to the albedo
proxy from the ALS data and showed a good agreement for the overall mean albedos
and on the main part of the glacier. However, small systematic differences were detected on the glacier tongue, where the ALS albedo proxy overestimated the broadband albedo due to the restriction to accordingly map surface impurities in the ALS’ nearinfrared wavelength. In contrast, the broadband albedo was lower than the ALS albedo
proxy in some parts of the accumulation area. As systematic differences in this entirely
snow covered part were unlikely to originate from the ALS data, we suspected an inadequate topographic correction in the ADS 80 data. The comparatively low broadband
albedo values were present in steep north-exposed slopes where the local solar zenith
angles were very large. The BRDF correction applied might therefore be at its limit.
Our contribution went one step further than existing publications working with ALS
intensity data (Geist 2005; Höfle and Pfeifer 2007; Lutz et al. 2003; Vain et al. 2009) by
linking physically corrected intensity data to reference measurements with an observable physical quantity. Although the results for the entirely snow covered glacier look
promising, additional research is needed to show that such data and methods also work
well for a typical end-of-summer glacier surface (snow, firn, and ice).
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6.2 Lessons learned for ALS glacier research
Since ALS was first used on glaciers in the mid-1990s (Favey et al. 1999; Kennett and
Eiken 1996), it has technologically evolved, e.g. by the improving the accuracy of the
IMU/GPS systems, and its potential application in glaciology has been demonstrated
(e.g. the OMEGA project; Geist 2005). Thus the time is ripe for a careful assessment of
the state of the art systems in the more operational context of a glacier mass balance
monitoring program. The aim of this dissertation was to advance glacier research by
using airborne laser scanning data, to better understand the products and accuracies provided by ALS and to demonstrate its benefit in different research fields in glaciology.
The main lessons learned were:
-

ALS should currently be the method of choice for geodetic glacier volume
change measurements because it is very accurate and can map the entire glacier
surface.

-

Stochastic uncertainties in the ALS DEMs are negligible, but systematic uncertainties must always be considered.

-

Existing volume change calculation methods must be evaluated carefully for
scale-dependent systematic and stochastic uncertainties.

-

The cost of an ALS data set can be reduced by choosing a lower point density,
with which DEMs of reasonable quality can be produced.

-

Synchronous in-situ and airborne measurements provide excellent data sets for
topographic and albedo comparisons without needing to assume change between
the different measurements and systems used.

-

ALS can provide the winter snow depth distribution with high accuracy, if it is
corrected for glacier dynamics and firn compaction.

-

Using physically corrected ALS intensity data can provide distributed albedo
proxy maps, which can serve as useful data inputs to improve glacier energy/mass balance models.

Based on these findings, we formulate the following recommendations within the larger
project framework:
-

Long-term monitoring of glaciers is essential, with ALS as the geodetic method
of choice to complement in-situ measurements.

-

ALS data should be easily usable and understandable, particularly in terms of
data format, metadata, and accuracy estimations.

-

The largest error sources in ALS are within the IMU/GPS system, but at an already very high accuracy level. Gross errors (e.g. erroneous coordinate transformation) pose a much greater threat to the data quality than system error
sources. Independent reference measurements are therefore regarded as indispensable.

-

Trading higher ALS point densities for larger survey areas or multi-temporal
campaigns on the same area is recommended.

-

A careful planning of synchronous field and flight campaigns is highly recommended.
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-

The LASER wavelength needs to be carefully evaluated. A test with 1560 nm
led to a large part of the glacier not being detected, whereas 1064 nm performed
much better.

-

Energy/mass balance models should be improved as geodetic campaigns can often only be performed at decadal intervals to eliminate systematic errors in glaciological (in-situ) measurements.

-

Results from ALS in glaciology can be attractively presented to the general public. Third-party project support can therefore be a funding solution for both researchers and funding parties.

6.3 Conclusions
Glaciers are sensitive indicators of climate change. Their currently strong melt is contributing considerably to rises in global sea levels, so that they are a strong symbol of
today’s changing climate. The quantification of glacier change has a long tradition, dating back more than 100 years. While the first attempts to measure glacier changes were
restricted to in-situ measurements, airborne and spaceborne remote sensing have increasingly contributed by providing distributed, independent methods to validate the
mass change in glaciers. However, with continually evolving systems and methods,
sound uncertainty assessments of each method are indispensable.
In this dissertation we describe the benefits and limitations of applying of high resolution airborne laser scanning data sets in glaciology. It contributes to an existing in-situ
mass balance measuring program by providing an accurate geodetic volume change of
the glacier (along with an extensive uncertainty assessment) to compare and calibrate
with in-situ measurements. Uncertainties were measured and modeled in-depth for the
first time using different methods and reference datasets, as well as physical error propagation modeling and geostatistical approaches. We have shown that ALS can considerably benefit glaciology and is stochastically very accurate. However, systematic errors
may still persist and must be evaluated carefully in each data set.
These high quality datasets were used to compare systematic and stochastic uncertainties in several traditional volume change methods on different scales with the reference
high resolution ALS volume change. This evaluation showed that random method- and
scale-dependent errors exist. Low relative spatial resolutions coordinated with the geometric shape of a glacier may lead to exponentially larger random uncertainties. In addition, such measurements are strongly dependent on the mass turnover of a glacier, although the absolute uncertainty remains the same, independent of the mass turnover.
Thus, a glacier with little mass turnover, such as found in glaciers in Svalbard, is prone
to larger relative uncertainties. The contour methods to estimate volume change worked
reasonably well, but the central profile method was unable to capture the variability of
the glacier sufficiently. In conclusion, the choice of a volume change method can systematically influence the result, which should be considered when using results from
older volume change measurement methods.
The annual volume or mass change of a glacier has been the focus of research of many
studies. However, the snow accumulation distribution is equally important, but the glacier dynamics and temporal firn compaction involved are complex and have thus been
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less investigated. The third study used, along with in-situ snow probings and ground
penetrating RADAR measurements, an additional winter ALS digital elevation model at
maximum snow depth. The inter-comparison of these different measuring methods
showed that ALS, if it is vertically corrected for emergence velocity and firn compaction, can map the snow accumulation pattern with high accuracy and spatial resolution.
This map presents a new data base to validate snow accumulation models and should
help to improve glacier mass balance models.
Such distributed mass balance models depend on accurate digital elevation models that
show the glacier change measured and also meteorological and glacier surface properties. The amount of energy absorbed on the glacier’s surface is directly available for
melt and dependent on the surface broadband albedo. Albedo is one of the most important variables for the energy and mass balance of a glacier. The fourth study thus researched the applicability of ALS intensity data to provide a distributed albedo proxy.
The results suggest that physical corrections can lead to improved ALS intensities and
correlate with in-situ albedo measurements to a distributed albedo proxy. The resulting
map respected the boundary conditions of albedo (values between 0 and 1) and was in
agreement with albedo values from the literature. In addition, broadband albedo derived
from an independent multi-spectral airborne digital sensor data set provided a good validation source for the ALS albedo proxy. The method seems to be a workable way to
derive an albedo proxy where, as here, the glacier is almost entirely snow covered. For
impure ice surfaces, however, more research using in-situ albedo measurements is
needed and the conversion from intensity to an albedo proxy must be carefully evaluated.

6.4 Outlook
ALS is the method of choice in geodetic glacier applications. However, the high costs
compared to airborne photogrammetry and the spectral restriction to only a single narrow band of the electromagnetic spectrum is challenged by the evolution of new multispectral photogrammetric scanners. In the past few years, new airborne systems featuring additional multi-angular near-infrared bands have been developed, which are better
able to cope with the low textures encountered in the accumulation areas of glaciers. A
co-supervised Master’s thesis comparing ALS and Leica ADS-80 photogrammetric
DEMs on the Findelengletscher suggests that the two methods are of comparable high
quality. Photogrammetric methods are better known and the data obtained may attract a
larger community than ALS with its higher costs and complexity. The additional synchronous availability of RGB orthophotos is another benefit, which directly helps to estimate supplementary glacier information, such as the current location of the snow line
and surface classification, e.g. debris cover or albedo distribution. However, the quality
of photogrammetric methods still depends on the presence of solar illumination of the
surface and is not able to surpass the quality of ALS DEMs.
A desirable future development of ALS systems would therefore be to develop operational airborne multi-spectral LiDAR systems. Such multiple wavelengths would allow
more information about glacier surface properties to be obtained without relying on solar illumination as in photogrammetric systems. However, the laser emission power is
restricted for eye safety reasons in the visible part of the electromagnetic spectrum,
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which could hamper the development of such systems. If these restrictions can be overcome, it should be possible to extract more information from the glacier surface, such as
snow grain size, debris and albedo distribution.
Topographic glacier changes will also benefit from the recent emergence of small remote sensing drones (unmanned aerial vehicles, UAV). These lightweight UAV could
already contribute to glacier research by providing photogrammetric DEMs and RGB or
near-infrared orthophotos of glaciers. The high altitude and the size of glaciers, and prevailing strong winds mean the platform’s usefulness is currently limited by battery capacity and propulsion power. Small RADAR and ALS instruments are currently being
developed with UAV use in mind. However, the instrument’s size and weight (and possibly high power consumption) still limit its operational applicability. Possibly, these
problems will be overcome in a matter of few years.
This research has improved our understanding of the Findelengletscher, but the projects
on topographic changes and albedo distribution have to be regarded as case studies.
Long-term glacier monitoring is essential for climate change studies. Fortunately, the
continuation of the direct glaciological measuring program was guaranteed by a memorandum of understanding between the Universities of Fribourg and Zurich, and should
eventually lead to an invaluable long-term mass balance measurement program. Today,
partly stimulated by this research and dissertation, the Findelengletscher has become the
focus of several other research projects. These include automated snow line detection
using a webcam (Huss et al. 2013), tests with terrestrial laser scanning, and investigations of spectral snow characteristics by the newly established Swiss Earth Observatory
Network (SEON) using the imaging spectrometer APEX, and various field measurements. Thus, the Findelengletscher will continue to contribute to many different research fields and monitoring projects.
Although the Findelengletscher catchment contains only two glaciers, and excellent interdisciplinary research is being performed there, the representativeness of research and
monitoring results is limited. Longer time-series of mass balance measurements are
available for only a few glaciers worldwide. Improving glacier mass change measurements is therefore very important. However, operational glacier monitoring is not regarded as high priority research and it is consequently hard to obtain funding. On the
other hand, if glacier monitoring from remote sensing platforms is to be improved, it
requires more research into methods and better data from sensors is required to make it
operational.
The excellent data and results from this research were used in training of Andean and
Himalayan glaciologists. The know-how transfer to countries with far fewer options to
mitigate the consequences of climate change and glacier melt than Switzerland will lead
to more and better data from these sparsely sampled regions. However, the difficulty of
obtaining decent remote sensing equipment makes it hard to assess uncertainty, which
limits the quality of these measurements, particularly as in-situ measurements are not
easy to perform. As a consequence, more effort must be made to develop new ways of
remote sensing technologically.
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